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Abstract

The novel synthesis routes have been developed for the synthesis of nanorods and
nanosheets of antimony oxychloride (Sb4OsCly) in the dimension range of 55-90 nm by
using single precursor. Nanostructures, microstructures and bulk single phase materials
have been synthesized. X-ray powder diffraction analysis have confirmed the monoclinic
crystal symmetry in space group P2,/c no.14 with structure type Sb,OsCl, for the single
phase nanorods, nanosheets, microstructures and the bulk materials. Rietveld refinement
and the crystallite size investigations of the powder patterns revealed the lattice
parameters and crystallite size increment in case of nanorods in comparison to the
nanosheets. Through scanning electron microscopy, a composition near to the Sb;0sCl,
(at %) and the averaged dimensions; dia. ~ 50-90 nm, | ~ 2 um for nanorods, dia. ~ 50-
150 nm, | ~ 2 um for nanosheets and thickness ~ 2-3 um, | ~ 2 um for microstructures
have been observed. The PNCs have also been synthesized by using PVA as matrix with
various compositions (1, 3 and 5 w/w%) of Sb,OsCl, nanorods and -sheets. IR analysis

has verified the PNCs synthesis in form of uniform films.

The optical properties of the nano and bulk materials have also been studied through
DRS UV-Vis spectroscopy, the band gap widening has been observed while moving
from bulk to nanoregime, i.e. 3.25, 3.31 and 3.34 eV, for bulk, nanosheets, and
nanorods, respectively due to quantum confinement. In the case of nanosheets, highest
value of dielectric constant has been observed, i.e. 87, as compared to nanorods 40 and
the bulk 35.5, respectively. The nanosheets have also shown the highest value of

dielectric and tangent loss with increase in frequency due to the least crystallite



size of this material. Nanosheets have depicted the higher AC conductivity at low
frequency due to the alignment of the charges but its value decreases at the higher
frequency due to lack of time for alignment of the charges. However, nanorods and bulk
material had no change throughout the frequency range. The hopping phenomenon has
been observed in all three cases with most prominent one in bulk case at higher

frequencies.
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Chapter 1

Introduction

1.1Nanoscience and Nanotechnology

The concept of “Nanoscience” was first time given by an American physicist Richard
Feynman in 1959. According to him “There’s plenty of room at bottom” [1]. Afterwards,
many researchers have explored and contributed in the development of this field. Mainly,
the study of structure and properties of the materials in nano range is called Nanoscience.
While the fabrication of materials and devices having at least one dimension in 1-100 nm
range, is described as Nanotechnology. There are certain physical and chemical
properties which vary dramatically as we move from bulk to nanoregime e.g. chemical
reactivity, optical, electrical, mechanical, photocatalytic and magnetic properties. The
basis behind this dramatic change in properties is large surface area and the quantum
confinement effect. The astonishing and useful properties of these materials make them

the potential candidate for various device applications.

Two main approaches; bottom up approach and top down are mainly employed for the
synthesis of nanomaterials. Bottom up approach is utilized by nano-chemist to build
nanomaterial via self-assembly of atoms or progressing from small or subordinate units to
larger units which mainly includes the wet chemical synthesis. On the other hand, nano-
physicist employs top down strategy by breaking/milling the larger piece of materials to
get the nanomaterials [2]. As nanomaterials have imparted role in every field of science
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and technology by improving or even revolutionizing many industries like biomedical,

pharmaceutical, agriculture, communication, and electronics [3-5].
1.2  Classification of Nanomaterials

Nanomaterials are generally classified into four main classes based on dimensions.

@) Quantum dot (0-Dimensional)
(b) Quantum wire (1-Dimensional)
(©) Quantum well (2-Dimensional)

(d) Nanocrystals or Nanoclusters (3-Dimensional)
1.2.1 Quantum dot (0-D)

When all the dimensions of nanostructures lie in 1-100 nm or the motion of the electron

is confined in all dimensions, it is called quantum dot e.g. nanoparticles and nanospheres.
1.2.2 Quantum Wire (1-D)

When materials have two out of three dimensions lying in nanometer regime or the
motion of electrons is confined in two dimensions, it is known as the quantum wire.

These are also known as 1D nanostructure including nanorod, nanowire and nanofilms.
1.2.3 Quantum Well (2-D)

These are the nanostructures in which only one out of three dimensions lies in nano scale-
also known as 2D nanomaterials. The quasi-electrons can easily move in two dimensions
while their motion is restricted in one dimension e.g. nanotubes, nanoplates and

nanosheets are some examples of the quantum well.

1.2.4 Nano-crystal or nanoclusters (3-D)
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These are 3D nanomaterials usually do not have any dimension in nanoregime but are

made up of clusters of nanotube, nanowires or nanoparticles therefore, they are called 3D

nanomaterials.

Qunatum Dot
oD

X

Quantum wire
1D

~
~

Quantum well
2D

L

.

Nanoclusters
3D

Figure 1.1: Classification of nanomaterial based on dimensions

1.3  Nanocomposites

The composites mainly have two phases; reinforcing and the matrix phase while in case
of nanocomposites one should be in nano-range [6]. There are various reports on
nanocomposites [7] but above all the polymeric nanocomposites are the multiphase
products in which the nanomaterials (1D, 2D or 3D) act as reinforcing phase while

matrix phase is made up of polymers.

For the past few decades, polymeric nanocomposites have been extensively studied as a
class of materials for variety of applications including enhanced; gas barrier
performance, thermal, mechanical and flam retarding properties. The nanofibres, hollow
nanofibres, core—shell nanofibres and nanorods/nanotubes have a great potential for
polymer based composites with the broad range applications including; homogeneous
and heterogeneous catalysis, sensors, filter applications, environmental applications,

food packging, industrial application, optoelectronics etc [8-10]. Different PNCs of PVA
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(poly vinyl alcohol), PP (polypropylene) and polymer-clay nanocomposites have been
synthesized and explored to observe the thermal stability with improved flame
retardancy [11-13].

1.4 Applications of Nanotechnology

Thorough studies have proved the nanotechnology as a guide for synthesis and
fabrication of nanomaterials for the most advanced applications. Some of the applications

of nanotechnology are summarized in this section.
14.1 Energy Sector

Energy is contemplated as a life line of any economy and most integral instrument of
socioeconomic growth of a country. Energy crisis is a highlighting issue of the global
world. Increasing energy demand and depleting non-renewable energy require the
production of novel energy resources or reclaimed the waste heat. Fuel cells, hydrogen
combustion via nano catalyst, photovoltaics cells, solar cells, lithium storage batteries and

most important thermoelectric nanostructures are blessings of nanotechnology [14-16].
1.4.2 Water Purification and Waste Water Treatment

Potable and affordable water that is free of toxic components is a vital requirement of
human health but it is a formidable challenge of this century to fulfill this demand of
human beings. Nanotechnology is contributing a crucial role to cope with the needs of
clean water. It has enabled water and wastewater treatment promises not only to
overcome major challenges faced by existing treatment technologies, but also to provide
new treatment capabilities that would allow economic utilization of unconventional water
sources to expand its supply. Some waste or toxic components of water can be removed
via nano-adsorbents. Metal oxides adsorbents such as iron oxide, titanium dioxide and

alumina are effective and low-cost adsorbents for removal of heavy metals from water.
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Moreover, nanostructured membranes of carbon nanotubes, silica and cellulose-based
materials, functionalized with amino acid homopolymers have also been employed in
water treatment against microorganism (viruses, bacteria, etc) and toxic metal ions [17,
18].

1.4.3 Textile Industry

Out of the many other applications of nanotechnology, the textile industry has been
recently added as one of the most assisted and profitable sector. Various nanomaterials
e.g. nanofibres/carbon nanocomposite, nanoparticles of silver (Ag), titanium dioxide
(TiO,) and zinc oxide (ZnO) have been manipulated in the textile industry to improve the
durability, fire retardancy and comfort. Because of low production cost, UV-blocking
ability, and antimicrobial activity, nanotechnology has been proven as a potential
applicant in electronic textile, composite fabric and material, military combat garments,

climate control wears and protective clothing [19, 20].
1.4.4 Pharmaceutical and Biomedical

Nanotechnology has also gained the focus of pharmacist and biomedical researchers
because of its effectiveness. Currently it has been employed in diagnostic devices,
analytical tools, antimicrobial agents and detection tool for pathogens. It plays a
significant role as drug delivery vehicle, gene therapy, and organ transplantation.
Furthermore, new nanomaterials have been designed that can act as anticancer agent with

the ability to target the specific cancerous cells [21, 22].
1.4.5 Electronics

Electronic industry is also enjoying the miracles of nanotechnology as it has contributed
its share in electronic devices like Data Memory, Displays, Laser Diodes, Glass Fibers
and Conductive Coatings. Semiconductor nanocrystals, graphene and di-metal
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chalcogenides have employed in various electronic devices. Small size, better efficiency,
high surface to volume ratio and light in weight: these properties make them better choice
in different electronic devices [23, 24]. Beside these applications of nanomaterials,
nanotechnology has its utilization in cosmetics and sunscreens, household items,

automotive industry and sports items.

Figure 1.2: Applications of nanotechnology in various fields
1.5 Characterization Techniques

The morphology, structure, composition, size and properties of prepared samples have
been studied by using different techniques. The brief description on principle and

instrumentation has been given in the next section:

1.5.1 Scanning Electron Microscopy (SEM)
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In 1938, Manfred von Ardenne invented the Scanning Electron Microscopy [25]. It is a

versatile and specialized microscope that uses electron beam to determine the surface

morphology and composition of the material
under investigation. The non-conducting
sample should be coated with a layer of
some conducting material. Usually, the
coating material include; carbon, gold and
aluminum. Generally, SEM involves an
optical system to attain an electron probe, a
sample stage to place the sample, a
secondary electron detector to gather the
coming secondary electrons, an image
display system and the operating system to
operate all the functions [26, 27]. The general
construction of SEM is given below;

(@) Electron Source

An electron gun produces thermo-electrons by
heating the tungsten filament (cathode). These
electrons are then gathered on a metal plate
(anode) in a form of beam. The speed of
electron emission is controlled by adjusting the
accelerating voltage 1-30 keV.

(b) Condenser and Objective lenses
The microscope utilizes an electromagnetic lens
to adjust the diameter of the electron beam.

When an electric current passes through a wire

@l

)

Electron source

Figure 1.3: Pictorial representations of
main parts of SEM

Figure 1.4: Scanning Electron
Microscope
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coiled around an iron cylinder, a symmetrical magnetic field is developed. This magnetic
field then affects the electron beam. Two different types of lenses hamed as condenser
and objective are used in an electron microscope, present below the electron gun .The
main function of both lenses is to focus and to control the diameter of an electron beam

that falls on the sample.

(© Sample stage

The samples are studied at high resolution via SEM, therefore, the sample stage should
move smoothly and stay stable that can support the sample. The sample stage can move
along X and Y axis (horizontal movements), Z movements (vertical), sample tilting (T)
and R used for rotation. Basically, these movements are employed for selecting the

specific area, resolution and depth focus.

(d) Secondary electron detector

The incident beam electrons ionize the sample atoms by knocking out the outer shell
electrons. The secondary imaging mode is given by the secondary electrons, which
provides information about the surface topography of material under observation. A
detector is used as secondary electron detector which needs voltage about 10 keV. It
attracts the secondary electrons coming from the sample. These electrons produce light as
they collide with fluorescent material. This light is directed towards the photomultiplier
tube to amplify the light signal. Then this light signal is again converted as amplified

electric signals which are then collected by collector placed next to it.

(e) Display Unit
An output signal from the detector is then amplified and transferred to display unit that is
a liquid crystal display. The scan speed changes in steps, a fast scan is used for

observation and slow scan rate is used for acquisition to save the images of various areas.
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1.5.2  X-Ray Diffraction

X-Ray diffraction is an important analytical tool for qualitative and quantitative analysis
of crystalline materials. It provides a way to study the phase distribution, degree of

crystallinity, crystallite size, epitaxy, geometry and lattice parameters etc [28].

Basic principle behind X-ray diffraction technique is the constructive interference of the
X-ray radiation diffracted by the crystalline materials, thoroughly explained by Bragg’s
Law. According to which an X-ray reflected from the surface of a substance, travels less
distance than an X-ray which reflects from a plane of atoms inside the crystal. The
penetrating X-ray travels down to the internal layer, reflects, and travels back over the
same distance before coming back at the surface. The distance travelled depends on the
separation of the layers and the angle at which the X-ray entered the material. Diffraction
occurs only when the distance travelled by the parallel X-rays are an integer multiple of
the wavelength. Bragg expressed it in equation known as Bragg's Law as mentioned

below,
nAd = 2dSin6

Where n is an integer whose value is whole number for constructive interference, A is a
wavelength of the incident radiation, 0 is an angle between the incident ray and layers of

crystal while d is the interspacing between the layers.
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Figure: 1.5: X-Ray Diffraction

Basically, in XRD, a monochromatic X-ray radiation beam is focused on sample material
to determine the structural information of the crystal lattice. Most of the time, the
material is crystalline in nature with repeating patterns. Typically, polychromatic X-rays
are produced in cathode-ray tube (CRT). The polychromatic X-rays pass through a
monchromator that acts as a filter and produce monochromatic X-rays which hit onto the
material atomic planes, separating the diffracted, transmitted and absorbed rays.
Application of 15-60 kV current within the tube gives electrons which hit a Cr, Fe, Co,
Cu, Mo or Ag anode from which X-ray beams are generated. Thus, produced X-rays are
then collimated and directed onto the sample. Various phenomena take place upon
interaction of radiation and sample e.g diffraction, transmittance, refraction, scattering
and some of the x-rays have absorbed by the sample. These rays are used to generate the

spectra containing various peaks.

For qualitative analysis POWDER CELL program has been used [29] while quantitative
Rietveld refinements of the X-ray powder diffraction data were performed with the
FULLPROF program in FullProf Suite [30]. The drawback of this conventional powder
method was that the diffraction peaks grossly overlap, thereby preventing the proper

structure determination. The "Rietveld Method" creates a virtual separation of these

10
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overlapping peaks, thereby allowing the accurate determination of the structure. This
guantitative phase analysis method has been so successful that nowadays the structure of
materials, in the form of powders, are routinely being determined which are near to the
single crystal analysis in accuracy [31]. The principle of Rietveld refinements is,

Calculated intensity at point i of the diagram,
Yic = Yip+ 5050 Tk 6o (26,-261,,

G__ normalized profile shape function
| intensity of the k™ reflection
S__ scale factor of phase ¢ Summation performed over all phases ¢, and over all

reflections k contributing to the respective point.
Yin__background
Intensity of Bragg reflections,

I = myLy |Fyl? P A
Where,

mi___multiplicity of k™ reflection
L« Lorentz-polarization factor
IF>_structure factor

Px____ preferred orientation factor
Ay___absorption factor

The main goal is to minimize the residual function,

Z w; (YiObS _ Yical)z
i

11
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Where,

Wi - 1/yIObS

yi®  observed intensity at the i step
v calculated intensity at the i" step

1.5.3 Infar Red Spectroscopy

IR spectroscopy is an analytical technique to analyze the material specifically organic
compounds in solution and the solid films form. The compounds with the certain values
of dipole moment are IR active. Usually IR radiations having wavenumber range of 4000
- 400 cm™* (wavelength 2.5 pm to 15 um) are employed for this analysis. When the
sample is irradiated with IR radiations, electrons absorb energy and undergo excitation
from lower to higher vibrational energy levels. The excited electron undergoes de-
excitation resulting in emission of photon of characteristic wavelength The energy of
emitted photons is calculated and spectra are obtained in form of wavenumber vs
absorbance or transmittance [32].

1.5.4 UV-Vis Diffused Reflectance

Spectroscopy

UV-Vis diffuse reflectance Spectroscopy
(DRS) is an analytical tool to measure
optical properties of the solid powder. The

basic principle behind UV-Vis

spectroscopy and UV-Vis DRS is the
same. In both techniques electronic Figure 1.6: UV-VIS DRS
transition take place by absorption of

visible light having energy greater than the band gap energy between a conduction band

12
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and a valance band. In UV-Vis spectroscopy a relative change in transmittance from the
sample solution is measured while in UV-Vis DRS, relative change in reflectance from
the sample is considered. The spectral range of UV-Vis DR lies in range 50,000-5000 cm
! UV-Vis DRS is usually employed for investigating optical property like band gap and

color variation [33].
155 LCR Meter

It is an electronic instrument employed to
calculate  capacitance, inductance  and
resistance of the material under observation

with high precision and accuracy.

The name LCR is an abbreviation of
inductance, capacitance and resistance denoted

by symbols L, C and R, respectively.

Figure 1.7: LCR Meter

Capacitance is the quantity of charge that a

capacitor can stored at given voltage and its unit is Faraday. While inductance is the
characteristics of a coiled wire to oppose any change in electric current flowing through it
and is measured in Henry. Whereas resistance is the property of material to resist the
movement of electron or electric current passing through, it is commonly measured in
Ohm (€2). LCR meter also provides value of dissipation factor and quality factor.
Moreover the value of current and voltage can also be calculated by this electronic
device. The quantity measured by LCR meter is impedance that is actually resistance of
alternating and direct current. This impedance is a vector quantity depending upon two
scalar entities named as resistance and reactance. Basically, reactance is the resistance of

alternating current due to combined effect of inductance and capacitance.

13
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1.5.5.1 Techniques used in LCR meter

Commonly two approaches have used in LCR meter.

(@) Bridge Technique

The bridge technique is only applicable for studies at low frequency i.e. below 100 kHz.
This approach is based on Wheatstone bridge principle in which the device under test
(DUT) is placed in it and its impedance is denoted by Ry (unknown impedance). The
other impedances Rz and R4 are known. The value of Impedance R; varies until the flow
of current stops in a device. At this balance position, the impedance of unknown can be
calculated by employing the equation given below [34].

Ry/Ry = R3/R,

Z

Figure 1.8: Circuit diagram for bridge technique of LCR meter

(b) Current Voltage Method

This approach can be used for studies at higher frequencies. It finds the value of current
and voltage first which are then used for calculation of impedance of the device under
test [35].

14



Chapter 1 Introduction

1.6 Aims and Motivations

It has been observed that there are extensive reports on the shape, size, morphology and
microstructure dependent properties of nanomaterials. Antimony-based materials; mainly
the oxychloride have attracted great attention because of their astonishing properties like
high photocatalytic catalytic activity [36], superior flame retardancy [37] and applications
in energy storage devices and gas sensors [38]. No doubt they exhibit fascinating
properties but a few studies have been carried out for the synthesis of such nanomaterials.
There was a need to develop a facile and economical route for the synthesis of nano-
antimony oxychloride and investigation of their properties.

Antimony oxychloride will be proved as one of the most significant nanomaterials in
upcoming research and requisites due to the ease of production method, non-hazardous
nature and scale ability.

The key goal of this research is the synthesis of bulk and nano-antimony oxychlorides via
simple wet chemical approach. Then to optimize the various reaction conditions to
control the morphology and size of different nanostructures. After this optimization the
optical and electrical properties of nano-antimony oxychloride will be explored in

comparison with those the bulk counterpart.

15
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Chapter 2

Literature Review

2.1  Compounds of Antimony

Antimony is semimetal in nature because of its properties intermediate properties
between non-metals and metals. Antimony is similar to arsenic and bismuth usually
forms its oxides, halides, hydrides and hydroxides with the capability to react further with

other compounds.
2.1.1 Oxide of Antimony

Antimony usually exists as Sb,O3 while sometimes it forms Sb,0s having +3 and +5
oxidation states. Antimony oxide is almost insoluble in water while it can react with acid

and alkalis. The oxide of antimony has been synthesized via following reactions,
25b,S3 + 90, ==b-25b, 05 + 650,
45b + 30, 25b,0;
2.1.2 Chlorides of Antimony

Two chlorides of antimony i.e. SbCl3 (+3) and SbCls (+5) exist in nature, out of which
antimony trichloride is more common. Antimony trichloride has been prepared via the

following reaction given below
25b + 5Cl, =) 2SHCls

25b + conc.6HC| =% 2SbCl; + 3H,

16
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2.2 Properties of Antimony Oxide

Sh,03 lies in family of p-type semiconductors having indirect and wide band gap (~3.3
eV). Various aspects of study and the published work state that their properties vary
while moving from bulk to nanomorphology. Antimony oxide nanomaterials have been
investigated widely owing to their optical, electronic, surface wettability, photocatalysis,
flame retardancy, optoelectronic and electrochemical properties. These properties make

them better contestant for commercially available optoelectronic nanodevices.
2.2.1 Crystal Structure

For the 1% time in 1938, Buerger & Hendricks have investigated the crystal structure of
antimony oxide. They have calculated the values of fractional coordinates of
orthorhombic Sh,03 [39]. Afterward, Christer Svensson in 1974 has reinvestigated the
crystal structure of antimony oxide and found it closely related to already reported
results. Recent electronic studies via DFT (density functional theory) show that Sb,0;
exists in three different polymorphic forms and isomorphs to As;0O3 in the virtual view. a-
Sb,03 has been investigated widely due to its thermodynamic stability. o-Sb,0Os3
(senarmontite), is present in form of cubic unit cell with lattice parameter a = 11.1519 A
and in Fd3m space group. A detailed study revealed that each unit cell constitutes Sb;Os
molecular units and each Sb atom is bonded to 3 oxygen atoms while each oxygen atom
is attached to two Sb atoms in bent angle form These Oxygen atoms give the base of
tetrahedron with forth vertex far from cluster vacant [40, 41]. The bond angles between

Sb-O having different coordination given in table 2.1 given below.

Table 2.1 The bond angles among Sh-O in Sb;Og molecular units [40]

Atoms Bond Angles (°)
0'-sph'-0' 95.9(2)
0'-sb'-0" 160.8(5)
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0'-sh’-0" 71.6(2)
Sh'-0"-sb' 132.4(2)

2.2.2. Optical properties

Optical properties play a key role in determining the applications of material in solar
panels, photo-detector and other photo-electronic devices. UV-Vis and PL spectroscopy
are the most convenient techniques used for the measurement of optical properties. A
purposeful thorough study on optical properties of Sb,03 has been carried out by various
groups via UV-Vis spectroscopy. According to these investigations, optical properties
also deviate by changing the morphology and composition of nanomaterials. The detailed
studies of UV-Vis spectra exhibit that various nanostructures of Sh,O3; show a broad
absorption band in range of 360-380 nm and lie in visible range of spectrum, depicting
band gap range in 3.2-3.5 eV [42-45].

2.2.3 Photoluminescence

PL (Photoluminescence) spectroscopy is used as a key tool for calculating the light
emitting property. Diverse forms of Sb,O3 nanostructures have shown dominating light
emitting property. Comprehensive studies have been carried out to measure the PL in
antimony trioxide nanomaterials. Similar to the optical properties, PL is also size and
morphology dependent. Numerous groups of researchers have found the PL spectra of
antimony trioxide nanostructures under different conditions. With respect to their
calculations, antimony trioxide nanostructures give a broad emission peak in range of
370-380 nm which corresponds to the 3.25-3.4 eV band gap range. PL spectra also gives
information about vacancies related defects produced as a result of oxygen removal [42,
44, 46-48].

18



Chapter 2 Literature Review

The superior optical, photoluminescent, high refractive index and great abrasive
resistance made antimony oxide a good candidate in lenses and other optical

nanodevices.
2.2.4 Flame Retardancy

Sbh,03 nanomaterial has also been employed in polymer industry as flame retardant. It
becomes very handy flame retardant when it is used in combination with halogenated
resins or polymer. F. Lie et al. in 2007 have elucidated the flame retardancy of Sh,0;
nanoparticles. TGA (thermo gravimetric analysis) has been employed as a verification
technique for calculation of flame retardant behavior. According to their observation, the
flame resistance property of resins was extended by the addition of antimony trioxide
nanoparticles [49].

Crystal structure

R Properties
i . of
Optical properties Antimony Photoluminisence
) Oxides
g
| Flame Retardancy
.

Figure 2.1: Important Properties of Antimony Oxides
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2.3 Synthesis and properties of Antimony oxyhalides

In literature, Antimony Oxyhalides including SbOX (X = F, CI, Brand 1) and BiOX (X =
F, Cl, Br & 1) have communicated. Few investigations have also been reported on
synthesis of single crystal and properties of antimony oxyhalides.

2.3.1 Crystal Structure of Antimony Oxyhalides

Crystal structure of antimony oxyhalides Sb,O,X. (X = F, Cl and Br) with various
compositions have been reported in the literature. Four different forms of SbOF have
been reported [50], the L and M form of SbOF were stable, existing in orthorhombic
form while H-SbOF exists in cubic geometry. The single crystal of L and M form of
SbOF has been synthesized and studies by A. Astrome in 1972 and 1973 [50, 51].
According to this study, the M form of SbOF has orthorhombic geometry and the space
group Pbca with the lattice parameters; a = 11.673, b = 5.587 and ¢ = 12.267 A [51].
Moreover, he has also elaborated the structure of L-SbOF in 1973. Similar to M form of
antimony oxyflouride, L-SbOF also has orthorhombic geometry in space group pmna
with lattice parameters; a = 8.873, b = 4.099 and ¢ = 5.483 A [50].

Specifically, the crystal structure of antimony oxychloride has calculated in detail;
Sbh,05Cl, has been reported first time by M. Edstrand with monoclinic symmetry (space
group P2,/Ca=6.229, b =5.107 ¢ = 13.5 A and p = 97.27°) [52]. Reinvestigation of the
same structure has been reported [53] with the major difference in Sh-O distances.
Recently, single crystal of Sb,OsCl; has been synthesized via hydrothermal route by using
the SbCl; and HCI in aqueous medium [54]. A new structure, Sb304Cl has been prepared
hydrothermally in monoclinic geometry (space group P2,/C, lattice parameters; a =
9.6351, b = 5.3059, ¢ = 5.9851 A and P = 94.745° [55] by using SbCl; and VOCI,
precursors. Other Oxyhalides, including SbOF, SbOCI [50, 51] and ShgO;,X, (X=ClI, Br)
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[56] have also been reported. The crystallographic parameters of these two structures are

provided in table given below,

Table 2.2 Crystallographic data for SbgO1,X, (X=CI and Br), in Space group P-1 [56]

Compound Lattice Parameters
A) @)
a=10.317(2) a=79.29(2)
ShgO1:Cl, b =11.269(2) B=76.29(2)
¢ = 13.939(3) vy = 73.00(2)
a =10.4875(6) a =79.430(5)
ShgO11Br; b = 11.3375(7) B = 76.471(6)
c =13.9831(9) y = 73.061(5)

2.3.2 Synthesis of Antimony Oxychloride Micro and Nanostructures

Up till now, various nanostructures of antimony oxychloride with different morphologies
have been prepared via solid state and wet chemical route. In recent past, The
Sbg011Cl>(H,0)s needle-like microstructures have been reported by Li et al. They have
prepared microstructures with dimensions (diameter = 2 um and length<20 um) [57].

In 2007 Zheng Bo et al. has been synthesized Antimony oxychloride ((Sb40sCl,) has via
electrochemical method by using Sb as anode, different conducting metals as cathode
and chloride salt dissolved in HCI employed as electrode [58]. In the very next year, X.
Y. Chen has investigated the synthesis of nanocrystals (Sb4OsCl, and SbgO;;,Cl;) by
hydrothermal approach with SbCl;, NaOH and ethylene glycol as precursors. The
reaction was carried out at 120° C for 12 h in Teflon lined autoclave. The prepared
materials were filtered, washed with distilled water and ethanol and vacuum dried at 60°
C. They have obtained nanowires of SbgO11Cl, having dimensions diameter = 50 nm and
length up to 10 um [59]. In 2009, hydrothermal synthesis of ID nanostructures of
antimony oxychloride has been reported by using SbCls, ethanol and sodium hydroxide
precursors in aqueous medium. The lacteous colloidal suspension of antimony

trichloride was poured into Teflon lined autoclave maintained at 180°C for 2-20 h. They
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have also studied the effect of reaction time over the morphology of nanowires.
According to them, as the reaction time increases from 2 to 20 h the morphology of
nanowires varies from irregular nanowire bundles (dia. = 60-110 nm and | = 2-5 um) to
the uniformly self-oriented nanowires with dimensions; dia. = 100-130 nm and | ~ 10
um [60]. Later on J. Zhou et al. has reported the synthesis of sheaf-like microcrystals of
antimony oxychloride (SbgO1,Cl,(H20)6). They have used SbCls, ethylene glycol, PVP
(poly-vinylpyrrolidone) and NaOH. A solution of SbCl3 was prepared in ethylene glycol
under constant stirring. Then ag NaOH solution was added dropwise to maintain pH.
After vigorous stirring for 5 h, the white precipitates of antimony oxychloride were
obtained. The precipitates were filtered, washed and vacuum dried at 50° C. They have
reported the particle size of | = 3-4 um and dia = 270 nm obtained from SEM [61]. In the
same year, Y. J. Zheng et al. has been prepared highly pure (99.50 %) antimony
oxychloride from high-arsenic refined bismuth dust in a process of hydrochloric acid
leaching [62]. Recently, hollow microspheres of Sb,OsCl, have been reported via pH-
regulated template free method. They have used SbCl; as precursor, solvents (ethyl
alcohol and water) and ammonia as pH stabilizers. By changing the pH of solution they
have prepared different nanostructures with diameter of several hundred nanometers and
length in microns [63]. During last half decade, different groups of researchers have
investigated the synthesis of Sb,OsCl, composites with various compounds. In 2014, P.
Li et al. has reported the synthesis of PbCl,/SbsOsCl, composite via simple solution
route. The prepared particles have size range of about 50-100 nm. They have also
compared its electrochemical behavior of the composite with PbSO,Cl [64]. In the
upcoming year, hydrothermal synthesis of three dimensional spherical microcrystals of
Sh,S3/Sh40sCl, has been reported by [65]. In the same year, Y. Liu et al. have explored
the synthesis of g-C3N4—Sb,S3/Sb,0sCl, by hydrothermal route [36].

No doubt these methods give good yield of halogenated antimony oxides but at least one

solvent is a must need for the shape and size control. Moreover these techniques are
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tricky and time taking. Up to our knowledge, this is the 1% study that investigates the
synthesis of two different nanostructures of antimony oxychloride via facile precipitation
method with a sole precursor. Moreover this work also includes the synthesis of polymer
based nanocomposites of antimony oxychloride nanostructures. The convenient handling
and utilization of single precursor is the key point of this study, without the use of any
organic or inorganic solvents. We report here the most facile synthesis/control of ID
nanorods and nanosheets along with the comparison of their optical and dielectric
properties with that of the bulk.

2.4  Applications of Antimony Oxychloride

Up till now, it has been studied that nanostructures have proved to be very efficient
materials in various optical, electronic and energy production as well as storage devices.
Specifically nanostructures of antimony oxychloride have been thoroughly studied
because of their diverse applications. Different compounds of Antimony oxychlorides
including (SbOCI, Sb40sCl,, ShgO,:1Cl,) exhibit a remarkable flame retardant properties
which can not only be used as a flame retardant alone, but can also give better synergistic
effects when employed in combination with a halogenated organic compounds [66]. Sb-
based oxide and oxychloride materials have also attracted attention due to their better
efficiency in energy storage devices [67]. As Sb4OsCl; is semiconductor in nature. The
photocatalytic activity of Sb,OsCl, composites has been reported. It has not only uses as
a photocatalyst alone but can be coupled with photocatalyst to improve their

photocatalytic activity for degradation of methyl orange [68, 36].
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Figure 2.2: Major applications of Antimony oxychloride
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Chapter 3

Experimental & Characterization

Techniques

3.1 Experimental

This chapter includes the synthesis of bulk and nanomaterials of ternary antimony

oxychlorides.
3.2 Synthesis of Bulk and Nanostructures-Sb,OsCl,

A feasible wet chemical approach has applied for the preparation of well-defined bulk
and nanostructures of antimony oxychloride. The wet chemical strategy is very
advantageous as compared to solid state approach as it is simple, environment-friendly,

economical and easy to handle. The list of reagents and precursor used are given below,

Table 3.1 List of chemicals and reagents used in synthesis

Chemicals and Molecular Purity Company
Reagents weight (amu) (%)

Antimony (111) 228.26 99 BDH
Chloride

Sodium 40 99 -
hydroxide

Acetone 46 99.5 AR
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3.2.1 Synthesis of Bulk material

A distinct room temperature synthesis of antimony oxychloride via solubility difference
method has been developed in this study. We first dissolved the precursor in the solvent
then add another solvent which has negligible solubility of precursor in it. The final
product was separated by filtration, washing and finally drying was carried out to
remove solvent. Antimony trichloride was used as source of antimony while sodium
hydroxide has employed as a structure directing agent. In the typical synthesis, 0.456 g
(2 mM) of antimony trichloride was added in a flask containing 10ml of acetone. The
solution was stirred until the salt is completely dissolved in it and a clear transparent
solution was obtained. In the next step, 10 ml of dist. water was added in flask, as a
result white color gel was formed. Afterwards 8-10 drops of ag 6 M NaOH were added
into the flask, resulting solution was stirred and covered with aluminum foil and was
placed static for five days. The whole reaction carried was out at room temperature.
After 5 days, white colored transparent large crystals were obtained. The crystalline
material was separated by filtration followed by washing (4-5 times) with distilled water
to remove unreacted precursor. At the end, the material was vacuum dried at 700 C for 2

h and sample was further used for characterization.

Step| « A transparent solution; 2 mM of SbClj in acetone.

" 10 ml of distilled water added, which turned it to white
gel.

* 9-10 drops of 6 M NaOH.

* Placed static for 4 days. 1
* Filtered, washed and vacuum dried at 70° C for 2 h. ]
« A white transparent crystals have obtained. ]

Figure 3.1: Graphical presentation of synthesis of bulk antimony oxychloride
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3.2.2 Synthesis of Nano Antimony Oxyhalides

In this work, Nano-Antimony Oxychloride has been prepared with various morphologies
and dimensions via precipitation method. This method is based upon the precipitation of
nano-sized particles within solvent. The inorganic metal salt, such as chloride, nitride etc.
is dissolved in the solvent to form hydrates for example, Al (H,O)s+ or Fe(H,0)s+. These
hydrates are added with basic solutions, such as NaOH or NH,OH. The hydrolyzed
species precipitate out and then filtered, washed to remove byproduct followed by drying

and calcined in order to get the final product [69].

By optimizing the conditions, antimony oxychloride nanostructures have been
synthesized via simple precipitation method. To prepare the nanostructures, we have
carried out the hydrolysis of antimony (111) trichloride (SbCl3) have been carried out with
three different amounts (0.0228 g (1 mM), 0.456 g (2 mM) & 0.684 g (3 mM) and added
to 20 ml of distilled water and the resulting solutions were heated for 30 min at 60° C.
The white precipitates thus obtained were filtered, washed with distilled water and dried
in vacuum oven at 70° C for about 2 h. The sample with 2mM concentration of SbCl; has
been selected for further experimentation because the particles obtained had refined
geometry and good yield. In order to control the size reduction, an another sample of
antimony oxychloride was prepared by hydrolyzing (2 mM) solution of SbCls in
ultrasonic bath, maintained at 60° C for about 1 h. This resulted in the formation of white
microcrystals of antimony oxychloride after separation through filtration, washing with

distilled water and drying in vacuum oven at 70° C for 2 h.

To further reduce the size from micro to nano-regime, the reaction materials have been
ultrasonicated for longer time interval. The white powder of antimony oxychloride
nanomaterials was obtained by ultrasonication of (2 mM) aqueous solution of antimony
(1) trichloride (SbCls) for about 2.5 h at 45° C. Afterward, the solution with precipitates

was centrifuged @12,000 rpm for 15 min. To remove the impurities, the washing (2-3
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times) of precipitates with distilled water was accomplished by centrifuging @210,000
rpm for 10 min. Lastly, to study the effect of drying and annealing on morphology of
nanostructures, the prepared nanomaterials were dried under two distinct conditions. The

drying in vacuum oven at 70° C for 2 h resulted in nanosheets while overnight drying of

in simple oven at 70° C yielded nanorods of antimony oxychloride.

-

2 mM aqueous solution
of SbClzin ultrasonic
bath

Experimentation and Characterization Techniques

Maintain the temperature
of ultrasonic bath at 45° C
for2.5h

@

o)

Washed the precipitates
via centrifugation
@10,000 rpm for 10 min

D

Vacuum drying at 70°C
for 2 h to get nanosheets

Figure 3.2: Graphical representation of synthesis of nano-antimony oxychloride
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3.2.3 Synthesis of PNCs Thin films

The polymer based nanocomposite (PNC) of the prepared nanosheets and nanorods have
been synthesized successfully. We have prepared the uniform thin films (PNC) with
three different compositions (1, 3 and 5 w/w % of synthesized nanostructures) in PVA
by facile solution casting method by following the synthetic strategy reported for
MWCNT/PVA nanocomposites [70] without employing any catalyst. A 5 w/v% aqueous
solution of PVA was prepared by continuous magnetic stirring at 40° C. When PVA was
dissolved completely, antimony oxychloride nanosheets (1, 3 and 5 w/w %) relative to
PVA was added in it. This solution was placed in ultrasonic bath for 2 h at 40° C to get
the homogenous mixture. To remove air bubbles, the magnetically stirred solution was
placed static for 1 h and subsequently poured solution was poured into washed petri dish
and air dried in oven at 40° C for 2 days. Similar procedure was employed to prepare the
thin films of PVA/antimony oxychloride nanorods of three different compositions (1, 3
and 5 w/w %). A thin film of neat PVA was also prepared as a reference.
Table 3.2 The synthetic route, reaction conditions and morphology obtained

Annealing
. Synthesis conditions Morphology
Sample Parameters studied Method temperature (° Obtained
C)/time (h)
Solubility
Bulk difference Room Large Crystals
temperature
method
1mM 60/0.5 Microstructures
Concentration 2mM Precipitation | 60/0.5 Microstructures
Microstructure effect 3 mM method 60/0.5 Microstructures
Ultrasonication 1h Precipitation 60/1 Microstructures
effect method
Sﬁa(i:rl:ur;[ Precipitation
X g method 45/2.5 Nanosheets
. 70°C for
Effect of drying oh
Nanostructures and annealing -
. Overnight
conditions drying at | Precipitation
20°C in method 45./2.5 Nanorods
air

29




Chapter 3 Experimentation and Characterization Techniques

Solution
1 wiw% casting 40/25 Thin film
method

Solution
3 w/w% casting 40/25 Thin film
method

Sb,0O5Cl,
nanosheets/PVA

Solution
5 w/w% casting 40/25 Thin film
Concentration method

effect Solution 40/25
1 wiw% casting Thin film
method

Solution 40/25
3 wiw% casting Thin film
method

Sbh,O5Cl,
nanorods/PVA

Solution 40/2.5
5 wiw% casting Thin film
method

3.3 Synthesis Chemistry

The bulk antimony oxychloride has been synthesized by simple solubility difference
method. Antimony (I11) trichloride is completely soluble in acetone while insoluble in
water that is why SbCl; was added in acetone to make clear solution and forms a complex
with acetone. When aprotic solvent added in the presence of base, charge transfer takes
place and Sb,OsCl, was obtained as a major product. The detailed reaction is given
below,

[(CH3 ),CLC 071Sb*Cl, + Hy0 = [(CH3),0HC 0~]Sh*Cl, + HCI
[(CHs),0HC 071Sb*Cl, + NaOH === Sb,05Cl,+(CHs),CO + NaCl + H,0

Overall reaction is
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SNaCl + H,0 + SHCI

The above reaction details show that acetone and water act as solvent, while sodium
hydroxide was employed as a structure directing agent.

The chemistry behind the synthesis of nanostructures of Sb,OsCl; is simple hydrolysis
reaction [71]. By the addition of SbCl; in a protic solvent like water, it becomes

hydrolyzed to give antimony oxychloride.
4SbCl; + 5H,0 = Sb,05Cl, + 10HCI
3.4 Characterization

X-ray powder diffraction data were collected from each compound in as-cast and
annealed state employing a Model STOE Germany operating at 40 kV and 40 mA using
monochromatic Cuk,, radiation in the range of (10°<26<100°). The powder samples
were coated with graphite using standard procedures and scanning electron microscopy
(SEM) via Electron Probe Micro-Analyses (EPMA) has been performed on an MIRA3
TESCAN Zeiss Supra 55 VP equipped with an EDX system operated at 10 kV. The

distance of electron beam from the sample is 6.35 mm.

The IR analysis carried out by PLATINIUM-ATR Model: ALPHA. Optical properties
have measured by PerkinElmer UV/VIS/NIR spectrometer Lambda 950 having the
spectral range of 190-3300 cm™. The powder samples was placed in sample holder to
scan the reflectance. The pellets of 12 mm diameter with thickness of 2.3 mm were made
by hydraulic press under pressure of 5 ton. Then these pellets were fixed one by one
between electrodes. Wayne Kerr model 6500B LCR meter having frequency range of 100
Hz - 5 MHz was employed for these measurements. The dielectric properties were

measured at room temperature.
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Chapter 4

Results and Discussion

This chapter includes the detailed results of synthesis, characterization, optical and

dielectric properties of the nano and bulk antimony oxyhalides materials.

4.1 XRPD & SEM Results

4.1.1 XRPD Results

XRPD has been employed to confirm the phase, crystal structure and the crystallite size
of bulk and nanostructures. The detailed analysis confirmed the structure type Sb4OsCl,
with monoclinic symmetry in space group P2,/C no. 14 for both; bulk and the
nanostructures. Table 4.1 depicts the lattice parameters, density and cell volume
obtained with generalized harmonic description during Rietveld refinement. The number
in parentheses gives the estimated standard deviation for the least significant figure of
the parameter. The refined structural parameters agreed quite well with the
corresponding single-crystal results [43]. Additional refinement of background has
carried out via linear interpolation between set background points with definable heights,
upon selected and saved points in a separate file type.bgr. This confirmed the purity of
prepared nano-morphologies and bulk antimony oxyhalides.

Table 4.1 Lattice parameters of prepared sample

sample Lattice parameters (A) . Density Cell
B () 3 Volume Ref.
Type a b c (g/cm’) (A)
Nanosheets | 6.225(1) | 5.103(1) | 13.512(3) | 97.24(1) | 5.30 426.1(1) | [This work]
Nanorods | 6.2360(6)| 5.1080(7)| 13.530(7) | 97.221(6) | 6.84 42757(9) | [This work]
SC* 6.2380(4)| 5.1112(3)| 13.538(2) | 97.217(8) | 4.95 428.22 [52]
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Bulk 6.2395(2)[ 5.1213(2)] 13.5304(5)] 97.2439(7) 428.90(4) | [This work]

sc 6.2410(2)| 5.1139(2)| 13.5357(5)| 97.2380(7)| 5.25 428.56(3) | [This work]
*SC-single Crystal data.

The goodness of fit index (y?) values are 1.24 and 1.04 for nanosheets and nanorods,
respectively. Variation in lattice parameters and unit cell volume is obvious in the data
presented in table 4.1 which is mainly due to the different oxygen contents in bulk,
nanorods and nanosheets. Figures 4.1 & 4.2 show the agreement between the calculated
and measured XRD patterns for the nanorods and nanosheets, following Rietveld
refinement method with the generalized harmonic description for preferred orientation

and symmetry correction.

-
= 19 ———— T T
o - ]
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Figure 4.1: Refined XRPD pattern of Nanorods
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Figure 4.2: Refined XRPD pattern of Nanosheets

Further figure 4.3 obtained from WinPloter, shows the comparison among the nanorods
and nanosheets Sb,OsCl,. The patterns show that all the peaks are identical but the
intensity of peaks is higher in the case of nanosheets which are due to the preferred

orientation of particles along (001).
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Figure 4.3: Comparison among XRPD of nanostructures of Sb,OsCl,

Debye—Scherrer Formula is most commonly used method to calculate the crystallite size
provided here [72],

__ka
BCoso

Where

K=0.94

A =0.154 nm

B = FWHM

It is a quick method to determine the crystallite size but it never takes into account the
peak broadening contribution due to micro-strain and the instrument. In Scherrer

equation, S parameter is full-width half maxima (FWHM) of observed peaks. Its value

35



Chapter 4 Result and Discussion

not only depends upon the material itself but also affected by instrument and micro-
strains in structure. Cullity et al. in 1978 has formulated an expression to calculate the

instrumental effect correction that is [73],

— 2
B - \/ﬁezxp - ﬁstandard

The micro-strains contribution towards the line broadening of diffraction peaks (B.) has

been determined by A. W Burton in 2009. The f, is measured by using formula,
Be = 4etand

To calculate the corrected value of B, the following equation is used

B=PBetfp

Another convenient method to nullify the effect of micro-strains is Williamson-Hall
(WH) plot [74] which is a plot between sin@ and Scosf /. The value of intercept and
slope gives the particle size and micro-strain respectively. The positive slope shows the
lattice expansion, while negative slope indicates the lattice compression and horizontal
slope specifies the presence of perfect crystal free of micro-strain [75]. The WH-plots for

nanosheets, nanorods and bulk have provided below
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Figure 4.5: WH Plot for nanorods
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Figure 4.6: WH plot for Bulk

The table 4.2 shows the comparison among crystallite size calculated form Scherrer

equation and WH- plot.

Table 4.2 Crystallite size calculated form Debye-Scherrer equation and WH plot

(D) f:rystallite*size (hm)* Cryitallite size (n*m)/Strain (%)™
NS NR Bulk NS NR Bulk

(211) | 532 | 1072 71

(-124) 55.3 55.3 7 57.2/ 90.7/ 104.2/

312) | 564 | 564 1376 0.2(2) 0.39(6) 0.0()

(400) 58.7 58.7 143

NS and NR stand for nanorods and nanosheets, respectively. ? calculated from Debye—Scherrer formula, ™ calculated
from WH-Plot.

4.1.2 SEM Results

The qualitative analysis and morphology of the samples were determined by SEM. The

SEM micrograph of the microstructures, nanosheets and nanorods of antimony
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oxychloride are shown in figure 4.7, 4.8 and 4.9. The morphology and compositions of
prepared microstructures by varying the precursor concentration and ultrasonication time
(1 h) have been provided in figure 4.6. These images confirm that the prepared particles
have composition Shssss Oso33 Cligz at % and size in micro range. Moreover, these
analysis have also delivered information about the microstructures of antimony
oxychloride prepared with (2 mM) are more fine as compare to other two concentrations.
Further ultrasonication helps us to reduce the size and avoid agglomeration of the
particles. In figure 4.8, where a and b images represented the overall morphology and
composition while figure 4.8c shows that one dimension of nanosheets which lies in a
range of 50-150 nm with the Sbsz 25 Os2.28 Cli25 at %. The extra peaks in EDX spectra can
be attributed to sample holder and graphite coating material. Similarly, fig 4.9a and b
parts show the overall morphology and composition of antimony oxychloride nanorods
while 1D nanorods confirmed by figure 4.9¢c with the composition Sbzz 73 Os.73 Cliss4 at
%. The synthesized nanorods have | ~2 um and dia. = 50-90 nm. The EDS spectra of
antimony oxychloride exhibited the ratio of Sb:O:Cl is 2:3:1 for nanosheets as well as

nanorods.

20KV X3,000 5pm 2016 SEI NUST 20KV X3000 Spm 2016 SEI NUST 20kV X2,000 10pm 2016 SEI NUST 200V X2000 10pm 10pm 2016 SEI NUST

Figure 4.7: SEM micrographs of antimony oxychloride microstructures prepared with

different concentrations and ultrasonication time
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Figure 4.9: SEM micrographs of antimony oxychloride nanorods with EDX spectrum
The table below shows the dimensions obtained from SEM data.

Table 4.3Dimenionsions and %age composition from SEM

Sample Type | SEM composition (at%<z 2 esd) Dimensions
Sb O Cl (SEM)

Microstructures| 35.36 50.33 14.3 Thickness ~ 2-3 um
I~ 5-10 pm

Nanorods 33.73 53.73 15.54 dia =50-90 nm
I ~2 um

Nanosheets 35.28 52.28 12.5 Thickness = 50-150 nm
I ~2 um

Bulk 35.61 46.62 18.02 <500 um

4.1.2.1 Annealing Conditions & Morphology of Nanostructures
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Various studies have proved that the morphology of nanostructures depend upon the
reaction time & temperature, drying conditions and annealing temperature & time [76-
78]. The effect of drying time has been studied over the morphology of different
nanostructures. The results of SEM analysis revealed that with the increase in drying time
(from 2 to 17 h) nanostructures change morphology from NS to NR because atoms have
more time to get aligned. Therefore atoms of Sbh, O, and Cl arranged themselves along
crystallographic preferred orientation and gave branches. This kind of preferred
orientations of crystallites have been observed in XRPD patterns of NR where the greater
intensity of peaks along (110), (111), (013) and (300) plans have been observed. By
comparing the XRPD pattern and SEM analysis, it has been verified that as drying time
increases the length of nanosheets increases consequently decreasing the diameters which
leads to morphology changes from NS to NR.

4.1.3 IR Analysis

FTIR analysis has been carried out to confirm the synthesis of SbsOsCl,
nanostructures/PVA composites. The IR spectra of individual SbsOsCl, nanosheets,
nanorods, PVA and nanocomposite have been provided below in figures 4.10, 4.11 and
4.12. The IR spectra of SbsOsCl, nanostructures (nanosheets and nanorods) are
comparable except variation in peak intensities. The IR spectrum of above mentioned
compounds show that separate bands for Sb,OsCl, and PVA are present in case of PNCs.
The presence of individual bands verifies that there is no chemical reaction taking place
during the synthesis of composites. A simple physical interaction has built up between
the nanostructures of Sh,OsCl, and PVA. Figure 4.12 also shows that as the weight % of
nanomaterial in PNCs increases the bands intensity of PVA peaks decreases successively.
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Figure 4.12: IR spectra of Sb,OsCl, Nanosheets/PVA and Sb,0sCl, Nanorods/PVA films
with different composition
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4.2  Properties

4.2.1 Optical Properties

Simple UV-Vis absorption spectroscopy has not proved much useful for the optical
properties of antimony oxychloride nanomaterial. No doubt the particle size was reduced
up to nanometer but it was difficult to get an ideal suspension of antimony oxychloride in
any solvent. Whereas, DRS UV (Diffused Reflectance Spectroscopy Ultra violet) has
proved a better technique for calculation of the optical properties and to ascertain the
band gap. The electronic band gap of resulting nanosheets and nanorods have measured
via DRS UV and compared with that of the bulk. In reflectance spectra provided in figure
4.13a, it is obvious that maximum reflectance occurred at about 405 nm. Further this
study reveals that nanostructures of antimony oxychloride have better reflectance ability
as compared to its bulk counterpart. The DRS UV study also allows the calculation of
band gap through Tauc’s plot (a plot of energy (eV) Vs (hva)™) [79]. In DRS UV, the
absorption factor is replaced by reflectance factor F(R) and it can be calculated by using
Kubelk-Munk expression given below [80],
(1-R)? K

FR) =—p—=7%

Where

R-Absolute Reflectance
K-Molar absorption co-efficient
S-Scattering co-efficient

A plot of Energy (eV) Vs hvF(R) ? has been plotted to approximate the value of E,

figure 4.13b shows a graph having estimated values of band gap for nanorods, nanosheets

43



Chapter 4 Result and Discussion

and bulk form of antimony oxychloride that is 3.34, 3.31 and 3.25 eV, respectively.
These results disclosed that as we move from bulk to nano-antimony oxychloride, the

band gap increases from 3.25 to 3.34 eV.
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Figure 4.13: (a) A plot of wavelength and %reflection of different nanostructures of
antimony oxychloride. (b) Shows the band gap values of nanosheets, nanorods and bulk

antimony oxychloride

In the case of bulk Sh,0sCl,, a greater number of adjacent energy levels overlap give a
continuous energy bands. While in the case of nanostructures of Sh,OsCl,, a finite
number of energy levels lead to the decrease in a number of overlapped orbitals,
resulting in discrete energy levels. So nanostructures have discrete (quantized) energy
levels instead of continuous ones. This causes the enhanced band gap due to the
confinement of electronic wave function to the physical dimensions of the particles [81].
Therefore we have observed the decrease in the band gap value as particle size increases
or vice versa. The Sh,OsCl, nanorods have the smallest particle size and have largest
band gap value i.e. is 3.34 eV while bulk has the highest particle size and the lowest

value of band gap i.e. is 3.25 eV.
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4.2.2 Dielectric Properties

The word dielectric is the combination of two words that means “No effect of direct
electric field or applied electric field”. Dielectric materials are those which do not show
any response toward an incoming electric field. Therefore insulators and semiconductors
fall in the category of dielectric materials. Dielectric properties are comprised of four
main components that are dielectric constant, dielectric loss, tangent loss and AC
conductivity as these are the important parameters to explore device application of
materials. Dielectric constant (¢) provides information about the ability of material to
become polarize (polarizability of material) or capacity of material to store applied
electric energy. Mainly, it is the ratio of the permittivity of material to that of the vacuum.
The value of dielectric has been calculated by using expression following

_Cxd
g_goxA

Where C is capacitance, d is the sample thickness, ¢, is permittivity of free space having
value 8.85x1012 Fm™ and A is the surface area of the sample [82]. Dielectric loss (¢
or dissipation factor is an imaginary part to determine the loss of electromagnetic energy
or the electromagnetic energy that is dissipated to align the particles along applied
electric field. The real part to calculate the energy loss is called tangent loss (tand) while
dissipation factor quantitatively parameterized by using the term known as tangent loss

factor. The equations to measure these two factors are given below [83, 84].

e”=¢eXxD.factor

144

tand = —
£

Lastly, AC conductivity (oqc) is the capacity or ability of material to allow the passage of

alternating current which can be calculated o, by the below given formula,
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Ogc = 27f €, tand

Out of the four types of polarization, i.e. electronic, ionic/atomic, dipolar or orientational
and interfacial polarization, we usually come in contact with a dipolar or orientational
polarization which takes place at the frequency about 1 k-1 MHz. The plot of In (F) and ¢
(given in fig 4.10a) shows a higher value of € for nanosheets (~87) as compare to
nanorods (~40) and bulk (~35.5). Nanosheets of antimony oxychloride show an ideal
response towards applied electric field and the value of dielectric constant goes on
decreasing with increasing frequency because at the higher frequency the molecules have
no time to orient themselves according to applied field. Therefore, they allow the passage
of electrons and become conducting. While in the case of nanorods and bulk form of
antimony oxychloride, there is no significant effect of frequency so the value of dielectric
constant almost remains same for the whole frequency range. A similar trend for
dielectric loss and tangent loss has observed for nanosheets, nanorods and bulk antimony
oxychloride as provided in figure 4.14b and 4.14c. The measured value of dielectric loss
for nanosheets, nanorods and bulk are 40, 1.4 and 0.5, respectively. The tan loss is 1.2 in
case of nanosheets and approximately near to zero for nanorods and bulk antimony
oxychloride. Another important component to determine dielectric behviour is AC
conductivity. A graph between In(F) and AC conductivity helps to measure the AC
conductivity of material shown in figure 4.6d which depicts higher value of AC
conductivity at lower frequency (5 kHz) in case of nanosheets, because the particles can
easily align themselves to applied field and permits the flow of electrons. But at a higher
frequency (7 kHz), the molecules do not have enough time to orient themselves with the
applied field. At high frequency, AC conductivity decreases due to arbitrary motion of
molecules in all directions and cause resistance along passage of current. Nanorods and
bulk do not have such a prominent response towards AC conductivity. At highest
frequencies (12 kHz), a phenomenon of hopping is observed in all three cases with the

most prominent one in bulk case. When the frequency of electron transfers, from one
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atom to another atom in the same molecule, becomes equal to the applied frequency,

resonance takes place. This resonance causes the enhancement in amplitude that is

observed in form of hop in the graph. This is may be due to some defect in structure etc.
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Figure 4.14: (a) Plot of In (F) and dielectric constant. (b) Plot between In (F) and
dielectric loss. (c) Graph of In (F) and tan loss factor and (d) plot of In (F) and AC

conductivity
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4.3  Conclusions and Future prospects

Different nanoforms, microstructures and the bulk single phase materials of Sb,OsCl,
have been prepared by using single precursor via simple wet chemical strategy. The
composition, morphology, geometry, crystal structure and crystallite size of materials
have been investigated by employing XRPD, EDX spectra and the SEM analysis.
Further, optical and dielectric properties of nanorods and nanosheets along with
comparison with the bulk counterpart has been studied. Optical properties clearly show
that nanorods of Sh4OsCl, have highest band gap, i.e. 3.34 eV as compared to those of
nanosheets and the bulk (3.31 and 3.25 eV, respectively). These properties depicts that
Sb40sCl, is a semiconductor whose band gap increases as we move from bulk to
nanoregime. In the case of nanosheets, the highest value of dielectric constant has been
observed, i.e. 87 as compared to that of nanorods and the bulk, 40 and 35.5, respectively.
These nanosheets have also shown that the highest value of dielectric and tangent loss
along with the increase in frequency due to the least crystallite size of this material.
Nanosheets have depicted higher AC conductivity at the low frequency while nanorods
and bulk material had no change throughout the frequency range. The hopping
phenomenon has been observed in all three cases with the most prominent one in bulk
case at higher frequencies. The PNCs is synthesized by using PVA as matrix for various
compositions (1, 3 and 5 w/w%) of SbsOsCl, nanorods and -sheets. IR analysis has

confirmed the synthesis of composites.

These properties; semiconducting nature, smaller crystallite and particle size make these
materials the potential candidates in energy storage devices and the better flame
retardants. The bulk form of this material is reported as a flame retardant material, so in
future this material can be used for synthesis of nanocomposite with different polymers

which may prove valuable materials for wire coating and textile industry.
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