
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Chapter II 

Synthesis, characterization, and laser-irradiated analysis of 
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   “Knowledge is the eye of desire and can become the pilot of the soul” 

               - Will Durant 

2.1 Introduction 

Nanosheets (single-layer, few-layer/multi-layer), inorganic fullerene (IF)-like 

structures, and nanotubes are some of the most widely investigated forms of layered 

transition metal dichalcogenides (TMDCs). In 1904, Hintze reported that some TMDC 

materials have complete basal cleavage properties. Accordingly, in 1923, Linus Pauling 

gave an account of the cleaving of MoS2 crystal down to a thickness of 0.23 mm [2]. In 

1963, R. Frindt reported MoS2 of thickness as low as 50 nm [3]. In 1966, approximately 

3.5-4 nm thick nanosheets were obtained [4]. Finally, single-layer MoS2 and WS2 were 

synthesized in 1986 [5] and in 1988 [6] respectively. In the beginning years of the 

development of single-layer TMDCs, the synthesis of WS2 and MoS2 single layers was 

performed using the lithium intercalation method. As described in chapter I, several 

exfoliation methods have been explored over time. One of such methods is liquid-mediated 

exfoliation. In this method, bulk flakes of TMDCs (size ~µm) are placed in a suitable 

solvent and the mixture is subjected to sonication. It is then followed by centrifugation to 

obtain nanostructures of TMDCs. This method is also known as solvo-sonication. After a 

thorough investigation of liquid-mediated exfoliation, Coleman et al. [7] proclaimed that 

N-methyl-2-pyrrolidone (NMP) and isopropanol (IPA) were the finest solvents for the 

exfoliation of TMDCs. The simplicity, scalability, and consistency of the solvo-sonication 

method motivate us to use it throughout this thesis. Besides, we also took this advantage 

of using the same solvent to exfoliate both WS2 and MoS2. 

Fullerene is a closed form of graphite, where carbon atoms form closed ring cage-

like structure. The structural analogy between graphite and TMDC compounds suggest 

that closed structures may also exist in TMDCs materials. Tenne et al. turned this 

possibility into reality by initially synthesizing IFs and nanotubes of WS2 [8]. This ground-

breaking discovery was followed by synthesis of IFs of MoS2 [9], WSe2, and MoSe2 [10]. 

WS2 IF were obtained by annealing WS2 films on quartz substrate at 1000°C in H2S [8], 

while MoS2 IF were obtained by first oxidizing the MoS2 films, then firing them at 850-

1050°C in a steam of H2S and N2/H2 mixture [9]. Later different other routes [11] and 

hydrothermal processes [12] were applied to synthesize such types of nanostructures.       
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Lasers with different excitation wavelengths were also employed to synthesize IFs [13-

17]. It has been observed that laser-irradiated techniques are easy to perform, material-

independent and important for location-specific treatments [15]. Such novelties in the 

laser-irradiation technique inspired us to carry out laser-irradiated analysis on the WS2 

nanosheet system which will be discussed in the coming sections.  

2.2 WS2 and MoS2 nanosheets  

Layered TMDC materials exhibit complete basal cleavage; therefore, it is possible to 

exfoliate these materials down to a single-layer thickness of 7-10 Å [18]. After exfoliation 

of these materials, flat, plate-like nanostructures are obtained. If the thicknesses of these 

nanostructures are in the range of 1-100 nm, then these nanostructures are termed as 

nanosheets. A single-layer nanosheet is called a monolayer. However, there is no exact 

definition for a few layers or multiple layers. Most researchers use the term few layers to 

interpret number of layers less than 10 [19-24] However, some consider up to 74 layers to 

be few-layer [25]. Sometimes, the terms few-layer and multilayer are used interchangeably 

[26].   

 In this thesis work, we will consider a nanosheets to be few layered when the 

number of layers in the structure ≤ 15, while all the nanosheets above this limit will be 

considered as multilayered.  

2.2.1 Liquid-mediated exfoliation of WS2 and MoS2 

For the direct exfoliation method, bulk WS2 flakes were purchased from Sigma-Aldrich, 

Product No. 24369-50G. MoS2 bulk was purchased from Loba Chemie (Assay min 98%, 

Product code:0469500100). The size of the bulk flakes was of ~2 µm, and the assay min 

was 99.9%. N-methyl Pyrrolidone (NMP, assay min > 99.5%) was purchased from 

Fig.2.1. Preparation steps involved in the synthesis of TMDC nanosheets through liquid-

mediated exfoliation. 
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Merck®. Bulk TMDCs were separately mixed with NMP at a concentration of 1.5 mg mL-

1. The WS2-NMP and MoS2-NMP mixtures were ultrasonicated for ~ 4 h in an ultrasonic 

bath sonicator, UD100SH-2.8LQ, with an output power of 100 W. During sonication, the 

temperature of the liquid medium (water) was maintained below 30 °C. The mixtures were 

shaken in every 10 min for the initial one hour. Then they were shaken after every half 

hour for the remaining period. This was performed to avoid precipitation of the TMDC 

flakes at the bottom of the container. Afterwards, the exfoliated mixture was centrifuged 

for 15 min at 3000 rpm in Remi Centrifuge. The obtained pellets of TMDCs were washed 

several times with double distilled (DD) water and dried for approximately 12 h at 60-65 

°C. This was then kept for characterization. The steps involved in the preparation process 

is illustrated in Fig 2.1. 

Analysis of structural, vibrational, and optical properties of the as-prepared 

nanosheets are given below. 

2.2.2 Crystallographic analysis 

The conventional method for structural characterization of polycrystalline materials is 

powder X-ray diffraction spectroscopy (p-XRD).  An X-ray diffraction spectrometer 

(BRUKER AXS, Germany) was employed for the structural analysis of the synthesized 

nanosheets throughout the thesis. It utilizes a CuKα line (λ=1.54 Å) as the X-ray source. 

The X-ray diffraction spectra of bulk and exfoliated systems of WS2 and MoS2 are shown 

in Fig 2.2 (a) and (b). It was observed that the bulk and exfoliated WS2 and MoS2 follow 

the standard X-ray diffraction pattern of JCPDS No. 84-1398 and JCPDS No. 37-1492 

respectively. This confirms that, hexagonal crystallographic phase is dominant, having 

space group P63 mmc and space group number 194. In WS2 systems, it is observed that 

diffraction peaks are positioned around 2θ=14.3°, 28.8°, 32.7°, 33.4°, 34.9°, 39.4°, 43.9°, 

49.5°, 58.3° and 59.8° corresponding to crystallographic plane (002), (004), (100), (101), 

(102), (103), (006), (105), (110) and (008) respectively. In case of MoS2 system, 

diffraction peaks 14.3°, 29.01°, 32.7°, 33.5°, 35.8°, 39.5°, 44.1°, 49.8°, 56.0°, 58.3° and 

59.9° may be assigned for (002), (004), (100), (101), (102), (103), (006), (105), (106), 

(110) and (008) planes respectively.  
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2.2.3 Morphological analysis of WS2 and MoS2 nanosheets  

Field Emission Scanning electron microscopy (FESEM) is a common technique to study 

the morphological characteristics of nanostructures. FESEM micrographs of WS2 and 

MoS2 nanosheets are shown in Fig 2.3 (a) and Fig 2.3 (b) respectively. Both the images 

confirm the hexagonal structure of the exfoliated systems and inhomogeneous exfoliation 

of WS2 and MoS2 nanosheets. They have multi-layered structures.  

 

 

 

 

 

Fig.2.3. FESEM micrographs of (a) WS2 and (b) MoS2 nanosheets. 

Fig.2.2. X-ray diffraction spectra of (a) WS2 bulk and nanosheets (b) MoS2 bulk 

and nanosheets.  
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2.2.4 Raman Spectroscopic data analysis of WS2 and MoS2 nanosheets  

Raman spectroscopy is a non-invasive (when operated in a controlled manner) technique 

to study the vibrational characteristics of the Raman active materials. It has been observed 

that Raman spectroscopy can also be used to determine the number of layers in a layered 

material. Here, Raman spectrometer by Ranishaw®, associated with 514.5 nm green laser 

source was used to obtain the Raman data for all the samples throughout the thesis. The 

Raman spectra for the material specimen are presented in Fig 2.4. In the Raman 

spectroscopic data, multi-peak Lorentzian fitting was applied for both bulk and 

nanostructure systems. This is a convenient way to separate overlapping modes. In case of 

WS2, Raman active modes LA, (2LA -2E2
2g), 2LA, 2LA-2E2

2g, E
1
2g, A1g, (A1g+LA) and 4LA 

are located at 173 cm-1, 295 cm-1, 349 cm-1, 354 cm-1, 419 cm-1, 582 cm-1 and 696 cm-1. 

Similarly, for MoS2, peaks are located at 284 cm-1, 380 cm-1, 406 cm-1, 451 cm-1, 759 cm-

1 which correspond to E1g, E1
2g, A1g, 2LA and respectively 2E1

2g [27-29]. There are 

different parameters which ensure the exfoliation of the bulk systems e.g., E/A ratio. In 

bulk WS2, E/A ratio is ~ 0.14 and for exfoliated WS2 it is ~0.52. Similarly, in bulk MoS2 

E/A ratio is ~ 0.48 and for exfoliated MoS2, it is ~0.52. The increase in E/A ratio with 

exfoliation ensures the exfoliation [30].  

 

 

 

 

 

 

 

 

 

Fig.2.4 Raman Spectra of bulk and nanosheets of (a) WS2 and (b) MoS2. 
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2.2.5 UV-vis spectroscopic data analysis of WS2 and MoS2 nanosheets 

UV-vis spectroscopic analysis provides an insight into the electronic band structure of the 

material and it helps to confirm many fundamental interactions. In the first report on 

absorption spectra of single crystal MoS2, Frindt et al. [3] suggested that the sharp 

absorption peaks A and B occur due to formation of exciton states, so as the peak C. Peaks 

A and B arise because of direct gap transition at the K point from split valence bands. The 

splitting is due to the spin-orbit interaction. Likewise, other higher energy peak (C) may 

arise due to transition from other values of the wave-vector or deeper valence bands to the 

conduction band [3, 31,32]. These explanations are also applicable to WS2 nanosheets. Fig 

2.5 clearly shows absorption spectra of both WS2 and MoS2 nanosheets in the visible 

region. In the UV-vis spectra of WS2 (Fig. 2.5 (a)), sharp absorption peak at ~ 636 nm 

(A), shoulder peaks at ~ 530 nm (B) and ~ 462 nm (C) have been observed. Peaks A and 

B arise because of direct gap transition at the K point [26,33, 34]. Similarly, peak C 

corresponds to optical transition between the densities of states peaks in the valence band 

and conduction band [35]. Fig. 2.5 (b) shows sharp absorption peak of MoS2 at ~ 672 nm 

(A), shoulder peaks at ~ 610 nm (B) and ~ 448 nm (C).  

Based on these properties of the as-prepared nanostructures, in the later sections, 

synthesis steps were optimized according to the requirement of the investigation.  

 

 

Fig.2.5. Absorption spectra of (a) WS2 and (b) MoS2 nanosheets. 
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2.3 Laser assisted phase transition and formation of inorganic fullerene (IF)-like WS2 

nanostructures 

It was already mentioned in chapter I that TMDCs are usually found in polymorphs such 

as 1T, 2H, 3R and 1T'. Polymorphs differ by their symmetries and structures. Eventually, 

different polymorphs are likely to exhibit different material properties [36–39]. Several 

reports have confirmed that 1T phase outperforms 2H phase in catalytic activity and 

conductivity, while the 2H phase outperforms 1T in photo-absorption and emission [40-

42]. Due to such polymorph-based properties, there are persistent efforts to trigger phase 

transitions in these materials. Phase transitions in layered materials can be initiated by 

different methods such as intercalation [40, 43, 44], pressure [45], strain [46] etc. Voiry et 

al. prepared a 1T phase-dominated layered system, using an intercalation technique with 

enhanced functionalities such as enhanced catalytic property, conductivity etc. [40]. The 

application of pressure (~ GPa) is a novel method for initiating phase transition from 1H 

to 1T′ in WS2 systems [45]. Kasmola et al. introduced tensile strain on WS2 flakes by 

performing thermal annealing of a WS2/Au/mica system, inducing a 2H-1T phase 

transition [46]. Electrochemical synthesis is another technique for inducing a phase 

transition from 2H to 1T [41]. In addition, light- and laser-driven techniques introduce a 

phase transition from 1T to 1H in a CVD-grown WS2 system following the Johnson 

(Mehl–Avrami) Kolmogorov model [47]. Although laser-assisted techniques are rare 

compared to intercalation [40, 48, 49] and doping [50] techniques for H-T transition, laser-

driven techniques are robust because of their usefulness in the non-contact mode and for 

generation of local effects. For-instance, a laser-induced heterophase homojunction 

contact can bridge hexagonal (2H) and monoclinic (1T') MoTe2 with a lower contact 

potential [51]. Recently, different laser-assisted phase change techniques have been 

developed for different layered materials [47,52-54]. However, the phase transition from 

2H to 1T is rare. If we further investigate the benefits of using a laser, we will observe that 

the use of a laser can locally oxidize the material, thereby changing its properties locally 

[55]. The introduction of oxygen into the system enhances its conductivity [56]. Moreover, 

laser irradiation can be considered as another method for heating. As such, it is likely to 

affect the exfoliation of the system. Apparently, laser-induced exfoliation has been 

observed in many laser-induced processes [51,53,57]. Along with the evolution of new 

phonon modes, laser-induced phonon shifts are common in laser-assisted processes 

[58,59].  



  Chapter II 

31 
 

 From the above discussion, it is evident that laser irradiation can substantially 

impact TMDC properties. Therefore, it is necessary to have considerable knowledge of the 

impact of laser irradiation on TMDC material before using them in laser-based 

applications. Besides, laser-induced nanostructures are gaining attention due to their 

multidimensional sensing properties [60]. Being, inspired by laser-induced phenomena in 

TMDC materials, laser-irradiated investigation was performed on nanostructured WS2 

system. Accordingly, the remaining sections of this chapter are dedicated to synthesis of 

WS2 nanosheets and effect of laser irradiation on it.  

2.3.1 Exfoliation of WS2 

WS2 flakes, purchased from Sisco Research laboratories (SRL), assay min 99.9%, were 

mixed with NMP at a concentration of 1.6 mg ml-1. The mixture was then ultrasonicated 

(for 3 h) at temperatures below 30°C and left undisturbed for 24 h. The supernatant was a 

homogeneous yellowish dispersion of WS2 with greyish pallets at the bottom. This system 

was then centrifuged at 25 °C with 1500 RCF (relative centrifugal force) for 45 min using 

a 5430 R centrifuge (Eppendorf). After centrifugation, top 2 3⁄ rd of the WS2-solvent was 

gently pipetted out from the rest of the solution, and characterizations were performed. 

The remainder of the sample was washed with ethanol. The drying process was performed 

at 60 °C in a hot air oven. The final product was stored in an airtight vial for further 

Fig.2.6. Preparation steps of WS2 nanostructures and associated changes in the bulk 

WS2 over different physiochemical treatments. 
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characterization. The preparation steps of WS2 nanostructures and associated changes in 

the material system are shown in Fig. 2.6. 

2.3.2 Instrumentation 

TEM micrographs of the exfoliated WS2 were acquired using a Transmission Electron 

Microscope (TEM by FEI COMPANY, USA).    SEM images of the exfoliated WS2 flakes 

were collected using JOEL FESEM. For the Raman characterization, a Raman 

spectroscope equipped with an Ar+ laser line (λexc = 514 nm) by RENISHAW was used. 

During the investigation, laser powers of 0.025, 0.05, 0.25, 0.5, 2.5, and 5 mW were 

applied. X-ray diffraction spectroscopy was performed using an X-ray diffractometer 

(BRUKER AXS, GERMAN). The absorption characteristics of the exfoliated samples 

were recorded in the wavelength range of 200-800 nm using a UV-vis spectrophotometer 

(SHIMADZU-2450).  

2.3.3 Results and discussions 

Fig. 2.7(a) is the photograph of the homogeneously dispersed exfoliated WS2 in NMP, 

which are stable over several days. Fig. 2.7(b) shows the absorption spectra of the 

dispersion. Excitonic absorption peaks A, B, and C were observed at around 631.45 nm 

(~1.96 eV), 527.9 nm (~2.35 eV), and 459.4 nm (~2.7 eV) [61, 62] where A and B 

correspond to direct band gap transition [33,34,63]. The energy difference between A and 

B excitonic peaks are generally attributed to the measure of strength of spin-orbit coupling 

[64]. Peak C corresponds to optical transition between the ‘densities of states’ peaks in the 

valence band and conduction band [35] as discussed in earlier sections. Fig. 2.7(c) shows 

a field-emission SEM micrograph of the exfoliated WS2, confirming the hexagonal 

structure of the exfoliated samples. An enlarged view of one of the exfoliated sheets is 

presented in the inset. The average flake thickness was found to be 106 nm after multiple 

flake measurements (AT1#), which implies the multilayer nature of the exfoliated WS2 

specimens. Fig.2.8 (a) shows the Raman spectra of laser-irradiated WS2 nanosheets. 514 

nm green laser with different powers, viz. 0.025 mW, 0.05 mW, 0.25 mW, 0.5 mW, 2.5 

mW and 5 mW were employed for this.  The exposure time was 10 s for all measurements. 

With increase in laser power, the signal-to-noise ratio increases, which is further 

accompanied by intensity enhancement as well as the evolution of the majority of the 

vibrational modes (AT2$).  It is clearly observed that with an increase in laser power, the 

#, $Appendix 
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prominent phonon modes E1
2g and A1g of 2H-WS2 eventually become red-shifted(A1€).  

All the graphs, except the one in black, show Raman spectra of a typical 2H-WS2 [27].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the power was increased from 2.5 mW to 5 mW, a few new vibrational modes appeared 

in the spectra, as represented by P, Q, R, S, T, and U. These new modes cannot be directly 

attributed to un-treated 2H-WS2. To investigate the origin of the newly evolved peaks, 

Raman spectral analysis was performed for different laser exposure times (different laser 

energies). The exposure time-dependent analysis (Fig. 2.8(b)) shows that the relative 

intensities of E and A modes decreases with increasing exposure time, suggesting the 

€Appendix 

Fig.2.7. (a) Photograph of WS2 nanostructures dispersed in NMP (b) absorption spectra 

of the dispersed nanosheets (c) SEM micrograph of WS2 nanosheets. 
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weakening of the 2H-WS2 phase, while the newly evolved T and U peaks increase with 

increasing exposure time. Interestingly, in contrast to T and U, the newly evolved P, R, 

and S peaks decreased over time (A2, A3Ψ). This observation indicates that the lower and 

higher energy peaks are neither directly related nor of the same origin. The higher energy 

peaks U and T (around 805 cm-1 and 698 cm-1, for laser power 5 mW, exposure time 40 s) 

may correspond to the O-W-O stretching mode, as previously reported [65–68]. On the 

other hand, the lower energy peaks (129 cm- 1, 257 cm- 1, 189 cm- 1, for laser power of 5 

Fig.2.8. Raman spectra of WS2 nanostructures irradiated with laser (514 nm green) having 

different (a) laser powers (0.025, 0.05, 0.25, 0.5, 2.5 and 5mW) and (b) exposure time (10, 

25, 30 and 40 s); (c) XRD spectra of bulk, untreated (X1) and laser treated (X2) WS2 

nanosheets (d) diffraction peak corresponding to (002) plane for X2, X1 and bulk. A clear 

shift in diffraction angle is observed for X2, compared to bulk and X1, (e) XRD spectra of 

X2. A weak diffraction peak is observed in the highlighted region (between 20°–30°). This 

is attributed to the diffraction peak of oxidized WS2 nanosheets.  

 

ΨAppendix 



  Chapter II 

35 
 

mW, exposure time of 40 s correspond to 1T WS2, as previously reported [21,40,69]. 

Moreover, a peak within 514 nm and 517.5 nm were observed as the exposure time 

increased. According to Berkdemir et al. [27], this is a resonant peak occurring owing to 

the excitation of the sample with a 514 nm laser. The XRD spectra of bulk WS2, WS2 

nanosheets, and laser-treated nanosheets are shown in Fig. 2.8(c). X1 represents the XRD 

spectra of the untreated WS2 nanosheets and X2 represents the laser (5 mW)-treated WS2 

nanosheets. The bulk and untreated WS2 nanosheets (bulk, X1) exhibit prominent 

diffraction peaks around 14.34º, 28.91º, 32.78 º, 33.55 º, 35.68 º, 39.55 º, 43.98 º, 49.71 º, 

58.42 º, 59.89 º and 60.49 º, which correspond to the (002), (004), (100), (101), (102), 

(103), (006), (105), (110), (008) and (112) crystal planes (JCPDS no. 84–1398). However, 

for the treated sample X2, a clear splitting and shift of the diffraction peaks towards smaller 

angles were observed. The shift in the diffraction peak corresponding to the (002) plane is 

shown in Fig. 2.8(d). The shifting and evolution of the peaks due to laser irradiation on 

the sample indicates initiation of a new phase in the system [69]. Moreover, a decrease in 

the intensity of the diffraction peaks corresponding to the (002) plane can be observed in 

Fig. 2.8(c). The diffraction peak intensity corresponding to (002) plane of X1 is 60.22% 

of that of the bulk, which confirms the exfoliation of the bulk into nanosheets. Similarly, 

the intensity of X2 is only 39.73% of X1, which implies exfoliation of X2 owing to laser 

irradiation [51,53,57]. A clear bump between diffraction angles of 20° and 30° can be 

observed for X2 (Fig. 2.8(e)), which was not present in the case of the bulk and untreated 

WS2 nanosheets. This is attributed to the oxidation of the nanosheet specimen because the 

signature diffraction peaks of tungsten oxides lie within this range [67]. Next, TEM 

micrographs of laser-treated and untreated nanosheets were analyzed. In Fig. 2.9(a), (b) 

and (c), HRTEM micrograph of the untreated WS2 nanosheets are shown. The image in 

Fig. 2.9(d) shows the Inverse Fast Fourier Transformation (IFFT), as shown in Fig. 2.9(c). 

In the inset of Fig. 2.9(d), the selected area electron diffraction (SAED) spectra of the 

image are provided. The average fringe width of the image was found to be ~ 0.27 nm, 
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which is the characteristic d-spacing of the (100) plane of 2H-WS2 [70]. A4¥ shows the 

plot details of Fig. 2.9(d). Fig. 2.10(a), (b), and (c) show TEM micrographs of the treated 

nanosheets. Inorganic Fullerene (IF) like nanostructures is clearly observed in the 

micrographs. The shape of the obtained nanostructures is approximately spherical and 

closed in nature. The nanostructures were not fully detached from each-other and were not 

perfectly crystalline. Some structures were ~50 nm in diameter, while others were ~30 nm 

in diameter. Because of the numerous edge dislocations, the nanostructures were curved; 

however, they were not fully closed. The core of the nanostructures did not appear to be 

hollow. Most of the layers appeared to have started the crystallization process, but the 

short irradiation time (maximum 40 s) did not allow them to complete this process. The 

top layers are interspersed with the WS2 layers of the adjacent nanostructures, making this 

Fig.2.9. HR-TEM images of exfoliated WS2 nanosheets with scale bar (a) 20 nm (b) 10 

nm and (c) 1 nm respectively (d) IFFT of Fig. 2.9(c). SAED image of exfoliated WS2 

nanosheets in the inset.  
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whole agglomerate inseparable. Fig. 2.10(d) shows an enlarged image of the top-middle 

portion of Fig. 2.10(c). Fig. 2.10(e) is the IFFT of Fig. 2.10(c). As shown in Fig. 2.10(e), 

the d-spacing was calculated to be 0.55 nm, which is less than the standard interlayer 

distance of WS2 i.e., 0.61 nm. A5§ shows the plot details of Fig. 2.10(e). Fig. 2.10(f) shows 

SAED of the laser treated WS2 nanosheets. Laser irradiation is an intense, local thermal 

agitation process, known as photothermal process. According to Deepak et al., 

photothermal processes for synthesis of IF are not fully understood till date and the 

products of these processes are not controllable [71]. The effects of photothermal process 

can be related to the thermal treatment processes. Accordingly, it effects the vibrational 

modes of the system. At constant pressure, the frequencies of the Raman active modes 

Fig.2.10. HRTEM images of laser treated WS2 nanosheets with scale bar (a) 10 nm (b) 5 

nm and (c) 2 nm respectively (d) Zoomed in image (top centre portion) of Fig 2.10(c), 

(e) IFFT of Fig. 2.10(d), (f) SAED image of exfoliated WS2 nanosheets. 

§ Appendix 
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explicitly depend on temperature (T) (at constant volume) as well as on varying volume 

(V) with temperature. The relation can be expressed as follows [72] - 

 

(
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where ω is the frequency of vibration of the Raman modes at temperature T. γ and k are 

the thermal coefficient and isothermal volume compressibility, respectively. The Raman 

modes E1
2g (associated with in-plane vibration) and A1g (out-of-plane vibration) of single-

layer WS2 change (decrease) linearly with an increase in the temperature from 77 K to 623 

K [73]. Similar results were obtained for few-layer WS2 and MoS2 [22, 74]. Again, 

redshifts in the E1
2g and A1g modes with increasing laser power have been reported for 

MoS2 and WSe2 [58,59]. Therefore, redshift of E1
2g and A1g in the present case corroborate 

earlier findings. Under ambient conditions, tungsten disulfides are more unstable than 

tungsten oxides [75]. However, theoretical studies state that perfect 2D semiconducting 

transition metal di-chalcogenide crystals are indifferent to oxidation. Defect induction in 

the material is essential for its oxidation. It has been theoretically investigated that, 

compared to the pristine surface, oxygen adsorption and subsequent dissociation kinetic 

barriers are always less [76] on defective surfaces. To pave the way for oxygen diffusion 

in the material system, the system must overcome the activation energy barrier associated 

with the sulfur (S) defect induction in the system [77]. The threshold energy required to 

break this barrier depends on the temperature, time (energy and power), thickness, 
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substrate, availability of oxygen, etc. [53,78]. In the present study, the minimum available 

energy that had to be applied for oxidation was 50 mJ (5 mW, 10 s) and the maximum 

energy applied to the system was 200 mJ (5 mW, 40 s). These S defects on the WS2 surface 

acted as reactive centers for oxygen dissociation and adsorption [78]. With an increase in 

the laser fluence, local sulfur defects were created in the WS2 nanosheets. As the 

irradiation was performed in the presence of air, at a certain applied energy, the oxygen 

molecules attained sufficient energy to diffuse into the WS2 nanosheet system and form a 

tungsten oxide-dominated WS2 nanosystem. Thus, oxidation occurred in the present 

system. Cho et al. [51] performed a laser-induced phase transition in MoTe2 and concluded 

that telluride (Te) monovacancy is the origin of the stable phase transition from 2H to 1T' 

of the MoTe2 system. As WS2 possesses the same starting crystal structure as MoTe2, that 

is, 2Hc (hexagonal polymorph characterized by CaC AcA stacking) under normal 

conditions, a similar attribution can be prescribed to the present WS2 system subjected to 

laser irradiation. Jin et al. reported several plausible atomic mechanisms of the phase 

transition in two-dimensional transition metal dichalcogenides, especially for the 

nucleation and propagation of the 1T phase (incorporating both 1T and 1T') from the 2Hc 

phase. According to them, when the basal plane of the crystal has only one S vacancy, 1T 

phase nucleation occurs by the collective rotational movement of three S atoms. In the 

propagation step, the rotational/translational movement of three S atoms takes place, 

Fig. 2.11. Steps for 1T phase nucleation on the basal plane of WS2 with one S vacancy. 

Light blue balls represent Tungsten (W), yellow balls represent sulfur (S), dark blue balls 

represent S vacancy. Large yellow balls and grey S atoms form the nucleated 1T phase of 

WS2 (adapted from [79]).  
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which gives rise to a triangular shape of the 1T phase [79]. Therefore, considering both the 

pre-established experimental and theoretical explanations, it can be asserted that in the 

present system, mono S vacancies were produced due to laser irradiation. Then, the 1T 

phase nucleation started with the collective rotational movement of the three S atoms. In 

the propagation step, a collective rotational/translational movement of three neighboring 

atoms occured, forming the ultimate shape of the 1T phase. Fig. 2.11 shows the nucleation 

steps of the 1T phase. Light blue balls represent Tungsten (W), yellow balls represent S, 

dark blue balls represent S vacancy. Large yellow balls and gray S atoms form the 

nucleated 1T phase of WS2. Fig. 2.11(a) and (b) show the rotation of three S atoms in the 

basal plane of WS2, (c) shows the rotational and translational movements of S atoms, and 

(d) and (e) show the formation of the 1T phase and its growth. Thus, the induced defects 

initiated the conversion process of WS2 from the 2H to 1T phase. The photoinduced effects 

were enhanced with subsequent irradiation doses as further increase in the laser power led 

to bending of the system, thus initiating the formation of IFs. However, as the process of 

photoirradiation was short, therefore, the obtained IFs are not perfectly crystalline in 

nature.  

2.4 Conclusion 

This chapter elucidates the solvo-sonication method for exfoliation of TMDC materials. It 

has also explained the data obtained from different characterizations. Then it covers the 

laser-induced phenomena in the material system. At first, exfoliation of bulk WS2 flakes 

was carried out using NMP (organic solvent) to synthesize multilayered WS2 nanosheets 

with hexagonal symmetry. Then crystallographic, vibrational, morphological and optical 

characterizations of the as-synthesized nanosheets were performed. Finally, laser-

irradiation was performed on WS2 nanosheets with 514 nm laser line. It was observed that 

laser-irradiation successfully initiate local phase transition in WS2 by employing a 

minimum of 50 mJ of laser (λexc = 514 nm) irradiation.  This process was also associated 

with simultaneous local oxidation and subsequent formation of inorganic fullerenes (IF). 

The obtained IFs were approximately spherical in shape and of 30-50 nm in diameter. 

They were not perfectly crystalline and not fully closed. The mechanisms of formation of 

IFs due to photoexcitation are not fully understood. However, the oxidation and phase 

transition in the WS2 system can be explained by generation of S monovacancy due to 

laser irradiation in the system. Similarly, 1T phase nucleation and propagation can be 
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explained by collective rotational and rotational/translational movement of three 

neighboring S atoms respectively.  
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