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Abstract 

 

With increasing energy demands and environmental pollutions, it is very much necessary to 

develop and utilize clean renewable energy resources. As mechanical is an abundant resource 

of clean, green, sustainable energy and piezoelectric nanogenerators (PENG) devices can 

convert mechanical energy from surroundings into electrical energy, provide a potential 

method as a self-powered source. Among the various piezoelectric materials (quartz, 

ceramics, semiconductors, perovskites, two dimensional materials etc.) piezoelectric 

polymers such as PVDF (poly-vinylidene difluoride) and its copolymers have been used to 

manufacture PENGs for energy harvesting and self-powered sensors. To improve the 

performance of polymer based piezoelectric devices, incorporation of fillers (semiconductors, 

metal nanoparticles, perovskites etc.), chemical doping are interesting strategies. Coupling of 

piezoelectric and semiconducting properties or by fabricating the hybrid by combining 

piezoelectric and semiconducting materials have been used as basic building blocks for 

fabricating photosensitive piezoelectric nanogenerators, piezophototronic devices. Atomically 

thin, layered 2D materials (graphene, transition metal dichalcogenides (TMDC), hBN etc.) 

with intriguing electrical, optical, thermal, mechanical properties offer a broad spectrum of 

solutions in materials science and are promising candidates for energy application 

technology. The superior mechanical strength and flexibility of 2D materials perfectly fit the 

durability and adaptability requirement for wearable energy harvesting.  

 

In this dissertation, 2D-TMDC nanosheets (MoS2, WS2) are exfoliated chemically and their 

spectroscopic, optoelectric, piezoelectric properties are studied and using those PENG 

devices are fabricated. This chemical exfoliation method enables to produce massive quantity 

crystalline, layered 2D-TMDCs in low cost and these PVDF-TMDC nanocomposites are used 

for fabricating self-powered, flexible piezoelectric nanogenerator without any need of 

external polling. The fabricated flexible, self-poled PVDF-MoS2 nanogenerator device yields 

excellent piezoelectric output voltage under mechanical impact and strain with high energy 

conversion efficiency. It is reported that that two-dimensional semiconductor WS2 

nanosheets, with a broadband absorption spectrum, can serve as efficient filler into PVDF 

matrix to develop energy harvesting nanogenerators as well as self-powered optical sensors. 

The fabricated self-poled, photosensitive flexible PVDF-WS2 nanogenerator device yields an 

enormously high piezoelectric output and record energy conversion efficiency with good 



photoresponsivity at zero bias. TMDC nanosheets face significant challenges owing to the 

fact that chalcogen vacancies in such materials, lead to localized deep-level defect states 

(DLDs), which degrade their electronic and optoelectronics performances. Composition 

modulation (alloy formation) has been predicted to be a potential solution to suppress the 

deep-level defect states (DLDs) in TMDCs. The characteristics of a self-powered real time 

UV photodetection system based on impedance matching between piezoelectric 

nanogenerator and photodetector by using ternary TMDC (MoxW1-xS2) alloy is reported. To 

get the deeper understanding about piezoelectricity, piezoelectric characterizations of TMDC 

nanosheets and their heterostructures are examined through piezoelectric force microscopy 

(PFM). It is observed that the MoS2-WSe2 heterostructure exhibits highest piezoelectric 

coefficient among all due to formation of large band offset. The scalable, stain–sensitive 

TMDC heterostructure PENG device exhibits significantly high the output voltage in self-

powered mode. All of these fabricated nanogenerator devices can harvest energy from 

different biomechanical impacts and regular human activities, establish the efficacy of 

TMDC based PENGs for the design and development of new generation smart and wearable 

electronic devices. Size dependent spectroscopic properties of synthesized MoS2 NPs have 

been studied which is direct evidence of quantum confinement effect. It is demonstrated that 

that the different sized semiconducting MoS2 NPs are promising candidate for fabrication of 

optoelectronic devices with a strong potential for the degradation of harmful chemicals in 

waste water under visible light irradiation. 

 

In summary, these doctoral thesis works expand the basic understanding of optoelectronic, 

piezoelectric and spectroscopic properties of TMDC nanomaterials and the fabricated self-

powered, energy harvesting PENG devices may promote its practical applications in the next 

generation self-powered sensor system and wearable electronics based IOT devices. 
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     Introduction 

 

 

 

 

1.1 General Introduction: 

During the last few decades with increasingly serious problems of the energy crisis and 

environmental pollution throughout the world, it is very necessary to develop renewable, 

clean energy resources which are pollution and maintenance free for growing development of 

human civilization. There are abundant natural resources of various clean and renewable 

energy sources which are sustainable and maintenance free, such as solar, thermal energy, 

water and wind flow energy. But the availability of such energy resources is not worldwide 

and in addition production cost is also high. Mechanical energy is a source of clean, 

sustainable energy resource that widely exists in the environment but is usually wasted in 

regular life. In this regard, piezoelectric and triboelectric nanogenerators are suitable for 

converting low frequency mechanical energy into electrical energy 1 and have the ability to 

harvest mechanical energy from regular human activities. The first piezoelectric 

nanogenerator (PENG) and the first triboelectric nanogenerator (TENG) were developed in 

2006 2,2012 3, respectively, ushering in a new era of self-powered electrical energy 

generation. The understanding of photovoltaic, thermoelectric, piezoelectric, triboelectric, 

and other phenomenon, various technologies have been developed for energy harvesting from 

various resources. Also the innovations in materials design and research in device structure 

engineering and energy harvesting from them have substantially increased the device’s 

performance. Piezoelectric materials have a wide range of applications in fabricating various 

sensors, actuators and various energy harvesting technologies. There are natural piezoelectric 

crystals (such as quartz), various perovskite materials (BTO, PZT etc.) 4–6, polymers 

7(PVDF), semiconducting materials (ZnO, GaN, CdS etc.) 1,8 which can exhibit 

piezoelectricity. Coupling of piezoelectric and semiconducting properties (piezoelectric 

semiconducting nanosheets, nano-micro wires) 9,10 or by fabricating the hybrid by combining 

piezoelectric and semiconducting materials have been used as basic building blocks for 

fabricating innovative devices, such as photosensitive piezoelectric nanogenerators, 

This chapter highlights the general introduction of the research work addressed in this 

dissertation. The motivation behind selecting this work and the self-powered energy 

harvesting devices using piezoelectric nanogenerators and the development of various 

sensor devices (photo, pressure, strain) by using the transition-metal dichalcogenides 

nanostructures are the main focus of this chapter. This chapter also deals with the related 

basic scientific knowledge and the review of past research works. 
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piezoelectric field-effect transistors, piezoelectric diodes, piezoelectric chemical sensors, and 

piezo-phototronic devices 11–15. Furthermore, utilizing the piezoelectric-semiconductor 

properties, a new research field of piezotronics has been developed, which uses the effect of 

the piezoelectric potential created in the piezoelectric materials which controls the charge 

carrier transport characteristics 9,10,16 to fabricate various electronic devices, extending the 

potential applications in various microelectromechanical systems, human–computer 

interfacing, nanorobotics and sensors. A non-centro symmetric crystal structure naturally 

produces a piezoelectric effect when the material is strained. Under the effect of strain the 

positive and negative charge centres are displaced relatively, results a dipole moment. The 

addition of the dipole moments within this non-centro symmetric crystal creates a 

piezoelectric field, results a macroscopic potential drop along the straining direction inside 

the crystal and the generated potential is called the piezoelectric potential. The piezopotential 

can serve as driving force for the flow of electrons through the external load when it is 

subjected to external mechanical deformation, which is the fundamental working principle of 

a piezoelectric nanogenerator 2. The energy harvesting self-powered systems are needed to be 

light weight and portable to power up electronic devices. They also need to be flexible and 

maintenance free for fabrication of next generation wearable and smart devices. For the rapid 

development of wearable electronics, portable gadgets, and the Internet of Things (IoT), 

much works have gone for evolving sustainable, mobile, and self-sufficient energy sources. 

Inorganic perovskites have high piezoelectric coefficients but are less selective for the 

applications in flexible nanogenerator domain due to their lack of bio-compatibility, 

durability, complex synthesis procedure and high toxicity. On the contrary, piezoelectric 

polymer and copolymers, are attractive for energy harvesting as they have high piezoelectric 

coefficient, chemical and thermal stability, bio-compatibility and light weight 7. The piezo-

characteristics of hybrid structures by introducing fillers such as, metal nanoparticles 17,18, 

perovskites 19,20, semiconductors 21,22  and two-dimensional materials 23–25 in polymer matrix 

have been studied widely because of easy fabrication process, compatibility and mechanical 

flexibility 18,26,27. Furthermore, it has been found that hybrid devices are sensitive to various 

environmental conditions like temperature, light, pressure, chemicals etc. in self-powered 

mode 28–31 also. 

The growing research interest in two-dimensional (2D) materials and substantial development 

on the studies onto their properties and applications accelerate the growth of research interest 

in energy harvesting devices based on these 2D materials. Atomically thin, layered structured 

2D materials with highly intriguing electrical, optical, opto-electronic, thermal, mechanical 
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and chemical properties, such as graphene and graphene-based materials (graphene oxide, 

reduced graphene oxide or functional graphene based materials), transitional metal 

dichalcogenides (TMDCs), black phosphorus (BP) and transitional metal carbide, nitride, 

MXenes offer a broad spectrum in the direction of materials science 32–38 and are also 

promising candidates for energy application technology 39–41 also. For instance, the superior 

mechanical strength and flexibility of these two-dimensional materials perfectly fit the 

durability and adaptability requirement for self-powered, wearable, portable energy 

harvesting technology. The band structure engineering and charge carrier transport features 

arise from the quantum confinement effect in 2D materials provide appealing electrical and 

distinguished spectroscopic, optoelectrical performances. The tunable structural and physico-

chemical properties of 2D materials lead to improvements of device performances such that 

these 2D materials have shown tremendous potential for fabrications of wearable energy 

harvesting and sensor devices also 42,43. 

 

1.2 Transition Metal Dichalcogenides (TMDC): 

 
Two-dimensional (2D) materials mainly exist in bulk form with weak interlayer attraction 

between each layers allows the exfoliation into atomically thin individual layers. The first 

explored 2D material is graphene, monolayer counterpart of graphite. Graphene is a unique 

example of an extremely high electrical and thermal conductor and exhibits high carrier 

mobility 44,45. But, its semimetallic nature 46 of graphene prevents the applications in 

optoelectronics. In contrast that transition metal dichalcogenides (TMDC) exhibits 

encouraging light absorption- emission properties, covering ultraviolet-visible-near infrared 

wavelength range 47. Besides that the electronic properties of TMDCs range from metallic to 

semiconducting 48, there are also TMDCs that exhibit interesting phenomenon like charge 

density waves and superconductivity. 

 

1.2.1 Crystal Structure: 
 

TMDCs are a class of materials with formula MX2, where M is a transition metal element 

from group IV (Ti, Zr, Hf and so on), group V (Nb or Ta) or group VI (Mo, W and so on), 

and X is a chalcogen (S, Se or Te). These materials form layered structural unit X–M–X, 

where the chalcogen atoms in two hexagonal planes separated by a plane of metal atoms. 

Adjacent layers are held together by weak van der-Waals interaction to form the bulk crystal 

in a variety of polytypes 49. Depending upon the variation of stacking orders and metal atom 
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coordination, the overall crystal symmetry of TMDCs can be hexagonal or rhombohedral, 

and the metal atoms have octahedral or trigonal prismatic coordination. The most stable unit 

cell has trigonal prismatic coordination with hexagonal symmetry, providing 2H 

semiconducting MX2 phase, whereas, the metastable 1T phase has octahedral coordination 

with tetragonal symmetry. The very unlikely stable 3R phase possesses rhombohedral 

symmetry with three X-M-X units 50. 

 

 

 

 

Figure 1.1 Structure of TMDC materials (a) Three-dimensional schematic representation of a 

MX2 structure, with the chalcogen atoms (X) and the metal atoms (M), (b) Schematics of the 

structural polytypes: 2H (hexagonal symmetry, two layers per repeat unit, trigonal prismatic 

coordination), 3R (rhombohedral symmetry, three layers per repeat unit, trigonal prismatic 

coordination) and 1T (tetragonal symmetry, one layer per repeat unit, octahedral 

coordination). [Ref: 49, 50] 

 

1.2.2 Electronic Band Structure: 

 

Semiconducting TMDCs exhibit an indirect bandgap in the bulk and a direct gap in the 

monolayer. The direct bandgap is the prime reason for observing photoluminescence from 

monolayer MX2, which have opened up the possibility of optoelectronic applications. The 

band structures of bulk and monolayer MX2’s are calculated from first principles, tight-

binding approximations 51–53 and measured by using a variety of spectroscopic tools. At the 

Γ-point, the bandgap is indirect for the bulk material, but it is to be gradually shifted towards 

direct for the monolayer. The direct excitonic transitions at the K-point remain relatively 

unchanged with the variation of number of layers. Quantum confinement effect is the cause 

of the change in the band structure with layer number. It results in a change in the 
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hybridization between pz-orbitals on chalcogen atoms and d orbitals on transition metal atom 

54. For example, the bulk indirect bandgap (~1.2 eV) of 2H-MoS2 converts to a direct 

bandgap (~1.8 eV) in single-layer. Density functional theory (DFT) calculations predict that 

the conduction-band states at the K-point are mainly attributed to the localized d-orbitals on 

the Mo atoms which are relatively unaffected by interlayer coupling. However, the states near 

the Γ-point are due to combination of the antibonding pz-orbitals of the S atoms and the d 

orbitals of Mo atoms, and have a strong interlayer coupling effect. Therefore, as the layer 

numbers change, the direct excitonic states near the K-point are relatively unchanged, but the 

transition at the Γ-point shift significantly indirect to direct transitions. All MoX2 and WX2 

compounds are expected to exhibit a similar indirect- to direct-bandgap transformation with 

decreasing layer numbers 51. 

 

 

Figure 1.2 Band structures calculated from first-principles density functional theory (DFT) 

for bulk and monolayer (a) MoS2 and (b) WS2.[Ref: 51] 

 

1.2.3 Optical Properties: 

 
The optical properties of TMDCs are directly influenced by their electrical band structural 

properties. The change from indirect to direct bandgap and increase in bandgap energies are 

reflected in absorption and photoluminescence spectra 51,54,55. The optical absorption 

spectrum of 2H-MX2 exhibits prominent peaks corresponding to the exciton bands, arises due 

to the direct-gap transitions at the K-point of the Brillouin zone between the maxima of split-

off valence bands and the minimum of the conduction band. Monolayer semiconducting 2H-

MX2 is a direct gap semiconductor, where the lowest energy interband transition occurs at the 

K point of the Brillouin zone and relaxation of excitons at the K point can result in emission 

of photons, so the monolayer semiconducting MX2 exhibits sharp, intense photoluminescence 

spectra. The phonon dispersions of MX2 have been extracted by ab initio calculations, and 
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can be correlated with experimentally obtained Raman spectra 56. The main Raman peaks 

correspond to the in-plane E1
2g and E1u phonon modes, and the out-of-plane A1g mode. These 

peak position shifts allow the variation of layer thicknesses which can be identified by Raman 

spectroscopy. The origins of the shifts have been identified as the influence of neighbouring 

layers on the effective restoring forces on atoms and the increase of dielectric screening of 

long-range Coulomb interactions 57. 

 

Figure 1.3 In-plane phonon modes E1
2g and E1u, and the out-of-plane phonon mode A1g, for 

TMDCs, where transition metal atoms are denoted by violet and chalcogen atoms are denoted 

by yellow. [Ref: 57] 

 

1.2.4 Optoelectric Properties: 

 
For the TMDC semiconductors with broad absorption band, photons with energy greater than 

the bandgap energy can be readily absorbed. The absorbance and emission direct effect the 

photoconductivity 58. The work functions and conduction- and valence-band edges of several 

TMDCs match with the work functions of commonly used electrode materials and the 

flexible nature with high Young’s modulus of TMDC make those compatible to fabricate the 

flexible devices. Moreover, the ability to tune the bandgap of TMDCs with various 

intercalants such as metal ions and molecules may allow tunable optical absorbance which is 

suitable in photovoltaic and photodetector application purposes 59. 
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1.3 Synthesis of TMDCs: 

 

For the reliable production of atomically thin layered 2D TMDCs there are the available 

methods for top-down exfoliation from bulk materials and for bottom-up synthesis. For the 

top-down approach micromechanical exfoliation, chemical exfoliations are well-known 

techniques to prepare TMDC nanosheets. In bottom-up approach, chemical vapour deposition 

(CVD) is the widely used to produce ultrathin layered 2D-TMDC nanomaterials. 

 

1.3.1 Mechanical Exfoliation: 

The micro-mechanical cleavage method is a famous traditional approach for exfoliation of 

layered bulk crystals to obtain layer 2D flakes 54,60. Atomically thin flakes of TMDCs can be 

peeled from their bulk parent crystals by micromechanical cleavage using adhesive tape on 

target substrates. Nanoflakes produced by this mechanical exfoliation produce are highly pure 

and clean interface which is suitable to study their fundamental properties and high quality 

controlled device fabrication. But the yield of this method is low, not scalable and therefore 

there is no control over nanoflake’s size and thickness. 

 

1.3.2 Liquid Phase Exfoliation: 

Liquid phase exfoliation method is extensively used to exfoliate layered nanosheet from bulk 

material and the exfoliated ultrathin layers are dispersed in particular solvent 61. Here, the 

ultrasonic vibrations break the interlayer weak van der-Waals bond, but cannot break the 

covalent bonds of each layer and in this procedure the choice of solvent plays a crucial in 

exfoliation 62,63. This method enables to produce massive quantity crystalline, layered 2D-

TMDC nanosheets in low cost. 

 

1.3.3 Chemical Vapour Deposition (CVD): 

Chemical vapour deposition is a bottom-up synthesize procedure to prepare high quality 

ultrathin two dimensional layered flakes. In this process the given substrate is exposed to 

reactive precursor at specific conditions (temperature, pressure) and the precursor is 

decomposed or reacted to form ultrathin layer on the given substrate. This method allows for 

production of high crystalline, large scale layer of two dimensional TMDC material with 

tunable thickness and excellent electronic properties 64,65. 
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Instead of these commonly known procedures solvothermal/hydrothermal synthesise, ion-

intercalation technique, atomic layer deposition (ALD), physical vapour deposition, pulsed 

laser deposition are also utilized 66,67 to produce TMDC layered materials. 

 

1.4 Transition Metal Dichalcogenides (TMDC) Alloys: 

 

1.4.1 Properties: 

Transition metal dichalcogenides have attained great interest due to their improved 

mechanical, electrical and optoelectronic properties which has high impact towards practical 

applications. These can be utilized towards fabrication of novel nanoelectronic and 

optoelectronic devices. But the TMDC possess intrinsic deep level defects (chalcogen 

vacancy), which act as scattering centres to reduce charge carries mobility or act as trap states 

or recombination centres. These abundant mid-gap defect states significantly degrade the 

electric and optoelectric performances of the TMDC devices. Many approaches have been 

developed to reduce the deep level defects inside the semiconductors by introducing 

additional impurity by doping, strain engineering various other techniques. Introduction of 

foreign dopants suppress the deep-level defects inside the semiconductor through donor-

acceptor level repulsion, but the solubility of the dopant and symmetry of the donor-acceptor 

level have grate impact of the efficacy of this method. The creation of passivated impurity 

states can modify the host band structure which makes the deep level shallower. But the 

intrinsic band structure of the host material changes significantly which can create additional 

problems. So it is highly desirable to develop new approach to reduce the deep level defect 

density with maintain the electronic properties of host material unchanged. Alloying is 

developed as a new approach for defect engineering in semiconductors as well as the bandgap 

of the alloys can be tuned by controlling the component concentration. Alloying is a way to 

supress the deep level defect states of the semiconductor with maintaining the basic 

properties of the semiconductor 68. The alloying of the TMDC (MX2) materials can be done 

either by replacing the transition metal (M) site or chalcogen (X) site. Common 

semiconductor alloys exhibit positive formation energy of enthalpy, whereas the TMDC 

semiconductor alloys exhibit negative enthalpy value, indicating higher atomic ordering 69. 

This atomic ordering plays crucial role in determining the alloys properties. Density 

functional calculations (DFT) exhibit the stabilities and electronic properties of the TMDC 

alloys (MoxW1-xS2, Mo(SxSe1-x)2) and indicate that the alloy formation is favourable at room 
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temperature 70–72. These materials can be synthesized by chemical vapour deposition, 

solvothermal method or can be exfoliated in layered structure from bulk crystals. Improved 

electric, optoelectric and catalytic performances 73–76 are obtained from the ternary alloys 

than there binary counterparts due to reduced density of defect states and the internal strain 

induced local lattice structure distortion as well as band structure modulation. 

 

1.4.2 Synthesis of two-dimensional layered TMDC alloy: 

Variable stoichiometric TMDC ternary alloy materials can be synthesized by different 

approaches, among them chemical vapour transport (CVT), chemical vapour deposition 

(CVD), physical vapour deposition, pulsed laser deposition, molecular beam epitaxy are very 

well known 75–77. Besides that micromechanical exfoliation from bulk crystal, liquid phase 

exfoliation of bulk crystal, low temperature solvothermal synthesis, thermolysis etc. are also 

used for production of layered two dimensional TMDC alloys 73,78. 

 

1.5 TMDC Heterostructures: 

 

1.5.1 Properties: 

Two dimensional transition metal dichalcogenides have attracted great attentions due to their 

unique structure, exciting electrical, optical properties and extraordinary chemical, thermal 

stabilities ensuring them to be recognized as emerging candidates for next generation high 

performance electric, opto-electric and smart generation devices. Benefiting from these 

exciting properties, the 2D TMDCs have demonstrated their potential in electronics, 

optoelectronics, valleytronics, spintronics, catalysis etc. But some disadvantages of individual 

TMDC crystals restrict their applications. The ultrathin layer of TMDC limits the absorbance 

which restricts the performance of optoelectric devices. Their short lifetime causes difficulty 

to control the excitonic dynamics 79,80. The van der Waals TMDC heterostructures attain high 

research interest in spectroscopy, optoelectronics, photocatalysis and various electronic 

device application purposes as they can overcome shortcoming arises from individual 

TMDCs. The stacking of individual TMDC layers by van der Waals interaction enables the 

formation of atomically sharp interfaces and provides the way to study the heterostructure 

junctional properties 81. According to the band alignment of two-dimensional layered 

TMDCs, mainly three types of heterostructure formation can be possible (i) type-I 

(symmetric) alignment is mainly utilized in mainly optical devices, such as light-emitting 
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diodes (LED), lasers as they can provide a way to spatially confine the electrons and holes for 

efficient recombination, (ii) type-II (staggered) alignment is useful in unipolar device 

fabrication as they allow band offsets (either in conduction or valance or both side), which 

allow extremely strong quantum confinement effect, (iii) type-III (broken) heterostructure is 

useful to fabricate the tunnel field effect transistor for enhancing the tunnel current density 

and infrared intersubband superlattice lattice lasers. Type-II & III heterostructures are useful 

to engineer conduction to valance band transition energy. Type-II band alignment is very 

well-known in TMDC heterostructure (MoS2-WSe2, MoS2-WS2, WS2-WSe2) which can 

reduce the overlap between electrons and holes wave functions by slowing down the charge 

carrier recombination 82. The formation of long lived excitons is an efficient way to enhance 

the performances of various optoelectronic (photodetector, photovoltaic) devices. So the 

crystalline TMDC heterostructures can be employed to fabricate high performance low power 

consuming optoelectronic devices, field-effect transistors, spintronics and various sensor 

devices and also exhibits enhanced catalytic activities 83–85. 

 

1.5.2 Synthesis of two-dimensional TMDC heterostructures: 

To fabricate the TMDC heterostructure, several techniques are reported, such as dry transfer 

technique based on micromechanical exfoliation, chemical vapour deposition (CVD), atomic 

layer deposition (ALD), liquid phase exfoliation etc. In this dry transfer technique 

micromechanically exfoliated one TMDC layer can be attached on top of other TMDC layer 

by using dry transfer technique (by using optical microscope) to get the desired 

heterostructure 86. The yield of this method is very low due to small size, variation of 

thickness but highly clean interface can be obtained in this procedure. For scalable, uniform 

and reproducible synthesis of 2D TMDC heterostructure, single step or two step CVD 

technique 85,87 is employed. Depending upon the precursor material, growth condition 

(temperature, pressure, carrier gas flow), controlling the growth rate different types (lateral, 

vertical) of heterostructure fabrication is possible. As low cost and large area with 

reproducibility are required for practical application purposes, in this regard liquid exfoliation 

(from bulk crystal) technique is very much used as it is simple, efficient economically 

effective for large scale TMDC heterostructure synthesis 88. 
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1.6 TMDC Quantum Dots: 

 

1.6.1 Properties: 

Two-dimensional transition metal dichalcogenides are an emerging class of materials having 

extraordinary electric, optoelectronic, thermal, catalytic properties. When the lateral sizes of 

two dimensional materials are reduced below their Bohr radius then the two dimensional 

materials are transformed into zero dimensional (0D) materials. These 0D materials exhibit 

new characteristics or improved properties than their two dimensional counterparts due to 

arising of edge sites and quantum confinement effects 89–91. At the same time, theses 0D 

materials (quantum dots) still preserve their inherent properties of 2D parents. This new class 

of 0D materials offer larger surface to volume ratio, more provision for functionalization, 

tunable physio-chemical properties. To obtain the quantum dots (QDs) of TMDCs (MX2), it 

is necessary to break the in-plane covalent (X-M-X) bond, so that abundant edge atoms (M or 

X) are produced. Due to the presence of edge states, the 0D -TMDCs are promising candidate 

for catalytic applications. TMDC QD’s can be dispersed in suitable solvents and exhibits 

strong emissive properties which can be used for bio-imaging, optoelectronic applications. 

TMDC QD’s exhibit tunable band gap due to quantum confinement effect, they can also 

exhibit also wider direct bandgap and improved quantum yield than the 2D layered 

counterparts 91. In addition to the size dependent quantum confinement effect the bandgap is 

strongly influenced by defects, functional groups and additional dopant during synthesize 

time. The size variable TMDC quantum dots demonstrate potentials in optical sensing, 

photovoltaics, catalytic, bio-imaging, energy storage and conversion also. 

 

1.6.2 Synthesis of TMDC QDs: 

TMDC quantum dots can be synthesized from bulk material by various chemical, 

electrochemical and physical processes. These can be synthesized by chemical etching, ion-

intercalation, hydrothermal or solvothermal cutting, ultrasonication treatment, ball milling 

etc. 92–94. Among them ultrasonication assisted with grinding, hydrothermal are most 

commonly used techniques for mass production of TMDC QDs. 

 

1.7 Motivation of the thesis: 

Due to rapid development of science and technology portable, wearable and smart devices 

attain high research interests. But the power supply of these devices limits their size and 
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restricted capacity of energy storage affects their operational applications. The conception of 

self-powering is an attractive avenue for continuous power supply for various electronic 

devices. Piezoelectric nanogenerator can convert mechanical energy (from various 

surrounding resources) to electrical energy, provide a potential method for designing self-

powered sources. Various inorganic materials (quartz, PZT, perovskites) are widely used as 

piezoelectric nanogenerators (PENG) for energy harvesting and self-powered sensors. But 

environmental toxicity and complicated fabrication procedure are main disadvantages of 

them for the versatile use of PENG devices. Compared with inorganic piezoelectric materials 

piezoelectric polymers (PVDF and co-polymers) are excellent for fabrication of PENG for 

their flexibility, light weight, easy synthesize procedure, long term stability. Not only that 

these polymers can be easily functionalized with semiconductors, oxides and metal 

nanoparticles which can improve its piezoelectric activities and not only that these 

nanocomposites can be used self-powered PENG without any traditional polling treatment. 

Incorporating chemically exfoliated two-dimensional transition metal dichalcogenides (MoS2, 

WS2 nanosheets) as filler within PVDF polymer is treated as an efficient way for the 

development of self-powered piezoelectric energy harvesters. Besides that the 

semiconducting property and optical activity of TMDC’s can be coupled with piezoelectricity 

so that photosensitive nanogenerators and photo-piezotronics can be demonstrated. 2D-

TMDCs have attracted great interest due to their intrinsic optoelectric and piezoelectric 

properties, but the still now the research is limited with mechanically exfoliated or CVD 

grown materials. We have extensively studied the piezoelectric properties of chemically 

exfoliated TMDC nanosheets and TMDC heterostructures. It is observed that improved 

piezoelectric performance is obtained from TMDC heterostructures than the individual 

TMDC. TMDC heterostructure based self-polled, low cost PENGs exhibit strain sensitivity 

and can harvest biomechanical energy also. Besides the wide application of TMDC 

nanosheets, face significant challenges owing to the fact that chalcogen vacancies in such 

materials, lead to localized deep-level defect states (DLDs), which degrade their electronic 

and optoelectronics properties. Composition modulation has been predicted to be a potential 

solution to suppress the DLDs, and theoretical studies have predicted that ternary alloys of 

TMDCs are thermodynamically more favourable than their binary counterparts. Although 

TMDC ternary alloys exhibit superior electrical, optoelectronic and catalytic performances 

than binary counterparts but they are relatively less studied. We have synthesized TMDC 

ternary alloy hydrothermally and it is observed the improved optoelectric performance is 

obtained from the ternary alloy than the binary TMDC nanosheets. It is reported the 
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characteristics of a self-powered real time UV photodetection system based on impedance 

matched piezoelectric nanogenerator and photodetector by using ternary TMDC (MoxW1-xS2) 

alloys. The self-powered system is capable of real time UV radiation monitoring in human 

body and may stimulate its practical application in the next generation photodetection system, 

sensor and wearable electronics based IOT devices. This self-powered, light-weight, highly 

flexible and multi-functional PENG devices have opened up a new avenue for diverse 

research fields, particularly in biomechanical energy harvesting, human-machine interface 

control and enabling sensing technology. 

 

1.8 Aim and objectives: 

The present dissertation aims to investigate the optoelectronic, piezoelectric and 

spectroscopic properties of TMDC nanostructures for energy harvesting, flexible, low cost, 

large scale piezoelectric devices, photo-sensitive devices with a focus on the following 

objectives: 

1.1 Synthesis and characterization of TMDC nanostructures 

(i) Synthesis of semiconducting MoS2, WS2 nanosheets/nanoparticles and studying 

their size dependent properties. 

(ii) Synthesis of ternary TMDC alloy (MoxW1-xS2) nanosheets and studying their 

characterizations. 

(iii) Synthesis and characteristics of various TMDC hybrid heterostructures (MoS2-

WS2, WS2-WSe2, MoS2-WSe2). 

1.2 Fabrication of self-polled, flexible, large scale energy harvesting PVDF-TMDC 

composed piezoelectric nanogenerators. 

1.3 Fabrication of UV photodetector, piezoelectric nanogenerators and photodetector coupled 

piezoelectric nanogenerator-self-powered UV sensors by using ternary TMDC (MoxW1-xS2) 

alloy nanosheets. 

1.4 Fabrication of flexible, stain sensitive devices and self-polled piezoelectric nanogenerator 

on PET substrates by using TMDC heterostructures (MoS2-WSe2). 
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1.9 Organizations of the thesis: 

The entire thesis has been divided into eight chapters. A brief outline of the different chapters 

of the thesis has been given below: 

 

Chapter 1: Introduction 

This chapter presents the importance of renewable energy resources which are self-powered, 

low cost and maintenance free, specially focusing on piezoelectric energy harvesting devices 

by using transition metal dichalcogenides (TMDCs). Previous studies indicate that there are 

enough scope for the systemic investigation of two-dimensional layered TMDCs and 

studying self-powered energy harvesting PENGs. The present dissertation contains seven 

chapters with an aim to study some of these issues. 

 

Chapter 2: Experimental Techniques 

This chapter describes the synthesis technique for various TMDC nanostructures and 

different characterization tools for characterization to investigate different properties. The 

experimental techniques for fabrication of devices are also described in this chapter. 

 

Chapter 3: Flexible bio-mechanical energy harvesters with colossal piezoelectric output 

based on PVDF-MoS2 nanocomposites  

This chapter demonstrates an extraordinarily high piezoelectric output from a composite 

nanogenerator fabricated by combining chemically exfoliated MoS2 nanosheets with PVDF 

polymer. This self-poled, flexible, strain sensitive highly stable piezoelectric nanogenerator 

(PENG) exhibits superior mechanical to electrical conversion efficiency and able to charge 

up various electronic devices. This PENG can harvest energy from different biomechanical 

activities to establish the efficacy of TMDC MoS2 based nanocomposites for the design and 

development of new generation smart and wearable electronic devices. 

 

Chapter 4: Two dimensional WS2 embedded PVDF nanocomposites for photosensitive 

piezoelectric nanogenerators  

This chapter demonstrates the fabrication of photosensitive piezoelectric nanogenerator 

where chemically exfoliated 2H-WS2 nanosheets are embedded in PVDF polymer matrix. 
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Chemically exfoliated WS2 nanosheets have broad absorbance band which is responsible for 

photosensitivity of this nanogenerator and also exhibits enhanced energy harvesting ability 

under illuminated condition. Besides biomechanical energy harvesting, this PENG exhibits 

record energy conversion efficiency with a good photoresponsivity at zero bias under 

application of strain. 

Chapter 5: Two-dimensional MoxW1-xS2 alloys for nanogenerators coupled 

photodetectors for self-powered UV Sensor  

This chapter explains the demonstration of a self-powered real time UV photodetection 

system based on impedance matched piezoelectric nanogenerator and photodetector using 

ternary TMDC (MoxW1-xS2) alloys. The optimized Mo0.5W0.5S2 ternary alloy nanosheets 

synthesized using a simple hydrothermal method have been used to fabricate UV 

photodetectors, which exhibit outstanding photodetection ability under 365 nm illumination. 

The piezoelectric nanogenerator fabricated using the ternary Mo0.5W0.5S2 alloy nanosheets in 

PVDF matrix exhibits record performance. By coupling the above two individual devices, we 

have demonstrated a self-powered UV photodetection system, which produces a large voltage 

responsivity indicating the ability to detect UV radiation even at a low intensity. The self-

powered system is capable of real time UV radiation monitoring in human body and may 

stimulate its practical application in the next generation photodetection system in the sensor 

and wearable electronics based IOT devices. 

 

Chapter 6: Superior piezoelectric performance of chemically synthesized TMDC 

heterostructures for self-powered flexible piezoelectric nanogenerator 

This chapter presents the characteristics of chemically synthesized TMDC heterostructures 

and it is observed that this TMDC heterostructure based piezoelectric devices overcome the 

drawbacks of mechanically exfoliated low yield PENG devices. The strain sensitive 

piezoelectric properties and biomechanical energy abilities are also investigated. This self-

powered, atomically thin, highly flexible and multi-functional PENG device may open up a 

new avenue for diverse research fields, particularly in biomechanical energy harvesting, 

human-machine interface control and enabling sensing technology. 
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Chapter 7: Size dependent optical properties of MoS2 nanoparticles and their photo-

catalytic applications 

This chapter reports the synthesis of variable sized semiconducting MoS2 nanoparticles by 

simple chemical exfoliation technique. Size dependent spectroscopic properties of these 

synthesized MoS2 NPs have been studied using UV-Vis absorption, photoluminescence (PL), 

Raman and time resolved emission spectroscopy techniques. The effect of size on quantum 

confinement has also been studied. This highly luminescent MoS2 NP can act as a photo-

catalyst in presence of visible light for degradation of brilliant green dye. This study 

systematically shows that the different sized semiconducting MoS2 NPs are promising 

candidate for optoelectronic devices with a strong potential for the degradation of harmful 

chemicals in waste water under visible light irradiation. 

Chapter 8: Conclusions and Future Scope of Study 

This chapter addresses the overall conclusion of research work along with future scope of this 

work. 
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Experimental Techniques 

 

 

 

2.1 Introduction: 

This chapter provides an overview on the synthesis, fabrication, characterization and 

experimental techniques that have been employed in the course of present thesis work. For 

the successful fabrication of two dimensional material based piezoelectric nanogenerators and 

sensor devices for the development of the future smart technology, it is very crucial to 

synthesis high quality layered nanosheets of two dimensional materials. Hence, detailed 

characterizations are also necessary to examine and optimize the respective optical and 

piezoelectric parameters of the synthesized nanomaterials. 

For the works presented in this thesis, the layered two- dimensional materials (TMDCs) are 

synthesized by chemical exfoliation techniques. The crystal structures, chemical 

compositions, surface profile and detailed morphologies are studied by X-ray diffraction 

(XRD), scanning electron microscopy (SEM) along with X-ray energy dispersive 

spectroscopy (EDAX), transmission electron microscopy (TEM), atomic force microscopy 

(AFM) techniques. The spectroscopic and optical characterizations are studied by using UV-

Vis absorption spectroscopy, Fourier transformed infrared spectroscopy (FTIR), 

photoluminescence spectroscopy (PL) and raman spectroscopy techniques. For fabrication of 

photodetector the electrodes are made by photolithography technique by using laser writer 

lithography (LW405-MICROTECH) followed by Ti/Au deposition by e-beam deposition. 

For the fabrication of piezoelectric nanogenerator on flexible substrate, the electrodes are 

made by depositing Ti/Au by e-beam evaporation through a wire shadow mask. The output 

voltages from the piezoelectric nanogenerators are recorded by using a digital oscilloscope 

(SMO702 (scientific)). The optoelectronic-characteristics of the photodetectors are measured 

by a probe station equipped with a Keithley 2450 source meter. Thorlab LED (365 nm) is 

employed for optical illumination source and to calibrate the illumination power spectrometer 

coupled with integrating sphere (Flame-Ocean optics) is used. The piezoelectric 

characterizations are performed by piezoelectric force microscopy (PFM) and electrical 

measurements are done by a Keithley 2450 source meter and external mechanical strain are 

employed through a linear stage. 

This chapter elaborates the details of the various experimental techniques employed for the 

synthesis of different nanostructures of TMDC materials, along with the different 

characterization techniques employed to study the nanostructures. This chapter also 

highlights the fabrication techniques of nano-devices which are used for this dissertation.  
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2.2 Synthesis Technique: 

 

2.2.1 Hydrothermal Method: 

 

Hydrothermal synthesis is one of the most commonly used method for preparation of 

nanomaterials. It is basically a solution reaction based process. The chemical reactions are 

occurred in a sealed container and the solution is heated above the ambient temperature and 

kept in higher than atmospheric pressure. In this process, the crystal growth is normally 

performed in an apparatus consists of a steel pressure vessel, which is called autoclave and a 

teflon chamber is kept inside the autoclave. The autoclave is usually thick walled steel 

cylinder which must stand with high temperature and pressure for a prolonged time. The 

autoclave must be inert with respect to solvent. The closer is an important part of the 

autoclave. The precursor dispersed in solution is poured in the teflon chamber in such a way 

that it should not be more than 70% of the volume of the chamber. The autoclave system is 

heated to certain temperature and after heating it is should come down to the room 

temperature and the resulting material is stored at the bottom of the teflon chamber and this is 

schematically depicted in Figure 2.1. During the hydrothermal synthesis procedure the 

growth and nucleation of the material depends on pressure and temperature 1. Hydrothermal 

synthesis method offers many advantages for nanomaterials growth such as relatively mild 

operating condition (reaction temperature < 300Oc) and minimum loss of materials. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic of hydrothermal synthesis technique. 
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2.2.2 Liquid Phase Exfoliation Technique: 

 

Liquid phase exfoliation (LPE) is one of the most versatile exfoliation techniques for large 

scale production of layered nanomaterials. It involves the production of few layered 

nanosheets by applying high shear or ultrasound to materials in appropriate solvent. The 

weak interlayer interactions between adjacent sheets need to overcome by imparting energy 

during exfoliation process, when the material is exposed to ultrasound resulting 

hydrodynamic force breaks the van-der Waals force. By choosing suitable solvent, 

interactions at the liquid-nanosheet interface reduce the net exfoliation energy and stabilize 

the nanosheets dispersion in solvent 2. This process is schematically depicted in Figure 2.2. 

The resulting dispersions can be very easily processed into nanostructured device by a range 

of methods, such as dip coating, spin coating, spray deposition, inkjet printing etc. 

 

 

 

 

Figure 2.2 Schematic of liquid phase exfoliation synthesis technique. 

 

2.3 Structural Characterizations: 

2.3.1 X-ray Diffraction: 

The XRD technique, a non-destructive technique is used to investigate the crystalline 

material structure, including atomic arrangement, crystallite size and defects. Here a beam of 

X-rays is incident on the sample and is diffracted by the atomic planes. By measuring the 
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angles and intensities of these diffracted beams, one can determine the atomic arrangement, 

phase, crystallinity, thickness of films and other various information (strain, orientations, 

imperfections), i.e. the overall atomic arrangements. 

Figure 2.3 presents a schematic of the XRD technique. The X-ray diffractometer consists of 

X-ray tube (source of X-ray), incident beam optics (before it hits the sample), and goniometer 

(platform that holds the sample stage and detector) with sample holder, receiving optics 

(beam from the sample) and detector (which measure the intensity of X-ray scattered by the 

sample). A crystal can be considered as a regular array of atoms, which can elastically scatter 

electromagnetic waves like x-rays. The scattered beams form secondary waves which can 

interfere constructively at certain directions according to the Bragg’s condition: 

                                                          2dsin=n 

Here d is the spacing between the atomic planes,  is the incident angle, n is any integer and 

 is the wavelength of the X-ray beam. Therefore, for a certain lattice structure (that 

corresponds to d), the diffraction spots appear only at certain angles of incidence. Diffraction 

occurs only when the Bragg’s law is satisfied for constructive interface (X-rays) from planes 

with spacing d and the corresponding intensities along with angle of the reflected beam with 

respect to the direction of the incident beam (2) are noted 3. 

  

Figure 2.3 Schematic diagram of (a) X-ray diffraction and (b) X-ray diffractometer. 

 

2.3.2 Atomic Force Microscopy (AFM): 

 

The atomic force microscopy is a kind of scanning probe microscope in which topographical 

image of the sample surface can be achieved based on interaction between a tip and sample 

surface. A typical AFM consists of a cantilever with a tip (probe) at the free end, a laser, four 

quadrant photodetector and a scanner and is schematically depicted in Figure 2.4. When the 

tip comes very close to the sample surface, the attractive and repulsive forces due to 
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interactions between the tip and sample surface causes the bending of the cantilever. The up-

down and side to side motion of the AFM tip as it scans along the surface is monitored 

through as a laser beam reflected off the cantilever. The reflected beam is tracked by the 

position sensitive photodetector that picks up the vertical and lateral motion of the probe. By 

calibrating the deflection sensitivity, the surface thickness of the sample can be estimated and 

the created image is topographical illustration of the sample surface 4. Mainly three 

operational modes are used in AFM, (i) Contact mode, where the tip is able to move over the 

sample surface with a specific height or under a constant force and the movement of the tip is 

strongly influenced by frictional and adhesive force between the tip and sample. In (ii) 

Tapping mode the tip oscillates (nearby its resonance frequency) with sufficient amplitude 

from the sample surface such that the tip-sample interaction is conserved during the scanning. 

For (iii) Non-contact mode the tip does not touch the sample, it oscillates above the sample 

surface during the scanning period 5. 

 

Figure 2.4 Schematic diagram of atomic force microscopy (AFM). 

 

 

 

2.3.3 Scanning Electron Microscopy (SEM) 

 
A scanning electron microscope (SEM) is used to characterize the surface topography and 

morphology of samples by scanning it with a focused beam of electrons. The electrons in the 

beam interact with the sample, producing various signals which provide the information 



Chapter: 2 

 

27 

 

about the surface morphology and composition 6. The advantage of this tool over the 

conventional optical microscopy lies in its high resolution (~1 nm), owing to the much 

shorter de Broglie wavelength of electrons. SEM consists of an electron gun which produce 

high energy electron beam, a magnetic condensing lens is used to condense the electron beam 

and a scanning coil is arranged in between magnetic condensing lens and sample. The 

electron detector is used to collect the secondary electrons which can be converted into 

electrical signals. When the accelerated primary electrons from the electron gun strike on the 

sample through the condensing lens and scanning coil, it produces secondary electrons which 

are collected by electron detector and the total set-up is schematically shown in Figure 2.5. 

The electron beam is scanned in a raster pattern, and the position of the beam is combined 

with the intensity of the detected signal to produce an image. The signal intensity depends on 

the number of the emitted secondary electrons. The secondary electron (SE) beams are 

emitted from very close to the sample surface, produce very high resolution image of sample 

surface. On the other hand back scattered electron (BSE) beams are reflected from the surface 

by elastic scattering, they emerge from the deeper locations within the sample. For this reason 

the BSE are used in analytical SEM, along with the spectra made from the characteristic X-

rays, because the intensity of the BSE signal is strongly related to atomic number of the 

sample, which is rigorously used to study the elemental composition of the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Schematic diagram of scanning electron microscopy (SEM). 
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2.3.4 Transmission Electron Microscopy (TEM): 

 

Transmission electron microscopy (TEM) is a very powerful tool in material science, where a 

high energy electron beam shone through sample, and the interaction between the electrons 

and the sample can be used to observe the crystal structure of the sample and morphology 

with elemental analysis. TEM can be used to study the crystal grain boundaries, structural 

dislocations, defects in materials and can be used to analyse the quantity, size and shape of 

low dimensional objects (quantum dots, nanosheets, nanowires) 7.It consists of electron gun 

as source of high energy electrons, magnetic condensing lens is used to condense electrons 

and to adjust the portion of the electron falls on specimen. The sample is placed between the 

condensing lens and objective lens. The magnetic object lens is used to block the high angle 

diffracted beam and aperture is used to eliminate the diffracted beam and in turn increases the 

contrast of the image. The magnetic projector lens is placed above the fluorescent screen in 

order to achieve higher magnification. The image can be recorded by using fluorescent screen 

or CCD (charged coupled device). When an electron beam passes through a thin specimen, 

and the transmitted electrons are produced, sophisticated systems of electromagnetic lens 

focus the transmitted electrons by objective lens and produce the image and diffraction 

pattern and elemental analysis can be done depending on the mode of operation and 

simplified ray diagram is shown in Figure 2.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Simplified schematic diagram of transmission electron microscopy (TEM). 
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Lastly, although this technique facilitates the inspection of the finer details of the sample 

even down to atomic level, the facts like extensive sample preparation, relatively small field 

of view, and potential of damaging the sample (especially biological samples) limit its wide 

range application. 

 

 

2.4 Spectroscopic Characterizations: 

 
2.4.1 UV-Vis Absorption Spectroscopy: 

 

UV-Vis spectroscopy is one of the most common and fundamental electronic spectroscopic 

technique that records the transmitted or reflected light from the material and presents 

information about the absorption signals due to the electronic transitions 8. The electronic 

spectra of materials can be obtained due to the absorption of ultraviolet and visible regions of 

electromagnetic spectrum. It is also an excellent technique to determine the band gap energy 

of semiconducting material. This UV-Vis spectrometer can operate in two modes (i) 

transmission and (ii) reflection mode. UV-Vis spectrometer consists of light source, 

monochromator system, sample holder system, detector and amplifier with recording 

electronic device and is schematically shown in Figure 2.7. UV-Vis spectroscopy obeys the 

Lambert-Beer law, when a beam of monochromatic light is passed through a sample 

(absorbing materials), the intensity of the transmitted radiation is decreased after passing 

through the sample. Lambert-Beer law 

𝐴 = 𝑙𝑜𝑔10 (
𝐼𝑜

𝐼
) = ∈ 𝐶𝑙 (2.2) 

 

 

 

 

 

 

 

 

 

Figure 2.7 Schematic diagram of UV-Visible absorbance spectrophotometer. 
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Where A is absorbance, Io is the intensity of incident radiation, I is the intensity of transmitted 

radiation after passing through the sample, ∈ is molar absorptivity or extinction coefficient, c 

is the concentration of the absorbing species and l is the path length of the sample. In the 

present work, UV-visible absorption spectra were recorded at room temperature using a 

Shimadzu spectrometer, UV-2600 and taking the solutions in a 1 cm quartz cuvette. 

 

 

2.4.2 Fourier Transformed Infrared Spectroscopy (FTIR): 

 

Fourier Transform Infrared spectroscopy (FTIR) is a powerful tool for identifying the 

chemical bonds present in a molecule by producing an infrared absorption spectrum 9. When 

the sample selectively absorbs specific wavelength (infrared) causes the change of dipole 

moment, consequently the vibrational energy level of molecules transfer from ground state to 

excited state and the absorption peak is related to the number of vibrational degrees of 

freedom of molecule. The position (in frequency) of the absorption peak is determined by the 

vibrational energy gap and the intensity of absorption peak is related with the change of 

dipole moments and the possibility of the transition energy levels. FTIR spectrometer 

consists of IR radiation source, monochromator device (to separate or disperse a broad 

spectrum into individual narrow IR frequencies), sample and reference cells and detector 

system with display unit. The two beam Michelson interferometer, the fundamental part of 

the FTIR, is schematically shown in Figure 2.8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Schematic diagram of interferometer of Fourier transform infrared spectrometer. 
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As shown in the diagram, the collimated IR beam is partially reflected by and transmitted 

through the beam splitter (a half silvered mirror) and moves to the stationary and moving 

mirrors, respectively. Now the transmitted beam from the fixed mirror and reflected beam 

from the moving mirror may interfere (either constructively or destructively) at the back side 

of the beam splitter depending on the wavelengths of the lights and the optical path difference 

introduced by the moving mirror.  

 

 

 

2.4.3 Raman Spectroscopy: 

 

Raman spectroscopy is a very powerful non-destructive tool to characterize the vibrational 

spectroscopy of materials. When monochromatic light is incident upon a sample most of the 

portion is scattered elastically which is called Rayleigh scattering and a small portion is 

scattered inelastically and it is known as Raman scattering (consists of stokes and anti-stokes 

lines) 10. The Raman spectrometer consists of three main components-(i) laser as a source of 

monochromatic illumination, (ii) objective with sample holder, (iii) detector system with a 

display unit and is schematically depicted in Figure 2.9. 

 

 

Figure 2.9 Schematic ray diagram of Raman spectrometer. 

 

For a material to exhibit Raman shift, there must be a change in its electric dipolar 

polarizability with respect to vibrational coordinate. When the photon excites the sample, the 

excitation puts the sample into a virtual energy state for a short time before the emission of 

photon. The intensity of the Raman scattering is proportional to its polarizability change. 
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Therefore the Raman spectrum (scattering intensity as a function of frequency shifts) depends 

on the roto-vibronic states of that material. The spectrum is measured with respect to the laser 

line as reference and hence the peaks are measured as a shift from the laser line. The peak 

positions are determined by the vibrational energies associated with the bonds of the exposed 

sample 11.  

 

. 

2.4.4 Photoluminescence Spectroscopy: 

 

Photoluminescence is a process in which a sample absorbs photons (electromagnetic 

radiation) of definite energy and then re-emits photons with lower energies. By absorbing 

photon the sample is switched to excited state of higher energy for short time (~ns) and 

reemits photon of lower energy 12. Photoluminescence spectroscopy gives idea about energy 

band gap, vacancy states, defect levels of materials. It consists of monochromatic light source 

to excite the sample, focusing object with suitable sample compartment, detection unit for 

emission signal with a display unit and it is schematically depicted in Figure 2.10. If the 

incident photon energy (E= hc/λ) is greater than the band gap of that particular material 

(semiconductor), then by absorbing the illumination the electrons from the valence band go to 

the conduction band by crossing the forbidden energy gap and falls back down to the valence 

band or nearby acceptor states. Similarly, electrons can also fall from the various impurity 

states near to the conduction band. As electrons fall down, the energy associated is emitted as 

luminescent photons which are emitted from the material. The process of photon excitation 

followed by photon emission it is called photoluminescence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Schematic diagram of Photoluminescence spectrometer. 
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2.4.5 Time-resolve photoluminescence study: 

 

The lifetime of generated carriers have been investigated by employing the time-correlated 

single photon counting spectroscopy (TCSPSC) set up. There are mainly two methods to 

measure the lifetime, time domain and frequency domain technique. In time domain methods 

the sample is excited with a pulse of light and the pulse width is made as short as possible, 

preferably much shorter than the decay time of the sample. The TCSPC instrument consists 

of high repetition rate laser light source, grating monochromator, high speed microchannel 

plate (MCP) photomultiplier tube (PMT) 13 and the simplified schematic is shown in Figure 

2.11. When the sample is excited by sharp pulse of light results a population density in the 

excited state and the excited state population decays in a particular fashion. Emission is a 

random event, each excited carrier has the same probability of emitting in a given period of 

time. This results an exponential decay of excited state population and from that the decay 

time can be calculated. Here we have used Edinburgh Instruments with a pulsed diode laser 

as the excitation source for time-resolved photoluminescence study. 

 

 

 

 

Figure 2.11 Schematic diagram of time resolved photoluminescence spectrometer. 
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2.5 Fabrication technique: 

 
2.5.1 Lithography: 

 

To manufacture integrated circuits, photolithography or optical lithography is used to create 

finely pattern thin films of suitable material on substrates such as silicon wafers by using 

light, followed by etching and deposition for protection. It is employed to fabricate micro and 

nanostructures in a photoresist thin film through light expose of chosen pattern. There are 

several steps involved in the photolithography process. Patterns are generated by selectively 

exposing a light sensitive substrate (photoresist) coated wafer to photo irradiation through a 

pattered mask, and by subsequently removing the unexposed area of the film through 

dissolution in appropriate solvent (photoresist developer). Photoresist solution is first spin 

coated onto the entire surface of the substrate and pre-bake is applied to remove the residual 

solvent, typically at 100 or 110oC on a hotplate. Next a photomask with the desired feature is 

placed over the photoresist. Then the photoresist will be exposed to UV radiation through 

mask. After expose, the exposed wafer undergoes a development process whereby the 

masked/ unmasked portions of the photoresists are dissolved by chemical developer (solvent). 

This process yields either positive or negative resistance depending on the radiation and the 

nature of the resists. Positive photoresist is a type of photoresist where the exposed portion is 

soluble to developer solution while the unexposed resist remaining on the substrate while 

negative photoresist is vice-versa, the exposed portion is insoluble to the developer solution 

while the unexposed resist is dissolved away by the developer. The schematic representation 

of the step by step process flow of photolithography is represented in Figure 2.12(a). 

 

 

2.5.2 Electron Beam Deposition: 

 

Electron beam or electron beam vapour deposition is a form of physical vapour deposition in 

which a target material used as a coating is irradiated with an electron beam from a charged 

tungsten filament to vaporize it, and then converted into a gas state for vapour deposition on 

the material to be coated. This device consists of two main sections; an electron source, 

which is housed in the vacuum evaporation device, and generates electrons, accelerates them 

as an electron beam, and deflects them, and a crucible (hearth) section that holds the 

evaporant material. Here the material to be deposited is kept in a water cooled graphite 

crucible which is placed inside an evacuated chamber. A beam of electron generated by a hot 
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tungsten filament by thermionic emission is guided and focused onto the material with the 

help of deflecting and focusing magnets. The focused e-beam heats the sample to its boiling 

point. The vapour of the material moves towards the substrate which is loaded on a sample 

holder and gets condensed all over its surface. The sample holder is mounted on a rotation 

motor, which rotates during the deposition, in order to obtain a uniform deposition and is 

schematically depicted in Figure 2.12(b). 

 

 

 

 

Figure 2.12 (a) Schematic of step-by-step photolithography procedure, (b) simplified 

schematic e-beam evaporator. 
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Flexible bio-mechanical energy harvesters with colossal 

piezoelectric output based on PVDF-MoS2 nanocomposites 

 

 

 

 

 

 

 

 

3.1 Introduction: 

In addition to the various renewable energy resources (solar, thermal, wind etc.), energy 

harvesting by using mechanical impacts (bending, pressing, twisting etc.) and human bio-

mechanical activities now a day have attracted enormous interests for driving portable 

electronic devices, sensors and wearable smart electronics. In this regard, piezoelectric and 

triboelectric devices have attracted increasing attention for the conversion of mechanical to 

electrical energy. Various approaches have already been reported for designing portable, 

scalable, mechanically durable self-powered flexible devices based on piezoelectric 

nanomaterials which offer good mechanical to electrical energy conversion efficiency 1-6. The 

first piezoelectric nanogenerator based on zinc oxide nanowire arrays was proposed by Wang 

et al. 7,8. Since then substantial researches have been reported on piezoelectric-nanogenerator 

(PENG) by using well-known piezoelectric materials, such as ZnO, GaN, PZT along with 

both organic and inorganic materials including halide perovskites 8-16. Among organic 

materials, polyvinylidene-fluoride (PVDF), a commonly known polymer, has been found to 

be potentially attractive for flexible, large area and cost-effective nanogenerator devices due 

to its high piezoelectric coefficient, light weight, large thermal expansion coefficient and bio-

compatibility 3,17-22. PVDF polymers usually exhibit different configurations e.g. -phase 

(TGTG conformation), -phase (TTTT-conformation) and -phase (T3GT3G conformation). 

A simple and scalable technique is reported to demonstrate self-poled, flexible and superior-

performance piezoelectric nanogenerators by using chemically exfoliated layered MoS
2
 

nanosheets embedded in poly (vinylidene fluoride) PVDF polymers. These self-poled 

nanogenerators can produce an open-circuit voltage up to ~ 22 V, even with an application of 

a very low mechanical compression (~10.6 kPa) leading to an unprecedented piezoelectric 

output (2.07 V/kPa) using a two-dimensional material. On the other hand, in bending 

condition (~0.11% strain), the nanogenerator device generates ~ 2.5 V with a piezoelectric 

energy conversion efficiency of ~ 17.8%, which is capable to drive multiple commercial light 

emitting devices. The fabricated flexible self-poled MoS
2
-PVDF nanogenerators have been 

used to harvest biomechanical energy from simple human activities (finger tapping, variation 

in movements of finger and wrist etc.) which offers an excellent power density of ~88.5 

µW/cm
2 

upon finger tapping (~3.1 kPa) and display a significant enhancement of 

performance over control PVDF devices. Our results open up the feasibility of using 

chemically exfoliated two-dimensional transition metal di-chalcogenides for the design and 

development of high-efficiency, portable energy harvesting devices. 
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Among them, -phase is piezo-electrically inactive and phase shows weak piezo behavior, 

whereas -phase is the most electroactive one exhibiting the highest piezoelectric coefficient 

due to parallel stacking of (-CH2-/-CF2-) dipoles 2,3,23. For the nucleation of electroactive -

phase, various techniques have been used such as mechanical stretching, application of high 

pressure, high temperature annealing, electrospinning, poling, casting etc. Several groups 

have reported the increased nucleation of piezoelectric active -phase by incorporating 

nanofillers e.g. metal nanoparticles 3, perovskite materials 1,24-26, semiconducting nanosheets 

27-30, carbon nanotubes 31-33 , bio- materials 34  etc. within the PVDF matrix. It has further 

been concluded that piezoelectric performance can be significantly enhanced in PVDF-

graphene nanocomposites 35,36 using graphene-oxide as a nanofiller in PVDF matrix 37-45. In 

addition to graphene, two dimensional transition metal di-chalcogenides (TMDCs) have also 

been found to be attractive filler materials due to their mechanical flexibility (high Young’s 

modulus), chemical and thermal stability and superior electrical properties. Theoretical 

predictions and experimental results reveal that the TMDC materials exhibit piezoelectric 

response in monolayer and odd layered structures because of their broken inversion 

symmetry, which is not observed in their bulk counterpart 46,47. 

For energy harvesting from bio-mechanical and regular human activities, a very high 

mechanical to electrical energy conversion efficiency is essential since the piezoelectric 

output per unit pressure is an appropriate figure of merit instead of mentioning the absolute 

output used in literatures for varying mechanical impacts (up to hundreds of MPa), making 

the comparison of sensitivity extremely difficult. In this study, we have reported an 

extraordinarily high piezoelectric output (~2.07 V/kPa) from this composite nanogenerator 

fabricated by combining chemically exfoliated MoS2 nanosheets as filler in PVDF polymer. 

In contrast of the fabrication of PVDF-MoS2 through electrospinning method 48, we have 

demonstrated a simple cost effective technique to fabricate self-poled PVDF-MoS2 

nanocomposites, hitherto unreported. Fabricated flexible, self-poled nanogenerator devices 

yield a piezoelectric output voltage of as high as 22.0 V under an impact of 10.6 kPa and that 

of 2.5 V by mechanical bending causing an external strain of ~ 0.11%. For demonstration, the 

nanogenerator can be utilized to charge a capacitor to drive multiple commercial light 

emitting diodes. Fabricated flexible devices, with the highest piezoelectric output of ~ 2.07 

V/kPa by using a two dimensional material, could harvest energy from different 

biomechanical activities to establish the efficacy of TMDC MoS2 based nanocomposites for 

the design and development of new generation smart and wearable electronic devices. 
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3.2 Experimental Section: 

3.2.1 Materials and Methods: 

All the chemicals (MoS2 powder, PVDF powder) and solvents (DMF) were purchased from 

Sigma-Aldrich and used without further purification. 

3.2.2 Synthesis: 

Bulk MoS2 powder (Sigma Aldrich), dissolved in a DMF solution (1mg/ml), was bath 

sonicated for 8 hrs. Thereafter the suspension was centrifuged at 2000 rpm for 10 min to 

remove the bulk precipitate and the supernatant solution was centrifuged at 6000 rpm for 15 

min to obtain a solution of MoS2 nanosheets dispersed in DMF and these MoS2 nanosheets 

were used for further experiments. PVDF powder (Sigma Aldrich), dissolved in a DMF 

solvent, was also sonicated for 2 hrs. to obtain a homogeneous solution of PVDF precursor. 

This was used to fabricate bare PVDF based nanogenerator as the control device. For the 

preparation of PVDF-MoS2 nanocomposites, a definite quantity of PVDF powder was mixed 

with chemically exfoliated MoS2 nanosheets (dispersed in DMF) with mass ratio varying 

from 0.15 to 0.25 % followed by sonication to prepare a uniform homogeneous solution and 

it is schematically shown in below (Scheme:3.1). 

 

 

 

 

 

 

Scheme:3.1 Schematic synthesis of PVDF-MoS2 nanocomposite. 
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3.2.3 Device fabrication: 

A homogeneous mixture of PVDF and MoS2 nanosheets was spin coated (at 1000 rpm, 10 

sec) on indium tin oxide (ITO) coated flexible poly (ethylene terephthalate) (PET) substrates. 

Another ITO coated PET substrate was brought into contact so that the nanocomposite film 

was sandwiched between two ITO layers, acting as top and bottom electrodes, (Scheme:3.2). 

In order to increase the fraction of electroactive phase in PVDF, the composite system was 

then annealed at 80oC under ambient conditions. The size of a typical PVDF-MoS2 

nanocomposite device was ~ 1.0×1.0 cm2
. The same fabrication procedure was followed to 

prepare a control sample with bare PVDF film sandwiched between two ITO coated PET 

substrates. All the fabricated nanogenerator devices could be bent by fingers in a reversible 

way indicating their good mechanical flexibility, which is essential for their applications in 

embedded and wearable electronics. 

 

Scheme:3.2 Schematic fabrication steps of PVDF-MoS2 nanocomposite flexible piezoelectric 

nanogenerator. 

 

3.2.4 Characterizations: 

The phase and crystallinity of PVDF and PVDF–MoS2 composites were investigated by X-

ray diffraction (PANalytical X-PERT PRO) using Cu-Kα radiation (1.54A). Fourier 

transform infrared (FTIR) spectroscopy was carried out using a JASCO FTIR-6300 

spectrometer. Surface profiles of the device structure and the elemental composition of these 

nanocomposites were examined using a field-emission scanning electron microscope (FE-
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SEM) with an electron energy ~20 keV and equipped with an energy-dispersive X-ray 

(EDAX) spectrometer. The morphology of chemically exfoliated MoS2 nanosheets was 

investigated using a high-resolution transmission electron microscope (HRTEM, FEI-

TECNAI G2 20ST, energy ~200 keV). Absorption spectrum of chemically exfoliated MoS2 

nanosheet was measured using a UV-Vis spectrometer (Shimadzu -UV-Vis 2600 

Spectrophotometer) and Raman spectrum was recorded with a spectrometer (LabRam HR 

Evolution; HORIBA France SAS-532nm laser). A Keithley 2450 source meter and a digital 

oscilloscope (SMO702 (scientific)) were used for the electrical measurements. 

 

 

3.3 Results and discussions: 

3.3.1 Structural and Spectroscopic Studies of MoS2 nanosheets: 

A typical transmission electron micrograph of exfoliated MoS2 nanosheets is presented in 

Figure 3.1(a), indicates the formation of nanosheet. The HRTEM micrograph shown in 

Figure 3.1(b) reveals an interlayer spacing of ~ 0.27 nm, which corresponds to the (100) 

plane of semiconducting 2H -MoS2 . The selected area electron diffraction (SAED) pattern 

(Figure 3.1(c)) indicates the hexagonal crystal structure. The AFM image (Figure 3.1(d)) 

shows the exfoliation of a few layers (~ 2-3) of two-dimensional material.  

 

Figure 3.1 (a) Representative TEM image of chemically exfoliated MoS2 nanosheets. (b) 

HRTEM shows an inter-planar spacing of 2H-MoS2 (100) phase. (c) Selected Area Electron 

Diffraction (SAED) pattern of MoS2 nanosheets. (d) AFM image of chemically exfoliated 

MoS2 nanosheets and inset shows the height profile. 
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In the absorbance spectrum characteristic peaks are observed at 675 nm and 615 nm marked 

as exciton A, B respectively in Figure 3.2(a). In Raman spectrum two characteristics modes 

of vibration A1g and E1
2g of MoS2 assigned to the out-of-plane and in-plane vibrations of the 

Mo and S atoms, respectively, are shown in Figure 3.2(b). The characteristic peaks for A1g 

and E1
2g vibrations are occurred at 405 and 382 cm−1 respectively, for the exfoliated MoS2 

nanosheets. Both the absorbance and Raman spectrum agrees with formation of few layered 

exfoliated MoS2 nanosheets. From the XRD diffraction pattern (Figure 3.2(c)) peak at 14.4o 

indicates the formation of (002) plane of MoS2 nanosheet which indicates the good 

crystallinity of exfoliated MoS2 nanosheets. 

 

 

Figure 3.2 (a) Absorbance spectra (b) Raman spectra (c) XRD pattern of exfoliated MoS2 

nanosheets. 

  

3.3.2 Structural Studies on PVDF-MoS2 nanocomposite: 

SEM micrographs of control (untreated) PVDF and PVDF-MoS2 nanocomposite presented in 

Figure 3.3(a) & (b) indicate that MoS2 nanosheets are distributed within the PVDF matrix. A 

magnified FESEM image in Figure 3.3(c) suggests that embedded MoS2 nanosheets are 

dispersed randomly.  
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Figure 3.3 SEM images of (a) control PVDF (b) PVDF-MoS2 nanocomposite and (c) 

Magnified view of PVDF-MoS2 nanocomposites shows embedded MoS2 nanosheets within 

PVDF. 

 

 

 

 

 

 

Scheme:3.3 Schematic mechanism of attachment of PVDF with MoS
2
 nanosheets due to 

van-der-Waals interactions. 

 

It is known that PVDF is a semi-crystalline polymer which exhibits five crystalline phases, 

namely   phases differ in lattice types and chain formation ability.1,39. X-ray 

diffraction (XRD) pattern in Figure 3.4(a) of control (untreated) PVDF shows prominent 

peaks at 18.3o, 19.9o, 26.6o, which are evidences of formation for phase 39. On the other 

hand, PVDF-MoS2 nanocomposite exhibits two dominant diffraction peaks, one is related 

with 2H-MoS2 (002) plane at 14.4o and the other broad peak is ascribed due to PVDF. By 

deconvolution of this broad diffraction peak, prominent phase feature at 18.3o and a 

dominant phase peak at 20.5o are observed, as shown in the inset of Figure 3.4(a). Thus 

XRD results confirm the formation of crystalline phase in PVDF, which is essential to 
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attain spontaneous polarization which leads to the piezoelectric characteristics 49. It is be 

noted that the commonly observed phase does not exhibit any piezoelectric behavior, 

because of the anti-parallel stacking of (-CH2-/-CF2-) dipoles 2. Fourier transform infrared 

(FTIR) spectra of control PVDF (untreated) exhibits absorption peaks at 614, 763 and 795 

cm-1 (Figure 3.4(b)), which can be related to the mixed CF2 bending, C-C-C skeletal vibration 

and in-plane bending/rocking vibrational modes, for phase 49 respectively. Two additional 

peaks occurred at 532 cm-1 and 975 cm-1 and these peaks are attributed due to the formation 

of phase 50. In both control PVDF and PVDF-MoS2 nanocomposites, the characteristics 

peaks of -phases are observed at 510 and 1074 cm-1 50,51, while the evidence of -phase is 

observed at 482, 1176 and 1234 cm-1 peaks 3,51. Apart from these, the peak obtained at 1404 

cm-1 is considered to be the combined contribution of both the  and phases 50. For PVDF-

MoS2 nanocomposites, two new absorption peaks are observed prominently at 840 and 1275 

cm-1, which are attributed to CH2 rocking /CF2 asymmetrical stretching and C-F stretching 

vibrations, respectively exhibiting the evidence of the formation of crystalline phase 52. 

Moreover, the peaks corresponding to the phase features at 532, 614, 763, 795 and 975 

cm-1 are almost diminished intensity. From FTIR absorption measurements, the fraction of 

electroactive phase in the PVDF-MoS2 nanocomposite is estimated to be 0.815, this high 

value necessary for enhancing the piezo responses. Thus both XRD and FTIR studies it can 

be established that the presence of MoS2 nanosheets filler leads to the nucleation of 

piezoelectric phase 49 in PVDF-MoS2 nanocomposite. It may be noted that the negatively 

charged MoS2 surface (difference in electronegativity between S and Mo atoms)can interact 

with the CH2 (positive site) of H-C-F polymer dipoles, which can enhance the Van-der-Waals 

(electrostatic) interactions between 2D MoS2 nanosheets and PVDF chains, engender a 

“super-2D-confinement” 49. It results in the enhancement of electroactive -phase in the 

nanocomposites. Such modulation in crystallization is consistent with the surface charge 

induced crystallization phenomenon which are reported for various fillers such as BaTiO3, 

clays, ionic salts, carbon nanotubes etc. in a PDVF matrix 27,53-56. The presence of 

electrostatic interactions between n-type MoS2 nanosheets and the polymer chain leads to the 

alignment of dipoles and helps for the nucleation of phase and is shown in Scheme:3.3. 

Due to presence of MoS2, under application of an external force changes the dipolar 

distribution within the composite by inducing PVDF the dipoles to align along the direction 

of the mechanical force, which result the enhancement of piezo-response. 
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Figure 3.4 (a) X-ray diffraction pattern and (b) FTIR absorption spectra of control PVDF 

(bottom panels) and PVDF-MoS2 nanocomposite (top panels). The inset in the top panel of 

Figure (a) reveals the formation of an electroactivephase within PVDF-MoS2 

nanocomposites. 

 

 

3.3.3 Piezoelectric Studies: 

A typical cross-sectional SEM image of the nanogenerator device structure in Figure 3.5(a) 

depicts that a nanocomposite film is ~100 m thick (including the two ITO-PET electrode the 

device is ~300 m thick) is sandwiched between two ITO -PET substrates. Under application 

an instantaneous external mechanical forces on the fabricated device, a pulsed type voltage 

waveform is obtained. In absence of an external applied force, there is no electrical output 

voltage due to net zero dipole moment. By application of vertical compression, the 

distribution of dipoles within the nanocomposite is altered leading to generation of a 

piezoelectric potential, which is schematically displayed in Figure 3.5(b). Positive and 

negative charges are accumulated on the two electrodes to screen the developed piezoelectric 

potential, which results generation of a positive voltage signal from the piezoelectric 

nanogenerator device corresponding to the first positive peak shown in Figure 3.5(c). When 

the vertical compression is released, the dipolar alignment inside the nanocomposite is 

deformed and consequently the developed piezo-potential across the electrodes diminishes. 
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These accumulated charges are transported back in the reverse direction and a negative pulse 

is observed and also is depicted in Figure 3.5(c). Piezoelectric output voltages from the 

control PVDF (Figure 3.5(d) & (e)) and self-poled PVDF-MoS2 (Figure 3.5(f) & (g)) 

piezoelectric devices have been measured under application of vertical periodic compression 

and release process using finger tapping and mechanical impact. The finger tapping and 

external mechanical impacts are measured to be ~0.08N, 0.3N, and the effective impact areas 

of the devices being 0.26 cm2 and 0.28 cm2, respectively. The calculation of mechanical 

pressure induced by falling object (here pressure imparting by variable weight mass) is based 

on the physical model combining the gravity term and interval between pulse term. It is based 

on the simple classical mechanical kinetic energy and momentum theorem  

𝑚𝑔ℎ =
1

2
𝑚𝑣2  (3.1)  𝑣 = √2𝑔ℎ 

𝐹 =
𝑚𝑣

∆𝑡
+ 𝑚𝑔  (3.2) 

𝑃 =
𝐹

𝐴
  (3.3) 

Where 𝑚 is the mass of the falling object, ℎ is initial distance between the impacting mass 

and the PENG, 𝑣 is maximum falling velocity of the object. And 𝐴 is the effective contact 

area between the impacting mass and the PENG, 𝑔 is the gravitational acceleration. 

Output voltages of piezoelectric nanogenerator (PENG) devices measured by simple finger 

tapping are depicted in Figure 3.5(d) & (f). It is observed that the PVDF-MoS2 PENG device 

exhibits an output voltage 4.5 V with a sensitivity ~1.45 V/kPa, a highly enhanced (~67 

times) piezoelectric performance over the control PVDF device one. Furthermore, a much 

higher piezoelectric output voltage (22 V) is obtained upon applying the devices to a higher 

mechanical impact (~10.6 kPa), as depicted in Figure 3.5(e) and (g) for control and 

nanocomposite devices, respectively. The sensitivity of the PENG is defined as, 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (𝑆) =
𝑉𝑜𝑢𝑡

𝐹
, Where Vout is the obtained piezoelectric output voltage and F is the 

magnitude of impact on the nanogenerator. The generation of a high piezo-voltage (with a 

sensitivity ~2.07 V/kPa) in the nanocomposite device using mechanical impact, is 

unprecedented and numerically much higher than those reported earlier by using any two 

dimensional materials (Table-3.1). The use of MoS2 as a nano-filler within PVDF results in a 

net increase in the dipole moment along the stress induced direction and thereby enhances the 

potential difference across the electrodes, which causes an upsurge in the output voltage 49. 
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Figure 3.5 (a) Cross-sectional SEM image of the PENG device by using PVDF-MoS2 

nanocomposite. (b) Schematic representation of operation of a self-poled PENG 

nanogenerator. (c) Typical output waveforms from the PENG during press and release. 

Piezoelectric output voltages for control PVDF nanogenerator by (d) Finger tapping and (e) 

Mechanical impact (~10.6 kPa). Corresponding output voltages from the device using PVDF-

MoS2 nanocomposite by (f) Finger tapping and (g) Mechanical impact (~10.6 kPa), with their 

insets representing magnified views of voltage waveforms. 

Along with the intense piezo-voltage, a secondary output (as a consequence of the damped 

piezoelectric signal) arising from the elastic restoring force between the composite film and 

PET substrates can be recorded (inset of Figure 3.5(f) and (g)). Observation of such damped 

piezoelectric output voltages is in agreement with earlier reports using FAPbBr3NPs - PVDF 

composite films 1 and FAPbBr3 nanoparticles–PDMS composites encapsulated between two 

electrodes 57.  

 

To investigate the effect of filler MoS2 nanosheet concentration on the performance of the 

piezoelectric nanogenerators, devices have been fabricated with different wt.% of MoS2 as 
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nano-fillers in PVDF matrix. The piezoelectric output voltage increases with increasing the 

filler concentration and reaches a saturation voltage value for a filler concentration of 

~0.20%, as depicted in Figure 3.6(a) and (b). The increase in the effective dielectric 

permittivity with concentration of MoS2 nanosheets leads to an enhanced polarization within 

the composite, which is the prime reason for the generation of the observed enhanced high 

piezoelectric outputs 1,2. The increment in filler concentration above a certain value (~0.20%) 

affects the viscosity of the nanocomposite in which results the formation of a non-uniform 

film. We therefore keep the filler concentration optimized at 0.2% in the nanogenerator 

devices for the rest of the investigation.  

 

Figure 3.6 Piezoelectric output voltage with varying filler concentration by (a) Finger 

tapping and (b) Mechanical impact (~10.6 kPa) onto the PVDF-MoS2 PENG. 

The ITO contacts form an almost perfect Ohmic contact with electrically n-type MoS2, which 

is helpful for charge transfer between ITO-MoS2 layers (Figure 3.7(a)). Besides that the 

thickness of the nanocomposite film can be controlled by varying the spin-coating time, 

speed, so the effect of film thickness on piezoelectric output voltages is studied. From this 

study the optimized film thickness (~100 m) has been used for further study (Figure 3.7(b) 

and (c)).  



Chapter: 3 

 

49 

 

 

Figure 3.7 (a) I-V characteristics of the PVDF-MoS2 PENG device. The variation of piezo-

electric output voltage with variable film thickness due to (b) Finger tapping, (c) Mechanical 

impact. 

 

We have also measured the piezoelectric output voltage and generated power from PVDF-

MoS2 nanogenerator across a varying load resistance (500 kusing simple 

finger tapping with a very low mechanical impact (~3.1 kPa). While the piezo-output voltage 

of the self-poled nanogenerator device is found to increase as a function of load resistance, a 

maximum power density ~88.5 µW/cm2 is obtained under a load resistance of ~ 1 MΩ, as 

depicted in Figure 3.8(a). As the load resistance is increased further the power density 

decreases due to reduction of output current. We have compared our performance with other 

reported results using 2D filler based PVDF piezoelectric nanogenerators (PENGs) in Table-

3.1. We have observed that the performance of the present PVDF-MoS2 based device is much 

superior as compared to similar types of PENGs. The fabricated PENG devices are found to 

be extremely sensitive to the minute external impact and have been tested by using varying 

mechanical force (different weights from a fixed height), as schematically shown in Figure 

3.8(b). The open circuit output voltage is found to be increased with increasing weight and 

depicted in Figure 3.8(c), which indicates that the fabricated PENGs are also promising 

devices for pressure sensing purposes 38,58,59. During the detection of very low pressure due to 

the impact of a small mass, the sensitivity of the PVDF-MoS2 PENG has been found to be 

~0.117 V/ Pa. Hence, this PENG can distinguish small change in mechanical impact precisely 

and it is suitable for the detection of low impact forces. 
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Figure 3.8 (a) Piezoelectric output power density and voltage from the PVDF-MoS2 PENG 

with finger tapping for varying load resistance and inset shows the corresponding circuit 

diagram. (b) Schematic representation of applying a mechanical force & pressure using 

variable weight and (c) Variation of output voltage with pressure on PVDF-MoS2 

nanogenerators. 

 

Similar to tapping, bending of the flexible PVDF-MoS2 PENG devices also found to produce 

output voltage, which is 25 times higher than that of the control PVDF device under the same 

bending (applied strain) condition. The representative figures are provided in Figure 3.9(a) 

and (b) under an external mechanical strain of ~0.11%.  

In this experiment, the mechanical strain (𝜀) in bent condition has been generated by a home-

made bending set up. The strain on the film was calculated by considering the film thickness 

and the effective bending radius by following the relation 𝜀 =
ℎ𝑠

2𝑅𝑜
 where ℎ𝑠 is the thickness of 

the PENG device and 𝑅𝑜 is the bending radius 

𝑅𝑜 =
𝐿

2𝜋√𝑑𝐿

𝐿
−

𝜋ℎ𝑠
2

12𝐿2

  (3.4) 

Where L is the undeformed original length, dL is the change of length due to bending. 

 



Chapter: 3 

 

51 

 

Thus the fabricated light-weighted, flexible PENGs can be used as an energy harvesting 

wearable sensors, which are suitable of monitoring various human physiological signals, as 

they produce output voltages upon movement of different parts of human body (Figure 3.9(c) 

& (d)). The sensitivity of energy harvesting from the flexible PENG upon simple human 

activities is comparable with the previously reported results 35,44,55 by using PVDF based 

nanocomposites, making those attractive for wearable electronics applications. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 PVDF-MoS2 PENG piezo-output waveforms due to repeated bending from (a) 

Control PVDF and (b) PVDF-MoS2 PENG devices with application of mechanical strain of ~ 

0.11%. Inset in Figure (b) presents a magnified view of the voltage profile. Piezoelectric 

output voltage due to bio-mechanical activities from the PVDF-MoS2 PENG due to (c) 

Movement of a finger and (d) Movement of wrist. 

 

The piezoelectric performance of PENG devices has also been investigated by connecting 

these in parallel as well as in series configurations. When two PENG devices with an 

individual output voltage of~ 10 V (under ~5 kPa mechanical stress) are connected in series, 

the peak output voltage is increased to ~20 V (Figure 3.10), nearly equal to the sum of two 

peak voltages from each nanogenerator. It reveals that PVDF-MoS2 integrated PENG devices 
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follow the general rules of cell connections in agreement with the previously reported PVDF-

based PENGs 60. 

 

Figure 3.10 Piezoelectric output voltage from PVDF-MoS2 devices for (a) sample-1 (b) 

sample-2 and (c) samples are in series connection. 

 

We have used the PENG device to charge up a capacitor through a full-wave bridge rectifier 

circuit, shown in Figure 3.11(a) under bending and released conditions. Under the bending 

condition, the nanocomposite PENG is able to charge a commercial 1.2 F capacitor up to 

3.5 V within 70 s, as shown in Figure 3.11(b) and the charging efficiency is observed to be 

higher than other previously reported results 1,3. The inset of Figure 3.11(b) presents the 

charging characteristics of different capacitors. We have estimated the stored electrostatic 

energy within the capacitor by using the relation 𝐸𝑠𝑡𝑜𝑟𝑒𝑑 =
𝐶𝑉2

2
, where C is the capacitance 

and V is the charging voltage across the capacitor under the steady state condition for a 

definite time. The stored energy across this capacitor is found to be 7.35 µJ, which can be 

considered to be quite higher than for two-dimensional-PVDF based PENG devices 38,59. The 

energy conversion efficiency (ƞ) of the PVDF-MoS2 composite nanogenerator can be 

estimated from the ratio, ƞ =
E𝑒

𝐸𝑠
 where 𝐸𝑠 is the mechanical strain energy and 𝐸𝑒  is the 

average energy stored in the capacitor. The mechanical strain energy can be expressed as 

𝐸𝑠 =
𝑌𝐴𝐿𝜎2

2
, where A is the effective area (1.0×1.0 cm2), L is the thickness of composite ̴ 

(~300 m), 𝜎 is resultant strain ~ 0.11% and Y is the Young’s modulus of the composite. The 

Young’s modulus of the composite has been estimated to be 2.126 GPa by using the rule of 
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mixtures (270 GPa for MoS2 and 2.17 GPa for PVDF) 61,62 and Young’s modulus of the 

nanocomposite is estimated as, 

𝐸𝑐 = 𝑓𝐸𝑓 + (1 − 𝑓)𝐸𝑚  (3.5) 

Whereas f is filler fraction, 𝐸𝑓  is Young’s modulus of filler, 𝐸𝑚 is the Young’s modulus of 

matrix. The estimated stored mechanical energy is estimated to be 4.108×10-5 J and the 

energy conversion efficiency of the nanogenerator is ~ 17.8%. The efficiency value is 

comparable to or much higher than the other reported PVDF matrix based nanogenerators 

using these two-dimensional materials 2,38. The capacitor charged by the nanogenerator can 

be used to drive commercial LEDs (different colours-red, yellow, green) having output power 

~ 110 mW (max.) each and a forward current of ~ 25 mA (max.), as presented in the Figure 

3.11(c), demonstrating their efficacy for practical application purposes. Finally the stability of 

the flexible nanogenerator has been verified upon by recording the output voltage from the 

device after keeping it in the ambient laboratory condition for a long time (~ eight weeks). 

Figure 3.11(d) exhibits that no significant reduction in the output voltage ( under 10.6 kPa 

mechanical impact) is observed for an eight week old device, as compared to the freshly 

prepared one. The superior stability and fatigue-free performance (on repeated bending 

cycles) of PVDF-MoS2 PENGs without any significant change in output voltage have 

demonstrated its potential as an effective energy harvesting device that can be useful for real 

life practical applications. 
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Figure 3.11 (a) Circuit diagram for charging a capacitor for driving commercial LEDs. (b) 

Charging and discharging of a typical capacitor of capacitance 1.2 F, the inset represents the 

charging characteristics of different capacitors. (c) Glowing of different colour multiple 

LEDs and (d) Stability of output voltage of PVDF-MoS2 PENG nanocomposite device as a 

function of time under a mechanical impact of 10.6 kPa. 

 

Table-3.1 Comparison of output performance of composite piezoelectric nanogenerators 

using 2D materials / halide perovskites and PVDF 

System  

Poling and not 

polling 

Configuration of the 

device 

Nature & 

magnitude of 

mechanical 

impact 

force/pressure 

Piezo-output 

/Output 

Power 

density 

Efficie

ncy 

Type of body 

movement 

and output 

voltage 

Ref 

PVDF-TrFE and 

GO 

Electrical poling 300 

kV/cm 

Au/PVDF-TrFE-

GO/ITO-PET 

Pressure ~ 

320 kPa 

0.0134V/kPa 

4.41 μW/cm2 

  45 

Graphene-AgNP-

PVDF 

Self-poled Electrode/PVDF-G-

Ag/Electrode 

Pressure ~ 5.2 kPa 0.0192 V/kPa 

0.75 nW/cm2 

15%  38 

PVDF-AlO-rGO Self-poled Al// PVDF-AlO-

rGO/Al with PDMS  

encapsulation 

Pressure ~ 31.19 

kPa 

1.15 V/kPa 

3.63 μW/ cm2 

12.47

% 

 2 

PVDF-GO Self-poled Cu/PVDF-GO/Cu with 

PDMS encapsulation 

Force ~12 N 0.175 V/N  Finger 

bending 

0.06V 

44 

 RGO-P(VDF-

TrFE)-PMN-PT 

Electrical poling~ 

50 kV/cm 

Al foil/ RGO-P(VDF-

TrFE)-PMN-PT/ITO-

PET 

Force ~2 N 2.5 V/N 

6.5 μW/cm2 

  43 

PVDF/Nafion/GQ

D 

Solution casting and 

pressure 

crystallization 

Al/ PVDF-Nafion-

GQD/Al 

Force ~  60 N 0.066 V/N   36 

PVDF/Graphene 

coating on Fabrics 

Electromagnetic 

punch 

Al/ PVDF-Graphene 

coated Fabric/Al 

Force~ 0.45N 34 V/N  Running~1.0

V 

35 
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Ce3+-doped 

PVDF/Graphene 

Electrospinning 

1.2 kV/cm 

Electrode/PVDF-Ce-

G/Electrode 

Pressure ~6.6 kPa 1.66 V/kPa 

0.052 

W/cm2 

  59 

 

Graphene -PVDF-

BaTiO3 

Electrical poling 

~150 kV/cm 

PET-ITO/ G-PVDF-

BTO/Au-PET 

Force~  10 N 0.7 V/N 

0.72 μW/cm2 

  42 

RGO- PVDF-

TrFE-BaTiO3 

Electrical poling 

~50 kV/ cm 

PDMS-Au/ RGO- 

PVDF-TrFE-

BaTiO3/Cu-PET 

Force~ 2 N 2.5 V/N 

 0.6 μW/cm2 

  41 

PVDF-GO Electrospinning 

1.041 kV/cm 

Cu-Ni polyester 
fabric/PVDF NF-GO/ 
Cu-Ni polyester 
fabric 

Finger Pressure ~ 

8.8 kPa 

0.79 V/kPa 

0.62 
W/cm2 

 Wrist 

movement 

0.05 V 

 

55 

MoS2-PVDF Electrospinning 

0.833 kV/cm 

Electrode/ MoS2-

PVDF /Electrode 

Pressure ~ 8.8 kPa 1.59 V/kPa 

16 nW/cm2 

  48 

Functionalized 

GO-PVDF fiber 

Electrospinning 

1.33 kV/cm 

Al foil-Cu wire/ 

Functionalized GO-

PVDF fiber/ Al foil-

Cu wire 

Pressure ~ 

8.61×104 kPa 

7.2×10-3 

V/kPa 

48.3 W/cm2 

  40 

PVDF-MASnI3 Electric polling 50 

kV/cm 

ITO-PET/PDMS/ 

PVDF-MASnI3/Au-PI 

Pressure ~500 kPa 7.6×10-3 

V/kPa 

21.6 W/cm2 

  24 

PVDF-MAPbI3 

 

Electrical polling  

80 kV/cm 

Au-PI/PDMS/ PVDF-

MAPbI3/PDMS/ITO-

PET 

Force ~ 50N 0.91 V/N   25 

PVDF-FAPbBr3 Electrical Polling  

50 kV/cm 

Au-Cr PET/ PVDF-

FAPbBr3 NP/ Au-Cr 

PET 

Pressure ~500 kPa 0.06 V/kPa 0.55%  1 

 PVDF- CsPbBr3 Self-poled Electrode/ PVDF- 

CsPbBr3/Electrode 

Pressure ~105kPa 1.2×10-3 

V/kPa 

 

  26 

PVDF-MoS2 Self-poled ITO-PET/PVDF-

MOS2/ ITO-PET 

Pressure ~~ 10.6 

kPa 

2.07 V/kPa  

(73.33 V/N)  

88.5 W/cm2 

17.8% Finger 

bending 0.15 

V 

 

Wrist 

movement 0.3 

V 

This 

study 

 

3.4 Summary: 

Mechanically flexible, self-poled PVDF-MoS2 PENGs have been fabricated by using 

chemically exfoliated two-dimensional MoS2 nanosheets and PVDF polymers. The exfoliated 

MoS2 enhances the fraction of electroactive, piezoelectric -phase at an optimized filler 

concentration of ~0.20 %, results a drastic enhancement in the nanogenerator performance 

over the bare PVDF based devices. Fabricated PVDF-MoS2 nanogenerators exhibit a record 

piezoelectric output of ~ 2.07 V/kPa (22 V at 10.6 kPa) and superior power density (~88.5 

µW/cm2) which are comparable or higher than the otherwise reported 2D materials based 

nanocomposite systems. This hybrid nanogenerator is also able to generate piezoelectric 

output under a very low mechanical strain (~2.5 volt for 0.11% strain) and is very sensitive (~ 

4.5 V) towards human finger touch, which paves a promising application of energy 

harvesting by utilizing everyday biomechanical activities. Besides that the fabricated PENG 

is flexible and it needs low cost fabrication process, (here we have avoided costly physical 
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vapor deposition process) and completely eco-friendly. The experimental evidence of 

charging of a capacitor and the glowing of light sources without any external power supply 

led us to predict that the appropriate design of this PENG can explore its application to power 

up different portable electronic gadgets, which can be used in our everyday life. This PENG 

offers very good piezoelectric characteristics associated with high strain sensitivity that 

enable us to detect very minute external impact and can also harvest energy from 

biomechanical activities suggesting their use as a motion sensor, detection, wearable 

electronic devices and health monitoring purposes. The reported results of the present 

investigation with distinctive features exhibiting superior piezo-voltage, high strain 

sensitivity, energy harvesting from bio-mechanical motion and excellent durability make the 

flexible nanocomposite PENGs attractive for future wearable, stretchable and portable 

electronic devices. 
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Two dimensional WS2 embedded PVDF nanocomposites for 

photosensitive piezoelectric nanogenerators  

 

 

 

 

 

 

 

 

 

 

4.1 Introduction: 

Due to day by day the increasing demand of sensors and IOT based applications, 

miniaturized nanogenerator (piezoelectric, triboelectric, thermoelectric etc.) devices for 

driving low power systems are studied with immense interests. The advantage of such 

nanogenerator devices is that they can easily convert mechanical, optical, thermal energy into 

electrical energy and abundant resources of them are also available and apart from that, 

human regular activities are also huge resources of bio-mechanical energy. Amongst the 

different types of energy harvesting devices, piezoelectric nanogenerators are very promising 

in energy harvesting due to their efficacy towards portable and wearable electronic devices. 

Following the first demonstration of ZnO nanowire array based piezoelectric nanogenerator 

by Wang et al. 1 several famous piezoelectric materials such as, GaN, PZT, BaTiO3, NaNbO3, 

LiNbO3 etc. have studied 2-9. Amongst those, inorganic perovskites have high piezoelectric 

coefficients and exhibit higher piezoelectric performances but those are less selective for 

Benefited with the advantage of low cost, light weight and mechanical flexibility, 

piezoelectric nanogenerators have potential for applications in renewable energy harvesting 

from various unexplored sources. Here we report the demonstration of record efficiency 

flexible piezoelectric nanogenerators (PENG) using composites of polyvinylidene fluoride 

(PVDF) and chemically exfoliated tungsten disulfide (WS
2
) nanosheets, which are found to be 

strongly photosensitive making them attractive for self-powered optical devices. The presence 

of two-dimensional (2D) WS
2
 nanosheets in PVDF matrix plays a dual role in enhancing the 

nucleation of electroactive b-phase as well as induces a strong photosensitivity in the 

nanocomposite. The PVDF-WS
2
 composed flexible device is able to produce an enormously 

high output voltage~116V (for an impact of 105 kPa) and a piezoelectric energy conversion 

efficiency ~25.6%, which is the highest among the reported values on PVDF-2D materials 

based piezoelectric nanogenerators. This self-poled piezo-phototronic device exhibits strain-

dependent photocurrent at zero bias and displays a responsivity of 6.98×10
-3 

A/W at 0.75% 

strain under the illumination of 410 nm. The fabricated PENG is also able to harvest energy 

from routine human activities (finger tapping, writing on a paper, mouse click etc.) and 

movement of human body parts. The results open up a new horizon in piezo-phototronic 

materials through the realization of photosensitive multifunctional PENGs, which can be 

scaled up for fabricating compact, high performance, portable and self-powered wearable 

electronic devices for smart sensor applications. 



Chapter: 4 

 

61 
 

applications in flexible piezoelectric nanogenerator domain due to the lack of durability, bio-

compatibility complex synthesis procedure and high toxicity with high production cost. Some 

other materials with high piezo-coefficients have complicated structures but due to high 

fabrication cost they are not suitable for commercial applications. On contrary, piezoelectric 

polymer and copolymers (such as poly-vinylidene fluoride (PVDF)), are attractive for energy 

harvesting as they possess high piezoelectric coefficient, thermal, mechanical and chemical 

stability, bio-compatibility and light weight 9-12. PVDF, the semi crystalline polar polymer 

generally exhibits active crystalline phases (polar version of )) depending on 

their structural chain configurations 10,13. Amongst them phase (TGTG conformation) is 

not electroactive and phase (T3GT3G conformation) has very low piezoelectric coefficient, 

whereas -phase (TTTT conformation) possesses the highest dipole moment per unit volume 

and is most desirable for piezoelectricity. But commercially available PVDF polymer is 

mostly found in phase, hence are not suitable for piezoelectric nanogenerator fabrication 

purpose. Previous researches have revealed that the presence of -phase has massive effect 

on the piezoelectricity of PVDF 11,14-16. Presence ofphase can be achieved through 

preferential alignment of –CH2/-CF2 dipoles in the direction normal to the chain axis of 

PVDF and several techniques such as, mechanical stretching, electrospinning, electrical 

polling, high temperature annealing have been performed for achieving -phase 17-20 in 

PVDF.  

Recent studies have reported that incorporation of fillers in PVDF matrix is another 

effective technique for achieving -phase. The piezo-characteristics of hybrid 

nanocomposites by introducing fillers such as, metal nanoparticles, perovskites, 

semiconductors and two dimensional materials in PVDF matrix have been studied widely 

because of their easy fabrication technique, compatibility and mechanical flexibility 10,11,14, 1-

26. Further, it has been found that these devices are also sensitive to various environmental 

conditions like light, temperature, pressure etc. 16,17,27-33. In this regard, the introduction of 

optically active fillers within the PVDF is extremely interesting as it can make the hybrid 

system suitable for next generation photo-piezotronic devices 13,34-37 fabrication purposes. To 

date, most of the aforementioned devices demonstrating piezotronic and photo-piezotronic 

effects have been realized by coupling of semiconducting and piezoelectric properties of 

piezoelectric films. Here we have reported the piezoelectric and photosensing properties of 

two dimensional (2D) transition metal dichalcogenides incorporated PVDF nanocomposites 

on flexible substrates. We have demonstrated that two-dimensional semiconductor tungsten 
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disulphide (WS2) nanosheets, with a broadband absorption spectrum, can serve as efficient 

filler into PVDF matrix to develop nanogenerators as well as self-powered optical sensors. 

Chemically exfoliated WS2 nanosheets in DMF solvent have good dispersity in PVDF matrix 

forming homogeneous, uniformly distributed PVDF-WS2 nanocomposite. Therefore the 

crystallinity and optical properties of WS2 remain unchanged within PVDF matrix. Uniform 

distribution of WS2 nanosheets in PVDF matrix and their good interfacial property within the 

nanocomposite result in superior piezoelectric response. The fabricated self-poled, flexible 

PVDF-WS2 nanogenerator device yields an enormously high piezoelectric output voltage 

~116.0 V under an impact of only 105 kPa and ~4 V by external mechanical bending induced 

strain of ~ 0.75%. The device exhibits a record energy conversion efficiency of ~ 25.6% 

using 2D materials with a photoresponsivity ~ 6.98×10-3 A/W at zero bias at 0.75% strain. 

 

4.2 Experimental Section: 

4.2.1 Materials and Methods: 

All the chemicals (WS2 powder, LiBr, PVDF powder) and solvents (hexane, DMF) were 

purchased from Sigma-Aldrich and used without further purification. 

4.2.2 Synthesis: 

WS2 nanosheets were chemically exfoliated by using Li-intercalation technique. Bulk WS2 

powder 2.5 gm with anhydrous LiBr at 1:1 molar ratio were dispersed in 20 ml hexane 

solution. This solution was sonicated for 4 hrs. by using bath sonicator. After sonication the 

resulting black dispersion was centrifuged at 4000 rpm for 10 mins to remove hexane and 

untreated Li ions. The wet sediments were washed by dispersing in DMF by shaking 

followed by centrifugation. By repeating this procedure twice the wet sediment of WS2 was 

completely transferred in DMF solvent. The final exfoliation was done in DMF by bath 

sonication for 1hr. Then the resulting solution was centrifuged at 5000 rpm for 10min and 

greenish colour exfoliated WS2 nanosheets were obtained and used for further studies. 

Commercially available PVDF powder (0.25 g) was added with chemically exfoliated WS2 

nanosheets dispersed in DMF, PVDF-WS2 nanocomposites for different filler ratios (0.037%, 

0.075%, 0.125%, 0.187% and 0.262%) were prepared. To get a homogeneous mixture of 

PVDF-WS2 the solution was sonicated for 4 hrs. This mixture was then used for further 

measurements and device fabrication purpose. To synthesize control PVDF based 
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nanogenerator, bare PVDF powder was added into DMF solvent in absence of WS2 

nanosheets using a similar procedure. 

 

4.2.3 Device fabrication: 

The homogeneous solution of PVDF-WS2 nanocomposite was spin-coated at 1000 rpm for 10 

sec on an ITO coated PET substrate. Aluminum (Al) foil was attached on the top of the spin 

coated films so that the PVDF- WS2 composite was sandwiched between the top Al electrode 

and ITO coated PET substrate (bottom electrode). Thereafter, the device was kept for drying 

at 60oC for 1.5 hrs. to obtain the final device configuration (Al/PVDF-WS2/ITO-PET) 

(Scheme:4.1). 

 

 

 

 

 

 

 

 

Scheme:4.1 Schematic fabrication process of PVDF-WS2 composed piezoelectric 

nanogenerator device. 

 

4.2.4 Characterizations: 

The phase and crystallinity of control PVDF and PVDF–WS2 nanocomposites were 

investigated by X-ray diffraction (RIGAKU MiniFlex with Cu-K, 1.54Å). Fourier transform 

infrared (FTIR) spectroscopy was carried out using a JASCO FTIR-6300 spectrometer. 

Surface profiles of the nanocomposites and device structure were examined using a field-
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emission scanning electron microscope (FESEM) equipped with an energy-dispersive X-ray 

(EDAX) spectrometer, with an electron energy of 20 keV. The morphology of chemically 

exfoliated WS2 nanosheets was investigated using a high-resolution transmission electron 

microscope (FEI-TECNAI G2 20ST, energy 200 keV) and atomic force microscopy (di 

INNOVA). Absorption spectrum of chemically exfoliated WS2 nanosheet was measured 

using a UV-Vis spectrometer (Shimadzu -UV-Vis 2600 Spectrophotometer) and Raman 

spectrum was recorded with a spectrometer (LabRam HR Evolution; HORIBA France SAS-

532nm laser). A Keithley 2450 source meter and a digital oscilloscope (SMO702 (scientific)) 

were used for the electrical measurements. 

4.3 Results and Discussions: 

4.3.1 Structural and Spectroscopic Studies of WS2 nanosheets: 

Figure 4.1(a) shows the TEM image of the exfoliated WS2 nanosheets. HRTEM in Figure 

4.1(b) shows the lattice fringe pattern with an inter-planar spacing of 0.27 nm for the (100) 

plane and 0.62 nm for (002) plane of the 2H-WS2 nanosheets. The Selected area electron 

diffraction (SAED) pattern of WS2 flakes in Figure 4.1(c) indicates the hexagonal atomic 

arrangement of 2H-WS2 nanosheets. The AFM image in Figure 4.1(d) indicates that the 

exfoliated WS2 nanosheets are few layered in thickness. 

 

Figure 4.1 (a) TEM image of exfoliated WS2 nanosheets. HRTEM image of WS2 nanosheet 

indicating (b) Inter planer (100) spacing of 0.27 nm, (002) of 0.62 nm and (c) Selected area 

electron diffraction (SAED) pattern showing the crystallinity and hexagonal atomic 

orientation of WS2 nanosheets. (d) AFM image of WS2 nanosheets and the high profile of a 

sheet. 
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From the absorbance spectrum characteristic peaks are observed at 628 nm, 523 nm, 452 nm 

and 409 nm marked as A, B, C and D, respectively 38 in Figure 4.2(a). In Raman spectrum 

two characteristics modes of vibration A1g and E1
2g of WS2 assigned to the out-of-plane and 

in-plane vibrations of the W and S atoms, respectively, are shown in Figure 4.2(b). The 

characteristic peaks for A1g and E1
2g vibrations are observed at 417.4 and 352.8 cm−1 

respectively, for the exfoliated WS2. Both the absorbance and Raman spectrum agrees with 

formation of few layered exfoliated WS2 nanosheets. The XRD diffraction pattern (Figure 

4.2(c)), peak at 14.4o indicates the formation of (002) plane of WS2 nanosheet which 

indicates the good crystallinity of exfoliated WS2 nanosheets. 

 

Figure 4.2 (a) Absorption spectrum (b) Raman spectrum and (c) XRD pattern of synthesized 

WS2 nanosheets. 

4.3.2 Structural Studies of PVDF-WS2 nanocomposite: 

Scanning electron micrographs (SEM) showing the morphology of PVDF and PVDF-WS2 

nanocomposites are depicted in Figure 4.3(a) & (b) respectively. The surface of control 

PVDF (without any WS2) nanosheets is presented in Figure 4.3(a), which is relatively 

smoother as compared to that of the nanocomposite and depicted in Figure 4.3(b), and 

nanosheets are found to be well dispersed within PVDF matrix. From the cross-sectional 

SEM image, are presented in Figure 4.3(c), the thickness of the PVDF-WS2 nanocomposite 

film is estimated to be~ 40 ±3 m and that of the composed device including the electrodes is 

~ 150 ±5 m. 



Chapter: 4 

 

66 
 

 

Figure 4.3 Typical SEM images of (a) control PVDF and (b) PVDF-WS2 nanocomposite. (c) 

Cross-sectional view of a PVDF-WS2 nanogenerator device. 

 

The PVDF-WS2 nanocomposites with a higher fraction of β-phase are necessary because of 

their improved piezoelectric response. Here, XRD and FTIR analyses have been carried out 

to investigate the influence of WS2 nanosheets as filler on the crystalline structures of PVDF 

Figure 4.4(a) exhibits the XRD pattern of control PVDF and PVDF-WS2 nanocomposites. 

For control PVDF, the characteristic nonpolar -phase peaks are occurred at 17.6o (100), 

18.3o (202) and 19.9o (110) 13,39,40. On the other hand, PVDF-WS2 exhibits a characteristic 

sharp peak at 14.4o demonstrating the crystalline phase of WS2 (002) 41,42. In PVDF-WS2 

nanocomposite, the dominant XRD peak is observed at 20.5o (200), emanates from the 

electroactive crystalline -phase of PVDF 21,27, which appears for all filler concentrations. 

We have observed that the diffraction peak intensities for -phase at 17.6o, 18.3o, 19.9o 

diminish gradually with increasing filler concentration. The dominance of -phase peak and 

diminishing nature of -phase peak of PVDF-WS2 nanocomposite indicate the WS2 mediated 

reorientation of functional groups in PVDF. To validate this premise by studying the 

existence of functional groups, FTIR measurements have been carried out (Figure 4.4(b)). 

For control PVDF, the vibrational bands appearing at 614, 763, 794 and 975 cm-1 are 

attributed due to the non-polar -phase 21,43 and they are related to the mixed CF2 bending, 

CCC skeletal vibration, the in plane bending or rocking vibration and CH2 rocking vibration, 

respectively 21. On the other hand, the bands appearing at 510 and 1074 cm-1 correspond to 

the -phase and features observed at 1234 and 1177 cm-1 43 are the signatures of the presence 

of -phases. Absorption peaks have observed at 1401 cm-1 ,considered to be the contribution 

from both  and -phases 43. And also the appearance of two new sharp peaks at 839 and 

1274 cm-1 in the FTIR spectra of the PVDF-WS2 nanocomposites are the signatures of the 
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presence of intense electroactive -phase 16,17,43 and the peak at 839 cm-1 is due to mixed CF2 

asymmetric stretching and CF2 rocking vibration and the peak at 1274 cm-1 is related with C-

F stretching vibrations. The vibrational band at 1074 cm-1 is related to the linear dependency 

on the thickness of film and independent on its crystallinity. The nucleation of the 

electroactive phase and the reduction of non-polar -phase take place due to the addition 

of WS2 in PVDF matrix, as presented in Figure 4.4(c). The relative fraction of β-phase, F(𝛽) 

present in the samples can be calculated by using  

𝐹(𝛽) =
𝐴𝛽

(
𝐾𝛽

𝐾𝛼
)𝐴𝛼+𝐴𝛽

     (4.1) 

where𝐴𝛼 and 𝐴𝛽 are the absorbance (as measured using FTIR spectroscopy) of the bands at 

763 and 839 cm-1 corresponding to the formation of α- and β-phases, respectively, 𝐾𝛼 and 𝐾𝛽 

are the absorption coefficients at the respective wave number, which are 6.1×104 and 7.7×104 

cm2/mol 10, 44. From the above estimation, the electroactive β-phase fraction which is mainly 

responsible for piezoelectric response is plotted as a function of WS2 concentration in Figure 

4.4(c). It is observed that F(𝛽) increases initially with increasing WS2 content and attains a 

highest value of ~ 85% for 0.187% WS2 filler loading beyond which it decreases. Such a 

decrease in F() beyond a critical loading could be explained by taking into consideration of 

the possibility agglomeration of WS2 nanosheets within the PVDF polymer matrix, as the 

filler loading concentration beyond 0.187% may lower the surface charge interaction of WS2 

with PVDF. From the XRD pattern, the ratio of the intensity of the peaks at 20.5o and 18.3o,

𝐼20.5

𝐼18.3
  has been calculated, which provides a qualitative estimation about the relative content of 

β-phase and α-phase 45, as shown in Figure 4.4(c). It is observed that this ratio attains its 

highest value at 0.187% filler content, in corroboration with the FTIR results 10,21,44, 45.  
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Figure 4.4 (a) X-ray diffraction patterns and (b) Fourier transform infrared spectra of control 

PVDF and PVDF-WS2 nanocomposite films at various WS2 filler loading fraction. (c) 

Variation of intensity ratio 
𝐼20.5

𝐼18.3
 from XRD pattern and relative β-phase content from FTIR 

spectra as a function of WS2 filler content. 

 

 

4.3.3 Piezoelectric Studies: 

The working mechanism of this piezoelectric nanogenerator (PENG) can be explained in 

terms of the combined effect of the PVDF dipoles and the surface charges of WS2 

nanosheets. The opposite polarity surface charges on WS2 interact with the dipoles (-CF2-/-

CH2-) of PVDF, which results the development of charge density within the nanocomposite, 

leading to the formation of piezoelectric active phase through the surface charge induced 

electrostatic interactions 46,47 and it is schematically presented in Figure 4.5(a). The (-CH2/-

CF2) bond stretching vibration, dipole-dipole interaction between WS2 nanosheets and PVDF 

and the stress induced polarization are the main reasons behind the conversion form nonpolar 

-phase to electroactive -phase 13 within the nanocomposite. WS2 nanosheets act here as a 

nucleating agent to form the polar crystalline -phase in PVDF-WS2 nanocomposite. The 

working mechanism of this PVDF-WS2 composite PENG is schematically displayed in 

Figure 4.5(b) where the attraction between the surface charge of WS2 nanosheets and the 

dipoles of PVDF is highlighted. In the absence of any external mechanical impact all the 

dipoles within the hybrid nanocomposite film are oriented randomly, results a zero net dipole 



Chapter: 4 

 

69 
 

moment (Figure 4.5(b) (i)). Application of an external mechanical force aligns the dipoles in 

the direction of the applied force through stress induced polarization. When the piezoelectric 

nanogenerator PENG is subjected to a vertical compressive stress, the crystal structure of the 

nanocomposite gets deformed, i.e., the dipolar distribution within the nanocomposite is 

altered, which consequently produces positive and negative potential across the two 

electrodes (Figure 4.5(b) (ii)). The potential difference between the top and the bottom 

electrodes generate a piezoelectric potential which drives the flow of electrons from one 

electrode to the other through an external circuit. As the compressive strain is released, the 

piezoelectric potential vanishes immediately (Figure 4.5(b) (iii)) and to compensate that, the 

electrons accumulated near the electrode flow back to the other one through the external 

circuit, leading to an electric signal in the opposite direction. So an alternating voltage signal 

is obtained during this continuous vertical compression and release. Piezoelectric outputs 

from the PVDF-WS2 composite nanogenerator, as obtained under vertical repetitive 

compression and release of manual human finger tapping (~3.1 kPa pressure) are presented in 

Figure 4.5(c).  

 

Figure 4.5 Schematic mechanisms of (a) Interactions between WS2 and PVDF within PVDF-

WS2 nanocomposite and (b) Operation of a piezo-electric nanogenerator and the device 

image is showing in inset. (c) Open-circuit output voltage from PVDF-WS2 PENG for 

0.187% filler loading for repeated finger tapping. 

Polarity switching tests have been performed to verify whether the output voltage originates 

owing to the piezoelectric phenomenon or not. As expected, we have observed output 

voltages with opposite sign from the PENG when they are connected in reverse 

configuration, confirming that the piezoelectric signals are reversible in nature and are 

presented in Figure 4.6(a) & (b). To study the effect of the filler concentration on the 
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piezoelectric response, we have studied nanogenerators with different WS2 nanosheets 

concentrations (0.037%, 0.07%, 0.12%, 0.18% and 0.26%). The mechanical energy-

harvesting ability of these self-poled devices are examined without any electrical poling 

treatment. The piezo-response from all the nanogenerators are analyzed by applying repeated 

finger tapping with identical frequency (2 Hz) and the open circuit piezoelectric output 

voltages are recorded. From Figure 4.6(c) it is observed that the open-circuit piezoelectric 

voltage from the PVDF-WS2 PENG increases initially with increasing WS2 filler loading and 

the PENG device with 0.187% WS2 filler concentration produces the highest piezoelectric 

open circuit output voltage of ~5.3 V. So from this above result it can be claimed that the best 

performance is delivered by the device with 0.187% filler concentration, in corroboration 

with the XRD and FTIR results 10,13. The nanogenerator has been subjected to varying 

external mechanical forces (7.55, 9.05 and 11.33 kPa at 2Hz) and it is observed that the 

generated piezopotential increases with increasing external mechanical impact, as depicted in 

Figure 4.6(d). The increase of piezopotential can be ascribed to the preferential orientation of 

the electric dipoles within the nanocomposite in a particular direction due to the external 

stress induced effect 48.  
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Figure 4.6 Open-circuit piezoelectric output voltages from PVDF-WS2 PENG in (a) forward 

(b) reverse connection. (c) Variation of open circuit output voltage due to variation of filler 

loading fraction. (d) Variation of open circuit output voltage with variation of mechanical 

impact. 

Under application of periodic applied stress (~ 105 kPa), very high output voltage is obtained 

from this self-powered nanogenerator ~116 V in open circuit condition, which is depicted in 

Figure 4.7(a). The output performance of this PENG is found to be superior to other reported 

PVDF-2D and perovskite based devices and is presented in Table-4.1. In this PVDF-WS2 

self-powered system, the polymer PVDF matrix interacts with filler WS2 by electrostatic 

dipole-dipole interaction. This interfacial interaction affects the motion of PVDF, resulting in 

the formation of piezoelectric -phase 10. This similar mechanism is responsible for other 

well-known semiconductors (ZnO, TiO2 etc.) and perovskite (CsPbBr3, MAPbI3, FAPbBr3, 

BaTiO3) – PVDF nanocomposites 10,13,14,34. In this study, we have used chemically exfoliated 

two dimensional WS2 nanosheets as filler within the PVDF matrix, the intrinsic polar WS2 

surface can easily interact with CF2 or CH2 groups of PVDF and initiate the nucleation of -
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phase. As a result of this, the PVDF-WS2 nanocomposite exhibits a higher value of -phase 

fraction (F()) which leads to a higher piezoelectric output voltage. On contrary, many fillers 

having high intrinsic conductivity (graphene, some perovskites etc.) cause unwanted carrier 

recombination with polymer matrix and results a higher leakage current within this 

nanocomposite, which deteriorate the piezoelectric performance of the nanogenerator 13. In 

addition to that, the semiconducting nature of WS2 may enhance the local electric field to 

generate more induced charges, resulting in a stronger coulomb force which is helpful for 

conversion into a higher fraction of -phase. Besides, the good dispersity of chemically 

exfoliated WS2 (in DMF solvent) within the PVDF matrix offers homogeneity and leads to a 

uniform distribution of WS2 throughout the nanocomposite without much agglomeration. 

This aggregation-free filler-matrix nanocomposite is very much important for enhanced 

nanogenerator performance. The uniform distribution of WS2 nanosheet within the PVDF 

matrix accelerates the nucleation of the piezoelectric polarphase in PVDF-WS2 

nanocomposite. Consequently the piezoelectric performance of PVDF-WS2 based PENG gets 

enhanced and is found to be superior to the other reported similar systems. 

 

Figure 4.7 Open-circuit piezoelectric output voltage from PVDF-WS2 PENG for 0.187% 

filler loading for repeated (a) Mechanical impact (~105 kPa) and (b) Bend/release action (c) 

Stability performance of the PVDF-WS2 PENG in laboratory ambient for 12 weeks under 

repeated mechanical tapping and bending. 

 

The fabricated PENG is also capable for generating piezoelectric output under repeated 

external bending and releasing at a low strain (~0.75%), which is depicted in Figure 4.7(b). 

The reproducibility of this PVDF-WS2 device has been tested by measuring under the same 

external compressive force (application of finger tapping, 0.75% mechanical strain) in 
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weekly interval. In absence of any noticeable degradation in the output voltage over a 

prolonged period (of 12 weeks) confirms the stability of the fabricated device in ambient 

conditions and displayed in Figure 4.7(c). 

 

The piezoelectric output voltage from this PVDF-WS2 nanogenerator is found to be higher, 

~44 times for finger tapping and 40 times in case for a mechanical impact (~11.33 kPa) than 

that of control PVDF device, as are depicted in Figure 4.8(a) & (b). This is attributed due to 

the interfacial or Maxwell-Wagner-Sillars polarization 49-51, which induces a change in the 

dielectric constant of the nanocomposite leading to enhancement of the piezoelectric output 

13,52,53 from the PVDF-WS2 nanogenerator device.  

 

 

Figure 4.8 Open-circuit piezo-output voltages from control PVDF device under (a) Finger 

tapping and (b) Mechanical impact (11.33 kPa). 

 

The PVDF-WS2 based piezoelectric nanogenerator (PENG) device exhibits an 

excellent piezoelectric output performance without application any electrical poling, which is 

very important for practical applications. To investigate the driving capability of the PENG, a 

capacitor (~1.2 F) can be charged up to ~21.8 V only within ~17 s, as presented in Figure 

4.9(a). The cyclic charging and discharging behavior of the capacitor presents high energy 

drive capability and the reproducibility of the PENG. The stored energy in the capacitor has 

been used to drive commercial LEDs (four green, output power ~ 110 mW (max.) each at a 

forward current of ~ 25 mA (max.)) revealing the practical use of the PENG device (Figure 

4.9(b)). Based on the charging capacity, we have estimated the stored energy across the 

capacitor using, Ee =
CV2

2
, where C is the capacitance and V is the voltage in the steady state 

condition after a certain time. On the other hand, the mechanical strain energy Es can be 
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estimated as, Es =
YAL2

2
, where A is the active area (~1.0 × 1.0 cm2), L is the thickness of the 

composite device (~150 µm) including electrodes, σ is the applied strain (~0.75%) and Y is 

the Young's modulus of the nanocomposite, which has been estimated to be about ~2.66 GPa 

using the rule of mixtures 54,55. The mechanical energy can also be estimated ~1.12×10-3 J and 

the generated output electrical energy is found to be~2.85×10-4 J, yielding the energy 

conversion efficiency,  η =
𝐸𝑒

𝐸𝑠
 of this fabricated PENG to be ~25.6%. This calculated 

efficiency value is found to be the highest among the previously reported piezoelectric 

nanogenerators (PENG) 16,39,56 by using 2D and perovskite materials (Table-4.1). To 

demonstrate the energy harvesting performance of the PENG from routine activities (like 

writing on papers), acts as a source of mechanical stress, two ends of a PENG are connected 

to an oscilloscope. During drawing of lines and writing of different alphabets by using a 

simple pencil, piezoelectric output voltages of ~0.5-0.8V are generated as represented in 

Figure 4.9(c), demonstrating that the device can be used as a smart writing board also. 

Furthermore, when the PENG is attached with a computer mouse, an instantaneous piezo-

voltage (~2.1 V) is generated (Figure 4.9(d)) for each click on the mouse. Thus the PVDF-

WS2 nanocomposite device is able to generate piezoelectric voltage by simple human 

activities (finger tapping, writing, mouse click etc.), making it a potential candidate for bio-

mechanical energy harvesting. This PVDF-WS2 composed PENG is also able produce output 

voltage due to impact of water droplet falling onto it, as depicted in Figure 4.9(e). An output 

voltage of~ 1.0 V for imparting water droplets (with a velocity ~0.92 m/s) reveals that the 

device can also be used as an energy harvester from rain water. In addition, the PVDF-WS2 

based PENG can be to produce output voltage under a minute strain produced due to the 

movement of different parts of human body with an average magnitude of ~17.0, 3.0 and 2.7 

V for foot, elbow and wrist movements, respectively, as presented in Figure 4.9(f). Hence the 

fabricated nanogenerator is very much effective to harvest energy from regular 

biomechanical activities. The piezoelectric characteristics with record output piezoelectric 

voltage and superior energy conversion efficiency under application of mechanical stress as 

well as the biomechanical actions reveal the novelty of PVDF-WS2 hybrid PENG compared 

to the other PENGs reported in the literature.  
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Figure 4.9 Charging-discharging behavior of a capacitor of 1.2 F using the PENG device. 

(b) Glowing of four green commercial LEDs (Ipower =110mW (max)) at a time. Output 

voltages from the PENG device due to (c) Writing on papers. (d) Clicking of a computer 

mouse. (e) Falling water drops and (f) Different human body movements and the images are 

shown in insets. 

 

To study the piezo-phototronic characteristics of the PENG, the temporal response of the 

PVDF-WS2 nanocomposite device has been studied under application of repetitive strain and 

release. The output currents of the control PVDF and PVDF-WS2 PENG devices are 

monitored under an identical strain (~0.75%) condition and the relative increase (∆I) in the 

output current is expressed as 57 

∆𝐼

𝐼𝑜
=

𝐼𝑠𝑡𝑟𝑎𝑖𝑛−𝐼𝑜

𝐼𝑜
    (4.2) 
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Where 𝐼𝑠𝑡𝑟𝑎𝑖𝑛 and 𝐼𝑜 are the output currents in presence and in absence of external bending 

strain, respectively. It is observed that the ratio 
∆𝐼

𝐼𝑜
 is ~22 (Figure 4.10(a)) for control PVDF. 

The absence of photocurrent in control PVDF PENG device even in the bent condition 

(Figure 4.10(b)), reveals that the photoresponse in PVDF-WS2 PENG is attributed by 

semiconducting WS2 nanosheets only.  

 

Figure 4.10 I-t characteristic from control PVDF PENG device (a) Under application of 

repeated bending and releasing at 0.75% stain. (b) Change of current for light on-off at 0.75% 

strain. 

 

The ratio 
∆𝐼

𝐼𝑜
 is enhanced to ~134 for PVDF-WS2 PENG (at dark condition), as shown in 

Figure 4.11(a). This remarkable enhancement in piezoelectric response of PVDF-WS2 

nanocomposite PENG can be attributed to the higher density of piezo-charges within the 

nano-composite under an applied external mechanical stress. The interaction between 

semiconducting WS2 nanosheets and PVDF dipoles induces polarization charges that 

enhances the electrical transport under an external stress even at a zero bias 15,34. To confirm 

the piezo-phototronic effect of PVDF-WS2 nanocomposite PENG, output currents have been 

measured by applying an identical external compressive stress under illumination (635 nm) 

and dark (Figure 4.11(a)) condition. From Figure 4.11(b) it is observed that there is 

enhancement of current under illuminated conditions than the dark, which indicates the 

enhanced photo-carrier density and reduced internal resistance of the PENG under light 

illumination than the dark condition. The stressed-to-relaxed current ratio (for ~0.75% strain) 

enhances under illumination, as compared to that in the dark condition (Figure 4.11(c)). The 

above ratio is found to be 519, 329 and 274 under violet (0.49 mW/cm2), green (0.36 
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mW/cm2) and red (0.4 mW/cm2) illumination, respectively which are higher than the dark 

value ~134, due to strong optical absorption of WS2 nanosheets.  

 

 

Figure 4.11 (a) I-t characteristics of PVDF-WS2 PENG at zero bias with bending-releasing at 

dark and bending-releasing under 635 nm illumination. (b) I-V characteristic of the PENG 

under dark and illuminated conditions. (c) Bent-to-relaxed current on-off ratio for ~0.75% 

strain at dark and under illumination of different wavelengths. 

 

Further measurements have been carried out to confirm the piezo-photoresponse of 

the PVDF-WS2 nanocomposite PENG device, first by applying a compressive strain through 

mechanical bending followed by periodical illumination. Under an illumination at 635nm 

(0.4 mW/cm2), a measurable photocurrent is observed and is depicted in Figure 4.12(a). 

Under the application of a compressive strain, piezo-polarization charges are generated 

within the nanocomposite, which assist an efficient transport of photogenerated e-h pairs by 

reducing the recombination probability of the charge carriers. The photogenerated e-h pairs 

are separated by the polarization induced built-in-field and an enhanced photocurrent is 

observed. The photocurrent response under each cycle is repeatable and consistent with no 

observable decay. Bending test has been carried out to explore the mechanical stability, 

which is very important for flexible photodetector application purposes. Here a good 

switching behavior of the current is observed (Figure 4.12(a)) under periodic illumination of 

light at zero bias with rise and decay time of 1.4 s and 5.4 s, respectively which are faster 

than the previously reported PVDF based photosensitive PENG 28,36,37. The rise and decay 

times are defined as the time required for the photocurrent to increase from 10% to 90% and 

to decrease from 90% to 10% of its maximum value, respectively and most importantly this 

photocurrent remains almost invariable even after several bending cycles. In bent condition 

under self-powered mode, the current change depends on both the applied strain and the 
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optical illumination. To understand the effect of the external mechanical stress, this 

measurement has been performed under application of variable compressive strain. For a 

higher strain, the built-in electric field is stronger across the electrodes and under illumination 

the reduced recombination of photogenerated e-h pairs contributes to the increase in the 

current up to a strain magnitude of ~ 0.8%, which is depicted in Figure 4.12(b). 

 

Figure 4.12 (a) I-t characteristics at zero bias with 0.75% strain and 635 nm illumination. (b) 

Variation of currents in dark and illuminated conditions under application for different strain. 

D, V, G and R representing dark, violet, green and red illuminations respectively. 

 

We have estimated the relative change of photocurrent under strained condition 57 by using 

∆𝐼𝑝

𝐼𝑝,𝑜
=

𝐼𝑝𝑠−𝐼𝑝,𝑜

𝐼𝑝,𝑜
      (4.3) 

where 𝐼𝑝𝑠, 𝐼𝑝,𝑜 are the photocurrent with and without external stress under light illumination, 

respectively. The photosensing behavior of PVDF-WS2 nanocomposite PENG has been 

investigated without application of any external bias and external bending strain, which is 

presented in Figure 4.13(a). These results show that the values of  
∆𝐼𝑝

𝐼𝑝,𝑜
 under illuminated 

condition of 410 nm (~91), 535 nm (~72) and 635 nm (~65) are lower than the 
∆𝐼

𝐼𝑜
 value in the 

dark condition (~134) for the same strain configuration (~0.75%) at zero bias. This difference 

is attributed to the piezoelectric screening effect from photogenerated carriers. Under 

irradiation, photogenerated carriers partially screen the piezo-polarization charges, the 

mechanism of which is schematically depicted in Figure 4.13(b). It can be observed that in 

the absence of any external stress, molecular dipoles within the nanocomposite are randomly 
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oriented, and therefore it does not possess any net field (Figure 4.13(b)i). Under application 

of an external stress, the piezoelectric dipolar charges are aligned along the stress induced 

direction leading to the generation of piezopotential across the electrodes (Figure 4.13(b)ii), 

and this resultant piezoelectric potential drives the electrons in the external circuit and 

develops a voltage pulse as well as also generates a piezo-current. When the illumination 

energy is comparable to the band-gap of semiconducting WS2 nanosheet, light induced e-h 

pairs are produced inside the nanocomposite and they are separated by the built-in 

piezoelectric field. As the result the light induced photocarriers reduce the strain induced 

piezopotential. Thus the screening of piezo-charges by the photogenerated e-h pairs takes 

place and the redistributed piezoelectric charges appear across the opposite electrodes (Figure 

4.13(b)iii). As indicated in the band diagram, the piezopotential may facilitate the charge 

carrier separation due to the reduction of barrier height. The screening of piezo-potential 

reduces the open circuit output voltage at illuminated condition than in the dark (Figure 

4.13(c)).  

 

 

 

Figure 4.13 (a) I-t characteristic at zero bias without bending under 635 nm illumination. (b) 

Schematic working mechanism of piezo-photo coupled system. (c) Variation of open circuit 

voltage at dark and illuminated condition under finger tapping. 

 

Thus, the piezo-polarization screening effect reduces the relative increase of the photocurrent 

(under a strained condition) as compared to the current without any illumination. The photo-

responsivity (R) and external quantum efficiency (EQE) of PVDF-WS2 PENG at zero bias 

are calculated as,𝑅𝜆 =
𝐼𝐿−𝐼𝐷

𝑃𝐿×𝑆
 and 𝐸𝑄𝐸 =

1240𝑅𝜆

𝜆
, where IL,ID are the current at illuminated and 

dark conditions, respectively, PL is the power of illuminated light and is the wavelength of 

incident illumination 36. Both the responsivity and EQE are found to be higher in bent 
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condition than the relaxed state (Table: 4.2), which indicates that the applied strain has 

massive effect on controlling the performance of the photodetector. Both the photocurrent 

and the photoresponsivity of the device depend strongly upon the applied mechanical strain 

and this self-poled device exhibits a high photoresponsivity (6.98×10-3 A/W) and superior 

detectivity (8.61×1010cm H1/2 W−1) under 0.75% strain at zero bias at 410 nm illumination. It 

is noticed that the photoresponsivity increases from 6.98×10-5 A/W (unstrained) to 6.98×10-3 

A/W (for 0.75% strain), and higher values of responsivity and EQE are attributed to the strain 

induced piezopolarization charges, as they induce enhanced transport of photogenerated e-h 

pairs with reduced recombination of charge carriers 36. In practice, the piezoelectrical power 

of the system depends on the external load resistance and therefore, performance of the 

device can be checked by measuring the output voltages across by varying the load 

resistances. The generated output voltage from the PENG across a load resistor gradually 

increases with increasing load resistance (Figure 4.14(a)) and reaches a saturation value at 

higher resistance which almost corresponds to the open circuit condition. The instantaneous 

piezoelectric power density can be estimated as   𝑃 =
𝑉𝑜𝑢𝑡

2

𝐴×𝑅𝐿
, where A being the effective 

contact area and Vout is the effective output voltage considering the internal resistance (Rint) 

of the PENG and can be related as  

𝑉𝑜𝑢𝑡 =
𝑅𝐿

𝑅𝑖𝑛𝑡+𝑅𝐿
V=

1

1+
𝑅𝑖𝑛𝑡

𝑅𝐿

𝑉    (4.4) 

If RL<<Rint, then with increasing RL, the enhancement of Vout is low. But whenever RL is 

comparable to Rint, then Vout is increased monotonically with increasing RL. Finally at 

RL>>Rint, it provides almost an open circuit condition, in this regime with changing R, Vout 

does not change substantially. It is observed that the PENG attains a highest value (~ 30 

W/cm2) under 2.0 M load resistance at dark condition (Figure 4.14(a)). These results are 

comparable with the other piezoelectric devices based PVDF nanocomposites 52,56. Under 

illuminated condition, photocarriers are generated within this PENG which enhance the 

conductivity and reduce the internal resistance of the PENG under illuminated condition as 

compared to the dark one (Figure 4.11(b)). It can be estimated that the internal resistance of 

the PENG is ~ 2.0 MΩ at dark condition and 0.76, 1.08 and 1.3 MΩ under illumination of 

410 nm, 535 nm and 635 nm, respectively. As a result of photoactivity of PVDF-WS2 

nanocomposite, the piezoelectric output power density is observed to be higher under 

illumination and exhibits a maximum value ~ 48.5 W/cm2 under 410 nm illumination, as 

presented in Figure 4.14(b). The piezoelectric power density is higher under the violet light 
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(410 nm) than the green (535 nm) and red (635 nm) illuminations following the absorption 

pattern of WS2 nanosheets. This result indicates that the fabricated PVDF-WS2 composed 

PENG is able to generate enhanced piezoelectric output power density under illuminated 

condition and exhibits wavelength selectivity, with the highest energy harvesting ability at ~ 

410 nm. Thus the fabricated 2D materials based PVDF-WS2 composed nanogenerator can act 

as a high performance electrical power source as well as a self-powered flexible broadband 

visible light photodetector driven by novel piezo-phototronic effect, and is capable of 

harvesting enhanced energy under illumination with potential applications in future wearable 

and portable self-powered sensor systems. 

 

 

Figure 4.14 (a) Dependence of piezoelectric power-voltage with load resistance at dark and 

(b) Comparison of power at dark and illuminated condition under finger tapping. 

 

 

 

 

Table-4.1 

Comparison of piezoelectric performance of fabricated PVDF-WS2 PENG with 

reported 2D and perovskite –PVDF based devices 

Name of sample Polling Output 

Voltage 

Power 

density & 

Efficiency 

Photo-

activity 

Reference 

PVDF-AlO/ rGO Self-polled 36 V at 

31.19 kPa 

 

3.63 μW/ cm2 

 

No 16 

Ce3+ doped-

Graphene/ PVDF 

Electrospinning 11 V at 

6.6 kPa 

 

0.052 

W/cm2 

No 17 

PVDF-

Functionalized GO 

Electrospinning 

 

62 V at 

40 kPa 
48.3 W/cm2 No 27 
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PVDF-Graphene Electromagnetic 

punch 

18 V at 

0.45N 

------------- No 18 

rGO-Ag/PVDF external electric 

field of 148 kV 

cm_1 

18 V 

 

14.72 
W/cm2 
0.65 % 

No 39 

PVDF- graphene-

Silver 

Self-polled 0.1 V at 

5.2 kPa 

 

0.75nW/cm2 

15% 

Yes 56 

FAPbBr3/PVDF Self-polled 26.2 V at 

0.5 MPa 

 

22.88 

μW/cm2 

Yes 14 

PVDF-MAPI Self-polled 1.5 V at 2 

kPa 

 

2.5 μW/cm2 Yes 29 

hBN-PVDF NF Electrospinning 68 V at 

24.5 kPa 

 

53.2 μW/cm2 No 25 

Graphene-BT NP-

PVDF 

 

electrospinning 11V 

under 

mechanic

al strain 

 

0.656 

μW/cm2 

No 10 

PVDF NF-MoS2 Electrospinning 9 V at 8.8 

kPa 

 

16 nW/cm2 No 26 

GO-PVDF NF Electrospinning 7 V at 8.8 

kPa 

 

0.62 W/cm2 No 15 

PVDF-WS2 Self -polled 116 V at 

105 kPa 

 

48.5 μW/cm2 

(3.1 kPa) 

25.6% 

 

Yes This study 

 

 

Table-4.2 

Variation of Responsivity and EQE with varying strain 

 Without Strain Strain(0.50%) Strain(0.64%) Strain(0.75%) 

 R(A/W) EQE R(A/W) EQE R(A/W) EQE R(A/W) EQE 

Violet(410nm) 6.98×10-5 2.11×10-4 3.584×10-3 10.8×10-3 5.316×10-3 0.016 6.98×10-3 0.0211 

Green(535nm) 5.12×10-5 1.186×10-4 2.615×10-3 6.049×10-3 3.97×10-3 9.2×10-3 5.16×10-3 0.0119 

Red(635nm) 4.24×10-5 8.345×10-5 2.02×10-3 3.975×10-3 2.99×10-3 5.885×10-3 3.876×10-3 7.636×10-3 
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4.4 Summary: 

Self-poled PVDF-WS2 nanocomposites have been synthesized by using chemically exfoliated 

layered (two-dimensional) WS2 nanosheets and PVDF polymers by using a simple, low cost, 

eco-friendly technique. The exfoliated WS2 nanosheets with an optimized concentration of 

~0.187% not only enhance the piezoelectric output voltage but also induce photo-activity in 

the nanocomposite devices over the pristine PVDF. A colossal piezoelectric voltage of ~ 116 

V (for ~ 105 kPa) with a power density (~48.5 µW/cm2 for ~3.1 kPa) and record energy 

(mechanical to electrical) conversion efficiency of ~ 25.6% among 2D materials based 

nanocomposites have been demonstrated. Apart from mechanical impacts, the hybrid PENG 

is also very sensitive to biomechanical movements and thus pave a promising way to drive 

IOT based portable devices. Furthermore, the piezo-coupled photocurrent ratio in 

mechanically stressed (strain ~0.75%) to relaxed configuration is enhanced by 287% under 

illumination (~410 nm), producing a high photoresponsivity (6.98×10-3 A/W) and detectivity 

(8.61×1010cm H1/2 W−1). A high output power of ~ 48.5 W/cm2 generation under violet light 

irradiation makes the system promising for extracting power under illuminated condition. The 

excellent stability and capability of producing electrical power from surrounding environment 

and regular human activities make the PVDF-WS2 system attractive for application in future 

wearable, stretchable and portable electronic devices. 
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Two-dimensional MoxW1-xS2 alloys for nanogenerators producing 

record piezo-output and coupled photodetectors for self-powered 

UV Sensor 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1 Introduction: 

 

The recent advances in Internet of Things (IOTs), an important technology of significant 

interests towards rapidly growing smart sensors, have led to increasing demand for 

intelligent, multifunctional, cost-effective and compact sensors with very low power 

consumption. As one of the most important light-sensing devices, photodetectors have a wide 

range of applications in the field of security, ultra-violet (UV) radiation detection, infrared 

thermal imaging, remote sensing, astronomical detectors, communication system etc. Various 

traditional semiconductors (Si, Ge, ZnO, GaN, TiO2 etc.) and recently two-dimensional 

materials, specially transition metal dichalcogenides (TMDCs) are attractive in 

photodetection application purposes due to their fascinating optoelectronic and electric 

properties. The wide applications of chemically exfoliated, large area TMDC nanosheets face 

significant challenges owing to the fact that chalcogen vacancies in such materials, lead to 

localized deep-level defect states (DLDs), which degrade their electronic and optoelectronics 

In this work we propose a novel sustainable, self-driven UV photodetection system using 

ternary TMDC alloy (Mo
x
W

1-x
S

2
) by coupling a photodetector as a light intensity sensor and 

a piezoelectric nanogenerator (PENG) as a power source. We have synthesized crystalline 

Mo
x
W

1-x
S

2
 ternary alloy nanosheets via cost effective hydrothermal method to fabricate a 

UV (365 nm) photodetector with extraordinary high responsivity (~229 A/W). The 

microstructural, optical properties of different ternary alloy composition, along with their 

binary counterparts, have been studied. The optimized Mo
0.5

W
0.5

S
2
 ternary alloy nanosheets 

are used as fillers in PVDF matrix to fabricate flexible self-polled PENGs, exhibiting 

piezoelectric open-circuit output ~50 V under finger tapping and a record high piezo-voltage 

~187 V under impact of 12 kPa. By coupling the two devices, the output voltage of the 

PENG is tuned by the resistance of the photodetector, exhibiting superior voltage sensitivity 

(~ 0.75 V μW
-1

cm
-2

) with UV illumination. The impedance matching between the PENG 

and photodetector has been utilized to demonstrate self-powered UV sensors by monitoring 

the on/off states of LED directly. This self-powered, portable ternary TMD alloy device is 

attractive for future real-time monitoring of UV radiation and smart health sensors for IOT 

applications. 
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performances. Composition modulation has been predicted to be a potential solution to 

suppress the DLDs 1,2, and theoretical calculations have predicted that ternary alloys of 

TMDCs are thermodynamically more favorable than their binary counterparts 3–5. Although 

TMDC ternary alloys exhibit superior electrical, optoelectronic and catalytic properties than 

their binary counterparts 6–10, these advantages have not been exploited yet for device 

application purposes, mainly because of the complexity in growing these alloys by using 

either mechanical exfoliation or chemical vapor deposition.  

Ultraviolet (UV) radiation is an important part of the solar spectrum, but overexpose 

of UV illumination can affect human health and also induces harmful effects on the 

environment 11,12. In this regard, it is very much necessity to detect UV radiation, especially 

for exposure to human body at higher altitudes and signal detection purposes. Most of the 

existing and commercial UV photodetectors require an external input power supply for their 

operation, which in turn leads to configuration that not only increases the size of the sensor 

system, but also limits their portability and applications in real-time continuous monitoring. 

Therefore, it is extremely necessary to develop a self-powered UV photosensor system by 

circumventing the need of a traditional power supply. In this regard, mechanical energy 

harvesting through nanogenerators (viz., piezoelectric, triboelectric) have emerged as 

promising devices. Among them piezoelectric nanogenerators (PENG) are very attractive for 

energy harvesting as they possess high mechanical endurance and durability without any risk 

of continuous material abrasion which takes place in a triboelectric system. Various 

traditional piezoelectric materials 13–15 (PZT, BaTiO3, ZnO etc.) along with piezoelectric 

polymers 16 have been studied rigorously. Recently two-dimensional materials 17–23 including 

TMDC nanosheets have drawn intense attention for use as fillers in polymer matrices 17,24–26, 

since they can strongly enhance the piezoelectric β-phase of the resulting nanocomposite. The 

fabricated piezoelectric nanogenerators with promising energy harvesting capabilities are 

attractive to design different self-powered, portable systems (such as chemical, thermal, 

pressure, photo sensors etc.) 27–32.  

In this work, we have reported the characteristics of a self-powered real time UV 

photodetection system based on impedance matching between piezoelectric nanogenerator 

and photodetector by using ternary TMDC (MoxW1-xS2) alloys. The optimized Mo0.5W0.5S2 

ternary alloy nanosheets synthesized by using a simple hydrothermal method have been used 

to fabricate UV photodetectors, which exhibit outstanding photoresponsivity (229 A/W) and 

detectivity (6.95 × 1012 Jones) under 365 nm illumination. The piezoelectric nanogenerator 
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fabricated by using the ternary Mo0.5W0.5S2 alloy nanosheets within PVDF matrix exhibits 

record performance (piezo-voltage ~ 50 V with areal piezo-power density ~1.18 mW/cm2 

under finger tapping, and ~187 V under a mechanical impact of 12 kPa). By coupling the 

above two individual devices (piezoelectric nanogenerator, photodetector) we have 

demonstrated a self-powered UV photodetection system, which produces a large voltage 

responsivity (Rv ~ 0.75 V W-1 cm-2) indicating the ability to detect UV radiation even at a 

very low intensity. The self-powered system is capable of real time UV radiation monitoring 

in human body and may stimulate its practical application in the next generation self-powered 

photodetection system in the sensor and wearable electronics based IOT devices. 

 

 

5.2 Experimental section: 

 

5.2.1 Materials:  

Sodium molybdate dihydrate (Na2MoO4·2H2O), sodium tungstate dihydrate 

(Na2WO4·2H2O), and thiourea (CH4N2S) were purchased from Alpha Aser and 

Polyvenielidene-di-Fluoride (PVDF) was brought from Sigma Aldrich. All chemicals were 

and directly used without any further purification. Deionized water was purified using a 

Milli-Q system. 

5.2.2 Synthesis of MoxW1-xS2 nanosheets:  

MoxW1-xS2 nanosheets of different compositions (from x = 0 to 1) had been synthesized by 

hydrothermal reaction technique. To synthesize MoxW1-xS2 nanosheets Na2MoO4·2H2O and 

Na2WO4·2H2O are used as Mo and W sources, respectively, and thiourea was used as S 

source. The certain quantities of precursors were dissolved in 40 mL of pure water. The 

precursor solutions had to be subjected to stirring to get a homogeneous solution. The 

solution was then transferred to a Teflon-lined stainless autoclave, which was heated and then 

maintained at 190°C for ~26 hrs. before naturally cooling down to room temperature. The 

final dark solution was centrifuged several times and the precipitate was washed with 

distilled water and absolute ethanol and dried at 60°C for 12 hrs. 

For synthesize MoS2 (WS2) nanosheets Na2MoO4·2H2O (Na2WO4·2H2O) and thiourea were 

dissolved in water and after stirring the solution was transferred into 100-mL Teflon-lined 

stainless autoclave and was maintained at 190°C for 20 hrs. (28 hrs.) before naturally cooling 

down it to room temperature. The final dark solution was centrifuged several times, and the 
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precipitate was washed with distilled water and absolute ethanol and dried at 60 °C for 12 

hrs. This obtained powder was bath sonicated for 6 hrs. (in IPA) to get the dispersion of 

nanosheets. 

 

5.2.3 Fabrication of Photodetector: 

In order to fabricate the photodetector, a Si/SiO2 (285 nm) substrate was taken and cleaned in 

acetone and isopropyl alcohol through ultra-sonication bath. Then the electrodes were made 

by photolithography technique by using laser writer lithography (LW405-MICROTECH) 

followed by Ti/Au (5 nm/ 60 nm) deposition by e-beam deposition. The spacing between the 

electrodes was 10 µm (length) and 250 µm (width). Then 50 l alloy samples (10 mg/ml, 

dispersed in IPA) were drop casted on the bare patterns to make the device. Finally the device 

was annealed at 80°C on a hot plate for 1 hr. 

 

5.2.4 Fabrication of Piezoelectric Nanogenerator: 

PVDF- MoxW1-xS2 nanocomposite is prepared by using 0.25 gm PVDF and 0.1 gm nanosheet 

power were firstly dispersed in 250 l DMF solvent and then sonicated for 4 hrs. Then the 

nanocomposite solution was spin coated at 1000 rpm for 10 sec onto the PET side of ITO-

PET substrate and ITO acts as an electrode here. The PI (kapton)-Al foil was attached on the 

top of the spin coated film such that the Al foil acts as another electrode. Thereafter, this 

device was kept for drying at 60oC for 3 hrs. to obtain the device finally in Al-PI/ PVDF- 

MoxW1-xS2/ PET-ITO configuration. 

 

5.2.5 Fabrication of self-powered photodetection system:  

The fabricated photodetector and PENG were assembled together through relevant circuit to 

form a self-driven photodetector system. This circuit consists of constant resistors, zener 

diode and commercial LEDs. 

5.2.6 Characterizations:  

The morphology of hydrothermally synthesized MoxW1-xS2 nanosheets were investigated 

using a high-resolution transmission electron microscope (TEM) (FEI-TECNAI G2 20ST, 

energy 200 keV) and atomic force microscopy (AFM) (di INNOVA). Absorption spectrums 

were taken by using a UV-Vis spectrometer (Shimadzu -UV-Vis 2600 Spectrophotometer) 

and micro-raman and photoluminescence spectrums were recorded with a spectrometer 
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(LabRam HR Evolution; HORIBA France SAS-532 nm laser). The phase and crystallinity 

were investigated by X-ray diffraction (Rigaku (Smartlab)). Fourier transform infrared 

(FTIR) spectroscopy was carried out by using a JASCO FTIR-6300 spectrometer to estimate 

the piezoelectric active -phase within the PVDF– MoxW1-xS2 nanocomposite. The surface 

profiles of all the nanocomposites and the chemical compositions were examined by using a 

field-emission scanning electron microscope (FESEM) equipped with an energy-dispersive 

X-ray (EDAX) spectrometer. The optoelectronic-characteristics of the photodetectors were 

measured by a probe station equipped with a Keithley 2450 source meter. Thorlab LED (365 

nm) was employed for optical illumination source and to calibrate the illumination power 

spectrometer coupled with integrating sphere (Flame-Ocean optics) is used. The output 

voltages were recorded by using a digital oscilloscope (SMO702 (scientific)). 

 

 

5.3 Results and Discussions: 

5.3.1 Structural studies of MoxW1-xS2 ternary alloy nanosheets: 

 

Figure 5.1 (a) SEM images for varying composition MoxW1-xS2 alloys for Mo fraction (x) of 

(i) 1.0, (ii) 0.75, (iii) 0.50, (iv) 0.25, (v) 0. (b) EDAX data of the samples in tabular form. (c) 

EDAX elemental (Mo, W, S) mapping of Mo0.5W0.5S2 alloy nanosheets. 

 

Morphology and chemical compositions of the synthesized MoxW1-xS2 ternary alloy 

nanosheets (x=0 to 1) are investigated by using diffraction and microscopy analyses. 

Elemental components are studied by using energy-dispersive X-ray (EDAX) analysis from 

scanning electron microscopies (SEM) and represented in Figure 5.1(a) & (b) respectively. 
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The EDAX mapping of different elements for typical MoxW1-xS2 (x=0.5) nanosheets are 

depicted in Figure 5.1(c), which show that Mo, W and S are uniformly distributed over the 

nanosheets. 

 

TEM images are depicted in Figure 5.2(a) and AFM images are depicted in Figure 5.2(b) of 

the ternary alloy nanosheets (for all compositions, including the binary counterparts) reveal 

the formation of few layered alloy nanosheets. 

Figure 5.2 (a) TEM and (b) AFM images of ternary alloys for Mo fraction (x) of (i) 1.0, (ii) 

0.75, (iii) 0.50, (iv) 0.25, (v) 0.  

 

Typical high-resolution TEM (HRTEM) image of the ternary alloy nanosheets (x=0.5), 

shown in Figure 5.3(a), depicts the formation of a honeycomb like structure. The 

corresponding interlayer spacing from the lattice fringes (Figure 5.3(b)) are found to be 0.68 

nm 33 and 0.27 nm 34 indicating the formation of (002) and (100) lattice planes of 

Mo0.5W0.5S2, respectively. In selected area electron diffraction (SAED) pattern from the 

HRTEM image is shown in Figure.5.3(c), we observe multi-circular diffraction pattern, 

which reveals that the grown Mo0.5W0.5S2 nanosheet is polycrystalline in nature and the TEM 

image of the corresponding nanosheet is shown in inset of Figure 5.3(c). The layer thickness 

(Figure 5.3(d)) can be estimated from the atomic force microscopy (AFM) image, revealing a 

typical nanosheet to be ~ 3 nm (~ 4/5 layers) thick. X-ray diffraction peaks (Figure 5.3(e)) of 

the ternary alloy nanosheets appearing at 32.6o, 58.8o depict the formation of (100), (106) 

planes of MoS2, while those at 28.8o and 44.6o are the signatures of (004) and (006) planes of 

WS2. A pronounced peak is observed at 14.3o owing to the formation of crystalline (002) 

plane 35 for both MoS2 and WS2. These results suggest that as-synthesized ternary alloy 

nanosheets are polycrystalline in nature 36,34 having hexagonal crystal structure 34.  
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Figure 5.3 (a) Typical HRTEM image of Mo0.5W0.5S2 alloy nanosheets. (b) Lattice fringes 

from the HRTEM image of the alloy with an interlayer spacing 0.68 nm and 0.27 nm 

indicating the formation of (002) and (100) planes, respectively. (c) Selected area electron 

diffraction pattern (SAED) showing the formation of crystalline alloy with the inset depicting 

the TEM image of the probed nanosheet. (d) Typical AFM micrograph showing the height 

profile of Mo0.5W0.5S2 alloy nanosheets. (e) XRD diffraction patterns of MoxW1-xS2 TMDC 

alloys with different compositions including binary MoS2 and WS2 nanosheets. 

 

5.3.2 Spectroscopic Studies MoxW1-xS2 ternary alloy nanosheets: 

Raman spectroscopy has been carried out to characterize the composition dependent 

vibrational modes of as-synthesized MoxW1-xS2 alloy nanosheets (x=0 to 1), as displayed in 

Figure 5.4(a). Raman spectra of MoxW1-xS2 alloy nanosheets exhibit three prominent peaks 

(E1
2g mode of WS2, the E1

2g mode of MoS2 and a combined peak, the A1g modes for both 

WS2 and MoS2), suggesting the successful synthesis of composition tunable MoxW1-xS2 

ternary alloy nanosheets 8,37,38. Pure MoS2 exhibits two vibrational modes at 382 cm-1 (E1
2g, 

in-plane) and 404 cm-1 (A1g, out-of-plane). With increasing W content (0 to 1), the A1g peak 

exhibits a prominent blue shift and the E1
2g mode (S-Mo) shows a red shift accompanied by 

reduced intensity, which diminishes completely for pure WS2. Also a new E1
2g mode (S-W)  

emerges and undergoes a blue shift accompanied by increasing intensity 38
. The shift of out-

of-plane (A1g) mode can be explained by the difference of bond lengths for MoS2 and WS2 
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which varies due to the random replacement of Mo by W within ternary alloy nanosheets. 

Whereas the behavior of in-plane E1
2g mode can be understood by the mass difference 

between the cations in the alloy nanosheets of different compositions 38. UV-Vis absorbance 

spectroscopy is carried out to study the excitonic peak positions and their variation for 

different alloy compositions. All ternary nanosheets exhibit excitonic A and B peaks in the 

absorption spectrum arising from the spin-orbit split bands at K and K´ points of the Brillouin 

zone 38–40. Excitonic A and B peaks for MoS2 are observed at ~674 and ~614 nm, 

respectively. The transition energy of exciton-B increases monotonically with increasing 

tungsten content in the alloy compositions whereas that of exciton-A is first slightly red 

shifted followed by a blue shift (inset Figure 5.4(b)). It is shown in Figure 5.4(b) that for pure 

WS2 the excitonic A and B peak appear at ~619 nm and ~555 nm, respectively. The 

separation of excitonic A and B peaks (EB-EA), originating from valance band splitting, 

increases monotonically from 0.15 eV (x=1) to 0.39 eV (x=0) with increasing tungsten 

content 41 in the alloy (inset Figure 5.4(b)). Micro-photoluminescence spectroscopy is one of 

the most effective method to estimate the optical band gap of semiconducting layered 

materials. An excitation by using 532 nm laser show (Figure 5.4(c)) sharp photoluminescence 

peaks at ~676 nm for MoS2 and ~629 nm for WS2 nanosheets, which correspond to their 

band-edge excitonic transitions 42. We have observed the bowing phenomenon (nonlinearity 

factor due to the formation of alloy) in MoxW1-xS2 nanosheets (inset Figure 5.4(c)), which is 

previously reported for ternary TMDC alloy nanosheets 39,41,43. This bowing effect is also 

observed in the photoluminescence spectrum with the lowest energy emission peak found for 

the ternary alloy composition with x=0.75 and shown in inset of Figure 5.4(c). 
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Figure 5.4 (a) Raman spectra of composition tunable MoxW1-xS2 alloy nanosheets. (b) 

Absorption spectra showing the excitonic peaks in the MoxW1-xS2 alloys. The inset presents 

the variation of excitonic A and B peaks and the difference of excitonic energy (EB-EA) with 

composition varying from Mo fraction (x) 0 to 1. (c) Photoluminescence spectra of alloy 

nanosheets with the inset showing the PL peak energy of different alloy composition with the 

Mo fraction (x) varying from 0 to 1. 

 

5.3.3 Opto-electric Studies on MoxW1-xS2 ternary alloy nanosheets: 

A schematic device structure of MoxW1-xS2 TMDC alloy-based photodetector is presented in 

Figure 5.5(a), and the optical image is displayed in inset of Figure 5.5(a). UV light (365 nm) 

photodetectors are fabricated by using the compositionally modulated MoxW1-xS2 ternary 

alloys (x=0.25, 0.5, 0.75) and also their binary counterparts (MoS2 and WS2). The 

optoelectronic performances of all the fabricated devices with same experimental conditions 

(365 nm, 10 W/cm2, 1 V bias) and identical geometry are evaluated. As depicted in Figure 

5.5(b), the photocurrent of alloy devices is found to be higher than those obtained from their 
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binary counterpart, with the alloy having x=0.5 showing the highest photocurrent value. Both 

MoS2 and WS2 contain large number of sulfur vacancies (denoted as VS-Mo and VS-W), which 

can generate to large density of defect states deep inside the band gap and can act as trap 

states and/or scattering centers which affect their optoelectronic performance. The formation 

energy of VS-Mo is larger than that of VS-W 10
, and therefore the effect of VS-W dominates and 

act as shallow level traps within the bandgap of Mo0.5W0.5S2 ternary alloy 10. Photogenerated 

carriers, trapped by these shallow level defects (VS-W) in Mo0.5W0.5S2, are more likely to be 

brought back into the conduction band again to become free carriers, rather than getting 

recombined in the valance band, and thus increases the free carrier concentration in the 

conduction band and this phenomenon is schematically represented in Figure 5.5(c). Besides 

benefiting with the low defect concentration, only a small fraction of photogenerated carriers 

are captured by the defect states which is another reason10 for a higher photocurrent 

generation from Mo0.5W0.5S2 device. 

 

Figure 5.5 (a) Schematic of the photodetector device and the optical image of device in the 

inset. (b) Variation of photocurrent with Mo fraction (x) in the TMDC alloys with UV (365 

nm) illumination. (c) Schematic band diagrams with localized defect states for MoS2, 

Mo0.5W0.5S2, and WS2 to explain the photocurrent enhancement in ternary alloy. 
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From Figure 5.6(a) it is observed that the current from the device under 365 nm illumination 

increases monotonically with increasing illumination power (1.5 to 27.5 W/cm2). With 

increasing incident power, higher number of photogenerated carriers lead to the reduced 

internal resistance of the photodetector, as varies from ~ 11.78 MΩ (dark) to 6.22 MΩ under 

illumination of ~27.55 W/cm2 at a bias of 1 V and it is presented in Figure 5.6(b). This 

observed change in resistance with illumination intensity is advantageous for the fabrication 

of self-powered low intensity UV detection systems 44,45. To further evaluate the performance 

of the fabricated photodetector, we have calculated the responsivity (R) and specific 

responsivity (D*) which can be estimated as 𝑅 =
𝐼𝑝ℎ

𝑃𝑆
 and 𝐷∗ = 𝑅√(

𝑆

2𝑞𝐼𝑑𝑎𝑟𝑘
), respectively, 

where S stands for the effective illuminated area, Idark is the dark current, and q is the absolute 

value of the charge (1.6 × 10−19 C) 11. The maximum responsivity and specific detectivity of 

the Mo0.5W0.5S2 device are estimated to be 229 A/W and 6.95 × 1012 Jones, respectively under 

an illumination (365 nm) intensity of ∼1.5 W/cm2 at 1 V bias and it is depicted in Figure 

5.6(c), indicating the low power detection ability of the fabricated photodetector. The 

dynamic behavior of this ternary alloy (Mo0.5W0.5S2) UV sensor is characterized from the 

time-resolved photocurrent measurements by alternatively exposing the photodetector to UV 

light and dark. Figure 5.6(d) indicates that the photodetector device exhibits reproducible 

characteristics under multiple light on-off switching cycles with the response and recovery 

times ~ 2.1 s and 3.6 s (defined as the time between 10% and 90% of the maximum 

photocurrent and vice versa), respectively. The values of responsivity and detectivity with 

moderate response time of this Mo0.5W0.5S2 alloy  UV detector are superior to the previously 

reported photodetector devices 46,47. The fabricated photodetector (x=0.5) exhibits an 

excellent stability, with the photocurrent under UV (365 nm, 27.55 W/cm2) illumination 

remaining almost unchanged even after six months from its fabrication and it is presented in 

Figure 5.6(e). 

 

 

 

 

 

 

*Photodetector device fabrication credit: Shubhrasish Mukherjee 
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Figure 5.6 (a) Current-voltage characteristics of the Mo0.5W0.5S2 alloy device with different 

intensity for 365 nm UV illumination. (b) Variation of photocurrent and resistance of the 

detector as a function of 365 nm illumination intensity for Mo0.5W0.5S2 alloy device. (c) 

Variation of responsivity and detectivity with intensity under 365 nm illumination at 1 V bias 

for Mo0.5W0.5S2 alloy photodetector. (d) Dynamic response of the device under 27.55 W/cm2 

light intensity (365 nm). (e) Long duration (six month) stability of the Mo0.5W0.5S2 

photodetector measured under 365 nm, 27.55 W/cm2 illumination recorded at an interval of 

one month. 

 

5.3.4 Piezoelectric Study: 

In order to realize the operation of self-driven photodetection, PVDF-Mo0.5W0.5S2 

nanocomposite piezoelectric nanogenerator (PENG) has been utilized as the power source to 

drive the TMDC alloy-based photodetector and is schematically depicted in Figure 5.7(a) and 

the real image of the PENG device is presented in inset of the Figure 5.7(a). Under 

application of an external mechanical strain piezoelectric bound charges are induced within 

this PENG due to polarization, which eventually result in a potential drop at the two ends of 

the nanogenerator device. To neutralize this built-in-field, opposite free charges appear at the 

two electrodes of the PENG until the piezoelectric bound charges are balanced by the free 

charges and a positive piezo signal is produced. When the external stress is released, the 

piezoelectric potential diminishes and the free charges are accumulated at electrodes of the 
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PENG, gradually flow back in the opposite direction and consequently a negative signal is 

generated. Such repeated compress and release process produces a periodic alteration of 

positive and negative output voltage responses 19, 24,48, the mechanism is schematically 

presented in Figure 5.7(b). The switching of voltage polarity upon reversing the electrode 

connections is observed and depicted in Figure 5.7(c)), which concludes that the output 

voltage is truly piezoelectric in nature and does not arise from any instrumental artifacts. The 

mechanical energy harvesting ability of the self-polled PENG is tested under human finger 

tapping condition and the performance of the PENG is examined with changing the imparting 

frequency from 0.5 to 2.5 Hz. The open circuit piezo output voltage (Voc) initially slightly 

increases with increasing impact frequency from 0.5 to 1.5 Hz and thereafter saturates and 

represented in Figure 5.7(d). This observation indicates that the frequency of mechanical 

impact can be ignored for the piezoelectric nanogenerator, making it suitable for practical 

PENG applications. This fabricated PENG device is able to produce ~50 V open circuit 

output piezo-voltage under finger tapping (1.5 Hz frequency). This PENG exhibits an areal 

power density of 1.18 mW/cm2 across a ~0.9 MΩ resistance (Figure 5.7(e)) under simple 

finger tapping condition (~3 kPa at 1.5 Hz). 

 

 

 

 

 

 

 

. 
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Figure 5.7 (a) Schematic of the fabricated nanogenerator device with its photograph shown 

in the inset. (b) Schematic working principle of the piezoelectric nanogenerator (PENG) 

device (i) without application of any impact, (ii) application of an external impact, (iii) 

removal of external impact. (c) Open circuit output voltage from Mo0.5W0.5S2 PENG in 

forward and reverse connections under finger tapping. (d) Variation of open circuit output 

piezo-voltage from the PENG device with varying impact frequency under simple finger 

tapping condition. (e) Variation of piezoelectric power with varying load resistance for 

Mo0.5W0.5S2 PENG under finger tapping condition. 

 

 

On the other hand, it produces a piezo-voltage of ~187 V under 12 kPa mechanical impact 

(Figure 5.8(a)), making the fabricated PENG suitable for superior performance piezoelectric 

energy harvesting applications with a high stability (performance remains unaffected even 

after 6 months of the device fabrication) and is depicted in Figure 5.8(b)). As shown in Figure 

5.8(c), the performance (piezo voltage per unit pressure) of fabricated self-poled PENG is 

superior to previously reported results on PVDF based PENG devices 49,50. The finger tapping 

(at 1.5 Hz) has been performed throughout the study as a source of mechanical compression 

of the PENG device to drive the UV sensor, since this appears to be more practical than a 

high mechanical imparts for wearable sensor application purposes. 
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Figure 5.8 (a) Open circuit piezo voltage from the PENG device under a mechanical impact 

of ~12 kPa. (b) Stability (6 months) of Mo0.5W0.5S2 PENG under finger tapping. (c) 

Comparison of piezoelectric performance (piezo voltage/ kPa) of the PENG device with 

reported results. 

 

We have also measured the open circuit piezoelectric output voltages from other two 

composition (x=0.25, 0.75) of the ternary alloy and as well as the binary control samples 

under the same experimental conditions. We have observed that the PVDF-ternary 

nanocomposite alloy for x=0.5 offers the highest open circuit output voltage (Figure 5.9(a)). 

This observation is in agreement with FTIR and XRD results, which revealed that a highest 

fraction of piezoelectric -phase for the PVDF-Mo0.5W0.5S2 nanocomposite (Figure 5.9(b), 

(c), (d)).  

 

 

Figure 5.9 (a) Variation of piezoelectric output voltage for different Mo fraction (x: 0-1) of 

MoxW1-xS2 PENGs under finger tapping condition. (b) FTIR spectra. (c) XRD pattern of 

PVDF-Mo0.5W0.5S2 nanocomposite. (d) Variation of the -phase fraction F () and the 

𝐼20.5 

𝐼18.3
variation with different alloy compositions. 
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The piezoelectric output voltage of the PENG device can be varied by changing the external 

load resistance by following the relation 11 

𝑉𝑅 =
𝑍𝑅

𝑍𝑖𝑛+𝑍𝑅
𝑉𝑜𝑐 =

𝑅
1

2𝜋𝑓𝑐
+𝑅

𝑉𝑜𝑐     (5.1) 

Where the impedance 𝑍𝑅  is the external load resistance 𝑅 , C is related to the inherent 

capacitance of the PENG device, f the frequency of the mechanical impact onto the PENG 

and 𝑉𝑜𝑐 is the open circuit output voltage from the PENG. As shown in Figure 5.10, three 

typical working regions can be identified (i, ii, and iii) based on the impedance matching 

between the PENG and varying load resistance. For the load resistance in the range of ~ 1 to 

500 kΩ, which is much lower than the inherent impedance, the output voltage is very small < 

2V) (zone i). The output voltage rises sharply from 2 to 48.5 V with increasing load 

resistance from 0.5 to 100 MΩ (zone ii). For a load resistance higher than 100 MΩ (zone iii), 

which is much higher than the inherent impedance resembling almost an open-circuit 

condition, the output voltages no longer change with the load resistances. The key factor for 

the fabrication of a self-powered photodetector is the impedance matching between the 

PENG and the photodetector, which can be built up based on the coupling of piezoelectric 

effect and photoconductive effects 11,44,45,51
.
 The estimated resistance variation under the UV 

illumination matches well with the resistance dependent output characteristics in zone (ii) of 

the PENG device (under finger tapping). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Output voltage of the PENG device across different load resistances under finger 

tapping at different frequencies. 
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5.3.5 Self powered UV sensor: 

Therefore, by connecting the fabricated MoxW1-xS2 (x=0.5) UV detector in series with the 

self-powered PENG device (Figure 5.11(a)), a prototype of the self-powered UV detection 

can be preliminarily established. Figure 5.11(b) and Figure 5.11(c) show that with increasing 

UV illumination intensity, the output voltage across the photodetector decreases 

monotonically from ~11.9 V (dark) to ~5.9 V (27.55 W/cm2), owing to a decrease of 

internal resistance of the photodetector device. In order to evaluate the performance of the 

photodetector in voltage detection mode, we have estimated the sensitivity (S) and voltage 

responsivity (RV), which are defined as 44,45  

𝑆 =
|𝑉𝑑𝑎𝑟𝑘−𝑉𝑙𝑖𝑔ℎ𝑡|

𝑉𝑑𝑎𝑟𝑘
× 100%  (5.2) 

𝑅𝑣 =
|𝑉𝑑𝑎𝑟𝑘−𝑉𝑙𝑖𝑔ℎ𝑡|

𝑃𝑙𝑖𝑔ℎ𝑡
   (5.3) 

Figure 5.11(d) represents a sensitivity of ~ 50% (27.55 W/cm2) and a voltage responsivity 

of ~ 0.75 V W-1cm-2 (at 1.5 W/cm2), demonstrating the superior performance of the PENG 

for self-powered UV photodetection 45,44. Figure 5.11(e) shows the real-time continuous 

response and recovery performance, which are measured under a constant UV illumination 

(365 nm, 27.55 W/cm2). When the photodetector is exposed from dark to UV light (27.5 

W/cm2), the output voltage drop across the photodetector decreases from ∼11.9 to ∼5.9 V 

with response and recovery time ~3 s and 5.4 s, respectively. In this case with the switching 

on UV illumination, the resistance of the photodetector decreases which eventually reduces 

the output voltage drop. If a light emitting diode (LED), is connected directly across the two 

ends of the fabricated photodetector, we have noticed that the LED is ‘on’ at dark (no 

illumination) and becomes ‘off’ in the presence of UV, demonstrating UV sensing. 
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Figure 5.11 (a) Proposed circuit diagram to measure the responsivity of photodetector (PD) 

in self-powered mode. (b) Output voltage across the photodetector under different UV 

(365nm) illumination intensity. (c) Variation of voltage across the photodetector with varying 

UV illumination intensity. (d) Variation of sensitivity and voltage responsivity of the self-

powered photodetector with changing UV illumination intensity. (e) Real time dynamic 

voltage response and recovery curve under 27.55 W/cm2 UV illumination. 

 

 

But however, a direct correlation between the UV light intensity and output voltage is 

necessary for fabrication of practical UV sensing applications. Accordingly, a voltage divider 

circuit has been demonstrated by using several constant values of resistance and by 

connecting the LEDs directly across the resistors. The PENG device is connected in series 

with constant resistors and fabricated photodetector, with the output voltage of the PENG is 

regulated by using series of constant resistors and a commercial Zener diode (Figure 5.12(a)). 

This regulated output voltage is especially crucial for the UV sensing application because the 

detected voltage is solely dependent on the intensity of the incident light. The constant 

resistor (Rc) divides the output voltage (VRC) of the PENG, which can be estimated as 11 

             𝑉𝑅𝑐 =
𝑅𝑐

1

2𝜋𝑓𝑐
+𝑅𝑐+𝑅𝑥

𝑉𝑜𝑐            (5.4) 
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where Rx is the resistance of the photodetector. The voltage across the constant resistor is 

measured under different UV light intensities, as shown in Figure 5.12(b). It is noticed that 

the voltage across the constant resistor increases with increasing UV light intensity resulting 

in an enhanced current through the photodetector. It may be noted that no LED glows without 

any UV illumination. When the photodetector is illuminated with 16.3 W/cm2 intensity UV 

illumination, one LED is turned ‘on’ and two LEDs glow for an intensity of 27.55 W/cm2 

(inset Figure 5.12(b)). Therefore, a higher UV light intensity can make more numbers of 

LEDs to lit because of the higher output voltage across the voltage divider and UV intensity 

can be estimated quantitatively by the variation of LED ‘on’/’off’ state.  

 

 

Figure 5.12 (a) Proposed circuit diagram of the self-powered UV photodetection system, 

where the piezoelectric nanogenerator, photodetector, constant resistor and Zener diode are 

denoted, respectively as PENG, PD, Rc and Dz. (b) Dynamic output voltage across a constant 

resistance under different UV illumination intensity, and LED glow indicating sensor for 

varying UV exposure (16.3 W/cm2 and 27.55 W/cm2 illumination intensity). 

 

 

The fabricated self-powered UV detection system can be used in various practical 

applications especially in personal healthcare purposes. This self-powered UV sensing 

system can be placed at different parts of the human body (arm, wrist, skin etc.) which have 

chance to be exposed to UV radiation. In the absence of UV exposure, the LED sensor would 

be ‘off’, and as it is exposed to even a very weak (~16.3 W/cm2) UV radiation, the system 

would work immediately by glowing LEDs. The LEDs actually can act as an alarm or 

indicator of UV exposure and most importantly the LEDs can be turned on directly without 
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any need of a capacitor charge storing unit. The fabricated ternary TMDC alloy-based PENG 

device thus exhibits an outstanding capability to convert mechanical energy to electrical 

energy, which can be used as a self-powered UV sensor in wearable systems.  

 

5.4 Summary: 

In summary, we have presented a self-powered, portable UV photodetection system based on 

ternary 2D TMDC alloy (Mo0.5W0.5S2) with impedance matching between a self-polled 

piezoelectric nanogenerator and a photodetector. Alloy engineering is found to be a proficient 

strategy to overcome the defect state related problems in binary TMDCs leading to the 

improved optical and electrical properties. The PENG device can harvest bio-mechanical 

energy by simple finger tapping and can convert into electrical energy to drive a UV 

photodetector. The self-polled PENG produces a superior piezoelectric output voltage ~50 V 

with a power density ~1.18 mW/cm2 by simple finger tapping and ~187 V by a mechanical 

impact of 12 kPa, which are superior to the reported results using 2D TMDCs. The fabricated 

UV photodetector exhibits an exceptional photoresponsivity up to ~229 A/W and impressive 

detectivity of 6.95 × 1012 Jones for an illumination of 365 nm in the current detection mode, 

along with a large responsivity of ~0.75 V W-1cm-2 in self-powered voltage detection mode. 

By connecting the PENG in series with a UV photodetector, the system works as a UV-light-

intensity monitor, while the commercial constant chip resistors with parallel LEDs work as a 

UV sensitive alarm. Our results using novel ternary Mo0.5W0.5S2 TMDC alloy pave the way 

for building highly efficient next generation mechanical energy harvesters for self-driven IOT 

devices. 
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Superior piezoelectric performance of chemically synthesized 

TMDC heterostructures for self-powered flexible piezoelectric 

nanogenerator 

 

 

 

 

 

 

 

 

 

 

6.1 Introduction: 

Today's growing demand for energy resources, environmental pollution from fossil fuels, and 

the inaccessibility of conventional fuels have made new challenges to discover 

unconventional forms of energy that are sustainable and environment friendly. In this regard, 

non-traditional natural abundant energy (solar, wind, thermal) and biomechanical energy 

resources attains immense research interest. Piezoelectricity 1 can be viewed as an alternative 

energy source that can generate electric charges due to deformation of a specific material 

under the action of external stress and these electric charges are responsible for conversion of 

mechanical to electric energy. Various piezoelectric materials based on inorganic 2,3 and 

polymer nanocomposite materials 4–7 have been reported previously, but suffer from the 

disadvantages like environmental toxicity, non-biodegradability, and complicated synthesis 

procedures. Two dimensional materials, specially transition metal dichalcogenides (TMDC) 

(like MoS2, WS2, etc.) are considered to be the emerging potential alternatives. Having non-

symmetrical crystalline structure, TMDCs offer novel optoelectronic and electrical properties 

with high mechanical flexibility and stability, which are highly demanding for piezotronics 8 

and photo piezotronics 9. Each layer of TMDCs consists of transition metal atoms 

In addition to their superior electrical and optoelectronic attributes, two-dimensional layered 

transition metal dichalcogenides (TMDCs) have evoked considerable attention for their 

piezoelectric properties. In this study we report the piezoelectric characteristics of chemically 

exfoliated TMDCs and their heterostructures, as derived from piezoelectric force microscopy 

(PFM) measurements. It is observed that MoS
2
-WSe

2
 heterostructure exhibit higher 

piezoelectric coefficient than their individual counterparts due to a large band-offset induced by 

heterojunction formation. This allows the scalable fabrication of self-powered energy 

harvesting piezoelectric nanogenerators (PENG). The fabricated flexible MoS
2
-WSe

2
 

heterostructure nanogenerator exhibits a piezoelectric output ~46 mV under a strain of ~0.66% 

strain yielding a power output ~12.3 nW and also reveals the ability of bio-mechanical energy 

harvesting. This cost effective MoS
2
-WSe

2
 heterostructure PENG fabricated in this work can be 

employed to develop flexible energy harvesting devices and may also be attractive as a self-

powered sensor for bio-mechanical activities. 
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sandwiched between two layers of chalcogen atoms and attached by weak out-of-plane van 

der Waals bonds and strong in-plane covalent bonds. It has been observed that the monolayer 

and odd layered TMDCs are non-centrosymmetric and exhibits piezoelectricity but 

piezoelectric effect disappears in even layered structure or in  bulk counterpart, due to the 

opposite orientations of adjacent layers 10. Wu et al. successfully fabricated a piezoelectric 

device using MoS2 with an odd layer for energy conversion and piezoelectricity 10. Han et al. 

used sulfur vacancy passivated MoS2-based piezoelectric devices by reducing free charge 

carriers to efficiently prevent the screening effect 11. The key point to achieving a high 

performance piezoelectric device is to explore a specific material with sufficiently high 

piezoelectric constant, facile fabrication process and good sensitivity under the external 

mechanical strain. Most of the demonstrations of piezoelectric devices using two dimensional 

materials have been made on mechanically exfoliated monolayer and odd layered 

nanosheets12–16 , which pose several limitations for large scale applications. Ultrathin TMDC 

layers can be prepared by various well-known techniques such as liquid exfoliation 17,18, 

hydrothermal synthesis 19, chemical vapor deposition (CVD) 20,21, pulsed lased deposition 

(PLD) 22, atomic layer deposition (ALD) 23 etc. Sonochemical assisted hydrothermal 

technique is a promising way for cost effective scalable production of ultrathin TMDC layers 

for large area 20 electronic device fabrication. Recent studies have shown that piezoelectricity 

also exists in few layered two-dimensional materials 24–27 but with  a low piezoelectric 

response, so improving the piezoelectric performance in TMDC laminates is still a challenge. 

The development of engineering on van der Waals heterostructure can be used to create novel 

physical phenomena that provide an effective approach to improve the piezoelectric 

properties of two-dimensional materials 28. For atomic layer heterostructures, the spontaneous 

polarization of phosphorus-MoS2, MoS2-WS2, ln2Se3-MoS2 
29, ln2Se3-WS2 

29
, SnS2-SnS 30 are 

previously reported, however the piezoelectric properties  of the TMDC hybrid 

heterostructures are not still much explored.  

 

In this study, we have synthesized ultrathin layered TMDCs and their heterostructures (MoS2, 

WS2, WSe2, MoS2-WS2, WS2-WSe2, MoS2-WSe2) in sonochemical assisted hydrothermal 

synthesis technique and their piezoelectric characterizations are examined through 

piezoelectric force microscopy (PFM). It is observed that the MoS2-WSe2 heterostructure 

exhibits highest piezoelectric coefficient among all, due to the large band offset. This 

scalable, cost-effective piezoelectric device significantly increases the output voltage in 

comparison with previously reported two-dimensional material-based PENG devices 31–33. In 



Chapter: 6 

 

113 

 

this study, we have demonstrated for the first time chemically synthesized TMDC hybrid 

structures based piezoelectric devices which overcome the drawbacks of mechanically 

exfoliated low yield PENG devices. The strain sensitive piezoelectric properties and 

biomechanical energy harvesting abilities are also investigated. This self-powered, atomically 

thin, highly flexible and multi-functional PENG device may open up a new avenue for 

diverse research fields, particularly in biomechanical energy harvesting, human-machine 

interface control and sensor enabling technology. 

 

 

 

6.2 Experimental Section: 

6.2.1 Materials: 

The synthesis of ultrathin TMDC and their heterostructure (MoS2, WS2, WSe2, MoS2-WS2, 

WS2-WSe2, MoS2-WSe2) were carried out by sonochemical assisted hydrothermal synthesis 

technique. Sodium molybdate dihydrate (Na2MoO4·2H2O), sodium tungstate dihydrate 

(Na2WO4·2H2O), thiourea (CH4N2S) and Se powder were purchased from Alpha Aser and 

sodium borohydride (NaBH4), isopropyl alcohol (IPA) were purchased from Sigma-aldrich. 

All these chemicals were directly used without further purification.  

 

6.2.2 Synthesis 

To synthesize MoS2, WS2 nanosheets Na2MoO4·2H2O and Na2WO4·2H2O were used as Mo 

and W sources, respectively and thiourea was used as the S source. Na2MoO4·2H2O and 

Na2WO4·2H2O and thiourea as precursors were dissolved in pure water. The precursor 

solutions had to be subjected to vigorous stirring (1200 rpm, 2hrs) to form a homogeneous 

solution. The solution was transferred to a 100- mL Teflon-lined stainless autoclave, which 

was heated for MoS2 and WS2 synthesis. The final dark solution was centrifuged three times 

at 6000 rpm for 15 min and the precipitate was washed with distilled water and IPA and dried 

at 60°C for 12 hrs. The resulting dried powder was dispersed in IPA and bath sonicated for 6 

hrs followed by centrifugation at 8000 rpm for 15 mins to remove the bulk precipitate. In this 

typical procedure of WSe2, Na2WO4·2H2O and Se were used as precursors of W and Se 

respectively and NaBH4 was used as reducing agent. For this synthesize procedure 

Na2WO4·2H2O was dissolved in DI water, and Se powder was added to the above solution 

and then the resulting solution was homogenized by continuous magnetic stirring for 15 mins. 
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Then aqueous NaBH4 was added dropwise into the above mixture till the colour of solution 

turned brown and thereafter the resulting solution was under magnetic stirring for 2.0 hrs to 

get complete homogeneous uniform mixture. This brown coloured solution was transferred 

into a 100 ml teflon-lined stainless autoclave and placed in an oven. After the reaction is 

over, the autoclave was naturally cooled to room temperature and the finally obtained black 

powder samples were collected by repeated washing and centrifugation (3 times at 8000 rpm) 

by D.I water and IPA. The cleaned wet powder sample was dried in an oven for 12 hr at 

70℃. The resulting dried powder was dispersed in IPA and bath sonicated for 6 hrs followed 

by centrifugation at 8000 rpm for 15 mins to remove the bulk precipitate.  

To synthesize TMDC heterostructures the constituent as-synthesized TMDCs were mixed in 

1:1 weight ratio and grind continuously in a mortar and pestle for 30 min. This prepared 

black slurry was dispersed in binary mixture of IPA and DI water (7:3) and bath sonicated for 

8 hrs. in bath sonication.  

 

6.2.3 Characterizations: 

The morphological and structural elemental analyses were carried out by using a field-

emission scanning electron microscope (FESEM) equipped with an energy-dispersive X-ray 

(EDX) spectrometer. To further study the detailed morphology and surface profiles, high-

resolution transmission electron microscopy (HRTEM) (FEI-TECNAI G2 20ST, energy 200 

keV) had been utilized. The crystallinity of the as-synthesized nanosheets were investigated 

by X-ray diffraction (Rigaku (Smartlab)). Absorption spectrums were taken by using a UV-

Vis spectrometer (Shimadzu-UV-Vis 2600 Spectrophotometer) and micro-raman and micro-

photoluminescence spectrums were recorded with a spectrometer (LabRam HR Evolution; 

HORIBA France SAS-532nm laser). Piezoelectric characterizations were examined through a 

piezoelectric force microscope (PFM, Bruker), attached with an atomic force microscope 

(AFM, di-INOVA) set up. The substrate with samples was placed onto a metal plate disk and 

copper wires were used as the connector to realize the grounding of the substrate. The 

piezoelectric output voltages were measured by a Keithley 2450 source meter and the 

external mechanical strain had been employed through a linear stage. 
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6.2.4 Device fabrication: 

The PENG devices were fabricated on flexible ITO-FET substrates. The electrodes were 

made by depositing Ti/Au (5/50 nm) by e-beam evaporation through a wire shadow mask. 

The separation between the electrodes was kept as 25 µm. Samples were drop casted within 

the channel gap. Finally, the electrical contacts were made by Ag paint in order to measure 

the device. 

 

 

 

 

 

6.3 Results and discussions: 

 

6.3.1 Structural studies: 

The layered TMDC materials and their heterostructures have been synthesized by using 

chemical exfoliation methods are reported earlier 34,35 TEM characterizations (Figure 6.1(a-

c)) along with HRTEM images (Figure 6.1(d-f)) reveal the morphology and crystal structures 

of WSe2, WS2, MoS2 nanosheet. The interlayer spacing 0.28 nm, 0.27 nm and 0.27 nm 

indicate the formation of (100) plane of WSe2, WS2 and MoS2, respectively 36.  

 

 

 

 

 

 

 

 

 

 

 

 

 

* Piezoelectric device fabrication credit: Shubhrasish Mukherjee 
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Figure 6.1 Plane-view TEM images of (a) WSe2, (b) WS2, (c) MoS2 nanosheets and HRTEM 

images of (d) WSe2, (e) WS2, (f) MoS2 nanosheets, indicating interlayer spacing  

 

The sharp and distinguishable interfaces seen from the HRTEM images reveal the formation 

of the heterostructures (Figure 6.2(a-c)). Selected area electron diffraction (SAED) patterns 

of all heterostructure show two different sets of hexagonally arranged diffraction spots 36 

(Figure 6.2(d-f)), which indicate the coexistence of individual layers 37. 
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Figure 6.2 HRTEM interfacial images (a-c) and SAED pattern (d-f) of WSe2 –MoS2, WSe2 –

WS2, MoS2-WS2 heterostructures, respectively. 

 

The crystallinity and phase of all of those individual TMDC and their heterostructure (MoS2, 

WS2, WSe2, MoS2-WS2, WS2-WSe2, MoS2-WSe2) are examined through XRD analysis. The 

diffraction peaks of exfoliated MoS2, WS2 and WSe2 are found at distinctive positions which 

indicate the formation of desired phase and reveal the crystallinity of exfoliated nanosheets 

(Figure 6.3(a)). For example, in the MoS2-WSe2 heterostructure, the coexistence of 

diffraction peaks of MoS2 and WSe2 indicates that the MoS2 nanosheets are successfully 

anchored with WSe2 (Figure 6.3(b)). Similar observations are recorded for WS2-WSe2, MoS2-

WS2 heterostructures, which also indicate the crystallinity and phases are maintained in all 

the heterostructures 38,39 (Figure 6.3(b)). 
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Figure 6.3 (a) XRD diffraction spectra of WSe2, WS2 and MoS2 nanosheets. (b) WSe2 –

MoS2, WSe2 –WS2 and MoS2-WS2 heterostructures.  

 

6.3.2 Spectroscopic Studies: 

Figure 6.4(a-c) represents the absorbance spectra of WSe2–MoS2, WSe2–WS2, MoS2-WS2 

heterostructures. It is observed that the exciton A peak of WSe2 is red shifted in MoS2-WSe2 

heterostructure compared to bare WSe2. The characteristic excitonic peaks in the absorbance 

spectrum are observed in the heterostructure, with their positions in consistent with the 

constituent TMDC components 40,41. The shift in the excitonic absorbance peak in other 

heterostructures (MoS2-WS2, WS2-WSe2) indicates (Figure 6.4(b) & (c)) the charge transfer at 

the interface and the change of dielectric environment in the heterostructure. The steady state 

photoluminescence (PL with 532 nm) is studied to observe the emission at excitonic energies 

characteristic of MoS2 (1.83 eV), WS2 (1.98 eV) and WSe2 (1.68 eV) in the adjacent TMDC 

layers 41–43. In the MoS2-WSe2 heterostructure, the PL emission peak is red shifted with 

respect to the exciton-A of WSe2 (Figure 6.4(d)), which corresponds to a Γ-K optical 

transition of MoS2-WSe2 heterostructure. PL emission peaks of all the heterostructures show 

a red shift with respect to the constituent TMDC layers. All the heterostructures also exhibit 

quenched emission as compared to  the individual TMDC layers (Figure 6.4(d-f)), since the 

emission in the heterostructure region originates from the charge separation between the 

constituent TMDC layers forming type-II band alignments 43. This PL quenching has been 

experimentally observed in type-II van der Waals heterostructure, which are attributed to the 
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interlayer charge transfer process 41-44. Upon excitation interlayer e-h pairs are formed in 

individual TMDC layer separately, which are subsequently separated because of the type-II 

band alignment resulting in  PL quenching 41–44. 

 

 

 

Figure 6.4 (a-c) Absorbance and (d-f) photoluminescence spectra of WSe2 –MoS2, MoS2-

WS2 and WSe2 –WS2 heterostructures.  

 

Raman spectra of WSe2, WS2 and MoS2 nanosheets are shown in Figure 6.5(a). The spectrum 

of MoS2-WSe2 heterostructure exhibits the characteristic Raman modes of both MoS2 (E
1

2g 

and A1g) and WSe2 (degenerate E1
2g & A1g), indicating the presence of both in the 

heterostructure (Figure 6.5(b)). Raman spectra of MoS2-WS2 and WS2-WSe2 heterostructures 

are also depicted in Figure 6.5(b). The absorbance, Raman and photoluminescence spectra 

indicate the interlayer coupling and charge transfer at the hetero-interfaces 45,46. 
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Figure 6.5 Raman spectra of (a) of WSe2, WS2 and MoS2 nanosheets. (b) WSe2 –MoS2, WSe2 

–WS2 and MoS2-WS2 heterostructures. 

 

For piezoelectric material, electric charges are developed on material surfaces under an 

external mechanical stress. Piezoelectric properties of individual TMDC and their 

heterostructures are investigated by piezoelectric force microscopy (PFM), where the tip 

deflections are measured upon the application of vertical electrical field to the samples 47,48 

(Scheme:6.1). 

 

6.3.3 Piezoelectric force microscopy Studies: 

 

 

 

 

 

 

 

 

 

 

Scheme: 6.1 Schematic of Piezoelectric Force Microscopy (PFM) measurements. 
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Figure 6.6(a-c) display the local PFM images of MoS2, WSe2 and MoS2-WSe2 

heterostructures, respectively (keeping all parameters identical for all the samples). Among 

all the samples, MoS2-WSe2 heterostructure exhibits the largest piezoelectric amplitude than 

the others, which indicating strong piezoelectricity of this heterostructure. Using these 

measured PFM amplitudes along with the deflection sensitivity (nm/V) and applied bias 

through the conductive tip, the piezoelectric coefficients are estimated as 𝑑 =
𝐴.𝑆

𝐹.𝑉
, where A is 

the amplitude (in Voltage), S is deflection sensitivity, F is the facility parameter (resonance 

quality factor) and V is the externally applied AC voltage 30,49. The calculated piezoelectric 

coefficients are found to be ~3.23, 1.96, 2.46, 5.06, 6.04 and 7.66 pm/V for MoS2, WS2, 

WSe2, MoS2-WS2, WS2-WSe2 and MoS2-WSe2, respectively. The values are presented in 

Figure 6.6(d). It is observed that the MoS2-WSe2 heterostructure produces highest 

piezoelectric coefficient. For all the 2H-TMDCs, the application of a vertical electric field 

(through PFM tip) yields a net electric dipole, producing piezo response 50. The van der 

Waals heterostructure of TMDC atomic layers with different work functions and band gaps 

form a type-II staggered band alignment 44,51–53. The band offset of conduction band minima 

(CBM) and valance band maxima (VBM) between two different layered materials is the key 

point to induce electric polarization and piezoelectricity 28. The highest piezoelectric 

coefficient is obtained in the MoS2-WSe2 heterostructure, is attributed to larger band offset as 

compared to other heterostructures (MoS2-WS2, WS2-WSe2) 
54,55, which is schematically 

depicted in Figure 6.6(e). 
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Figure 6.6 Piezo-response amplitude images from (a) MoS2, (b) WSe2 and (c) MoS2-WSe2 

nanosheets. (d) Estimated piezoelectric coefficient (pm/V) from the TMDC nanosheets and 

the heterostructures. (e) Schematic band alignment of TMDC nanosheets and band offset 

estimation of band offsets for heterostructures 

 

The PFM study of bare ITO-PET substrate does not show any significant piezo response. The 

topography of ITO-PET substrate along with PFM amplitude and phase are depicted in 

Figure 6.7(a-c), indicating that the originated piezoresponse solely coming from TMDC 

nanosheets. 

 

Figure 6.7 (a) Amplitude topography, (b) piezo- amplitude and (c) piezoelectric phase image 

from control ITO-PET substrate. 
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To study the response of MoS2-WSe2 heterostructure in more detail, the piezoelectric 

topography (both amplitude and phase) on the ITO-PET substrate is further carried out 

(Figure 6.8(a-c)). Butterfly shaped loop in amplitude response curve is observed with varying 

bias voltage and an increased in the piezoelectric displacement with the applied voltage is 

observed (Figure 6.8(d)). The phase response as a function of the bias presents a rectangular 

hysteresis loop, indicating the ability of switching the direction of polarization (Figure 

6.8(e)). The phase component provides information about the local polarization orientation 

under the applied electric field. So by combining the topography, amplitude and phase 

mapping the nanoscale piezoelectric phenomenon can be visualized. 

 

 

 

Figure 6.8 (a) Amplitude topography, (b) piezo-amplitude and (c) piezoelectric phase images 

from MoS2-WSe2 heterostructure nanosheets. PFM hysteresis loop with bias voltage showing 

the (d) amplitude and (e) phase response of MoS2-WSe2 heterostructure nanosheets. 

 

6.3.4 Piezoelectric Nanogenerator device Study: 

Based on the PFM study, the temporal piezoelectric measurements are performed in MoS2-

WSe2 type II heterostructure in two-electrode configuration (optical image inset in Figure 

6.9(a)) by applying external stress via bending (Figure 6.9(a)). The compressing and 
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releasing deformations (both forward and reverse bias) of the MoS2-WSe2 PENG device are 

depicted in Figure 6.9(b) in which the total process can be divided into 3 steps. In the initial 

state, there is no piezoelectric potential between the two electrodes and no signal is observed. 

When the device is bent, the nanosheet undergoes a uniaxial strain then dipole moments are 

aligned along the strain induced direction and piezo polarization charges are consequently 

generated at the edges of the nanosheets. This generates a piezo potential between the two 

electrodes, resulting in a positive piezoelectric signal peak. When the device is released, the 

external strain decreases and the piezo potential drops, causing a reverse charge flow which 

leads to a voltage peak with opposite sign (Figure 6.9(b)) 32,31. The polarity switching tests in 

accordance with the proposed piezo-charge generation process confirm that the measured 

piezoelectric signals are not measurement artifacts. The periodic bending-releasing (~0.66% 

strain) at zero bias has led to repetitive piezoelectric output voltage signals. The cycling test 

demonstrates that the output signal of the PENG is stable over a long period of time, which 

indicates the durability required for energy conservation. It may be noted that no piezoelectric 

output signal can be detected for the PENG device without any channel material (Figure 

6.9(c)). 

 

 

Figure 6.9 (a) Flexible bending set up of linear stage and the optical image of the device in 

the inset. (b) Open circuit piezo voltage from MoS2-WSe2 heterostructure PENG at forward 

and reverse bias condition at 0.66% strain. (c) The absence of piezoelectric output voltage 

due to bending of control ITO-PET substrate. 

 

To evaluate the effect of an applied stress on the fabricated PENG device, the piezoelectric 

responses are examined under variable strain conditions, with the generated strain defined as 

56 
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𝜀 =
3𝑎

2𝑙

𝐷𝑚𝑎𝑥

𝑙
(1 −

𝑧𝑜

𝑙
)   (6.1) 

where a and l depict the thickness and the length of the PET substrate, 𝑧𝑜 represents the 

distance between the fixed end and nanosheet edge, 𝐷𝑚𝑎𝑥 is the lateral shift of the free end of 

the substrate. It is noticed that the piezoelectric output performance of this PENG is strain 

sensitive, the output performance of this PENG device is enhanced (9.8 mV to 45.7 mV) with 

increasing strain (0.16% to 0.66%) (Figure 6.10(a)). Compared with other fabricated two 

dimensional materials based PENG, our fabricated MoS2-WSe2 hybrid heterostructure device 

exhibits higher or comparable piezoelectric response16,24,30,49,57,58. Figure 6.10(b) displays the 

piezoelectric output voltages as a function of external load resistance under 0.66% strain, the 

output voltage increases monotonically with increasing load resistance upto 200 MΩ and 

negligible voltage fluctuation is observed for the load resistance higher than ~ 200 MΩ. This 

fabricated MoS2-WSe2 PENG is able to produce 12.3 nw power for ~100 MΩ resistance. To 

compare the piezoelectric outputs of all devices (MoS2, WS2, WSe2, MoS2-WS2, WS2-WSe2, 

MoS2-WSe2), measurements are done under the same bending condition by using a linear 

stage. From Figure 6.10(c) it is observed that the other PENG devices exhibit lower 

piezoelectric performance than the MoS2-WSe2 heterostructure based one. The larger band-

offset leads a stronger polarization which leads to higher piezoelectric response in the MoS2-

WSe2 hybrid heterostructure. This heterostructure of this TMDC atomic layers with different 

work function forms a type-II staggered gap alignment and the Fermi level is located near the 

VBM of WSe2 and CBM of MoS2, which indicates that high density of holes accrues at WSe2 

atomic layer while high density of free electrons at MoS2 layer. This causes a built-in electric 

field induced polarization between WSe2 and MoS2 atomic layers in the MoS2-WSe2 hybrid 

heterostructure. It is observed that for another heterostructure with narrower  band offset, the 

electric potential is attenuated which results in the decreased piezoelectric performance 28,54. 

The performance of the fabricated self-poled, flexible MoS2-WSe2 heterostructure PENG is 

superior to the previously reported results on two dimensional materials based PENG device 

and depicted in Table-6.1. 
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Figure 6.10 (a) Variation of piezo-voltage with varying strain. (b) Dependence of output 

voltage and power on the externally connected load resistances from MoS2-WSe2 

heterostructure PENG. (c) Variation of open circuit piezo voltage from all the PENG devices 

with varying strain. 

 

To explore the energy harvesting ability of the self-powered MoS2-WSe2 PENG from regular 

human activity, this device is attached on different parts of human body and the piezoelectric 

output voltages on movement of body parts are measured. The device is attached with finger 

and wrist joint, and piezoelectric output voltages are generated for finger and wrist bending 

(Figure 6.11(a-b)). The bending of wrist (~7.7 mV) produces much higher piezo voltage than 

that of finger bending (~2 mV). By the application of a pressure with fingertip, the 

piezoelectric output voltages (~1.5 mV) are produced (Figure 6.11(c)). This PENG is able to 

harvest energy from human vocal vibration also. It is observed that different piezoelectric 

signals are obtained by pronouncing different word, but identical piezoelectric signals are 

obtained by pronouncing the same word (Figure 6.11(d)), indicating that this PENG can be 

used for voice recognition purpose. As this PENG can harvest energy from body movements, 

it has an enormous potential for applications in self-powered wearable devices. These 

demonstrated results indicate that the strain sensing and self-powered functionalities can be 

used as human-robot interaction platform to synchronize human-robot motion. 
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Figure 6.11 Output voltages from MoS2-WSe2 heterostructure PENG when attached with (a) 

wrist and (b) finger, exhibiting piezo voltages due to the movement of wrist and finger. (c) 

Piezo-voltage generation due to the pressure of fingertip. (d) Output voltage of the PENG 

when attached with vocal cords for different trace words with excellent repeatability, 

indicating its potential application as wearable sensors.  
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Table:6.1 Performance of the PENG in this work compared with reported results  

 

SL. No Sample Name Applied Strain Voltage and Power Reference 

1. Monolayer CVD MoS2 0.60% 34 mV 

62.72 pW 

32 

2. Monolayer CVD MoSe2 0.6% 35 mV 

42 mW m-2 

33 

3. Monolayer CVD MoSe2 0.6% 60mV 31 

4. CVD monolayer MoS2 0.48% 12 mV 

73 W m-2 

11 

5. Mechanically exfoliated 

monolayer MoS2 

0.53% 15 mV 

2mWm-2 

10  

6. CVD grown SnS2 0.6% 6 mV 

12 pW 

49 

7. Chemically exfoliated MoS2-

WSe2 heterostructure 

0.66% 45.7 mV 

12.3 nW 

This Study 

 

6.4 Summary: 

In summary, different TMDC heterostructure structures are fabricated using the layered 

nanosheets (MoS2, WS2, WSe2) synthesized by sonochemical assisted hydrothermal 

technique. To the best of our knowledge, the intrinsic piezoelectric properties of such 

chemically exfoliated TMDC heterostructures are reported for the first time (from best of our 

knowledge). Piezoelectric properties of these as-synthesized nanosheets are examined 

through piezoelectric force microscopy (PFM). The piezoelectric coefficient of the MoS2-

WSe2 hybrid heterostructure is found to be higher than the individual TMDC layers and other 

two hybrid heterostructure combinations, revealing the key role of the band offset. PENG 

devices are fabricated by using heterostructures, in order to demonstrate the real-life device 

applications for transforming mechanical energy to electricity. In support with PFM 

measurements, the enhanced piezoelectric output performance is obtained for MoS2-WSe2 

heterostructure device than the other PENG devices. The optimized device is able to produce 

an open circuit voltage ~45.7 mV under ~0.66% strain and generates an instantaneous power 

12.3 nw for ~200 MΩ load resistance. Besides the energy harvesting ability of this PENG, it 

can be used as a sensor and bio-mechanical energy harvester producing piezoelectric output 

voltage for simple human activities. Thus, the MoS2-WSe2 PENG can be adopted as practical 

wearable energy-harvesting devices as well as self-powered sensors. The fabrication of large-

area, lithography-free, cost effective thin-film PENG ensures that the reproducible output 
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performance could also be used for other purposes. Our approach provides a simple route to 

realize large-area 2D material-based PENGs and wearable smart sensors. 
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Size dependent optical properties of MoS2 nanoparticles and their 

photo-catalytic applications 

 

 

 

 

 

 

 

 

 

 

 

7.1 Introduction: 

Layered two dimensional (2D) materials have gained immense research interests for 

applications in electronics, photonics, catalysis and energy conversion/storage, portable, 

wearable, smart devices 1-3 during the last decade 4-6 due to their exceptional mechanical, 

electrical, chemical, optoelectronic and spectroscopic properties 7. In spite of various 

extraordinary electrical properties, graphene, the most extensively studied 2D material, but is 

unsuitable for optoelectronic and photocatalytic applications due to its zero bandgap nature. 

On the contrary, 2D transition metal dichalcogenides (TMDs), a vertically stacked layered 

materials bonded by weak van-der-Waals (vdW) interaction in out-of-plane direction, possess 

a finite energy gap, which can be found useful for optoelectronic applications and 

spectroscopic studies. Molybdenum disulphide (MoS2) is one of the most widely studied 

While two dimensional layered MoS
2
 nanosheets have been extensively studied owing to 

their fascinating optoelectronic properties, less attention has been paid on the corresponding 

zero-dimensional nano-crystals. In this contribution, we report the efficacy of MoS
2
 

nanocrystals for their size tunable properties for optical and photocatalytic applications. We 

have synthesized different sized (10-70 nm), crystalline, hexagonal 2H-MoS
2
 nanoparticles 

(NPs) dispersed in DMF solvent using a simple exfoliation technique. Synthesized NPs are 

found to exhibit size dependent optical properties and excitation dependent fluorescence 

characteristics in the visible region, which are not observed in bulk or 2D MoS
2
 layers. Size 

tunable band gap and broad absorbance and emission spectrum covering the visible range 

could be exploited in the fabrication of various opto-electronic devices. Charge carrier 

emission dynamics of different sized MoS
2
 NPs are investigated using time correlated 

single photon counting (TCSPC) spectroscopic technique. We found two time components, 

one in the order of several hundreds of ps, which arises due to the radiative recombination 

of charge carriers, while the other one is of the order of a few ns, which emanates from the 

defect states of MoS
2
 NPs. The average time constants are found to decrease with increase 

in particle size. A noticeable photocatalytic activity of the synthesized MoS
2
 NPs under 

visible light illumination for the degradation of Brilliant Green dye is also demonstrated for 

the first time and the effect of size variation of NPs in the dye degradation process is 

reported. 
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TMDCs due to its abundance in nature and attractive semiconducting, electrical, 

spectroscopic, optoelectronic, catalytic properties. Depending on the stacking orders and the 

coordination of S atoms with the central Mo atom they can be categorized into three phases, 

i.e., 1T, 2H and 3R where, T, H, R denote tetragonal (T), hexagonal (H) and rhombohedral 

(R) types crystal symmetry of MoS2 respectively. It is reported that MoS2 exhibits layer 

dependent tunable band gap in such a way that bulk MoS2 is an indirect band gap 

semiconductor (~1.2 eV) while for a single layer it exhibits direct gap transition (~1.9 eV) 

4,8,9 with strong photoluminescence intensity. Such indirect-to-direct transformation occurs 

due to the local shifts of valance band maxima and conduction band valleys in the Brillouin 

zone 10.  

Layered MoS2 is mostly synthesized by micromechanical exfoliation 11, liquid phase 

exfoliation (LPE) 12,13, chemical vapor deposition (CVD) 14 and hydrothermal/ solvothermal 

15 synthesis techniques. While mechanical exfoliation produces extremely low surface 

coverage with less control over monolayer thickness, CVD grown MoS2 yields large area 

growth but needs specific condition for growth and exhibits inferior optical and electronic 

properties. Moreover, both these synthesis techniques produce highly saturated inactive basal 

planes which are difficult to functionalize. On the other hand, chemically exfoliated 

nanosheets offer an active basal plane 16,17 and can be easily deposited to various substrates 

with maintaining a good interfacial properties. This is an easy, low cost, reproducible method 

to synthesize single to few-layered 2D TMDC at large scale. Moreover, a colloidal dispersion 

of TMDC materials provide an additional degree of freedom to fabricate large area wafer 

scale devices on any kind of substrate including flexible ones, just by simple spin or dip 

coating technique 18,19. On the other hand, colloidal zero dimensional (0D) MoS2 

nanoparticles (NPs) possess very high surface to volume ratio with enhanced electrical, opto-

electric, spectroscopic, chemical, physio-chemical activities due to larger fraction of edge 

terminated, unsaturated chalcogen atoms compared to its 2D layered counterpart 20. Size 

variable MoS2 NPs can easily be prepared by chemical exfoliation (LPE) followed by gradual 

centrifugation technique with tunable optical, electronic and spectroscopic properties, which 

provide additional advantages over 2D layered MoS2 sheets 12,21. Size tunable optical 

properties of TMDC nanoparticles (NPs) lead to the possibility of various optoelectronic 

devices viz., selective and multi-color photo-detection (photodiode, phototransistor), 

wavelength selective emitters, modulators and absorbing layers for solar cells, light emitting 

diode etc.  
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In the present study, we have demonstrated liquid phase exfoliation (LPE) technique 

to synthesize highly luminescent, sized tunable MoS2 NPs by using a combined sonication-

centrifugation technique. Size dependent optical properties of synthesized MoS2 NPs have 

been studied using UV-Vis absorption, photoluminescence (PL), Raman scattering and time 

resolved emission spectroscopy (TCSPC) techniques. Chemically exfoliated MoS2 NPs have 

broad absorption spectrum with three distinct excitonic absorption peaks. This size tunable 

absorption feature is found to be much useful for various photonic and spectroscopic 

applications. The emission wavelength of synthesized MoS2 NPs is found to be tunable with 

varying excitation wavelength, which is very useful for various excitation dependent optical 

and biological applications. The photoluminescence (PL) intensity and relative quantum yield 

(Q.Y.) can be controlled by tuning the size of NPs, which is a direct evidence of quantum 

confinement effect. The time resolved emission spectroscopy studies provide an idea about 

the charge carrier lifetime and variation of carrier lifetimes with the NP sizes. Finally, 

photocatalytic activity of the synthesized MoS2 NPs is investigated by using the degradation 

of a model dye molecule (brilliant-green (BG) (ammonium, 4- (p-diethylamino)-alpha-

(pheylbenzylidene), C27H34N2O4S), which is carcinogenic but is extensively used in textile 

dying and paper printing technology and is found abundantly in industrial waste water 22. The 

broad absorption spectra of MoS2 NPs enable them to absorb light in the visible wavelength 

region and consequently generation of photo-carriers, can eventually degrade organic dyes. 

Importantly bulk MoS2 does not show any such photocatalytic activity and its efficiency gets 

enhanced with reducing MoS2 NPs size. Conventional semiconductors (such as TiO2, ZnS, 

CdS, ZnO, Cu2O etc.) can act as strong catalysts, which can degrade pollute molecules under 

natural sunlight as well as under UV irradiation. However, the report on the degradation of 

organic dyes by using MoS2 NP as a unary photo-catalyst in presence of visible light is sparse 

in the literature. Our present study systematically demonstrates that the different sized 

semiconducting MoS2 NPs are promising candidate for fabrication of optoelectronic devices 

with a strong potential for the degradation of harmful chemicals in waste water under visible 

light irradiation.  
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7.2 Experimental Section: 

7.2.1 Materials: 

All the chemicals (MoS2 powder, DMF solvent, Brillant Green dye) were purchased from 

Sigma-Aldrich and used without any further purification. 

 

7.2.2 Synthesize of MoS2 Nanoparticles (NPs): 

MoS2 nanoparticles (NPs) were prepared by a generic solvent assisted sono-chemical 

exfoliation technique starting from bulk MoS2 powder (purchased from Sigma). Initially the 

bulk MoS2 powder was dissolved in N, N-dimethylformamide (DMF) solvent at a 

concentration of 1mg/ml and the mixture was kept in bath sonication for 8 hrs. In the 

beginning of the sonication process, the weak interlayer van-der-Waals) interaction was 

overcome and gradually exfoliated few-layers MoS2 from its bulk counterparts. Prolonged 

sonication was used to break 2D MoS2 layers into variable sized NPs. Thereafter, the 

suspension was centrifuged at 1000 rpm for 15 mins to separate out the un-exfoliated large 

flakes and the supernatant was used for further processing. The supernatant was then 

centrifuged from 2000 rpm to 12000 rpm with 2000 rpm incremental steps successively for 

20 minutes each and the precipitate was collected after each step. A change in colour of MoS2 

NPs from black to greenish yellow to light yellow was observed with increasing rpm vis-à-vis 

reduction of NPs size. 

 

7.2.3 Characterizations: 

The synthesized samples were structurally characterized by using X-ray diffraction (XRD) 

(PANalytical X-PERT PRO), field-emission scanning electron microscopy (FESEM) (Quanta 

FEG 250) and high resolution transmission electron microscopy (HRTEM) (FEI Technai S-

Twin instrument with 200 kV acceleration voltage, the selected area diffraction pattern was 

done in a normal mode). The optical properties of as-synthesized MoS2 NPs were studied 

using optical absorption, photoluminescence (PL) and Raman spectroscopy techniques. 

Absorption spectra were recorded by Shimadzu UV-2600 spectrometer in the UV-visible 

spectral range. PL measurements were carried out using a He-Cd laser with 325 nm 

excitation source, a monochromator [TRIAX-320] and a PMT detector [Hamamatsu R928]. 
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Raman spectra were recorded in the backscattering configuration using a 514 nm excitation 

source and an optical microscope with 50x objective lens (Jobin Yvon Horiba T64000). 

Steady state fluorescence spectra were recorded in Jobin-Yvon Fluorolog fluorimeter. 

Picosecond time resolved fluorescence transients were recorded using a time correlated single 

photon counting (TCSPC) setup of  Edinburgh Instruments with a pulsed diode laser of 

wavelength 375 nm as the excitation source with instrument response function (IRF) of ~80 

ps. 

 

 

7.3 Results and Discussions: 

 

7.3.1 Structural Studies: 

Typical TEM images of as-synthesized MoS2 NPs are shown in Figure 7.1(a-c), which are 

collected following centrifugation at a speed of 12000, 10000 and 8000 rpm respectively. The 

corresponding inset histograms depict the size distribution of as synthesized MoS2 NPs 

,which the average size has been estimated to be ~11 nm (±2.0 nm), ~17 nm (±2.0 nm) and 

~26 nm (±1.8 nm), respectively. The TEM images indicate that the synthesized NPs are 

found to be nearly mono-dispersed and spherical in nature (Figure 7.1(d)). The inter-planar 

lattice fringe spacing of a typical MoS2 NP (radius~ 11 nm) is found to be ~0.26 nm (Figure 

7.1(e)) which is attributed due to the formation of (100) crystalline lattice plane 12,13,21. The 

selected area electron diffraction (SADE) pattern in Figure 7.1(f) indicates that MoS2 NPs 

remain in hexagonal crystal structure even after exfoliation and size reduction.  
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Figure 7.1 TEM images of MoS
2
 NPs of different average size: (a) 11 nm, (b) 17 nm and (c) 

26 nm. The corresponding insets show the distribution of NP size. (d) Magnified HRTEM 

image of a typical MoS2 NP (radius ~11 nm). (e) Lattice fringes of MoS
2
 (100) plane and (f) 

Selected area diffraction pattern of MoS
2 

NPs (radius ~11 nm).  

 

X-ray diffraction (XRD) patterns of the different sized MoS2 NPs are displayed in Figure 

7.2(a). An intense peak is noticed at 14.40 which is attributed to the formation of crystalline 

(002) plane of MoS2. The intensity of a weaker peak at 44.50 corresponding to the (006) plane 

of MoS2 does not change appreciably with reduction of nanoparticle dimension. So it can be 

claimed that the XRD pattern is in well agreement with the TEM results. Raman 

spectroscopy measurements with varying NPs size have been carried out under 514 nm 

excitation and a typical raman spectrum is depicted in the inset of Figure 7.2(b). Two 

prominent peaks at 382.5 cm-1 and 407 cm-1 are attributed due to the in-plane (E1
2g ) and out 

of plane (A1g) vibrational  modes of S-Mo-S layers, respectively 12,23. The location and 

spacing between characteristic Raman peaks (~24.5 cm-1) remain almost unchanged with 

varying NP sizes. However, the intensities of both the peaks as well as the ratio of peaks 

(E1
2g/A1g) are found to decrease with reducing nanoparticle size (Figure 7.2(b)). Reduced 

crystalline quality (as evident from the XRD measurements) of smaller sized NPs might be 

the reason behind the weaker Raman intensity. On the other hand, surface reconstruction due 
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to NP formation increases the surface-to-volume ratio and also the ratio between the number 

of surface to the total number of bonds in the nanocrystals 24. Additionally, interlayer 

separation between the planes is affected 24. A combination of both the above factors lead to 

the observation is represented in the inset of Figure 7.2(b). A shift in the E1
2g and A1g peak 

positions as well as the spacing between the peaks have earlier been reported, which change 

with variation of the number of layers 24. In this study for MoS2 NPs, however, the peak 

separation remains unchanged, while the peak intensities and their ratio are observed to 

decrease with decreasing nanoparticle size.  

Figure 7.2 (a) XRD diffraction pattern of MoS2 NPs of different sizes. (b) Raman spectrum 

of MoS2 NPs of average size ~17 nm and the inset shows the variation of the ratio of 

characteristic Raman peak intensity with particle size.  

 

7.3.2 Spectroscopic Studies: 

The quantum size effect of MoS2 NPs has been studied by UV-Vis optical absorption and 

photoluminescence (PL) spectroscopy. In a typical absorption spectrum (Figure 7.3(a)) of 

MoS2 NPs, two prominent excitonic peaks at ~680 and ~618 nm are observed, which have 

their respective origin due to the transition between spin-orbit coupled split valance bands 

and conduction band edges. The absorption peak at 680 nm is defined as the excitonic-A peak 

while that at 618 nm is the excitonic-B peak. Another absorption feature is observed in the 

lower wavelength range (300-480 nm) with excitonic peak centered at ~460 nm (peak-C) 
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along with a weak shoulder at ~395 nm (peak-D). This absorption feature can be correlated to 

the band nesting phenomenon as commonly observed in this type of TMDC materials. In 

band nesting region, conduction and valance bands lie parallel with each other in the 

momentum space 25. Upon the absorption of photons electrons and holes pairs are generated 

and propagate with equal velocity but in opposite directions. Strong Van-Hove singularities 

(VHS) facilitate the band nesting phenomenon, resulting in a divergence in joint density of 

states (JDOS), and correspondingly a higher transition energy gap 25. The C-excitonic peak 

shows a prominent blue shift with decreasing NPs size which can be explained on the basis of 

increased band gap with reduction in size due to quantum confinement effect. Emission 

spectra of three different sized MoS2 NPs have been measured by 325 nm excitation and are 

represented in Figure 7.3(b). From the emission spectra it is noticed that the smallest sized 

NPs exhibit the most intense emission and the emission intensity decreases gradually with 

increasing NP size. This photoluminescence (PL) spectrum can be deconvoluted into two 

overlapping Gaussian peaks: one is centered at ~420 nm while the other one at ~500 nm 

(Figure 7.3(c)). The lower energy PL emission can be ascribed due to the transition between 

quantized energy levels 13 and the other peak may be considered due to defect state mediated 

transition 26. The ratio of integrated PL intensity between two peaks (direct-to-defect) 

increases with increasing particle size and is depicted in Figure 7.3(d). With decreasing 

nanoparticle size, the surface- to-volume ratio of nanoparticle increases, which may lead to 

an enhanced surface defect state contribution in the PL emission.  
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Figure 7.3 (a) Absorption spectrum of different size MoS2 NPs, exhibiting different peaks. 

(b) PL spectrum of different sized NPs (excitation: 325 nm). (c) Deconvolution of the PL 

spectrum of ~17 nm NP radius into two Gaussian curves. (d) Variation of intensity ratio of the 

two PL peaks with particle size. 

Interestingly the excitation dependent fluorescence is observed for all the synthesized NPs, 

the representative emission spectra are depicted for ~17 nm NPs in Figure 7.4(a). The 

emission peak has been found to be red-shifted almost linearly with the variation of excitation 

wavelength (Figure 7.4(b)). The broadband absorption profile (Figure 7.3(a)) manifests a 

distribution of ground state valance band energy as a consequence of size distribution of 

MoS2 NPs, resulting in excitation dependent transitions between various band energy states. 

Such wavelength dependency has also been observed reported previously in other TMDC 

materials as well as in graphene QDs 27-29. We have observed a gradual red shift of the 

emission peak with increasing excitation wavelength. The integrated intensity of the peaks is 

found to be decreased with increasing excitation wavelength.  

We have estimated the relative quantum yield (Q.Y.) of the emission as:  

𝑄𝑌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑄𝑌𝑟𝑒𝑓 (
𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑟𝑒𝑓
) (

𝐴𝑟𝑒𝑓

𝐴𝑠𝑎𝑚𝑝𝑙𝑒
) (

𝑛𝑟𝑒𝑓
2

𝑛𝑠𝑎𝑚𝑝𝑙𝑒
2 )   (7.1) 
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where I is the corresponding area under the emission curve, A is the value of absorbance and 

n is the refractive index of nanoparticles and the reference samples. We have used C153 as a 

reference dye with known Q.Y. of 54% in ethanol 30. This is noticed that the estimated 

relative QY (following equation 7.1) is a manifestation of the emissive power, which is 

directly related to the recombination rate of the charge carriers 30. It is observed that the 

estimated relative Q.Y. gradually decreases with increasing NP size, as represented in Figure 

7.4(c). The increase of the Q.Y. with size reduction unambiguously points out towards the 

increase in the radiative recombination rate, which is further supported by the time-resolved 

emission measurements (see later). 

Figure 7.4 (a) Excitation dependent fluorescent spectrum of ~17 nm MoS2 NPs. (b) Variation 

of emission peak position with excitation wavelength. (c) Variation of the relative quantum 

yield with nanoparticle size. 

 

Time resolved photoluminescence decays have been recorded at 450 nm under 375 nm 

excitation for all synthesized MoS2 NPs (Figure 7.5(a)) and the average lifetimes are 

estimated and its variation with nanoparticle size is depicted in Figure 7.5(b) and the 

variation of decay rate with varying the nanoparticle size is shown in Figure 7.5(c).  

 

 

 



Chapter: 7 

 

143 
 

Figure 7.5 (a) Emission lifetime study of different size MoS2 NP. (b) Variation of lifetime 

with varying size. (c) Variation of radiative decay rate with varying NPs size. 

The decay transients are fitted with a bi-exponential function: 

𝐼(𝑡) = 𝐴𝑒𝑥𝑝 (−
𝑡

𝜏1
) + 𝐵𝑒𝑥𝑝 (−

𝑡

𝜏2
)   (7.2) 

where I(t) is the intensity of the decay, the pre-exponential factors A and B are the amplitudes 

of decays corresponding to the decay time constants 1 and 2, respectively. The fitting 

parameters are presented in table-7.1 

Table-7.1 Variation of nanoparticle lifetime with variation of nanoparticle size: 

Particle size 

(nm) 

1 

(ns) 

2 

(ns) 

<> 

(ns) 

11 0.71 (72%) 3.4 (28%) 1.28 

17 0.76 (74%) 3.4 (26%) 1.32 

26 0.85 (77%) 3.45 (23%) 1.38 

35 0.95 (78%) 3.5 (22%) 1.43 

50 1.19 (80%) 3.5 (20%) 1.59 

70 1.22 (84%) 3.6 (16%) 1.62 

 

The fitting of experimental data with equation: 7.2 indicates the presence of two different 

relaxation processes responsible for the emission decay. The faster lifetime component (1), 

contributing to the lager share in the decay process, changes from 0.71 ns (72%) (for 11 nm 

NPs) to 1.22 ns (84%) (for 70 nm NPs), while the slower one (2) remains almost constant 

with the NP size and this variation is depicted in Figure 7.6. 
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Figure 7.6 Variation of relative contribution of the decay time constants as a function of 

particle size. 

Such bi-exponential decay behavior has previously been also reported for NPs of other direct 

bandgap semiconductor such as ZnO 31. For layered TMDC materials 32 including MoS2 
24, a 

tri-exponential decay pattern is more frequently observed, however, such studies are yet not 

to be reported for TMDC NPs. In this present study, the faster decay time component can be 

correlated with the direct radiative transition of the free charge carriers, while the slower one 

originates due to the recombination of localized charge carriers at the surface, which in turn is 

governed by the presence of both radiative and non-radiative traps due to the presence of 

defect states 31. It is observed that the contribution of the slower lifetime component (2) 

increases (16% to 28%) with decreasing nanoparticle size. This result corroborates with the 

steady state PL result, which concludes that there is increase in the contribution of the defect 

state with decrease in the nanoparticle size. In case of 1, with the increase of NP size the 

coupling between the exciton and the surface state is reduced, which results in an increased 

lifetime 31,33. The average lifetime of the NP increases monotonically with increasing NP 

size.  

The radiative (kr) and the non-radiative (knr) decay constants for the relaxation process can be 

expressed in terms of the relative QY (which is estimated from steady-state measurements) 

(equation 7.3): 

𝑄. 𝑌. =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
= 𝑘𝑟 < 𝜏𝑎𝑣 >          (7.3) 
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We have obtained the average lifetime, <av> from the time resolved TCSPC measurements 

and have estimated kr and knr values for the MoS2 NPs. The knr is found to be order(s) of 

magnitude higher than the kr, resulting due to the overall low Q.Y. of the NPs. It is also found 

that knr does not change appreciably (7.81108 to 6.17108 s-1) with variation of NPs size, 

whereas the magnitude of kr is decreased (1.6107 to 1.15106 s-1) with the increase of NP 

size from 11 to 70 nm. The ratio of kr/knr decreases with increasing NP size, however, the 

change is not linear, it first decreases sharply up to a size corresponding to the Bohr radius 

value and beyond this dimension the change is moderate (Figure 7.5(c)). As the quantum 

confinement in MoS2 structure is prominent below the excitonic Bohr radius, strong spatial 

overlap of electron and hole wave functions leads to an increase in the radiative decay rate 33, 

which is evident in the present case. Analytically kr is related to the square of overlap integral 

in the following way: 𝑘𝑟~|𝑉𝑎𝑏(𝑅)|2~𝑒−2𝑅
𝑎0⁄  , where Vab is the exchange overlap integral, a0 

is the Bohr radius (23.5 nm for MoS2) and R is the separation distance between an electron 

and a hole. On plotting ln(kr) as a function of (-2R/a0), we have obtained two distinct slopes. 

For R<a0, the slope is ~ 1.01 while it is found to be ~ 0.44 for R>a0. This sharp change in the 

slope around the Bohr radius signifies an enhanced overlap of the wave functions leading to 

quantum confinement. 

 

7.3.3 Photocatalysis study: 

Photocatalytic performance of MoS2 NPs under visible irradiation is studied by monitoring 

the degradation rates of brilliant green (BG) dye in aqueous solution. The amount of MoS2 

NPs is varied in aqueous BG solution (10 M) to optimize the maximum degradation rate. 

The dye and MoS2 NP solution is kept stirring for 30 minutes in dark before visible light 

illumination. Thereafter fixed amount of solution is taken from this mixture at certain time 

intervals and the concentration of the dye in the solution as a function of time is estimated by 

recoding absorption spectrum in a UV-Vis spectrometer. 

We have explored the photocatalytic property of the synthesized MoS2 NPs on brilliant green 

(BG) dye and representative results for ~17 nm are depicted in Figure 7.7(a). MoS2 NPs are 

added to aqueous BG solution, which is kept under visible light irradiation. Absorbance of the 

solution is then monitored and it is observed that the peak intensity of BG at 624 nm 

decreases with time (Figure 7.7(a)), which unambiguously shows the photocatalytic activity 
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of synthesized MoS2 NPs. The change in colour of the dye solution following visible light 

irradiation for 180 mins is presented in inset of Figure 7.7(a). Assuming a first order decay 

kinetics of BG degradation, we have plotted (c0/c) against time, as shown in Figure 7.7(b). 

For 0.18 mg ml-1 MoS2 solution, the rate constant of BG degradation is estimatted to be 210-

2 min-1. Size dependency of MoS2 NP is presented in Figure 7.7(c). It is found that the activity 

increases monotonically with decreasing the size of NPs. The catalytic activity does not 

change much on further decrease of NP size below ~ 17.0 nm. 

 

Figure 7.7 (a) Absorption spectrum for Brilliant Green dye degradation and the change of the 

colour of the solution depicts in inset. (b) Variation of photocatalytic decay rate with time. (c) 

Variation of degradation of BG dye with varying particle size (180 min) under visible 

illumination. 

Mechanism of photocatalytic dye degradation is presented schematically in scheme: 7.1. It 

can be noted here that bulk 2H-semiconductor MoS2 has an indirect band gap of 1.2 eV and 

does not show any photocatalytic activity. In case of chemically exfoliated MoS2 NPs we 

have observed three distinct absorption peaks (excitonic A ~1.85 eV, B ~1.95 eV and C ~2.5 

eV) peaks. Overall the NPs produce a broad absorption spectrum (350-800 nm) covering the 

almost entire visible range, which helps to absorb illuminations of different wavelengths. As 

the dimension of NP is reduced, the quantum confinement becomes prominent, moreover due 

to surface modification and the formation of surface defect and trap states, various optical 

transitions evolve. The formation of such a broad absorption spectrum in the visible range 

and the enhanced effective surface area lead to the generation of a larger density of photo-

generated carriers. 
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Scheme: 7.1. Schematic representation of photo-catalysis of BG with MoS2 NPs. Bulk MoS2 

having an indirect band gap of 1.2 eV does not absorb visible light and is, therefore, photo-

catalytically inactive. MoS2 NPs, on the other hand, has a direct band gap of >1.8 eV along 

with a wide absorption band resulting in enhanced absorption of visible light and degradation 

of BG dye. 

The generated photo carriers, before recombination, react with oxygen and water molecules 

to produce super oxide and hydroxyl radicals, which can degrade the dye molecules. Thus the 

irradiation of MoS2 NPs produce electron and hole pairs, which led to the dissociation of BG 

to generate H2O and CO2 
34 in the following way: the holes react with the surface absorbed 

BG to produce highly reactive hydroxyl radicals (𝑂𝐻̇−), while electrons on reaction with 

molecular oxygen produces superoxide radicals (𝑂2
−̇) The hydroxyl radical being highly 

active leads to the degradation of BG. The estimated value of decay rate 210-2 min-1 is 

comparable to the best results reported in the literature for SnO2 and Zn capped SnO2 NPs 35, 

TiO2 and TiO2/SnO2 nanocomposite 36, TiO2 and TiO2-Zn and TiO2-Cu nanocomposites 37. 

We have compared the photocatalytic degradation efficiency of the present system with some 

previously reported MoS2 nano-structures 38-40, which is presented in Table 7.2. We have 

observed that the rate constants obtained in those studies are either smaller or comparable to 

the present investigation. 
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Table: 7.2 Comparison of photocatalytic activity of MoS2 NP with previous reports 

Dye type Catalyst Illumination condition Time / Rate Reference 

Rhodamine B and 

Methylene blue  

3D flower-like 

MoS2 hemispheres 

450 nm, 5W 90% in 120 min 38 

Methylene blue Porous MoS2 Visible, 100 W Xe-lamp 89.2% in 150 min,  

0.0148 min-1 

39 

Methyl Orange  MoS2 nanosheets Visible,  

300 W incandescent 

lamp 

98% in 120 min 

(pH=2) 

 

40 

Brilliant green MoS2 

nanoparticles, 

size ~ 17nm 

Visible light  ~99% in 180 min 

2.0×10-2 min-1 

Present 

work 

 

7.4 Summary: 

In this study variable sized (11-70 nm) MoS2 NPs are synthesized through a simple chemical 

exfoliation technique. The NPs are found to be stable exhibiting good crystallinity, as 

explored using XRD and Raman spectroscopy techniques. It is observed that the size tunable 

optical properties of NPs as a consequence of quantum confinement, which are otherwise not 

observed in layered MoS2. MoS2 NPs also display excitation dependent emission profile, 

which makes them useful for specific applications. Emission lifetime of the dispersed NPs is 

found to be dependent on their size with the radiative and non-radiative dynamics mediated 

by relaxation between bands as well as the defect and trap states of the NPs. The average 

lifetime is decreased with the reduction of size indicating the influence of carrier 

recombination dynamics and the role of surface defect states in defining the emission profile. 

We have observed a non-linear increase in the relative Q.Y of the NPs as the size decreases 

below the Bohr radius. The synthesized MoS2 NPs show good photocatalytic activity for 

degradation of brilliant green dye in visible light which can be used for textile and dye 

removal treatment applications. 
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Conclusions and Future Scope of Study 

 

8.1 Conclusions: 

Chemically TMDC nanosheets attain immense research interest for developing next 

generation self-powered piezoelectric devices. Alloy engineering and heterostructure 

formation improve it’s optoelectric and electric properties. Nanocomposite formation of the 

TMDC nanosheets with piezoelectric polymer develops new way for fabrication of self-

powered piezoelectric nanogenerator. Besides that the broadband absorbance band, emissive 

properties are the key parameters to the study the interesting optoelectronic properties of 

TMDCs and also helpful for fabricating self-powered photosensitive nanogenerators and 

optical sensors. TMDCs are eco-friendly, easy to synthesis, highly stable, flexible, possess 

high mechanical strength which necessary to build up low cost, highly stable, strain sensitive 

piezoelectric nanogenerator. In this dissertation self-powered, flexible piezoelectric 

nanogenerators are fabricated (based on TMDC nanosheets) and various piezoelectric 

properties are studied, the major outcomes are summarized below: 

Mechanically flexible, self-poled PVDF-MoS2 nanocomposites have been synthesized with 

chemically exfoliated two-dimensional MoS2 nanosheets and PVDF polymers. Fabricated 

PVDF-MoS2 nanogenerator exhibits a record piezoelectric output (~ 2.07 V/kPa) and 

superior power density (~88.5 µW/cm2), it can also generate piezoelectric output under a very 

low mechanical strain and exhibits high sensitivity towards human finger touch, which paves 

a promising application energy harvesting exploiting everyday biomechanical activities. The 

energy conversion efficiency of the nanogenerator is ~ 17.8% and the experimental evidence 

of charging of a capacitor and the glowing of light sources led us to assume that the 

appropriate design of this PENG can explore its application to power up different electronic 

gadgets, which are used in our everyday life. 

Self-poled PVDF-WS2 nanocomposites have been synthesized by using chemically exfoliated 

two-dimensional WS2 nanosheets and PVDF polymers by following a low cost, eco-friendly 

technique. The exfoliated WS2 nanosheets not only enhance the piezoelectric output voltage 

but also induce photo-activity in the nanocomposite devices over the pristine PVDF. Colossal 

piezoelectric voltage of ~ 116 V (for ~ 105 kPa) and record energy conversion efficiency of ~ 

25.6% are obtained from the PVDF-WS2 PENG. Further, the piezo-coupled photocurrent 
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ratio in mechanically stressed to relaxed configuration is enhanced by 287% under 

illumination, producing a high photoresponsivity, detectivity. A high output power generation 

under illumination than dark makes the system promising for extracting power under light 

illuminated condition. The excellent stability and capability of producing electrical power 

from surrounding environment and routine activities make the PVDF-WS2 system attractive 

for application in future wearable, stretchable and portable electronic devices. 

A self-powered, portable UV photodetection system based on ternary 2D TMDC alloy 

(Mo0.5W0.5S2) with impedance matching between a self-polled piezoelectric nanogenerator 

and a photodetector is demonstrated. Alloy engineering is found to be a proficient strategy to 

overcome the defect state related problems in binary TMDCs, leads to the improved 

optoelectronic properties. The TMDC alloy based PENG produces a superior piezoelectric 

output voltage (~50 V) by simple finger tapping. The fabricated UV photodetector exhibits an 

exceptional photoresponsivity, impressive detectivity for an illumination of UV (365 nm). 

The PENG device can harvest bio-mechanical energy by simple finger tapping and can 

convert into electrical energy to drive a UV photodetector and the coupled device exhibits a 

large responsivity of ~0.75 V W-1cm-2 in self-powered voltage detection mode. By 

connecting the PENG in series with a UV photodetector, the system works as a UV-light-

intensity monitor, while the commercial constant chip resistors with parallel LEDs work as a 

UV sensitive alarm. Our results using novel ternary Mo0.5W0.5S2 TMDC alloy pave the way 

for building highly efficient next generation mechanical energy harvesters for self-driven IOT 

devices. 

 

Intrinsic piezoelectric properties of such chemically exfoliated TMDC heterostructures are 

studied for first time (from best of our knowledge). Inverse piezoelectric properties of these 

as-synthesized nanosheets are examined through piezoelectric force microscopy (PFM). In 

support with PFM measurements, the enhanced piezoelectric output performance is obtained 

from MoS2-WSe2 heterostructure PENG devices than the other PENG devices. Besides the 

energy harvesting ability of this PENG, it can be used as senor and bio-mechanical energy 

harvester also, producing piezoelectric output voltage from simple human activities. Thus, the 

MoS2-WSe2 PENG can be adopted as a practical wearable energy-harvesting device as well 

as self-powered sensors. In addition, large-area, lithography free, cost effective thin-film 

PENG ensures that the reproducible output performance and also used for other the 
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applications purposes also. Our approach provides a simple route to realize large-area 2D 

material-based PENGs and wearable smart sensors. 

Variable sized MoS2 nanoparticles (NPs) are synthesized through a simple chemical 

exfoliation technique. Highly stable, crystalline NPs exhibit strong size dependency in their 

spectroscopic properties as the consequence of quantum confinement effect. The synthesized 

MoS2 NPs show good photocatalytic activity for degradation of brilliant green dye in visible 

light which can be used for textile and dye removal treatment applications. 

 

 

8.2 Future scope of study: 

Although details study on TMDC based piezoelectric devices are carried out and the 

optoelectric properties of TMDC alloy and piezoelectric properties of TMDC heterostructures 

has been reported, but several important sites cannot be covered in the present work, which 

requires further investigations. Some of the important studies are presented below: 

 Detailed spectroscopic properties (photoluminescence, raman) of TMDC ternary alloy 

nanosheets. 

 Piezo-phototronics, flexible photodetector study with the ternary alloy and 

heterostructure of TMDC nanosheets. 

 Ultrafast charge carrier dynamics studies of TMDC alloy and heterostructure 

nanosheets. 

 Size dependent spectroscopic and electric studies on TMDC nanocrystals. 

 Piezotronics study on single TMDC nanosheet and fabrication of flexible TMDC 

devices by using e-beam/ ion-beam lithography. 


