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Abstract

The synthesis of well-faceted tungsten suboxide (WOz.x) produced by laser ablation in a liquid
medium. The tungsten disulfide (WSz) was used as bulk material, while the mixer of water and
ethanol was used as a solvent. The laser ablation was carried out using ns second Nd:YAG
laser (Second harmonic, 532 nm) with an output power of 600 mW and an ablation time of 20
minutes. The structural properties and morphological features of WO3.x were analyzed by UV-
Vis spectroscopy, FE-SEM, EDS, and XRD. The UV-vis spectra and EDS spectra revealed the
formation of sub-oxide tungsten oxide. While XRD spectra show that the bulk WS, was turned
into sub-oxide tungsten oxide (WO3.x). The SEM images demonstrated a self-assembled petal-
like flake structure made up of ultra-thin nanosheets with a thickness of less than 20 nm. A
well-defined WOz« petal-like nanosheet is proposed to be useful for prospective applications
in optoelectronic devices. Also, tungsten suboxide/tin oxide (WO3.x/SnO2) composites were
successfully prepared via laser ablation method. The prepared WO3x/SnO2 binary composite
was employed as a photocatalyst for the photodecomposition of methylene blue (MB). The
photocatalytic performance of the binary composites was superior to that of WO3z.x and SnO>
when exposed to LED light. The obtained materials were characterized by several microscopic
and spectroscopic techniques, namely EDS, FE-SEM, and UV-vis spectroscopy. According to
UV-vis spectroscopy, the formation of tungsten suboxide, crystalline SnO nanoparticles, and
visible region absorption of composite indicates that the composite is suitable for
photocatalytic activity. The petal-like structure of WO3s.x was covered with SnO» octahedron
crystals, as demonstrated by the SEM images of the WO3.,/SnO2. Moreover, elemental
mapping was carried out using EDS to ensure the existence of SnO2, WO3., and the binary
composite of WOs.x and SnO.. The matching of XRD peak positions with JCPDS standards
provides evidence that the binary composite was created. The improved photocatalytic activity

of the WOs.x/ SnO2 composite can be directly accredited to the presence of SnO2, which may
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lead to an increase in the separation efficiency of electron-hole pairs. The 84.4 % of MB
removal was achieved after 60 minutes of illumination compared to 41.58 % synthesized SnO>
and 25.38 % of WOs.x. It was one of the most photoactive WO3.x based photocatalysts for
methylene blue (MB) photodecomposition. Also, WS/GO/Au ternary composite was
synthesized using nanosecond laser ablation followed by adding Au using the hydrothermal
method. UV-Vis, Raman, XRD, and FE-SEM were used to examine the microstructure,
morphology, and spectroscopic properties of the samples that had been produced. The UV-vis
spectra suggest the formation of a ternary composite, and FE-SEM shows morphology as Au
nanoparticles with a size ranging from 20-30 nm are perfectly mixed with WS> nanosheets,
which can be seen on GO sheets. EDS-SEM images indicate the availability of all elements in
prepared samples and the formation of a ternary composite of WS/GO/Au. XRD and Raman
spectroscopy confirm the crystalline nature of AUNPs and WS, and suggest the transformation
of GO into rGO. The prepared pristine (WSz), binary (WS./GO), and ternary composite show
the capability for methylene blue degradation under UV-light irradiation as 41.85 %, 48.27 %,
and 83.17 %, respectively. The improved photocatalytic activity of the multicomponent has
been demonstrated by nanostructure catalysts with specific morphology due to their

exceptional electron transport characteristics.
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Chapter 1: Introduction

1.1 A brief introduction of two-dimensional (2D) materials

In recent years, scientists have achieved advancements with materials based on graphene,
which is super thin and made of carbon. This progress led to the discovery of other thin
materials useful for different research purposes. These materials are called 2D nanomaterials,
and they include things like transition metal dichalcogenides, topological insulators (TIs),
phosphorene, black phosphorus, hexagonal boron nitride (h-BN), Antimonene, Bismuthene,

metal-organic framework, and MXenes (2D metal carbides and nitrides), etc. Researchers are

Ultrafast
Photonics

~

Flexible | .._‘,__\\[ : Energy
Dev‘iv ' Harvesting
/ N
20 “
“materials

& \ / ‘ | /
: l |

Applications

Fig. 1: Schematic illustration of different kinds of typical 2D nanomaterials and its applications.

excited about 2D nanomaterials because they have properties that make them good for medical
devices, imaging, drug delivery, and tissue engineering [1-4]. Research on these materials has
been growing, especially for things like MOFs, TMDs, Tis, and MXenes, which seem to have

great potential for medical use. These 2D nanomaterials have two amazing features that set
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them apart from other nanomaterials. First, as a researcher, we can control how they react to
light by changing the number of layers or mixing them with other nanoparticles of noble metals.
Second, we can change their behavior by adding different molecules to their surface, and this
makes them suitable for electrochemical applications. Because of this, 2D TMDs can be used
in applications like ultrafast photonics, energy harvesting, sensors, flexible devices, electronic
devices, etc., due to their good optical, chemical, and electrical properties as shown in Fig. 1
[5].

1.2 Tungsten disulfide (WS:) and molybdenum disulfide (MoS>)
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Fig. 2: Tungsten disulfide and Molybdenum disulfide phases, crystal structure, orientation

http://english.sim.cas.cn/Event/201906/t20190620 211901.html

The VIB layered transition metal disulfide (TMD) MX. (M= Mo, W; X=S, Se, Te) has
considerable attention from researchers due to its rich crystal structure, strong spin-orbit
coupling, unique electrical topologies, and physicochemical features. According to the

coordination and stacking conditions of the layers, as shown in Fig. 2, the compounds can be
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divided into three different phases: 1T phase formed by in-plane chemical coordination
distortion Fig. 2 (d-f), 1T phase with an octahedral configuration, and 2H phase with a
triangular prism configuration. The M-M sawtooth chain structure is formed in the plane by
the metal atom M shifting along a certain direction in the plane Fig. 2 (f). There are numerous
methods to stack the single layer 1T phase to produce [6-10]. Two-dimensional (2D) single-
layer MoSz nanosheets have a direct bandgap of 1.8 eV, whereas the bulk MoS, material is
said to have an indirect bandgap of 1.2 eV [11] and WS; exhibits a direct bandgap in its
monolayer form (a single layer of atoms), Monolayer WS, has a direct bandgap of
approximately 2.0 eV and the indirect bandgap of bulk or multilayer WS, typically falls within
the range of 1.2 to 2.0 eV. The exact value can vary somewhat depending on factors such as
the number of layers, strain, and the specific sample preparation methods used. However, a
commonly cited value for the indirect bandgap of bulk WS; is around 1.4 eV. There are
countless possibilities for general applications because the 2D MoS; absorption spectrum falls

in the visible part of the electromagnetic spectrum [12-14].

1.3  Graphene oxide (GO)

Graphene offers advantages such as being environmentally friendly, biocompatible, and
photostable compared to conventional 2D materials. Graphene is highly sought-after for
various applications, including photocatalysis, solar cells, biosensing, and LED, because of its
~ 0 eV bandgap and good optical characteristics [15-18]. Graphite oxide sheets, now known as
graphene oxide (GO), have a rich history dating back over 150 years, with B. C. Brodie’s 1859
discovery and GO can be produced by chemical exfoliation of graphite. With oxygenated
functional groups on its basal plane and edges, GO is initially insulating but quickly disperses
in water. Through reduction, either by heat or chemical agents, some of the favorable properties
of pristine graphitic sheets can be restored. Following the 2004 discovery of graphene, GO has

regained interest as a precursor for graphene production. However, GO possesses intriguing
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properties of its own, including flame retardancy, amphiphilicity, and the ability to form unique
superstructures. It also finds applications in materials science, imaging, and nanofluidic
systems [19-21]. Fig. 3 shows the schematic representation of GO synthesis by chemical

oxidation using Hummer's method.
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Fig. 3. Schematic illustration of GO synthesis by chemical oxidation using Hummer's method

1.4 Reduced graphene oxide (rGO)

Graphene oxide that has been chemically or thermally treated yields reduced graphene oxide
(rGO). rGO is capable of restoring conductivity multiple times because of reduced oxygen and
restored double-bonded aromatic carbon atoms [22]. In most cases, oxidized graphene oxide
and graphite sheets are used to prepare rGO. L-ascorbic acid, sodium borohydride, hydrazine,
and hydrazine hydrate are the most common reducing agents for converting GO to rGO. One
can improve the properties of the composite to suit commercial uses by treating rGO with other

chemicals or mixing rGO with other 2D materials to create new compounds [23].
1.5 Gold nanoparticles (AuUNP)

Optical, chemical, and medical studies all frequently use gold as a material. Small gold
nanoparticles (AuNPs) have exceptional optical properties that, when combined with their
strong chemical stability and size-dependent electrochemical properties. These applications in
electronics include conductive inks, nanoantennas, plasmonic devices, phase transfer
phenomena, thermoelectric and nanoelectric devices, and memory devices [25-28]. These

nanoparticles usually have a strong red color that changes from red to blue or purple as they
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get bigger. To create AUNPs with unique features for specific applications, numerous chemical
synthesis techniques, such as the Turkevich approach, the use of capping agents, the Brust-
Schiffrin method, the Martin method, and sonolysis, are frequently used. AuNPs improve
electrical conductivity and reinforce mechanical strength in nanocomposite materials.
Additionally, they are adaptable for modifying the material properties due to their customizable

size and form [29-33].
1.6 Synthesis methods of 2D materials

The synthesis of 2D materials involves various techniques tailored to their unique properties.
Majorly distributed in 3 categories as 1) Mechanical exfoliation, known as the "Scotch tape
method”, 2) Chemical vapor deposition (CVD) grows 2D layers atom by atom on substrates,
offering scalability for materials like MoS; and h-BN, and 3) Liquid-phase exfoliation (Laser
ablation) employs solvents or surfactants to disperse layered materials into nanosheets,
enabling the production of materials like black phosphorus. We are interested in the laser

ablation technique for the synthesis of 2D nanomaterials [34].
1.7 Laser ablation technique
1.7.1 Principle

At the start of the laser ablation process, the high-energy photons from a laser are first absorbed,
energizing the target material's electrons. The electronic energy of the material is raised by
these photons as they move electrons into higher energy states or the conduction band. The
energy is then quickly localized and heated, which may lead to phase shifts, vaporization, and
the creation of a high-energy plasma. Depending on the ablation parameters, this extreme
heating induces material removal that results in the formation of nanoparticles, nanowires, or
thin films. Sometimes, absorbed energy causes plasma production, which is characterized by

ionized materials ejecting charged particles and generating light. Target material characteristics



16 |Page

and ambient conditions, along with laser parameters including pulse duration, energy,

wavelength, and repetition rate, all play a role in process control [35-36].

1.7.2 Nanosecond Nd:YAG laser

1.7.2.1. Properties

Nd:YAG lasers emit 1064 nm near-infrared light, which is valued for its ability to penetrate
tissue and materials. These lasers have flexible operating modes, including continuous for laser
pumping and pulsed for medical applications like ablation [37-38]. Longer pulse durations are
suitable for welding and other heat-controlling applications. Nd:YAG lasers produce precise,
low-divergence beams that are excellent for accurate engraving and cutting. They are solid-
state, compact, and seamlessly fit into a variety of systems, necessitating effective cooling.
Additionally, they permit frequency doubling, resulting in 532 nm green light for uses such as
pointers and medical procedures. Due to their long-lasting dependability and endurance in
industrial and scientific contexts, their many uses include materials processing, medical

treatments, telecommunications, research, and defense. [39-40]

1.7.2.2. Applications

Nd:YAG lasers are widely used in nanophotonics, where cutting-edge research and
technological advancement are made possible by the peculiar characteristics of these lasers.
Plasmonic nanoparticles are created and worked on with Nd:YAG lasers to improve their
optical qualities. These nanoparticles can focus and amplify light on the nanoscale, making
them useful for applications in biosensors, imaging, and improved spectroscopy [41-42]. They
are frequently constructed of noble metals like gold or silver. To create photonic crystal
formations on the nanoscale, Nd:YAG lasers are essential. Due to the ability of these periodic
nanostructures to influence light propagation, nanophotonic devices like optical filters,

waveguides, and sensors have been created. At the nanoscale, integrated photonic circuits and
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waveguides are accurately patterned using Nd:YAG lasers. These waveguides make it possible
to manipulate and route light on a chip, which advances on-chip optical communication and
signal processing equipment. The creation of metamaterials with subwavelength structures
uses Nd:YAG lasers. Nanoplasmonic sensor devices with Nd:YAG laser integration enable
ultrasensitive detection of chemical and biological substances at the nanoscale. These sensors
are used in drug development, environmental monitoring, and medical diagnostics. For the
application of quantum dots as nanoscale light emitters in quantum dot nanophotonics,
Nd:YAG lasers are necessary. Advanced displays, quantum cryptography, and quantum

computing are all impacted by this technology [43-47].
1.8 Hydrothermal method
1.8.1 Introduction

In order to establish a high-temperature, high-pressure environment, hydrothermal methods use
an aqueous solution as a reaction system in a closed vessel. It has been created for almost 200
years and is extensively used in many disciplines, including materials science, earth science,
metallurgy, physics, chemistry, and biology. To simulate the production of specific minerals
and rocks found in nature, the procedure entails dissolving and recrystallizing compounds that
are weakly soluble or insoluble under normal conditions. At relatively low temperatures, the
hydrothermal process can be used to produce single crystals, create ceramic powders, carry out
organic reactions, handle organic waste, and sinter ceramic materials. It has been continuously
enhanced throughout time by incorporating methods like microwave heating, mechanical

mixing, and electric fields to increase reaction kinetics and shorten experimental times [48, 50].
1.8.2 Properties and applications

Conventional hydrothermal synthesis techniques use conduction to heat the material.

Improving the traditional hydrothermal approach has several benefits, such as rapid heating,
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sensitive reactions, and even heating. These properties allow for the quick synthesis of
nanoparticles with a homogeneous shape and restricted particle size distribution. The
hydrothermal method may prepare samples that require a long time or are sensitive to
temperature variations, making it particularly helpful for reactions with large temperature
fluctuations and lengthy reaction times. Furthermore, the improved conventional hydrothermal
procedures have been proven to be quicker, cleaner, and more cost-effective, leading to a useful

method for the synthesis of new functional materials [48-49].

Applications for hydrothermal synthesis are numerous and spread across several industries. A
variety of single crystals are grown by hydrothermal synthesis, which is vital for studying the
characteristics and behavior of materials. Additionally, the hydrothermal process is utilized to
create ceramic powders that are less agglomerated or ultra-finely agglomerated. These powders
feature a restricted particle size range, fine crystals, controlled morphology, and excellent
purity. It can be applied to finish specific organic processes, enabling the synthesis of organic
molecules at high temperatures and pressures. Organic waste that endangers the environment
can be treated using hydrothermal technology. These waste materials can decompose and be
detoxified thanks to the high pressure and temperature conditions. Certain ceramic materials
can be sintered using the hydrothermal method at relatively low temperatures, which reduces
energy use and boosts the effectiveness of the sintering procedure. These uses demonstrate how
versatile and significant hydrothermal synthesis is in materials science, earth science,

metallurgy, physics, chemistry, and biology [48].
1.9 Photocatalysis

1.9.1. Introduction

Photocatalysis is a fascinating and highly relevant branch of chemistry that has gained

significant attention and importance in recent years. It revolves around chemical reactions that
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occur under the influence of light in the presence of a photocatalyst. This field of study has
demonstrated immense potential for a wide range of applications, addressing some of the most
pressing global challenges. One of the prominent applications of photocatalysis is in the realm
of water purification. The process involves the use of photocatalysts to break down organic
pollutants, and contaminants present in water sources when exposed to light. This technology
has the potential to provide clean and safe drinking water, particularly in regions where water
quality is a significant concern [51-54]. Photocatalysis plays a pivotal role in the generation of
hydrogen as a clean and renewable energy source. With the ever-increasing global energy
demand and concerns about climate change, hydrogen has emerged as a promising candidate
to meet these challenges. Since 1972, research in the field of photocatalytic hydrogen
production has been on the rise. Photocatalysis offers an economical and sustainable route for
harnessing hydrogen by utilizing readily available resources such as water and sunlight. In
addition to hydrogen, photocatalysis can also facilitate the production of oxygen. This has
implications for both environmental and industrial applications. For instance, in closed
environments like spacecraft or submarines, where a continuous supply of oxygen is crucial,
photocatalytic oxygen production could provide a reliable solution [55-56]. Photocatalysis is
utilized in the process of deionization, which involves the removal of ions from water. This is
important in various industries, including electronics manufacturing and power generation,
where the presence of ions may cause to equipment corrosion and reduced efficiency [57].
Photocatalysis has shown promise in the development of antibacterial materials and coatings.
When exposed to light, certain photocatalysts can generate reactive oxygen species that have
potent antibacterial properties. This has potential applications in healthcare, food packaging,
and sanitation. The self-cleaning properties of certain materials, such as self-cleaning glass, are
made possible through photocatalysis. These materials can break down organic contaminants

on their surfaces when exposed to sunlight, reducing the need for manual cleaning and
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maintenance [58]. The significance of photocatalysis extends beyond individual applications.
It aligns with pressing demand for clean and sustainable energy sources, environmental
protection, and the improvement of public health. As the world population grow and the
standard of living rises, the demand for energy escalates exponentially. Harnessing the power
of photocatalysis, which relies on abundant resources like water and sunlight, represents a
promising avenue to meet this demand in an environmentally friendly manner. In conclusion,
photocatalysis is a versatile and innovative field of chemistry with far-reaching implications
for addressing global challenges. Its applications in water purification, hydrogen production,
oxygen generation, deionization, antibacterial technology, and self-cleaning materials
underscore its importance in creating a sustainable and cleaner future. The ongoing research
and development in this field holds the key to unlocking its full potential for the benefit of
humanity and the environment. [59]. The light-induced photo-oxidation of water utilizing
metal oxide as a photocatalyst, such as MoSz and WSy, is one of the potential ways to create

hydrogen by photocatalysis [60-61].

1.9.2.Principle

Photocatalysts are semiconducting materials that use their large surface area and ability to
move charges when exposed to light to accelerate the rate of reaction. When a photon
participates in a chemical reaction, the system is known as photocatalytic. The catalysts
facilitated the redox reaction by absorbing the reactant and photon photons, generating

electrons and holes.

1.10 Purpose and significance of the research

1.10.1. Purpose:

The research that was carried out aims to advance the field of environmental remediation by

investigating novel nanomaterials synthesized via nanosecond laser ablation and hydrothermal
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methods to improve the photocatalytic degradation of methylene blue (MB) under visible light.

Specifically, this study focuses on three distinct approaches.

1.10.1.1. Ternary composite of WS2/GO/Au

The purpose is to explore the synergistic effects of tungsten disulfide (WS:), graphene oxide
(GO), and gold (Au) nanoparticles in primary, binary, and ternary composites. By utilizing
laser ablation and hydrothermal methods, we seek to enhance MB degradation efficiency while

capitalizing on the unique properties of each component.

1.10.1.2. Tungsten suboxide (WOs-x) petal-like nanosheets

This segment investigates the synthesis of tungsten suboxide (WO3.x) nanosheets using laser
ablation. The objective is to create petal-like structures with improved visible light absorption

capabilities, enabling more efficient MB degradation compared to conventional WO3z materials.

1.10.1.3. WO3-x/SnO2 hanocomposites

This part of the research focuses on the synthesis of nanocomposites comprising tungsten
suboxide (WOz) and tin dioxide (SnO2) using laser ablation. The primary aim is to enhance
the photocatalytic performance of these materials under visible light, offering a promising

solution for MB degradation and potentially other environmental applications.

1.10.2. Significance:

The significance of this research lies in its potential to revolutionize the field of photocatalysis
for water purification and environmental remediation. By harnessing laser ablation synthesis
techniques, we can tailor nanomaterials with unique properties, such as enhanced light
absorption and catalytic activity. A well-defined WOs.x petal-like nanosheet can be useful for
applications in future optoelectronic devices. Also, 84.4 % of MB removal was achieved after

60 minutes of illumination with WO3.,/SnO- as catalyst make it one of the photoactive WO3.x
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based photocatalysts for methylene blue (MB) photodecomposition and synthesized ternary
composite WS,/GO/Au shows almost ~83 % degradation of MB. These innovations hold
promise for more efficient MB degradation, contributing to cleaner water sources and a
sustainable environment. Furthermore, the insights gained from these studies could lead the
way for the development of advanced photocatalytic materials with broader applications
beyond MB degradation, addressing various environmental challenges on a global scale.
Ultimately, this research aligns with the urgent need for cleaner and more efficient technologies

to combat water pollution and promote environmental sustainability.
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Chapter 2: Experimental

2.1 Synthesis of WOz« nanoflakes

This experiment used bulk WS, powder acquired from Sigma-Aldrich with an average sheet
size of ~ 3-5 um. A mixture of two different solvents, ethanol (10 mL) and distilled water (10
mL), was combined in a glass bottle. Following that, 10 mg of bulk WS; powder was added to
the mixture. In separate glass bottles, four different samples were produced for the different
laser ablation at times of 5, 10, 15, and 20 minutes. Prior to nanosecond (ns) laser ablation,
these prepared samples in glass bottles underwent 10 minutes of sonication using a probe
sonicator (VIOLAMO Sonicstar 85). All of the bottles were maintained under continuous
magnetic stirring during ns laser ablation and were ablated with the second harmonic of a
Nd:YAG laser (wavelength 532 nm, repetition frequency 10 Hz, pulse duration 10 ns, 800 mW)
for varying periods (5 to 20 minutes). The bulk and laser ablated samples were then
characterized using UV-vis spectroscopy (U-2010, Shimadzu), X-ray diffraction (Rigaku,
Smart-Lab 9 kW), field emission scanning electron microscopy (FESEM, S4700, JEOL), and
electron dispersive spectrometry (SEM-EDS, JSM-6510A, JEOL). The raman spectrum of
bulk and laser ablated samples was analyzed using the raman microscopy with a Renishaw

microscope set to 532 nm. Fig. 5 shows an experimental setup for obtaining nanoflakes.

Fig. 4: SEM images of (a) bulk WS; and (b) WOs.« nanoflakes (petal like)
The FESEM images of bulk WS; in fig. 4 (a) and the laser ablated WS is shown in fig. 4 (b).
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Fig. 5: Experimental setup for obtaining nanoflakes.

2.2 Synthesis of WO3./SnO2 nanocomposites

2.2.1 Preparation of WO3x

In this experiment, tungsten disulfide (WS:) powder (10 mg) was used as a bulk material and
added to an equal amount of distilled water (10 ml) and ethanol (10 ml) and then subjected to
10 minutes probe sonication using VIOLAMO Sonicstar 85 prior to nanosecond laser ablation.
In this experiment, the bulk WS> powder with an average sheet size of about 4-6 pum was
utilized. The sample was kept under constant magnetic stirring before ns laser ablation with
the second harmonic of a Nd:YAG laser (532 nm, repetition frequency 10 Hz, 600 mW, 10 ns)
for 20 minutes. The bulk and laser ablated samples were analyzed using UV-vis
spectrophotometer (U-2010, Shimadzu), field emission scanning electron microscope (FESEM,

S4700, JEOL), and electron dispersive spectrometer (SEM-EDS, JSM-6510A, JEOL).
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2.2.2 Preparation of SnO2

The bulk SnO powder bought from Sigma-Aldrich with an average sheet size of about a few
pm was used. The SnO», having octahedron crystal-like structure, was fabricated using SnO
(10 mg) as a bulk material by adding it to ethanol (20 ml), and the probe sonicated it for 10
minutes using VIOLAMO Sonicstar 85 before irradiating with Nd:YAG laser ablation. After
that, the sample was exposed to ns laser ablation for 20 minutes with constant magnetic stirring.
Nd:YAG laser of the second harmonic having a wavelength of 532 nm with the power of 600
mW was used for irradiation. The characterization of the prepared samples was carried out
using UV-vis spectrophotometer (U-2010, Shimadzu), field emission scanning electron
microscope (FESEM, S4700, JEOL), and electron dispersive spectrometer (SEM-EDS, JSM-
6510A, JEOL), Raman (MicroRam-TE-US, Lambda Vision Inc., Sagamihara, Japan), XRD

(Rigaku, Smart-Lab 9 kW).

2.2.3 Preparation of SnO2/\WWOs3.x

A vapor evaporation technique was used to dry laser ablated WO3.xand SnO; liquids. Resulting
WO3.x powder in blue color with octahedron phase and SnO, powder in white yellowish color
was produced. The two powdered samples with 1 mg each were dissolved in 10 ml of distilled
water. The mixture was then subjected to sonication in a water bath for 1 hour. Subsequently,

characterizations were conducted using UV-vis spectroscopy, FE-SEM, and EDS.

2.2.4 Photocatalysis experiments

Photodegradation of methylene blue (MB) was utilized to evaluate the photocatalytic activity
of all samples, namely WOz3.x, SnO, and WO3.4/SnO> composite. For measuring photocatalysis,
these solvents were mixed with MB aqueous solution under constant magnetic stirring, then
irradiated under 210 mW LED light with a UV cut filter (330 nm) at a 50 cm distance. The

absorption readings were recorded for different times: dark time (-30 minutes), at zero min.,
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and at 60 min. with 10 min. interval to investigate the gradual deterioration of MB by

photodegradation.

2.3 Synthesis of WS,/Go/Au

Probe g
sonication -i /
WS,+ N, N DMF Nd 'YAG
E] VT | [j.. 3
Probe G WSE 532 nm, WS )
N ; 2
sonication 600 mW 20 +GO NPS 180°C for
GO+ NMP Sol. 2 min. 18 Hrs
PLAL Hydrothermal

Fig. 6: Experimental setup for obtaining nanocomposites.

2.3.1 Preparation of WS>

In this experiment, we have taken tungsten disulfide (WS:) powder (10 mg) as a bulk material
and mixed it in equal amounts of N, N-DMF (10 ml) followed by 10 minutes probe sonication
using VIOLAMO Sonicstar 85 before ablating the prepared sample with ns laser ablation. The
bulk WS, powder with an average sheet of 4-6 um size was used for this experiment, and it
was purchased from Sigma-Aldrich. Prepared sample exposed for 20 minutes. Before laser
ablation, the solution underwent continual magnetic stirring and was irradiated using the
second harmonic of a Nd:YAG laser ( 532 nm, repetition freq. 10 Hz, 600 mW, pulse width 10
ns). The ablated sample was characterized using UV-spectroscopy, FE-SEM, EDS, Raman,

XRD, TEM-EDS.

2.3.2 Preparation of WS2/GO

Here we used bulk WS, powder purchased from Sigma-Aldrich having sheet size around few
micrometers with well synthesized graphene oxide prepared by hammers method taken in equal
proportion and then tungsten disulfide (WS2) powder (10 mg) mixed in an equal amount of

N,N-DMF (10 ml) followed by 10 minutes probe sonication using VIOLAMO Sonicstar 85
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prior to dropwise adding in second sample prepared by graphene oxide (GO) powder (10 mg)
mixed it in an equal amount of NMP (10 ml) followed by 10 minutes probe sonication using
VIOLAMO Sonicstar 85. After two samples were added completely, the prepared mixed was
exposed to ns laser ablation with a solution that underwent continual magnetic stirring and
irradiated with the second harmonic Nd:YAG laser ( 532 nm, repeating frequency 10 Hz, 600

mW, pulse width 10 ns). The ablated sample was characterized.

2.3.3 Preparation of WS2/GO/Au

A very similar method as above was used to prepare the WS2/GO mixed and then dropwise
added Au solution prepared by laser ablation method by irradiating Au plate for 20 minutes in
(40 ml) distilled water solution at 600 mW using 2nd harmonic of a Nd:YAG laser ( 532 nm,
repeating frequency 10 Hz, pulse width 10 ns) using the hydrothermal method into WS,/GO
solution under continual stirring. After completing 30 min of stirring, the heterogenous solution
was moved in the 100 mL Teflon lined autoclave and positioned in a furnace at 180° C for 18
h. After 18 hours, the autoclave was kept for a few more hours to get cooled down naturally at
room temperature. The cooled sample was characterized using UV- vis spectroscopy, FE-SEM,

EDS, Raman, XRD, TEM-EDS. A representative experimental setup is shown in Fig. 6.

2.3.4 Photocatalysis experiments

The prepared samples, including WSz, WS,/GO, and WS,/GO/Au Composite, were put to the
test to determine their photocatalytic activity. To do so, each solvent was mixed with an MB
aqueous solution and stirred constantly. Then, this mixture was subjected to 300 mW LED light
with a UV cut filter (330 nm) at a distance of 60 cm. Absorption readings were measured at 10
minutes intervals, starting from the dark time (-30 minutes) and continuing up to 80 minutes,

to study the increasing photodegradation of MB.
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Chapter 3: Tungsten suboxide petal-like nanosheets and
Characterizations

3.1 FE-SEM and SEM-EDS analysis

Fig. 7 (a-e) provides a comprehensive visual representation of the morphological and structural
transformations observed in bulk WS, and nanosecond (ns) laser-ablated WS, samples across
four distinct ablation durations: 5, 10, 15, and 20 minutes. The scanning electron microscopy

(SEM) images captured at each time point show variations in the changing characteristics of

the material.
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Total 100 100

Fig.7. SEM images (a) bulk WSy, (b) 5 min, (c) 10 min, (d) 15 min, (¢) 20 min laser ablated
WS> (f) EDS spectrum of WOs.y.

The sequence of SEM images shows the gradual transition from the initial state of bulk WS;
to the altered state induced by the ns laser ablation process. We observe the presence of
relatively large sheets, measuring a few micrometers in size initially. As the laser ablation

duration increases, a transformation in sheet size is observed. After 20 minutes of laser ablation,
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the substantial sheets convert into finely structured, uniform nanosheets with dimensions in the
range of 10-20 nanometers. This change in the formation of petal-like nanosheet structures

strongly indicates the power of nanosecond laser energy and the length of the ablation process.

| | 1

WS, WS,/WO,_,

E+W+WS2

10+10 +10
Before ablation|

E+W+WSs2

10+10 +10
After

Ablation

Fig. 8. Schematic representation for formation of WO3.

It becomes clear that the WS, material is efficiently refined and restructured over time by the
interaction of the intense laser pulses. This controlled and methodical progression from
microsheets to nanosheets resulted in the appearance of these nano petal-like sheets, which
sheds light on the significant influence of laser energy and ablation time on the material's shape
and structure. In conclusion, Fig. 8 shows the schematic representation of dynamic changes
that bulk WS> underwent during ns laser ablation to form WOs.x. It emphasizes the progressive
transition from bigger micro sheets to the precisely made and homogeneous petal-like
nanosheets that were attained after 20 minutes of laser treatment. This change emphasizes the
crucial role that laser energy and ablation time played in determining the final nanoscale

structure of WS,.
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Fig. 7 (f) shows the EDS spectrum, which indicates that WOs.x was formed after 20 minutes of
laser treatment. The EDS spectrum shows that WOz.x, where x is 0.23, is present (0 <x < 0.4).

The table values in Fig. 7 (f) suffice the above result.
3.2 XRD analysis

The X-ray diffraction (XRD) patterns shown in Fig. 9 correspond to a) WS in its bulk form
and b) WOs.x. When comparing bulk WS; to laser ablation, noticeable changes occur in many
peculiar peaks, either causing them to disappear or shift, which suggests the creation of

nanostructures.
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Fig. 9. XRD spectra of bulk a) WS, and b) WO3.
The synthesized powder exhibits a different pattern than bulk WS:, and this difference
corresponds to the number, location, and intensity of the produced peaks. The blue powder of

WOz exhibited distinct and strong peaks, indicating the presence of a polycrystalline structure.
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The observed peaks match the crystal structure and phase indicated by the JCPDS data files
04-007-2322, 08-0237, 72-1465, and 20-1324 [62]. The observation indicates a strong
correlation between the peaks, revealing a hexagonal structure of WQOgz. Other peaks may be
attributed to various WOs.x phases, confirming the pristine hexagonal structure of the produced
blue WOs.x powder [63]. Distinct and identifiable diffraction peaks have been identified at
specific angles of 20 = 23.04°, 23.8°, 25.1°, 27.1°, 28.96°, 34.16°, 35.51°, 39.82°, 40.43°,
43.86°, 46.34°, 49.03°, 50.87°, 56.45°, and 58.28°. These peaks correspond to the
crystallographic planes (002), (020), (200), (120), (101), (220), (122), (311), (103), (222), (113),

(140), (310), (420), and (221) of the suboxide phase of WO3.x.

3.3. UV-vis analysis

1.2
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Fig. 10. UV-visible spectra of bulk WS, and WOz«
Fig. 10 illustrates the UV-vis spectra of bulk WS, and WOs.x. The presence of a hump-like
structure is seen at about 270 nm, indicating that the bulk WS> underwent a transformation into
sub-oxide tungsten oxide (WOs.) [64]. One possible explanation for the observed rise in

absorption after ablation is the exfoliation of the WS, microsheet into petal like nanosheets.
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3.4 Raman analysis

In Fig. 11, we can see the Raman spectra of WOs3.x powder, which exhibit the expected Agq
and E'z4 modes. There are four distinct peaks in the raman spectrum of WOs.x, corresponding
to 268 cm™, 326 cm™?, 707 cm™, and 807 cm™. The W-O-W stretching vibration mode is
responsible for the peaks at 707 cm™ and 807 cm™, whereas the two lower peaks at 268 cm™

and 326 cm™ are associated with the W-O-W bending mode vibration (O-W-0) [65].
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Fig. 11. Raman spectrum of WOs.
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Chapter 4: WOs.x/ SnO- synthesized by laser ablation method
and its characterization.

4.1 UV-vis analysis

Fig. 12 is UV-vis spectra of WOs3.x sub-oxide, SnO2, and the mixed composite of WO3.,/SnO5.
Semiconductors were used in optoelectronic materials due to their remarkable optical
characteristics [66]. The minor hump structure in the tungsten suboxide spectra was located at
around 270 nm, indicating that the bulk WS was changed into (WOs.x) tungsten sub-oxide [67].
The exfoliation of tungsten disulfide microsheets in nanopetals is shown by a spike in
absorbance upon ablation. The crystalline formation of as-synthesized SnO. was indicated by
the broad and intense absorbance that the SnO, nanocrystals displayed around 247 nm [68].
The binary composite WO3./SnO, UV-vis revealed structureless light absorption in visible or
nearly visible areas, indicating that the prepared composite material had photocatalytic

properties. [69].
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Fig. 12. UV-visible spectra of WOz, SnO2 and WO3.,/SnO>
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4.2 FE-SEM analysis

S4700 5.0kV 13.4mm x30.0k SE(L)

SA700M5.0KV13.9mm x40.1k SE(V)

Fig. 13. FE SEM images of a) bulk WS; b) WOs.x ¢) bulk SnO d) SnO2 e) WO3../SnO2

As seen in Fig. 13, FE SEM images of a) bulk WS;, n) WOz, ¢) bulk SnO, d) ablated SnO»,
and e) WOs3./SnO> reveal the noticeable difference in morphological structures for all the

prepared samples. Fig. 13 (a) shows a few micrometer sheets of bulk WS, and Fig. 13 (b)
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illustrates the formation of the WOs.x with a petal-like morphology and uniformly distributed
structure covering over 70% region. The bulk SnO has crystalline nature that shows
agglomeration with the size of ~1um sheets in demonstrated in Fig. 13 (c). After ablation, the
extremely well-grown and crystalline form of SnO> octahedron shape, with diameters ranging
from 100 nm to 150 nm, is shown in Fig. 13(d). Since octahedral crystals always have a greater
crystal field stabilization energy than tetrahedral crystals, the creation of six links is preferable
to four [70]. Fig.13 (e) of binary composite shows well-mixed with keeping morphologies
intact in WO3.x/SnO3, suggesting the intact properties will complement each other for improved

photocatalytic properties.

4.3 EDS analysis

Fig. 14 (a) shows the EDS spectrum of bulk WS>. This spectrum can be used to identify the
chemical elements present in the sample. Fig. 14 (b), elemental mapping is employed to
visually represent the formation of WOz« after applying nanosecond (ns) laser ablation to the
WS, material. The graph in Fig. 14 (b) illustrates the distribution of tungsten suboxide (WOs-
x) throughout the sample. It is noteworthy that the value of x falls between 0 and 0.4, with a
specific value of x being 0.22. This study verifies the growth of tungsten suboxide in the
material because of the ns laser ablation process. Fig. 14 (c) explores the EDS spectrum of bulk
SnO, yielding similar spectrum features for this material. Fig. 14 (d) provides information on
the elemental composition of the SnO> octahedron crystal structure. The EDS spectrum shown
in Fig. 14 (d) confirms that the octahedron nanocrystals contain mostly tin and oxygen, as
indicated by the prominent peaks corresponding to these elements. These two prevailing peaks,
without any notable peaks from other elements, suggest that the SnO2 powder was produced in
its pure form. Fig. 14 (e) presents a detailed summary of element composition of WO3.x/SnO>
composite material. The spectrum provides confirmation of the presence of all associated

components, therefore ensuring the composite nature of this material.
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4.4 XRD analysis

XRD pattern of WO3.4/SnO> binary nanocomposite is displayed in Fig. 15. Sharp diffraction
peaks will vividly imply the octahedron crystals and nanopetal like flake structures of the
produced composite. The WOz« nanopetal like flake structure (JCPDS card No. 33-1387) and
the SnO- octahedron crystal (JCPDS card No. 41-1445) [71] both display diffraction peaks for
composite [71]. The production of SnO> octahedron crystals is revealed by the XRD peaks at
20 values of 26.940, 33.350, 37.540, and 52.080. Furthermore, XRD peaks at 20 values of

57.730, 51.240, 34.50, and 30.260 show that WOs.x forms a nanopetls like flake structure [72].
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Fig. 15. XRD spectrum of WO3.,/SnO, composites
4.5 Reduction of methylene blue and efficiency of photocatalytic reduction

UV spectroscopy was used to measure the photocatalytic performance, and the resulting
absorption spectra for the degradation of MB were shown in Fig. 16 (a-c) for WOs.x hanopetals,

SnO2 octahedron crystals, and WOs3.x/SnO2, composite, respectively.
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Fig. 16. UV-vis spectra of (a) WOz (b) SnO2 octahedron crystals and (c) WOzx/SnOz binary
composite regarding the photocatalytic degradation of MB also (d) degradation efficiency in
percentages of WOz, SnO2, and WOs3.x /SnO;

As shown in Fig. 16, various materials employed have an impact on MB efficiency of

deterioration when exposed to UV-vis light (> 330 nm). The following formula was used to

determine photodegradation efficiency of each material:

Degradation efficiency (%) = (Ao - At/ Ag) * 100 %

Here Ao and A¢ denote MB absorption intensity at time zero and 60 min., respectively.

As shown in Fig. 16(b), the as-synthesised SnO> octahedron crystals showed a degradation

efficiency of 41.6% after 60 minutes. Comparatively, during the same 60 minutes, the WOz«
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nanopetal-like structure in Figure 16(a) had a degradation efficiency of 25.4%. According to
Fig. 16(c), the degrading efficiency of the binary compound WO3.x/SnO; is 84.4%. When
compared to tungsten suboxide and SnO> in their raw forms, the binary compound that was
created has superior degradation potential. The graphical and comparative depiction of the
degrading efficiency of prepared samples is presented in Fig. 16(d). Various factors, such as
band gap characteristics, nanopetals or crystals, morphological structure, photochemical
stability, and crystal defect, can result in different levels of photocatalytic activity [73].

When dye molecules are exposed to airborne oxygen and ultraviolet light from the sun, they
spontaneously decompose [74-75]. By using a semiconductor material as a photocatalyst, we
can accelerate this normally slow deteriorating process. Analogous research has demonstrated
that semiconductor materials demonstrated negligible photocatalytic dye degradation during
the dark phase. It is common practice to employ heterogeneous photocatalysis to break down
hazardous molecules. This implies that the necessary energy from light is absorbed by materials
such as WO3/SnOz. The photocatalytic material's electrons migrate from its valence band
(VB) to its conduction band (CB) because of light energy absorbed by the exposed substance.
In response, a responsive pair of electrons and holes forms, transporting in the direction of the
water-semiconductor interface, the point at which electrons are exchanged between adjacent
species. Contaminants are thus eliminated from the medium as a result of this interaction [76].
This result thus supports the finding that photocatalytic degradation is almost exclusively

dependent on light [77].
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Chapter 5: Photocatalytic activity of WS2/GO/Au nano-
composites

5.1 UV-vis analysis

Among many types of efficient analytical techniques, UV-vis spectroscopy is one that is
utilized to determine the electronic properties of materials. In this section, we present the UV-
vis spectra of WSz, WS2/GO, and WS,/GO/Au composite materials as measured from U-2010
(Hitachi, Japan). The composite materials WSz, WS2/GO, and WS,/GO/Au were created and

evaluated using UV-vis spectroscopy in the 200-800 nm range after synthesis.
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Fig. 17. UV-vis spectra of a) WSz b) WS»/GO c) WS2/GO/Au
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The UV-vis spectra of the WS, WS2/GO, and WS2/GO/Au composite materials are shown in
Fig. 17. Referring to Figure 17 (a-c), the presence of a distinct peak with a slight hump at
around 280 nm was seen in all three materials, indicating the presence of nanocrystalline thin
films low sulfur [78]. Fig. 17 (b-c) shows that the WS,/GO and WS,/GO/Au composite
materials have an additional peak at about 233 nm, which appears due to the © -n* transition
of the C-C bonds in the GO layer [79]. The absence of this peak in the spectra of pure WS,
implies GO has been successfully incorporated into the composite material. In addition, the
composite material comprised of WS2/GO/Au exhibits an additional peak at about 537 nm in
Fig. 17 (c). This peak is attributed to the surface plasmon resonance (SPR) of the Au
nanoparticles [80]. The appearance of this peak denotes the successful incorporation of Au
nanoparticles into the composite material. The intensity of the surface plasmon resonance
(SPR) peak is directly proportional to the size and amount of the Au nanoparticles. Hence, the
higher intensity of the SPR peak seen in the spectrum of the WS2/GO/Au composite material,
in comparison to the WS»/GO composite material, suggests the efficient incorporation of more
of the amount of Au nanoparticles. The outcomes of the UV-vis spectroscopy analysis
demonstrate that the WS», WS,/GO, and WS>/GO/Au composite materials were successfully
synthesized and characterized. The appearance of additional peaks in the spectra of the
composite materials confirmed the incorporation of GO and Au nanoparticles into the WS,
layer. Also, the relationship between the intensity of the SPR peak in spectra and the size and

concentration of the Au nanoparticles was observed.
5.2 FE-SEM analysis

Field emission scanning electron microscopy (FE-SEM) is an efficient method of analysis used

for studying the surface structure and elemental composition of materials. In this report, we
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Fig. 18. FE-SEM images of (a, b) WS, (c,d) WS2/GO and (e- h) WS2/GO/Au
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provide the results of research analyzing the FE-SEM images of WS,, WS,/GO, and
WS,/GO/Au composite materials. The synthesis of the WS, WS,/GO, and WS2/GO/Au
composite materials was carried out by a laser ablation and hydrothermal technique. The
materials were then examined using FE-SEM microscopy utilizing with an accelerating
voltage ranging from 5 to 20 kV. Fig. 18 (a-h) displays the FE-SEM images of WS, WS,/GO,
and WS2/GO/Au composite materials. Fig. 18 (a-b) illustrates synthesized WS, material with
nanometer-sized, extremely small, circular clusters of bright white tungsten spread throughout
the films [78]. Next, WS, nanosheets appear to be spread at random across the surface of GO
sheets in the WS2/GO composite material (Fig. 18 (c-d)), which indicates that GO has been
successfully incorporated into the composite. SEM images of ternary materials shown in Fig.
18(e-h) reveal the existence of WS> nanosheets, which typically measure around 500 nm in
size. Moreover, as can be seen in Figure 18 (g-h), the WS»/GO/Au composite material reveals
the presence of Au nanoparticles with average size of 20-30 nm on the surface of the WS,
nanosheets. The Au nanoparticles exhibit a uniform distribution on the surface of WS,
nanosheets, suggesting the successful incorporation of the Au nanoparticles into the composite
material. The occurrence of Au nanoparticles in the WS2/GO/Au composite material has also
been demonstrated using energy-dispersive X-ray spectroscopy (EDS). The EDS analysis
confirmed the efficient incorporation of Au nanoparticles into the WS2/GO/Au composite
material by identifying the presence of Au peaks in the spectrum. The FE-SEM findings
demonstrate the effective synthesis and characterization of WS, WS,/GO, and WS,/GO/Au
composite materials. FE-SEM imaging and EDS analysis both revealed that the composite
material consisted of WS> nanosheets with an average size of around 500 nm. Additionally, the

GO and Au nanoparticles were successfully incorporated into the material.
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5.3 SEM-EDS analysis

SEM with EDS is a fundamental analytical technique employed for evaluating the surface

structure and chemical composition of materials.
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Fig. 19. (a) SEM-EDS spectra of WSy, (b) WS2/GO, (¢) WS2/GO/Au and (d, ¢, f, g, h, i)
elemental mapping of WS,/GO/Au composite.

Here, we discussed the outcome of the SEM-EDS analysis of WS;, WS,/GO, and WS2/GO/Au

composite materials. The WS, WS2/GO, and WS,/GO/Au composite materials were produced
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by a laser ablation and hydrothermal technique. Then, the materials were analyzed using SEM-
EDS analysis at an accelerating voltage of 15 kV. The EDS spectra of composite materials are
displayed in Fig. 19 (a-c). EDS analysis of the synthesized WS, material, as shown in Fig.19
(@), revealed the presence of W and S components. The presence of W, S, C, and O elements
in the WS,/GO composite material was confirmed by EDS analysis as depicted in Fig. 19 (b).
This provides evidence that the incorporation of GO into the composite material was successful.
Also, as seen in Fig. 19 (c), the EDS analysis of the WS2/GO/Au composite material confirmed
the presence of Au peaks in addition to W, S, C, and O elements. The SEM-EDS images of
the WS,/GO/Au composite materials are shown with the help of Fig. 19 (d-i). The presence of
Au peaks demonstrated that Au nanoparticles had been successfully incorporated into the
composite material. Finally, the SEM-EDS findings show that the WS,, WS,/GO, and
WS>/GO/Au composite materials can be produced effectively and characterized. SEM imaging
and EDS analysis were used to confirm the appearance of WS, nanosheets, the successful
incorporation of GO and Au nanoparticles into the composite material, and the elemental

composition of the composite materials.

5.4 XRD analysis

Fig. 20 (a) illustrates the XRD pattern of WSz. The XRD pattern of WS; reveals that three
different peaks at 20 = 14.759, 29.329, and 44.37° corresponds to the (002), (004), and (006)
crystal planes of WSy, respectively (JCPDS #08-0237). These peaks suggest that there is
evidence of a layered structure; however, the peak at 14.75° is considerably stronger than the
other two peaks, confirming the presence of monolayered or very few layer structures [81-82].
The XRD pattern of GO is depicted in Fig. 20 (b). The XRD pattern of GO reveals the
prominent peaks at 20 = 10.6° and a minor peak at 42.4°. The peak at 10.6° represents the
(001) plane and the peak at 42.4° belongs to the (004) plane of GO, which leads to the stacking

of graphene layers [83].
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The (004) plane is also responsive to variations in interlayer spacing and the degree of

graphene oxidation [84].
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Fig. 20. (a) XRD spectra of WS, (b) GO, (c) WS2/GO, (d) WS2/GO/Au composite.
The XRD pattern of WS2/GO binary composite obtained from Fig. 20 (c) exhibits various peaks,

which suggest the presence of both WS> and GO in the composite material. The diffraction

peaks at 20 = 14.959, 29.01°, and 33.49° with respect to the crystal planes (002), (004), and
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(101) of WSy, respectively. These peaks are characteristic of layered transition metal
dichalcogenides such as WS, and identified by the JCPDS file 08-0237 [81]. Their presence
serves as evidence for the crystalline structure of the WS, nanosheets in the composite material.
Furthermore, a broad hump is seen in the XRD pattern at about 26 = 44.32°, This peak is
ascribed to the turbostratic band of disordered carbon materials. It is probable because of the
presence of GO in the composite material. This peak indicates that the GO sheets in the
composite material are not completely ordered and may be partially reduced or functionalized.
Overall, the XRD pattern of the WS,/GO binary composite clearly demonstrates the presence
of both WS, and GO in composite material. It means GO sheets may have been transformed or
modified during the synthesis process [85].

Fig. 20 (d) shows the XRD pattern of the ternary composite. The presence of diffraction peaks
at 20 = 38.54° and 44.76°, which correspond to the (111), and (200) planes, respectively,
provides the confirmation of the crystalline nature of AuNPs [86]. The diffraction peaks clearly
indicate the presence of well-ordered AuNPs with a cubic crystal structure, including a face
centered on the composite material. The noticeable hump near 22°- 24° represents the
transformation of GO to reduced graphene oxide (rGO) [87]. The broad hump is a distinctive
feature that reflects the amorphous nature of rGO. This occurs as a consequence of removing
oxygen-containing functional groups from the graphene oxide layers during the reduction
process. The diffraction peaks at 20 = 14.78°, 28.82°, 32.01° and 33.35° are corresponding to
the crystal planes of (002), (004), (100), (101) of crystalline WS> [82]. The diffraction peaks
show that the composite material comprises well-ordered WS, with a hexagonal lattice
structure. Thus, the XRD analysis confirms the presence of well-ordered crystal structures of
AUNPs, rGO, and WS in the ternary composite material. The distinctive peaks observed at 260
= 38.54° and 44.76° correspond to AuNPs and the broad hump near 24.17° corresponds to rGO.

Additionally, the diffraction peaks at 20 = 14.78°, 28.82°, 32.01°, and 33.35° indicate the
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presence of crystalline WS> [88]. The XRD peaks offer crucial insights into the crystal structure

and orientation of the composite material, which are of vital significance for future applications

in photocatalysis, electronics, and energy storage.

5.5 Raman analysis

Raman spectroscopy is a highly useful method for investigating the structural characteristics
of nanomaterials. This study used pure WS>, a binary composite of WS2/GO prepared by laser

ablation, and a ternary composite of WS2/GO/Au produced via a combination of laser ablation

and hydrothermal methods.
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Fig. 21. (a) Raman spectra of GO, (b) WS, (c) WS2/GO, (d) WS2/GO/Au composite.
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Fig. 21 (b) displays the raman spectrum of GO which often has two distinct peaks denoted by
the D and G bands. The peak observed at ~ 1353 cm™ belongs to the D band, which is attributed
to the presence of defects and disorders in the graphene lattice. This peak, with a small intensity,
is connected to the presence of sp® hybridized carbon atoms. On the other hand, the peak at
about 1580 cm™ is referred to as the G band, and it represents most noticeable feature in the
raman spectrum of graphene-related materials. The G band corresponds to the in-plane
vibrational motion of sp? hybridized carbon atoms in the graphene lattice. It is an indicator of
the graphitic structure and shows that well-ordered carbon atoms are present. The bulk WS;
sample exhibits two characteristic raman peaks at 347 cm™ and 416 cm™, as seen in Fig. 21 (a).
The peak identified at 347 cm™ corresponds to the Ezg mode, which is the distinctive feature of
the WS; crystalline structure. The peak shown at a wavenumber of 416 cm™ is ascribed to the
A1g mode, which is also indicative of WS. These observed peaks match with the raman spectra
reported in previous studies for bulk WS, [89-91]. The binary composite of WS2/GO reveals
four different Raman peaks at 345 cm™, 413 cm®, 1348 cm®, and 1584 cm™, as seen in Fig. 21
(c). [92]. The peaks at 345 cm™ and 413 cm™ belong to the Ezg and A1y modes of WSy,
respectively. These peaks are similar to the ones seen in the pristine WS, sample. The peaks at
1348 cm™ and 1584 cm™ are ascribed to the D and G bands of GO, respectively. The D band
represents the disorder-induced mode, while the G band corresponds to the sp? hybridization
of carbon atoms in GO. In this study, the binary composite of WS2/GO exhibited an ID/IG ratio
of 1.03, confirming the presence of a certain amount of disorder or defects in the graphene
oxide sheets. This outcome is anticipated due to the well-known presence of considerable
amounts of oxygen-containing functional groups in GO, which have the potential to cause
defects in the structure of graphene. Fig. 21 (d) illustrates the raman spectra of the ternary
composite of WS,/GO/Au, which reveals seven distinct peaks at 347 cm™ 412 cm™ 769 cm

927 cm™ 1080 cm™ 1349 cm™ and 1583 cm™. The smaller peaks at 347 cm™ and 412 cm™ are
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the E2g and A1g modes of WS, and they are the same as those observed in the pure WS; sample.
The small peaks at 769 cm™ 927 cm™ and 1080 cm™ are caused by the Au-S stretching mode
confirming the presence of Au nanoparticles in the composite material [93]. The peaks at 1349
cm™ and 1583 cm™ are ascribed to the D and G bands of GO, respectively, and are the same as
those seen in the binary composite. The ternary composite of WS,/GO/Au, exhibited a higher
ID/IG ratio of 1.12, denoting an even higher degree of disorder or defects in the carbon-based
components of the composite. An explanation for this phenomenon might be the incorporation
Au nanoparticles into the composite, resulting in the disruption of the graphene structure and
the creation of defects. Moreover, the hydrothermal synthesis technique used for fabricating
the ternary composite could trigger the formation of defects due to the utilization of high
temperature and pressure, which might potentially lead to alterations in the structure of the
graphene oxide sheets. The increment in the ID/IG ratio from the binary to ternary composite
indicates that the inclusion of Au nanoparticles and the hydrothermal synthesis technique have
caused a rise in the degree of disorder or defects in the carbon-based components of the
composite. This rise in disorder might be attributed to the presence of Au nanoparticles in the
composite material, perhaps causing defects or disorder in the GO structure. In summary, the
raman spectroscopic findings support the presence of WS;, GO, and Au nanoparticles in the
composite materials and provide valuable information on the structural characteristics of these
materials. The ID/IG ratios observed in the GO in the binary and ternary composites indicate
that the GO structure can be influenced by the other materials in the composite, and further

studies and investigation are required to understand the scope of these effects fully.

5.6 Photocatalysis of nanocomposites with MB degradation
Because of their detrimental effects on ecosystems and human health, efficient photocatalysts
are necessary to remove environmental pollutants. Therefore, in order to evaluate the

photocatalytic properties of pristine WS, binary WS,/GO composite, and ternary WS,/GO/Au



52|Page

composite for the degradation of MB under UV-light irradiation, we employed 300 mW LED

light with a UV cut filter and checked the degradation at intervals of 10 minutes.
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Fig. 22. Photocatalytic reduction of methylene blue using (a) WSz as catalyst, (b) WS2/GO as
catalyst, and (c) WS2/GO/Au composite as catalyst and d) photocatalytic degradation

efficiency of photocatalytic system.
According to Fig. 22 (a), the pristine WS> achieved a degradation efficiency of 41.85 % after
being exposed to UV-light for a period of 80 minutes. As seen in Fig. 22 (b), the binary
composite of WS,/GO showed an enhanced efficiency of 48.27 %. On the other hand, as
compared to the pristine WS> and binary WS,/GO composite, the ternary composite of
WS,/GO/Au demonstrated a better efficiency of 83.17 % under the same experimental
conditions as displayed in Fig. 22 (c). Finally, the ternary composite of WS,/GO/Au
demonstrated high photocatalytic activity for methylene blue degradation under UV-light

irradiation, as illustrated in Fig. 22 (d) with photocatalytic degradation efficiency. The
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increased absorbance range and higher electron-hole separation efficiency may be attributed to
the synergistic actions of WS, GO, and Au. These findings indicate that the WS2/GO/Au
compound has significant promise as an efficient photocatalyst for applications in

environmental remediation.
Degradation mechanism

The process of decomposition of WS»/GO/Au under visible light is studied using N,N-
dimethylformamide (N-DMF), water, and N-methyl-2-pyrrolidone (NMP) solutions, which are
employed to create the ternary composite. The degradation mechanism of WS2/GO/Au under
visible light is an evolving procedure that includes many steps, as seen in Fig. 23. Nevertheless,
the employment of N-DMF, water, and NMP solutions may optimize the efficiency by creating
a more favorable environment for the formation of electron-hole pairs, the creation of oxygen
reactive species, and the decomposition of biological contaminants.

Steps of the degradation mechanism:

1. Photoexcitation of the photocatalyst: When exposed to visible light, the WS,/GO/Au
composite absorbs photons and emits electron-hole (e-h*) pairs. The electrons undergo
excitation from the valence band to the conduction band, while the holes remain in the
valence band.

2. Interfacial charge transfer: The energized electrons in the conduction band have the
ability to go to other components of the ternary composite photocatalyst, such as metal
nanoparticles or semiconductor quantum dots. To put it simply, this is called charge
transfer across interfaces. [94-95].

3. Formation of reactive oxygen species: Electrons and holes in the conduction and
valence bands have the potential to interact with water molecules, resulting in the
generation of reactive oxygen species (ROS), such as hydroxyl radicals (¢*OH) and

superoxide anion radicals (O2+—). The highly reactive oxygen species (ROS) have the
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ability to oxidize contaminants that are present on the surface of the ternary composite
catalyst [96-97].
4. Degradation of the pollutant: The ROS may breakdown the adsorbed contaminant

into harmless products by reacting with it. [98].
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Fig. 23. Graphical illustration of photocatalysis of methylene blue by WS2/GO/Au
composite.
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Chapter 6: Conclusion

This study used the laser ablation technique to produce WOz« petal-like nanosheets. The
presence of a structure like a hump close to the 280 nm wavelength is indicative of the
formation of WO3.x. The XRD and EDS spectra showed that the bulk WS, was transformed
into WOs.x, or sub-oxide tungsten oxide. A self-assembling petal-like flake structure,
potentially derived from ultra-thin WS2 nanosheets, is seen in the SEM images. As a result, a
well-defined WOs.x petal-like nanosheet might be utilized in potential optoelectronic device

applications.

In continued research, we successfully synthesized the WO3.,/SnO2 composite using ns laser
ablation in the liquid phase, and its photocatalytic performance has been studied by MB
degradation. The UV-vis spectra of all the materials reveal their suitability for photocatalytic
activity, which was subsequently evaluated by photocatalytic degradation of MB. EDS spectra
illustrate the creation of WO3z.x from bulk WS; and nanocrystal octahedron structure SnO2 from
bulk SnO after ns laser ablation. Additionally, it also confirms the formation of compound
WO3.x/SnO2 using elemental mapping. SEM images demonstrate a uniform distribution of
nanometal-like structures in WOz.x, whereas as-synthesized SnO- exhibits octahedron crystal
structure. The mixed morphology of these two materials has been found in binary composite
WO3.x/SnO>. The peak intensity is enhanced in the XRD spectrum as a result of increased
crystallinity. The photocatalytic activity was evaluated and compared by studying the
photodegradation of MB using WOz.x, SnO», and the binary composite. The WO3.4/SnO>

composite has the highest degradation efficiency of 84.4 %.

Further, additional research investigation suggests the production of a WS2/GO/Au ternary
composite by integrating WS> and GO via ns laser ablation, followed by the introduction of Au

using the hydrothermal technique. The research finding demonstrates that the composite
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material exhibits full optical absorption within the visible spectrum, making it a promising
candidate for the degradation of pollutants. The composite was analyzed using spectroscopic
and microscopic techniques, revealing the presence of a ternary composite consisting of
WS,/GO/Au. The WS> nanosheets were found to be well-mixed with Au nanoparticles on GO
sheets. The composites that were developed showed enhanced photocatalytic activity for the
breakdown of MB when exposed to UV light. This improvement may be ascribed to the unique
shape and excellent ability to transport electrons of the composites. Hence, the WS,/GO/Au
composite has promising characteristics as a photoelectric material, making it suitable for

experimental investigation in the field of photocatalysis.
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