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ABSTRACT 

The substance known as 2D TiB2 is a newly discovered two-dimensional material. Liquid 

Phase Exfoliation (LPE) is widely recognized for its efficacy in exfoliating 2D TiB2. This 

method is particularly suitable for meeting the requirements of large-scale industrial 

production. However, most of the currently available liquid-phase exfoliation (LPE) 

procedures require the utilization of harmful and expensive solvents for the chemical 

exfoliation of the two-dimensional (2D) sheets prior to their mechanical (ultrasonic) 

dispersion. In the present study, a comparison was conducted to assess the impacts of two 

dispersive mediums, namely NMP and DI Water. Subsequently, we conducted an analysis 

on the effects of significant ultrasonic (US) LPE parameters, namely Input Power and US 

Treatment Time, to control the efficient production and enhance the quality of few layered 

2D TiB2 sheets within a limited duration, particularly in a pristine aquatic setting. The 

findings of our study indicate that the liquid phase exfoliation (LPE) process in N-methyl-

2-pyrrolidone (NMP) consists of three distinct steps, whereby contaminants are present in 

the exfoliated sheets. This characteristic renders the procedure time-consuming and 

expensive. In contrast, the liquid phase exfoliation (LPE) technique employed in this study 

was shown to be a one-step procedure that yielded defect-free, highly pure, and 

systematically exfoliated sheets. Consequently, this approach is considered as 

environmentally friendly, devoid of impurities, and cost-effective. The key factors that 

influence the reduction of layer thickness, lateral dimensions, and manufacturing yield of 

2D TiB2 include the input power of an ultrasonic (US) source, a higher intensity of acoustic 

cavitation, an optimal duration of US treatment, and a uniform distribution of cavitation 

events achieved by employing a suitably sized sonotrode within the sonicated volume. This 

work offers a means to enhance the LPE methodology as a financially feasible, 

environmentally friendly, and readily scalable manufacturing approach for the large-scale 

commercial production of 2D TiB2. These 2D TiB2 sheets may be applied in several 

domains such as energy storage, water splitting, and catalytic processes. 



 xix 

Keywords: Transition metal diborides, 2D Materials, Sonoexfoliation, Ultrasonic 

Treatment Time, Ultrasonic power, Cavitation intensity, Ultrasonic Frequency, Sonotrode 

size. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Nanomaterials can be defined as materials with dimensions ranging from 1 to 100 

nanometer in one, two, or all three dimensions [1]. Examples of such materials include 

quantum dots, nanofibers, nanowires, and nanoplates, which exhibit particle aggregation 

or agglomeration within the size range of 1 to 100 nm  [2]. The developing area of 

Nanotechnology is involved in the synthesis of nanomaterials with distinct features by the 

manipulation of their size, shape, or crystallinity [3].  

Nanomaterials are increasingly being utilized across several domains, including 

but not limited to medicine, environmental science, and industry, owing to their 

remarkable characteristics [3-5]. They are often employed in a wide range of 

contemporary commercial sectors [6, 7], serving as fillers, filtration agents, electronic 

components, semiconductors, and in biomedical applications such as biosensors, 

cosmetics, biochips, nanomedicines, and bioelectronics [8, 9]. The synthesis of materials 

with dimensions below 100nm is a multidisciplinary endeavor that incorporates several 

fields within the realm of nanotechnology  [10, 11]. 

The physiochemical characteristics of Two Dimensional (2D) nanomaterials are 

remarkable because of their freestanding sheets and their high aspect ratio, where the 

lateral size is larger than 100nm and the thickness is less than 100nm [3, 12, 13]. These 

materials possess a thickness at the atomic scale and have remarkable characteristics such 

as ultrahigh carrier mobilities, a very large surface area, quantum hall effects, 

transparency, and outstanding applications [14]. 

Two-dimensional (2D) materials exhibit enhanced thermal conductivity, 

matchless strength, amazing optical properties, great flexibility, remarkable stability, and 

extraordinary carrier transport capabilities [3, 15]. These materials exhibit a range of 

bandgaps, including both zero and large bandgaps [8-11, 16], making them suitable for 
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many applications such as energy storage, sensing, electronics, photodetectors, drug 

delivery, and more  [4, 5].  

Two-dimensional (2D) nanomaterials are classified as crystalline materials that 

possess structures resembling freestanding sheets [6, 7, 14, 17-19]. The materials in 

question possess a singular layer or a limited number of atomic layers, with lateral 

dimensions ranging from over 100 nm to a few micrometers. In general, the thickness of 

these entities is often below 50nm [20]. 

The layers of atoms exhibit a significant degree of interaction, resulting in the 

formation of several single or multi-layered 2D structures [21] that possess distinct 

physicochemical properties [22]. The seminal year for 2D materials is 2004, when 

Novoselov et al. [23] employed the micromechanical cleavage approach, utilizing Scotch 

tape to exfoliate graphite and successfully generate graphene [13]. 

1.1.1 Bulk 2D Materials 

In the context of bulk materials, the antecedents of 2D materials refer to solids that 

exhibit robust covalent or ionic bonding between atoms in a layer, whereas the interlayer 

attachment is facilitated by comparatively weaker forces [24]. 

Therefore, by the application of shear stress or the introduction of intercalating 

chemicals, these layers can expand in an out-of-plane manner or slide in an in-plane 

direction during the process of exfoliation, resulting in the formation of a few-layer or 

monolayer of two-dimensional flakes [25]. 

1.2 Transition Metal Diborides 

Transition Metal diborides are a type of compound that exhibits a ceramic 

character [26, 27]. Metals M are classified under Groups II, IV-B, and V-B, exemplified 

by elements such as Titanium (Ti), Zirconium (Zr), Magnesium (Mg), Chromium (Cr), 

among others [28]. Bulk metal borides have several applications, including their usage as 

catalysts, semiconductors, conductive ceramics, and hard magnets [29, 30]. The 

researchers prioritize the investigation of many significant features [27, 31], including 
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luminescence, ultra-hardness, field-emission, conduction, thermoelectricity, and 

magnetism [32-34].  

The subject of inquiry pertains to their exceptional characteristics, which 

encompass heightened hardness, elevated melting point and thermal conductivity, 

resistance to wear, augmented strength, and chemical stability. Transition metal diborides 

are a class of materials that possess a combination of metallic and ceramic characteristics, 

hence placing them within the classification of ultrahigh temperature ceramics [35-37].  

1.2.1 Bulk 2D Materials 

Refractory borides, namely TaB2, TiB2, ZrB2, and HfB2, exhibit great potential as 

suitable options for various ultra-high temperature applications such as cutting tools, 

rocket nozzles, electrodes, wear resistant parts, and armor. This is primarily due to their 

remarkable melting temperatures, which can reach approximately 4000 °C, as well as their 

exceptional chemical and thermomechanical properties [38-42]. 

Due to their exceptional characteristics when exposed to high temperatures, these 

materials possess the potential to be utilized in the production of various components such 

as nose tips, hot structural components for hypersonic vehicles, scramjet engines, and 

microelectronics [27, 43-46]. 

1.3 Titanium Diboride 

Titanium diboride is a notable member within the category of transition metal 

diborides due to its exceptional electrical conductivity, measured at 22 x 106 Ω-1cm-1  [47-

49]. Additionally, it possesses a high melting point of 3225 °C, an increased hardness 

range of approximately 25-35 GPa, a relatively low density of 4.5 g/cm3, and exhibits 

chemical stability at elevated temperatures. Furthermore, it demonstrates superior thermal 

conductivity, measuring at 96 W/mK [47-49].  

These characteristics render TiB2 a promising candidate for many applications 

such as cutting tools, weaponry, wear and erosion resistance, crucibles, high-temperature 
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electrodes, microelectronics, mechanical components, and high-temperature structural 

purposes [49-52].  

1.3.1 2D Transition Metal Diborides 

The existence of various 2D metal borides have been predicted and some of which 

are made through experimentation. Alternative boron and titanium sheets are present in 

layered (Titanium Diborides) TiB2 inorganic material [53-56]. The solvent dispersion of 

2D nanosheets can be prepared by exfoliation of this bulk TiB2 in liquid medium having 

high ratio of boron to titanium, which can be used for applications having boron-based 2D 

nanosheets [57, 58].  

Due to small dimensions, 2D Titanium Diborides will have different optical and 

chemical properties, unique mechanical strength, and other properties than the bulk 

material which must be investigated [55]. These properties can be utilized in optical, 

electronics, magnetic, energy conversion and storages applications  [31, 53].  

1.4 Synthesis of 2D Materials 

Top-down methodologies encompass several techniques such as mechanical 

compression, nanolithography, exfoliation, micromechanical cleavage, chemical vapor 

deposition, ball milling, and Hummer's method [3, 12, 59-61]. The prevalent techniques 

employed for the fabrication of two-dimensional (2D) materials encompass chemical 

vapor deposition (CVD), scotch deposition, physical vapor deposition, and 

micromechanical cleavage [3, 13, 23, 62].  

The micromechanical fracturing of bulk-layered crystalline formations can be 

achieved with the introduction of one or a few layers of 2D nanomaterials [63, 64]. Prior 

studies have indicated that the approaches now in use are associated with substantial 

production expenses and have little potential for expansion. The process of ball milling 

has the capability to generate nanosheets on a massive scale [59, 65]; nevertheless, it also 

leads to the introduction of flaws in these two-dimensional structures [66-68].  
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1.4.1 Liquid Phase Exfoliation 

The manufacture of two-dimensional (2D) nanosheets is predominantly achieved 

using the widely used technique of exfoliation [60]. The mechanical exfoliation technique, 

often known as the standard approach for generating 2D nanosheets, has restricted 

practicality when considering its applicability on a large-scale commercial level [69]. The 

liquid-phase exfoliation (LPE) technology has been shown to be very suitable for large-

scale manufacture and has thus become the main method for producing commercially 

available 2D materials [66, 68, 70].  

Nevertheless, it is important to acknowledge that the liquid-phase exfoliation 

(LPE) technique, which operates in a top-down manner, has a notably poor efficiency in 

terms of yield [71] and necessitates the elimination of a considerable amount of 

unexfoliated [63] bulk material [63, 72, 73]. However, the technique's remarkable 

scalability and cost-effectiveness make it suitable for the high-volume manufacturing of 

two-dimensional (2D) materials [72, 73]. Moreover, the quality of these materials 

surpasses that of synthesized 2D materials produced using ball milling or chemical routes, 

exhibiting fewer or insignificant flaws [66-68]. 

1.4.2 Steps of Conventional Liquid Phase Exfoliation 

LPE offers the capacity to manufacture 2D sheets with precise thickness control, 

exhibiting a range of flake shapes and sizes, various numbers, and types of defects, as well 

as well-defined surfaces and edges [71, 74]. This facilitates the satisfaction of various 

demands for developing applications, such as filters, biomarkers, ink, epoxy composites, 

and other related areas [75-80].  

Nevertheless, the current LPE approaches exhibit significant limitations, as discussed 

in prior research [64, 71]. The methods commonly employed in this context typically 

encompass three approaches [64, 71, 81].  

• Firstly, the use of solvents or surfactants that are costly, hazardous, and 

environmentally harmful is employed for chemical treatment processing. This 

process aims to enhance the interlayer spacing of bulk 2D material.  
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• Secondly, external forces such as shearing or ultrasonication are applied to aid in 

the exfoliation and dispersion of 2D flakes within a solution. 

• Lastly, it is often necessary to purify 2D sheets to eliminate any remaining 

chemicals.  

The utilization of ecologically sustainable and non-toxic dispersants to produce two-

dimensional sheets is emphasized in a new investigation on liquid phase exfoliation (LPE) 

[71]. 

 

Figure 1.1:: Liquid Phase Exfoliation 

1.4.3 Novel Dispersant for Liquid Phase Exfoliation 

Water is an optimal and attractive choice for the dispersive medium, particularly 

due to the hydrophilic properties of many 2D materials [82]. This characteristic makes 

water a favorable and cost-effective medium for dispersion while also being 

environmentally friendly [83, 84]. 

Several studies have been conducted on water-based liquid phase exfoliation 

(LPE) that have used surfactants, polymer stabilizers, or other specialized chemicals as 
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exfoliation agents [85-89]. These components are deemed essential for achieving the 

dispersion of 2D flakes in water [89, 90]. 

Based on the available knowledge, there exists a lack of reported cases when the 

process of titanium diboride (TiB2) exfoliation through ultrasonication has been carried 

out solely employing water as the medium [26, 57, 91-93]. Previous research on other 2D 

material has shown that the treatment modality required a significant duration [94].  

According to several sources, it has been proposed that a supplementary 

exfoliation procedure including the utilization of N-methyl-2-pyrrolidone (NMP), 

dimethylformamide (DMF), or isopropyl alcohol (IPA) as a pre-treatment is necessary 

[58, 91, 93].  

Typically, these steps are essential for initiating the processing of the TiB2 source. 

In these approaches, the primary function of ultrasonic (US) processing is to maintain the 

dispersion of a few layer flakes inside the solution [95, 96]. 

1.5 Ultrasonic Parameters   

The manipulation of sonication power and sonication duration serves as crucial 

factors in regulating the lateral dimension, layer thickness, and concentration of the two-

dimensional dispersion [97]. The application of ultrasonic treatment on the bulk material 

results in a reduction in layer thickness through the cavitation process, while also 

facilitating the creation of a stable dispersion of 2D material [98].  

The effectiveness of sonication treatment is primarily determined by two key 

parameters: sonication strength and sonication time [99-101]. The stability of 

nanomaterial dispersions is also influenced by the power and duration of ultrasonication. 

The dispersions exhibit maximum stability when they are subjected to optimal power and 

duration [100, 102].  

The several process elements that need to be considered include the source of bulk 

TiB2, the concentration of the solution being tested, the presence of surfactants, the form 
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of the vessel, the temperature (T), the size of the probe, and the shape of the ultrasonic 

(US) reactor [101, 103]. 

1.6 Parametric Investigation of Liquid Phase Exfoliation 

The preparation of a solvent dispersion of two-dimensional Titanium Diboride 

nanosheets (2D TiB2) involves the exfoliation of Bulk Titanium Diboride (BTB) in water 

having a boron to titanium ratio that is rather high [58]. Based on current understanding, 

there exists a lack of research that has explored the utilization of water as the only medium 

for conducting ultrasonication-induced Transition metals diborides (TMB) exfoliation 

[26, 57, 91-93].  

Several studies done on the US liquid phase exfoliation (LPE) of two-dimensional 

(2D) materials suffer from a lack of thorough understanding of the fundamental 

mechanisms that dictate the exfoliation process [104].  

This study focuses on the potential problems arising from the widespread use of 

solvents or surfactants, the application of the US-assisted LPE technique in pure DI water 

as a one-step process, and the influence of various key parameters such as input power, 

time, and setup configuration on the LPE process of 2D TiB2.  

The technology utilized in the present work effectively showcases the capacity to 

produce a limited number of high-quality, multi-layered 2D TiB2 sheets using just 

deionized water. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 2D Materials  

Prominent examples of two-dimensional (2D) nanomaterials encompass Graphene, 

h-BN (Hexagonal Boron Nitride), GO (Graphene Oxide), rGO (reduced Graphene Oxide), 

LDHs (Layered double hydroxide), TMDs (transition metals dichalcogenide), g-C3N4 

(graphitic-carbon nitrides), layered metal oxides, MXenes, noble metals, COFs (Covalent 

organic framework), MOFs (metal organic framework), polymers, BP (Black Phosphorus), 

silicene, antimonene, inorganic perovskites, and organic−inorganic hybrid perovskites  

[12, 105, 106]. 

 

Figure 2.1: Examples of 2D Materials previously exfoliation 

Two-dimensional (2D) nanomaterials possess several benefits [107]. The 

confinement of electrons in two dimensions gives rise to remarkable electrical 

characteristics and optical transparency, presenting a fresh avenue for exploring condensed 

matter physics and potential applications in optoelectronics [107].  
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The remarkable mechanical strength and flexibility exhibited by 2D nanomaterials 

can be attributed to their atomic thinness and the presence of robust covalent bonding inside 

the plane [10, 11]. These unique properties make them highly suitable for incorporation 

into advanced gadgets of the future [10, 11].  

The 2D nanomaterial's ultrahigh specific surface area offers significant advantages 

for surface-related devices such as catalysis and supercapacitors [8, 9]. The synthesis of a 

few layers of 2D nanomaterials with a solution-based approach yields sheets of exceptional 

quality, which may be effectively used in various practical applications such as 

supercapacitors or solar cells [6, 7]. 

Two-dimensional (2D) nanomaterials are materials that have surfaces on both 

sides, making them suitable for surface engineering, modification, or doping processes 

[14]. 

2.2 Bottom-up Synthesis of 2D Materials 

Multiple methods exist to produce two-dimensional nanomaterials. In bottom-up 

methodologies, the synthesis of nanomaterials involves the initial assembly of individual 

atoms or molecules to form larger structures [108-110].  

Bottom-up techniques in materials synthesis encompass a range of methods, such 

as organic ligand aided synthesis, solvothermal synthesis, hydrothermal synthesis, polyol 

synthesis, templated based synthesis, photochemical synthesis, biological synthesis, wet 

chemical synthesis, and seeded synthesis [108-110].  

The compatibility of the substrate with 2D materials has significant importance in 

these methodologies because of their reliance on the growing surface. 
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Figure 2.2: Bottom-up Synthesis methods of 2D Materials. 

2.2.1 2D Materials by Sol-Gel 

The sol-gel synthesis is the most famous method in which Sol, which is chemical 

solution is converted into Gel which is interlinked structure of particles to produce the 2D 

nanomaterials. Metal oxides and Chlorides are usually the starting precursors.  

The precursors are dissolved into the solvent and gel is formed by sonication or 

stirring. Chemical vapor deposition is used to produce extremely pure and controlled 

thickness 2D nanomaterials which is done by depositing a controlled layer of gaseous 

precursors on any substrate by the chemical reaction at room temperature [3, 12, 13]. 
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2.3 Top-Down Synthesis of 2D Materials 

Top-down methodologies encompass many techniques such as mechanical 

compression, nanolithography, exfoliation, micromechanical cleavage, Chemical vapor 

deposition, and Hummer’s method [3, 13, 23, 62].  

 

Figure 2.3: Top-Down Synthesis methods of 2D Materials. 

Top-down techniques involve the initial utilization of bulk materials, which are 

then fragmented to provide 2D nanomaterials. The production of 2D nanomaterials 

involves the utilization of mechanical milling for grinding purposes, followed by a post-

annealing process. Lithography is a viable method to produce patterned two-dimensional 

materials with diverse architectures. A laser beam is employed to concentrate a plasma 

plane within a solution after its interaction with a metal [3, 13, 23, 62].  

Sputtering is a viable method to produce thin 2D nanomaterials characterized by a 

monolayer or a limited number of layers. Thermal decomposition induces the dissociation 
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of chemical bonds within the compounds, resulting in the formation of two-dimensional 

(2D) materials [111, 112]. 

2.3.1 Common Methods of Synthesis of 2D Materials 

The most often employed techniques for synthesizing 2D materials are chemical 

vapor deposition (CVD), scotch deposition, physical vapor deposition (PVD), and 

micromechanical cleavage. The conversion of bulk layered crystalline formations into 

single or few-layered 2D nanomaterials is achieved by the process of micromechanical 

cleavage. Various exfoliation processes can be employed for the purpose of producing and 

regulating the morphology and dimensions of exfoliated sheets [66, 113, 114]. 

The manufacturing of two-dimensional (2D) nanosheets commonly uses 

exfoliation as the prevailing technique. Various exfoliation strategies encompass ion 

exchange-assisted or ion intercalation-assisted methods, selective etching-assisted 

approaches, oxidation-assisted procedures, mechanical force-assisted techniques, 

sonication or shear force-assisted methodologies, and electrochemical exfoliation [3, 12, 

59-61]. 

2.3.2 Problems with the Common Methods 

A persistent obstacle within the realm of 2D material synthesis pertains to the 

attainment of a harmonious equilibrium among several aspects, including but not limited 

to quality, affordability, scalability, purity, and yield of the 2D flakes. There exist many 

methodologies to produce two-dimensional nanomaterials [65, 115].  

Bottom-up methods in materials synthesis encompass a range of techniques, such 

as organic ligand-assisted synthesis, solvothermal synthesis, hydrothermal synthesis, 

polyol synthesis, template-based synthesis, photochemical synthesis, biological synthesis, 

wet chemical synthesis, and seeded synthesis. The reliance of growth surfaces makes 

substrate compatibility crucial in the context of these approaches involving 2D materials. 

Moreover, these techniques have the potential to undermine the integrity and homogeneity 

of the fabricated two-dimensional sheets. The utilization of chemical pathways facilitates 

the production of the substance on a significant scale, resulting in a substantial output while 
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maintaining a comparatively economical expense. Nevertheless, the existence of impurities 

compromises the quality of the final 2D sheets [116-118]. 

From an industrial standpoint, it is important to investigate a wide range of 2D 

flakes to meet the varying needs of different applications. For example, the integration of 

thermally expanded 2D materials into epoxy composites has been demonstrated to improve 

their thermal, fire, and heat resistance properties, as well as their thermal conductivity. 

These 2D materials are synthesized through a multistep process that involves liquid phase 

exfoliation aided by ultrasonication. Small-sized flakes of few-layer sheets with a well-

developed surface have been employed in several applications, including inkjet circuits, 

printed medical sensors, biosensors, and gas vapor sensors [76, 80, 119-122].  

A noteworthy new discovery concerns the possible application of micrometer-sized 

2D sheets with a limited number of layers in filtration processes, namely in the conversion 

of saltwater into drinkable water [123]. 

2.4 Liquid Phase Exfoliation 

Micromechanical cleavage enables the exfoliation of single or few layer 2D 

materials using mechanical stress on bulk layered materials. The process of exfoliating 

ultrathin 2D nanoflakes from bulk stacked material involves distributing the components 

in a liquid media and applying suitable mechanical force. Various mechanical pressures 

can be utilized to facilitate the exfoliation of bulk layered materials, enabling their large-

scale manufacture with high yields [63, 64]. 

The forces in question might manifest as either shear forces or because of sonication 

in the liquid phase. Sonication is the use of an external force to disrupt the relatively weak 

intermolecular van der Waals interactions that exist between layers of materials. Sonication 

is a process that generates shear forces and induces cavitation, which refers to the formation 

and subsequent collapse of microscopic bubbles, to facilitate the exfoliation of the material 

[3, 124, 125]. 

The process of liquid phase exfoliation using sonication is widely employed and 

considered to be the most straightforward approach to produce two-dimensional 
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nanosheets from bulk materials. The bulk layered materials are dispersed in a suitable 

solvent, such as Deionized Water (DI), N-methyl-pyrrolidone (NMP), or Isopropyl 

Alcohol (PVA), prior to undergoing sonication for a specified period. Centrifugation is 

employed to get a homogeneous dispersion of pure two-dimensional nanosheets after the 

process of sonication [126, 127]. 

2.4.1 Exfoliation Process 

Cavitation and bubble formation occur within the liquid medium. Upon the collapse 

of these bubbles, shock waves and microjets are generated, which propagate through the 

bulk layered material dispersed in the solvent. This process results in the creation of a 

localized hotspot characterized by exceedingly high temperature and pressure, thereby 

yielding a substantial amount of energy [63, 64].  

Consequently, this energy facilitates the exfoliation of the bulk material into 

ultrathin 2D nanosheets. To accomplish successful exfoliation, it is crucial for the energy 

of the exfoliation to be compatible with that of the bulk layered material. The proposed 

method exhibits characteristics such as cost-effectiveness, scalability, and high 

productivity, making it a viable approach for synthesizing 2D nanomaterials on a wide 

scale. Various solvents can be employed for the purpose of liquid phase exfoliation using 

sonication, to achieve the exfoliation of bulk layered materials such as TiB2, ZrB2, etc. 

[124, 128]. 

Previous findings suggested that the selection of a suitable solvent, characterized 

by a high degree of surface tension compatibility with the layered material, can effectively 

reduce the energy required for exfoliation. The prevention of aggregation and restacking, 

as well as the achievement of a stable dispersion of 2D nanosheets, were considered as the 

crucial functions of the solvent. Water may be employed as a means of exfoliating bulk 

layered materials through the process of sonication. This results in the production of a 

stable dispersion, which can be attributed to the inherent wettability of the nanosheets. 

Efficient exfoliation by sonication may be obtained via liquid phase exfoliation when there 

is a favorable match between the forces present in bulk layered material and energy of the 

ultrasonic source [81]. 
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Various additives, including surfactants and polymers, can be employed in aqueous 

media to enhance exfoliation by modulating surface tension. The regulation of lateral 

dimension, layer thickness, and concentration of the 2D dispersion is dependent on several 

important parameters, including sonication power, vessel form, sonication time, solvent, 

sonication temperature, and additives [129, 130].  

Several challenges remain to be addressed in liquid phase exfoliation. These 

include the limited yield of single layer exfoliation dispersion, the small lateral dimensions 

resulting from sonication-induced breakage of in-plane bonds, the presence of undesirable 

residual substances on the surface, and the potential introduction of defects during the 

exfoliation process [115, 131, 132]. 

2.5 Transition Metal Diborides 

Metal diborides constitute a substantial assemblage of no less than 30 distinct 

components within the periodic table. Most of these materials have a hexagonal structure 

of the AlB2 type, characterized by boron layers that closely resemble graphitic layers [28, 

133, 134].  

The covalent interaction between boron atoms in 3D metal diboride complexes 

facilitates their structural integrity. The presence of boron layers in these diborides 

contributes to their elevated electrical conductivity. The configuration of boron atoms has 

a significant impact on both the chemical and physical characteristics. The scientific 

community has shown significant interest in metal diborides ever since the identification 

of magnesium diboride as a superconductive substance with a critical temperature of 39 K 

[135, 136]. 

2.5.1 Bonding and Crystal Structure 

The class of transition metal diborides exhibiting an AlB2 type crystal structure are 

designated as C32, possessing a space group symmetry of P6/mmm. The hexagonal 

structure consists of densely packed layers of transition metal, whereby alternate layers are 

composed of boron and exhibit an identical arrangement to that of graphite [137, 138].  
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Despite the presence of alternate transition metal (TM) and boron layers, a 

significant interlayer contact is seen between three adjacent boron atoms and the boron 

atoms located at the periphery of the hexagonal structure [139].  

 

Figure 2.4: Unit Cell of TiB2 

The transition metal atoms are precisely located at the midpoint and central location 

between two neighboring boron layers. Within this stratified configuration, a singular 

metallic atom is encompassed by twelve adjacent boron atoms, which are further encircled 

by six atoms of transition metal. The primordial cell of a crystal possesses a single formula 

unit, while a crystal exhibiting simple hexagonal symmetry (D6h) is characterized by its 

structural arrangement [140]. 

According to reports, the chemical bonding seen within the boron sheets of AlB2 

systems is characterized by covalent bonding. However, in the case of transition metal 

diborides, the chemical connection between metal and boron atoms exhibits a combination 

of covalent and ionic bonding. There are conflicting accounts on the nature of the bonding 

between metal and boron atoms in TiB2, with some suggesting it is mostly ionic while 

others propose a covalent character. The bonding and crystal structure of titanium diboride 

are significant factors that influence the manifestation of distinct physical and chemical 

characteristics [141]. 
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2.6 Titanium Diboride 

The bonding observed in transition metal diborides often includes a combination of 

metallic, covalent, and ionic chemical connections. The valence electron concentration 

significantly influences the mechanical characteristics, lattice parameters, and stability of 

titanium diboride. The bonding and crystal structure of titanium diboride are key factors 

contributing to its distinctive physical and chemical characteristics [134].  

 

Figure 2.5: Layered Structure inside the Bulk TiB2 

The structure of TiB2 is classified as AlB2 type, whereby boron atoms are 

positioned at 2d (1/3,2/3,1/2) Wyckoff sites, while transition metal atoms are located at 1a 

(0,0,0) location. This crystal structure belongs to the P6/mmm (No. 191) space group. The 

AlB2 structure, characterized by a space group of 191 PG/mmm, was initially documented 

in the 1930s. This structure consists of boron layers arranged in a hexagonal close-packed 

configuration, with intervening layers of metals [142]. The hexagonal boron rings are 

arranged in a stacked configuration, positioned both above and below the metal atoms in a 

perpendicular orientation to the c-axis [140]. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Materials 

The TiB2 powder utilized in this study was procured from PENSC, China (CAT 

No. 12045-63-5, purity of 99.9%). This powder served as a bulk titanium diboride (BTB) 

source throughout the synthesis process of two-dimensional (2D) TiB2. The manufacturer 

indicated that the particle size was less than 100 μm. The DIW utilized in this study was 

sourced from HAT Enterprises, a company based in Pakistan. The DIW has a purity level 

classified as Type II, making it suitable for application as a dispersive medium.  

N-Methyl-2-pyrrolidone (NMP), sourced from Merck in Germany, with a CAS 

number of 872-50-4 and a purity of 99.5%, was employed as the dispersive medium (DM) 

in the preliminary trials conducted for the synthesis of two-dimensional titanium diboride 

(2D TiB2). 

3.2 Methods 

3.2.1 Ultrasonic Parameters 

The Ultrasonic Homogenizer system employed in this study was the JY91-IIN 

N&DN Series, which consisted of a probe US transducer equipped with a US horn, also 

known as a sonotrode. The experimental setup involved the use of an ultrasonic transducer 

(UST) in conjunction with a 6 mm-diameter sonotrode (ST) made of titanium alloy. The 

sonotrode was equipped with a piezoceramic transducer capable of operating at a 

maximum frequency of 25 kHz and a maximum power of 650 W.  

It is worth noting that the sonotrode was operated at 60 to 100% input power during 

the experiments. This configuration is illustrated in Figure 3.1. The amplitude of ultrasonic 

waves, measured from the highest point to the lowest point, in this particular configuration 

reached 30 μm when the input power was at its maximum level of 100%. To ensure 

effective heat dissipation, a vessel made of stainless steel with a diameter of 60 mm was 

employed. 
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Figure 3.1: Schematic representation of Various components of the ultrasonic 

configuration employed for the treatment. 

 

Figure 3.2: The diagram illustrates the relative sizes of the vessel diameter, sonotrode 

diameter, and cavitation zone. 

All studies were conducted using a consistent vessel to ensure uniform application 

of geometrically input ultrasound waves and to keep a consistent volume of the dispersion 

medium. The temperature was maintained at a constant level of 40 °C by the utilization of 

a water bath. The rationale for maintaining the system at the aforementioned temperature 

is grounded on the enhanced stability exhibited by 2D sheets within this specific 

temperature range [94, 143, 144].  
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The interior system's temperature was measured using a DT310LAB digital 

thermometer equipped with a stainless-steel probe. The dimensions of the cavitation zone 

(CZ) were seen to be 9 mm in volume or diameter, as depicted in Figure 3.2. This 

measurement was found to be 1.5 times larger than the diameter of ST [145]. 

 

Figure 3.3: Ultrasonic Probe Sonication System Used for the experimentation. 

As seen in Figures, the sonotrode was immersed in the liquid at a depth of 15mm 

below the surface and 20mm above the bottom of the vessel. This positioning ensured that 

the sonotrode remained centrally located inside the volume of the liquid for all 

experimental trials, hence maintaining a consistent ultrasonic (US) configuration. 

For each experimental setting, a consistent quantity of 1 gram of bulk TiB2 (BTB) 

and a uniform volume of 100 milliliters of Dispersion medium (DM) were employed. 

Pulsed waves with a time interval of 0.2 s in the active state and 0.1 s in the inactive state 

were utilized to administer ultrasound (US) in order to achieve a uniform dispersion of 

energy across the cavitation zone (CZ) for all US parameters. 

3.3 Effect of Dispersive Medium 

In order to assess the impact of the DM, two distinct solvents, namely NMP (often 

employed) and DIW (a specific DM that was extensively utilized in our experiment), were 

employed. In a concise manner, the experimentation was partitioned into two distinct 
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components. In the initial experiment (Ex-1), N-methyl-2-pyrrolidone (NMP) was 

employed as the dispersing medium.  

In the second experiment (Ex-2), deionized water (DIW) is utilized as the 

dispersing medium (DM). The experiment of DIW was further separated into two distinct 

components, namely Ex-2a and Ex-2b. The fundamental procedures for both components 

were the same. The subsequent sections will elaborate on the specific impact of these two 

decision-making processes. 

3.3.1  For NMP 

 

Figure 3.4: Magnetic Stirring Hotplate, Centrifuge and Vacuum Filtration Assembly 

used in the experimentation. 

In Experiment 1, a solution was prepared by dissolving 1 gram of BTB in 100 

milliliters of NMP. The dissolution process was facilitated by magnetic stirring for a 

duration of 1 hour, using a magnetic stirring hotplate (MTops MS300hS) operating at room 

temperature. The vessel was maintained at ambient temperature for a duration of 18 hours 

to facilitate the pre-soaking process BTB in N-methyl-2-pyrrolidone (NMP).  

This procedure initiates the exfoliation process by subjecting the BTB sheets to 

presoaking, resulting in the expansion of the sheets. Additionally, this presoaking phase 

effectively diminishes the interlayer forces inside the BTB material  [95, 96, 146]. 

Subsequently, ultrasonication is conducted at a power level of 650 W for a duration of 6 

hours. The 2D TiB2 material was subsequently subjected to centrifugation in a two-step 

process. 
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Initially, the majority of TiB2 was separated using centrifugation, employing the 

Centurion Scientific C2 Series, at a rotational speed of 500 revolutions per minute for a 

duration of 30 minutes. During the second phase, the supernatant obtained from the initial 

centrifugation was subjected to another centrifugation process at a speed of 1000 

revolutions per minute for a duration of 30 minutes. This was done in order to eliminate 

the partially exfoliated two-dimensional titanium diboride (TiB2) material. 

The second centrifugation's supernatant was next subjected to vacuum filtering 

using a rotary vacuum pump (ROCKER) filtration assembly equipped with a Millipore 

HNWP 0.45 μm filter paper. This process aimed to separate the created 2D TiB2 from the 

DM. 

The filter paper containing the products was subsequently subjected to a drying 

process in a vacuum oven (VA6033) at a temperature of 70 °C for a duration of 24 hours, 

resulting in the formation of 2D TiB2. A desiccated specimen of two-dimensional titanium 

diboride (TiB2) was acquired and designated as sample US-N1.  

 

Figure 3.5: Supernatant After first and second centrifugation. 

The subsequent phases of the experiment involved the utilization of ethanol and 

deionized water (DIW) for the purpose of eliminating the NMP that had become trapped 

between the sheets. This elimination process was achieved using centrifugation at a speed 

of 4500 revolutions per minute for a duration of 10 minutes.  

Consequently, this experiment may be characterized as a three-step procedure, as 

seen in the flow chart presented in Figure 3.6. The cleaned sheets were thereafter subjected 

to a drying process in a specialized oven set at a temperature of 70 °C for a duration of 24 

hours. The resulting product was then identified and designated as sample US-N2. 
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Figure 3.6: The flow chart depicting the Liquid Phase Exfoliation in NMP. 

 

Figure 3.7: Sample US-N1 and US-N2. 

3.3.2  For DI Water 

Experiment 2 is predicated upon an investigation into the impact of deionized water 

(DIW) acting as a dispersive medium (DM) during the liquid phase exfoliation (LPE) of 

two-dimensional titanium diboride (2D TiB2).  

In order to get a deeper understanding of the influence of various US parameters on 

the synthesis of two-dimensional titanium diboride (2D TiB2) in a deionized water (DIW) 

as a dispersive medium (DM), our study is divided into two distinct experimental phases.  

In part Ex-2a, the investigation focused on the variety in input powers. In contrast, 

part Ex-2b examined the variance in the treatment time in the ultrasonic treatment. Further 

details on these aspects are provided in the subsequent paragraphs. 
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Figure 3.8: 2D TiB2 solution in supernatant After centrifugation and Dried 2D TiB2 

sheets. 

 

Figure 3.9: The flow chart depicting the Liquid Phase Exfoliation in DI Water. 

In both sections of Experiment 2, a quantity of 1 gram of BTB powder was 

dissolved in 100 milliliters of deionized water (DIW) by agitation for a duration of 20 

minutes on a magnetic stirring hotplate set to room temperature. Subsequently, the mixture 

was transferred to the container, and the characteristics specific to the ultrasonication were 

modified accordingly, considering whether it pertained to Ex-2a or Ex-2b, as will be 

elaborated upon in the subsequent sections. 

The 2D TiB2 material was isolated from bulk and semi-exfoliated TiB2 by a 

centrifugation process conducted at a speed of 3000 revolutions per minute for a duration 

of 10 minutes. Subsequently, the liquid portion was subjected to desiccation within a Petri 

dish for a duration of 24 hours at a temperature of 70 °C, utilizing a drying oven 
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manufactured by Memmert. The flow chart in Figure 3.9 demonstrates that exfoliation in 

DIW has been simplified into a single step process. 

3.4 Effect of Ultrasonication Parameters 

3.4.1 Effect of Ultrasonication Power 

For Ex-2a, the US treatment time at 6 h was fixed, and all other parameters were 

already fixed as discussed earlier. We changed the US input power, setting it at 3 different 

points: 390 W (60%), 520 W (80%), and 650 W (100%). The samples were labeled as US-

P1 for 390 W, US-P2 for 520 W, and US-P3 for 650 W. The energy density of the acoustic 

waves is given by Equation 1 [147]. Hence, corresponding energy densities (ED) were 

84.24 kJ/mL (390 W), 112.32 kJ/mL (520) W, and 140.40 kJ/mL (650) W.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃𝑜𝑤𝑒𝑟 (𝑊)×𝑇𝑖𝑚𝑒 (𝑆)

𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿)
      𝐽𝐿−1    ………1 

3.4.2 Effect of Ultrasonication Duration 

For Ex-2b, the effect of the duration of US treatment was checked by maintaining 

other parameters constant and fixing the input power at 650 W. We changed the US time 

in three steps: 6 h (US-T1), 7 h (US-T2), and 8 h (US-T3). The ED of US was 140.40 

kJ/mL (6h), 163.80 kJ/mL (7h), and 187.20 kJ/mL (8h).  
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CHAPTER 4: CHARACTERIZATION 

4.1 Instruments 

The produced 2D TiB2 samples underwent characterization by the utilization of 

scanning electron microscopy (SEM), X-ray diffraction (XRD), and atomic force 

microscopy (AFM). The next section provides an overview of each characterization 

approach. 

4.2 SEM 

This approach involves the precise focusing of a narrow electron beam onto the 

surface of an object. As a consequence, particles such as photons or electrons are dislodged 

from the surface of the material. Subsequently, the dislodged electrons are directed into the 

detector for further analysis. The signal generated by the detector causes variations in the 

luminosity of the cathode ray tube (CRT). At each point of interaction between the beams, 

a corresponding point is plotted on the cathode ray tube (CRT), resulting in the generation 

of the material's picture [148]. 

The interaction between electrons and surfaces results in the emission of secondary 

electrons (SE), backscattered electrons (BSE), and X-rays  [149]. The primary method of 

detection in scanning electron microscopy (SEM) is through the use of secondary electrons. 

The emission of these electrons occurs in close proximity to the surface of the sample. 

Thus, a distinct and lucid representation of the specimen is acquired. 

The technique has the capability to discern minute features with dimensions less 

than 1 nanometer. Moreover, the phenomenon of elastic scattering occurs when input 

electrons interact with a target material, resulting in the emission of backscattered 

electrons. Secondary electrons are found at shallower depths compared to primary 

electrons. The resolution of the given entity is somewhat lower in comparison. When an 

electron located in the inner shell is dislodged from its orbit, it releases x-rays that possess 

distinct characteristics [150].  
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Figure 4.1: SEM (JEOL) present at SCME, NUST. 

The utilization of scanning electron microscopy (SEM) is favored due to its 

convenient sample preparation methods, enabling researchers to examine several aspects 

of a sample, including its morphology, chemistry, crystallography, and orientation of 

planes. The scanning electron microscope (SEM) has a variable magnification range 

spanning from 10 to 500,000 times. 

The morphology of the materials can be investigated using the any instrument, and 

better resolution can be obtained using FESEM. The elemental composition can be 
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ascertained using an Energy Dispersive X-ray Spectroscopy (EDS) detector that is 

connected to a Field Emission Scanning Electron Microscope (FESEM). 

4.2.1 Sample Preparation 

The dimensions of the sheets in the lateral direction were analyzed using a high-

resolution scanning electron microscope (SEM) operating at 30 kilovolts (kV) (JEOL-

JSM-6490LA). To prepare the sample, a dispersion was created by introducing a nominal 

quantity of 2D TiB2, namely 10 mg, into 15 ml of deionized water (DIW).  

To achieve a homogeneous dispersion, the mixture underwent sonication in an 

ultrasonic bath sonicator (WiseClean WUC-A06H) for a duration of 1 hour at ambient 

temperature. In the context of scanning electron microscopy (SEM) investigation, the 

samples underwent drop casting, which involved the application of 2 to 3 drops of a finely 

dispersed 2D TiB2 material onto a glass surface that had been well cleaned. The specimens 

were subjected to a drying process within a drying oven, maintained at a temperature of 60 

°C, for a duration of 3 hours.  

A conductive gold coating with a thickness of a few nanometers was applied onto 

a two-dimensional (2D) TiB2 substrate in order to enhance the conductivity of the surface 

and enable high-resolution imaging. Subsequently, the specimens were subjected to 

analysis at several levels of magnification, and the most optimal photographs exhibiting 

superior resolution were captured. 

The ImageJ program was utilized for additional image processing and the 

determination of lateral dimension measures. The identical procedure was employed for 

the examination of scanning electron microscope (SEM) pictures of the BTB prior to the 

study of two-dimensional titanium diboride (2D TiB2). 

4.3 XRD 

This technique is employed for the purpose of determining the crystal structure of 

the material. The aforementioned approach is non-destructive in nature and facilitates the 
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acquisition of Bragg's reflections fingerprints from crystalline materials. The composition 

is comprised of three primary components. The experimental setup consists of a cathode 

tube, a sample container, and a detector. X-rays are generated by the process of thermionic 

emission, wherein a filament element is heated to high temperatures, causing the emission 

of electrons [151]. 

 

Figure 4.2: XRD (BRUKER) present at SCME, NUST. 

These electrons are then accelerated towards a target material, where they undergo 

collisions with the target's electrons, resulting in the production of X-rays.  

The structure of crystal is characterized by the presence of distinct layers and 

planes. An X-ray with a wavelength comparable to the planes in question is reflected at an 

angle of incidence that is equal to the angle of reflection. The phenomenon of "diffraction" 

occurs and may be accurately explained by Bragg's Law. [151]. 

2𝑑𝑠𝑖𝑛𝜃 = nλ     ………2 

When Bragg's law is fulfilled, it indicates the occurrence of constructive 

interference, resulting in the detection of "Bragg's reflections" by the detector. The 

placements of these reflections provide insights into the inter-layer spacing, whereas ray 

diffraction analysis informs us about the phase, crystallinity, and purity of the sample.  
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Through the utilization of this methodology, it is also possible to ascertain lattice 

misfit, dislocations, and the size of the unit cell. X-ray diffraction experiments were 

conducted using an X-Ray diffractometer at the School of Chemical and Materials 

Engineering, National University of Sciences and Technology (SCME-NUST).  

4.3.1 Sample Preparation 

The X-ray diffractometer (Bruker D2 PHSER diffractometer) was employed to 

investigate the crystal structure and, notably, to examine the arrangement of 2D TiB2 sheets 

along a designated plane. The X-ray diffraction (XRD) analysis provided confirmation of 

the existence of well-formed two-dimensional (2D) TiB2 structures, with their orientation 

aligned parallel to the plane. The samples were analysis using two distinct methodologies 

in X-ray diffraction (XRD). 

In the case of US-BW, US-P390, US-P520, and US-P650, the sample underwent 

an initial preheating or drying process in a drying oven set at a temperature of 60 °C for a 

duration of 3 hours. This step was carried out to eliminate any moisture that may have been 

present or trapped inside the layers of the sample. Subsequently, the desiccated samples 

were immediately transferred to the stub or sample holder of the X-ray diffraction (XRD) 

instrument for examination. The identical methodology was employed to examine the X-

ray diffraction (XRD) pattern of BTB.  

In the case of US-AW, US-T6, US-T7, and US-T8, a quantity of 50 mg of 2D TiB2 

was introduced into 15 ml of deionized water (DIW) and subjected to ultrasonication in a 

bath sonicator for a duration of 1 hour at ambient temperature. Three droplets of the 

produced solution were deposited onto the cleaned glass substrate. 

Subsequently, the substrate is subjected to a vacuum environment within an oven, 

maintaining a temperature of 70 °C for a duration of 4 hours. Subsequently, the desiccated 

specimens are carefully positioned into designated sample containers in preparation for 

examination. The samples were analysis at a range of angles spanning from 5° to 80°, 

utilizing a slow scan rate. 
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4.4 AFM 

Atomic force microscopy (AFM) is widely regarded as a very sophisticated 

methodology employed for the examination and characterization of surfaces. This 

technique is mostly employed for the purpose of assessing surface roughness and analyzing 

characteristics at the micro and nano scales. The utilization of 2D materials allows for an 

approximate determination of the dimensions of the sheet, including its length and 

thickness [152].  

 

Figure 4.3: AFM (JEOL) present at SCME, NUST. 

The fundamental idea behind atomic force microscopy (AFM) is the interaction 

between a sharp cantilever, which is spring-based, and the surface of the specimen. The 

measurement of force is conducted by observing the deflection of the specimen during 

scanning [153].Another rationale for employing atomic force microscopy to analyze 

exfoliated sheets was to assess the aspect ratio (length/thickness), which has significant 

relevance in subsequent modeling endeavors aimed at investigating gas barrier features. 
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4.4.1 Sample Preparation 

The measurement of the layer thickness was conducted using the JSPM-5200 JEOL 

scanning probe microscope (SPM) with a very precise probe. Atomic forces were 

employed to generate a three-dimensional picture. The utilization of atomic force 

microscopy (AFM) in contact mode, characterized by its high-resolution capabilities, 

enables the determination of sheet thickness.  

A dispersion preparation was conducted by adding 5 mg of 2D TiB2 to 15 ml of 

deionized water (DIW) and subjecting it to ultrasonication at room temperature for a 

duration of 1 hour. A single droplet of the produced dispersion was applied over a smooth 

and polished Si/SiO2 surface, which exhibited little roughness. The specimen was subjected 

to a desiccation process within a vacuum oven, whereby it was exposed to a temperature 

of 70 °C for a duration of 4 hours. Subsequently, the processed samples were introduced 

into a vacuum chamber and subjected to individual scanning using an AFM. 

 

Figure 4.4: Different Dispersions for SEM, XRD and AFM. 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Analysis of Bulk TiB2 

Prior to conducting the investigation of our two-dimensional Titanium Diboride 

(2D TiB2) material, we performed an examination of the Bulk Titanium Diboride (BTB) 

compound using scanning electron microscopy (SEM) and X-ray diffraction (XRD) 

techniques.  

5.1.1 SEM Analysis of BTB 

The findings obtained from the scanning electron microscopy (SEM) analysis 

indicated that the BTB sample exhibited an average particle size ranging from 50 μm to 

100 μm, as visually shown in Figure 5.1. The particles exhibited varying morphologies 

characterized by either rough or smooth surfaces and possessed multilayer structures.  

  

Figure 5.1: SEM image and XRD of Bulk TiB2 

5.1.2 XRD Analysis of BTB 

The X-ray diffraction (XRD) analysis revealed that BTB exhibited a hexagonal 

crystal structure characterized by a P6/mmm space group. The diffraction pattern exhibited 

distinct peaks corresponding to various crystallographic planes. Specifically, a minor peak 
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was observed for the (001) plane at an angle of 27.5°, a prominent peak was observed for 

the (100) plane at an angle of 34.1°, and the most intense peak was observed for the (101) 

plane at an angle of 44.4°. 

Additionally, smaller, or less significant peaks were observed for the (002) plane at 

an angle of 56.9°, the (110) plane at an angle of 61.1°, the (102) plane at an angle of 68.1°, 

the (111) plane at an angle of 68.3°, the (200) plane at an angle of 71.904°, and the (201) 

plane at an angle of 78.6°. These observations are depicted in figure 5.1 of the BTB. The 

acquisition of this pattern was compared by the utilization of the JCPDS Card No. 01-075-

1045. 

5.2 Effect of Dispersive Medium on 2D TiB2 

The present study aimed to evaluate the impact of various dispersion mediums on 

the synthesis of 2D TiB2. This was accomplished via the utilization of scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) techniques. The findings will be examined 

and analyzed in the subsequent sections. 

5.2.1 Analysis of LPE in NMP 

In Experiment 1, the use of N-Methyl-2-pyrrolidone (NMP) was employed as a 

dispersing medium. The production of two-dimensional titanium diboride (2D TiB2) in N-

methyl-2-pyrrolidone (NMP) included a sequential procedure, as documented in references 

[95, 96, 146]. The product samples were partitioned into two distinct segments. The US-

N1 was not subjected to a cleaning process.  

5.2.2 SEM Analysis of Sample US-N1 

The scanning electron microscopy (SEM) pictures presented in Figure 5.2 

demonstrate the self-assembly of NMP on US-N1 sample 2D sheets substrate following 

the process of drop casting and subsequent drying of the dispersion on a glass surface  [144, 

154, 155]. Therefore, the observation of 2D TiB2 through scanning electron microscopy 
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(SEM) for the US-N1 sample was hindered due to the inadequate elimination of N-methyl-

2-pyrrolidone (NMP) from nanosheets [156, 157].  

      

Figure 5.2: SEM image of Sample US-N1 and US-N2 

5.2.3 SEM Analysis of Sample US-N2 

To eliminate the NMP and contaminants, we subjected our sheets (US-N2) to a 

washing procedure, resulting in an augmentation of both the synthesis stages and the 

processing time. Following the washing procedure, the produced 2D sheets were visible. 

However, it is important to note that the washing process introduced additional complexity 

to the liquid phase exfoliation (LPE) in N-methyl-2-pyrrolidone (NMP), transforming it 

into a three-step procedure. The SEM image of US-N2 is depicted in Figure 5.2. The picture 

reveals that the lateral dimensions of the 2D TiB2 in sample US-N2 range from 1 μm to 2 

μm. Nevertheless, remnants of NMP [144, 157] were still evident, as seen in Figure 20. 

5.2.4 XRD Analysis of Sample US-N1 

The X-ray diffraction (XRD) data presented in Figure 5.3 indicates that, in the case 

of US-N1, there is an increase in the intensity of the (001) plane peak at an angle of 27.3°, 

accompanied by a little shift (27.5° for bulk TiB2). Additionally, the intensities of the 

primary peaks corresponding to the (100) and (101) planes at angles of 34.0° and 44.3° 

respectively, exhibit a reduction. The intensity of all remaining peaks exhibited a decline. 

The observed variation in intensities can be attributed to the alignment of sheets along 
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specified planes, which in turn resulted in the occurrence of strong diffraction [158]. A 

little alteration in the X-ray diffraction (XRD) pattern of US-N1 was observed in 

comparison to the XRD pattern of bulk TiB2.  

 

 

Figure 5.3: XRD Pattern of Sample US-N1 and US-N2 

Additionally, a little increase in the width of the US-N1 X-ray diffraction (XRD) 

peaks was observed. The displacement of the peaks observed can be attributed to the 

mechanical forces generated by ultrasonication, which facilitated the process of exfoliation 

throughout the range of [159-162]. The d-spacing experienced modest alterations or 

enhancements due to the influence of these forces, wherein ultrasonic forces attenuated the 

out-of-plane forces, resulting in the exfoliation of the sheets. Consequently, a minor shift 

towards lower angles was seen in the X-ray diffraction (XRD) pattern. The phenomenon 

of peak widening occurs while transitioning from bulk to nano scale, resulting in a 

reduction of diffraction planes [158, 163, 164]. 



38 

The X-ray diffraction (XRD) findings provide conclusive evidence of the 

successful synthesis of two-dimensional (2D) titanium diboride (TiB2). The obtained XRD 

patterns indicate that the 2D TiB2 sheets are oriented along the (001) crystallographic 

plane, with an inclination angle of 27.3°. Nevertheless, an additional peak at 26.6° was 

seen, suggesting the existence of impurities within the 2D TiB2 material. During the 

synthesis process in NMP, it is possible for contaminants to be integrated into the 2D TiB2 

material. The contaminants in question were found to be either pre-existing in NMP and 

BTB or capable of being generated during the LPE process [60, 165-167].  

Nevertheless, the X-ray diffraction (XRD) pattern of BTB indicated the absence of 

contaminants in the bulk powder. Therefore, it can be inferred that these impurities must 

have originated from two other sources. Moreover, pure N-methyl-2-pyrrolidone (NMP) 

was employed, hence potentially leading to additional plane expansion because of NMP 

entrapment inside the exfoliated sheets of two-dimensional titanium diboride (TiB2). 

5.2.5 XRD Analysis of Sample US-N2 

The X-ray diffraction (XRD) pattern of US-N2, as seen in Figure 5.3, provides 

confirmation of the successful synthesis of two-dimensional (2D) TiB2. This confirmation 

is evident from the presence of a single strong peak observed at an angle of 26.8°, 

corresponding to the (001) plane. The observation of a peak shift of 0.7° for the (001) plane, 

accompanied by diminished intensities of all other planes, provides confirmation of the 

successful synthesis and precise alignment of two-dimensional TiB2 along the (001) plane 

[17, 168]. The causes of Peak shift and Peak Broadening seen in the sample US-N1 are 

consistent with those previously described, therefore confirming the presence of a limited 

number of 2D TiB2 layers [169, 170]. A residual signal at 24.9° was observed, indicating 

the continued presence of contaminants and N-methyl-2-pyrrolidone (NMP) inside the 

sheets [60, 165-167, 171]. 

5.2.6 Effect of NMP 

Therefore, it was determined by the utilization of scanning electron microscopy 

(SEM) and X-ray diffraction (XRD) that the presence of N-methyl-2-pyrrolidone (NMP) 
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and impurities, which were introduced during the synthesis process, persisted even after 

undergoing post-treatment and washing procedures, as previously stated in experimental 

studies [144].  

To achieve the total elimination of N-Methyl-2-pyrrolidone (NMP), it is necessary 

to subject the substance to prolonged drying at elevated temperatures [172, 173].  

The elimination of impurities can be achieved by the process of annealing, which 

involves subjecting the material to high temperatures [174-176]. The inclusion of 

additional steps such as further drying or annealing in the already existing three-step 

process of LPE utilizing NMP as a dispersive medium (DM) would result in increased time 

consumption and complexity. The applicational qualities of 2D TiB2 as a product may be 

influenced by the presence of NMP or impurities. 

5.2.7 Analysis of LPE in DI Water 

To address the challenges connected with NMP, the decision was made to substitute 

the DM with deionized water (DIW) and subsequently synthesis 2D TiB2. The utilization 

of US cavitation in pure deionized water (DIW) BTB solutions is solely used as a unique 

one procedural step for the exfoliation process of two-dimensional titanium diboride 

(TiB2).  

A previously described technology of LPE like our study was utilized for graphene, 

in which a unique and customized equipment was utilized to test solutions containing 

water-based surfactants in a restricted volume [90]. Additionally, a comparable 

investigation was conducted to examine the utilization of LPE [104] for the industrial-scale 

synthesis of graphene. The management of lateral dimension, layer thickness, and 

concentration of the 2D dispersion is primarily achieved by the manipulation of two 

important factors, namely the US input power and US duration in the LPE [97]. 

The present work presents a manufacturing procedure for the exfoliation of 2D TiB2 

in pure deionized water (DIW). This process is notable for its cleanliness, environmental 

friendliness, and possible scalability. Significantly, this procedure does not entail the 
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utilization of any chemical additives. The confirmation of the presence of a two-

dimensional (2D) TiB2 material has been achieved through the utilization of several 

characterization techniques.  

In addition, we conducted the synthesis process utilizing the specified parameters 

of NMP. Furthermore, we undertook optimization of crucial factors, such as ultrasonication 

(US) input power and treatment duration. It is worth noting that, to the best of our 

knowledge, no other work has explored these parameters for 2D TiB2. The next section 

presents a discussion of the outcomes obtained from all tests conducted with deionized 

water (DIW) as the dispersing medium (DM). 

5.3 Effect of Input Power 

5.3.1 At 390 W Power 

To investigate the impact of input power (Ex-2a) on the system under study (US), 

we maintained the consistency of all other parameters. Specifically, we utilized a sonotrode 

with a consistent diameter, employed the same configuration for the experimental setup, 

and employed deionized water (DIW) as the designated medium (DM). The initial power 

capacity harnessed in the US was 390 watts.  

5.3.2 SEM analysis of Sample US-P1 

The scanning electron microscopy (SEM) picture presented in Figure 5.4 reveals 

that the typical lateral dimensions of the observed structures are around 10 μm, while their 

layer thickness is larger than 100 nm, or even 0.2 μm. The sheets included a total of more 

than one hundred layers. The ratio between the lateral dimension and the layer thickness 

was around 34 [177]. 

At a power level of 390 W, it was observed that the cavitation field (CF) did not 

exhibit sufficient strength, and the energy density (ED) was not sufficiently high to 

facilitate the desired intercalation-controlled delamination (ICD) process for the 
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exfoliation of 2D TiB2. Therefore, the atomic force microscopy (AFM) analysis of US-P1 

was not conducted due to its thickness falling beyond the nano range 

 

Figure 5.4: Comparative SEM of the samples US-P1 (a), US-P2 (b) and US-P3 (c) 

5.3.3 XRD analysis of Sample US-P1 

The X-ray diffraction (XRD) findings depicted in Figure 5.5 demonstrate that in 

the case of sample US-P1 (390 W), the intensity peak corresponding to the (001) plane 

exhibited a rise, accompanied by a shift of 26.9° (with a 0.6° deviation from the BTB peak). 

The intensity of the primary peak of BTB is seen to drop [161, 178] at the angles of 34.1° 

and 44.4° for the crystallographic planes (100) and (101), respectively.  

A marginal decline in the magnitudes of all remaining peaks was observed. No 

notable increase in peak broadening or peak shifting was seen in the other planes, which is 

a prerequisite for transitioning from the bulk to the nanoscale regime [179]. Based on the 

absence of this prominent factor, it may be inferred that there was a lack of substantial 

exfoliation observed at the power level of 390 W. 
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Figure 5.5: Comparative XRD patterns of the samples BTB, US-P1, US-P2 and US-P3 

5.3.4 At 590 W Power 

The power input for the second experiment conducted in the Ultrasonic treatment 

to synthesize 2D TiB2 utilizing DI water as the dispersing medium was 520 W. 

5.3.5 SEM analysis of Sample US-P2 

The scanning electron microscopy (SEM) picture presented in Figure 5.4 reveals 

that sample US-P2 (520 W) exhibits lateral dimensions ranging from about 5 μm to 8 μm. 

Multiple sheets were seen, each with distinct lateral dimensions, with an average lateral 

dimension of 6 μm. The scanning electron microscopy (SEM) pictures revealed the 
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presence of a well-defined sheet-like structure, indicating the sufficient extent of 

exfoliation of the two-dimensional (2D) TiB2 material [180]. 

5.3.6 XRD analysis of Sample US-P2 

The X-ray diffraction (XRD) pattern of US-P2, as seen in Figure 5.5, exhibited a 

notable shift in the peak corresponding to the (001) plane, which occurred at an angle of 

26.8°. Additionally, the strength of this peak saw a further rise, which may be attributed to 

the sheets being perfectly aligned along this plane [170, 181]. In the sample US-P2, the 

planes (100) and (101) exhibited a minor shift in the primary peaks of the BTB, measuring 

around 34.05° and 44.35°, respectively.  

The observed drop in the intensity of these planes indicates a substantial reduction 

in layer thickness, consistent with findings from previous research [182]. Additionally, a 

little displacement was seen in all other peaks, accompanied by a drop in their respective 

intensities, except for the (002) plane peak at an angle of 56.85°. This observation further 

substantiates the hypothesis about the alignment of sheets along the (001) plane. A 

phenomenon of peak widening was seen across all peaks, indicating a substantial level of 

cavitation intensity (CI) at 520 W, resulting in the exfoliation of the 2D TiB2 from BTB 

with layer thicknesses below 100 nm or within the nano-scale range [183]. 

5.3.7 AFM analysis of Sample US-P2 

 

Figure 5.6: Comparative SEM of the samples US-P2 (a) and US-P3 (b) 
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Moreover, to determine the thickness of the layer, Atomic Force Microscopy 

(AFM) was conducted, as seen in Figure 5.6. The atomic force microscopy (AFM) pictures 

revealed a layer thickness of approximately 68 nm, indicating the presence of roughly 140 

to 150 layers of TiB2 within the sheets [142, 184]. The ratio between the lateral dimensions 

and layer thickness of was found to be 88, which exceeds that of US-P1  [177]. At a power 

level of 520 W, the energy density (ED) was sufficient to generate a cavitation field (CF) 

capable of delivering an appropriate dosage of inertial cavitation (ICD). However, the 

intensity of the CF remained insufficient to achieve a desired level of sheet thickness [64]. 

5.3.8 At 650 W Power 

In the subsequent round of the experiment investigating the impact of input US 

power, the value was further augmented to 650 W. 

5.3.9 SEM analysis of Sample US-P3 

The appropriate 2D sheets may be observed in Figure 5.4's scanning electron 

microscope (SEM) picture. The lateral diameters of the sheets were around 5 micrometers. 

The sheets exhibit no curling or bending. Therefore, at a power level of 650 watts, an 

adequate amount of intercalation and delamination (ICD) was facilitated by the energy 

density, resulting in a sufficiently strong cavitation field that effectively exfoliated the 

sheets  [90]. The cavitation zone (CZ) exhibited a high degree of homogeneity, resulting 

in a limited range of lateral dimensions with a little size distribution [185]. 

5.3.10 XRD analysis of Sample US-P3 

The X-ray diffraction (XRD) pattern depicted in Figure 5.5 demonstrates that the 

strength of the (001) peak in US-P3 has notably grown, surpassing all other peaks. This 

indicates that a significant portion of the sheet is now aligned along the (001) plane, 

inclined at an angle of 26.6°. 

Additionally, there is a minor shift in the peak position compared to the BTB [170, 

181]. The second most intense peak was seen in the (002) plane, exhibiting a little angular 
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shift of 56.75°. Additionally, the primary peak of BTB in the (100) and (101) planes had 

insignificant intensities, accompanied by a minor angular displacement. The disappearance 

of all the remaining peaks may be attributed to the alignment of the manufactured 

nanosheets in a precise direction along the plane [182]. The observed peaks exhibited 

substantial widening, suggesting the existence of two-dimensional (2D) TiB2 with very 

thin dimensions on the order of nanometers [183]. 

In the present study, a significant proportion of the two-dimensional titanium 

diboride (TiB2) samples exhibited alignment predominantly along the (001) 

crystallographic plane. The observed reduction in the magnitude of prominent peaks 

indicates the presence of a limited number of stratified 2D TiB2 [186]. 

5.3.11 AFM analysis of Sample US-P3 

The atomic force microscopy (AFM) picture seen in Figure 5.6 provided evidence 

indicating that the layer possessed a thickness of about 35 nm. The 2D TiB2 exhibited a 

notable presence of around 70 to 80 layers [142, 184]. The current ratio between the lateral 

dimensions and layer thickness is 145 [177]. 

In the case of the US-P3 sample, the Energy density (ED) operating at a power level 

of 650 W exhibited a significant intensity, resulting in the generation of a pronounced 

cavitation field (CF) within the cavitation zone (CZ) of the sonotrode [90]. 

The experimental procedure yielded 2D TiB2 sheets of great purity, characterized 

by a limited number of layers. The density of the 2D sheets within the dispersive medium 

exhibited a notable level of concentration. 

5.4 Effect of Treatment Time 

In Experiment 2b (Ex-2b), the objective was to examine the impact of the length 

(time) of the ultrasonic treatment. To align with the inquiry focused on power dependency, 

the input power was held constant at 650 W. All remaining parameters, setup 
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configurations, and the diameter of the sonotrode were held constant, and all experimental 

procedures were conducted using deionized water as the dispersing medium.  

The duration of the cavitation intensity (CI) given by the cavitation field (CF) of 

the sonotrode was altered by manipulating the ultrasonic treatment period. The alteration 

in cavitation intensity resulted in a modification of the energy density, thereby affecting 

the intensity of ICD inside the cavitation zone [147]. 

5.4.1 For 6 h Treatment 

The implementation of time study commenced with the first selection of a 6-hour 

treatment duration in the Ultrasonication. While the impact of this phenomenon has been 

somewhat examined in the context of US-P3, the samples (US-T1) utilized in this study 

were freshly produced, and the analytical techniques employed were enhanced. 

5.4.2 SEM analysis of Sample US-T1 

 

Figure 5.7: Comparative SEM of the samples US-T1 (a), US-T2 (b) and US-T3 (c) 
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The scanning electron microscopy (SEM) picture presented in Figure 5.7 illustrates 

the presence of two-dimensional (2D) sheets of titanium diboride (TiB2) in sample US-T1 

(6 h). These sheets exhibit lateral dimensions of about 5 𝜇m. The lateral dimensions of the 

sheets exhibit a highly limited distribution. The sheets exhibited no structural irregularities, 

as evidenced by the absence of any curling or bending.  

This finding indicates that the effective dose (ED) of the CZ (chemical compound) 

supplied an adequate amount of intercalation compound (ICD), resulting in a significant 

level of exfoliation [90].  

In this instance, the concentration of the 2D titanium diboride (TiB2) sheets in the 

deionized water (DIW) as the dispersing medium (DM) was seen to be significantly 

elevated. 

5.4.3 XRD analysis of Sample US-T1 

The X-ray diffraction (XRD) plot presented in Figure 5.8 demonstrates that sample 

US-T1 exhibits a solitary and prominent peak at an angle of 26.1°, corresponding to the 

(001) plane. Furthermore, this peak is observed to have undergone a shift of 1.4°. 

The observed phenomenon of peak shifting can be attributed to the expansion of 

the planes inside the layers of two-dimensional TiB2 sheets, which is caused by the 

pressures exerted during sonication [170, 181].  

The observed phenomenon of peak broadening indicates that the thickness of the 

layers falls inside the nanometer scale, specifically denoting that the sheets are extremely 

thin with a limited number of layers [183].  

The suppression of all other peaks was seen for all other planes. The obtained 

findings indicate the presence of a limited number of densely stacked two-dimensional 

(2D) sheets of TiB2, exhibiting a precise alignment with the (001) plane [182]. 

Figure 5.8 shows the comparative XRD patterns of the samples BTB, US-T1, US-

T2 and US-T3. 
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Figure 5.8: Comparative XRD patterns of the samples BTB, US-T1, US-T2 and US-T3 

5.4.4 AFM analysis of Sample US-T1 

The AFM picture depicted in Figure 5.9 provided confirmation that the mean 

thickness of the sheets was around 34 nm, indicating the presence of 68 to 77 layers inside 

the sheets [142, 184]. The lateral-to-layer thickness ratio was around 148  [177]. Therefore, 

the Cavitation Intensity (CI) of the Cavitation Field (CF) proved to be sufficient for a 

duration of 6 hours to surpass the intermolecular forces acting between the layers. 

Consequently, we successfully generated two-dimensional sheets consisting of just a small 

number of layers. 
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Figure 5.9: Comparative AFM of the samples US-T1 (a), US-T2 (b) and US-T3 (c) 

5.4.5 For 7 h Treatment 

To assess the impact of varying durations of ultrasonic treatment, our trial was 

extended to a period of 7 hours. 

5.4.6 SEM analysis of Sample US-T2 

The scanning electron microscopy (SEM) picture depicted in Figure 5.7 illustrates 

that for the US-T2 sample, the lateral dimensions experienced a reduction to a range of 2 

to 4 𝜇m, with an average size of 3.5 𝜇m. The observed decrease in the lateral dimension 
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indicates that the Cavitation Field (CF) is now exhibiting signs of lateral fracture in 

addition to changes in thickness.  

The sheets exhibited no discernible faults or contaminants of notable consequence. 

The density of the sheets was also significantly increased. The lateral dimensions 

experienced breakage because of the high Inertial Cavitation Dosage (ICD) given by the 

Energy Density (ED) in the CZ. Prolonged exposure to this high ICD resulted in the 

breaking of both the lateral dimensions and the thickness of the sheets [104, 147]. 

5.4.7 XRD analysis of Sample US-T2 

The X-ray diffraction (XRD) pattern of sample US-T2 is depicted in Figure 5.8. 

The graph illustrates a prominent and wide peak observed in the (001) plane. The peak 

exhibited an angle of 25.9°, which represents a deviation of 1.6° when compared to the 

peak of BTB. The observed phenomenon of peak broadening indicates that the thickness 

of the layers falls inside the nanometer scale, namely, the sheets consist of just a few layers  

[183]. The observed change in the angle indicated the expansion of the planes because of 

the shear forces experienced during ultrasonic cavitation [170, 181]. 

The observed singular and highly pronounced peak indicate the exceptional 

alignment of the sheets along the (001) plane [182]. The presence of an asymmetric peak 

can be attributed to the existence of sheets with varying lateral diameters, resulting in a 

significantly broader distribution [187, 188]. The influence of lateral dimensions on d-

spacing is more pronounced in sheets with larger dimensions, resulting in a greater shift 

and the formation of a single broad asymmetric peak  [104, 189]. In contrast, sheets with 

lower lateral dimensions have a lesser effect on d spacing. 

5.4.8 AFM analysis of Sample US-T2 

The atomic force microscopy (AFM) picture depicted in Figure 5.9 demonstrated a 

reduction in the average layer thickness to about 31 nm. Consequently, the quantity of 

sheets in the 2D sheets has been augmented to a range of 60 to 65 sheets [142, 184]. The 
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ratio of lateral dimension to layer thickness showed a decline, namely from 148 (in the US-

T1 sample) to 110 (in the US-T2 sample) [177]. 

Based on the observed data, it can be inferred that during a duration of 7 hours, 

there was a decrease in the thickness of the sheet material. Additionally, a few thick sheets 

were found to be layered. However, during this specific treatment period, the energy 

density (ED) exhibited a very high intensity, resulting in a prolonged duration of inertial 

cavitation dosage (ICD). Consequently, this high ICD caused the lateral dimensions of the 

material to fracture [64, 185]. 

5.4.9 For 8 h Treatment 

When we extended the duration of treatment to 8 hours, there was an observed increase in 

the impact of energy density on the lateral dimensions. 

5.4.10 SEM analysis of Sample US-T3 

The SEM picture of sample US-T3 (8 h) is depicted in Figure 5.7. The lateral 

dimensions were decreased to around 1 micrometer. The 2D TiB2 sheets that were 

generated exhibit structural faults, with most of these defects being associated with the 

edges. Based on the observations, it can be inferred that the 8-hour therapy resulted in an 

elevated ED, leading to a notably heightened CF inside the CZ. The coefficient of friction 

in this field was sufficiently elevated to cause both the peeling off of the sheets and the 

fracturing of those that were manufactured during 8 hours treatment [90, 104]. 

5.4.11 XRD analysis of Sample US-T3 

The X-ray diffraction (XRD) pattern of sample US-T3, as seen in Figure 5.8, has a 

very wide and strong peak corresponding to the (001) plane. This peak is observed to have 

a little deviation of 2.0° when compared to the peak of BTB, which is detected at an angle 

of 25.5°. The observed shift in the peak indicates a decrease in the thickness of the layers, 

which may be attributed to the amplification of shear forces acting on the planes.  
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Consequently, there is a little expansion of the planes inside sheets [170, 181]. The 

observed peak widening at the specified angle indicates that the lateral dimensions of the 

sample began to deteriorate during the 8-hour treatment period [158, 163, 164]. The 

presence of an asymmetric peak indicated the existence of sheets with varying lateral 

diameters, exhibiting a considerably broader dispersion [187, 188]. Consequently, there is 

a concomitant decrease in the lateral dimensions [104, 189]. 

5.4.12 AFM analysis of Sample US-T3 

The atomic force microscopy (AFM) examination depicted in Figure 5.9 demonstrated that 

the mean thickness of the layer had been diminished to around 21 nm, corresponding to an 

estimated 40 to 44 layers of TiB2 [142, 184]. However, there has been a dramatic reduction 

in the ratio of lateral dimensions to layer thickness, presently standing at 47  [177]. The 

Energy density (ED) generated a substantial inertial cavitation dosage (ICD) within the 

cavitation zone (CZ). The cavitation intensity (CI) exhibited a substantial magnitude, and 

when this phenomenon persisted over an extended period, it resulted in the disruption of 

the lateral dimensions [177]. 

5.5 Comparison of Samples prepared in DI Water and NMP 

The comparative analysis of N-methyl-2-pyrrolidone (NMP) and deionized water 

(DIW) as dispersive media for the Ultrasonic treatment of titanium diboride (TiB2) may be 

approached from two distinct perspectives. Figure 5.10 depicts the flow chart illustrating 

the process of Liquid Phase Exfoliation (LPE) conducted in both dispersion mediums 

(DMs).  

The graphic illustrates that the liquid phase exfoliation (LPE) procedure in N-

methyl-2-pyrrolidone (NMP) as the designated solvent was comprised of three distinct 

steps. Additionally, several sub-steps were involved within these three primary processes, 

resulting in a protracted, significantly time-consuming, and arduous procedure. In contrast, 

the LPE procedure in DIW, functioning as DM, was executed as a singular phase. The LPE 

procedure described herein is characterized by a streamlined process consisting of a limited 



53 

number of sub-steps, resulting in a rapid, straightforward, and cost-effective 

implementation. 

 

Figure 5.10: Comparative flow chart of liquid phase exfoliation in NMP and DI Water as 

Dispersive Medium 

5.6 Effect of Ultrasonic Parameters 

5.6.1 Input power 

In Experiment 2a, the duration for the ultrasonic treatment was set at 6 hours, but 

all other factors remained the same as previously described. The input power of the 

ultrasonication was modified, with adjustments made to three distinct levels: 390 W (60% 

of the original power), 520 W (80% of the original power), and 650 W (100% of the 

original power). The samples were designated as US-P1, US-P2, and US-P3, 

corresponding to power outputs of 390 W, 520 W, and 650 W, respectively. Equation 1 

provides the expression for the energy density of acoustic waves [147].  
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𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃𝑜𝑤𝑒𝑟 (𝑊)×𝑇𝑖𝑚𝑒 (𝑆)

𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿)
      𝐽𝐿−1    ………1 

Therefore, the energy densities (ED) associated with the respective power outputs were 

determined to be 84.24 kJ.mL-1 for 390 W, 112.32 kJ.mL-1 for 520 W, and 140.40 kJ.mL-

1 for 650 W.  

 

Figure 5.11: The graph illustrating the relationship between energy density and input 

power. 

The graphical representation depicted in Figure 5.11 illustrates a straight 

proportionality between the energy density (ED) and, therefore, the inertial cavitation 

dosage (ICD) with respect to the input power. The ED given to the DM for the exfoliation 

of 2D TiB2 can be enhanced in the cavitation zone of ultrasonication by augmenting the 

input power. 

5.6.2 Treatment Time 

In Experiment 2b, we investigated the impact of the duration of ultrasonic 

treatment. This was achieved by keeping all other parameters constant and setting the input 

power at a fixed value of 650 W.  
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The adjustment of US time was executed by a three-step process, namely, a 6-hour 

shift denoted as US-T1, followed by a 7-hour shift referred to as US-T2, and finally an 8-

hour shift designated as US-T3.  

The energy density (ED) values obtained for 6 hours, 7 hours, and 8 hours of 

ultrasonication were 140.40 kJ.mL-1, 163.80 kJ.mL-1, and 187.20 kJ.mL-1, respectively. 

The data presented in Figure 5.12 demonstrates that the duration of ultrasonication in the 

treatment has a corresponding impact on the energy density (ED) given to the system by 

the Ultrasonic Transducer (UST). Consequently, the inertial cavitation dosage (ICD) 

exhibits a direct relationship with the interval of ultrasonication. 

 

Figure 5.12: The graph illustrating the relationship between energy density and treatment 

time. 

5.7 Comparative XRD Pattern of US-N1 and US-P3 

The X-ray diffraction (XRD) patterns presented in Figures 5.3 and 5.5 demonstrate 

a comparison between US-N1 and US-P3. These patterns indicate that the 2D TiB2 

synthesized using liquid phase exfoliation (LPE) in N-methyl-2-pyrrolidone (NMP) 

contains impurities or NMP molecules that are confined within the layers of the material. 

The intensities of the peaks exhibited little alterations, accompanied by a limited shift, 
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indicating a rather low level of exfoliation. Furthermore, the alignment of the sheets was 

not accurately maintained along the designated plane.  

The presence of contaminants in the LPE process of 2D TiB2 necessitates additional 

processing and washing steps to get pure 2D TiB2, resulting in increased costs. In contrast, 

the sheets produced using DIW exhibit no impurities or flaws. Furthermore, in the context 

of DIW, notable changes in the magnitudes of distinct peaks were seen, accompanied by 

substantial peak displacement, and widening. These observations suggest a high level of 

exfoliation.  

The sheets were aligned appropriately along the (001) crystallographic plane. 

Therefore, the Liquid Phase Exfoliation (LPE) in Deionized water (DIW) resulted in the 

production of sheets that were characterized by their purity, cleanliness, and excellent 

quality. These sheets also exhibited increased lateral dimensions. 

5.8 Comparative XRD Pattern of US-N2 and US-T1 

The X-ray diffraction (XRD) patterns of US-N2 and US-T1 are presented in Figure 

5.3 and 5.8 for comparison. The analysis of the spectra indicated the persistence of residual 

NMP or contaminants during the washing process, suggesting that additional measures 

such as heating, or calcination were necessary to achieve the synthesis of pure 2D TiB2. 

A notable phenomenon of peak broadening was observed, suggesting the presence 

of smaller sheets characterized by a wide range of lateral dimensions. In contrast, the 

Liquid Phase Exfoliation (LPE) technique employed by DIW resulted in the production of 

highly purified two-dimensional titanium diboride (TiB2) without requiring any additional 

processing steps. The sheets that are formed have a limited range of increased lateral 

dimensions. Therefore, the Liquid Phase Exfoliation (LPE) technique in the DIW process 

offers advantages such as ease of use, cost-effectiveness, time efficiency, and the 

production of high-quality sheets that are free from flaws or impurities.  

Notably, these benefits are achieved without the need for additives, surfactants, or 

additional ions [83, 84]. The effectiveness of the exfoliation was heavily reliant on the 
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cavitation process. Therefore, the utilization of Liquid Phase Exfoliation (LPE) using 

deionized water (DIW) as dispersive medium offers an environmentally friendly approach 

for the efficient and cost-effective fabrication of two-dimensional titanium diboride (2D 

TiB2) on a large scale [90, 104]. The comparison of the sheets that were created is presented 

in Table 5.1. 

Table 5.1: The comparison of the properties of produced sheets of 2D TiB2 in NMP and 

DIW (as DM) 

DM Impurity Lateral dimension Defects Processing Time 

NMP Present Smaller Can be present Long 

DIW Not present Larger No defects Less 

5.9 Comparison of Ultrasonic Treatment Parameters 

5.9.1 Comparison of Input Power 

The X-ray diffraction (XRD) pattern depicted in Figure 5.5 illustrates the 

comparison of the resulting sheets under varying input powers. It is observed that when the 

power is increased, the intensities of the distinct peaks undergo alterations, accompanied 

by an increase in peak shift and widening. The alignment of sheets along the (001) 

crystallographic plane is also enhanced.  

The comparison of X-ray diffraction (XRD) patterns (Figure 5.5), scanning electron 

microscopy (SEM) images (Figure 5.4), and atomic force microscopy (AFM) images 

(Figure 5.6) of US-P1, US-P2, and US-P3 reveals the presence of significant semi-

exfoliated TiB2 sheets when subjected to an energy density of 84.24 kJ/mL. The sheets in 

question have bigger dimensions and were composed of many layers of material.  
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The augmentation of energy density from 84.24 kJ/mL to 112.32 kJ/mL, and 

subsequently to 140.40 kJ/mL, resulted in a rise in the intensity of the cavitation field, 

hence leading to an increase in the ICD. With an energy density of 140.40 kJ/mL, the ICD 

exhibited significant strength, resulting in the application of a substantial force to the layers 

of BTB, causing their exfoliation into a two-dimensional TiB2 material.  

The lateral dimensions exhibit a reduction from 10 μm to 5 μm. The thickness of 

the layer exhibits a substantial drop, transitioning from a value over 100 nanometers to 

around 35 nanometers. There is a substantial rise in the ratio of lateral dimensions to layer 

thickness, ranging from 34 to 145. This observation demonstrates that the reduction in layer 

thickness and the enhancement of exfoliation are directly proportional to the rise in power 

and concentration of 2D TiB2 dispersion. Table 5.2 illustrates the impact of power on the 

resulting sheet. 

Table 5.2: The comparison of the properties of produced sheets of in Samples US-P1, US-

P2 and US-P3 

Input 

Power 

(W) 

Energy 

Density 

(kJ/mL) 

Lateral 

Dimension 

(µm) 

Layer 

Thickness 

(nm) 

Lateral 

dimensions to 

thickness Ratio 

Defect  Impurity Time 

(h) 

390  84.24 10   > 100  34 No No 6  

520  112.32 6 68  88 No No 6  

650  140.40 5  35  145 No No 6  

5.9.2 Comparison of Treatment Time 

The impact of varying the period of treatment in the Ultrasonic treatment has been 

demonstrated by the comparative X-ray diffraction (XRD) patterns seen in Figure 5.8. The 
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X-ray diffraction (XRD) patterns exhibit a notable displacement of peaks and alterations 

in intensities, which are consistent with the formation of two-dimensional titanium diboride 

(2D TiB2) across all time intervals. These observations indicate a substantial degree of 

exfoliation and precise alignment along the (001) crystallographic plane. 

However, the phenomenon of peak broadening is shown to be more pronounced 

when the duration of ultrasonic (US) treatment is prolonged. This effect is indicative of the 

fracturing or fracture of lateral dimensions as well as the thickness of the layers. The 

phenomenon becomes more pronounced when the length of the event or condition is 

extended. 

The analysis of X-ray diffraction (XRD) patterns (refer to figure 5.8), scanning 

electron microscopy (SEM) pictures (refer to figure 5.7), and atomic force microscopy 

(AFM) images (refer to figure 5.9) for samples US-T1, US-T2, and US-T3 reveals that, 

when subjected to an energy density of 140.4 kJ/mL, significant quantities of well-

separated TiB2 sheets were seen. The dimensions of these sheets were comparatively bigger 

laterally, and their layer count was below 100.  

The enhancement of the energy density from 140.4 kJ/mL to 163.8 kJ/mL and 

subsequently to 187.2 kJ/mL resulted in an augmented impact of ICD, therefore leading to 

an extended duration of the cavitation field's intensity.  

With an energy density of 187.2 kJ/mL, the ICD exhibited significant strength, 

delivering a substantial amount of force over an extended period to the layers of BTB. This 

resulted in the exfoliation of the layers into a two-dimensional TiB2 structure, accompanied 

by sheet breakage and reduction in lateral dimensions. 

The reduction in layer thickness from 34 nm to 21 nm was seen when the treatment 

duration was increased from 6 hours to 8 hours. Nevertheless, there was a notable drop in 

the lateral dimensions, ranging from 5 µm to 1 µm.  

Additionally, the ratio of lateral dimensions to layer thickness exhibited a 

considerable shift, decreasing from 148 to 47. Defects were also introduced to a certain 
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degree over an extended period. Table 5.3 displays the impact of the duration of US 

treatment on the resulting sheet. 

Table 5.3: The comparison of the properties of produced sheets of in Samples US-P1, US-

P2 and US-P3 

Duration 

(h) 

Energy 

Density 

(kJ/mL) 

Lateral 

Dimension 

(µm) 

Layer 

Thickness 

(nm) 

Lateral 

dimensions 

to thickness 

Ratio 

Defect  Impurity Input 

Power 

(W) 

6  140.40 5  34  148 No No 650  

7  163.80 3.5  31 110 Not 

Significant 

No 650  

8  187.20 < 1  21  47 Up to some 

extent 

No 650  
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CHAPTER 6: MECHANISMS 

6.1 Mechanism of Ultrasonic Treatment 

This study aimed to examine the impact of liquid phase exfoliation (LPE) on 2D 

titanium diboride (TiB2) sheets by dividing the operations conducted in the ultrasonication 

using various inertial cavitation dosages (ICDs) into two distinct segments. 

Initially, the phenomenon of cavitation was detected by the manipulation of the 

input variable, while ensuring that the length of the treatment remained constant at 6 hours. 

In the subsequent section, a consistent power level of 650 W was upheld, while the 

occurrence of cavitation was investigated by alterations in the period of the treatment. The 

main aim of our work was to get a deeper understanding of the key elements that contribute 

to the formation of the final structure of few-layered 2D TiB2 (FLTB) sheets when they are 

dispersed in water, with a particular focus on cavitation. 

The basic mechanism behind liquid phase exfoliation (LPE) via cavitation, like 

other solvent-based techniques in the ultrasonication treatment, is the implosion of 

microscale bubbles experiencing vigorous oscillations [190]. The bubbles exhibit a 

considerable quantity of potential energy. Following a catastrophic collapse event, a rapid 

discharge of energy occurs, leading to the formation of liquid micro-jets characterized by 

high velocities within the range of 100 to 500 m/s [191]. The high-pressure shock waves 

generated can reach magnitudes of up to 1 gigapascal (GPa) [192, 193].  

Additionally, localized zones with heightened temperatures of around 104 Kelvin 

(K) are also formed [194, 195]. The process undergoes several iterations within a unitary 

second and is widely acknowledged as the principal mechanism responsible for the 

exfoliation of two-dimensional (2D) materials. The dimensions and lifespan of cavitation 

bubbles can exhibit variability, displaying both individual and collective characteristics, 

such as forming a cluster of bubbles [196]. The collective conduct shown by individuals 

can exert a significant influence on the dynamics of bubbles. Moreover, the dynamics of 
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cavitation bubbles can exhibit either a constant or transient nature, contingent upon the 

specific attributes of the acoustic pressure field to which they are exposed [197]. 

These events are significant in controlling the cavitation process and have the 

capacity to influence the mechanism of BTB exfoliation. Due to the intrinsic 

unpredictability and fluidity of the surrounding environment, it is impracticable to exercise 

direct governance over the individual conduct of bubbles. Therefore, modifications to the 

characteristics of the ultrasonic treatment are implemented through the examination of the 

collective behavior of bubble clouds and the subsequent pressure waves. The monitoring 

approach facilitates the identification of required adjustments to the parameters of the 

ultrasonication [104]. 

6.2 Mechanism of Input Power 

The correlation shown in equation 3 illustrates the connection between the driving 

frequency (f) and the vibration amplitude (A), which is contingent upon the input power. 

This relationship plays a crucial role in defining the acoustic power (W), which 

subsequently impacts the average size of the bubbles. Likewise, the acoustic power (W) 

exerts an influence on the concentration of bubbles. The occurrence of cavitation relies on 

the acoustic power (AP), whereas the Intensity magnitude of cavitation (CI) is directly 

correlated with the energy produced by the bubbles [104]. 

𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑃𝑜𝑤𝑒𝑟 ≈ 𝐴2 × 𝑓2   ………. 3 

The findings of this study indicate that the initial application of AP was insufficient 

in effectively exfoliating the layers of TiB2. The cavitation intensity in the cavitation zone 

was shown to exhibit a significant lack of strength. Consequently, the ultrasonic treatment 

had a reduced quantity of bubbles, which were characterized by greater dimensions, 

namely in size [190]. The pressure resulting from cavitation and its distribution across the 

volume of the CZ were insufficient to achieve a significant exfoliating impact through the 

cavitation induced by these bubbles [197].  
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The modest exfoliation rate observed can be attributed to the combined influence 

of the cavitation bubbles' size, activity, and concentration [196]. Consequently, in 

conditions of low acoustic power (AP), substantial areas of partially exfoliated titanium 

diboride (TiB2) were seen. The sheets in question have bigger dimensions and were 

composed of many layers of material. The augmentation of the acoustic power (AP) 

resulted in an amplification of the intensity of the cavitation field.  

At elevated acoustic power (AP), the cavitation field (CF) exhibited considerable 

strength, resulting in a substantial application of force onto the layers of Bulk TiB2 (BTB), 

causing their exfoliation into two-dimensional titanium diboride (2D TiB2) [83]. This 

observation demonstrates that an increase in power leads to a reduction in layer thickness, 

whereas an increase in concentration results in a higher degree of exfoliation. 

6.3 Mechanism of Treatment Time 

The determination of the inertial cavitation dose (ICD) is contingent upon the 

energy density (ED) shown by the bubbles. This energy density is influenced by two key 

elements: the treatment time (t) and the input power (W). These factors play a crucial role 

in regulating the quantity of energy managed to be provided to the BTB layers. The 

equation for determining energy density is provided in Equation 3 [147]. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃𝑜𝑤𝑒𝑟 (𝑊)×𝑇𝑖𝑚𝑒 (𝑆)

𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿)
       𝐽𝐿−1    …….. 1 

Therefore, the cavitation intensity was deemed sufficient for reducing treatment 

time, as the bubbles exhibited significant size, concentration, and activity, resulting in 

substantial pressure generation within the cavitation zone [198]. The pressure and energy 

density exhibited a distribution that predominantly resulted in the application of shear 

forces, which primarily served to induce separation between the layers without causing 

their rupture. The cavitation zone was adequately characterized by the given ICD. 

The use of expanded treatment in the ultrasonication resulted in an extended 

duration of pressure exerted by the bubbles, leading to the generation of smaller bubbles 
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with greater quantities over an extended period. The severity of the cavitation field caused 

the sheets to shatter, in addition to their exfoliation [101, 199].  

6.4 Mechanism of Treatment Time 

The consideration of frequency is also pertinent as the acoustic cavitation's acoustic 

power (AP) exerted on the system is primarily influenced by the amplitude of the cavitation 

field, (which is regulated by the input power) (A) and the frequency (f) of said field. 

Equation 4 presents the mathematical representation of the association between the AP 

(acoustic power) delivered to the DM (dispersive medium) during the ultrasonication (US). 

𝐶𝑎𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑) = 2𝜋𝜌𝑐 × 𝑓2𝐴2 ×
𝜋𝜑2

4
   ……4 

In this context, 𝜌 represents the density of the dispersive media, denoted as DIW. 

The variable 𝑐 denotes the velocity of ultrasound waves in the dispersive medium. 𝑓 

represents the input frequency, while 𝐴 signifies the amplitude of the ultrasonic waves 

generated by the sonotrode. The amplitude A of the sonotrode transducer is influenced by 

the input power. The impact of both amplitude and frequency on acoustic input power is 

equivalent, therefore implying that the influence of frequency on the extent of exfoliation 

should mirror that of the input power supplied to the sonotrode.  

The following considerations pertaining to frequency are derived from equation 4 

and observed investigations conducted on the influence of input power (amplitude). These 

claims are substantiated by existing scholarly literature, but our study did not specifically 

investigate them. 

The exfoliation process conducted at lower frequencies shows reduced 

effectiveness in comparison to the other investigated regimes in the ultrasonic frequencies. 

Samples obtained at higher frequencies will have a more pronounced level of exfoliation. 

At elevated frequencies, the 2D sheets will exhibit a significantly reduced layer thickness, 

resulting in a limited number of material layers within them. The ultrasonic (US) 

arrangement with the greatest frequency will yield the observation of the thinnest sheets 

[104].  
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As a result, with increasing frequency, the thickness of the 2D sheets decreases. 

Furthermore, it is important to acknowledge that the density of two-dimensional sheets, 

specifically the quantity of exfoliated sheets inside a solution, in a DIW (deionized water) 

solution, plays a pivotal role in future applications and the production of goods on a big 

scale. The ultrasonic probe transducer (UST), also known as the sonotrode, when 

submerged in deionized water (DIW) and operated at a higher frequency, can generate 

solution sheets consisting of a few layers of two-dimensional (2D) material with a very 

high concentration [200]. 

6.5 Mechanism of Geometrical Configuration 

The dose of inertial cavitation (ICD) varies across various use zones, contingent 

upon the characteristics of the ultrasound (US) as determined by the ultrasound transducer 

(UST). Equation 5 provides the expression for the ratio between the volume of the CZ 

(𝑣6𝑚𝑚) and the treated volume, denoted as 𝑉, in the context of the given scenario [196]. 

This ratio characterizes the allocation of energy in the context of cavitation occurring 

within a the volume of the vessel [104]. 

  
𝑣6𝑚𝑚

𝑉
= 0.0034   ………. 5 

To understand the importance of the configuration geometry of the ultrasonic setup 

(US) within the framework of our investigation, we may conduct a comparison of the X-

ray diffraction (XRD) plots depicted in Figure 5.8.  

These plots pertain to the samples labeled as US-T1, US-T2, and US-T3. An 

observable phenomenon of considerable widening was seen upon extending the duration 

of our treatment. This observation demonstrates the occurrence of lateral dimension 

fractures. The results obtained from the SEM analysis depicted in Figures 5.7 exhibit the 

same findings as shown by XRD. The primary factor contributing to the fracture of the 

sheets was the diameter or dimensions of the sonotrode. 

By keeping a constant frequency of around 25 kHz and power output of 650 W, we 

ensured a consistent level of cavitation intensity while running. Nevertheless, the 
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augmentation of treatment duration resulted in an amplification of the cavitation field or 

intensity, leading to an elevation in energy density. Consequently, the dispersive medium 

received a higher level of energy, as delivered by the sonotrode  [101, 199]. 

The ultrasonic field displayed a higher level of variability for a 6-mm sonotrode. 

The phenomenon described involved the emission of acoustic energy in proximity to the 

sonotrode tip, leading to the creation of a localized region of intense cavitation, commonly 

referred to as the highly concentrated cavitation zone (CZ) [104]. The cavitation zone (CZ) 

exhibited a downward expansion in a conical shape and underwent significant attenuation 

because of the shielding effect, as shown in the study conducted by the researchers [196].  

As a result, certain areas of the vessel, located at a greater distance from the tip, 

exhibited limited effect of ultrasonication and were referred to as "dead zones" [104]. The 

impact of secondary acoustic fluxes on the sonotrode with reduced diameter is minimal 

and does not significantly alter the observed effect [201]. Therefore, the utilization of the 

6-mm ST led to the formation of a highly concentrated CZ. 

The cavitation zone (CZ) had a diameter approximately 1.5 times larger than that 

of the ST [145]. This observation indicates a disparity of 9 mm and 60 mm between the 

diameter of the active CZ and the vessel size, as seen in Figure 3.2.  

Therefore, it can be demonstrated that the 6-mm ST efficiently generated a region 

of cavitation that included just a fraction of the treated volume, while the area furthest from 

the tip of the sonotrode was characterized as the "dead zone". As a result of the non-uniform 

distribution of the CF, the ED applied a treatment to the sheets that significantly fractured 

the lateral dimension while also decreasing the thickness of each layer. The impact was 

further intensified due to the extended duration of the treatment. 

By employing a sonotrode tip of larger diameter, the uniformity of the ultrasonic 

(US) field distribution inside the solution volume will be enhanced. This effect is 

particularly pronounced when the diameters of the sonotrode tip (ST) and the vessel are in 

proximity, resulting in a more homogeneous cavitation zone (CZ). The implementation of 

a homogeneous cavitation treatment is expected to result in a more uniform dispersion of 



67 

a limited number of two-dimensional titanium diboride (FLTB) sheets, both in terms of 

their size and thickness.  

This contrasts with the setup featuring a concentrated CZ. Therefore, the smaller 

ST, although having an equivalent input power, demonstrated a higher level of cavitation 

concentration inside a reduced volume. As a result, this phenomenon resulted in a higher 

frequency of opportunities for the occurrence of defective structures in the ultimate 2D 

TiB2 sheets. 

6.6 Mechanism of Sonoexfoliation  

The complicated relationship between the processes underlying the process of 

Sonoexfoliation, specifically ultrasonic exfoliation, of two-dimensional TiB2 sheets can be 

attributed to the well-established phenomenon of cavitation. The size, distribution, number, 

collapse, and spatial distribution of bubbles within a vessel are important features that may 

be modified by several parameters such as frequency, power (amplitude), treatment 

duration, and configuration geometry of the experimental setup [202, 203]. 

Figure 6.1 displays the schematic depiction of the Liquid Phase exfoliation (LPE) 

process for synthesizing two-dimensional titanium diboride (TiB2) using ultrasonication 

(US) treatment of the BTB. 

There were no discernible differences seen in the structural defect of the generated 

2D TiB2 when modifying the power (amplitude) and duration of the ultrasonic treatment. 

This is evident from the scanning electron microscopy (SEM) pictures. The findings from 

the SEM, XRD, and AFM analyses elucidated the correlation between the thickness of the 

sheets and the driving power and treatment duration. The study revealed that an increase 

in power or treatment duration resulted in a decrease in thickness and varying levels of 

cavitation intensity in the few layer 2D TiB2 sheets. 

The Minnaert equation offers a theoretical estimation of the linear resonance size 

(LRS) of bubbles produced by cavitation [204, 205]. The collapse of the bubble at the LRS 

is subject to influence from both the acoustic frequency and power. At a frequency of 
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around 25 kHz and operating at 100% power, the linear response size (LRS) of the bubble 

in water was estimated to be approximately 140 μm [206].  

 

Figure 6.1: Schematic representation of the Liquid Phase Exfoliation of 2D TiB2. 

The Minnaert equation offers a theoretical estimation of the linear resonance size 

(LRS) of bubbles produced by cavitation [204, 205]. The collapse of the bubble at the LRS 

is subject to influence from both the acoustic frequency and power. At a frequency of 

around 25 kHz and operating at 100% power, the linear response size (LRS) of the bubble 

in water was estimated to be approximately 140 μm [206].  

Bubbles within a particular range of resonance size tend to collapse under the 

influence of proper linear response size (LRS), leading to the creation of liquid micro-jets 

(LMJ) at the nanoscale [207]. According to previous experimental findings, it has been 

observed that the LMJ (liquid micro-jets) tip measures approximately one-tenth of the 

maximum or resonant bubble radius [191]. 

Additionally, the occurrence of cavitation bubbles (CB) leads to a series of chain 

reactions and multiplication, resulting in the formation of smaller bubbles with decreased 

dimensions [208, 209]. These smaller bubbles are widely known as nanobubbles [210]. 
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The nanobubbles produced during the chain reaction display a size more than 30 nm  [210], 

which surpasses the interlayer spacing of TiB2. Nevertheless, these entities continue to be 

vulnerable to stimulation caused by shock waves or the occurrence of a 25 kHz incident 

frequency. This susceptibility results in the emergence of intense oscillations and the 

production of diverse vibrating patterns referred to as "Faraday or surface waves" (SW) 

[211].  

The occurrence of resonance in the MHz frequency range leads to the emergence 

of unstable, strongly non-linear, chaotic, and dynamic structures [212]. The bubble 

pressures can attain magnitudes of several hundred kilopascals (kPa) [211, 212], which is 

adequate to induce the delamination of the TiB2 layers, as evidenced by previous 

investigations on other two-dimensional (2D) materials [213]. 

Based on the available evidence, it can be deduced that the utilization of high-

frequency or high-power ultrasound treatment, with a diameter similar to that of the vessel, 

resulted in the emission of relatively mild jets. This occurrence is likely attributed to the 

vigorous contraction or implosion action. 

This particular treatment was considered to be more suitable for the goal of 

exfoliation because of its ability to generate smaller-sized CB formations. As the frequency 

of the phenomenon increased, there was a corresponding drop in both the size of the 

collapsing CB and the time of the collapse, as shown by previous studies [214].  

On the other hand, employing a ST operating at a reduced frequency or power level 

leads to the development of larger cavitation bubbles (CBs) that demonstrate more 

vigorous collapse. This phenomenon has the potential to increase the dispersion of sheets, 

resulting in a higher concentration of FLTB sheets in the solution. Nevertheless, it is crucial 

to acknowledge that this methodology also produces a significant number of diminutive 

cavitation bubbles.  

The utilization of micrometer-sized cavitation bubbles (CB) has promised to induce 

fractures in the lateral dimensions of sheets, specifically in a direction that is perpendicular 

to the planes of titanium diboride (TiB2). On the contrary, it is hypothesized that smaller 
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bubbles have the capacity to subtly increase the interlayer spacing inside the TiB2 layers 

[104]. 

The combination of the US bath sonicator (BUS) and US Probe Sonicator (PUS) 

approaches shows promise for industrial scale-up in producing cavitation. These results are 

consistent with previous research, in which the researchers employed a hybrid approach 

using a 30 kHz broadband ultrasonic system (BUS) and a 20 kHz power ultrasonic 

sonotrode (PUS), together with surfactants and chemical exfoliation agents [83].  

Sonochemistry provides a supplementary mechanism for the process of cavitation-

induced exfoliation in aquatic settings. The primary cause of the layer-by-layer exfoliation 

of 2D sheets in DIW can be attributed to a sonochemical reaction involving the free radicals 

produced by the collapse of CB, as shown in a previous work [94].  

The experimental procedure in the ultrasonic treatment involved subjecting the 

samples to two different temperatures, namely 40°C and 60°C, using a 40-kHz ultrasonic 

bath for a duration of 60 hours.  

The researchers reached the conclusion that the observed phenomena of exfoliation 

were only caused by the presence of cavitation, which was exclusively obtained at the 

elevated temperature of 60 °C. This research primarily concentrates on the domain of 

chemistry, with less emphasis placed on the complete exploration of US features and 

cavitation [94]. 

Based on the results obtained from our experimental investigation, it can be inferred 

that the exfoliation of 2D TiB2 during ultrasonic cavitation treatment is attributed to 

physico-mechanical mechanisms. The phenomenon of exfoliation, which can be 

investigated through the utilization of high-speed photography techniques, reveals that the 

splitting of TiB2 sheets is a result of the oscillation and collapse of the cavitation bubbles 

(CB), as demonstrated in a prior work [213].  

The present study offers a comprehensive depiction of the mechanism via which 

CB, emanating from the ST tip, induces the fragmentation of 2D sheets. Following this, 
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the cavitation bubbles gradually remove the layers by infiltrating the crevices between the 

layers within the structure [213]. 
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CHAPTER 7: CONCLUSIONS AND FUTURE RECOMMENDATION 

7.1 Conclusion  

This study aimed to examine the process of exfoliation for a newly discovered two-

dimensional material, specifically 2D TiB2. Initially, an examination was conducted on the 

ramifications of dispersive media. The 6-hour exfoliation process at 650 W power utilized 

NMP and DIW, employing the identical vessel and sonotrode arrangement. 

Highly pure two-dimensional (2D) sheets of titanium diboride (TiB2) were 

successfully produced using deionized (DI) water, resulting in the absence of impurities or 

flaws. The removal of NMP from 2D sheets of TiB2 was a challenging task. Moreover, the 

exfoliation technique employed in DIW demonstrates cost-effectiveness, scalability, and 

efficiency due to its streamlined single-step procedure. Next, the impact of several 

ultrasonic liquid phase exfoliation parameters, namely power, treatment duration, and 

configuration geometry, on the properties of a few-layered two-dimensional titanium 

diboride (FLTB) generated in deionized water (DIW) without the use of chemical 

surfactants was investigated.  

The experiment consisted of two phases, wherein a vessel with a diameter of 60 

mm was utilized. The amount of the water-BTB solution employed in the experiment was 

100 ml, and it was kept at a temperature of 40 °C. In the initial phase, the treatment duration 

was set at 6 hours while the power was modified. In the subsequent phase, the treatment 

duration was altered while keeping the power constant at 650 W. 

The attainment of superior quality, few layers TiB2 (FLTB) was ascribed to the 

existence of a diverse dispersion of cavitation occurrences inside the processed volume, 

aided by primary and secondary sonic flows. The experimental results demonstrated that 

the desired outcomes were obtained by manipulating the lateral dimensions and thickness 

of a two-dimensional titanium diboride (TiB2) material.  

Specifically, the best outcomes were reached by increasing the lateral dimensions 

to around 5 μm and reducing the thickness to roughly 35 nm. This was accomplished by 
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employing a sonotrode with a considerable size of 6 mm, operating at a frequency of 25 

kHz, and subjecting the material to ultrasonication for a duration of 6 hours using a power 

of 650 W. 

Based on the most recent research findings in this field, it can be deduced that our 

results are consistent with the most favorable outcomes observed in the context of 2D TiB2 

Sonoexfoliation conducted in aquatic settings. The potential practical use of liquid phase 

exfoliation (LPE) may be observed through the employment of a high-frequency sonication 

strategy, which involves varying powers and treatment time durations.  

This approach demonstrates the ability to achieve LPE without the inclusion of 

harmful chemicals. Increasing the input power or treatment duration results in a reduction 

in the average thickness of the resultant FLTB and improves the efficiency of cavitation-

induced liquid phase exfoliation (LPE). The prolonged duration of treatment and its impact 

on the dimensions of the probe also result in the breakdown of lateral dimensions. The 

utilization of an optimal treatment duration has the potential to yield significant 

improvements in the production of big, high-quality two-dimensional titanium diboride 

(TiB2) materials, while simultaneously reducing their thickness. 

To get bigger sheets with considerably increased lateral dimensions and a decreased 

thickness over a few layers, it is advisable to ensure that the diameter of the probe is 

equivalent to the size or diameter of the vessel. The exfoliation of 2D TiB2 in water is 

hypothesized to occur by the mechanical action of small active cavitation bubbles. These 

bubbles are believed to aid in the dispersion and exfoliation of a limited number of stacked 

2D TiB2 sheets. The 2D TiB2 sheets exhibit exceptional quality and purity, rendering them 

suitable for a range of applications such as energy storage, water splitting, and 

photocatalysis. 

7.2 Future Recommendations 

There is a requirement for enhancement in several facets of the generated two-

dimensional titanium diboride (2D TiB2), specifically in terms of thickness uniformity 

and yield. These improvements are imperative to enable the practical large-scale 
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production of freestanding few layers titanium boride (FLTB) sheets. Future research 

endeavors will prioritize the amalgamation of multiple ultrasonic sources with varying 

frequency ranges, power levels, geometrical configurations, sonotrode sizes and 

configurations, treatment durations, and setups. 

The objective is to generate larger 2D TiB2 sheets with consistent lateral 

dimensions, thickness, and a significantly high yield suitable for industrial or practical 

large-scale manufacturing purposes. Utilizing in-situ observations for the examination 

of cavitation-induced exfoliation holds the potential to enhance comprehension of the 

fundamental mechanisms governing this event. Further investigation is required to 

explore the possible uses of two-dimensional titanium diboride (2D TiB2). 
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