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PREFACE

Metal tungstates with the formula MWO, have attracted much attention due to
their interesting structural and photoluminescence properties. These materials have
found applications in scintillation counters, lasers and optical fibres . Some of the
divalent transition metal tungstates have gained commercial interest in lasers and
fluorescent lamps, while some others are of special importance due to their electrical
conductivity and magnetic properties. In addition, these materials also find
applications as catalysts and humidity sensors. Barium tungstate (BaWO,) is the
heaviest member of the family of the alkaline earth tungstates. Like many other ABX,
type compounds, BaWOQy, crystallizes at ambient conditions in the tetragonal scheelite
type structure. The BaWO, is to be extensively investigated because of its good
electrical conductivity, magnetic and photoluminescence properties. As one of the
most reactive alkaline earth tungstates, BaWQO, based materials can play an important
role in a wide variety of technological applications, such as light-emitting diodes,
humidity sensors, optic filters, scintillator detectors, photocatalysts, microwave
dielectrics, phosphors, and solid-state lasers.

Several studies have been reported on the synthesis and characterization of
nanocrystalline BaWQ,. The large bandgap of BaWOy has restricted its application in
diverse fields. Hence, tailoring of the bandgap is essential for modifying the
properties of BaWOQO, for optoelectronic device applications. Literature survey

indicated that the bandgap of several nanocrystalline samples can be tuned by



electron beam irradiation and by doping with suitable dopants. However, there are no
reports on the effect of electron beam irradiation on the structural and optical
properties of the BaWO,. Furthermore, there are no reports on the effect of copper
doping on the structural, optical, and magnetic properties of BaWOQ,. Literature
reports that doping with ytterbium will yield NIR photoluminescence, which has wide
application. However, reports on the influence of ytterbium on the structural, optical,
and magnetic properties of BaWQ, are sparse. Hence, more extensive and systematic
studies of pristine and doped nanocrystalline BaWO, is needed. The present study
mainly focuses on the synthesis and characterization of nanocrystalline BaWQO,, Cu
doped BaWQ,, and Yb doped BaWO,. In addition, the effect of 8 MeV electron beam
irradiation on the structural and optical properties of BaWOy is also investigated.
Structural, optical, magnetic and electrical properties of chemically
synthesized nanocrystalline BaWO, samples are analysed. The effect of calcination
temperature on different properties is also studied. The average crystallite sizes,
surface morphology and optical bandgap values of the samples are found to change
with calcination temperature. Copper and ytterbium-doped BaWO, samples are
synthesized by the chemical precipitation method. Modification of the structural,
optical and magnetic properties of BaWO, by doping with copper and ytterbium are
also investigated. NIR photoluminescence emission is achieved with ytterbium
doping. Effect of 8 MeV electron beam irradiation on the structural and optical

properties of nanocrystalline BaWO, is also studied.
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The work presented in this thesis comprises the analysis of the properties of
pristine and doped barium tungstate. Along with that, the effect of 8 MeV electron
beam irradiation on the structural and optical properties of the BaWO, sample is also
studied. The research work is systematically presented in seven chapters. The
structure and fundamental properties of BaWQ,, and a brief review on the synthesis
and properties of pristine and doped BaWO, are presented in Chapter 1. Chapter 2
deals with a brief description of various characterization techniques used for the
characterization of the prepared samples. The effect of calcination temperature on the
structural, optical, magnetic and electrical properties of nanocrystalline BaWOy is
described in Chapter 3. The modifications of the structural, optical, and magnetic
properties of the BaWO, samples due to Cu and Yb doping are elucidated in Chapters
4 and 5, respectively. Chapter 6 gives a detailed discussion of the impact of § MeV
electron beam irradiation on the structural and optical properties of nanocrystalline
BaWO,. The conclusions drawn based on systematic analysis are summarized in
Chapter 7 and the scope for future work in this field is indicated at the end of this
chapter.

Most of the results and discussion have been published/communicated in peer

reviewed national/international journals.
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Chapter 1

INTRODUCTION AND LITERATURE REVIEW

The structure and fundamental properties of BaWOy are discussed
in this chapter. Following this, a detailed review of the studies done
so far on pristine and doped BaWQy is presented. The objectives and

relevance of the present investigation are also summarized.

1.1 Introduction

Nanotechnology has emerged as a developing technology of the 21%
century. Nanoscience and nanotechnology involve studying and working with
matter on an ultra small scale. Nanoscience is a new way of thinking about
building up complex materials and devices by exquisite control of the
functionality of matter and its assembly at the nanometer length scale. It builds
up the ability to control or manipulate the size of the particle at the atomic scale.
At the nano dimension, the interactions and physics between atoms display exotic
properties that they don’t have at larger scales. When the particle size or the grain
size in the solid matter is reduced to nanometer ranges, every property of matter
shows some change enabling unique application. For instance, opaque substances
become transparent, inert materials become catalysts, stable materials turn

combustible solids and insulators become conductors.

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOy4




Introduction and Literature Review Chapter 1

The properties of nanocrystals vary with their composition, structure,
phase, shape, size, and size distribution. Furthermore, the architectural control of
nanosized materials with well-defined shapes is important for the success of
“bottom-up” approaches towards future nanodevices [1-3]. During the past
decade, inorganic nanoparticles with controllable and uniform size and shape have
attracted vast attention because of their unique size and shape-dependent
properties and great potential applications [4—13]. In short, control of the
morphology of the nanoparticles is one of the focuses on the development of
nano-techniques [10,11]. A variety of synthetic methods have also been developed

for the controlled synthesis of polyhedral [14-20].

Metal oxide nanoparticles have been studied due to their novel optical,
electronic, magnetic and thermal properties and their potential application as
catalysts, gas sensors and photoelectronic devices. Metal tungstate nanoparticles
have very interesting luminescence and structural properties. Barium tungstate
(BaWOQy) is the heaviest member of the family of the alkaline earth tungstates.
Like many other ABX4 type compounds, BaWOs crystallizes at ambient
conditions in the tetragonal scheelite type structure. The BaWO4 is to be
extensively investigated because of its good electrical conductivity, magnetic and
photoluminescence properties [21,22]. As one of the most reactive alkaline earth
tungstates, BaWO4 based materials can play an important role in a wide variety of
technological applications, such as light-emitting diodes, humidity sensors, optic
filters, scintillator detectors, photocatalysts, microwave dielectrics, phosphors, and

solid-state lasers [23,24].

This work reports the study of structural, optical, electrical, and magnetic

properties of nanocrystalline barium tungstate (BaWOs) synthesized by the

chemical precipitation method. The effect of calcination temperatures and the

2
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influence of 8 MeV electron beam irradiation on the properties of the synthesized
BaWOs nanoparticles is also investigated. The effects of copper and ytterbium
doping on the structural, optical, and magnetic properties of BaWOQOy are also dealt

with.
1.2 Nanocrystalline BaWQ4

Metal tungstates with the formula MWO4 have attracted much attention
due to their interesting structural and photoluminescence properties [25-29].
These materials have found applications in scintillation counters, lasers and
optical fibers [30,31]. Some of the divalent transition metal tungstates have gained
commercial interest in lasers and fluorescent lamps, while some others are of
special importance due to their electrical conductivity and magnetic properties. In
addition, these materials also find applications as catalysts and humidity sensors
[32,33]. In the MWO4 compounds, if M?* has a small ionic radius < 0.77 A (Ni =
0.69), it will belong to the wolframite-type monoclinic structure, where the
tungsten atom adopts overall six-fold coordination [34]. However, in larger
bivalent cations with ionic radius > 0.99 A (Ba=1.35), they exist in the so-called
scheelite-type tetragonal structure, where the tungsten atom adopts tetrahedral

coordination [35].

BaWOjq crystallizes into a tetragonal scheelite structure with a space group
I41/a. In the BaWOy unit cell, the Ba and W atoms have an S4 point symmetry
where the tungsten atoms are coordinated to four oxygen atoms in a tetrahedral
configuration. The oxygen coordination polyhedra are slightly distorted,
presenting different bonding angles (108.56° and 111.30°) between O—W—-0. The
barium atoms are coordinated to eight oxygen atoms localized in the corners of

the tetragonal unit cell forming BaOg polyhedrons, and hence the site symmetry is
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D24 [36,37]. The site symmetries of Ba and W atoms are S4 and Tq symmetry and
the O atoms occupy the C; sites [38]. The crystal structure is highly ionic for the
Ba?* cations and tetrahedral WO4*~ anions [39]. The crystal structure of tetragonal

BaWO4; is shown in Figure 1.1.

Figure 1.1 Crystal structure of tetragonal BaWOQOq

Fundamental parameters of barium tungstate [40,41] is listed Table 1.1

Table 1.1 Fundamental properties of BaWO4

Property Value

Crystal system Tetragonal
Appearance White

Space group 141/a

Lattice constant a 5614 A
Lattice constant b 12.715 A
Density 5.04 gcm™(25 °C), 7.26 gem™ [42]
Molecular weight 385.16 g-mol’!
Melting point 1502 °C [43]
Optical bandgap 5.6eV
Dielectric constant 9 [44]
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1.3. Literature Survey

MWOq type oxides with scheelite structure where M = Ca, Sr, Ba, Pb, and
Cd have been reported to be useful for laser host materials [45], scintillators [46],
oxide ion conductors [47,48], and as humidity sensors [49]. BaWO4 nanoparticles
were synthesized by several methods like solid-state method [50,51], co-
precipitation [52], chemical precipitation [53][54], solvothermal [55], sol-gel,
reverse micellar reactions [56], microwave hydrothermal [39,57,58], cyclic
microwave irradiation [59], sucrose template method [35], sonochemical method
[60,61], combustion [62], hydrothermal [63] and reverse microemulsion [64].
Among these methods, the solution-based chemical synthetic methods play a
crucial role in the design and production of fine materials and have been
successful in overcoming many of the limitations of the traditional solid-state,
high-temperature methods. It can also eliminate major problems such as long
diffusion paths, impurities, and agglomeration which will result in products with
improved homogeneity. The chemical precipitation method is employed in this
work since it is comparatively simple, less expensive and no need for any

complicated equipment.

Literature reports the use of different salts such as BaCl,, Ba(NOs3)s,
NaxWO4, BaCO3z, WOs3, etc. as precursors for the synthesis of nanocrystalline
BaWO4 [65-68]. The synthesis method, reaction temperature, concentration of the
precursors, pH of the solution, and reaction time are the major factors influencing
the particle size and morphology of the nanoparticles [66,69-71]. Liu et al.
reported that hydrothermal treating time and surfactant concentration influence the
surface morphology of the BaWO4 microstructures synthesized via microemulsion
mediated by the hydrothermal procedure [72]. In 2005, Zhang et al. synthesized
bundle-like nanorod arrays of 1 —2 pum in length and 200 — 300 nm in width, and
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each nanorod has a diameter of 15 nm by solvothermal method [55]. The
synthesis of penniform BaWO4 nanostructures made of nanowires or nanobelts
under the direction of a block copolymer in catanionic reverse micelles was
reported by Shi et al. [65]. Zhao et al. fabricated various BaWOs hollow
structures, including spheres, peanuts, and ellipsoids, by a precipitation reaction
between BaCl, and Na; WOy solutions in the presence of polymethacrylic acid
(PMAA) [66]. BaWO4 nanodots were synthesized by Hernandez-Sanchez et al.
through the solution precipitation route by controlling the temperature [69].
Cavalcante et al. reported the synthesis of BaWO4 powder with octahedral-like
morphology by the co-precipitation method and processed in a domestic
microwave-hydrothermal (MH) at 413 K for different times [52]. Kwan et al.
obtained novel nanorod superstructures of BaWO4 using a reversed micelle
templating method [56]. Zhang et al. synthesized fishbone-like nanostructures by
solution growth route in w/o microemulsions [73]. They found that the water
content has a large influence on the size of the product, and the molar ratio
between cations and anions plays an important role in the morphology of the
product. The synthesis of BaWQOs crystals with different morphologies such as
nanosheets, nanobelts, flowerlike, quandrangled plates, and sheaves of dendrites
by the facile microwave-assisted method was reported in the literature [23]. The
morphologies of the samples were tuned by varying the reaction parameters, such
as the concentration of PVP aqueous solutions, pH value of the starting solution,

and the molar ratio of [Ba>*]/[WO4*].

The crystallite size and surface morphology of the samples can be
controlled by using different surfactants. Xie et al. successfully synthesized
BaWOys crystals with different morphologies such as olive-like, flake-like, and

whisker-like structure by hydrothermal route in the presence of different
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surfactants [63]. Dumb bell-like BaWO4 microstructures were grown by Zhang et
al. through a surfactant-free hydrothermal route using glycerol as a co-solvent
with water and as a capping agent [63]. Talebi et al. studied the use of different
surfactants and capping agents for controlling the morphology and size of BaWOq
nanoparticles [74]. The molar ratio of water to surfactant and reactant
concentration has influenced the surface morphology and size of the BaWOq
nanocrystals synthesized using a reverse microemulsion method [64]. The porous
nature of the BaWQO4 powder obtained by the sucrose solution evaporation method

was studied by Zawawi et al. [75].

Oliveira et al. introduced a theoretical model based on the Wulff
construction that explains the possible crystal morphologies by tuning their
surface chemistry, which is related to the relative stability of the faceted crystals.
Both the experimental and theoretical data revealed the presence of (112), (001),

and (100) facets with low values of surface energy in the BaWQj crystals [54].

There are several reports on the effect of calcination temperature on the
properties of BaWO4 nanoparticles synthesized by different methods. Lim et
al. investigated changes in surface morphology and PL emission intensity of the
BaWO4 powders synthesized by solid-state metathetic route with the increase in
calcination temperature [76]. Anicete-Santos et al. reported structural changes and
PL emission intensity variations of the BaWO4 powder upon calcination treatment
[58]. An increase in particle size and PL intensity along with a change in surface
morphology for the BaWO4 nanoparticles prepared by the chemical precipitation

method was reported by Sadiq et al. [53].

At normal temperature and pressure, BaWO4 has a tetragonal scheelite

type structure whereas on applying high pressure and temperature, it changes to
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monoclinic. The monoclinic BaWO4 formed at high pressure and temperature has
no direct resemblance either to the scheelite or to the wolframite type [42].
Kawada et al. reported that in monoclinic BaWQs, barium atoms are located
between the densely packed two-dimensional network of WOs octahedra, which
are connected by an edge and corner-sharing. The coordination number of the
barium atoms has increased in comparison with the structure under ordinary
conditions. Lacomba-Perales et al. observed the transition from scheelite to the
BaWOu-1II phase (monoclinic) at a pressure of 5 GPa and at a temperature of 621
K [77]. The structural modification of BaWOj crystals synthesized by the solid-
state method from tetragonal scheelite type to monoclinic fergusonite type above
a pressure of 7 GPa was reported by Tan Da-Yong et al. [78]. They observed a
continuous change in the axial parameter and pressure. They further showed that
the first-order character of this phase transition stems from a coupling of large
compression of soft BaOg polyhedrons to the small displacive distortion of rigid
WOy tetrahedrons. Such a coupling will provide an insight into the understanding
of the scheelite to fergusonite transition in other scheelite structured compounds
like the molybdates, germinates and silicates. Gomis et al. also studied the
transition of BaWOys single crystal, grown by the Czochralski method from its
low-pressure tetragonal structure into a much denser monoclinic structure.
Rietveld refinements of the crystal structure of the low and high-pressure phases

from the quasi- hydrostatic experiments have been done by GSAS software [79].

Zhang et al. studied the chemical and bonding environment of the BaWOQO4
using XPS spectra. The peaks obtained in the region at 780.2 eV (Ba 3ds») and
795.6 eV (Ba 3ds2) corresponding to the Ba 3d binding energy, indicate that Ba
exists in the Ba?* state. The peaks at 35.6 and 37.8 eV corresponding to the W 4f
state indicate that W is in its [WO4]* (W®") state. A strong oxygen s peak at
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531.0 eV corresponds to the oxygen in its O* oxidation state was also

obtained [63].

The optical properties of the BaWO4 depend on the synthesis route and the
degree of distortion of the crystal lattice [80]. BaWOs possesses a single
absorption band corresponding to the ligand to the metal charge transfer in the
region 218 — 274 nm with a band maxima occurring at 220 — 250 nm. The exact
location of the maximum depends on the degree of distortion of the crystal lattice
[81]. By absorbing the ultraviolet radiation, the excitation from Oz, to Wy, in the
(WO4)* group takes place [35]. Literature reports that BaWOs is a direct bandgap
semiconductor, and the barium has no significant effect on the bandgap of the
BaWO4 sample [82]. The BaWO4 has a broad blue luminescence emission due to
the radiative transition of self-trapped excitons within the (WQ4)* tetrahedral
group [83]. Nikl ef al. observed the excitonic luminescence of BaWOy in a wide
temperature range and made the conclusions that (i) emission occurs from the
lower-lying triplet state split by Jahn-Teller (JT) interaction, (ii) both triplet states
affected by JT interaction give the contribution to observed emission and (iii)
emission from one or both triplet states is moreover, affected by the presence of
the low-symmetry local fields because the symmetry of the emitting centre is not
perfectly tetrahedral [84]. Pontes et al. measured an optical bandgap of 5.78 eV
for the BaWOy thin films fabricated by the polymeric precursor method [85]. The
existence of two broad bands, one band in the blue region (around 450 nm) and
another one in the green region (520—530 nm) in the photoluminescence (PL)
emission of BaWO4 was reported by Blistanov et al. [86]. According to Zhang et
al. the exact position of the PL emission peak in BaWOj film depends on the film-
forming effect and the size of the nanoparticles [21]. Lima et al. reported that the

optical bandgap of BaWOs powders structurally disordered by high-energy
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mechanical milling varied between 5.76 — 5.23 eV depending on milling time.
They observed a broad PL emission in the range 500—800 nm, the intensity of
which depends on the milling time. Hence they concluded that structural disorder
in the lattice is an important condition to generate an intense and broad PL
emission [87]. Lacomba-Perales et al. obtained an optical bandgap of 5.26 eV for
BaWO; single crystal [88]. The bandgap of the BaWO4 sample synthesized via
the solid-state metathetic approach assisted by microwave energy by Parhi et al. is
4.8 £ 0.2 eV [89]. An increase in bandgap with calcination temperature (5.77 —
5.88 eV) for the BaWO4 powder obtained through the chemical precipitation
method was reported by Sadiq er al. [53]. However, Khademolhoseini et al.
obtained a bandgap of 3.2 eV for the BaWO4 nanoparticles prepared via a

sonochemical route [61].

Tyagi et al. investigated the photoluminescence of BaWOy single crystals
grown by the Czochralski technique in the temperature range of 77 — 300 K. A
UV emission band was observed at room temperature, which completely
quenched on vacuum annealing. The blue emission corresponding to the radiative
transitions within the (WO4)* existed for all samples [90]. Zhang et al. observed
PL emission peaks at 387 and 426 nm in the BaWOQOs microstructures [63].
Cavalcante et al. reported that the optical bandgap of BaWO4 powder synthesized
by microwave hydrothermal method varied (4.4 — 3.84 eV) with processing time.
A green PL emission due to the distortions into the WOq tetrahedral group was
reported in the literature [39]. Anicete-Santos et al. reported that the disorder at a
short range of Ba atoms is responsible for the obtained green photoluminescence
emission of BaWO4 powders synthesized via the polymeric precursor method
[58]. Phuruangrat et al., Shen et al. and Lim et al. observed blue luminescence

for the BaWO4 powders synthesized using cyclic microwave irradiation
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[59,70,76]. The emission peak and intensity of PL emission varied with reaction
time and preparation temperature [70,76]. Lim et al. explained the shoulder peaks
observed in the PL spectrum as due to the Jahn-Teller splitting effect and the
Frenkel defect [91]. Wu et al. found that the PL intensity of BaWO4 obtained via

microwave synthesis can be varied by using different surfactants [92].

Cerny et al. [93] studied the stimulated Raman scattering (SRS) of
1.06-um, 50-ps pulses in BaWOs and KGW (KGd(WO4)2) crystals. Raman shift
of 925 cm™! was observed in BaWOs, the most promising material due to a high
value of spectroscopic peak intensity and integral intensity. They proposed
BaWO4 (50% efficiency) as a promising candidate for exploitation in all the solid-
state Raman Laser systems in a wide range of pumping radiation wavelengths
with pulses of picosecond to nanosecond duration. Thermal and mechanical
properties of the BaWOj crystal grown by the Czochralski method were studied
by Ge et al. [43]. The density of the crystal decreased linearly with an increase in
temperature and found that the prepared crystal had good thermal conductivity
properties. Measurement of microhardness of the crystal revealed that it was a soft

material that can be easily processed and polished.

Basiev et al. [94] reported that BaWOq crystals can be used as an efficient
source for both picosecond and nanosecond time scale Raman lasing. Raman
lasers based on BaWOQOs and Ba(NO3), Raman crystals were developed and
investigated. Different Stockes shifted components were obtained with the longest
wavelength of about 2.2 pm with an efficiency of up to 10%. They studied the
stimulated Raman scattering in the mid IR range (2.31 — 2.75 — 3.7 um), in a
BaWO;4 crystal under 1.9 and 1.56 um pumping. The first Stokes component
(2.31 um), and fourth Stokes components up to 2.75 and 3.7 pm were obtained in

a BaWOq crystal under 1.9 and 1.56 um pumping, respectively [95]. Lasers in this
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spectral range have applications in medicine, air communication lines, and lidar.
After the investigation on the UV and IR absorption in BaWOq crystals, Zverev et
al. reported that barium tungstate crystals could work efficiently in Raman lasers

in visible and near IR (264 — 5300 nm) spectral regions [96].

Zhang et al. studied the electronic structures, dielectric function and
absorption spectrum for the perfect BaWOs crystal and BaWOy crystal containing
barium vacancy (Vga>) using density functional theory. The results indicated that
the optical properties of the BaWOs crystal exhibit anisotropy and its optical
symmetry coincides with the lattice structure geometry of the BaWOQy crystal. The

origin of the 370 nm absorption band might be related to the barium vacancy [97].

No detailed reports are found on the magnetic properties of the BaWO4
samples. From VSM studies, Khademolhoseini ef al. [61] and Talebi et al. [74]
reported that BaWO4 samples were ferromagnetic with a saturation magnetization

of 0.007 emugm.

The temperature dependence of the dielectric properties of BaWOq
powders sintered at 810 °C was studied by Vidya ef al. They found that the
dielectric constant is almost discernible with temperature in the measured range.
The loss factor has a value of 1.56 x 10~ at room temperature, which decreases
with an increase in temperature. At 5 MHz frequency, the dielectric constant has a
value of 9 and 8.5 at room temperature and 250 °C respectively [62]. They also
proposed the use of this BaWO4 material in LTCC applications [62]. Krzmanc et
al. reported that BaWOQOs ceramics synthesized via solid-state method has a
constant value of 9 for the dielectric constant in the temperature range 800

— 1100 °C at a frequency of 11 GHz [44].
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There are many reports on BaWO4 as a promising material for
photocatalytic degradation of organic dyes present in water under UV light
irradiation. The photocatalytic activity of the samples depends on the solution pH,
the concentration of BaWQO4 nanoparticles, and the initial dye concentration. The
photocatalytic activity of BaWO4 particles synthesized by the sonochemical
method was tested in methylene blue and rhodamine B and found that complete
sorption of the dye was taken within 10 — 15 min [60]. Sadiq et al.,
Khademolhoseini et al., and Talebi et al. also reported BaWOQOs catalyst for the
degradation of rhodamine B [53] and methyl orange [61,74]. Vijay et al. reported
the photodegradation of Azure B using BaWO4 as a catalyst. The rate of

degradation was maximum at a pH of 7.3 [98].

Doping is an effective method for improving the surface morphology and
optical properties of BaWO4 samples [99]. Several reports are available on the
studies of the rare earth doped BaWO4 nanoparticles. But no studies reported on
the synthesis and properties of Cu doped BaWO,. Theoretical and experimental
investigations proved that doping with Cu improves the photocatalytic activity of
TiO2 [100,101]. Blue luminescence was produced by doping with Cu in ZnS
microstructures [102]. It is also reported that among various metallic doping
elements, Cu doping can reduce the bandgap of the material, which modifies the

absorption in the visible region and the photocatalysis in mesoporous TiOz [103].

Rare earth activated tungstate luminescent materials have outstanding
photo-stabilities, large Stokes/anti-Stokes shifts, long luminescence life times, and
sharp band emissions [26]. A detailed literature survey based on that property is

given below.
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Various luminescence emission can be obtained by doping BaWOs4
material with Eu®*, Tb* and Tm>" ions [104-109]. Jinsheng et al. reported that
doping of BaWO4 with Pr** ions would yield deep red emission [110]. The peaks
due to f-f transition in the blue region of Pr’* in Pr** doped BaWO. were
investigated by Cavalcante et al. [111]. Studies on the Dy** doped BaWO4 sample
show that several emission lines can be obtained from the sample corresponding
to the f-f transition in Dy3+ [112-114]. Photoluminescence emission in the NIR
region can be achieved by doping with rare earth elements Nd**, Er’* and Yb**. A
prominent emission band around 977 nm was observed by Hou et al. for BaWOs:
Yb samples, which have potential application in telecommunication and laser

emission [115].

Chao et al. reported that BaWO4:Yb**/Tm*" nanocrystals showed four
photoluminescence emission lines at 454, 475, 647, and 790 nm with an excitation
at 980 nm [116]. The emission intensity was maximum for 1 mol% Tb**, above
that emission intensity decreases. Here Yb®" acts as a sensibilization center. There
are several reports that Ce** and Ce*" doping can contribute to the intensity of

blue luminescence emission in BaWO4 samples [117-120].

In recent years, electron beam irradiation effects of nanoparticles became
an important area of research because beam irradiation can modify the structural,
optical, and electrical properties of the nanoparticles [121-128]. Beam irradiation
can cause intrinsic defects in the sample in a controlled manner and results in re-
growth and crystallization of the materials. The changes in material properties
occur due to the inherent defects or charge carries produced during electron beam
irradiation. Hence this is a promising technique for the modification of the

structural, optical, and electrical properties of the nanomaterials [129-136].
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1.4 Relevance of the Present Study

Several studies have been reported on the synthesis and characterization of
nanocrystalline BaWO4. The large bandgap of BaWOs has restricted its
application in diverse fields. Hence, tailoring of the bandgap is essential for
modifying the properties of BaWOQO4 for optoelectronic device applications.
Literature survey indicated that the bandgap of several nanocrystalline samples
can be tuned by electron beam irradiation and by doping with suitable dopants.
However, there are no reports on the effect of electron beam irradiation on the
structural and optical properties of the BaWO4. Furthermore, there are no reports
on the effect of copper doping on the structural, optical, and magnetic properties
of BaWOs. Literature reports that doping with ytterbium will yield NIR
photoluminescence, which has wide application. However, reports on the
influence of ytterbium on the structural, optical, and magnetic properties of
BaWO; are sparse. Hence more extensive and systematic studies of pristine and
doped nanocrystalline BaWOys is needed. The present study mainly focuses on the
synthesis and characterization of nanocrystalline BaWO4, Cu doped BaWOs, and
Yb doped BaWOu. In addition, the effect of 8 MeV electron beam irradiation on

the structural and optical properties of BaWOs is also investigated.
1.5 Objectives of the Study

¢ Synthesis of pure and nanocrystalline BaWOs4 powder by chemical
precipitation method.

¢ Investigation on the structural, optical, magnetic and electrical properties
of the synthesized nanocrystalline BaWOa.

s Study of the effect of calcination temperature on the structural, optical,

magnetic and electric properties BaWOa.
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Study of the effect of copper doping on the structural, optical and
magnetic properties of nanocrystalline BaWOs.
Study of the effect of ytterbium doping on the structural, optical and
magnetic properties of nanocrystalline BaWOa.
Study of the effect of 8MeV electron beam irradiation on the structural and

optical properties of the nanocrystalline BaWOa.
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Chapter 2

CHARACTERIZATION TECHNIQUES

This chapter mainly focuses on the theory behind the
characterization techniques used for the investigation of the
different properties of the prepared samples. Thermogravimetric
Analysis is employed to study the thermal stability of the sample. The
structural characterization techniques include X-ray Diffraction,
Scanning Electron Microscopy, Energy Dispersive X-ray
Spectroscopy, High Resolution Transmission Electron microscopy,
Fourier  Transform Infrared Spectroscopy, and Raman
Spectroscopy. The optical properties of the samples are analyzed
using UV-visible and Photoluminescence Spectroscopic methods.
Vibrating Sample Magnetometer is used to investigate the magnetic
properties of the samples. Electrical studies are carried out using AC

conductivity and dielectric measurements.
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2.1. Introduction

The proper analysis of different functional properties of the synthesized
nanocrystalline materials by employing various characterization techniques is
essential to explore their applications in a variety of fields. A clear picture of the
unique properties of the material can be obtained from the collective use of
various techniques by probing structural, optical, electrical, and magnetic
properties. In the present research work, properties of pristine, doped and electron
beam irradiated nanocrystalline BaWOQOs are investigated using different
techniques. The results are conferred in the following chapters, and this section
briefly describes the details of the toolbox for characterizing the synthesized

BaWO4 samples.

The thermal stability of BaWO4 samples is studied by thermogravimetric
(TG) and differential thermal (DT) analysis. The structural characterization of the
BaWO4 samples is done by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Fourier transform
infrared (FTIR), and Raman spectroscopy. The composition of the prepared
samples is estimated using energy dispersive X-ray analysis (EDX). Optical
studies are carried out by UV-visible and photoluminescence (PL) spectroscopy,
and electrical studies are carried out by dielectric measurements. The magnetic
properties of the synthesized samples are explored by vibrating sample

magnetometry (VSM).
2.2. Method of Synthesis

In the present work, pristine and doped BaWOs4 nanoparticles are
synthesized by the chemical precipitation method. The detailed procedures for the

synthesis of the BaWOQO4 samples are elucidated in the corresponding chapters.

36 Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOy




Chapter 2 Characterization Techniques

2.3. Thermal Analysis

A series of techniques are available for measuring the temperature
dependence of the physical properties of the substances. Here we adopted the
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) for
this purpose. Thermogravimetric analysis of the sample determines the weight
changes of a sample, whereas differential thermal analysis measures the changes
in temperature between a sample and a reference as a function of temperature or
time. Differential thermogravimetry (DTG) is usually conferred as the derivative
weight of the sample with temperature and it gives the most prominent
temperature at which a thermal event occurs. All these measurements are
primarily used to predict their thermal stability against temperature [1]. Different
thermal properties like heat capacities, glass transition temperature, melting, and
degradation of macromolecules can be explored by TGA and DTA [2]. In the
present work, TG/DT analysis of the sample is carried out using a Perkin Elmer,
STA 6000 instrument within a temperature range of 30 — 700 °C at a heating rate

of 20 °C /min and accuracy of <+ 0.5 °C.
2.4. Structural Characterization

The structural characterization of the samples is important as it helps to
understand the internal structure and morphology of the material at different
angles. Different analytical tools used in the present work are XRD, SEM, TEM,
EDX, FTIR, and Raman spectroscopy.

2.4.1 Powder X-ray Diffraction Analysis

X-ray diffraction is a powerful non-destructive technique for the

characterization of crystalline materials. It provides information on the structure
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of the materials, their phase composition, preferred crystal orientations (texture),
and other structural parameters, such as average grain size, crystallinity, strain,
and crystal defects. In XRD analysis, the regular array of atoms in a crystal can
act as a three-dimensional diffraction grating for producing a diffraction pattern.
The diffraction pattern is obtained by the superposition of a monochromatic beam
of X-rays scattered at specific angles from each set of lattice planes in a sample,

which is governed by Bragg’s law,

2d(hm}5‘in9 - nﬂ, (21)

Where d(hkl) is the inter-planar spacing for the given Miller indices (hkl),
20 the angle of diffraction or Bragg angle, n the order of diffraction and A the
wavelength of light used [3]. The peak intensities are the characteristics of the
distribution of atoms within the crystal lattice. Consequently, the X-ray diffraction
pattern is the blotch of periodic atomic arrangements in a given material. The
structure and phase identification of the sample is done by matching the peak
positions and intensities of the XRD pattern to those in the JCPDS (Joint

Committee on Powder Diffraction Standards) database.

The lattice spacing (d) is calculated from the 20 values of the peaks using
the equation (2.1). The lattice parameters are estimated from the lattice spacing of

the prominent XRD pattern by using the equation [3],

1 h? I &
e i S 2.2
dtzhkh az DZ C? ( )

where d(hkl) 1s the spacing between the planes corresponding to Miller indices h,

k, 1, and a, b, c are the lattice constants. For a tetragonal structure a=b#c, hence

the above equation becomes,
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The average crystallite sizes of the samples are estimated using the

Scherrer equation [4]

kA
- Beos@

(2.4)

where k (= 0.89) is the crystallite shape factor, A is the wavelength of the light
used, B is the full width at half maximum (FWHM).
The crystallite size and micro-strain on peak broadening of nanoparticles

are studied using Williamson-Hall (W-H) analysis, [5] given by,

Pcos@ = % + 4esint (2.5)

where ¢ is the micro-strain. The variation of 4sinf against Bcos is plotted for the
nanoparticle samples. From the linear fit to the data, the crystallite size is

approximated from the y-intercept and the strain € from the slope of the fit.

2.4.2 Scanning Electron Microscopy

Scanning electron microscopy is one of the most versatile techniques used
for the surface characterization of the samples. Topographic studies,
microstructure, chemical analysis, and elemental mapping analysis of a given
sample can be obtained using a scanning electron microscope. A JEOL Model
JSM-6390LA scanning electron microscope, operating at 20 kV with a resolution
of 3 nm was used for obtaining surface micrographs of the BaWO4 samples. It has
a specific sample holder where the stub should be fixed containing the sample on
the surface [6]. Carbon tape is used for sticking the sample to the stub. A small
amount of BaWOy sample is dispersed in ethanol. A drop of suspension is placed

on the carbon tape attached to the stub. It is kept for about 5 to 10 minutes under
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the infrared lamp for drying before scanning. After that, the sample-covering stub
is fixed in the sample holder and put in the sample-holding chamber or specimen

chamber for recording the micrograph.
2.4.3 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray analysis is used to identify the elemental
composition of materials through the emitted characteristic X-rays with the
principle that each element produces a unique pattern of X-ray lines. This
technique is usually used in conjunction with SEM or TEM and is widely used to
characterize the microstructural composition and elemental distribution of the
sample under study. EDX analysis is performed on a SEM system equipped with
EDX attachment. The OXFORD XMX N EDX attachment with JEOL Model
JSM-6390LA scanning electron microscope was used for the EDX study of the
BaWO4 samples.

2.4.4 Transmission Electron Microscopy

Transmission Electron Microscopy is one of the most powerful techniques
in materials science used to characterize the micro and nanostructure of the
materials with high resolution. Information about the particle shape, size
distribution, crystallinity and interparticle interaction can be obtained from the
high magnification imaging produced by the TEM. The TEM in bright field image
mode is usually used for producing real space micrographs. The lattice
arrangements within crystalline materials can also be visualized by high resolution
transmission electron microscopic (HRTEM) images. By analyzing HRTEM
images, it is possible to find lattice spacing, orientation and defects of crystalline
materials. In addition, a selected area electron diffraction (SAED) pattern can be

obtained for a single nanostructure by operating TEM in diffracted mode.
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Identification of different crystal planes can be done by analyzing a SAED
image [7].

For TEM studies, the BaWO4 powder sample was dispersed in ethanol
using an ultrasonic bath. Then the solution was dropped on a copper grid coated
with carbon film. For the imaging process, the copper grid containing the sample
was placed on a holder after drying. TEM images of the samples were recorded
using a JEOL JEM 2100 accelerated by a 200 kV transmission electron
microscope with a resolution of 0.23 nm. Further analysis was done by using
Image J software. Figure 2.1 shows the photograph of the JEOL model JEM-2100

transmission electron microscope.

Figure 2.1 JEOL model JEM-2100 transmission electron microscope
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2.4.5 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is an indispensable tool in nanomaterial research,
which is capable of exploring the material to understand the vibrational motion of
atoms and molecules, by identifying the functional groups present in it. The
principle is that each molecule only absorbs IR light of certain frequencies based
on the characteristic of the molecule. FTIR spectra are recorded in terms of
percent transmittance (%T) mode against wavenumber (1/A) cm'. From the
characteristic peaks observed in the spectra, different functional groups present in
the material can be identified. The FTIR spectra of nanocrystalline BaWOQOg4
samples were measured between 4000 and 400 cm™! using Thermo Nicolet Avtar
370 with a DTGS detector having a resolution of 4 cm™. Figure 2.2 shows the

schematic diagram of the FTIR spectrometer.

FIXED MIRROR

SOURCE / BEAM < i  MIRROR

SAMPLE DATA AQUISITION
& PROCESSING

Figure 2.2 Schematic diagram of the FTIR spectrometer
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2.4.6 Raman Spectroscopy

Raman spectroscopy is considered to be a complementary technique to IR
spectroscopy. A vibration is Raman active only if it changes the polarizability of
the molecule. The vibrational, rotational, and other low frequency modes of a
system can be investigated by Raman spectroscopy. It is based on inelastic
scattering of monochromatic light, usually from a laser. The Raman shift
produced is equal to the vibrational level that is involved. Thus, a better
understanding of the structural properties of a material can be obtained by
examining its Raman spectrum [8]. For the synthesized samples, Raman spectra at
room temperature were recorded using a Bruker Raman Spectrometer (RFS-27,
using Nd-YAG laser, A = 1064 nm, operating in the spectral range of 50 — 4000

cm).
2.5 Optical Spectroscopic Analysis

Optical spectroscopy generally deals with light-matter interactions,
particularly the absorption or scattering of electromagnetic radiation by
molecules. The synthesized nanomaterials were optically characterized by UV-

visible absorption spectroscopy and photoluminescence spectroscopy.
2.5.1 UV-visible Spectroscopy

Ultraviolet-visible spectroscopy is an efficient tool to get complete
information about the optical properties of a given material. A classical
semiconductor exhibits nominal optical absorption for photons with energy less
than the bandgap and high absorption for photons with energy greater than the
bandgap [9]. Here, radiation from the UV to visible range (A = 200 — 800 nm) is
applied to the sample under study. Absorption of UV or visible light
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electromagnetic radiation causes electrons to move from lower energy levels to
higher energy levels. As a result, there is a sharp increase in absorption at an
energy close to the bandgap that manifests itself as an absorption edge (or
reflection threshold) in the UV-visible absorption spectrum [10]. The energy
absorbed by a material depends on the chemical composition of its constituent
species. A reduction in particle size of the sample can lead to the shifting of the
absorption edge. The shifting of absorption edge to higher wavelength is known
as redshift (Bathochromic shift) whereas towards smaller wavelength is called

blueshift (hypsochromic shift).

From Tauc relation [11,12], the direct band gap (Eg) of samples is

determined by fitting absorption data to the direct transition equation,

ahv = E4 (hv — Eg)" (2.6)
where a 1s the optical absorption coefficient, hv the photon energy, Eg the direct
bandgap and Eq a constant. Here, ‘n’ is a constant and n = 1/2 for direct allowed, n
= 3/2 for direct forbidden, n = 2 for allowed indirect transition and n = 3 for
indirect forbidden transition. The bandgap of the samples can be measured by
plotting (ahv)”" as a function of hv and extrapolating the linear portion of the

curve to absorption equal to zero.

UV-visible absorption spectra of the samples were formulated from
reflectance measurements by Kubelka-Munk transformation using a Shimadzu
UV-visible spectrophotometer UV 2600 model. For the measurement, the sample
holder carrying the powder samples were placed at the entrance port of the
integrating sphere. BaSO4 was used as the standard reference material for the

calibration of the absorbance scale.
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2.5.2 Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a non-destructive technique that is
used to study the physical and chemical properties of a given material by using
photons to induce excited electronic states (photo-excitation of electrons into
permissible excited states). The excess energy is released in the form of optical
emission by radiative or non-radiative process and is the difference between the
excited and equilibrium states of transition. Qualitative and quantitative
information about the chemical composition, structure, impurities, different
intrinsic properties, surface defects, and traps produced can be understood by
using the PL spectrum of a material. The energy corresponding to the emission

peaks is given by,

E=hv= ”TC eV 2.7)

where A is the wavelength in nm corresponding to the emission peak.

Photoluminescence spectra were measured at room temperature by a
Horiba Scientific-Fluoromax 3 spectrophotometer using a 150 W ozone-free
xenon arc lamp as the source with a spectral accuracy of 0.5 nm. Figure 2.3 shows

the schematic diagram of a photoluminescence spectrophotometer.
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Figure 2.3 Schematic diagram of a PL spectrophotometer

CIE Chromaticity Diagram

The CIE 1931 XYZ colour space was created by the International
Commission on Illumination (Commission Internationale de 1’Eclairage -
abbreviated CIE). The CIE colour space contains both brightness and colour and
is based on the colour sensitivity and perception of human eyes. It appears as a
curved triangle that contains the full range of visible colours and serves as a
standard reference against which, many other colour spaces are defined. In this
system, the XYZ tristimulus values can describe any visible colour. The
chromaticity of a colour is specified by parameters x and y, which are projective
coordinates, and the colours of the chromaticity diagram occupy a region of the
real projective plane. Evidently, the diagram uses only two dimensions, which are

x and y selected from x, y, and z, where:

X+Y+Z
. &Y
X

(2.8)
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_ (x+¥+2)

- (2.9)
z =500 (2.10)
and x+y+z=1 2.11)

In Figure 2.4, white colour surrounds the centre point which has
coordinates at about (0.333, 0.333). Also, the x and y axes both range from 0 to
0.8 of chromaticity coordinate values. By drawing a line from the white point
through the (X, y) point of the colour space till it coincides, the curve yields the

dominant wavelength, Ap.

0.9

s CIE x, y chromaticity diagram | R Red
530 B Blue
od i G Green
pé
(0]

Yellow

Lower case:
“ish™ takes suffix

v - chromaticity coordinate

0.0 0.1 0.2
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380 nm

x - chromaticity coordinate

Figure 2.4 1931 CIE chromaticity diagram [13]
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2.6 Electrical Studies

To study the electrical properties of the nanocrystalline BaWO4 samples,
the nanoparticles were consolidated in the form of cylindrical pellets of diameter
13 mm and thickness 1.2 mm by applying a pressure of ~ 5 tons using a hydraulic

press. The pellets prepared were then sintered at 950 °C.

Dielectric and AC Conductivity Studies

Dielectric measurements as a function of frequency were measured at
various selected temperatures. Both the faces of the pellets were coated with a
silver paste to ensure conductivity, thereby forming a parallel plate capacitor
geometry with the material as the dielectric medium. The capacitance of such a

parallel plate capacitor is given by,

EperA
d

C = (2.12)

where A and d are the area and thickness of the pellet, respectively, €o is the
permittivity of free space and €' is the dielectric permittivity of the given sample.

Thus, the dielectric permittivity of the samples is calculated using the relation,
cd

ghi= (2.13)

Agg
The loss tangent (tand) can be directly obtained from the experimental data. AC
conductivity (cac) of the sample can be evaluated from the data of dielectric
constant (¢") and loss tangent (tand) using the relation,
Oqc = €'8g w tand (2.14)

where o is the angular frequency (o = 2xnf, f is the frequency of the applied
electric field).

Electrical conductivity is contributed by the migration of charges under the action
of an electric field. Conductivity is found to be an increasing function of

frequency in the case of hopping conduction and is a decreasing function of
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frequency in the case of band conduction. Then the total conductivity (depends on
absolute temperature T) can be considered as the sum of both hopping and band
conduction. This can be expressed as,

or =0(T) + o(w, T) (2.15)
The first term corresponds to band conduction and is found to be

frequency independent. Generally, this is taken as dc conductivity (cac). Whereas,
the second term depends on the frequency and is considered to be the conduction
due to hopping [14]. This stands for ac conductivity (cac). The variation of G, can
be expressed by the empirical power law as described by Jonscher and referred to

as universal dynamic response as shown below [15,16]

o(w,T) = 0y, = A" (2.16)

Here, o = 2xnf is the angular frequency of the applied electric field, A is a
constant and n is the frequency exponent. The constants A and n depend on both
temperature and compositions. The frequency exponent n varies between zero and
unity. The value of n can be determined by measuring the slope of the log-log plot
between 6. and .

Dielectric and ac conductivity measurements were carried out using an
impedance analyzer (Wayne Kerr H-6500B model) in conjunction with a portable
furnace and temperature controller (1 °C). Usually by using impedance
analyzers, one measures capacitance C(w) of the cell filled with the given
dielectric and the loss tangent. The basic measurement accuracies for capacitance
and loss tangent values are +0.05% and +0.0005% respectively. The temperature,
frequency, and compositional dependence of dielectric permittivity, loss tangent,
and ac conductivity were investigated for all the samples. The photo image of the
Wayne Kerr impedance analyzer (6500B) used in the present work is shown in

Figure 2.5.
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-

Figure 2.5 Wayne Kerr impedance analyzer (6500B)

2.7 Vibrating Sample Magnetometry

Vibrating sample magnetometer, based on Faraday’s law, according to
which an emf is induced in a conductor by a time varying magnetic flux is used
for the magnetic studies of the samples [17]. The change in the magnetic field can

be determined by measuring the electric field.

Figure 2.6 shows the schematic diagram of the VSM arrangement. The
magnetic sample is placed in a steady magnetic field produced by a pair of
electromagnets. The vibration of the sample with respect to the stationary pick up
coils induces a voltage in the pick-up coils, which is proportional to the magnetic
moment of the sample. The induced voltage is measured using a lock-in amplifier.
The magnetic moment of the sample can be estimated by feeding the signals from

the pick-up coils and the reference signal from the sample holder.
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Figure 2.6 Schematic arrangement of VSM

The magnetic measurement of the BaWO4 nanocrystal samples was done at room

temperature using Lakeshore VSM 7410 with a maximum field of 15 kOe.
2.8 Electron beam irradiation

The powder sample is exposed to different doses of an electron beam (EB)
from a variable energy Microtron. The properties of the bare and electron
irradiated samples are compared to draw important conclusions on the effects of

electron beam irradiation.

In this investigation, powder samples were taken in polythene covers and
irradiated at different electron doses using an 8 MeV variable energy Microtron
facility at the Mangalore University, Mangalagangotri, India. This Microtron has
a maximum pulse current of 50 mA and a pulse rate of 50 Hz. An image of this

Microtron is shown in Figure 2.7.

51

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWO,




Characterization Techniques Chapter 2

The samples are exposed to the electron beam at a distance of 30 cm from
the exit port. The dose is uniform over an area of 8x8 cm?, as determined by the

dosimetry.

References

[1]  A.W. Coats, J.P. Redfern, Thermogravimetric analysis. A review, Analyst,
88 (1963) 906-924.

[2] R. Bud. D.J. Warner, Instruments of science: An historical encyclopedia.,

Taylor & Francis, 1998.

[3] B.D. Cullity, Elements of X Ray diffraction, Addison-Wesley, Reading,
1967.

[4] T. Varghese, K.M. Balakrishna, Nanotechnology: An introduction to
synthesis, properties and applications of nanomaterials, Atlantic Publishers,
2011.

52

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOy




Chapter 2 Characterization Techniques

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

G.K. Williamson, W.H. Hall, X-Ray broadening from filed aluminium and
wolfram, Acta Metall. 1 (1953) 22-31.

K. Akhtar, S.A. Khan, S.B. Khan, A.M. Asiri, Scaning Electron
Microscopy: Principle and Applications in Nanomaterials Characterization

In: S. Sharma, Handbook of Materials Characterization, Springer, 2018.

M. Born, E. Wolf, A. Bhatia, P. Clemmow, D. Gabor, A. Stokes, W.
Wilcock, Principles of Optics: Electromagnetic Theory of Propagation,

Interference and Diffraction of Light, 7th ed., Cambridge University Press,
1999.

F. Marabelli, P. Wachter, Covalent insulator CeO2: Optical reflectivity
measurements, Phys. Rev. B. 36 (1987) 1238—1243.

H. Wang, P.K. Chu, Surface Characterization of Biomaterials, Elsevier,

2013.

S.H. Mohamed, M. El-Hagary, A.S. Radwan, Preparation and
characterization of mixed iron-titanium oxide nanostructure, Indian J. Phys.

87 (2013) 223-228.
J. Tauc, Amorphous and liquid semiconductors, Springer, 1974.

J. Tauc, A. Menth, States in the gap, J. Non. Cryst. Solids. 8-10 (1972)
569-585.

S. Gage, Optoelectronics Applications manual, McGraw Hill, 1977.

M.A. El Hiti, AC electrical conductivity of Ni - Mg ferrites, J. Phys. D
Appl. Phys. 29 (1996) 501-505.

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWO,




Characterization Techniques Chapter 2

[15]

[16]

[17]

A.K. Jonscher, Dielectric relaxation in solids, J. Phys. D Appl. Phys. 32
(1999) R57.

B.M. Greenhoe, M.K. Hassan, J.S. Wiggins, K.A. Mauritz, Universal
power law behavior of the AC conductivity versus frequency of

agglomerate morphologies in conductive carbon nanotube-reinforced epoxy

networks, J. Polym. Sci. Part B Polym. Phys. 54 (2016) 1918-1923.

B.D. Cullity, C.D. Graham, Introduction to Magnetic Materials, 2nd ed.,
Wiley, 2011.

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOy



Chapter 3

EFFECT OF CALCINATION TEMPERATURE ON THE
PROPERTIES OF NANOCRYSTALLINE BaWQ,

The synthesis of nanocrystalline BaWO4 by chemical precipitation
method and the effect of calcination temperature on the structural,
optical, magnetic and electrical properties of the synthesized sample

are discussed in this chapter.
3.1 Introduction

Nanocrystalline barium tungstate has widespread attention due to its novel
structural, electrical, optical, and magnetic properties. To explore the potential of
BaWOs, a deeper insight into its structure and properties are needed. A systematic
and detailed analysis of the effect of calcination temperature on the structural,
optical, magnetic, and electrical properties of the nanocrystalline BaWQO4 samples

synthesized by the chemical precipitation method is discussed in this chapter.

The thermal stability of the synthesized sample is investigated using
thermogravimetric and  differential thermal analysis. The structural
characterization of the BaWQO4 samples is done using X-ray diffraction, Scanning
electron microscopy, Transmission electron microscopy, Fourier transform

infrared spectroscopy and Raman spectroscopy. The quantitative compositional
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information is obtained from energy dispersive X-ray analysis. The optical
properties of the BaWOs samples are studied using UV-visible and
photoluminescence spectroscopic methods. The magnetic behaviour of the sample
is investigated using a vibrating sample magnetometer. The electrical property of

the sample is elucidated by the dielectric and AC conductivity measurements.
3.2 Synthesis of nanocrystalline BaWQ4

Barium nitrate Ba(NO3)> (99%, Merk) and sodium tungstate
(Na2WO4.2H20) (98%, Merk) are used without further purification for the
synthesis of pristine BaWQO4. Nanocrystalline BaWOs4 powder samples are
successfully prepared by direct chemical precipitation method without using any

surfactant, templates, or catalyst.

0.1 M solutions of barium nitrate and sodium tungstate are prepared by
dissolving the desired quantity of them in distilled water. The Na; WOy solution is
added to Ba(NOs)2 solution drop by drop by stirring continuously. The solution is
stirred well for about 30 min by using a magnetic stirrer at room temperature. The
white precipitate is allowed to settle down for 3 h and is collected by the
decantation of the supernatant liquid. The obtained precipitate is washed well with
distilled water several times to remove the unreacted reagents and sodium nitrate
formed. The product is dried in a hot air oven at 80 °C for about 24 h. The dried
sample is pulverized well in order to get fine powder samples. The obtained
powder samples are calcined at 400, 550, and 700 °C for 3 h in a muffle furnace
[1]. The BaWO4 samples calcined at 400, 550, and 700 °C are denoted as S1, S2,
and S3, respectively. A schematic representation of the synthesis of

nanocrystalline BaWOQy is shown in Figure 3.1.
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Figure 3.1 The scheme of preparation of nanocrystalline BaWO4

3.3 Results and Discussion

3.3.1 Thermal Analysis

The selection of suitable calcination temperatures is done from the thermal
analysis of the synthesized BaWO4 powder. Figure 3.2 shows the thermal
decomposition results of the precursor from the ambient temperature to 700 °C
using both the TG and DTG curves. A 1% weight loss occurs in the temperature
range from 10 to 310 °C. This is due to the loss of surface water on the particles,
and the combustion of minor impurities present in the sample. DTA curve is an
exothermic curve, and it confirms the combustion of the minor impurities present
in the sample. Since the TG curve remains almost constant above 310 °C,

temperatures 400, 550, and 700 °C are selected as the calcination temperatures.
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Figure 3.2 TG/DTG curves of BaWO4 samples

3.3.2 Structural Characterization

The structural characterization of the synthesized BaWO4 powder is

carried out by following the procedure described in Section 2.4.

3.3.2.1 Powder XRD Analysis

The phase purity, crystallinity and structure of the BaWO4 powder samples
are examined using the XRD technique. Figure 3.3 shows the XRD patterns of the
samples calcined at different temperatures collected using Brucker D8 Advance
X-ray diffractometer ((A=1.5406 A, step size=0.02° and step time 29.1s) with
CuKa radiation in 20 range from 10 to 80°. Well defined diffraction peaks with
preferential orientation along the plane (112) are observed for all the samples,

confirming their crystalline nature. The peaks corresponding to (101), (112),
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(004), (200), (211), (204), (220), (116), (132), (224), (400), (208), (316), (413),
(404), (240), (228), and (110) planes can be indexed to the body-centred
tetrahedral scheelite structure (space group 14i/a) of BaWQs. The pattern agrees
well with the JCPDS file No. 72-0746 of BaWO4. No additional peaks are

observed, confirming the purity of the obtained product.

Figure 3.3 shows that the full width at half maximum (FWHM) of the
diffraction peaks of the samples gradually decreases with the increase in
calcination temperature. This is because, at higher calcination temperature, the
formed crystallites are large, which can be attributed to the thermally promoted
crystallite growth [2]. The average crystallite sizes of the samples are calculated
from the line broadening of the diffraction peaks using Scherrer equation [3,4].
The average crystallite size and the microstrain of the samples were also analysed
using Williamson-Hall method (Figure 3.4) [S]. The cell parameters of the
samples are calculated using the plane spacing equation for tetragonal structure
group [6] from the XRD data. The average crystallite size and the cell parameters

are displayed in Table 3.1.
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Figure 3.3 XRD patterns of BaWO4 samples
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Table 3.1 Geometric parameters of BaWO4 samples
Sample | a=b (A) c (A) Unit cell | Crystallite size (nm) Micro-
volume | Scherrer W-H Strain
(A% method | method x1073
S1 5.589 12.658 395.45 13.15 14.56 0.149
S2 5.652 12.757 403.58 13.38 14.83 0.113
S3 5.616 12.731 401.52 19.17 19.05 0.109
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Figure 3.4 Williamson-Hall plots of BaWO4 samples

Rietveld refinement of the samples is also done to investigate the effect of
calcination temperature on the structural parameters of the BaWOy lattice (Figure
3.5). Double Voigt is used for profile fitting. All the refinement results indicated
that the samples have a pure scheelite-type tetragonal phase with space group
I41/a (88) and point group symmetry C%u. Refined parameters of the BaWO4

samples are shown in Table 3.2.
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3.3.2.2 SEM and EDX Analysis

Figure 3.6 depicts the SEM images of the BaWO4 samples calcined at
different temperatures. The SEM micrograph represents the topography and
surface morphology of the highly agglomerated BaWQ4 particles with voids. The
morphology of the samples changes with the calcination temperature. Different
structures such as bipyramidal, corn-like and flower-like structures are seen in the
SEM images. The sample S1 appears to have a spongy nature with granular like
morphology. However, samples S2 and S3 exhibit popcorn and flower-like
structure respectively. As the calcination temperature increases, the surface
becomes smooth and the agglomeration increases, and hence the particle size
increases. The obtained microstructures of BaWO4 samples are not in uniform size

and shape.

20kV X5,000 S5pm 0000 1147 SEI 20kV X5,000 S5um 0000 1147 SEI

20kV X5,000 S5pm 0000 1147 SEI

Figure3.6 SEM images of BaWO4 samples
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EDX is an analytical technique for the elemental analysis or chemical
characterization of the as-prepared samples. The EDX spectrum of the BaWO4
samples are is shown in Figure 3.7. The spectrum clearly shows the co-existence
of barium, tungsten and oxygen in the samples in stoichiometric ratios. The
average mass and atomic percentages of the sample taken from different regions

are presented in Table 3.3.

Table 3.3 Elemental composition of BaWO4 sample

Sample El AN Series 1\[/[‘::;}(7]0 Atom [at. %]
W 74 L-series 51.03 16.53
S1 Ba 56 L-series 30.05 13.03
O 8 K-series 18.92 70.43
W 74 L-series 49.63 15.48
S2 Ba 56 L-series 30.31 12.66
O 8 K-series 20.06 71.87
w 74 L-series 49.18 15.43
S3 Ba 56 L-series 30.96 13.00
@) 8 K-series 19.85 71.57

s1 S2

S3

Figure 3.7 EDX pattern of BaWO4 samples
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3.3.2.3 TEM Analysis

TEM bright field image and SAED patterns of the BaWO4 samples are
recorded for analyzing the morphology and size of the synthesized products.
Figure 3.8 shows the TEM bright field images, HRTEM images and the selected
area electron diffraction patterns of the BaWO4 samples. It can be seen that the
particles have an almost spherical or oval shape and are found to be agglomerated.
The interplanar distances measured from HRTEM images match with planes
(200), (213) and (211) respectively for the samples S1, S2, and S3. Strong bright
spots can be seen in the SAED pattern, which represent the crystalline nature of
the samples. The electrons reflected and diffracted from the different
crystallographic planes of the unit cells of BaWO4 produce these bright spots [7].
The ring pattern observed in the SAED pattern indicates the polycrystalline nature

of the sample.

"N ~—(200)

Figure 3.8 a) TEM bright field images b) HRTEM images c) SAED patterns of
the BaWO4 samples
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3.3.2.4 FTIR Analysis

FTIR spectra of the BaWOQO4 samples in the transmitted mode are recorded
at room temperature to confirm the phase formation and purity of the samples, and

are shown in Figure 3.9.
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Figure 3.9 FTIR spectra of BaWO4 samples
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Since BaWOs has tetrahedral symmetry only, F2(v3,v4) modes are infrared
active. The absorption peak at 403 cm™ can be assigned to F2(v4) vibration which
represents the bending vibration of W-O. The broad intense peak centred around
820 cm™! corresponds to the antisymmetric stretching vibration F2(v3) originating
from the W-O in the WO4* tetrahedron [8]. Like PXRD studies, FTIR analysis
also confirms the tetragonal structure of BaWOQ lattice and the absence of any

secondary phase.
3.3.2.5 Raman Analysis

Raman spectroscopy is an important tool in obtaining the structural
information of the BaWQO4 samples. The Raman spectra verify the rotational,
vibrational and other low-frequency modes of the system. From group theory,
there are 26 vibrations for the scheelite tetragonal BaWOy4, which is represented by

the equation [9],
I'= (34Ag+3Bu) + (5Bg+5Au) + (5Eg+5Eu) (3.1)

where all the Ag, B, and E; modes, are Raman active, which arise from the same
motion of the scheelite BaWOs. Both A and B modes are non-degenerate, whereas
E modes are doubly degenerate. The subscript g for even and u for odd parity
indicate the parity under inversion in centrosymmetric crystals. In scheelites, the
even pair of members (g) is Raman active, 4Au and 4E, modes are IR active, the
remaining 1A, and 1E, modes are acoustic, and the 3B, are silent modes [10,11].
The expected 13 zone centred Raman active modes are given by the equation

[12,13],

I'= 3¢ + 5B; +5F, (3.2)
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According to the literature, out of the 13 Raman active phonons, 7 are
internal modes, in which the centre of mass is stationary and the vibrations are
confined in the [WO4]* tetrahedron with cubic point symmetry Tq and six are
external modes consisting of two rotational modes and four translational modes
[12,13]. The lattice phonons from the external mode of vibration consist of the

motion of the Ba®* cation and the rigid [WO4]* molecular units.
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Figure 3.10 Raman spectra of BaWO4 samples
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Raman spectra of the BaWO4 samples S1, S2, and S3 are shown in Figure
3.10. Of the 13 expected Raman modes, 10 modes are observed. The theoretical

and experimental modes observed are shown in Table 3.4.

Table 3.4 Comparison of Raman active modes of BaWO, samples with literature

values
Peak/ Value of ® in cm™!
e Theoretical Present values Ref. Ref. Ref.
[12] Sl 5 3 [14] [15] [16]

T(Bg) 55 - - - - 63 62
T(Eg) 81 75.08 75.01 75.08 - 75 74
T(Eg) 110 101.73 101.32 101.29 - 102 104
T(Bg) 145 150.60 151.08 151.93 - 133 132
R(Ag) 149 - - - 150 150
R(Eg) 209 191.47 191.97 191.47 272 191 191
v2(Ag) 328 332.30 332.39 332.30 330 331 -
v2(Bg) 329 332.30 332.39 332.30 - 333 332
v4((Bg) 339 345.62 344.83 346.07 - 345 345
v4(Eg) 348 354.95 354.43 354.51 - 355 353
v3(Eg) 797 796.09 796.13 796.09 797 794 796
v3(Bg) 823 831.63 832.25 831.63 829 831 830
vl(Ag) 928 928.03 927.34 927.59 924 925 925

In the table, vi, v2, v3, v4 represent the internal mode of vibrations, R and T
represent the rotational and translational mode of vibrations respectively. The
internal modes with a frequency above 300 cm™ are due to the high frequency
stretching vibrations vi(Ag), v3(Bg), and v3(Eg); the medium frequency bending
vibrations v2(Ag) and v2(Byg), and v4(Bg) and v4(Ey). It is found that maximum shift
is observed for Raman vibration modes for sample S2 which has the highest unit
cell volume, and the experimental values observed are in agreement with the

reported values. These results indicate that the methods employed here are
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suitable to produce BaWO4 materials with a reasonable degree of short-range
order. The intensity and width of the Raman modes decrease as the calcination
temperature increases. This may be due to the change in the surface morphology

of the samples.
3.3.3 Optical Properties

UV-visible absorption spectroscopy and photoluminescence spectroscopy
are the techniques used to explore the optical properties of the synthesized
BaWO;s samples. Optical analyses are carried out by following the procedure

given in Section 2.5.
3.3.3.1 UV-visible Analysis

Diffuse reflectance spectra of the BaWO4 powder samples is taken to study
the optical absorption properties of the prepared samples. The optical absorption
coefficient is obtained by using the Kubelka-Munk transformation equation. The
optical absorption spectra of the samples is shown in Figure 3.11. The optical
absorption spectra are observed in the ultraviolet region (220 nm) corresponding
to the ligand to metal charge transfer transition inside the WO4* anion [17]. By
absorbing the ultraviolet radiation, the excitation from O2p to Wi in the (WO4)*
group takes place. Because of the strong interactions between the hole on the
oxygen and the electron on the tungsten, they remain together as an exciton in the
excited state [17]. The absorption peaks corresponding to the samples S1, S2, and
S3 are at 220, 224 and 223 nm respectively, which are close to the reported value
of 223 nm [14]. The small redshift observed with the increase in calcination

temperature is due to the variation in particle size upon calcination.

71

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOy




Effect of Calcination Temperature on the Properties of Chapter 3
Nanocrystalline BaWQ4

—S1
—_—2|
—S3
5
s
3
200 250 300 350

wavelength (nm)

Figure 3.11 Optical absorption spectra of BaWO4 samples

The BaWOys is a direct bandgap semiconductor material [18]. The optical
bandgap of the BaWO4 samples is estimated by taking n = 2 in the Tauc relation
as discussed in section 2.5.1. Figure 3.12 shows the (ahv)? versus hv graphs (Tauc
plots) of the samples S1, S2, and S3. The optical bandgap values obtained for the
samples S1, S2, and S3 are 5.25, 5.14, and 5.13 eV respectively. The bandgap of
the samples is found to be slightly greater than the reported value of 4.6 eV [19].
The results show a slight decrease in the bandgap with the increase in calcination

temperature.
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Figure 3.12 Tauc plots of BaWO4 samples

3.3.3.2 Photoluminescence Studies

PL emission spectra of the BaWO4 samples at room temperature are
measured at an excitation wavelength of 350 nm. Figure 3.13 shows the
photoluminescence emission spectra of the BaWO4 samples. All the spectra show
a broad feature, which extends from 370 to 600 nm with peaks at 435 nm. The
broad photoluminescence spectra of the BaWO4 samples indicates that the
emission involves a multiphonon process [20]. In WO4 tetrahedron, hybridization
between W5d and O2p orbitals is indicated as covalent bonding between the ions.
The PL emission is due to the de-excitation of self-trapped excitons of the
[WO4]* [21]. The broad emission peaks correspond to the transition from the
degenerate 3Ty (4d/5d° — W5/2pS- O state) excited state to the 'A; (4d/5d' -
W 3*/2p>- O state) ground state [7,22]. The splitting of >T; is due to the lowering
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of crystal field symmetry from Tgq and due to the inclusion of spin-orbit
interaction. The transition *T} to 'A; is spin forbidden, but it is made allowed by
the spin-orbit interaction [18]. The splitting of energy levels of WO4> in BaWO4
is schematically depicted in Figure 3.14. The corresponding absorption transition
is not observed in the excitation spectrum due to the strong spin selection rule
[23]. The tail of the luminescence spectrum extends to the green region which
may be due to the lattice distortions or the oxygen vacancy present in the samples
[19]. The PL intensity of the BaWOQO4 sample is found to change with an increase
in calcination temperature. The variation in particle size with an increase in the
calcination temperature may be the reason for the change in the intensity of the

photoluminescence spectra [24].
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Figure 3.13 Photoluminescence spectra of BaWO4 samples

74 Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOg4




Chapter 3 Effect of Calcination Temperature on the Properties of

Nanocrystalline BaWQO4
1"'1
'Y l)
$
T, X/ -
5 A;=500cm™?
$ P
3 S/
T N\ A; =20 cm™?
ka ks
1A, - L 4

Figure 3.14 Schematic diagram of the splitting of energy levels of W04 in
BaWOq4

The CIE chromaticity coordinate graph of the BaWQO4 samples are plotted,
which serves as a standard reference against which many other colour spaces are
defined. The chromaticity of a colour is indicated by projection coordinates x and
y or the position of colour in the diagram is called the chromaticity point of the
colour [25]. The CIE chromaticity coordinates of the BaWQO4 samples under an
excitation wavelength of 350 nm are measured as shown in Table 3.5. Figure 3.15
shows the CIE chromaticity diagram for the samples S1, S2 and S3. The
chromaticity coordinates of the sample S1 lies within the phosphor triangle and
that of S2 and S3 lies in the corner of the phosphor triangle. The chromaticity
coordinates of all the samples indicate unique blue emission with varying
intensity. The sample S1 gives light blue emission while S2 and S3 give dark-
blue emission. The results of the PL and CIE chromaticity studies suggest that
BaWOs nanophosphors can be used to construct near-ultraviolet (UV) light
excited blue light emitting diodes (LEDs). In short, we can tune the optical
absorption and emission properties of the BaWO4 samples by varying the

calcination temperature.
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Table 3.5 CIE chromaticity coordinates of the BaWO4 samples

CIE coordinates
Sample
X y
S1 0.1911 0.1813
S 0.1605 0.1186
Ss3 0.1601 0.1054
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Figure 3.15 CIE chromaticity diagrams of BaWQO4 samples

3.3.4 Magnetic Properties

The magnetic properties of the samples are studied using VSM
measurements, and the hysteresis curve for the samples is shown in Figure 3.16. It
can be seen from Figure 3.16 that all the calcined samples show ferromagnetic
behaviour. Also, the saturation magnetization values are low. The results agree
with the reported values in the literature [26]. Interestingly, the magnetic
parameters such as ferromagnetic behaviour, saturation magnetization, and the
coercivity of the samples vary with the calcination temperature. The variation of
coercivity, saturation magnetization, retentivity, and squareness ratio (R) of the

samples is given in Table 3.6.
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Figure 3.16 M H loop of the BaWO4 samples

Table 3.6 Comparison of magnetic properties of BaWO4 samples

Saturation Coercivit Retentivity Squan.aness
Sample | magnetization(Ms) "eoc;“ y (Mr) ratio
emu/gm emu/gm R=Mr/Ms
S1 25.776x107 52.583 0.539%107? 0.0211
S2 36.183x107? 66.163 1.455% 107 0.0402
S3 26.265%107? 70.404 1.388x 107 0.0528

The saturation magnetization is maximum for sample S2 which has the
highest value of lattice parameters. Interestingly, the changes in saturation
magnetization and retentivity are in accordance with the changes in lattice

parameters of the sample with calcination temperature. The saturation

magnetization is found to be maximum for the sample with maximum unit cell

volume [27]. The coercivity and the squareness ratio R are found to increase with
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an increase in calcination temperature. As the calcination temperature increases,
the size of the particles increases. So we can conclude that these are single domain
particles [28]. As the particle size increases, the coercivity of the single domain
particle increases progressively because the magnetic moment of the individual
particle increases and the magnetic anisotropy energy increases. Hence, a stronger

field is required for reversal.
3.3.5 Dielectric Studies

The dielectric response of the samples is studied in the frequency range of

100 Hz to 1 MHz at selected temperatures.
3.3.5.1 Dielectric Constant

The dielectric constant (¢') of a material is a measure of the storage
capacity of electrostatic energy. The electronic, ionic, orientational and interfacial
polarization will contribute to the total dielectric constant [29]. Electronic
polarization occurs due to the displacement of valence electrons from the nucleus,
which appears up to a frequency of 10'® Hz. The ionic polarization, due to the
separation of positive and negative ions with each other, is effective up to a
frequency of 10" Hz. The presence of permanent dipoles in the sample is the
source of orientational or dipolar polarization. These dipoles tend to align in the
direction of the applied external field, and this polarization is effective up to a
frequency of 10'° Hz. However, the contribution of dipolar polarization decreases
with an increase in frequency since it takes more time to orient in the direction of
the field than ionic and electronic polarization [30]. Nanomaterials have about
10" interfaces/cm?, much abundant than their bulk counterpart. Such interfaces of
a large-volume fraction are compact under high pressure of 7.5 Gpa, result in a

large number of defects such as microporosities, vacancy clusters, and dangling
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bonds. These defects can cause the formation of space charge distribution in the
interfaces. As these space charges move towards the electrodes under an external
electric field, they are trapped by the defect centres, forming diploes [31] resulting
in space charge polarization. The contribution of space charge polarization

extends only up to 10° Hz.

The dielectric constant €' of the samples calcined at different temperatures
are plotted against frequency in the temperature range of 303 to 423 K is shown in
Figure 3.17. For all the three samples, it is found that €' has a high value at very
low frequencies, and it decreases exponentially with an increase in frequency. The
dielectric constant remains constant at high frequencies giving rise to a plateau.
The high value of the dielectric constant at low frequency is due to the space-
charge polarization present at the grain boundaries which result in the generation
of a potential barrier, and hence the accumulation of charges at the grain boundary
[32]. The dielectric dispersion or rapid decrease of dielectric constant with an
increase in frequency is due to the Maxwell-Wagner-type effect (MW) [33].
Another reason for decrease in the dielectric constant is the decrease in the dipolar
polarization with an increase in frequency. As the frequency increased, the dipole
rotation cannot follow the oscillating field or the oscillation of the dipoles begins
to lag behind the oscillating field. On further increase in the frequency of the field,
the dipoles cannot follow the field and the orientation will be stopped completely
[34]. From Figure 3.17, it is clear that the value of €' for the sample S3 is 6.2 at a
higher frequency which is slightly greater than that of the samples S1 and S2. It is

also discernible with temperature.
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Figure 3.17 The frequency response of the dielectric constant of BaWO4 samples
at various temperatures

The variation of €' with the temperature at different frequencies for the
samples S1, S2 and S3 is shown in Figure 3.18. A linear dependence of &' with
temperature is observed for all the samples. The molecular dipoles remain frozen
at low temperature and the free rotation of the dipoles increases with an increase
in temperature. Thus more and more dipoles may get aligned at high temperature
[35], increasing orientational polarization. It may be the reason for the increase of
€' with temperature. At 1 MHz the value of €' changes with temperature from 5.15
to 5.89 for the sample S1, 4.76 to 5.31 for S2, and 6.17 to 6.41 for S3. The high
and steady value of €' of BaWO4 samples calcined at 700 °C make it suitable for

replacing silicon dioxide (S102) in field-effect transistors (FET).
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Figure 3.18 The variation of dielectric constant of BaWQO4 with temperature
3.3.5.2 Frequency and Temperature Dependence of Dielectric Loss

Dielectric loss €" is a measure of energy losses to move ions when
the polarity of the electric field turns rapidly, which is a material property and
does not depend on the geometry of the capacitor [36]. The alteration of &" against
frequency at various temperatures for the BaWO4 samples is shown in Figure
3.19. It is found that &" decreases with an increase in frequency and increases with
an increase in temperature. At low frequencies, the high value of the dielectric
loss is due to the free charge motion [37] or the migration of ions within the
material. At medium frequencies, ion jump, conduction loss of ion migration, and
ions polarization loss will contribute to the dielectric loss. But at higher
frequencies, the dielectric loss is purely due to the ion vibrations, and hence €" is
steady at high frequencies [38]. The frequency dependence of €" is given by the

relation,
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' =A™ (3.3)

where A is a constant and m is the slope of the curve obtained. The low and
steady value of €' and €" at high frequencies put forward that the prepared BaWO4
sample possesses enhanced optical quality with lesser defect, hence suitable for

nonlinear optical materials applications [39].
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Figure 3.19 Variation of €" against frequency of the BaWO4 samples at
different temperatures

3.3.5.3 Dissipation Factor

The dissipation factor or loss tangent tand of the samples at different
temperatures are plotted against frequency is shown in Figure 3.20. The

dissipation factor of a dielectric is the rate of loss of electromagnetic energy, or it
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is a measure of how well a material can absorb electromagnetic energy. As shown
in Figure 3.20, the value of tand for the BaWQO4 samples decreases rapidly at low
frequencies and attain steady values at high frequencies. At high frequencies, the
charge carriers existing in the material can migrate through some distances under
the influence of the external field, reducing the absorption current. But at low
frequencies, such charge carriers are blocked at the electrodes, resulting in a space
charge region, which leads to a substantial increase in the value of tand [40]. At
low frequencies, more energy is required for electron hopping due to space charge
polarization as a result of high energy loss. While at higher frequencies, the

energy required for electron hopping is low, hence the low value of tano.
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Figure 3.20 Frequency response of the dissipation factor tand for the BaWOQOq
samples
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It can be seen from Figure 3.20 that the value of the dissipation factor
increases with an increase in the temperature of the samples. However, there is
only a slight variation in the dissipation factor in the mega frequency range. The
variation of tand with frequency is found to be almost in a similar manner for all
temperatures. The low and steady value of dissipation factor and an almost steady
value of the dielectric constant of BaWO4 samples over a wide range of
frequencies suggest their suitability in low-temperature co-fired ceramic (LTCC)

applications [41].
3.3.5.4 AC Conductivity

The frequency variation studies are carried out to understand the electrical
homogeneity of the material by recognizing the relaxation mechanism as well as
the nature of electrical conduction. The AC conductivity of the samples plotted
against frequency for various temperatures is shown in Figure 3.21. At low
frequencies, AC conductivity is very low. At high frequencies, a sharp increase in
AC conductivity is observed with frequency. A slight increase in ac conductivity

is also observed with temperature.

The variation of AC conductivity with frequency can be explained by

Jonscher’s power law [42]
Oac(w) = 00 + Aw’ 3.4)

where oo is the frequency-independent conductivity (which is related to DC
conductivity), A is the temperature-dependent pre-exponential factor and s is the
frequency exponent (0<s<l), which characterizes the low-frequency region

corresponding to translational ion hopping.
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Figure 3.21 Variation of AC conductivity of the BaWO4 samples against
frequency

The conduction mechanism is based on the creation of energetic free
electrons, ions, and free radicals, and on electronic hoping [43]. At low
frequencies, AC conductivity is very low and almost steady, which stands for (co),
and as the frequency increases, the conductivity also increases obeying Jonscher’s
power law. The accumulation of charge carriers at the electrode interface reduces
the electrical conductivity at low frequencies [44]. There is random diffusion of
charge carriers at high frequencies by virtue of which the conductivity increases.
The cross-over from the frequency-independent region to the frequency-
dependent region indicates the transition from long-range hoping to short-range
ionic motion [42]. At high frequencies, there is a linear increase in the AC

conductivity suggesting the long rage drift of ions [37] or polaron hopping as the
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source of ion conduction [45]. There is an easy transition of charge carriers from
the valence band to the conduction band with the rise in temperature, resulting in
an increased conductivity [46]. The value of s is estimated from the slope of the
logo versus logm line. The obtained values of s are less than unity (ranges
between 0.35 and 0.45) which complies with the correlated barrier hopping

model.

3.4 Conclusion

e Nanocrystalline BaWO4 powder samples are successfully prepared by direct
chemical precipitation method without using any surfactant, templates, or

catalyst.
e  BaWO4powder samples are found to be thermally stable above 340 °C.

e Structural characterization confirms the crystalline nature and scheelite

tetrahedral structure of the synthesized BaWO4 with a space group I41/a.

e Effect of calcination on the structural, optical, magnetic, and electrical

properties of the synthesized sample is studied.

e The average crystallite sizes of the samples are found to increase with the
increase in calcination temperature, by thermally promoted crystalline

growth.

e The surface morphology of BaWO4 samples changes with the calcination

temperature.

e From TEM images, it is confirmed that the particles are approximately

spherical.
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UV-Visible absorption spectra show an absorption peak in the ultraviolet
region. The optical bandgap values of the BaWO4 samples are found to

decrease with the increase in calcination temperature.

A broad PL emission is observed in the blue region corresponding to the
transition from the degenerate T, excited state to the 'A; ground state of the
(WO4)* tetrahedral group. The PL spectra and CIE chromaticity diagram

confirm blue emission for BaWQO4 nanocrystalline phosphors.

The nanocrystalline BaWOQOs samples possess ferromagnetic behaviour at
room temperature and found that there is an anomalous variation of magnetic

properties with calcination temperature.

The dielectric studies show that the dielectric constant, loss tangent, and AC
conductivity of the BaWO4 sample change with the increase in calcination

temperature. These properties are also frequency and temperature dependent.

The low and steady value of the dissipation factor and an almost steady value
of the dielectric constant suggest the suitability of BaWOs in LTCC

applications.
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Chapter 4

EFFECT OF COPPER DOPING ON THE PROPERTIES OF
NANOCRYSTALLINE BaWwO,

This chapter focuses on the modification in the structural, optical
and magnetic properties of nanocrystalline BaWQO, by copper
doping. 1, 3 and 5 mol % of copper doped BaWQ4 samples are
synthesized by chemical precipitation method and characterized

using various characterization techniques.

4.1 Introduction

In material science, there is an increasing interest in finding new materials
with attractive photoluminescence properties for the development of
optoelectronic devices or a material with high photocatalytic activities for the
degradation of organic dyes produced by the industries. Doping is the primary
technique used for the modification of properties of nanostructured materials to
obtain new materials of technological importance. BaWOQ4 is an excellent host
material for designing solid-state lasers emitting radiations in a specific region

because of its stimulated Raman scattering (SRS) properties and has applications
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in fields such as medical treatment, spectroscopy, and up-conversion lasers [1,2].
Among various metallic doping elements, Cu doping is a way to improve visible-
light absorption [3]. No studies have been reported on the effect of Cu doping in
BaWO; lattice. A systematic and detailed investigation on the structural, optical
and magnetic properties of Cu doped nanocrystalline BaWOy is presented here.
Interestingly, Cu doping resulted in dramatic changes in the structural,

morphological, optical, and magnetic properties of BaWOa.
4.2 Synthesis of Copper Doped BaWOQO4

Analytical grade chemicals, barium nitrate (Ba(NO3)2) (99%, Merk),
copper(Il) nitrate (Cu(NO3)2.3H20) (98%, Merk), and sodium tungstate
(Na2WO4.2H20) (98%, Merk) were used as received without further purification
for the synthesis of Cu doped BaWO4 samples. 1, 3, and 5 mol % Cu doped
nanocrystalline BaWOQOs samples were prepared by the chemical precipitation
method. Initially, 0.1 M solutions of barium nitrate and copper nitrate were mixed
in the desired ratios (1, 3, and 5% copper nitrate). Then, 0.1 M solution of sodium
tungstate was slowly added to the mixture by continuously stirring at room
temperature for half an hour using a magnetic stirrer apparatus. Distilled water
was used as the medium of preparation. The obtained precipitate was washed with
abundant distilled water until the pH of the medium containing the precipitate
becomes 7 and dried for 24 h in a hot air oven at 80 ‘C. The dried powder was
pulverized well and calcined at 400 °C for 3 h in a muffle furnace [4]. BaWO4
samples doped with 1, 3, and 5 mol % of Cu are denoted as Cul, Cu3 and CuS
respectively. S1 represents the pristine BaWO4 sample. Synthesis of the pristine

sample S1 is described in Chapter 3.
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4.3 Results and Discussion

The structural, optical and magnetic characterizations of the pristine and Cu
doped BaWO4 samples are done using various techniques as described in Chapter

2.
4.3.1 Structural Characterization

The structural characterizations of the synthesized samples are done using
powder X-ray diffraction, Fourier transform infrared spectroscopy, Raman
spectroscopy, scanning electron microscopy, transmission electron microscopy,
and energy dispersive X-ray analysis by following the procedure described in

Section 2.4.
4.3.1.1 Powder XRD Analysis

The synthesized products are structurally characterized by X-ray diffraction
using Brucker AXS D8 Advance X-ray diffractometer (A = 1.5406 A, step size =
0.01°) with CuKa radiation in 20 range from 10 to 80°, operating voltage 40 kV
and current 35 mA. The powder XRD patterns of pristine and Cu doped BaWO4
samples are shown in Figure 4.1. All the diffraction peaks indicate that these
samples crystallize in a scheelite type tetragonal structure with space group I41/a.
The well-defined sharp diffraction peaks indicate the purity and crystallinity of
the samples, and it agrees well with the JCPDS Card no. 72-0746 of BaWOQO4. No
glimpse of any extra-phase is observed in the doped samples, which may be due
to the lower loading of the dopants. Lattice parameters of the pristine and Cu
doped BaWOs samples are calculated using the plane spacing equation for
tetragonal structure [5], and the crystallite size of the particles is estimated using

the Scherrer equation as described in Section 2.4.1.
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The crystallite size and lattice strain of the pristine and Cu doped BaWO4
samples are estimated using the Williamson—Hall (W-H) method [6] as described
in Section 2.4.1. W-H plots for the pristine and Cu doped BaWO4 samples are
shown in Figure 4.2. The obtained lattice parameters, unit cell volume, micro-
strain, and crystallite size of the pristine and Cu doped BaWOQOs samples are
itemized in Table 4.1. The (hkl) values of the protruding peaks are marked on the
XRD patterns. Rietveld refinements of the samples are done using TOPAS. The
double-Voigt method is used for peak profile fitting. All refinement results
indicated that the pristine and Cu doped BaWOQO4 samples displayed a pure
scheelite-type tetragonal phase with space group I4i/a. The structure parameters
obtained from the Rietveld refinement of the XRD data are presented in Table 4.2,
and the refinement outputs are shown in Figure 4.3.

After incorporating Cu ions into the BaWOq lattice, no significant change in
the XRD pattern is observed. It indicates that there is no change in the tetragonal
structure of the lattice due to the incorporation of Cu ions. However, slight
changes are found in the intensity of XRD peaks, lattice constants, unit cell
volume, and structural parameters of the doped samples. The intensity of the XRD
peaks is maximum for the sample Cu3, indicating the improved crystallinity of
the sample [7]. In Table 4.1 and 4.2, the lattice constant a and the unit cell volume
of the BaWO4 samples decrease with an increase in the concentration of Cu,
which is attributed to the doping of smaller Cu®* ions (ionic radius = 0.73 A) at
larger Ba®* (ionic radius = 1.42 A) sites in the tetragonal structure of BaWO4 [8].
The decrease in unit cell volume with an increase in Cu?* dopant concentrations is
due to an increase in CuOsg clusters, which have smaller volume compared to
BaOs clusters. The lattice constant ¢ of the Cu doped BaWO,4 samples changes in
an irregular manner. The small variations in these parameters can be associated

with the lattice distortions.
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Figure 4.1 The XRD patterns of pristine and Cu doped BaWO4 samples

Angle 20 (degree)

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWO,




Effect of Copper Doping on the Properties of Nanocrystalline

BaW0O4

Chapter 4

Table 4.1 Geometric parameters of pristine and Cu doped BaWO4 samples

Sample

a=b

c(A)

= Unit cell Crystallite size in nm Micro-
(A) volume | Scherrer W-H “train
(A%) method method
x1073
S1 5.589 | 12.658 | 395.450 13.15 14.56 0.149
Cul 5.573 | 12.615 | 391.800 11.77 12.48 0.207
Cu3 5.551 | 12.576 | 387.512 11.01 12.27 0.187
Cus 5.536 | 12.598 | 386.095 11.31 12.31 0.202
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Figure 4.2 W-H plots of pristine and Cu doped BaWO4 samples
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4.3.1.2 SEM and EDX Analysis

The microstructural characterization of the pristine and doped BaWO4
samples is performed using a scanning electron microscope JOEL model JEK-
6390 LV, resolution 3 nm (Acc. V 20 kV, WD 14 mm, SEI), 8 nm (Acc V 3 kV,
WD 6 mm), 15 nm (Acc V 1.0 kV, WD 6 mm). Figure 4.4 depicts the SEM
images of the pristine and Cu doped BaWOQO4 samples. The SEM photograph
represents the topography and surface morphology of the highly agglomerated
particles with many voids. The morphology of the samples changes to a flower-
like structure with the incorporation of Cu atoms into it. As shown in the Figure
4.4, sample S1 is found to be highly porous. The microstructures are not in
uniform size and shape. As the quantity of Cu in the sample increases the porosity
decreases, and the surface becomes smooth. The changes in the topography of the
samples may have a significant effect on the electrical and optical properties of

the material.

20kV  X10,000 1pm 0000 1147 SEl 20kV  X10,000 1pm 0000 1450 SEl

20KV X10,000 1uym 0000 14 50 SEI 20kV  X10,000 1pm 0000 14 50 SEI

Figure 4.4 SEM images of pristine and Cu doped BaWO4 samples
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The EDX spectra (Figure 4.5) of the pristine and Cu doped BaWOq

samples are taken for elemental analysis or chemical characterization. The

existence of elements Ba, W, O, and Cu in the samples is confirmed by energy

dispersive X-ray analysis. The elemental composition of the pristine and Cu

doped BaWOs4 samples are presented in Table 4.3. The presence of Cu in the EDX

spectra confirms the successful formation of Cu doped BaWO4. No impurities are

observed in the EDX spectra (Figure 4.5 and Table 4.3) that reveal the purity of

the prepared samples.

Table 4.3 Elemental composition of pristine and Cu doped BaWQ4 samples

sample Element Line Type Mass % Atomic %
0] K series 18.92 70.43
Ba L series 30.05 13.03
S1 W L series 51.03 16.53
Cu - 0 0
0) K series 16.15 64.84
Ba L series 39.59 18.52
Cul \W M series 43.57 15.84
Cu K series 0.69 0.81
0) K series 16.01 63.3
Ba L series 44.09 20.59
Cu3 W M series 38.06 14.3
Cu K series 1.85 1.8
0] K series 16.66 65.5
Ba L series 35.02 16.03
CusS W M series 45.31 15.5
Cu K series 3.01 2.97
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Figure 4.5 EDX spectra of pristine and Cu doped BaWO4 samples

4.3.1.3 TEM Analysis

TEM images, HRTEM images, and SAED patterns are recorded using
JEOL JEM 2100 at an accelerating voltage of 200 kV. Figure 4.6 shows the TEM
bright field images, HRTEM images and SAED patterns of the pristine and Cu
doped BaWO4 samples. TEM images reveal that the morphology and particle
sizes of the Cu doped BaWO4 samples changes with the amount of Cu content in
the sample. The particles of the sample S1 is fully agglomerated and is of
irregular size, only a few boundaries are visible in the focused range. For the
sample Cul, particles are agglomerated, but particle boundaries are clearly
visible. For the samples Cu3 and CuS, the size of the particles reduced

considerably and the particle boundaries are visible. Since the atomic radius of Cu
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is smaller than that of Ba, stress or strain is developed in the lattices which disturb

the grain growth process causing it to act as a grain growth inhibitor.

The particle sizes of the Cu doped BaWOQO4 samples are measured using
Image J software. The average particle sizes of the BaWO4 samples are presented
in Table 4.4. For sample S1, the particles are highly agglomerated, and hence only
one particle is visible, the size of that particle is given as the average particle size.
The degree of agglomeration and hence the average particle size of the Cu doped
BaWO; samples decreases greatly with the introduction of Cu atoms into the
BaWO4; lattice (Figure 4.6 and Table 4.4). The particle size distribution of the
samples Cu3 and CusS is depicted in Figure 4.7.

b)

Figure 4.6 a) TEM bright field images, (b) HRTEM images and (c) SAED
patterns of pristine and Cu doped BaWO4 samples
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Figure 4.7 Particle size distribution of the samples Cu3 and Cu$

The interplanar distances measured from HRTEM images match with the
planes (200), (213), (213), and (211) for the BaWO4 samples S1, Cul, Cu3, and
CuS respectively (Figure 4.6(b)). The crystal lattice fringes observed in HRTEM
images, and the bright spots observed in SAED patterns reveal the crystalline
nature of the samples [9]. These bright spots are produced by the electrons
reflected and diffracted from the different crystallographic planes of unit cells of
BaWO4 samples. The SAED pattern of sample Cu3 (Figure 4.6(c)) consists of a
number of diffused rings indicating the presence of nanocrystals with different
orientations [10]. The highly polycrystalline nature of the sample Cu3 is due to
the twinning effect caused by the strain developed in the crystals by the doping of

the smaller atomic-sized Cu [11].

Table 4.4 Average particle sizes of pristine and Cu doped BaWQO4 samples

Sample Average particle size Sample Average particle size
(nm) (nm)
S1 108 Cu3 9.09
Cul 104 Cu5 4.92
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4.3.1.4 FTIR Analysis

The FTIR spectra of the pristine and Cu doped BaWO4 samples in the
transmitted mode are recorded using Thermo Nicolet, Avatar 370, and are shown
in Figure 4.8. A broad intense peak centred around 820 cm’! is observed, which
corresponds to the antisymmetric stretching vibration F2(v3) originating from the
W-O in the WO4> tetrahedron [12]. As the quantity of Cu in the BaWQ, sample
increases, the shapes of the peaks get distorted. This may be due to the distortion
or deviation of the tetrahedral shape due to the presence of Cu in the BaWOq
lattice. The bands around 606 cm™ confirm the presence of Cu in the sample,
which corresponds to the stretching vibrations of CuWOy4 [13,14]. It is also
reported that the peak around 600 cm™ correspond to the O-Cu-O antisymmetric

vibration [15].

w

w
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w
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Figure 4.8 FTIR spectra of pristine and Cu doped BaWOQO, samples
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4.3.1.5 Raman Analysis

Raman spectra of the pristine and Cu doped BaWO4 samples are recorded
using Confocal Raman Microscope with AFM to verify the rotational, vibrational
and other low-frequency modes of the system, and are depicted in Figure 4.9. A
laser beam of wavelength 633 nm is used to excite the samples. The structural
order at a short range of a material can be estimated by using Raman active

phonon modes. Various Raman modes of BaWOy are discussed in Section 3.5.

As can be seen from Table 4.5, all the Raman modes observed for the
pristine and Cu doped BaWO4 samples are characteristics of a tetragonal structure
in agreement with the literature available for BaWO4 [16—-18]. The small
differences obtained for the Raman active modes are due to the changes in
crystallite size, and the structural deviations in the lattice caused by the dopant
[19]. All the stretching modes are shifted towards the lower frequency side, hence
W-O bond length increases and experience a tensile strain due to the substitution
of Cu** ions into the lattice [20,21]. There is a shift in bending modes, which also
indicates the change in the W-O coordination. The shift in the external modes
confirms the substitution of Ba®* cation by the Cu®* ion in the lattice [22]. The A,
rotational mode is found to decrease due to the introduction of a smaller ionic
radius Cu?* ions into the lattice [22]. Raman intensity is found to decrease, and the
peaks become broader with the increase in the amount of Cu?* ions in the BaWO4
lattice. The Raman spectra also confirmed that all the Cu doped BaWO4 samples
are of scheelite tetragonal structure. Furthermore, all the structural
characterization studies confirmed significant variation of structural parameters

due to the introduction of Cu?* ions in the BaWOy lattice.
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Table 4.5 Comparison of Raman active modes of pristine and Cu doped
BaWO, samples with theoretical values

Value of ® in cm’!
Present values of BaWO4 samples
Peak/ | Theoretical
mode [17] S1 Cul Cu3 Cus
T(Bg) 55 - - - -
T(Ey) 81 75.83 93.118 92.27 90.59
T(Ey) 110 101.70 111.40 119.00 110.56
T(Bg) 145 - - - -
R(Ay) 149 150.60 162.27 162.60 160.07
R(Ey) 209 191.13 - - -
Vv2(Ag) 328 331.14 327.18 326.34 326.34
v2(Bg) 329 332.65 - - -
va((Bg) 339 345.60 343.22 343.22 343.22
va(Eg) 348 354.90 388.51 389.35 385.13
v3(Eg) 797 795.51 785.46 784.61 782.92
v3(Bg) 823 832.03 823.99 823.16 821.47
Vi(Ag) 928 928.11 917.39 916.27 915.43
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Figure 4.9 Raman spectra of pristine and Cu doped BaWO4 samples
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4.3.2 Optical Properties

UV visible absorption spectra and photoluminescence spectra of pristine
and Cu doped BaWO4 samples at room temperature are presented here. The
analysis of the samples are carried out by following the procedure discussed in

Section 2.5.
4.3.2.1 UV-visible Analysis

Diffuse reflectance spectra of the pristine and Cu doped BaWO4 samples
are taken using Shimadzu 2600 UV- visible spectrophotometer in a wavelength
range of 200 to 800 nm. The optical absorption spectra of the pristine and Cu
doped BaWO4 samples are obtained by using the Kubelka-Munk transformation
equation. The absorbance spectra of the samples are shown in Figure 4.10.
Pristine BaWO4 sample shows absorption only in the ultraviolet region (220 nm)
corresponding to the ligand to metal charge transfer transition inside the WO4*
anion [23]. By absorbing the ultraviolet radiation, the excitation from O2zp to Wi
in the (WO4)* group takes place. Because of the strong interaction between the
hole on the oxygen and the electron on the tungsten, they remain together as an
exciton in the excited state [23]. For the Cu doped samples, another absorption
peak centred at 290 nm appears, which extends to the visible region and the
intensity of this additional peak increases with an increase in the concentration of
Cu in the sample. In short, the substitution of Cu®* ions in the BaWOy4 lattice can
influence the bandwidth as well as the optical absorption properties of the sample.
This may be due to lattice distortions in the WOy tetrahedron as a result of the
substitution of Cu?* ions in the BaWO lattice resulting in the creation of
intermediary energy levels in the sample. A small shift in absorption peak can also

be seen in Figure 4.10, which corresponds to the quantum size effect.
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Figure 4.10 Optical absorption spectra of pristine and Cu doped BaWQO4 samples

The optical bandgap of the prepared BaWO4 samples is calculated from
the optical absorption using the Tauc relation [24]. Figure 4.11 shows the plot of
(ohv)? versus ho for the pristine and doped BaWO4 samples. The optical bandgap
of the BaWO4 samples is obtained by extrapolating the straight-line portion to the
energy axis at zero absorption coefficient. The optical bandgap values obtained
for the samples S1, Cul, Cu3 and Cu$S are 5.25, 5.24, 5.15 and 5.14 eV,
respectively. The slight decrease in bandgap with the introduction of Cu in the
sample confirms the creation of an energy level or band between the valence and
conduction band of the BaWO4 sample (intermediate level). Literature indicated
that barium has no significant effect on the optical bandgap of the BaWO4 sample
[25]. They only possess a single ligand to metal charge transfer band in the region
218 =274 nm, with a band maximum occurring at 220 — 250 nm. The exact

location of this maximum depends on the extend of distortion of the WO
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tetragonal structure [26]. The electronegativity of Cu lies close to that of W than
Ba atom, it can distort the WOQs tetrahedral structure, and hence the bandgap
decreases. Interestingly, the optical bandgap of BaWO4 nanoparticles can be tuned

by doping a suitable concentration of Cu.
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Figure 4.11 Tauc plots of pristine and Cu doped BaW O, samples

4.3.2.2 Photoluminescence Studies

The photoluminescence spectra of the pristine and Cu doped BaWO4
samples are recorded using Horiba Fluorolog 3 with a Xe- lamp for excitation.
Figure 4.12 shows the room-temperature photoluminescence emission spectra of
the pristine and Cu doped BaWO4 samples with an excitation wavelength of 350
nm. The broad photoluminescence spectra of the BaWO4 samples indicate that the
emission involves a multiphonon process, i.e., a system in which the relaxation
occurs by various paths, involving the participation of numerous states. PL

emission spectrum is an effective tool in determining the charge separation and
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recombination rate of photo-generated electron-hole pairs. It is reported that the
blue luminescence in metal tungstate is due to the radiative transition of self-
trapped excitons within the (WO.)?> tetrahedral group [27]. It can be seen from
Figure 4.12 that the PL intensity decreases as the percentage of Cu in the sample
increases, indicating a decrease in the recombination rate. Thus, the PL spectra
also confirm the introduction of intermediate energy levels on Cu doping. This
property reveals the enhanced photocatalytic potential of the Cu doped BaWO4

samples.

The PL spectrum of the sample S1 shows a broad luminescence spectrum
with a peak around 435 nm while the doped samples show double peaks. The
observed peaks are at 415 and 422 nm for the sample Cul, 415 and 437 nm for
samples Cu3 and CuS. The broad emission peaks correspond to the transition
from the degenerate T (4d/5d° — W®/2p®- O state) excited state to the 'A;
(4d/5d'- W 3*/2p>- O state) ground state [28,29]. The splitting of >T; is due to the
lowering of crystal field symmetry from Tq and the inclusion of spin-orbit
interaction. The transition *T to 'A; is spin forbidden, but it is made allowed by
the spin-orbit interaction. The corresponding absorption transition is not observed
in the excitation spectrum due to the strong spin selection rule [30]. The
quenching of photoluminescence on increasing the content of Cu in the doped
BaWO4 samples may be due to the influence of Cu in the spin-orbit interaction. It
is also reported that photoluminescence in tungstates is due to the only one

allowed transition 'T5 to 'A; transition [31].

Figure 4.13 shows the fitted curve plots of the photoluminescence spectra
of the pristine and doped BaWO4 samples. It can be seen that the relative intensity
of emission peak around 412 nm decreases with the increase in the percentage of

Cu atoms in the sample.
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Figure 4.12 PL spectra of pristine and Cu doped BaWO4 samples
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Figure 4.13 Fitted curve plots of the PL spectra of pristine and Cu doped BaWO4
samples
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CIE chromaticity coordinate graph and phosphor triangle of the pristine and
Cu doped BaWO4 samples are plotted in Figure 4.14. The CIE chromaticity
coordinates serve as a standard reference against which many other colour spaces
are defined [32]. The obtained CIE chromaticity coordinates of the pristine and
Cu doped BaWOs samples under an excitation wavelength of 350 nm are
presented in Table 4.6. The chromaticity coordinates of the sample S1 lies within
the phosphor triangle. The chromaticity coordinates of all the samples indicate
unique blue emission with varying intensity. The pristine BaWO4 gives light blue
emission, while the Cu doped BaWO4 samples emit dark blue radiation. Thus, Cu
doped BaWO4 nanoparticle samples can be used to construct near-ultraviolet light
(NUV) excited blue light-emitting diodes. In short, the optical absorption and
emission properties of the BaWQO4 sample can be tuned by varying the percentage

of Cu in the BaWO4 sample.

Table 4.6 CIE chromaticity coordinates of pristine and Cu doped BaWO4

Samples
BaWO,4 samples CIE coordinates
X y
S1 0.191 0.181
Cul 0.154 0.073
Cu3 0.154 0.075
Cus 0.167 0.094
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Figure 4.14 CIE chromaticity diagram and phosphor triangle of pristine and
Cu doped BaWO4 samples

4.3.3 Magnetic Studies

The magnetic behaviour of the pristine and Cu doped BaWO4 samples is
drawn by taking measurements with a vibrating sample magnetometer (Lakeshore
VSM 7410) at room temperature in an applied magnetic field sweeping between +
15000 Oe. The magnetic hysteresis loops of the samples are plotted by taking the
variation of magnetization (M) in emu/gm as a function of the applied magnetic
field and is shown in Figure 4.15. The magnetic properties of the sample strongly
depend on the synthesis route, calcination temperature, and the substitution of
metal ions in the crystal lattice. The saturation magnetization, coercivity,
retentivity, and squareness ratio R of the pristine and Cu doped BaWOQO4 samples
obtained from the hysteresis loop are presented in Table 4.7. It can be seen that
pristine BaWOQq is ferromagnetic in nature and as the amount of Cu in the sample
increases, its magnetic behaviour changes appreciably (Figure 4.15 and Table

4.7). As seen from the figure, BaWO4 samples S1 and Cul exhibit weak
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ferromagnetic behaviour, whereas samples Cu3 and Cu5 do not exhibit hysteresis
showing the property of superparamagnetism. Superparamgnetism is a property
exhibited by sufficiently small ferromagnetic single domain nanoparticles in
which the magnetization can randomly flip direction within the Neel relaxation
time under the influence of temperature. In the absence of an external magnetic
field, their average value of magnetization appears to be zero. Since the size of the
nanoparticles reduces considerably on doping as evident from the TEM images,
the magnetic property of the samples changes from ferromagnetic to
superparamagnetic [33]. Superparamagnetic particle is preferred in biomedical
applications, because of the zero magnetization at room temperature and the sizes
are comparable to the targeted entities [34-36]. In short, the ferromagnetic nature
of the BaWO4 sample changes to superparamagnetic when doped with higher
concentrations of Cu, which makes them useful for various biomedical

applications such as drug delivery, MRI contrast agents and biosensors [34,36].

The magneto crystalline anisotropy constant and the magnetic moment in

Bohr magneton are calculated using the following equations [37][38].

: HexM

Anisotropy constant = ; o - 4.1)
. : M xMs

Magnetic moment in Bohr magneton = 4.2)

5585

Where M is the molecular weight of the samples, Ms the saturation magnetization,
and Hc the coercivity of the samples calculated from the M-H loop. The saturation
magnetization, coercivity, retentivity, squareness ratio R, anisotropy constant, and
magnetic moment of the pristine and Cu doped BaWOQO4 samples varies in an
irregular manner with the increase of the percentage of Cu, as evident from the
comparison Table 4.7. As the squareness ratios of the samples are less than 0.5,

the BaWO4 nanoparticles are single domain magnetic particles [39].
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Table 4.7 Comparison of magnetic properties of pristine and Cu doped BaWOq

samples
Saturati Retentivit Anisot Magnetic
aturation etentivi nisotro
Sample Coercivity ¥ | Squareness Py moment
magnetization(Ms) ©6) (Mr) ratio constant (Boh
e _ ohr
(emu/gm) (emw/gm) | R=MIMs | (oro5/0e)
Magneton)
S1 25.776 x10° 52.583 0.539x 107 0.02109 1.41185 1.777x107
Cul 31.102x10°* 29.067 0.552 x 10°® 0.01775 0.94171 2.141x107?
Cu3 17.135%10° 8.673 0.83 x 107 0.04844 0.15480 1.175%1073
Cus 34.742x1073 -8.32 0.313 x 10°® 0.00901 -0.301097 2.373x10°
0.04 Cus
0.03 1
E
5 0.02 1
g u3
o 0.01
5
= 0.00
©
N
@ -0.01
c
(o]
< -0.02
-0.03
-0.04
-15000 -10000 -5000 0 5000 10000 15000
Applied Field (Oe)
Figure 4.15 M H loop of pristine and Cu doped BaWO4 samples
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4.4 Conclusion

The pristine and Cu substituted nanocrystalline barium tungstate nanoparticles

are prepared by a simple chemical precipitation route.

A systematic study is conducted on the effect of Cu doping on the structural,

optical, and magnetic properties of crystalline BaWOs.

The XRD and Raman spectral studies confirm the scheelite tetrahedral

structure for the Cu doped BaWO4 samples with a space group 144/a.

A dramatic change in the morphology of the BaWO4 sample is observed when

doped with Cu atoms.

The optical absorption extends to the visible region and hence the optical
bandgap energy of the samples decreases with the introduction of Cu atoms
into the BaWO4 samples. The intensity of absorption increases with the

increase in the concentration of the dopant.

The PL emission spectra with significant modifications are observed for Cu
doped BaWOy4 nanoparticles. The PL emission spectra along with the CIE
chromaticity diagram confirm the use of the prepared samples for fluorescent

applications.

The VSM studies confirm significant deviations of magnetic parameters for
the Cu doped BaWO4 samples from the pristine sample. As the doping
concentration of Cu increases, the ferromagnetic nature of BaWOQO4 samples

changes to paramagnetic behaviour.
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Chapter 5

EFFECT OF YTTERBIUM DOPING ON THE PROPERTIES
OF NANOCRYSTALLINE BaWOq4

The effect of ytterbium (Yb) doping on the structural, optical, and
magnetic properties of nanocrystalline BaWQy is dealt with in this
chapter. 1, 3, and 5 mol % of Yb doped BaWQy are synthesized by
the chemical precipitation method and characterized using various

characterization techniques.

5.1 Introduction

Alkaline metal tungstates AWOs (A = Ca®, Ba**, and Sr**) doped/co-
doped with rare earth ions are interesting host materials among researchers due to
their strong thermal and chemical stability, and good nonlinear optical properties
[1-3]. The doping will also have resulted in a change in size, optical bandgap,
emission colour, and lattice variations yielding new applications. Rare earth
activated tungstate materials have excellent photo-stabilities, large Stokes/anti-

Stokes shifts, long luminescence life times, and sharp band emissions [4].
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Among rare earth elements, Yb>" ion is obtaining a lot of attention as an
active dopant ion for wavelength tunable solid-state laser materials, high power
lasers, scintillators or as a structural probe in solids [5]. Yb’* has a strong
absorption peak at 980 nm, at the same wavelength of the light emitted from
InGaAs laser, with no absorption in the visible range. Thus, it is a promising
material for producing a non-Nd lasing centre in the same range of emission
wavelength [6]. The transition between energy levels of ytterbium leads to an
intense and broad emission in the IR region with a longer life time than the Nd**
doped materials [7]. The Yb>* has also been investigated as a sensitizer to activate
other lanthanide ions for up-conversion luminescence by absorbing 980 nm
photons [8-10] and as the spectral converter in Ln**-Yb** doubly doped quantum
cutting phosphors for high-efficiency Si photovoltaics (the emission of Yb** at ~
1000 nm perfectly matches the maximum spectral response of Si solar cells) [11].
It has a simple electronic structure with two states, °F7 fundamental and °Fs
excited, separated by energy of about 10000 cm™'. Since the 4f electrons of Yb**
are less shielded than other ions of the lanthanide series, these electrons show a
higher tendency to interact with the lattice and the neighbouring atoms.
Cooperative interactions with the lattice and neighbouring atoms and the vibronic
broadening are observed in a variety of Yb** activated systems [4,12]. Such types
of interactions can be between two Yb atoms, and it is reported that Yb-Yb pair

interaction produces visible emission [13].

The simple energy level structure of Yb>* prevents the existence of several
de-excitation processes that influence the dynamics of populations of the energy
levels in other rare earth laser ions with more complex electronic structure, such
as the excited state absorption or the concentration quenching by down-

conversion cross-relaxation or up-conversion inside the system of active ions [5].
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In addition to the unique energy-level structure, Yb** also has a unique 4f'3
electronic configuration, which can easily gain one electron to reach the more
stabilized 4f'* configuration of the full shell. This tendency of reduction to Yb**
enables the Yb>* ion in some hosts, such as oxides [14], fluorides, nitrides [15],
and oxysulfides [16], to receive an electron from the host’s anion under high-
energy external excitation (ultraviolet light), forming a charge transfer state. The
charge transfer state of Yb** can transfer the excitation energy to the 2Fs; emitting
state via a non-radiative relaxation process giving NIR photoluminescence at

around 1000 nm.

This chapter deals with the effect of Yb* doping on the structural,
morphological, optical absorption and bandgap, near infrared (NIR)
photoluminescence emission, and magnetic properties of BaWO4 nanostructures

prepared by chemical precipitation route.
5.2 Synthesis of Ytterbium Doped BaWO4

Barium  nitrate  (Ba(NOs3)2) (99%, Merk), ytterbium nitrate
(Yb(NO3)3.5H20) (99.9%, Sigma Aldrich), and sodium tungstate (NaxW04.2H>O)
(98%, Merk) were used without further purification for the synthesis of Yb doped
BaWOy sample. Chemical precipitation was performed without using any capping
agents or surfactants. 0.1 M solutions of barium nitrate and ytterbium nitrate were
mixed together in the desired ratios, (1, 3, and 5% ytterbium nitrate). 0.1 M
solution of sodium tungstate was slowly added to the mixture by continuously
stirring at room temperature for half an hour with the help of a magnetic stirrer
apparatus. The white precipitate obtained was washed well and dried for 24 hin a
hot air oven at 80 ‘C. The dried powder of Yb doped BaWOu was pulverized well
and calcined at 400 ‘C in the presence of air for 3 h. The BaWO, samples doped
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with 1, 3, and 5 mol% ytterbium are denoted as Yb1, Yb3, and YbS respectively.
Synthesis of pristine BaWO, sample S1 is described in Section 3.2.

5.3 Results and Discussion

The structural, optical and magnetic characterizations of the Yb doped
BaWO4 samples are carried out using various techniques described in Chapter 2.

The data for the pristine BaWO4 sample S1 is taken from Chapter 3.
5.3.1 Structural Characterization

The structural characterization of the synthesized Yb doped BaWOg4
samples 1is carried out using powder X-ray diffraction, scanning electron
microscopy, energy dispersive X-ray analysis, transmission electron microscopy,
Fourier transform infrared spectroscopy and Raman spectroscopy by following

the procedure adopted in Section 2.4.
5.3.1.1 Powder XRD Analysis

The Powder XRD patterns of the pristine and Yb doped BaWO4 samples
for different concentrations of Yb are shown in Figure 5.1. The diffraction peaks
of all the Yb doped BaWO4 samples match with the peaks in the JCPDS Card no.
72-0746 of BaWOsa. It can be seen that all the BaWO4 samples crystallize in a
body-centred tetragonal structure of scheelite type with space group 14i/a. The
intensities corresponding to the different planes are compared to the JCPDS
values. The preferential orientation for all the Yb doped BaWO4 samples is
(1 1 2), similar to the pristine BaWOs sample. The intensity of the peaks observed
decreases with an increase in the percentage of Yb and the FWHM increases with
an increase in the percentage of Yb up to 3% and then vice-versa. The well-

defined sharp diffraction peaks of the pristine and Yb doped BaWO4 samples
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indicate their purity and crystallinity. No glimpse of any extra-phase in any of the
doped samples indicating that the doped Yb’* ions can be diffused into the
BaWO; host lattice without significant changes to the host structure. Lattice
parameters of the pristine and doped BaWOQO4 samples are calculated using the

plane spacing equation for tetragonal structure as described in Section 2.4.1.
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Figure 5.1 XRD patterns of pristine and Yb doped BaWO4 samples
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The crystallite sizes of the pristine and Yb doped BaWO4 samples are
estimated using the Scherrer equation, as described in Section 2.4.1. The
crystallite size and micro-strain of the pristine and Yb doped samples are also
estimated by Williamson-Hall analysis (Figure 5.2). The obtained Ilattice
parameters, unit cell volume, and crystallite size of the pristine and Yb** doped
BaWO, samples are tabulated in Table 5.1. The results agree with the JCPDS
Card no. 72-0746. The (h k 1) values of the protruding peaks are shown in the
XRD patterns. The Yb** doped BaWO4 samples show no significant change in the
XRD patterns. Hence, there is no change in the tetragonal structure of the BaWOg4
lattice due to the incorporation of Yb®* ions. When Yb?* ions are substituted into
the BaWOs host lattice, as the ionic radius of Yb** ion (0.985 A) is slightly
smaller than the ionic radius of Ba”* ion (1.42 A) with eight coordination
numbers, they could adapt to the S4 site symmetry environment of Ba>* ions and
occupy the Ba®* site in the BaWO4 lattice. Slight variations in lattice parameters is
observed, which can be due to the lattice distortions that occurred when doped
with Yb>* ions [17]. Most of the peaks are shifted towards the higher angle side
on increasing the amount of Yb in the sample. However, the peaks are slightly
shifted towards the lower angle side for the sample YbS, which indicates the
presence of a strain in the sample. In short, the trivalent lanthanide ion Yb3*
provides a particularly favourable situation for substitution in the Ba** site with

isostructural replacement.
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Figure 5.2 Williamson-Hall plots of pristine and Yb doped BaWO4 samples

Table 5.1 Geometric parameters of pristine and Yb doped BaWO4 samples

Unit cell | Crystallite size (nm) Micro-
Sample a=b c. srallmie Scherrer W-H strain
(A) (A) (A% method method <1073
S1 5.589 12.66 395.45 13.15 14.56 0.149
Ybl 5.622 12.79 404.13 11.19 12.23 0.246
Yb3 5.622 12.77 403.89 11.11 11.88 0.211
Yb5 5.621 12.78 403.93 13.31 13.34 0.189

Rietveld refinement of the samples is performed to investigate the effect of
Yb doping on the structural parameters of the BaWOy lattice. Double Voigt is
used for peak profile fitting. All the refinement results indicated that the samples
displayed a pure scheelite-type tetragonal phase with space group 141/a (88) and
point group symmetry Cax’. Refined parameters of the pristine and Yb doped
BaWO4 samples are shown in Table 5.2. The refinement output is displayed in

Figure 5.3.
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Table 5.2 Structural parameters and refined data of pristine and Yb doped
BaWO, samples

Sample | Atoms X y zZ a= c Unit Rwp | Rp | Re | GOF
A A cell
volume
AS

Ba 0.0000 | 0.2500 | 0.6250
S1 w 0.0000 | 0.2500 | 0.1250 | 5.621 | 12.741 402.62 971 | 7.38 | 6.66 | 1.45
(0] 0.1259 | 0.0056 | 0.2097

Ba 0.0000 | 0.2500 | 0.6250
Yb1 w 0.0000 | 0.2500 | 0.1250 | 5.616 | 12.754 402.27 857 | 6.54 | 6.42 | 1.33
o 0.1239 | 0.0138 | 0.2075

Ba 0.0000 | 0.2500 | 0.6250
Yb3 w 0.0000 | 0.2500 | 0.1250 | 5.616 | 12.746 402.08 92 | 696 | 645 | 1.42
o 0.1160 | 0.0120 | 0.2188

Ba 0.0000 | 0.2500 | 0.6250
YbS w 0.0000 | 0.2500 | 0.1250 | 5.617 | 12.749 402.31 785 | 586 | 69 | 1.13
(0] 0.1263 | 0.0000 | 0.2080
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Figure 5.3 Observed, calculated and the difference XRD patterns of the pristine
and Yb doped BaWO4 samples
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5.3.1.2 SEM and EDX Analysis

Figure 5.4 depicts the SEM images of the pristine and Yb doped BaWO4
samples. The SEM micrographs show a number of bipyramidal and flower-like
structures. The SEM photograph represents the topography and surface
morphology of the highly agglomerated BaWO4 particles with voids. The
morphology of the sample changes to a flower-like structure with the
incorporation of Yb atoms into it. Pristine BaWQO4 sample is found to be highly
porous or spongy nature. The obtained BaWO4 microstructures have non-uniform
sizes and shapes. By the substitution of Ba** ions by Yb’* ions in the BaWO4
lattice, the porosity or the size of the pores found to decrease. Small floccules are
found on the surface of the images, and it increases with the quantity of Yb in the
samples. The change in the topography and surface morphology of the Yb doped
BaWO, samples may have a significant effect on the electrical and optical

properties of the material.

20kV  X10,000 1pm 0000 14 50 SEI 20kV  X10,000 1pm 0000 1350 SEI

Figure 5.4 SEM images of pristine and Yb doped BaWO4 samples
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The EDX spectra (Figure 5.5) of the pristine and Yb doped BaWOq
samples are taken for elemental analysis. The existence of elements Ba, W, O, and
Yb in the samples are confirmed by the energy dispersive X-ray analysis. The
elemental composition of the pristine and Yb doped BaWOQO4 samples is presented
in Table 5.3. The presence of Yb in the EDX spectra confirms the successful
incorporation of Yb atoms into the BaWOy lattice. The absence of other elemental
peaks in the EDX spectra (Figure 5.5 and Table 5.3) reveals the purity of the

prepared samples.

Figure 5.5 EDX spectra of pristine and Yb doped BaWO4 samples
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Table 5.3 Elemental composition of pristine and Yb doped BaWO4 samples

sample Element | Line Type Mass % Atomic %
@) K series 18.92 70.43
S1 Ba L series 30.05 13.03
w L series 51.03 16.53
Yb - 0 0
0] K series 15.89 64.49
—_— Ba L seri.es 41.23 20.05
w M series 41.87 14.90
Yb L series 1.01 0.56
0] K series 15.59 64.62
Ba L series 39.92 19.28
Yb3 ;
w M series 42.07 15.17
Yb L series 2.42 0.93
0] K series 14.84 63.23
Ba L series 40.71 20.21
w M series 40.86 15.15
Yb5 Yb L series 3.6 1.42
5.3.1.3 TEM Analysis

TEM bright-field images, HRTEM images and SAED patterns of pristine
and Yb doped BaWO4 samples are shown in Figure 5.6. TEM images reveal that
the size and morphology of the BaWO4 samples changes with the introduction of
Yb** ions into the BaWOy lattice. In the TEM bright-field image (Fig. 5.6a), the
pristine and the Yb doped BaWO4 nanoparticles have spherical or oval like

morphology. The spherical phosphors have a minimum surface area which helps
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to minimize the light scattering on the surface and thus improve the efficiency of
light emission and the brightness of such a phosphor [17-19]. In the doped
samples, the particles get agglomerated, but the size of the nanoparticles is small
compared to the pristine BaWO4 sample. In doped BaWOs4 samples, the stress or
strain caused due to the doping of Yb atoms with a smaller atomic radius inhibits
the grain growth. TEM images also clearly reveal the voids and the porous nature

of the samples.

The average particle sizes of the pristine and doped BaWOQO4 samples are
measured using Image J software and are presented in Table 5.4. The particle size
distribution of Yb doped BaWO4 samples is shown in Figure 5.7. The interplanar
distances measured from HRTEM images match with the planes (200), (200),
(204) and (213) respectively for the samples S1, Yb1, Yb3, and YbS. The bright
rings observed in the SAED pattern reveal the polycrystalline nature of the

samples.

Table 5.4 Particle size of pristine and Yb doped BaWO4 samples

Sample Average particle size Sample Average particle size
(nm) (nm)
S1 108 Yb3 12.85
Yb1 15.21 YbS 11.21
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Figure 5.6 a) TEM bright field images b) HRTEM images and c) SAED patterns
of pristine and Yb doped BaWO4 samples
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Figure 5.7 Particle size distribution of Yb doped BaWQO4 samples

5.3.1.4 FTIR Analysis

The FTIR spectra of the pristine and Yb doped BaWO4 samples in the
transmitted mode are recorded at room temperature to confirm the phase
formation and purity of the samples. In Figure 5.8, a strong transmittance peak
centred around 820 cm! is obtained for all the samples. The peak corresponds to
the antisymmetric stretching vibration F2(v3), which is originating from the W-O
in the WO4* tetrahedron [20]. FTIR spectra of all the samples are almost the same
indicating that Yb doping has no effect on the transmittance in the measured
region. Like powder XRD studies, FTIR analysis also confirms the absence of any
secondary phases or any variation in the tetragonal structure of the lattice due to

the incorporation of Yb**ions [21].

142

Synthesis and Characterization of Pristine and Doped Nanocrystalline BaWOy




Chapter 5 Effect of Ytterbium Doping on the Properties of
Nanocrystalline BaWQ4

99
66
33 Yb5

0
99
66
33

0
99

66
33

0
96

64
32

0
400 600 800 1000 1200
Wavenumber (cm'1)

Yb3

% Transmittance

Yb1

S1

Figure 5.8 FTIR spectra of pristine and Yb doped BaWO4 samples
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5.3.1.5 Raman Analysis

Raman spectra of the pristine and Yb doped BaWO4 samples recorded in
the spectral range 0 to 1200 cm™! to verify the rotational, vibrational, and other
low-frequency modes of the system are depicted in Figure 5.9. Details of the
various Raman modes of the tetragonal scheelite BaWOy are discussed in Section

3.3.2.5.

As can be seen from Table 5.5, all the Raman modes observed for the
pristine and Yb doped BaWQ4 samples are characteristics of a tetragonal structure
in agreement with the literature values available for BaWQO4 [22-24]. The small
differences obtained for the Raman active modes are due to the variations in
synthesis routes, average crystallite size, and the structural deviations in the lattice
caused by the doping [25]. The bending vibrations v2(Bg), va(Bg) and va(Eg)
merged to v2(Ag), and cannot be distinguished in the doped samples. In the doped
samples, the bending mode v2(Ag) is shifted toward the lower wavenumber side
indicating a change in the W-O coordination. All the stretching modes vi(Ayg),
v3(Bg), and v3(Ey) are also shifted towards the lower wavenumber side. Hence the
W-0O bond length increases or it experiences a tensile strain due to the substitution
of Yb** ions into the BaWOy lattice [26,27]. There is also a shift in the external
modes which confirms the substitution of Ba** cation by the Yb>* ion in the lattice
[28]. The Ag rotational mode is shifted towards the high-frequency side (low
wavenumber side), and the Raman mode is found to decrease, due to the
introduction of smaller ionic radius Yb>" ions into the BaWOy lattice [28,29]. In
short, Raman spectra studies also confirmed that the pristine and Yb doped

BaWO4 samples formed are of scheelite tetragonal structure.
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Table 5.5 Comparison of Raman active modes of the pristine and Yb doped
BaWO4 samples with theoretical values

Value of ® in cm™!
Peak/ Theoretical Present values of the BaWO4 samples
mode [22] S1 Ybl Yb3 Yb5
T(Bg) 55 - - - -
T(Eg) 81 75.05 68.81 71.41 69.07
T(Eg) 110 102.06 95.30 96.86 96.08
T(Bg) 145 132.44 130.88 129.32 129.58
R(A) 149 150.09 144.90 145.68 14491
R(Ey) 209 191.13 186.71 186.71 186.71
V2(Ay) 328 332.14 328.50 328.5 327.72
va(By) 329 332.65 - - -
va((By) 339 345.38 - - -
va(Eg) 348 354.20 - - -
vi(Eg) 797 795.41 792.55 791.77 791.78
v3(Bg) 823 832.03 828.39 828.39 827.35
Vi(Ay) 928 928.11 923.69 923.69 924.22
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Figure 5.9 Raman spectra of pristine and Yb doped BaWO4 samples
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5.3.2 Optical Properties

UV-visible absorption and photoluminescence studies of the Yb doped
BaWO4 samples are described here. The analyses are carried out as described in

Section 2.5.
5.3.2.1 UV-visible Analysis

Diffuse reflectance spectra of the pristine and Yb doped BaWO4 powder
samples are taken to study the optical absorption properties of the sample. The
optical absorption coefficient is obtained from the diffuse reflectance spectra by
Kubelka-Munk transformation equation. The absorbance spectra of the pristine
and Yb doped BaWO4 samples are shown in Figure 5.10. All the samples show
absorption in the ultraviolet region with a maximum at 220.39 nm for the pristine
sample and a maximum at 220.74 nm for the doped samples corresponding to the
ligand to metal charge transfer transition inside the WO4* anion [30]. By
absorbing the ultraviolet radiation, the excitation from O2p to Wi, in the (WO4)*
group takes place. Because of the strong interactions between the hole on the
oxygen and the electron on the tungsten, they remain together as an exciton in the
excited state [30]. The absorption cross-section of the Yb doped BaWOQO4 samples
are found to increase with an increase in the amount of Yb in the sample. A slight

red shift in the absorption peak is observed for the Yb doped BaWQO4 samples.
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Figure 5.10 Optical absorption spectra of pristine and Yb doped BaWO4
samples

The optical bandgap of the pristine and Yb doped BaWO4 samples is
calculated from the optical absorption using the Tauc relation [31]. Figure 5.11
shows the plot of (ahv)? versus hv for the BaWO4 samples. The optical bandgap
values obtained for the samples S1, Yb1, Yb3 and YbS are 5.26, 5.22, 5.20 and
5.16 eV, respectively. The results confirm a decrease in bandgap with an increase
in the quantity of Yb. The reason may be that the Pauling electronegativity of
ytterbium (1.1) is closer to tungsten (2.36) than barium (0.89). As a result, Yb
ions in the lattice can influence the energy levels of W atoms in the WO4
tetrahedral structure than Ba, and hence the bandgap decreases [32]. It can be
concluded that the introduction of Yb in the sample creates an energy level or
band in between the valence and conduction band of the BaWO4 sample

(intermediate levels). Literature reports that barium has no significant effect on
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the optical bandgap of the BaWO4 sample [33]. They only possess a single ligand
to metal charge transfer band in the region 218 — 274 nm, with a band maximum
occurring at 220 —250 nm. The exact location of this maximum depends on the

extend of distortion of the WO4 tetragonal structure [34].
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Figure 5.11 Tauc plots of pristine and Yb doped BaWO4 samples

5.3.2.2 Photoluminescence Studies

The photoluminescence emission properties of the Yb doped BaWOu
samples are investigated by PL measurements in the NIR range. The emission
spectra of the Yb doped BaWO4 samples excited by 275 nm are shown in Figure
5.12. The NIR emission spectra of the Yb doped BaWO4 samples are assigned to
the ?Fs» —2F7p transition of the Yb®* ion [35]. The emission is not a single sharp
line, but it is an envelope of lines ranging from 900 to 1090 nm. There are many

reasons for the broadening of the emission spectrum; one of them is the stark
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splitting, the splitting of Yb** energy levels due to crystal field effects. In a crystal
field of D24 or lower symmetry, stark splitting occurs. The excited state “Fs; of
Yb®* ion is split into three components, and the ground state *F7; is split into four
components [36], as shown in Figure 5.13. The NIR emission of the Yb doped
BaWO4 nanoparticles can find suitable potential applications such as optical fiber

communication, lasers, efficient solar cells, bioanalyses, and bioimaging [37].
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Figure 5.12 NIR PL emission spectra of the Yb doped BaWOQO4 samples
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Figure 5.13 Stark splitting of Yb** ions

Laporte’s parity selection rule implies that the electron dipole transition
between the 2Fs; and *F7 states of Yb** is forbidden and the magnetic dipole
transitions should play an important role in the de-excitation of the Fs. state.
However, it is partially allowed when the dopant Yb®* ion undergoes the influence
of a ligand field; non-centrosymmetric interactions mix electronic states of
opposite parity (even parity) into 4f states. The mixing of the 4f'3 configuration
with the opposite parity 4f'25d" configuration, the ligand to metal charge transfer
states, and the vibrational levels will contribute to the intensity of these induced
transitions [6,38]. The positions of the peaks provide information on the
barycenter of the 2Fs;, excited state multiplet and the 2F7,» ground state multiplet.
The peaks width is determined by the crystal field splitting of the multiplets and
the coupling strength of the 5d electrons [39]. Since the 5d orbitals are less

effectively shielded than the 4f ones, their energy depends on the crystal
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environment, and hence it may vary from one compound to another [12]. The
peaks around 980, 1005, 1024 and 1071 nm correspond to the transitions 5 —1,
5—2, 5—3 and 5—4 respectively. It can be seen that the emission intensity of the
samples increases with the amount of Yb in the sample. A slight change in the
output is observed for sample Yb3, which has minimum crystallite size and
crystallite volume. A schematic representation of the Yb** luminescence in the Yb
doped BaWO4 samples is shown in Figure 5.14. In short, the results of PL
emission of the Yb doped BaWO4 samples confirm emission spectra in the NIR

range, which proposes its use in potential applications.

.
§ 2,
— 4
3 /5
ey
_
Charge Transfer Yb** Energy Levels

Transitions in WO4 -

Figure 5.14 Schematic representation of Yb** luminescence in Yb doped BaWO4
samples
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5.3.3 Magnetic studies

The magnetic behaviour of the pristine and Yb doped BaWO4 samples is
investigated by the VSM technique with an externally applied magnetic field
varying between -15 and +15 kOe. Figure 5.15 displays the hysteresis loop
(magnetization against field) of the samples at room temperature. The magnetic
properties of the sample firmly depend on the synthesis route, calcination
temperature, morphology, particle size, and the substitution of metal ions in the
crystal lattice. The saturation magnetization, coercivity, retentivity, and
squareness ratio R of the pristine and Yb doped BaWOQO4 samples are directly
obtained from the hysteresis loop. The magnetocrystalline anisotropy constant and
the magnetic moment in the Bohr magneton of the pristine and Yb doped BaWO4

samples are calculated as explained in Section 4.3.3.

The saturation magnetization, coercivity, retentivity, squareness ratio R,
anisotropy constant, and magnetic moment of the Yb doped BaWO4 samples
varies in an irregular manner with the increase of Yb content as evident from the
comparison Table 5.6. Interestingly, all the magnetic parameters show a
maximum value for the sample Yb3. As the squareness ratio of the pristine and
Yb doped BaWO4 samples are less than 0.5, these particles are single-domain

magnetic particles [40].
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Table 5.6 Comparison of magnetic properties of pristine and Yb doped
BaWO4 samples
Sample Saturation . . Retentivity | Squareness Anisotropy | Magnetic
S Coercivity . constant moment
magnetization Oe (Mr) ratio (ergs/Oe) (Bohr
(Ms) (emu/gm) (emu/gm) R=Mr/Ms Magneton)
S1 25.776 x1073 52.583 0.539 x 1073 0.02109 1.41185 1.777x1073
Yb1 27.081x1073 21.164 0.273x 103 0.01775 0.59702 1.869x1073
Yb3 32.600x1073 37.232 0.652x 1073 0.04844 1.2643 2.254x1073
YbS 27.072x1073 -10.923 0.147x 103 0.00901 0.3080 1.876x1073
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Figure 5.15 M-H loops of pristine and Yb doped BaWQO4 samples
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As seen from Figure 5.15, the samples S1 and Yb1l exhibit weak
ferromagnetic behaviour mixed with paramagnetic nature. However, the sample
Yb3 shows a ferromagnetic behaviour at lower applied magnetic fields. As the
applied magnetic field is increased, saturation magnetization disappears
completely and exhibits antiferromagnetic nature, and the magnetization increases
with the increase in the applied field. This suggests that the ferromagnetic
behaviour at the lower applied field is due to double exchange interaction and
superexchange interaction [41]. The sample YbS does not exhibit hysteresis
showing superparamagnetic nature. In short, the magnetic properties of the Yb

doped BaWO4 nanoparticles strongly depend on the concentration of the Yb ions.
5.4 Conclusion

. A systematic study is conducted on the effect of Yb doping on the
structural, optical, and magnetic properties of nanocrystalline BaWO,

samples synthesized by the chemical precipitation route.

. The results of structural studies indicated a pure scheelite-type tetragonal
phase with space group I4i/a (88) and point group symmetry Ca;® for the
pristine and Yb doped BaWO4 nanoparticles.

. TEM images confirmed the reduction in particle sizes of BaWOg4

nanoparticles due to the substitution of Yb*" ions.

. Enhanced UV absorption and reduction in optical bandgap is observed on

Yb doping.

. NIR luminescence emission is observed for the Yb doped BaWO4 samples
and the intensity of emission increases as the quantity of Yb in the sample

increases. It confirms the interaction of the BaWOQy lattice with the Yb>*
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ions and the energy transfer between the tungstate group and the Yb** ions.
This property of the Yb doped BaWO4 nanomaterial can be used in optical

fiber communication, highly efficient solar cells, bioanalysis and imaging.

The weak ferromagnetic nature of the pristine BaWQO4 sample changes with
the increase of doping concentration of Yb>* ions. The doped sample Yb5
shows superparamagnetic behaviour. The VSM studies confirm that the
magnetic parameters of BaWOs nanoparticles strongly depend on the

concentration of Yb** ions.
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Chapter6

EFFECT OF 8 MeV ELECTRON BEAM IRRADIATION ON
THE PROPERTIES OF NANOCRYSTALLINE BaWQO,

The dose dependent effect of 8 MeV electron beam irradiation on
the structural and optical properties of the nanocrystalline BaW0O4
synthesized by the chemical precipitation method is discussed in this

chapter.
6.1 Introduction

In recent years, the electron irradiation effects of nanoparticles became an
important area of research because electron beam (EB) irradiation can be used to
modify the structural and optical properties of nanoparticles. Electron beam
irradiation results in small intrinsic defects in the material, re-growth, and
crystallization of the materials. Hence, changes occur in material properties due to
electron irradiation [1-7], which can be used for varied applications. The present
chapter deals with the dose dependent effect of 8 MeV electron beam irradiation
on the structural and optical properties of BaWQO4 nanoparticles fabricated by the

chemical precipitation route.
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6.2 Preparation of the Sample

The BaWO4 powder samples calcined at 400 °C are taken as the sample for
electron beam irradiation study. The synthesis of the sample is described in
Section 3.2. The powder samples taken in polythene covers are exposed to high
energy electron beam (8 MeV) irradiation at a dose of 0, 2, 4, and 6 kGy and a
dose rate of 300 Gy per minute in the presence of air, as described in Section 2.8.
The dose and dose rate are calibrated to a current integrator using chemical
dosimeters. The dose is uniform over an area of 8x8 cm?, as determined from
dosimetry. Temperature is maintained around 24 °C using an air handling unit
with an air exchanger. No rise in temperature inside the machine room and sample
holder. BaWO4 powder samples irradiated with a dose of 0, 2, 4, and 6 kGy are
designated as S1, R2, R4, and R6 respectively.

6.3 Results and Discussion

6.3.1 Structural Characterization

The structural characterization of the EB irradiated BaWO4 samples are
carried out by XRD, SEM, FTIR, and Raman analyses following the procedure
described in Section 2.4. The data for sample S1 is taken from Chapter 3.

6.3.1.1 Powder XRD Analysis

The structural characteristics of the electron beam irradiated barium
tungstate nanoparticles are studied by using X-ray powder diffraction. Figure 6.1
shows the XRD patterns of the pristine and EB irradiated BaWO4 powder
samples. All diffraction peaks can be indexed with the body-centred scheelite
tetragonal structure of BaWO4 with a space group 141/a, which is consistent with

the JCPDS Card no. 72-0746. The well defined sharp diffraction peaks indicate
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the purity and crystallinity of the samples. The average crystallite sizes of the
BaWO; samples are estimated using the Scherrer equation. The crystallite size
and micro-strain of the pristine and EB irradiated samples are also estimated by

Williamson-Hall analysis (Figure 6.2).

Lattice parameters of the samples are calculated using the plane spacing
equation for tetragonal structure (space group 14i/a) from XRD data. The lattice
parameters and crystallite size of the pristine and electron beam irradiated BaWO4
samples are presented in Table 6.1. The table shows the changes in lattice

parameters a and ¢ with the increase in EB irradiation dose.
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Figure 6.1 XRD patterns of pristine and EB irradiated BaWQ4 samples
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Figure 6.2 Williamson-Hall plots of pristine and EB irradiated BaWO4 samples

Rietveld refinement of the samples is also performed to investigate the
effect of electron beam irradiation on the structural parameters of the BaWOq
lattice. Double Voigt is used for peak profile fitting. All the refinement results
indicated that the samples displayed a pure scheelite-type tetragonal phase with
space group I41/a (88) and point group symmetry Cax’. Refined parameters of the
pristine and EB irradiated BaWOQO4 samples are shown in Table 6.2. The

refinement output is displayed in Figure 6.3.
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Table 6.1 Lattice parameters and crystallite size of pristine and EB irradiated
BaWO4 samples

. Crystallite size Micro-

. . Unit cell (nm) strain

Sample | a=b (A) A volume ["Scherrer | W-H %103

(A%) method method

S1 5.589 12.66 395.45 13.15 14.56 0.149
R2 5.594 12.61 394.66 11.90 12.23 0.106
R4 5.603 12.69 398.63 12.02 13.82 0.213
R6 5.607 12.64 397.52 9.14 11.58 0.206

A slight variation in crystallite size is observed due to electron beam
irradiation. A slight peak shift towards the lower angle side with an increase in
dose is also observed for all the major peaks in the XRD patterns. The stretching
or compressing of bonds between atoms due to the residual stress generates a
strain in the crystalline materials. Hence, ‘d’ spacing of crystallographic planes as
well as the Bragg angles could modify due to the EB irradiation effect [8]. Since
almost all the major peaks shifted towards the lower angle side, tensile stress is
developed in the sample [8], and it increases with the dose. However, some other
peaks are shifted towards the higher angle side showing a compressive strain in
that plane [9]. Interestingly, the EB irradiation offers some defects in the crystal

lattice upon EB irradiation.
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Figure 6.3 Observed, calculated and the difference XRD patterns of pristine and
EB irradiated BaWQO4 samples

Table 6.2 Structural parameters and refined data of pristine and EB irradiated

BaWO, samples
a=b c Unit
o o cell
Sample | Atoms X z R R, R, GOF
P y A) | (A | volume P P ¢
(AY)
Ba 0.0000 | 0.2500 | 0.6250
S1 W 0.0000 | 0.2500 | 0.1250 | 5.621 | 12.741 402.62 971 | 7.38 | 6.66 | 1.45
(0] 0.1259 | 0.0056 | 0.2097
Ba 0.0000 | 0.2500 | 0.6250
R2 w 0.0000 | 0.2500 | 0.1250 | 5.626 | 12.738 403.18 982 | 6.89 | 685 | 143
(0] 0.1239 | 0.0138 | 0.2075
Ba 0.0000 | 0.2500 | 0.6250
R4 w 0.0000 | 0.2500 | 0.1250 | 5.628 | 12.745 403.69 10.31 | 7.34 | 8.13 | 1.27
0 0.1160 | 0.0120 | 0.2188
Ba 0.0000 | 0.2500 | 0.6250
R6 w 0.0000 | 0.2500 | 0.1250 | 5.630 | 12.740 403.82 8.63 | 5.68 | 7.30 | 1.18
0 0.1263 | 0.0000 | 0.2080
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6.3.1.2 SEM Analysis

Figure 6.4 shows the SEM images of the pristine and EB irradiated BaWO4
samples. The surface morphology of the samples is unveiled by the SEM

micrographs.

) X il 4
15kV  X10,000 1pm 0000 11 37 SEI

15kV  X10,000 1pm 0000 1137 SEI 15kV  X10,000 1pm 0000 11 37 SEI

Figure 6.4 SEM images of pristine and EB irradiated BaWO4 samples

As reported in the literature, scheelite type structures have many faces and
they will undergo docking process with faces of lower surface energy and hence
generate an extended morphology [10]. These extended morphologies are derived
by oriented nanoparticles and are formed like a peanuts structure in a few
micrometres (Sample S1). These peanut-shaped particles are joined together to
form flower-like structures upon electron beam irradiation (Sample R2 - R6). On

beam irradiation, point defects are created within the particles and this will
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annihilate at the particle surface due to the high energy collision. This can
drastically alter the shape of the individual particles causing agglomeration of

closely spaced particle groupings [11].

The surface morphology confirms the porous nature of the samples. The
SEM micrographs demonstrate that the pores are mesoporous and distributed in
an irregular manner, which is mainly due to the inter-particle separation [9]. The
mesoporous materials have important applications in optics, catalysis, drug
delivery systems, energy storage, sensors, coatings, cosmetics, bio-separation,
diagnostics, gas-separation, and nanotechnology because of their narrow pore size

distributions and high surface area [12].
6.3.1.3 FTIR Analysis

The FTIR spectra of BaWO4 samples S1, R2, R4, and R6 are recorded in
the transmittance mode and are depicted in Figure 6.5. As BaWO4 has tetrahedral
symmetry, only F2(v3, v4) modes are infrared active. The intense peak at
820 cm!is due to the anti-symmetric stretching vibration F2(v3) of the W-O bond
in the WO4* tetrahedron [13]. It is interesting that this peak becomes broader in
irradiated samples. This broadening of the peak might occur due to the increase in

strain caused by the EB irradiation.
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Figure 6.5 FTIR spectra of pristine and EB irradiated BaWO4 samples
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6.3.1.4 Raman Analysis

Raman spectra of the pristine and EB irradiated BaWO4 samples are
depicted in Figure 6.6. The theoretical and experimental Raman modes of BaWO4
samples are presented in Table 6.3. The details of the Raman modes of scheelite
tetragonal BaWOy are given in Section 3.3.2.5. The EB irradiated BaWO4 samples
R4 and R6 contain all the 13 Raman modes (Figure 6.6 and Table 6.3). Figure 6.6
confirms that the Raman bands of BaWO4 nanoparticles samples are sharp and
well defined because of the structure and electronic band structure properties of

BaWOq crystals [14].
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Figure 6.6 Raman spectra of pristine and EB irradiated BaWOQO4 samples
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Table 6.3 Raman active modes of pristine and EB irradiated BaWO4 samples

Value of ® in cm’!
Peak/mode Present values
Theoretical [15]

S1 R2 R4 R6
T(Bg) 55 - - 62.583 61.02
T(Eg) 81 75.56 75.04 76.86 74.26
T(Eg) 110 101.73 100.49 99.97 100.49
T(Bg) 145 - - 135.81 132.95

R(Ag) 149 151.65 151.65 152.95 149
R(Eg) 209 191.91 191.91 191.91 191.91
Vv2(Ag) 328 332.65 333.95 332.65 332.66
v2(Bg) 329 332.65 332.65 332.65 332.65
v4((Bg) 339 345.38 344.08 344.08 345.38
v4(Eg) 348 354.21 353.94 353.94 353.94
v3(Eg) 797 796.45 793.59 793.59 793.59
v3(Bg) 823 832.54 829.69 829.69 829.69
v1(Ag) 928 927.33 924.77 924.48 924.48

In the Raman modes, vi, v2, v3, and vs4 represent the internal mode of
vibrations, T and R represent the translational and rotational mode of vibrations
respectively. It can be seen that the vibrations vi, v3, and v4 are red-shifted towards
the shorter wavenumber side upon EB irradiation. As a result, the W-O bond
undergoes a tensile strain [16] under beam irradiation, and hence the bond length
may increase. The internal modes depend on lattice constants while the external
modes depend on the cationic mass [17]. The translational modes [T(Bg)] are not
observed in samples S1 and R2, but they are visible in samples R4 and R6 due to

the strain caused by EB irradiation of higher doses [18]. The strain is more for
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sample R4 as the intensity for translational modes is maximum for R4. The
additional peak found at 891 cm™ is due to the symmetric stretching vibration of
the short W-O bond in the WO, group [19]. The peak at 891 cm™ is also red
shifted upon beam irradiation. New peaks are observed at 88, 178.9, 688, and
1056 cm™! for the sample R4, which has the maximum crystallite size and unit cell
volume. Ba®* ion vacancy created during the electron beam irradiation of 4 kGy
doses may be the reason for the formation of new peaks. In this case, two oxygen
atoms may share a hole and becomes O [20]. The vibrational mode at
1056 cm™ corresponds to the O-O stretching vibration [21], and an irregular
variation is observed in the external mode of vibration. These results confirm
some significant strain or structural changes upon EB irradiation on BaWO4
samples. Moreover, all the structural studies illustrate that EB irradiation results in

structural modification for BaWQO4 nanoparticles, and is dose depended.
6.3.2 Optical Properties

UV-visible absorption spectroscopy and photoluminescence spectroscopy
are the techniques used to explore the optical properties of the EB irradiated
BaWOy samples. Optical analyses are carried out by following the procedure

given in Section 2.5.
6.3.2.1 UV-visible Analysis

The optical absorption spectra of the pristine and EB irradiated BaWOq
samples show that optical absorption is in the ultraviolet region (Figure 6.7). The
optical absorption coefficients of the samples are obtained from the diffuse
reflectance spectra by using the Kubelka-Munk transformation equation as
described in Section 2.5. The optical absorption peaks corresponding to the ligand

to metal charge transfer transition inside the WO4>" anion [22] of the samples S1,
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R2, R4, and R6 are at 220, 218, 216, and 219 nm respectively, which are close to
the reported value (223 nm) [23]. In Figure 6.7, the optical absorption band is
slightly blue-shifted for the irradiated samples, and the shift is more for the
sample R4. The slight shift in absorption peak may be due to the distortions

produced in the WO4 tetrahedral structure upon EB irradiation [24].

a(a.u.)

20 250 300 350
Wavelength (nm)

Figure 6.7 Optical absorption spectra of pristine and EB irradiated BaWOq
samples
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Figure 6.8 Tauc plots of pristine and EB irradiated BaWO4 samples

The optical bandgap of the pristine and EB irradiated BaWO4 samples are
estimated by using the Tauc relation. Tauc plots, (ohv)? vs. hv of the BaWO4
samples are depicted in Figure 6.8. The measured bandgap values are 5.25, 5.22,
5.26 and 5.20 eV for the samples S1, R2, R4, and R6 respectively. Thus, the EB
irradiation results in slight changes in optical bandgap values of BaWO4. The
results show that the optical bandgap is larger for sample R4, which is due to the

presence of the Vg colour centre [20].
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6.3.2.2 Photoluminescence Studies
Room temperature PL spectra of the EB irradiated BaWO4 samples at an

excitation wavelength of 350 nm are shown in Figure 6.9.
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Figure 6.9 PL spectra of pristine and EB irradiated BaWO4 samples

A broad emission band is observed around 430 nm, indicating that the
relaxation occurs by various paths, involving the participation of numerous states
(multiphonon process) [25]. PL emission is a measure of the recombination rate of
photogenerated electron-hole pairs. The blue luminescence in BaWOQy is due to
the radiative transition of self-trapped excitons within the (WO4)>" group [26]. In
Figure 6.9, the intensity of PL emission is dose dependent and is more for
irradiated samples R4 and R6. Besides, the PL spectra of electron irradiated
samples of BaWOQy are broadened, and the peaks are red-shifted. The emission
peaks of samples S1, R2, R4 and R6 are 421, 431, 432 and 434 nm respectively.

The increase in PL emission of the EB irradiated samples is related to the
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structural defects caused by the distortions formed into the [WO4] tetrahedron
groups upon EB irradiation [27]. Hence, photoluminescence emission properties
of the BaWOs4 nanoparticles can be tuned by EB irradiation. Moreover, the
enhanced PL properties of the EB irradiated BaWO4 phosphors can be used for

optoelectronics applications.

The CIE chromaticity coordinates of the pure and EB irradiated BaWO;4
samples at an excitation of 350 nm are given in Table 6.4. The CIE chromaticity
diagram and phosphor triangle for the pristine and EB irradiated BaWQO4 samples
are depicted in Figure 6.10. The figure demonstrates that chromaticity coordinates
are nearer to the edge of the phosphor triangle and the emission is blue. The purity
of the blue emission is good for the irradiated sample R2 (2 kGy). It can be seen
that there are only slight changes for the chromaticity coordinates for BaWOg4
samples by EB irradiation. In short, the results of the PL and CIE chromaticity
studies suggest that EB irradiation of suitable dose can be used to improve PL

intensity of BaWO4 phosphors for blue light emission.

Table 6.4 CIE chromaticity coordinates of pristine and EB irradiated BaWO4

samples
Sample CIE coordinates
X y
S1 0.0191 0.1813
R2 0.1807 0.1886
R4 0.1837 0.1938
R6 0.1832 0.1929
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Figure 6.10 CIE chromaticity diagram and phosphor triangle of pristine and EB
irradiated BaWQ4 samples

6.4 Conclusion

e A systematic study is conducted on the effect of EB irradiation on the
structural and optical properties of nanocrystalline BaWQO4 synthesized

by the chemical precipitation method.

e The results of structural studies indicated a pure scheelite-type tetragonal
phase with space group I41/a (88) and point group symmetry Cay’ for the
pristine and EB irradiated BaWO4 nanoparticles. The EB irradiation
results in structural modification for BaWO4 nanoparticles and is dose
depended.

e SEM images revealed the change in surface morphology with EB
irradiation. Peanut-shaped particles are joined together to form flower-

like structures upon EB irradiation
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Slight changes in UV absorption and optical bandgap are observed on EB
irradiation.

An enhancement in PL emission intensity is observed on EB irradiated
samples. PL and CIE chromaticity studies suggest that EB irradiation of
suitable dose can be used to improve PL intensity of BaWO4 phosphors

for blue light emission.
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Chapter 7

SUMMARY AND SCOPE FOR FUTURE WORK

This chapter provides a brief summary of the observations made
during the investigation and scope for future work. The significant

results of the investigation are also highlighted in this chapter.

The present study describes the synthesis and characterization of
nanocrystalline BaWOs. The effects of calcination temperature, the influence of
dopants Cu and Yb and the impact of 8 MeV electron beam irradiation on the
properties of nanocrystalline BaWO4 are discussed in various chapters. The
research work is systematically presented in six chapters. The structure and
fundamental properties of BaWQ4, and a brief review on the synthesis and
properties of pristine and doped BaWOy are presented in Chapter 1. Chapter 2
deals with a brief description of various characterization techniques used for the
characterization of the prepared samples. The effect of calcination temperature on
structural, optical, magnetic and electrical properties of nanocrystalline BaWO4
are described in Chapter 3. The modifications of the structural, optical, and
magnetic properties of the BaWOs samples due to Cu and Yb doping are

elucidated in Chapter 4 and 5, respectively. Chapter 6 gives a detailed discussion
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of the impact of 8 MeV electron beam irradiation on the structural and optical

properties of nanocrystalline BaWOs.

A summary of the synthesis and characterization of BaWO4 nanocrystals,
and Cu and Yb doped BaWO4 and the impact of high energy electron beam
irradiation on the properties of BaWOy are presented in the current chapter. The
important outcomes and the scope for future work are also mentioned in this

concluding chapter.
7.1 Summary of the Present Work

Nanocrystalline BaWO4 powder samples are successfully synthesized by
the chemical precipitation method. The effects of calcination temperature on the
structural, optical, magnetic and electrical properties of the synthesized BaWOq
samples are studied. The average crystallite size of the BaWO4 nanoparticles is
found to increase with the increase in calcination temperature. The surface
morphology of the samples is found to vary with change in calcination
temperature. The structural characterization, such as XRD, FTIR, and Raman
analyses, confirm the scheelite tetragonal nature of the calcined samples of
BaWOy4 with a space group 141/a. The Rietveld, analyses validated the scheelite
tetragonal structure. The SEM images of the BaWO4 samples show changes in the
microstructure, granular to flower like structure, with the increase in calcination
temperature. The average particle sizes and spherical shape of the nanoparticles

are obtained from the TEM images of the BaWO4 samples.

The samples show an absorption spectrum in the ultraviolet region. The
optical bandgap of the BaWOs samples is found to decrease with an increase in
calcination temperature. A broad photoluminescence emission spectrum is

obtained, and the intensity of emission is found to increase with calcination
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temperature. The chromaticity coordinates of the calcined samples of BaWO4
indicate unique blue emission with varying intensity. This property of the
nanomaterials can be used for the construction of NUV light excited blue LEDs.
The ferromagnetic nature of the BaWOs sample is revealed from VSM
measurements. The VSM results confirm that the magnetic properties such as
ferromagnetic behaviour, saturation magnetization and the coercivity of BaWO4
nanoparticles varies with the increase in calcination temperature. A slight
variation in the dielectric constant is observed with the calcination temperature.
The high and steady value of €' of BaWOQO4 sample calcined at 700 °C makes it
suitable for dielectric layer in field-effect transistors. In addition, the low and
steady value of dissipation factor, and an almost steady value of dielectric
constant of BaWO4 samples over a wide range of frequencies suggest their
suitability in LTCC applications. At low frequencies, AC conductivity of BaWO4
samples is very low and almost steady, and as the frequency increases the
conductivity also increases obeying Jonscher’s power law. In short, the dielectric
properties and AC conductivity of BaWO4 nanoparticles show a significant

dependence on the calcination temperature.

Doping of a transition metal ion Cu®" results in the modifications of
structural, optical and magnetic properties of the BaWQO4 sample. Slight variations
in structural parameters and average crystallite size are observed with the
percentage increase of Cu in the sample. XRD, FTIR, and Raman analyses
confirm the successful incorporation of Cu atoms into the BaWOu lattice. The
surface morphology of the sample shows significant variations on Cu doping.
TEM images reveal the reduction in particle size, and the highly polycrystalline
nature of the Cu doped BaWO4 sample. The absorption spectrum extends from

UV to the visible region, and absorption in the visible region increases with the
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concentration of Cu in the sample. The optical bandgap of the Cu doped BaWO4
sample is found to slightly decrease with the increase in the percentage of Cu in
the sample. The intensity of photoluminescence emission is found to decrease
with the increase in doping concentration. Interestingly, the results of the optical
studies confirm that the optical absorption and emission properties of the BaWQO4
nanoparticles can be tuned for potential applications by varying the percentage of
Cu in the BaWO4 sample. When doping of Cu increases to 5%, the size of the
BaWO4 nanoparticles reduces considerably. As a result, the magnetic property of
the BaWO4 nanoparticles changes from weak ferromagnetic to the
superparamagnetic state. Hence, this material can be used to explore biomedical

applications.

The rare earth ion Yb** doped BaWO. nanoparticles show variations in
structural, optical and magnetic properties from the pristine BaWO4 sample. The
XRD, Rietveld, FTIR, and Raman analyses reveal the successful substitution of
Yb* ions in the Ba®* site. Slight variations in lattice parameters is observed due to
the lattice distortions caused by the doping. Surface morphology of the BaWO4
sample changes on doping. TEM images reveal the polycrystalline nature of the
samples. The particle size is found to decrease considerably on Yb doping. UV
visible absorption spectrum indicates a slight red shift in the absorption peak for
the Yb doped samples. The absorption coefficient of the sample increases and the
optical bandgap decreases with the concentration of the dopant. NIR
photoluminescence emission in the range 900 —1090 nm is observed by exciting
the sample with 275 nm. The broadening of the luminescence spectra is due to the
stark splitting of the energy levels of Yb** ions. The emission intensity is found to
increase with the percentage of Yb in the sample. NIR luminescence of the Yb

doped BaWO4 sample proposes its use in applications such as optical fiber
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communication, efficient solar cells, bioanalyses, and bioimaging. An irregular
variation in magnetic properties is observed for the Yb doped BaWO4 samples.
The 5% doped BaWO4 sample does not exhibit any hysteresis showing
superparamagnetic nature. In short, the magnetic properties of the Yb doped

BaWOu4 nanoparticles strongly depend on the concentration of the Yb** ions.

The dose dependent effect of 8 MeV electron-beam irradiation on the
structural and optical properties of the sample is studied. The structural studies
such as XRD, SEM, FTIR and Raman analyses illustrate that EB irradiation
results in structural modification for BaWQO4 nanoparticles and is dose depended.
The SEM images confirm that surface morphology of the BaWOQO4 sample is
modified on EB irradiation. The irradiation of the electron beam also creates
slight modifications in the optical bandgap of the BaWO4 sample. The irradiated
samples show a considerable increase in the PL emission intensity with the EB
irradiation dose. The enhanced PL emission properties of the EB irradiated
BaWO4 nano-phosphors can be used for optoelectronics applications. In short, the
electron beam irradiation technique can be used for the modifications of
structural, optical absorption and PL emission properties of BaWO4 nanoparticles

for potential optoelectronics and biomedical applications.
7.2 Key Findings of the Study

The major outcomes of the present investigation are listed below.

e The BaWO4 nanoparticles prepared by direct chemical precipitation route can
be used as a potential candidate for solid state lighting applications such as,
NUYV light excited light emitting diodes and other optoelectronic devices.

e The structural, optical, magnetic and electrical properties of the BaWO4

samples exhibit a significant dependence on the calcination temperature. The
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Cu doping creates substantial modifications on the structural, optical and
magnetic properties of BaWOs nanoparticles for various potential

applications such as optoelectronics, biomedical and photocatalysis.

e The weak ferromagnetic behavior of BaWO4 nanoparticles changes to
superparamagnetic nature when doped with higher concentration of Cu (3 and
5%), which make them useful for various biomedical applications such as

drug delivery, MRI contrast agents and biosensors

e The PL studies authenticate NIR emission for Yb doped BaWO4
nanoparticles, the interaction of the BaWOQy lattice with the Yb** ions, and the
energy transfer between the tungstate group and the Yb** ions. This property
of the Yb doped BaWO4 nanomaterial can find its use in optical fiber

communication, highly efficient solar cells, bioanalyses and bioimaging.

e The high energy electron beam irradiation of suitable dose can be used to
make structural changes, and modifies optical absorption and emission

properties of BaWO4 nanocrystals for potential optoelectronics applications.
7.3 Scope for Future Work

The work presented in this dissertation can be extended in several

directions and are briefly presented as follows:

e Phtocatalytic potential of BaWO4 nanoparticles could be explored for pristine
and doped samples. The porous nature of the BaWO4 material could be used to
investigate useful application of the sample in a new regime.

e More investigations could be needed in the Yb doped BaWO4 sample to

increase the efficiency of NIR luminescence.
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e  White light luminescence for BaWO4 could be achieved by doping and co-

doping with rare-earth ions.

e Up conversion lasers could be achieved by selecting suitable rare-earth co-

dopants for BaWOs.

e The dielectric study could be extended to the doped samples to find potential

electronics applications.
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