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ABSTRACT

SnO; and SnS; nanomaterials were synthesized via co-precipitation and hydrothermal
methods. The resulting samples were characterized using XRD, FESEM, Ultraviolet-
Visible (UV-Vis) absorption spectroscopy, and FTIR. XRD analysis showed that both
synthesis methods produced pure phases of SnO> and SnS>. For SnO,, the
hydrothermally synthesized material showed sharper and more intense peaks
compared to the co-precipitation method, indicating better crystallinity. Similarly,
SnS; synthesized by the hydrothermal method showed well-defined, sharp, and intense
peaks, which confirms the improved crystallinity. FESEM analysis revealed a strong
dependence of morphology on the synthesis technique. Elemental composition and
purity of the SnO; and SnS; nanomaterials were determined using EDX. Researchers
used UV-Vis spectroscopy for studying optical characteristics of synthesized SnO» and
SnS; nanomaterials. FTIR analysis confirmed the presence of Sn-O and Sn-S bonds,
along with other functional groups. Overall, the results show that the synthesis method
and material structure together influence the structural, morphological, and optical

properties of the prepared nanomaterials.

KEYWORDS: SnO;, SnS;, Co-precipitation synthesis, Hydrothermal synthesis,
XRD, UV-Vis spectroscopy, FTIR, EDX.
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EDAX Energy Dispersive X-Ray Analysis

CHAPTER -1

INTRODUCTION

1.1 Nanomaterials

Nanomaterials are the basis of nanoscience and nanotechnology. Nanostructure
science and technology is a wide multidisciplinary area of study and development that
has seen rapid growth around the world in recent years. Materials with at least one
dimension smaller than approximately 100 nanometers are referred to as
nanomaterials. A nanometre is one-millionth of a millimetre - a human hair is about
100,000 times the size of a nanometre. Nanomaterials are interesting due to unique
optical, magnetic, electrical and other properties that occur at this size. These emergent
features could significantly impact electronics, medicine, and other industries [1]. At
the nanoscale, nanostructures can have 1D, 2D, or 3D dimensions. Nanomaterials are

categorized according to their dimensions as follows:
e 0-D nanostructures, such as spheres and clusters.

e 1-D nanostructures, such as films, coatings, and multilayers.

2-D nanostructures, such as tubes, fibers, wires, and platelets.

3-D nanostructures, such as particles, quantum dots, and hollow spheres [2].
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Fig. 1.1 Types of nanomaterials: a) 0D, b) 1D, ¢) 2D, d) 3D Nanomaterials (Source:

Fehim Findik, Nanomaterials and Their Applications) [3]

Nanomaterials are categorized into various types based on their morphology, size,
properties, and constituent components. These include carbon-based, metal,
semiconductor, polymeric, and lipid-based nanomaterials [3]. Nanomaterials have
found widespread applications in various fields due to their unique physicochemical
properties. In the construction industry, they are used to improve the mechanical
strength and durability of materials through advanced nanocomposites and coatings.
In the field of medicine, nanomaterials play a crucial role in drug delivery, diagnostics,
and biomedical devices. They are also applied in agriculture to enhance the efficiency
of fertilizers and pesticides [4]. Furthermore, nanomaterials are extensively used in
environmental applications such as water purification and pollution control, as well as
in energy-related technologies, including solar cells, batteries, and catalysis [5].

Classification of Nanomaterials by Composition

They can also be classified according to the composition and structure of the materials.
The physical, chemical, electrical, optical and mechanical properties of the
nanomaterials depend on the material they are made of. The major categories are
carbon-based, metal-based, metal oxide-based, polymer-based and composite-based

nanomaterials.

1. Carbon-Based Nanomaterials:

Carbon-based nanomaterials are made entirely of carbon atoms in an ordered structure
at the nanoscale. These nanomaterials are widely studied for their mechanical strength,

electrical conductivity, high thermal stability, and high surface area to volume ratio.

9
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There are several allotropes of carbon existing at the nanoscale, such as fullerenes,

carbon nanotubes, graphene, and carbon quantum dots.

Fullerenes: These are spherical and cage-like molecules composed only of carbon
atoms with an arrangement in the form of hexagonal and pentagonal rings. The most
common Fullerene is the C molecule and is called the Buckyball. These are considered
to have special optical and electrical properties and are widely investigated for

photovoltaic and medical applications, as drug delivery systems and bio-imaging.

Carbon Nanotubes: These are cylindrical molecules formed by the roll-up of single or
multiple layers of graphite. Carbon nanotubes can be classified further into single-
walled (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). They possess
unique properties such as strength, high electrical conductivity and flexibility, making
them ideal for nanoelectronics, sensors and reinforced composites as well as energy

storage.

Graphene: Graphene is a 2D material made up of only carbon atoms arranged in a
honeycomb structure with high electrical and thermal conductivity, strength and the
lowest weight among materials known. It has applications in smart electronics,

supercapacitors, transparent conductive layers and biosensors.

Carbon Quantum Dots: These are tiny nano carbon particles that produce strong
fluorescent light when excited and also have unique chemical and biological properties
with excellent stability and bio-compatibility, useful in bio-imaging, biosensing, light-

emitting devices, and photocatalysis.

2. Metal-Based Nanomaterials:

These are composed of pure metallic nanoparticles such as Au, Ag, Pt and Pd.
Nanoparticles of metals display specific properties that are different from their bulky
counterparts. These specific properties at the nanoscale include optics, catalytic and
magnetic properties and electronic effects which occur due to quantum confinement

and high surface-area-to-volume ratio.

10
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Gold nanoparticles: They are highly investigated due to their superb bio-compatibility,
specific surface plasmon resonance properties, useful for drug delivery and imaging,

and also used in sensing and cancer therapy. Their optical properties are easily tunable.

Silver nanoparticles: These nanoparticles have shown superior antibacterial and anti-
fungal activity and therefore are widely used in medical coating applications, the
textile industry, wound dressings, water purification and also in the packaging

industries.

Platinum and Palladium Nanoparticles: Both of these nanomaterials are widely studied
and used for their excellent catalytic properties. They are used in fuel cells, hydrogen

storage, and chemical reactions.

3. Metal Oxide-Based Nanomaterials:

Metal oxides composed of metal and oxygen are semiconductors with unique magnetic
and photocatalytic properties, which make them attractive for applications in

environmental protection and industry.

Titanium Dioxide Nanoparticles: Used extensively for its photocatalytic property,
these nanoparticles absorb ultraviolet rays, which is exploited in the production of
sunscreens, self-cleaning surfaces, air and water purification systems. They effectively

degrade organic compounds and harmful microorganisms.

Zinc Oxide Nanoparticles: This semiconductor exhibits strong antibacterial activity
and UV-blocking properties and is used for sensors, smart optoelectronic devices and
in medicine for a wide range of applications due to low toxicity and high chemical

stability.

Iron Oxide Nanoparticles: These are magnetic nanomaterials and therefore are utilized

in MRI's, for the delivery of drugs at targeted sites and also in magnetic storage media.

4. Polvmer-Based Nanomaterials:

11
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These nanomaterials are fabricated using naturally occurring or synthetic polymers.
They are extremely important in biomaterial science as these materials are

biocompatible and biodegradable.

The materials discussed include nanospheres, nanocapsules, dendrimers, and
polymeric micelles. Nanospheres are solid particles in which the desired components
are distributed within a polymer matrix whereas nanocapsules involve a polymeric
coat surrounding the drug material. Dendrimers have a branched structure with a
multitude of surface functionalities. Their important applications include controlled
delivery of drugs and gene therapy, wound healing, vaccine delivery, and the

development of smart diagnostic and therapeutic devices.

5. Composite Nanomaterials:

A composite nanomaterial is formed by mixing two or more nanomaterials or by
incorporating nanoparticles into the matrix of another nanomaterial. The addition of
nanoscale materials results in improvement of mechanical, electrical, optical, thermal
and chemical properties of the resulting material. They offer excellent strength,
durability, corrosion resistance and also electrical conductivity, compared to their
conventional counterparts. Composite nanomaterials can be polymer based, ceramic
based or even metal-based. The applications of composite nanomaterials lie in
aerospace and automotive fields, the sports equipment industry, food packaging, and

advanced electronics.

Among all nanomaterials, metal oxide and metal sulfide nanoparticles are the most

widely used due to their unique characteristics and broad range of applications.

Metal Oxide Nanomaterials

Among various nanomaterials, metal oxide nanomaterials are one of the widely studied
ones due to their prominent optical, electrical, catalytic and thermal properties. These
are characterized by their good chemical stability, large surface area and adjustable
electronic properties on nanoscale dimensions. Their applications are found in gas

sensors, photocatalysis, solar cells, batteries, the biomedical field and environmental
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cleanup. Out of several metal oxides, tin oxide is being explored extensively due to its
high electron mobility, strong oxidation stability, large band gap and superior sensing
performance. Applications are found in gas sensing, lithium-ion battery,

photocatalysis, optoelectronics, and transparent conducting oxide electrodes.

Metal Sulfide Nanomaterials

Metal sulfide nanomaterials are a key class of semiconductor nanomaterials showing
fascinating optical and electronic properties as they have a narrow band gap and strong
absorption in the visible light region. Their research interest is developed in the field
of photocatalysis, solar cells, energy storage and sensors. Among metal sulfides, tin
disulfide is an important layered semiconductor material that has shown great potential
due to its good optical absorption, environmentally friendly nature, high surface area,
and efficient charge-transport characteristics. Its applications are found in

photocatalytic degradation, energy storage, photodetectors and gas sensors.

As far as the metal oxide nanomaterials are concerned, characteristics that give these
nanophase materials vital importance in nanotechnology today are: their nonlinear
optical properties vary from material to material, higher ductility at high temperature
than coarse-grained ceramics, cold welding feature, superparamagnetic behaviour, and
unique catalytic, sensitivity and selective activity [6]. Metal sulfide nanoparticles have
come to the forefront owing to their photovoltaic and electrochemical properties,
which show promise against metal oxide nanoparticles. While nanoparticles are widely
utilised for their remarkable performance in diverse fields, including catalysis, sensors,

electronics, cosmetics, and photovoltaic devices, there is room for further development

[7].
1.2 SnO2 nanomaterial

Tin(IV) oxide (Tin oxide or stannic oxide) is one of the well-known metal oxide
semiconductors used for electronics, gas sensors, solar cells, photocatalysis and energy
storage devices. Its chemical formula is SnO», in which the tin is at the +4 oxidation
state and oxygen is at -2 oxidation state. Typically, it is a white crystalline solid and is
known for its high chemical and thermal stability. The material is an n-type

semiconductor due to intrinsic oxygen vacancies and tin interstitial defects, giving free
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electrons as charge carriers. It has a wide direct band gap of about 3.6 eV, and the film
is transparent in the visible region, yet electrically conductive. Hence, this optically
transparent and electrically conductive property is well explored in the application for
transparent conducting electrodes and optoelectronic devices. It crystallizes in the
tetragonal rutile crystal structure with space group P4/mnm. Each tin atom is
octahedrally surrounded by six oxygen atoms, and each oxygen atom is tetrahedrally
surrounded by three tin atoms. Rutile structure is also responsible for its superior

mechanical strength and thermal stability.

Some of the key properties of SnO; are:

1. Wide band gap (approx. 3.6 eV), which makes the material optically transparent.

2. High electrical conductivity is achieved due to the existence of oxygen vacancies in

the SnO; film.

3. Good thermal and chemical stability.

4. Sensitive to gases and hence used in gas sensors.

5. Good electron mobility and rapid charge transport.

6. High surface-to-volume ratio in the case of nanostructured SnO,.
7. Environmentally friendly and non-toxic material.

8. Strong photocatalytic activity in UV light.

All these excellent properties of SnO, make it widely explored in the form of thin films
or nanostructures for its applications in gas sensors, lithium-ion batteries, solar cells,

supercapacitors and photocatalytic degradation of pollutants [8].
1.2.1 Synthesis methods of SnO2

Several synthesis methods, including sol-gel, hydrothermal, co-precipitation, chemical
vapour deposition, and microwave-assisted routes, have been applied to fabricate SnO»
nanostructures. However, hydrothermal and co-precipitation routes are commonly
chosen because of their simple, inexpensive, and controllable methods for shaping

morphologies [9].
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Fig. 1.2 Classification of Synthesis routes for nanomaterials.

Chemical synthesis is one of the most popular synthesis strategies for creating

nanomaterials because of their ease of use, affordability, and capacity to regulate

particle size and shape.

1.2.2 Applications of SnO2

Gas Sensors

Gas sensors are the major application for SnO> nanomaterials. Tin oxide is highly

responsive towards a wide variety of toxic and combustible gases such as Ha, CO, CHa,

NH3, N>O, ethanol and NOx. The basic principle for gas sensing is the change in

electrical resistance due to the adsorption and desorption of gas molecules onto the

surface of SnO> nanoparticles. The high surface-to-volume ratio of SnO:

nanomaterials provides high interaction with gas molecules for good sensitivity and

rapid response time. Therefore, SnO»-based gas sensors are widely employed for air

quality detection, industrial safety, domestic gas leak detection, environment
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monitoring, etc. Compared to bulk materials, gas sensors utilizing nanostructured SnO
in the form of nanowires, nanosheets, and nanoparticles display excellent sensing

performance because nanoscale materials have more sites for adsorption [10].

Photocatalysis

SnO> nanomaterials have been utilized as effective photocatalysts for water
purification and wastewater treatment. Upon irradiation, light creates electron-hole
pairs within SnO», and subsequent redox reactions degrade organic pollutants and kill
microorganisms. It is effective for the removal of colors, pesticides, and
pharmaceutical contaminants from wastewater, as well as for removing poisonous
organic substances from water. High stability against chemical attack makes it suitable
for long-term application. It is often used in combination with other semiconductor
materials as a heterojunction photocatalyst with better charge separation and visible

light activity[11] .

Lithium-Ion Batteries

SnO; nanomaterials are used as the anode material for lithium-ion batteries owing to
their high theoretical capacity and good performance. They react reversibly with Li+
during charging and discharging. High surface area provides a higher reaction surface
area for faster Li+ diffusion and higher energy density. This would result in good
capacity and cycling stability. Anode made from SnO, nanoparticles, nanofibers, and
nanosheets has shown very high performance. Volume expansion during Li+ insertion

still requires improvement using various compositing strategies [12].
Solar Cells

SnO> nanomaterials were used widely as transparent conductive electrode material and
electron transport material in photovoltaic and solar cell devices due to their excellent
transparency and conductivity. In dye-sensitised solar cells and perovskite solar cells,
efficient electron transport is promoted by SnO; and charge recombination loss is
reduced. The wide band gap of SnO> means high transparency in the visible light
range, allowing most of the light to be absorbed by the active layer. Use of
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nanostructured SnO; can also increase the efficiency and stability of the solar cell

devices [13].

Transparent Conducting Electrodes

SnO» has good transparency and electrical conductivity; hence, it can be used as a
transparent conductive electrode material. In liquid crystal displays, touch screens,
display devices, smart windows, and transparent windows for buildings, SnO; films
can be applied to a glass substrate. For optoelectronic devices, FTO(fluorine-doped tin
oxide) can achieve higher conductivity with transparency. This has been widely used
as a transparent electrode for solar cells, electrochromic devices, displays, sensors, etc

[14].

Catalysis

SnO; nanomaterials have good catalytic and electrocatalytic activity due to their high
surface area and active surface sites. They are used as catalysts and support for the
reactions of oxidation, fuel cells, chemical synthesis, etc. In terms of catalytic
application, SnO2 nanomaterials can enhance the rate and selectivity of reactions. They
offer high catalytic efficiency because of many sites for adsorption and reaction. They

can also be used to decompose various harmful gases and pollutants [15].
Biosensors

SnO> nanomaterials were successfully used for biosensing applications owing to its
good biocompatibility, high electron mobility and high reactivity. It helps the electron
transfer between the electrode surface and biomolecules rapidly. The potential for
application of SnO; nanomaterials is in glucose sensors, cholesterol sensors, DNA
sensors, and other biomolecule sensors for health monitoring and diagnostics. It shows
good sensitivity and fast response. By incorporating SnO» nanoparticles into biosensor

platforms, high sensitivity and signal amplification were obtained [16].

Environmental Remediation

SnO; nanomaterials can be used as an effective tool for environmental purification. It
possesses excellent photocatalytic and adsorption ability to decompose contaminants.

By photocatalysis, the toxic organic compounds and pathogenic microorganisms were
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removed from the wastewater; heavy metal ions were removed from the water, and
toxic gases in the atmosphere were decomposed. Due to its stability and reusability. It

is a good choice for sustainable environmental cleaning technology [17].

Onptoelectronic Devices

SnO> nanomaterials are explored for application as optoelectronic devices such as UV
detectors, light-emitting devices and photodetectors because of their good electron
transport and wide band gap under UV light irradiation. They can be integrated into
flexible electronics and transparent electronics because they have good mechanical

strength and transparent properties [18].

Biomedical Applications

Some applications for biomedical fields have been explored, such as drug delivery
carriers, antimicrobial coating and anticancer treatment. SnO> nanoparticles display
antimicrobial properties against different pathogenic organisms. They can also make
close contact with the biomolecules as the nanoscale materials, but more studies should

be done on the toxicity and biocompatibility [19].

1.2.3 Co-precipitation Method

Among all wet chemical methods for synthesising SnO: nanoparticles and
nanostructures, co-precipitation is considered the most popular one owing to its
simplicity, low cost and easily controlled size and morphology of the particles. In this
approach, a tin precursor salt like tin chloride (SnCl; or SnCly) is dissolved in distilled
water to obtain a homogenous solution. The addition of a precipitating agent like
sodium hydroxide (NaOH) or ammonium hydroxide (NHOH), slowly increases the

solution pH, resulting in tin hydroxide precipitation.

The basic principle of the co-precipitation is the decrease in the solubility of metal ions
in the solution. When the concentration of hydroxide ions is over the limit of solubility
product, the tin ions react with the hydroxide ions, forming insoluble tin hydroxide

precipitates as:
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SnCly + 4NH,OH — Sn (OH)4 + 4NH4Cl (1.1)

The precipitates are then filtered and washed multiple times so as to remove the
impurities. Afterwards, the dried tin hydroxide precipitates were heated to high
temperature, usually ranging from 400°C to 700°C, and converted to crystalline SnO>

nanoparticles according to the reaction:
Sn (OH)y —B» Sn0; + 2H,0 (1.2)

The precipitation occurred via nucleation and particle growth mechanisms, where
nuclei were formed first in the supersaturated solution, and they later grew into
nanoparticles by diffusion and agglomeration. The size and morphology of SnO;
nanoparticles synthesized by this method depend heavily on different parameters such
as concentration of precursor salt, pH, reaction temperature, stirring speed, ageing time
and calcination temperature [20]. Different nanostructures, including spherical
nanoparticles, nanorods, nanoflowers, porous structures and nanoclusters, were
achieved through tuning those parameters. High surface area and nanometer-scale
grain size of the co-precipitated SnO> nanostructures are extremely beneficial for
applications like gas sensing, photocatalytic and electrochemical applications. Low
calcination temperature favours the formation of smaller particles and hence higher
surface area, whereas increasing the calcination temperature might enhance
crystallinity but tends to induce particle agglomeration. Co-precipitation is a simple,
low-cost and well-suited method for large-scale preparation of SnO; nanostructures
with good chemical homogeneity and high purity. There is no need for any special
equipment, and dopants can easily be doped in the SnO> lattice to enhance the
electrical, optical, and sensing characteristics of SnO>. One of the limitations is the
particle aggregation during the drying and calcination process; also, careful control of
pH and washing conditions is crucial for the uniformity of nanoparticles. Due to all
these advantages, co-precipitated SnO: nanostructures are being applied in gas
sensors, Li-1on batteries, solar cells, transparent conductive films, supercapacitors, and

photocatalytic degradation [21].
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Crystal Growth

SnO2 nanoparticles

Fig. 1.3 General flowchart for the synthesis of SnO> by co-precipitation method.

7 turnitin

1.2.4 Hydrothermal Method

The hydrothermal method is one of the most promising and popular strategies for
preparing tin oxide nanostructures with controlled morphology, high crystallinity and
good size uniformity. The hydrothermal method is a chemical method in which the
reactions occur in a sealed vessel called an autoclave under high temperature and high
pressure using an aqueous solution as a reaction medium. Due to the well-defined
nanostructures that can be achieved under relatively low temperatures, the
hydrothermal method is used in synthesizing SnO, nanoparticles, rods, wires, sheets,

and complex micro and nano-structures.

The fundamental principle of the hydrothermal method is the increased solubility and
reactivity of precursors in water at high temperature and high pressure. At high
temperatures and high pressures, water is a potent solvent, and the solution is an active
reaction medium, favouring nucleation and crystal growth. The tin precursors, such as
SnCls. H2O or SnCl2H2O were dissolved in distilled water. A precipitating or
mineralising agent, such as NaOH, NH4OH, or urea, was added to the solution to

control the pH value. The obtained solutions were introduced into a Teflon-lined
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stainless steel autoclave and heated at relatively low temperatures (commonly in the

range of 120-220 C) for several hours [9].

The reactions occur at high temperature and pressure, which leads the tin ions in the
solution to be hydrolyzed and react with hydroxide ions to form the tin hydroxide
nucleus. Further crystal growth under hydrothermal conditions leads to highly

crystalline SnO; nanostructures. The overall reaction processes were:
Sn** + 4OH —> Sn(OH)4 (1.3)

followed by thermal dehydration:

Hydrothermal conditions
Sn(OH); ——— Sn0; + 2H>0 (1.4)

The growth of the SnO: nanostructures in the hydrothermal method is through the
nucleation and growth mechanism. The precipitation process begins with nucleation,
which forms the tiny nuclei. Then the nuclei grow slowly by dissolving and re-
crystallization and through Ostwald Ripening, which allows them to grow into high
crystalline nanostructures. The structure of the products is influenced by the synthesis
parameters such as precursor concentrations, solution pH value, reaction temperature
and duration, surfactants, and mineralizing agents. The most significant advantage of
the hydrothermal method is the control over the shape and crystallinity of the product,
it is suitable for obtaining a wide variety of SnO> nanostructures (nanoparticles,
nanorods, nanoflowers, nanotubes, nanosheets, hollow spheres, complex structures,
etc.). Higher reaction temperature and longer reaction time promote anisotropic crystal
growth. Surfactants or capping agents help to direct the growth and control particle
growth. Hydrothermally synthesized SnO: nanostructures possess high purity, uniform
particle distribution, narrow size distribution, high surface area to volume ratio, which
in turn boosts the sensing properties toward certain gases, photocatalytic performance,
and optical and electrochemical characteristics of the materials, as these properties
highly depend on the size and morphology of the nanoparticles. Larger surface area to
volume ratio increases the gas adsorption and provides more active sites on the surface
that can directly participate in gas sensing reaction or catalytic reaction. In comparison
to the conventional synthesis method for nanostructures, such as high-temperature

calcination in tube furnaces, the hydrothermal method has advantages like making
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fully crystalline materials without annealing at extremely high temperatures. Besides
that, it is a relatively simple and easy-to-handle, cost-effective, and environmentally
friendly method that is available for synthesizing unique morphologies and shapes of
nanostructures. Furthermore, it also allows the doping of metal elements and the
formation of compounds easily by using various precursors. On the other hand, the
main drawbacks were that it was difficult to scale up because of its limitations for the
size of the autoclave used, and the reaction time was relatively long for complete
reaction. Hydrothermally synthesized SnO; nanostructures have many applications
such as gas sensors, rechargeable batteries, supercapacitor materials, solar cells,
photocatalyst, transparent conducting films, and materials for environmental

protection applications [22].

Tin salt precursor

High temperature and pressure
Supersaturation and nucleation

Cooling and Drying

Crystalline SnO2 nanostructures

Fig. 1.4 General flowchart for the synthesis of SnO2 by hydrothermal method.

1.3 SnS2 nanomaterial

Tin disulfide (SnS») is a kind of important layered metal chalcogenide semiconductor
and has attracted a great amount of attention due to its superior optical, electrical,
photocatalytic, and electrochemical properties. The chemical formula of tin disulfide
1s SnS», where tin has +4 oxidation states and sulfur has 2 oxidation states. Typically,
SnS, shows yellow or golden-yellow crystalline material, and it has good chemical

and thermal stability. SnS> is an n-type semiconductor with a band gap in the range of
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2.0-2.4 eV(shown in Fig. 1.5), depending on synthesis conditions, particle size,
crystallinity and morphology. Since its band gap falls in the visible light region, SnS,
can absorb visible light very well, and this is why it has potential for use in
photocatalytic and photovoltaic applications. The relatively small band gap in
comparison with many oxide semiconductors would help to achieve stronger visible

light-driven charge carrier generation.

Energy(eV)
Conduction
-1.0
E(CB)=-0.6eV Band(CB)

0 |
Band Gap
(Eg=2.0-24¢eV)
Direct Band Gap

10—

E(VB)=1.6eV
- Valence
’ Band(VB)

30 |

Fig. 1.5 Band Gap diagram of SnS»

The structure of SnS; crystallizes with a hexagonal layered CdI-type crystal structure
belonging to the P-3m1 space group. In this crystal structure, a layer of tin atoms is
located between two layers of sulfur atoms, S-Sn-S layers, which are stacked together
by weak van der Waals forces. The layered structure enables facile exfoliation into
two-dimensional nanosheets and ultrathin layers of 2D nanostructures [23]. In order to
achieve its highly anisotropic electrical and optical properties along different
directions, it can exploit its own layer-structured property. The synthetic method to
prepare the SnS; nanostructures includes hydrothermal, solvothermal, chemical
vapour deposition, co-precipitation, microwave-assisted and sol-gel synthesis. The
hydrothermal and solvothermal synthesis are the most used methods among those
described above because they can control the morphology, high crystallinity and

uniform distribution of particles. Different forms of SnS», such as nanosheets,
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nanoflakes, nanoflowers, nanoplates, nanoparticles and hierarchical microspheres
have been successfully synthesized by controlling the precursors' concentration, pH,
temperature, reaction time, surfactants, and so on. The remarkable properties are
shown by SnS: strong visible light absorption, good photoconductivity, large surface
area (in nanostructured form), efficient charge transportation and excellent
photocatalytic performance, etc. The layered structure facilitates the rapid separation
and transfer of photogenerated electron-hole pairs, hence enhancing the photocatalytic
and photoelectrochemical performance. The large surface area available in SnS
nanostructures may act as a good platform to hold more active sites and promote the
adsorption and catalytic activities. Based on those excellent properties, SnS; is widely
investigated 1in applications including degradation of pollutants through
photocatalysis, hydrogen generation, Li-ion battery, Na-ion battery, supercapacitor,
photodetector, gas sensor and solar cell. SnS; can show remarkable efficiency in the
degradation of dyes and environmental pollutants under visible light. In battery
applications, the unique layer structure permits easy intercalation and high theoretical

capacities[24].
1.3.1 Synthesis methods of SnS:

For the synthesis of SnS> nanostructures, several approaches such as hydrothermal,
solvothermal, co-precipitation, chemical vapour deposition (CVD), microwave-
assisted and thermal decomposition methods have been reported. Morphology, particle
size, crystallinity and surface area of SnS are highly sensitive to several parameters
such as temperature, precursor concentration, pH, reaction time and surfactants used
in synthesis processes. The hydrothermal method is one of the most widely used
methods because it allows high control over morphology, crystallinity and size of
nanostructures. In hydrothermal conditions, SnS> can be synthesized as nanobelts,
nanosheets, nanoplates, nanoflowers and hierarchically organized microspheres.
Smaller nanoparticles and ultrathin nanosheets are prepared at lower temperatures,
whereas higher temperatures and longer reaction times promote a flower-like, layered
structure with high crystallinity. This method is attractive because of its simplicity, low
cost, eco-friendliness and capability of producing highly crystalline nanostructures

with larger surface area and homogeneous morphology. Similar to the hydrothermal

24

Z'l—.l turnitin Page 31 of 78- Integrity Submission Submission ID  trn:0id:::27535:140934125




zll—.l turnitinm Page 32 of 78 - Integrity Submission Submission ID  trn:oid:::27535:140934125

method, in the solvothermal method, organic solvents are used instead of water [24].
It is useful for the synthesis of ultrathin layered nanosheets and well-defined flower-
like structures with tunable thickness and enhanced optical properties. The co-
precipitation is a simple and inexpensive wet chemical technique, where Sn-salts and
S-precursors react with each other to form the precipitates of SnS,. Nanoparticles and
agglomerated grains with sizes between tens and ~100 nm are generally prepared via
the co-precipitation method. The morphology control is rather limited compared to the
hydrothermal method, but the co-precipitation method is very useful for industrial
purposes because of its simple process, low cost, low reaction temperature, and
scalability. CVD is generally applied for the fabrication of quality thin films and a 2D
layer of SnS> nanosheets for optoelectronic and electronic devices. The microwave-
assisted synthesis offers a method for the quick synthesis of uniform particles with a
small size due to fast and homogenous heating. Among all these methods,
hydrothermal and co-precipitation methods are the most attractive ones because they
are simple, economical, require relatively less sophisticated equipment and also allow
good control over particle size and morphology and thus produce well-crystalline
nanostructures with large surface area, which are suitable for photocatalysis,

electrochemistry, and energy storage applications [25].
1.3.2 Applications of SnS2
The major applications of SnS; can be categorized as follows:

Energy Storage Devices:

SnS; has been applied in many electrodes such as those for lithium-ion battery,
sodium-ion battery and supercapacitor due to its highest theoretical specific capacity
and layered crystal structure. This layered structure permits fast insertion and
extraction of ions during charging-discharging process, so as to improve the
electrochemical performance. Moreover, the high surface area and the short diffusion
pathways of ions of SnS> have contributed to energy storage efficiency, high charge
capacity and excellent cyclic stability of devices. To enhance the conductivity and
mechanical stability of SnS: for advanced battery devices, it is usually doped with

carbon based materials, e.g. Graphene [26].
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Photocatalysis:

SnS; has a suitable band gap and absorbs well in the visible light range and therefore
serves as an efficient photocatalyst. Light-induced charge transfer of electron and hole
pairs on the surface of SnS is beneficial for redox reactions. For this reason, SnS; has
been employed in the degradation of hazardous organic dyes and pollutants contained
in wastewater and research in photocatalytic water splitting to generate hydrogen as a
clean and renewable energy source has been made by the team. High surface activity
and good charge separation efficiency also promote the photocatalytic ability of SnS;

[27].
Gas Sensors:

SnS; nanostructures are known to be highly sensitive towards a variety of toxic and
flammable gases such as NO, NHj, ethanol vapour, and H>S. When those gas
molecules adsorb to the surface of SnS, the resistance of the material will vary due to
a change in electron concentration. Because of the large surface to volume ratio, high
sensitivity and fast response to toxic gases at low concentrations, SnS; is regarded as
a promising sensing material for air-quality monitors and other applications for

environmental sensing, industrial safety, etc [28].

Solar Cells and Optoelectronic Devices:

SnS; exhibits excellent optical and semiconducting characteristics with a suitable band
gap, high absorption coefficient and good carrier mobility, so it has been widely used
in thin-film solar cells in which light harvesting and energy conversion can be highly
efficient. Apart from this, SnS; is also useful for photodetectors, phototransistors,
field-effect transistors and so on. Furthermore, due to its 2D layer structure and

nanoelectronic feature, SnS; may also find some applications [29].

Lubricants and Tribological Applications:

The layered crystalline structure allows sliding between layers to minimize friction,
therefore, SnS» is useful as solid lubricant in mechanical and industrial systems at high
temperature or vacuum condition since liquid lubricant usually fail at such condition,

thus preventing wear and increasing service life of components [30].
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Biomedical Applications:

Recent work revealed the potential of SnS> nanostructures in the biomedical field
based on their unique optical and surface characteristics. The use of SnS;
nanomaterials for the development of drug delivery systems, bioimaging and anti-
bacterial materials and photothermal therapy has been studied. The high surface area
of the SnS; nanostructures is good for carrying drug molecules, and its optical property
is useful for imaging. The research is, however, still mainly in the laboratory stage

[31].
1.3.3 Co-precipitation Method

A facile, inexpensive and widely used wet chemical synthesis method for preparing
SnS; nanoparticles and nanostructures is the co-precipitation method. This method
involves the formation of an insoluble SnS; precipitate from a homogeneous solution
of Sn and S ions. A Sn precursor, such as SnCl, is dissolved in water, and then a sulfur
source, such as thiourea or sodium sulfide, is added slowly to the solution with constant
stirring. Once the sulfur ion concentration is beyond the solubility of the SnS; particles,

Sn ions and S ions get precipitated as SnS». The following reaction can be represented.
Sn*? + 287 —» SnS; (1.5)

The precipitation happens in the processes of nucleation and growth of the particles.
At the beginning, a small nucleus of SnS: particles is formed by the supersaturation of
ions. Particles start growing further through the aggregation of particles. Control over
parameters like pH, precursor concentration, temperature, speed of stirring, calcination
temperature, etc., plays an important role in the determination of particle size and
morphology. This method has resulted in nano-sized particles and aggregated nano-
clusters and grains with a size in the range of a few nanometers to close to 100nm. For
a lower precursor concentration and under control of pH values, the particle size may
be significantly reduced, whereas an increase in calcination temperature provides
higher crystallinity, which tends to increase the aggregation of particles. An advantage
of using the co-precipitation method for SnS, nanomaterials preparation is: low cost,
low temperature of the reaction and suitability for large-scale production. The

experimental setup required is simple and not very expensive. This method provides a
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homogeneous mixture of the starting elements and also a large surface area of the
resultant nanomaterials. For these reasons, co-precipitated SnS, nanomaterials are
used in various applications such as photocatalysis, gas sensors, lithium-ion batteries,

supercapacitors, and solar cells, etc [32].
1.3.4 Hydrothermal Method

The hydrothermal method is one of the most commonly used techniques for
synthesizing SnS> nanostructures owing to its good controllability in particle size,
morphology, crystallinity and surface area. In this method, tin and sulfur precursors
are dissolved in water, and the mixture is then kept in a sealed Teflon-lined autoclave
and heated at a higher temperature and pressure. Typical tin precursor is tin chloride,
while sulfur precursor is generally thiourea or thioacetamide. The principle of the
hydrothermal method relies on crystal growth under a high-temperature and high-
pressure aqueous system. Hydrothermal conditions improve the solubility and
reactivity of precursors, which in turn enhance the nucleation and controlled crystal

growth of SnS; nanostructures.
The schematic reaction can be written as:
Sn*" +2S* —»SnS; (1.6)

Formation of SnS; involves nucleation and growth processes. Nanoparticles of
different sizes form when the solution reaches supersaturation. These nanoparticles
grow further to different nanostructures depending on reaction conditions such as
temperature, precursor concentration, reaction time, pH and surfactants. The
hydrothermal method can produce different morphologies such as nanosheets,
nanoplates, nanoflakes, nanoflowers, nanobelts, and hierarchical microspheres.
Smaller-sized nanoparticles and ultrathin nanosheets can be formed at low temperature
and short reaction time, while flower-like and layered structures can be obtained with
better crystallinity at higher temperature and long reaction duration. Surfactants such
as CTAB and PVP are used to control the morphology and suppress agglomeration.
One of the main advantages of the hydrothermal method is that it produces
nanostructures with highly crystalline and uniform with a high surface area at

relatively low temperatures. This method is simple, environmentally friendly,
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economical, and controllable, yielding different morphologies [33]. Hence, the
hydrothermally synthesized SnS» nanostructures find extensive application in
photocatalysis, lithium-ion battery, supercapacitor, gas sensor, hydrogen generation

and solar cell.
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CHAPTER-2

MATERIALS AND METHODS

2.1 MATERIALS USED

1. FOR SnO. SYNTHESIS BY CO-PRECIPITATION METHOD: Tin Chloride Pent
Hydrate(SnCls.5H-20), Ethanol, Ammonia.

2. FOR SnO> SYNTHESIS BY HYDROTHERMAL METHOD: Tin Chloride Pent
Hydrate(SnCls.5H20), NaOH, Ethanol.

3. FOR SnS,; SYNTHESIS BY CO-PRECIPITATION METHOD: Tin Chloride Pent
Hydrate(SnCls.5H20), HCI, Thioacetamide.

4. FOR SnS,; SYNTHESIS BY HYDROTHERMAL METHOD: Tin Chloride Pent
Hydrate(SnCls.5H-0), Thiourea
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2.2 SYNTHESIS METHODS
2.2.1 CO-PRECIPITATION SYNTHESIS OF SnO:

100ml Ethanol +
100ml DI water

Time RPM
300 s 5000}
sse O e Q
\ § « ! ,:' ... :' » S
Centrifugation with DI water Dry the precipitate
and ethanol. at80°Cfor12h

Fig. 2.1 Schematic illustration of SnO- synthesis via the Co-precipitation method

SnO> nanomaterials were prepared by the chemical co-precipitation method. Firstly,
3.5 g of SnCl4.5H20 was dissolved in 100 mL of DI water, and then 100 mL of ethanol
was added. Then the solution was stirred on a magnetic stirrer for 30 minutes at
300rpm. Further, 4 mL of an aqueous ammonia solution was added @10 drops/minute
to the above solution with continuous stirring. Throughout this procedure, the dropping
rate was carefully managed to ensure chemical uniformity and produce a white slurry.
The resulting mixture was spun in a centrifuge and gathered, then rinsed with
deionized water to eliminate impurities. Then dry the precipitate at 80 °C for 12 h and
calcinate at 230 °C for 2 h. At last, the sample was ground to obtain a fine SnO: powder

[34]. Fig. 2.1 shows the synthesis process of this method.
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2.2.2 Synthesis of SnO2 by Hydrothermal Method
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SnCL.SH.0+
Ethanol+DI

NaOH
solution + DI

Stir for
10
minutes

* 0

—

6D

Time RPM
(00 sJM5000)
see O

¢ N % Jy)

—

Dry it at 120 °C

Centrifugation
and Drying the
sample for 12h

Sn0: is obtained

Fig. 2.2 Schematic illustration of SnO: synthesis via the hydrothermal method

SnO: nanoparticles were synthesized by using the hydrothermal method. In this

process, 5.609 g of SnCls.5H>0 (0.12 M) was mixed with a 1:1 weight ratio of ethanol

and DI water (25ml ethanol and 25 mL DI). Then, the solution was stirred for 10

minutes. Simultaneously, 0.67 g of NaOH solution is mixed in 25 mL of DI using the

sonication method. Now, this NaOH solution is added slowly into the above solution,

and 25 mL of DI water is added during stirring. The mixture was stirred for 10 minutes

and then transferred to a 100 mL autoclave. The autoclave was placed in an oven under

reaction temperature at 120 °C for 18 h. The resulting precipitate was centrifuged and

washed with DI water and ethanol, and then dried for 12 h [35]. Now, the sample was

ground to obtain the final product. Fig. 2.2 shows the synthesis process of this method.
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2.2.3 Synthesis of SnS:2 by Co-precipitation Method

2ml HCI 025 ¢
thioacetamide is

added and stirred

) L]

18ml DI was added
to the solution

e - D

Time RPM

O 300 I 5000
a8 e [ ]

RIS ST T Ty,

0.806g SnCl..5H-0 300 rpm

SnS; is obtained Dry at 40 degree C
for 6 hours

Fig. 2.3 Schematic illustration of SnS: synthesis via the Co-precipitation method

SnS: nanoparticles were synthesized by the co-precipitation method. SnS; synthesis
involved dissolving 0.806 g of SnCls-5H20 in 2 mL of concentrated HCI. Following 5
minutes of stirring, 30 ml of deionized water was added to the solution. Next, 0.25 g
of thioacetamide was added, and the mixture was stirred for 3 hours. Afterwards, the
solution was brought to a final volume of 50 mL with the addition of 18 mL of
deionized water. After letting the mixture rest for 30 min, a yellow precipitate was
formed, and it was centrifuged with DI and ethanol [36]. Then dry this obtained
product at 40 °C for 6 h. Crush the sample into fine powder. A yellow powder is
obtained. Fig. 2.3 shows the synthesis process of this method.
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2.2.4 Synthesis of SnS2 by Hydrothermal Method
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60mL DI

UQ.

OrT

300 rme

thiourea

SnCl,.5H,0 +

e Q

Stir for 1 hour

180°C for 24 h

SnS: is
obtained

Q

Dry the product obtained

- ED

Time RPM
300 s 2000}

Centrifugation

Fig. 2.4 Schematic illustration of SnS. synthesis via the hydrothermal method

500 mg of SnCls - SH>O and 1000 mg of thiourea were dissolved in 60 mL of DI water.

Stir the mixture for 1 h. Subsequently, the prepared solution was moved to a 100 mL

Teflon vessel and maintained at 180 °C for 24 hours. Afterwards, the solution was

allowed to cool to room temperature. Next, the sample was centrifuged with deionized

water and ethanol. Then dry the obtained product at 60 °C for 24 h, which yields a

yellow powder [37]. Fig. 2.4 shows the synthesis process of this method.
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CHAPTER -3
CHARACTERIZATION AND RESULTS
3.1 CHARACTERIZATION TECHNIQUES
3.1.1 X-RAY DIFFRACTION

X-ray diffraction (XRD) is one of the essential analysis techniques employed for
characterization of the structure of crystalline materials. Through XRD analysis, it is
possible to determine the crystal structure, the phase composition and lattice
parameters, the crystallite size and the orientation of materials. This method is widely
applied in the fields of physics, chemistry, nano-technology, metallurgy and material
science, owing to its precise and non-destructive features. The working principle of
XRD is based on the interaction between X-rays and the regularly placed atoms of the

crystal [38].

Principle of X-Ray Diffraction

When a monochromatic beam of X-rays strikes a crystalline material, the X-rays get
scattered in different directions by atoms in the crystal. As the atoms are regularly
placed in planes in a crystal, these scattered waves interfere with each other. For certain
specific angles, there is constructive interference of the waves, which leads to a peak

reflected ray called a diffraction peak. This condition is described by Bragg's law.

Bragg’s Law: The condition required for diffraction is, in mathematical terms.
nA = RERIHE) G.1)

Where:

n=O0rder of diffraction

A=wavelength of incident X-rays

D=spacing between crystal planes

O=angle of incidence
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From Bragg's law, diffraction will take place if, and only if, the difference in path
lengths between X-rays reflected from successive crystal planes equals an integral
multiple of the wavelength. In this situation, constructive interference occurs, and an
intense diffracted beam is generated. The extra distance travelled by the reflected X-
rays from the adjoining planes is equal to 2dsiné [39]. Thus, the condition required for

diffraction is equal to.
2d sin(8) = ni (3.2)

This is the basis of X-ray diffraction.

& C
A C’
A
A

A J

(7] e
J 5|0~
¢ o
an

d  Atomic scale crystal lattice planes

Fig. 3.1 Bragg’s Law

Working:

The X-rays are produced by a source such as a metal target, usually copper, within an
X-ray tube. This then gets monochromatic by a filter or analyser, and gets collimated
to form a narrow X-ray beam that will hit the crystal specimen situated at the specimen
holder. The beam can be diffracted from the crystal, because of the crystal's regular
atomic structure, at several angles following Bragg's condition. The detector can scan
around the crystal, and the diffracted intensity is collected at different angles of
diffraction, 20. An XRD pattern or diffractogram is plotted of intensity as a function
of the diffraction angle, 26, and this reveals information about the crystal structure or

the phase composition .
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Scherrer equation:

Crystallite size for nanomaterials can be calculated from X-ray diffraction data using
the following Scherrer equation: In an X-ray diffraction pattern, diffraction peaks
broaden with decreasing crystallite size. Smaller crystallites have wider diffraction

peaks, whereas the larger crystallites have sharper diffraction peaks.

It can be represented as:

kA

b= [ cos @ (3-3)

Here:

D = average crystallite size.

K = shape factor for the particle, which is 0.9 in general.

A= wavelength of X-rays (which is commonly 0.1541nm for Cu Ka radiation.
B= full width at half maximum (FWHM) in radians.

6 = Bragg diffraction angle.

The Scherrer equation is used widely in nanotechnology and material science. It
provides a rough estimation for calculating crystallite size of nano-particles, thin films,

etc., from the XRD pattern [40].
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3.1.2 Field Emission Scanning Electron Microscopy

Field Emission Scanning Electron Microscopy (FESEM) is an advanced type of
electron microscopy that provides images with much higher resolution on the surface
structure and microstructure of the materials. It is extensively used in nanotechnology,
material science, physics, chemistry, metallography and biological science for the
characterization of nanoparticles, thin films, nanocomposites, and crystalline
materials. It can be used for the analysis of the size, shape, texture and surface features
of material at the nanometer scale. The FESEM makes use of a field emission electron
source, which provides a fine focused beam of electrons of very small diameter and of
higher brightness in comparison to the traditional scanning electron
microscopy(SEM). FESEM can produce better images with a larger depth of field and

a clearer surface picture [41].

Principle of FESEM

The working of FESEM relies on the interaction between highly accelerated electrons
focused into a beam and surface atoms of the specimen. The impact of the electron
beam on the sample surface excites various signals like secondary electrons,

backscattered electrons, and characteristic X-rays through interaction with matter.

These emitted secondary electrons are the primary signals that are used for imaging,
because the surface morphology and topography of the material are displayed in
images generated by these secondary electrons. The intensity of emitted electrons is
proportional to the surface structure of the specimen. Thus, FESEM produces images

with higher magnification and good resolution .

In FESEM, electrons are obtained by field emission from a pointed tungsten filament
by applying a high electric field. After this, electrons are accelerated and focused by
electromagnetic lenses to a fine beam. This beam is scanned in the raster pattern over
the specimen surface, then all the signals obtained are displayed on the display by

converting them to image signals.

Working:
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FESEM utilizes field emission of electrons from an electron gun. These electrons are
accelerated at a high voltage and passed through electromagnetic condenser lenses that
focus the beam to a small point. The electron beam then scans the sample surface line
by line. When electrons strike the sample, secondary electrons and backscattered
electrons are produced. Detectors collect the emitted electrons, and the intensity of the
signal is processed by a computer to produce a magnified image of the sample surface.
High vacuum is maintained throughout the system so that the electrons are not
scattered by gas molecules. If a non-conductive sample is used, then the sample is

often coated with a thin conductive layer of gold or platinum [42].

lectron beam

Anode

Scanning Coils

unit Processing
Objective lens
Back Scattered Monitor
Electron Detector
e Secondary
Sample Electron Detector

Fig. 3.2 FESEM schematic diagram

Morphology and microstructure information of materials can be identified by FESEM.
The size of particles, grain size, shape of particles, roughness of surface, porosity,
crack, defects, agglomeration of particles, etc., can be seen by FESEM. With the help
of FESEM, the uniform distribution and morphology of nanoparticles in thin films and
nanocomposites can be determined. Also, the compositional contrast between different
areas of a sample can be observed by back-scattered electron imaging. If EDX (EDS)
is employed with FESEM, it is possible to analyze the elemental composition and

chemical state of a material.
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Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-ray Spectroscopy is an important analytical technique for the
elemental and composition analysis of samples. It is usually equipped with SEM or
FESEM system for composition determination of the sample. The principle of the
method is that when a high energetic electron beam strikes the surface of a sample,
characteristic X-ray will be produced from atoms present in the material. Each element
will produce X-rays with certain energies. Hence, these signals will indicate elements
present in the sample. It gives qualitatively and quantitatively elemental composition,
atomic and weight percentage, detection of dopant and presence of impurities within
nanoparticles and thin films. EDX analysis gives element mapping, in which elemental
composition across the sample surface is clearly demonstrated. Coupled with FESEM,
it provides both morphology and composition information. So EDX is a very helpful
tool to characterization of nanomaterials, thin films, nanoparticles, alloys, ceramics,
composite materials, semiconductor devices and in other fields of nanotechnology and

material science [43].
3.1.3 Fourier Transform Infrared Spectroscopy

FTIR is a common and valuable technique for chemical bond identification, functional
group and molecular structures determination of materials. The technique is the
interaction of infrared radiation with matter. It finds common use in fields such as
physics, chemistry, nano-science and technology, material science, pharmaceutics,
polymers and biological sciences for both qualitative and quantitative analysis of
materials. Every molecule will vibrate with its own characteristic frequencies; when
infrared radiation is passed through a sample, specific frequencies are absorbed by the
molecules, which in turn cause stretching and bending of chemical bonds. This causes
an infrared spectrum, which serves as a fingerprint for that molecule. FTIR can

therefore be very useful in determining compounds and their respective interactions.

Principle of FTIR

The molecules in the sample will absorb the infrared radiation. When infrared
radiation falls on the materials, the molecules will absorb energy corresponding to their

vibrational frequencies. Characteristic vibration frequencies are particular to a certain
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type of chemical bond. The absorption results in vibration transitions. Such transitions
include vibration-rotation transitions in gas, vibrational modes in solid/liquid. They
are represented as vibration types: stretching vibration, bending vibration. The
detected values will be the infrared spectrum, which corresponds to the specific

absorbed frequencies.

The relationship between frequency and wavelength is given as:

v = (3.4)

1
A
Where: v is the wave number and A is the wavelength.

FTIR spectrum represents the absorbance/transmittance against the wave number
(usually plotted in a certain wave number range, like 400 to 4000cm™). There is an

absorption peak corresponding to a functional group in the sample [44].

Working:

In FTIR spectroscopy, the infrared radiation from the source is incident on an
interferometer. The beam splitter divides the radiation into two beams, one to a fixed
mirror and the other to a moving mirror. The two beams are then recombined to form
an interference pattern called an interferogram. The interferogram is incident on the
sample, where some of the frequencies are absorbed by the sample. The beam that
passes through the sample is incident upon the detector and produces an electrical
signal. The computer then takes a Fourier transformation of the interferogram to

produce the final infrared spectrum [45].

Fixed mirror

Moving mirror
Beam $plitter

Sample
Compartment

Fig. 3.3 Schematic Diagram of FTIR spectroscopy
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3.1.4 UV-Visible Spectroscopy

Spectroscopic methods are valuable for material characterization as they provide an
insight into structure, electronic and optical properties. UV-Visible (UV-Vis)
spectroscopy is one of the most popular analysis techniques for the study of the
interaction between electromagnetic radiation and materials. In UV-Vis spectroscopy,
absorption or transmission of UV and visible region radiation through a sample is
observed. The electron absorption of a definite amount of energy for a particular
wavelength makes it jump to higher energy levels from the ground states. The resultant
spectrum yields important information about electronic structure, optical transition,
concentration and band gap energy of the material. For materials science and
nanotechnology it is applied to characterize semiconductors, nanoparticles, thin films,
polymers and metal complexes. It is easy, fast, non-destructive and very sensitive for
both qualitative and quantitative studies. In this work, the optical properties of the
prepared samples are determined using UV-Vis spectroscopy, and the optical band gap

energy is calculated using this method [46].

Principle

UV-Visible spectroscopy is a way to figure out how ultraviolet and visible radiation a
substance absorbs at different wavelengths. This technique is based on what happens
when molecules or substances take in radiation. When this radiation hits a substance,
it makes an electron move to an energy level from a lower one because of the energy
it takes in. UV-Visible spectroscopy looks at the range, which is from 200 to 400
nanometers and the visible range, which is from 400 to 800 nanometers. UV-Visible
spectroscopy is really useful for understanding how substances react to visible

radiation. The electron transitions are of different types, such as:
n —» 1* transitions

n —» n* transitions

d-d transitions (in transition metal complexes)

Charge transfer transitions
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Working

UV-Vis spectroscopy involves passing a beam of light from the UV and Visible regions
through a solution sample. This helps in finding the extent of light absorbed by the
sample. Initially, the light from the source is passed to the monochromator that selects
the individual wavelength by separating the whole light of all individual wavelengths.
The light sources used are a Deuterium lamp for the UV region and a Tungsten lamp
for the visible region. The individual monochromatic light rays are then allowed to
pass through a solution sample placed in a cuvette. The molecule present in the sample
absorbs some amount of light. Due to absorption of energy, there occur electronic
transitions within molecules; the electrons absorb energy and jump from lower energy
levels to higher energy levels. The unabsorbed light rays pass through the solution
sample and reach the detector. The detector converts the light to an electrical signal,
which is then interpreted by the instrument, and a comparison of the intensity of light
passing through the sample to that entering the sample is made to determine the
absorbance of the solution. The absorbance value is then obtained in the form of a

spectrum, a graph of absorbance versus wavelength.
The concentration of the substance can be determined by Beer-Lambert's law:
A=€cl (3.5)

Where A is absorbance, € is molar absorptivity, ¢ is concentration, and 1 is path length.

Fig. 3.4 Schematic representation of absorption of light by the sample

UV-Vis spectroscopy has broad applications, including the determination of the

concentration of substances, the identification of nanoparticles, and also to find the
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electronic properties of materials. The absorption pattern gives an idea of the electronic

structure, optical properties, concentration, and band gap of the substance [47].

Entrance Slit \ Dispersive element

ExifSlit S~ Detector
Y Sample

Monochromator

Fig. 3.5 Schematic diagram of UV- Visible spectroscopy
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3.2 Results and Discussion
3.2.1 XRD

3.2.1.1Sn0: by Co-precipitation Method and Hydrothermal Method

SnO,(Hydrothermal)

Intensity(a.u)
—
g
-

SnO,(Co-precipitation)

20 40 60 80
20 (degree)

Fig. 3.6 XRD of SnO; made by (a)Co-precipitation method (b) Hydrothermal
method

Fig. 3.6 shows the XRD pattern of the SnO, synthesized via the co-precipitation and
hydrothermal method. It shows that all the peaks of SnO; are in good agreement with
the standard JCPDS card no 00-041-1445. X-Ray Diffraction study confirmed the
formation of SnO; nanostructures with a tetragonal rutile crystal structure [48]. On
comparison of both methods, for SnO» synthesized by co-precipitation, the diffraction
peaks were observed at 26.4° (110), 33.6° (101), 51.66° (211), 64.84° (112), and 79.06°
(321). These peaks showed high sharpness, which indicates better crystallinity. For the
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hydrothermal sample, the diffraction peaks were seen at 26.54° (110), 33.78° (101),
51.6° (211), and 64.92° (112). These peaks were comparatively broader, which
indicates a smaller crystallite size and reduced crystallinity. The crystallite size(D) was

calculated using the Scherrer equation (Eqn 3.6).

p=-"2 (3.6)

- B cos

Here, D is the average crystallite size, K is the shape factor, which is equal to 0.9, A is
the X-Ray wavelength, 0 is the Bragg diffraction angle of the diffraction peaks, and 8
gives the full width of the half maxima (FWHM). Analysis using the Scherrer equation
revealed an average particle size of 3.019 nm for the co-precipitation sample and 1.43
nm for the hydrothermal sample, notably smaller in comparison. The value of d-
spacing of the most intense peaks for both methods is 0.34 nm, which matches the
JCPDS card no. 00-041-1445. It concludes that the co-precipitation method produces
higher crystallinity and larger crystallite size because, in this synthesis, we synthesize
nanomaterials at room temperature, while in the hydrothermal method, we synthesize
the material at high temperature and pressure, resulting in a smaller crystallite size
[49]. There is an increase in nucleation at higher temperature and pressure, which also
results in a smaller crystallite size. In contrast, co-precipitation involves controlled
nucleation and significant post-precipitation growth and agglomeration, which result

in a larger crystallite size [50].
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3.2.1.2 SnS2 by Co-precipitation and Hydrothermal method
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PRORPAT |

Fig. 3.7 XRD of SnS> made by (a)Co-precipitation method (b) Hydrothermal

For SnS,, the peaks were well matched with the JCPDS card no. 00-023-0677. SnS>

has a layered hexagonal structure [51]. For the co-precipitation method, the diffraction
peaks were observed with 26 values at 15.18° (001), 28.9° (100), 33.88° (101), 51.18°
(111), 54.98°(201), and 82.82° (211). These peaks showed the formation of crystalline

SnS; with moderate intensity and crystallinity. For the hydrothermal method, the
diffraction peaks were observed at 15.04° (001), 29.57° (100), 32.17° (101), 41.93°
(102), 46.08° (003), 50.01° (110), 52.51° (111), 55.03° (103), 60.68° (201), 67.30°
(202), 70.49° (113), 82.37°(211), 84.49° (114), and 88.22° (105). Here, more peaks are

showing better phase formation and higher crystallinity. The smaller the crystallite

size, the lower the crystallinity of the material [52]. Crystallite sizes were measured at

8.07 nm for the co-precipitation sample and 32.98 nm for the hydrothermal sample.
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The value of d-spacing of the most intense peaks for both methods is 0.59 nm, which
matches the JCPDS card no. 00-023-0677. Hydrothermal synthesis of SnS» involves
nucleation, which causes growth, aggregation, and Ostwald ripening, resulting in the
enlargement of crystallite size over time. In contrast, precipitation-based methods
involve rapid nucleation under high supersaturation, resulting in a large number of
nuclei and limited growth per particle, which results in smaller crystallite sizes due to

kinetic control and restricted diffusion [53].

3.2.2 Field Emission Scanning Electron Microscopy (FESEM)

- 4
_— lpm MUJ-JEOL 10/8/2025 100nm MUJ-JEOL 10/8/2025
10.0xV SEX SEM WD 10.2mm 17:30:44 200,000 10.0xV 8 SEM WD 10.2mm 17:25:23

Fig. 3.8 FESEM of SnO» synthesized by the hydrothermal method at scales of (a)
Ium and (b) 100nm.

From the above figure, it was clearly observed that the hydrothermally synthesized
SnO; have uniform and densely packed nanoparticles. At 1 um, particle agglomeration
was clearly observed. At the 100 nm scale, the particle appears nearly spherical and
nanosized. The particle size was estimated to be approximately 16.57nm, which

indicates agglomeration of nanoparticles.
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Fig. 3.9 EDX analysis of hydrothermally synthesized SnO>

The elemental composition of SnO> synthesized by the hydrothermal method was
studied using EDX (Energy Dispersive X-Ray analysis). This analysis confirmed the
presence of Oxygen and Tin as the major elements of the nanomaterial without any
impurities. The weight percentage of Oxygen was found to be 14.4% and 85.6% for

tin, respectively. The atomic percentages were 55.5% for Oxygen and 44.5% for tin.

i > nd
— 10pm MUJ-JEOL 10/8/2025 - 100
X 1,000 10.0kV SEIX SEM WD 10.2mm 17:17:10 X 30,000 10.0kV SEX SEM L

Fig. 3.10 FESEM of SnS; synthesized via (a) Co-precipitation and (b) Hydrothermal
method.

Fig. 3.10 (a) reveals that particles are small and irregularly shaped with a particle size
of 12 nm, while the hydrothermal sample Fig. 3.10 (b) showed a hexagonal thin plate

morphology with a size of approximately 388nm.
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Fig. 3.11 EDX analysis of SnS; synthesized via (a) Co-precipitation and (b) Hydrothermal
method

For the co-precipitation sample, the weight percentage of sulfur was found to be 26.1%
and 73.9% for tin, respectively. The atomic percentages were 56.7% for sulfur and
43.3% for tin. While for the hydrothermal sample, the weight percentage of sulphur
was found to be 31% and 69% for tin, respectively. The atomic percentages were
62.5% for sulfur and 37.5% for tin. This concludes that the hydrothermally synthesized
SnS> results in better stoichiometric and compositional accuracy than the co-

precipitation method.
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3.2.3 Fourier Transform Infrared Spectroscopy

(a) SnO,(Hydrothermal)
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500 1000 1500 2000 2500 3000 3500 4000
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Fig. 3.12 FTIR of SnO> synthesized by the (a) Hydrothermal and (b) Co-precipitation method

FTIR spectroscopy was used to identify the functional groups present in the
nanomaterial, and it was also used to confirm the formation of SnO, nanomaterials.
For SnO> synthesized via the hydrothermal method, the significant peaks were
observed at ~839 cm™! and ~957 cm’!, which are denoted to O-Sn-O and Sn-OH
vibrations, which confirms the formation of tin oxide. A band at~1622 cm’!
corresponds to H-O-H bending, which indicates the presence of adsorbed water
molecules [54]. The broad band at around ~3245 cm'! is for O-H stretching vibrations,
which belong to surface hydroxyl groups. Additionally, the C-O stretching at ~1179
cm is due to residual organic species . For SnO» synthesized by the co-precipitation
method, similar bonds and vibrations with slight peak shifts were observed. Peaks at
~859 cm™ and ~959 cm! confirm Sn-O bonding, while the band at ~1632 cm’!

corresponds to adsorbed water. The presence of peaks around ~2980 cm™! corresponds
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to O-H bonding, which indicates more surface impurities or residual precursors when

compared to the hydrothermal sample, suggesting relatively lower purity.

(a)

SnS,(Hydrothermal)

-1
546cm™ 1394cm™ 2981cm
Sn:S c-0 C-H

954cm™ 1068cm™

SDOHe SO

(b)

SnS,(Co-Precipitation)

Transmittance(%0)

500 1000 1500 2000 2500 3000 3500 400(
Wavenumber(cm™)

Fig. 3.13 FTIR of SnS: synthesized by the (a) Hydrothermal and (b) Co-precipitation method

FTIR spectroscopy was used to identify the functional groups present in the
nanomaterial, and it was also used to confirm the formation of SnS> nanomaterials. In
SnS: produced using the hydrothermal method, the peak around ~532 cm’! is attributed
to the Sn-S stretching vibration, which verifies the creation of tin disulfide. The bands
around 954 cm’! and 1068 cm™' are associated with Sn-OH and S-O vibrations,
suggesting surface oxidation and the adsorption of water molecules. The peak at ~1394
cm™! is due to C-O stretching, while the band at ~2981 cm! is attributed to C-H
vibrations, suggesting the presence of residual organic species [55]. In SnS»
synthesized by the co-precipitation method, the Sn-S vibration appears at ~532 cm™!,
slightly shifted compared to the hydrothermal sample, which may be due to differences
in crystallinity and particle size. The peak at ~1592 c¢cm™ corresponds to H-O-H
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bonding, and the band at ~3165 cm™! corresponds to O-H stretching vibrations [56].
This concludes that the co-precipitation sample has fewer impurity peaks when

compared to the hydrothermal sample, which indicates cleaner surface chemistry.

3.2.4 UV-Visible Spectroscopy
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Fig. 3.14 UV-Vis spectra of (a) SnO, by co-precipitation method, (b) SnO; by hydrothermal
method. (¢) SnS» bv co-precinitation method and (d) SnS» bv hvdrothermal method

The UV-Visible absorption spectra for SnO2 and SnS. nanomaterials were recorded in
the wavelength range of 200-800 nm. The UV region ranges from 200-400 nm, and
the Visible region ranges from 400-800 nm [57]. The spectra are plotted as absorbance
versus wavelength (as shown in Fig. 3.14), which represents the interaction of
electromagnetic radiation with the material. For SnO., both samples exhibit strong
absorption in the ultraviolet region; the hydrothermally synthesized sample fig. 3.14(b)

shows relatively sharper and more intense absorption compared to the co-precipitation
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sample fig. 3.14(a). This change may be due to its smaller crystallite size, which leads

to enhanced interaction with incident radiation. SnO» prepared by the co-precipitation

method exhibits peaks at 22 1nm, whereas SnO; prepared by the hydrothermal method

exhibits peaks at 265nm. The co-precipitation sample of SnS, Fig. 3.14(c), exhibits

high absorption in the UV spectrum range with reduced absorbance, while the

hydrothermal sample, Fig. 3.14(d), has wide absorption in the visible spectrum range

due to changes in optical properties because of varying synthesis techniques. SnS;

synthesized by the co-precipitation method shows a peak at 262nm, whereas the

hydrothermal sample shows a peak at 497nm [58]. This difference proves that the

synthesis technique greatly affects the optical absorbance of SnO> and SnS..
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CHAPTER-4

CONCLUSION, FUTURE SCOPE & SOCIAL IMPACT

4.1 CONCLUSION

In this work, SnO: and SnS: nanomaterials were successfully synthesized via co-
precipitation and hydrothermal methods. XRD study confirmed the formation of
crystalline phases, with variation in crystallite size depending on the synthesis route.
The hydrothermal method produced a smaller crystallite size for SnO», while the co-
precipitation method produced smaller crystallites for SnS>. This shows that the
growth mechanism depends a lot on the composition of the material. FTIR results
confirmed the existence of distinctive bonding and functional groups, thereby
validating the successful synthesis of SnO2 and SnS; nanomaterials. The FESEM
images showed that the SnO; made by hydrothermal synthesis has spherical particles
that are very small. The SnS; made by the same method has a hexagonal thin plate
morphology. The Co-precipitation method, on the other hand, made SnS» with smaller,
more irregularly shaped particles. Studies of UV—Visible absorption showed that all
samples absorbed a lot of UV light, except for hydrothermally synthesized SnS», which
absorbed light in the visible spectrum. Overall, the results show that the synthesis
method and material structure together influence the structural, morphological, and

optical properties of the prepared nanomaterials.

4.2 FUTURE SCOPE

In this context, many avenues exist to explore further about SnO; and SnS:
nanomaterials for various technological applications and scientific studies. In our
further study on SnO; and SnS: nanomaterials, various parameters, including
temperature, pH, reaction time, and precursor concentrations, could be adjusted in
order to get fine control over particle size, morphology and crystallinity of the
nanomaterials. It is possible to modify optical, electrical and catalytic properties of

these nanomaterials by using other appropriate metal or non-metal dopants.
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Characterization using TEM, PL spectroscopy, Raman spectroscopy and
measurements of electrical conductivity could be carried out to have a better
understanding of defects, charge transport properties and surface states of the
synthesized nanomaterials. Moreover, the Photocatalytic properties and gas-sensing
applications of these SnO; and SnS> nanomaterials need to be studied systematically
for environmental applications and various industrial purposes. Under hydrothermal
synthesis conditions, the SnO and SnS; showed light absorption in the visible region.
The study on these nanomaterials may focus on the applications for solar energy
conversion, photodetectors and optoelectronic devices. It might be possible to
synthesize thin films and nanocomposites using SnO> and SnS;-based materials for

their utilization as energy storage devices, sensors and in semiconductor technology.

4.3 SOCIAL IMPACT

The social and technological relevance of the synthesis and research of SnOz and SnS>
nanomaterials stems from their possible use in the fields of environmental remediation,
energy, and electronics. In environmental monitoring, gas sensors, and photocatalytic
degradation processes involving these nanomaterials, they are expected to serve as
effective devices in detecting and removing environmental pollutant species in water
and air. SnS; is one material that shows the ability to absorb visible light, which is a
positive attribute for solar energy devices. The development of such materials is
expected to play an important role in the renewable energy sector in lessening the
consumption of fossil fuels and also in reducing environmental pollution. The other
SnO»-based materials are broadly used in electronic devices, transparent conducting
coatings, sensing technologies, and other fields, which are vital to current technology

involving telecommunications, medical treatments, and industrial practices.
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