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A B S T R A C T   

Energy consumption and structure have changed in the new era along with the growth of the Internet of Things 
(IoT) and artificial intelligence, and the power sources for billions of dispersed gadgets and sensors have sparked 
attention globally to protect the environment. Due to the rising usage of non-renewable energy sources and the 
resulting environmental damage, researchers are investigating alternative energy systems that can harness en-
ergy from the environment. Therefore, self-sufficient small-scale electronic systems will be possible through the 
use of underutilised natural waste energy sources collected in nanogenerators (NGs). The features of the ma-
terials used have a significant impact on how well NGs work. In this regard Molybdenum disulfide (MoS2), a 2D 
material, is one of the compounds that is discussed vastly nowadays due to its exceptional characteristics that 
made it useful in a variety of applications. Many research papers on the advancement and implementation of 
MoS2 materials have been published, but this article will give an in-depth overview. It offers an introduction and 
interpretation of the main properties of 2D MoS2 nanomaterials, starting with their current state, properties, and 
various synthesis processes. Later, the review concentrates on MoS2 applications and energy-harvesting capa-
bilities and gives a comprehensive study of piezoelectric, triboelectric and thermometrical nanogenerators based 
on 2D MoS2 nanocomposite materials.  
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1. Introduction 

The energy, resource, and environmental concerns that people face is 
becoming increasingly significant as modern civilization grows [1]. 
Traditional non-renewable energy sources have limited supply and 
damage the environment when they are used [2]. The environment is 
emitting more carbon as a result of rising energy demand, and the 
scarcity of fossil fuels has increased demand for green and renewable 
energy production. Harvesting renewable energy is a fantastic way to 
meet the energy needs of future generations and mitigate climate change 
[3]. The advancement of renewable energy-generating technologies is 
essential for promoting sustainable economic growth and safeguarding 
the environment. The majority of electronic devices use batteries, which 
must occasionally be recharged or replaced [4]. 

Although batteries are the most established and effective technology, 
they are not appropriate for Internet of Things (IoT) applications due to 
their weight and price and also it would be difficult to track, replace, and 

recycle every one of the billions of batteries that are in use globally and 
have a limited lifespan. To make the Internet of Things (IoT) a reality, it 
is thus necessary to incorporate a nanogenerator that converts me-
chanical energy from human motions into electrical energy [5]. Nano-
generators have been created to harvest ambient mechanical energies, 
which are thought of as waste energies (e.g., turbulence, human motion, 
vibration, etc.), and use them for self-sufficient power systems that can 
do away with batteries and can eliminate harmful harvesting equipment 
with little to no maintenance [6]. The process of turning friction into 
electricity allowed for the beginning of mechanical energy harvesting in 
the late 1700 s.Through the creation of the electromagnetic generator, 
Wimshurst machine (static electricity), and Van de Graaff generator, 
these findings were later commercialized in the 19th century. However, 
throughout the past century, mechanical energies have not been the 
focus of energy-scavenging technology. The development of nano-
generators has only recently witnessed a spike due to the appearance of 
highly specialized nanotechnologies and methodologies. Through the 

Fig. 1. Schematic representation of 2D materials with their characteristics.  
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use of pyroelectric, triboelectric, and piezoelectric processes, nano-
generators transform mechanical forces into electrical energy. Vibra-
tion, solar, and thermal sources are among the environmental energy 
harvesting sources that have grown significantly. This is mostly because 
they are more reliable, efficient, and stable overall in the system [7,8]. 

Several semiconductor nanostructured materials, including ZnO [9], 
GaN [10], and insulating materials, like PbZrTiO3 [11] and BaTiO3 [12] 
have been created to replace conventional batteries. These materials 
have high piezoelectric charge coefficients, which equate to high output 
voltage. Due to their electronic structures, chemical, electrical, and 
optical properties, 2D materials have also piqued a lot of interest in this 
respect [13]. Materials with an exceptionally thin layered crystalline 
structure that exhibit Van der Waals bonding in the interlayer and co-
valent bonding in the intralayer are referred to as two-dimensional 
nanomaterials. Owing to quantum confinement, 2D nanomaterials 
have a high surface area to volume ratio, atomically thin structure, and 
unique properties that distinguish them from their bulk form. These 
materials offer excellent performance in energy conversion and storage, 
and potential environmental applications for graphene-based materials 
include membrane-based dissociation, adsorptive pollutant removal, 
photocatalytic oxidation, sensors. Attributed to their significant precise 
surface area and riveting characteristics (Fig. 1) that are usually inac-
cessible in high volume or bulk forms, two-dimensional (2D) such as 
graphene-based nanomaterials, particularly immaculate graphene and 
graphene oxide (GO), as well as reduced GO, has piqued the interest of 
researchers. Environmental applications for graphene-based nano-
materials include adsorptive pollutant removal, photocatalytic oxida-
tion, sensors, and membrane-based dissociation [14,15]. 

Driven by graphene, a wide range of 2D nanomaterials, including 
monoelemental and multicomponent objects like transition metal 
dichalcogenides, have been discovered in exponential growth [16], 
graphene-analogous graphitic carbon nitride (g-C3N4) [17], hexagonal 
boron nitride (h-BN) [18], phosphorene [19], perovskites [20], transi-
tion metal carbides/nitrides (MXenes); [21–23], group IVA and group 
VA monoelements Xenes [24,25] such as graphdiyne [26–28], bismu-
thine [29,30] Selenene [31–33] and so on are highly sought-after for a 
variety of fascinating uses that stem from their distinctive optical, 
electrical, and catalytic characteristics.[34] for example, recycling solar 
power (photovoltaic cells, perovskites, photocatalysis) [35], energy re-
covery via mechanical means (triboelectric and piezoelectric devices) 
[36], process of recovering heat (thermoelectric and pyroelectric sys-
tems) [37] and recycling chemical energy, for example, producing 
electricity through osmosis [38]. In order to generate power for hand-
held electronic devices that can harness human energy for a variety of 
practical uses, including as motion detection and code transmission. 2D 
nanomaterial-based nanogenerators may prove to be an appealing op-
tion [39]. 

Since the article’s main application section is based on the research 
about fabrication of (piezo-, tribo-, and thermo-eletcric) nano-
generators, we have concentrated on molybdenum disulfide (MoS2) 
because of its exceptional combination of properties. It is superior to 
other 2D materials, such as graphene, MXene, Xene, and hexagonal 
boron nitride (h-BN), among others, for the creation of nanogenerators. 
Its ability to convert mechanical stress into electrical energy, a necessary 
quality for effective nanogenerator performance, is one of its main ad-
vantages. The direct bandgap and semiconducting characteristics of 
MoS2 are essential for managing the electrical charge flow in nano-
generator devices. Its layered nature also makes it simple to exfoliate 
into thin layers, which makes it easier to create the thin films and 
nanostructures that are essential for designing nanogenerators. MoS2 
must possess both mechanical strength and flexibility in order to endure 
mechanical deformations that occur during energy conversion opera-
tions. MoS2′s tunable characteristics, which can be adjusted for thick-
ness, flaws, and doping, give the material flexibility in meeting different 
nanogenerator needs. Additionally, MoS2 shows compatibility with 
other materials that are frequently utilised in nanogenerator devices, 

guaranteeing efficient integration with substrates and electrodes [40]. 
The article then goes on to describe in full the introduction, character-
istics, development, and range of uses of molybdenum disulfide 
nanoparticles. 

Molybdenum disulfide (MoS2), a 2D transition metal dichalcogenide, 
stands as an attractive and promising 2D material with numerous 
phenomenal physical, chemical, physiological, and photoelectronic 
transistors and photodetectors, that vary considerably from those of 
graphene-based nanomaterials, conceivably paving the means for new 
ecologically aware factors and applications [41,42]. MoS2 nanosheets, 
which have previously been shown to have been used in the disciplines 
of electronics, enzymes, biomedicine like patchable and implantable 
devices, and energy, are anticipated to have a variety of uses in the 
environment [43,44]. Indeed, bulk MoS2 has long been thought to be 
useful as environmental catalysts and adsorbents because it occurs 
naturally as the abundant mineral molybdenite [45]. Methodology for 
disassociating MoS2 monolayer or very few constituents from bulk 
quantities and generating mass amounts of MoS2 nanosheets with 
distinctive attributes to nanosized materials become accessible. Since 
then, Molybdenum disulfide (MoS2) has been one of the transitions 
metal di-chalcogenides (TMDCs) that has demonstrated remarkable 
behaviour in terms of synthesis, properties, functionalization, and tun-
ing [46]. Single-layer molybdenum disulfide (SLMoS2) displays superior 
properties when it reaches the nanoscale. The direct band gap implies a 
faster rate of electron and hole generation/recombination and, as a 
result, high mobility of electrons exists [47]. It has a high refractive 
index, n = 4.7739, according to Beal and Huges (1979) [48]. As a result, 
it can be used as a solid lubricant in optical electronics and chemical 
coating materials. It is widely used as a drought-stricken lubricating oil 
due to its low coefficient of friction and ruggedness. SLMoS2 has a low 
reactivity. Dilute acids and oxygen have no effect on it [49,50]. It has 
high elasticity and a low pretension. Furthermore, the very flimsy 
framework of MoS2 presents some difficulties in optoelectronics appli-
cations, as single-layer sheets reflect 100 % of incident photons [51,52]. 

In this review, we present a thorough overview of MoS2 (in both bulk 
and single-layer form), reviewing significant previous literature 
focusing on their structure, characteristics, fabrication techniques, and 
MoS2 applications as a flexible piezoelectric, triboelectric and thermo-
electric nanogenerators for energy harvesting [53]. In order to better 
understand their architectures, we first categorize the MoS2 nano-
structures into three different forms or polytypes. The crystalline 
anisotropy of individual sandwiched S-Mo-S layers and their many 
properties, such as activity, resistance, catalytic, photosensitive, and 
electrical properties, are investigated. Wide-ranging synthesis method-
ologies employing physical and chemical techniques are then described. 
Additionally, a focus is placed on their techniques of manufacture, as 
well as their varied chemical and physical characteristics and applica-
bility. Then, several significant recent advancements and future research 
directions for materials based on MoS2 employed in energy harvesting 
applications are also emphasized. We anticipate that this analysis will 
aid and motivate the future research and development of MoS2-based 
materials and devices. Fig. 2 represents MoS2 materials based piezo-
electric, triboelectrically and thermoelectrical nanogenerators. 

2. Properties of MoS2 

Molybdenum disulfide (or moly) is a molybdenum and sulphur 
inorganic compound with a chemical formula denoted as ‘MoS2′. The 
compound belongs to the transition metal dichalcogenide class. Mo-
lybdenum is a transition metal with a partly filled ‘d-shell’, that accounts 
for its chemical stability and versatility in compound synthesis [56]. 
Metal-disulfide compounds and nanocomposites are identically enticing 
for an extensive range of mechanical, electrical, and other applications 
because disulfides have strong S-S bonds [57]. 

It can also be used as a potential replacement for graphite in high- 
vacuum application fields, but it has a lower maximum operating 
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temperature than graphite [58,59]. The physical appearance, structure, 
optical and electrical, chemical, thermal, and mechanical properties of 
MoS2 are discussed below. 

2.1. Physical appearance and structural properties 

Molybdenum disulfide (MoS2), a bright-coloured black solid, which 
is the primary molybdenum ore, consists of a crystal structure of a 
hexagonal plane of Sulphur (S) atoms on either side of a hexagonal plane 
of Molybdenum (Mo) atoms. To create the two-dimensional sheets of 
MoS2, the three planes stack up on top of one another, locked together 
by solid covalent connections existing in-between the Mo and S atoms 
[60 61]. The crystal phases of bulk MoS2 crystal can be found in a variety 
of forms depending on the different synchronisation of the Mo atom, 
such as 1 T MoS2, 2H MoS2, and 3R MoS2 and the structure of the 3 
polymorphs is shown in Fig. 3. [62,63]. In these polymorphs, the first 
digit represents the number of monolayers in a unit cell, while the last 
three letters, T, H, and R, stand for trigonal, hexagonal, and rhombo-
hedral, respectively, to denote structural symmetry [64,65]. These 
phases are distinguished by their own features that result from changes 
in layer symmetry. With its deformed octahedral symmetry, the 1 T 
triagonal phase is known for its metallic behaviour, which promotes 
effective electrical conductivity. On the other hand, the hexagonal 2H 
phase features a band gap that affects its electrical characteristics and is 
semiconducting. With its rhombohedral symmetry and rotational 

stacking, the 3R phase similarly demonstrates semiconductor capabil-
ities; but, because of the unique layer arrangement, its specific proper-
ties differ. These structural variations affect piezoelectric characteristics 
in addition to electrical conductivity. The unique layer symmetries 
connected to each phase affect MoS2′s capacity to produce electric 
charge in response to mechanical stress [66].A material’s band structure 
can be significantly altered by reducing its thickness to one or even a few 
atomic layers. Based on the thickness it is demonstrated by some 
research groups that band gap of 1 T phase of MoS2 exist with 1.8 to 2.1 
eV while 2H and 3R phase consist of 1.2–1.3 eV and 1.416 eV respec-
tively [67]. Monolayer MoS2, for instance, differs from its bulk form in 
that it has a direct band gap, which makes it potentially valuable for 
applications in piezoelectric electronics and optoelectronics. Thus, sur-
face alterations, such as the addition of atoms and defects that result in 
surface ferroelectricity and piezoelectricity, can significantly change the 
piezoelectric characteristics of 2D materials [68]. For electronics and 
energy-based reactions, most of the studies are done in 2H and 1 T MoS2 
phases [69]. Table 1 represents the contrast among the three polytype 
structure of MoS2. 

2.2. Optical properties 

This includes band gap, reflectance, transmittance, emittance, 
absorptance, and index of refraction [70,71]. SLMoS2 has a direct band 
gap of about 1.8 eV with a very high sensitivity in photon detection 

Fig. 2. MoS2 based flexible nanogenerators [54,55]. All essential copyrights and permissions received.  
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resulting in higher penetration efficiency for incident light with high 
absorption coefficient. According to Lopez-Sanchez et al, the photo-
responsivity of single layered MoS2 can reach as high as 880 A/W for 
incident light at 561 nm, and the photo-response exists throughout the 
400–680 nm range [72]. The electron-hole pair is effectively produced 

by photoexcited in doped SLMoS2, which combines the doping-induced 
charges to generate two electrons and one-hole bonded states [73]. 
MoS2 monolayers can absorb about 10 percent of the overall of incident 
light to photon energies just above the bandgap [74]. 

In direct band gap semiconductor material, Wannier-Mott excitons 

Fig. 3. (a) Representation of the 3 polytype structures 1 T, 2H and 3R MoS2 from both (Top and side view), (b) Shiny silver black and grey sheet like structure of 
MoS2, and (c) A layer of molybdenum atoms (in blue colour) is sandwiched between two layers of sulphur atoms (in yellow colour) in the crystal structure of 
monolayer MoS2 [images reproduced from Molybdenum Disulfide (MoS2): Theory & Applications]. All essential copyrights and permissions received. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Represents the Contrast among the three Polytype structures of Molybdenum Disulfide.  

MoS2 Properties MoS2 Polytypes 
1 T 2-H 3-R 

Coordination Octahedral Trigonal Prismatic Trigonal Prismatic 
Space Group P3m1 P63/mmc R3m 
Lattice Parameters a = 5.60 A, c = 5.99 A & edge sharing octahedral a = 3.15 A, 

c = 12.30 A 
a = 3.17 Å, c = 18.38 A 

Property Paramagnetic & Metallic Semiconducting Semiconducting 
Electrical Conductivity 105 times higher than the 2H phase Low (~0.1 S m− 1) Low (~0.1 S m− 1) 
Band Gap 1.8–2.1 eV 1.2–1.3 eV 1.416 
Absorption Peak No peaks at 604 nm & 667 nm Showed peaks at 604 nm & 667 nm Showed peaks at 604 nm & 667 nm 
Symmetry Octahedral Hexagonal Rhombohedral 
Stacking AbC AbABaB AbABcBCaC 
Application Intercalation Chemistry Dry lubricants Dry lubricants & non-linear optical devices  
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(or, more correctly, excitonic polaritons) recombine to form the pho-
toluminescence (PL) band, and the wavelength of irradiation is related 
to the band gap while taking the exciton binding energy into consider-
ation [75,76]. The indirect band gap of a bulk MoS2 crystal is observed 
as 1.29 eV [77]. 

Most notably, it is noted as a distinct characteristic of MoS2, with 
variations in the MoS2 layer’s thickness resulting in variations in its 
bandgap. Because MoS2 is a semiconductor, its electrical and optical 
properties are affected by the minimal energy needed for an electron to 
transit from the valence band to the conduction band. This energy dif-
ference occurs at a moment that is roughly 1.2 to 1.3 electron volts (eV) 
in bulk form. On the other hand, it changes from a bulk to a monolayer 
or few-layer semiconductor by decreasing its thickness. When MoS2 is in 
monolayer form, it displays a direct band gap. Monolayer MoS2 has a 
band gap value of between 1.8 and 2.1 eV. As the number of layers 
drops, the indirect to direct band gap steadily changes. The local levels, 
or localized states, within the band gap likewise decrease with 
decreasing thin film thickness. The energy band gap then rises as a result 
of this. MoS2′s direct band gap considerably enhances its light-emitting 
characteristics, making it more advantageous for use in optoelectronics 
[69]. 

2.3. Electrical properties 

For electronic operations like transistor performance, the electronic 
band structure is crucial. The electronic band gap specifies whether the 
material is having a zero-band gap (conductor), a moderate band gap 
(semiconductor), or having a large band gap (insulator) [78]. Owing to a 
small band gap, single layered MoS2 is well-suited for transistor appli-
cations. It is well known that band gap plays a crucial role in electronic 
applications. Thus MoS2′s band gap, like graphene’s, can be modified by 
straining the material. A few research groups have reported that the 
increment of 300 meV and 1.2 eV in bandgap observed when 1 % bi- 
axial and 1.5 % uniaxial tensile mechanical strain is applied in layered 
and bulk MoS2 material respectively [7980]. 

Apart from that, this band gap is also influenced by the lateral 
electric field (can convert semiconducting structure to the metallic 
structure)[81]. MoS2 is a non-direct band gap semiconductor in the bulk 
(and bilayer), it becomes a direct band gap semiconductor in the 
monolayer [82]. It should also be observed that the absence of inversion 
symmetry causes the symmetry of the monolayer (D3h point group) to 
be different from that of the bulk (D6h), encouraging investigation into 
the significant applications of MoS2 to be used to produce piezoelec-
tricity [83]. 

2.4. Mechanical properties 

In structural applications of MoS2, the mechanical properties play an 
important role. Having a good stiffness comparable with steel and a 
greater breakage toughness than adaptable polymers like poly-
dimethylsiloxane (PDMS) and polyimide (PI) [84], make it suitable for 
flexible electronics MoS2 is a sturdy semi-conducting material that can 
withstand up to 25 % elastic deformation before getting ruptured 
completely. Besides this, it has a larger intrinsic energy band gap and 
Seebeck coefficient than graphene [85,86]. Turning to Young’s modulus 
and yield stress, MoS2 has a reported Young’s modulus of 270 ± 100 GPa 
and yield stress of 15 ± 3 N/m (23 GPa), which is similar to steel in the 
Bertolazzi et al. [87] study and E = 16.5 N/m, or E3D = 210 GPa 
measured by another research group (Cooper et al. [88]). Recently Liu 
et al. [89] in his nano-indentation studies observed Young’s modulus of 
around 170Nm− 1on chemical-vapor-deposited single layered MoS2 
while based on SW potential theory, it is predicted that the effective 
Young’s modulus for single layered MoS2 will be 139.5 Nm− 1. The in- 
plane stiffness of monolayer MoS2 is 180 ± 60 Nm− 1. The MoS2 
breaking occurs at an effective strain of 6–11 % with a regular breaking 
strength of 15 ± 3Nm− 1 (23GPa) [90]. M.B. Khan et.al. 2017, [91] 

studied the breaking strength of MoS2 nanosheet disseminated in a 
polystyrene matrix and observed strength of around 48 GPa - twice the 
ultimate tensile strength (UTS) of MoS2 nanosheets and enhanced sub-
stantially (~×3) with a small addition of MoS2 nanosheets (0.00002). 
The delocalized electrons of Mo are believed to be responsible for this 
unique behaviour [92]. Next the bending modulus (D) of SLMoS2 is 9.61 
eV, seven times that of graphene due to more interaction effects that 
restrict bending movement [93]. Another research group observed that 
a single layer of S atoms has a bending modulus of 1.75 eV. Using the 
‘geometric method’ or ‘thin shell theory’ with the SW potential, it was 
determined to be 9.61 eV [94]. 

2.4.1. Buckling phenomenon 
Buckling under uniaxial compression is important for nanodevices. It 

is frequently evaluated using phonon analysis and molecular dynamics 
simulation [95,9697]. The buckling critical strain is proportional to the 
layer length, as calculated by c = L = 43.522, and is comparable to 
theoretical values. The critical strain is temperature independent up to 
50 K, it changes with the increase due to a thermally facilitated healing 
process like the one found in carbon materials [98]. Single-layered MoS2 
has a buckling critical strain twenty times that of graphene (19.7 in 
length is approximately 0.0068)[99].whereas the buckling critical strain 
for SLMoS2 of the same length is 0.0094, which is one order higher than 
graphene, according to Jiang 2014′s simulation results. It implies that 
SLMoS2 is more compressible than graphene due to a higher buckling 
critical strain, making it a better choice [100] for nanodevice 
applications. 

2.5. Thermal properties 

The thermal properties of a substance are those that relate to how 
effectively it transmits heat or in another way, they are the properties of 
a material when heated. Thermal energy can be transmitted by phonons 
or electrons in a material when there is a temperature gradient. Addi-
tionally, electronic thermal conductivity is crucial for metals [101]. 
Few-layer MoS2 has a thermal conductivity of about 52 Wm− 1K− 1, lesser 
than thick graphene (1000 Wm− 1K− 1) layers, according to research by 
Sahoo et al. (2013)[102]. It is also observed that the thermal conduc-
tivity of MoS2 has been measured to be 18.06 Wm− 1K− 1 measured along 
its plane and in the out of plane direction, it reduces to 4.17 Wm− 1K− 1 

[103]. Layer exfoliation and restacking result in lattice mismatch, which 
lowers heat conductivity and increases phonon dispersion [104]. The 
exfoliated MoX2 group make excellent candidates for thermally insu-
lating solid lubricants due to their low heat conductivity [105]. A 
summary of the aforementioned properties of SLMoS2 is tabulated below 
(Table 2). 

3. MoS2 synthesis 

MoS2 nanostructures have been synthesised by using a variety of 
techniques [Fig. 4], which can be split into two main groups: physical 
and chemical techniques. High-energy techniques such as microwave 
plasma, laser ablation, arc discharge, sputtering, pulsed-laser deposi-
tion, mechanical exfoliation, sputtering, epitaxy, plasma, etc. are 
commonly used in physical methods [111]. The MoS2 nanostructures 
that were produced, however, are patchy and prone to aggregation, 
which could limit their surface areas and prevent further functionali-
zation or dispersal. The disadvantage of this process is that it requires a 
high-purity raw material and it is difficult to destroy its original lattice 
structure. A variety of chemical routes have been reported, including 
metal–organic chemical vapor deposition, high-temperature transport, 
hydrothermal method, decomposition or annealing strategies, and sol-
vothermal and sonochemical synthesis [112,113]. 
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3.1. Physical methods or top-down approach 

The physical method is used in top-down approaches to nano-
material synthesis. The bulk quantity of material is reduced in the top- 
down approach, or we can say that in other words “a giant crystal is 
exfoliated’’. The top-down approach’s fundamental drawback is that it 
can only be used with 2D materials, regardless of its benefits in terms of 
affordability and easiness of use [114]. 

3.1.1. Exfoliation technique 
Exfoliation or intercalation is complete material separation. It is an 

easier and more scalable technique. Exfoliation became the most pop-
ular method for preparing monolayer materials after Novoselov and 
Geim discovered exfoliated graphene in 2004 and were awarded a Noble 
Prize in 2010 [115]. This method was later applied to many other 2D 
materials, including some MoSe2, WS2, MoS2, MoTe2, TiS2, TaSe2, and h- 
BN-type transition metal dichalcogenides (TMDCs) [116]. 

Table 2 
The summary of SLMoS2 properties.  

SI. No. Property (Reported) Unit (S.I.) Obtained Value Reference 

1. Young’s modulus N⋅m− 1 E2D = 180 ± 60 
E2D = 335.0 
E2D = 120 ± 30 
E2D = 170 
E2D = 139.5 

[87–89,106] 

2. Yield stress N⋅m− 1 σint = 15 ± 3 
σint = 42.4 
σint = 16.5 
σint = 44.4 
σint = 17.5 

[87,88,92,107,108] 

4. Bending modulus eV D = 9.61 [93] 
5. Buckling strain 1/L2 − 43.52 [100] 
6. ThermalConductivity W⋅m− 1⋅K− 1 6 (L = 4 nm)2  

(L = 120 nm) 
[109,110] 

7. Electronic band ev parabolic; Band Gap(monolayer),Egap ≈ 1.87 (direct)Band gap (Bulk) 1.23 [98,99] 
8. Optical absorption A⋅W− 1 high photoresponsivity 880 [72]  

Fig. 4. Various synthesizing techniques of MoS2 nanostructures.  
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3.1.1.1. Mechanical exfoliation. The very first single or few layered 
graphene with significant adhesive characteristic was synthesized by 
Novoselov’s group by using Scotch tape method [117]. Although many 
researchers have used this scotch tape method to synthesize the MoS2 
layered structure, its main disadvantage is that it produces a low yield. 
This method’s alternative, anodic bonding, has a higher yield and is an 
easy and simple method [118]. 

3.1.1.2. Liquid based ultrasonic exfoliation. Liquid phase exfoliation in-
volves three steps in its mechanism: dissolution, sonication by adding 
surfactants as a reinforcing material [119], and the third one is sepa-
ration centrifugation. Although the liquid exfoliation process is not so 
expensive, quality is deficient in overcoming the low yield; the tech-
nique is used for graphene preparation by using a variety of surfactant 
solution, ionic liquids and organic solvents by some researchers [120]. 

The technique of sonication of bulk MoS2 materials in chemical re-
agents with transitional polarities, such as by use of N-methyl-pyrroli-
done (NMP)), provides an efficient method for exfoliating other layered 
materials bound by van der Waals forces with low consumption energy 
(e.g., graphite, TMD, and hexagonal boron nitride) [121] but the pri-
mary drawback of ultrasonic exfoliation is that raw materials are 
frequently multi-layered [122]. Thus, it is necessary to remove surface- 
bound organic solvents or surfactants (like NMP) because of toxicity 
issues and practical requirements in unique applications [123]. A 
diphase structural combination of 1 T MoS2 phase and 2H semi-
conducting phase by MoS2 exfoliation is developed by the Ambrosi. et al. 
[124] group by using n-BuLi but a long reaction time, low yield, and 
uncontrolled nature are some of the drawbacks of this ion intercalation 
method [125]. From this liquid exfoliation technique, researchers not 
only developed powders and wet suspensions but also a few researchers 
developed a thin film to study its optical and electrical properties 
[126,127]. 

3.1.1.3. Chemical exfoliation. To enhance the yield, MoS monolayers 
were made via chemical exfoliation and lithium-ion intercalation [128]. 
In particular, Li-intercalated MoS2 with weaker interlayer attractions is 
produced when bulk MoS2 is incubated in an organic solvent that con-
tains Li (for instance, n-butyllithium in hexane). An ultrasonically 
reacting LixMoS2 with water creates a colloidally stable dispersion of 
MoS2 nanosheets. The charge transfer to MoS2 nanosheets during Li 
intercalation produces a zeta-potential l of 45 to 50 mV at neutral pH. 
[129,130]. The lateral measurements of 200 to 800 nm and a cross- 
sectional area of 1 to 1.2 nm, depicting that atom-thin monolayer MoS2 
was generally achieved with a yield rate of almost 100 % [131]. The 
large-scale manufacture of MoS2 nanosheets by this innovative chemical 
exfoliation technique, opens the door to real-world uses for these 
nanosheets in industries like power generation and anti-corrosion [132]. 

3.1.2. Sputtering 
Sputtering is useful to synthesize MoS2 thin films with low co-

efficients of friction. Sputtering conditions and parameters influence the 
compositional and morphological structure of thin films [133]. Vacuum 
and magnetron sputtering are two sputtering techniques commonly used 
by researchers [134]. End mills, drills, and cemented-carbide inserts can 
all be sprayed with solid lubricants using the closed-field magnetrons 
sputtering approach. [135–137]. Bichsel, Buffat, and Lévy prepared 
MoS2 films in a planar magnetron system using radio-frequency (RF) 
sputtering in 1986, and they also comprehensively examined the impact 
of sputter processing parameters on the morphological features of MoS2 
films with a focus on fine substrate temperature control. The coatings 
created by pulsed magnetron sputtering of loosely packed powder tar-
gets made of chromium and boron powder alloyed with 12.8, 18.9, and 
24.0 atom percent MoS2 were described in a 2008 paper by Audronis 
et al. A simple dip technique was also used to create a thin film of mo-
lybdenum disulfide (MoS2)[138]. 

3.1.3. Arc discharge 
One method for synthesizing nanomaterials in an inert atmosphere is 

the arc discharge method, a continuous plasma discharge caused by an 
electrical breakdown of gas [139]. Similar to how carbon onions and 
nanotubes are made, the MoS2 particles were created using arc discharge 
equipment [140–142]. In 2000, Chhowalla [140] synthesized IF-MoS2 
films using a high-pressure arc-discharge technique. Later, Alexandrou 
et al. 2003, [143] created MoS2 core–shell particles and in 2003, Sano 
[144] demonstrated that 2H MoS2 powder can be used to produce closed 
caged MoS2 nanoparticles with a considerably homogeneous size 
distribution. 

3.1.4. Pulsed-laser vaporization 
This process can be done in a sealed chamber or with a background 

gas like oxygen, which is prevalently used when dispersing oxides to 
completely oxygenate the deposited films [145]. In 2004, Parella et al. 
testified the synthesis of nano-octahedra of MoS2 nesting up to five 
layers with high symmetry and discrete size of close nano octahedra 
which make them the most analogous inorganic structure to carbon 
fullerenes (C60) that have been identified so far [146]. Serena et al. 
[147] and Sahu et al. 2019, [148] also achieved better thickness and 
improved the growing conditions to establish a polycrystalline film. 
Apart from that, microwave plasma [149–151], pulse Laser ablation 
[152–154], intercalation [155] and a few other top-down approaches 
[156–159] are useful to successfully synthesise MoS2 nanostructures 
such as nanosheets, nanocubes, nanorods hollow-cage fullerene-like 
particles, fibrous floccus, spherical nanovesicles and some of the layered 
structure. 

3.2. Chemical method or Bottom-Up approach 

The ’bottom-up’ approach has the probability of producing a lesser 
amount of waste and is more economical [160]. There is a large variety 
of methods involved in bottom-up approaches but only a few are used in 
the synthesis of the nanostructure of tri-chalcogenides family such as 
vapour phase deposition, solvothermal process, solution chemical pro-
cess, etc. which are briefly described as below. 

3.2.1. Vapor phase deposition 
Vapor deposition (VPD) is a commonly used procedure in the semi-

conductor and biotechnology industries for depositing a thin film of 
various materials in order to accomplish precise surface modification. It 
is one such possible method that has drawn a lot of interest. Physical 
vapor (PVD), chemical vapor (CVD), and atomic layer deposition (ALD) 
are all methods for synthesizing MoS2. Wang et al. (2013) used chemical 
vapor deposition (CVD) to create MoS2 flakes with regular structure, 
huge size, precise number of layers, and high crystallinity [161] 
providing new opportunities for high-performance nano-electronics. 
Later Yui. et al., 2019 [162] grew single-layer MoS2 films on sapphire 
substrates from molybdenum trioxide (MoO3) sulfide using the same 
CVD process and analysed that when the substrate is angled 30◦ and 
positioned 9.5 cm downstream of the molybdenum source, the di-
mensions of the prepared single-layer MoS2 are roughly 100 m - found to 
be bigger than MoS2 prepared on a horizontal face-up substrate. 

3.2.1.1. Physical vapour deposition (PVD). A thin film can be formed by 
the condensation of solid material and the condensed vapor is collected 
and nucleated on the exterior of the substrate to form a stable and solid 
film [163]. Among the various PVD synthesis techniques, thermal 
evaporation is the most widely used by many researchers. [164]. A high- 
optical-quality monolayer of MoS2 on an insulating substrate of SiO2, 
glass, and sapphire was synthesized by Wu et al. with excellent optical 
quality and high crystallinity [165]. Later Zhang and coworkers (2015) 
[166] developed amorphous MoS2 nanosheet with improved catalytic 
activity h firmness for the Hydrogen Evolution Reaction (HER) in acidic 
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solutions because of its three-dimensional nanostructure, unstructured 
nature, and availability of uncovered edge sites. 

3.2.1.2. The atomic layer deposition (ALD). Method is generally useful 
for fabricating both thick and thin films with fewer impurities and 
higher uniformity for use in various electronic and sensor-based appli-
cations. Loh et al [167] grew a highly crystalline and thin MoS2 film on a 
sapphire wafer using MoCl5 and H2S precursors at 300 ◦C. while Jurca 
et al. used a volatile Mo(NMe2)4 precursor (to avoid toxic and corrosive 
by-products) with H2S at a very low temperature of 60 ◦C, followed by 
an annealing process to crystallize the amorphous film and photoli-
thography compatibility for device fabrication [168]. Huang. et.al. 
[169] proposed a one-step ALD method for high crystalline MoS2 film 
growth on Si and Al2O3 substrates. They discovered that film grain sizes 
may be controlled from 20 nm to 100 nm at 420 ◦C to 480 ◦C, and that an 
Al2O3 substrate generates thicker film growth than a Si substrate. 

3.2.1.3. Solution chemical process. When using hydrothermal and sol-
vothermal synthesis techniques, a series of physicochemical reactions 
typically occurs in a stainless-steel autoclave for several hours or more at 
a relatively high temperature (e.g., 200 ◦C) and high pressure. As a 
result, a variety of MoS2 powders with different morphological struc-
tures are produced. Various structures like nano cubes, nanowires, 
nanoribbon, nanobelts different types of nanotubes like capped, T-sha-
ped nanotube and twisted nanotube are also reported during investi-
gation and experiments by using different precursors like sulfurization 
of Mo6S2I8, MoO3, (NH4)2MoS4 and etc [170–174]. Electrochemical 
deposition and photo-assisted deposition are sometimes employed 

[175–178] in this technique. Among different nanostructures, it is 
observed that MoS2 nanoribbons are perfect for fabricating devices since 
they can be oriented in parallel arrays and can reach lengths of 50 m 
[179]. The hydrothermal route has been widely used in many hydrogens 
evolution reactions (HER) and energy storage device-based applications 
in recent years [180,181]. Although most MoS structures are synthe-
sized by normal hydrothermal route, a few studies have used magnetic 
fields [182] or microwave assisted hydrothermal route [183]. Luo et al. 
studied the morphological structure under different conditions, such as 
different molar conc. ratios, in one of their research studies. As the hy-
drothermal temperature and time increased, he found a variety of 
morphological formations, including coral-like collected particles, 
flower-like spheres, and wrapped nano-sheet structures. In another 
study, Wang et al. demonstrated a change in the morphology of MoS2 
from nano to micro (rods-spheres-flakes to flowers) with changing the 
pressure values ranging from 0.1 MPa to 3.5 MPa, [184]. The sol-
vothermal process [185–191] was widely used to create various nano-
particle morphologies [190,192–194] and nanostructures, as well as 
metal–organic frameworks [195–198]. Numerous publications have 
also been made on the various MoS2 nanostructures created using the 
solvothermal procedure, which has been shown to be an easy and 
effective way to create MoS2/C nanocomposites [199,200]. Apart from 
that, high-temperature transport, decomposition or annealing strategies 
[170,201–205] and sonochemical synthesis [206–213] are some of the 
techniques used by many research groups. The summary of MoS2 syn-
thesis discussed above is presented in Table 3: 

Other methods also include micromechanical exfoliation (Scotch 
tape-based), intercalation exfoliation, hydrothermal synthesis, micro- 

Table 3 
Summary of MoS2 synthesis.  

Sl. 
No 

Method of synthesis Precursor Nanostructure 
developed 

Advantage Disadvantage Reference 

1 Sonochemical reaction (NH4)6Mo7O24 and CH3COSH Hollow 
MoS2microspheres 

Homogenous size distribu-tion, 
quick reaction time, high phase 
purity, controlled growth rate of 
crystals  

[188] 

2 Low temperature 
thermal reaction 

Mo(CO)6 with S circular bodies with 
flakes/rods   

[189] 

3 Simple annealing 
process 

(NH4)6Mo7O24⋅4H2O, Na2S⋅9H2O 
HCl and NH2OH⋅HCl 

MoS2nanoparticle to 
nanorod structure 

Facile technique Requires high 
temperature 

[192] 

4 Simple method 
followed by annealing 

Pollen grains, 
(NH4)6Mo7O24⋅4H2O 
and Na2S⋅9H2O 

MoS2 microspheres   [194] 

5 Arc Simple method 
followed by annealing 
discharge 

MoS2 Powder fullerene type 
structure   

[132] 

6 Pulsed Laser 
Vaporization 

MoS2 Powder nanooctahedra of 
MoS2 

Number of layers can be 
controlled by laser pulses  

[134] 

7 high-temperature 
annealing 

(NH₄)₂MoS₄ with S MoS2 thin layer   [159] 

8 Hydrothermal 
Reaction 

ammonium molybdate and thiourea 
@200 ◦C 

Flower like 
microsphere 

Morphology can be tuned by 
varying the reaction condition of 
hydrothermal synthesis 

Long duration of time [168] 

9 Hydrothermal 
Reaction 

Na2MoO4⋅2H2O, (NH2CSNH2) and 
PEG-1000@200 ◦C for 24 hrs. 

Nanoflakes   [169] 

10 Microwave 
Hydrothermal 
Synthesis 

((NH4)6Mo7O24⋅H2O and NH2CSNH2 

@200–220 ◦C for4-10 min. 
1 T@2H MoS2 

nanosphere 
Quick process  [170] 

11 CVD method MoO3,S powder and MMT @ 
400–750 ◦C for 20 min @10 ◦C/min 

Thin layer sheet Layers can be deposited on large 
area 

Inferior quality with lot 
of defects, low carrier 
mobility 

[214] 

12 hydrothermal 
intercalation and 
exfoliation route 

LiOH, ethylene glycol and MoS2 bulk 
crystals 

ultrathin 
MoS2 nanosheets   

[215] 

13 Ball–milled method Elemental molybdenum and sulfur 
powders @ 400 rpm for 10 h 

Uniform MoS2 

microspheres 
Facile, scalable Chances of 

contamination 
[216] 

14 Co-precipitation 
method 

((NH4)6Mo7O24⋅H2O, ammonium 
sulfide and citric acid at 150 ◦C under 
magnetic stirring 

MoS2 nanorods Quick, low temperature method Chances of 
contamination due to 
precipitation of 
impurities 

[217]  
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domain reaction or nano-casting approach, green synthesis and ther-
molysis of a single precursor containing Mo and S have all been used in 
the preparation of 2D thin-layer MoS2 [218–227]. 

4. MoS2 for green energy harvesting source (as nanogenerator) 

Given the present energy crisis, energy harvesting is not an unfa-
miliar term today. The immense demand for energy has made it difficult 
to strike a balance between the supply and demand of energy. Hence, 
there is a need to opt out of the conventional dominant fossil fuel-based 
energy sources, which are polluting and exhaustive in nature. Harvest-
ing energy from wasted mechanical sources is gaining attention owing to 
its abundance and easy availability [228]. Scavenging for energy from 
surrounding sources, and adapting it into suitable electrical energy for 
powering of electronic gadgets, is what is meant by the term “energy 
harvesting”. Some of the non-conventional energy harvesting technol-
ogies that have potential to cater to the energy demands of upcoming 
generations includes piezoelectric [229], triboelectric, and thermo-
electric energy harvesting techniques. These are cleaner alternatives 
compared to fossil fuel-based energy sources, as they do not give out any 
polluting by-products during their energy production process. Some of 
these technologies being based on material property, open avenues for 
synthesis of novel substances with superior energy conversion effi-
ciencies. Further, they being inexhaustive in nature, serve as a contin-
uous source of energy. Such kind of technologies, outshine batteries in 
terms of lifespan and performance stability. The sections to follow 
provide an idea about the potential of MoS2 as a piezoelectric, tribo-
electric and thermoelectric material. It has been used in the form of 
flexible nanogenerators to act as a power source for fulfilling energy 
requirements for various applications. 

With its remarkable mechanical and electrical capabilities (section 
2), molybdenum disulfide (MoS2) is an intriguing material that can work 
wonders at the nanoscale, particularly in the field of nanogenerators. 
Regarding a nanogenerator, a device meant to transform tiny mechan-
ical or thermal energies into electrical power [230], When used with 
several kinds of nanogenerators, such as piezoelectric, triboelectric, and 
thermoelectric nanogenerators, the adaptability of MoS2 is evident. 
MoS2′s two-dimensional (2D) structure is made up of thin layers with 
increased flexibility and surface area. This makes it perfect for absorbing 
and transforming mechanical and electrical energy (like pressure or 
vibrations) into electrical energy or other forms [231]. 

MoS2 is a good material for harvesting energy from motions or vi-
brations and can function as an excellent piezoelectric material in a 
piezo nanogenerator because of its ability to respond to mechanical 
deformations and generate electric charges. MoS2′s surface characteris-
tics make it an appealing material for use in triboelectric nanogenerators 
(TENGs). MoS2′s distinct two-dimensional structure, which is made up of 
stacked sheets of molybdenum atoms encased in sulphur atoms, is 
essential to understanding its tribological properties. Because MoS2 is 
two-dimensional, it has a high surface area, which makes it easier for it 
to interact with other materials in frictional processes. This character-
istic is essential for triboelectric applications, in which materials ex-
change charges because of mechanical contact and separation to 
produce energy. MoS2 also has outstanding frictional characteristics, 
functioning as a solid lubricant to lessen wear and improve the energy 
conversion efficiency in TENGs. MoS2′s chemical reactivity, especially 
along the edges of its layers, improves its capacity to participate in 
charge transfer during friction, which helps explain why triboelectric 
applications find use for it. Overall, MoS2′s customised surface qualities 
make it a viable option for the creation of effective and long-lasting 
triboelectric nanogenerators for energy harvesting [232]. 

A specific kind of nanogenerator called a thermoelectric nano-
generator (TEG) uses the principles of nanotechnology and thermo-
electricity to transform minute temperature variations into electrical 
energy at the nanoscale [233]. MoS2′s thermal characteristics make it an 
extremely promising material for thermoelectric nanogenerator 

applications (TEGs). Because of its modest thermal conductivity, MoS2 is 
a good fit for gadgets that use temperature differences to generate 
electricity. The excellent conductivity and thermal management of MoS2 
are critical in thermoelectric nanogenerators. MoS2′s layered structure 
makes it possible for it to sustain a temperature gradient, which is 
necessary to induce a voltage across the substance. This characteristic 
makes it possible to transform thermal energy into electrical energy, 
which has potential uses in situations where temperature swings are 
common. Moreover, the 2D form of MoS2 gives it a high surface area, 
which can improve its contact with heat sources and maximise the 
effectiveness of thermal energy harvesting. MoS2 has a lot of potential to 
help develop small, effective thermoelectric nanogenerators for low- 
power, sustainable electronic applications by utilising these thermal 
properties [234]. 

By combining these characteristics, MoS2 shows versatility with 
various kinds of nanogenerators, highlighting its potential in multipur-
pose energy collecting apparatuses. MoS2 is a versatile material in the 
field of green energy harvesting since it contributes specifically to each 
form of nanogenerator, whether it is exploiting temperature differen-
tials, responding to mechanical stress, or producing electricity through 
friction. We can harness a renewable energy source and lessen the 
environmental damage caused by traditional power producing tech-
niques by utilising MoS2 for green energy gathering. It’s a step in the 
direction of developing greener and more sustainable technologies. An 
overview of MoS2′s potential as a thermoelectric, triboelectric, and 
piezoelectric material can be found in the sections further follows in the 
article. MoS2 has been employed as a power source to meet the energy 
needs of numerous applications in the form of flexible nanogenerators. 

4.1. MoS2-based flexible piezoelectric nanogenerators (PENGs) 

The adoption of efficient compact sources of energy is essential due 
to the limited supply of fossil resources, environmental damage, diffi-
culties with chemical batteries, and the numerous practical advantages 
of wearable gadgets. The piezoelectric effect was brought to light in 
1880 by Pierre and Jacques Curie. When the core symmetry of bulk or 
nanostructured semiconductor crystals is disturbed by an outside force, 
a piezoelectric potential is then produced. Piezoelectric nanogenerators 
are nano-electronic devices that convert mechanical or potential energy 
into electrical or automated energy (PENGs). They have the potential to 
be used in place of traditional chemical batteries. Mechanical energy can 
be transformed into electricity by piezoelectric nanogenerators [3]. 
Fig. 5 indicates the different types of fabricated piezoelectric 
nanogenerators. 

Wang et al. [9] invented the first PENG in 2006. In this case, 
piezoelectric ZnO nanowire (NW) arrays converted mechanical energy 
into electric energy. Since the first PENG was claimed, numerous mini- 
sized electronic devices such as marketable light-emitting diodes (LEDs) 
and liquid crystal screens, and numerous piezoelectric energy harvesting 
devices have been created and examined [239]. PENGs can therefore be 
used to power handheld gadgets, wireless devices, and futuristic sensor 
networks as both mechanical energy harvesters and cutting-edge power 
sources. To date, the nanogenerator device has been built using a variety 
of piezoelectric/ferroelectric nanostructures [231,240] such as GaN, 
ZnO nanorods/nanodots, PZT, BaTiO3, LiNbO3, and others [241–245]. 
Piezotronics and piezo-photonic sensors are frequently made using 
inorganic nanostructures with semiconducting-piezoelectric multifunc-
tional characteristics as self-powered nanosystems [246–248]. Howev-
er, nanostructured materials with dual characteristics are quite 
uncommon, yet their use in the design of nanogenerator devices is 
crucial. Due to their superior qualities like good stability at ambient 
temperature, excellent mechanical strength, chemical inertness, and 
exemplary physicochemical characteristics, 2D layered materials like 
graphene, layered double hydroxides, transition metal dichalcogenides 
(TMDCs), and transition metal dioxides (TMDOs) have also gained 
popularity as their material properties are most suitable for designing 
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and fabricating nano-electronic sensors [249–254]. Due to its three 
atomic layer structure, direct band gap, light absorption, and non- 
centrosymmetric properties, 2D MoS2 has been extensively investi-
gated in comparison to other TMDCs materials, making it a strong 
contender for the upcoming generation of optoelectronic and power 
generation devices. Furthermore, DFT simulations revealed that even- 
layer MoS2 lacks piezoelectricity due to the breakdown of its centro-
symmetric structure, whereas MoS2 nanosheets had a high piezoelectric 
charge coefficient [255]. 

The center symmetry of the odd-layer MoS2′s symmetrical structure 
contributes to its strong piezoelectricity. Single-layer MoS2 is a piezo-
electric material for energy harvesting because of its high piezoelectric 
coefficient and remarkable mechanical attributes [256–258]. Wu et al. 
(2014) [231] explored, for the first time, the experimental investigation 
of the piezoelectric characteristics of two-dimensional MoS2 suitable for 
the generation of an efficient nanogenerator for powering electronic 
devices. They predicted that high-performance piezoelectric materials 
would be very interesting in two-dimensional materials with high 
crystallinity and the capacity to sustain tremendous strain. Theoreti-
cally, monolayer MoS2 is projected to be substantially piezoelectric due 
to the strain-induced lattice distortion and the related charge polar-
isation; however, this effect is lost in the bulk equivalents due to their 
centrosymmetric structures. Based on this, Wu and colleagues have 
created a transparent and flexible PENG and achieved the first experi-
mental observation of piezoelectricity in a monolayer MoS2 flake. 
Monolayer MoS2 is anticipated to be a good piezoelectric material due to 
the opposite orientations of neighbouring atomic layers, an effect that 
vanishes in the bulk. With a peak output of 15 mV and 20 pA, a single 

monolayer flake that is 0.53 % has a mechanical-to-electrical energy 
conversion efficiency of 5.08 % and a power density of 2 mW m− 2. 
Additionally, with a greater atomic layer (n) in the MoS2 flakes, the 
development of the output performance was examined. Thin MoS2 
flakes with an odd number of atomic layers are repeatedly stretched and 
released, resulting in oscillating piezoelectric voltage and current out-
puts. In contrast, flakes with an even number of layers do not produce 
anything. These findings show that centrosymmetric bilayers and bulk 
crystals are nonpiezoelectric, but monolayer MoS2 with broken inver-
sion symmetry exhibits a high intrinsic piezoelectric response. Piezo-
electricity and semi-conductivity in two-dimensional nanomaterials 
may be coupled to create applications for tunable /stretchable elec-
tronics and optoelectronics, adaptive bio probes, and nanodevice pow-
ering. Later, atomic force microscopy analysis has also demonstrated the 
existence of piezoelectricity in free-standing monolayer MoS2, where the 
results display that monolayer MoS2 shows a piezoelectric effect with a 
coefficient of 2.9 × 10− 10C/m, which is in good accord with the pre-
dicted value and similar to widely piezoelectric materials with wurtzite 
structure (e.g., ZnO) [235]. A few of the piezoelectric nanogenerators, 
their operational representation, output voltage and some of the energy 
harvesting techniques from different locations are schematically repre-
sented in Fig. 6. 

The first ultrasensitive piezoelectric nanogenerator (PNG) composed 
of electrospun two-dimensional (2D) molybdenum disulfide (MoS2) in-
tegrated poly(vinylidene fluoride (PVDF) nanofiber webs was discov-
ered by Maitey et al. in 2017. They showed that PNG can charge a 
capacitor in a very short span of time and has an acoustic sensor that is 
70 times more than that of tidy PVDF NFW-produced nanosensors (e.g., 

Fig. 5. Represents the different types of fabricated piezoelectric nanogenerators [3,235–238] All essential copyrights and permissions received.  
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within 44 s, 9 V is charged up). The path is paved for designing 
affordable self-powered wearable electronics, fabricating biomedical 
nanosensors for in-house analysis such as heart bit observing, 
compression tracking from footsteps, and vocal tract aberration, as well 
as robotic applications. This is due to the 2D-MoS2 modulated PNG’s 
superfast charging performance and exterior low-impact detection 
functionality [259] while later in an observation the higher output 
voltage was observed with a PVDF-ZnSnO3-MoS2 nanofiber web. The 
research group of Muduli et al. 2021, created a lead-free, inexpensive, 
bendable, and loose PENG based on PVDF-ZnSnO3-MoS2 electrospun 
nanofiber using a hydrothermal technique for synthesising ZnSnO3 and 
MoS2, as well as their composite PVDF-ZnSnO3-MoS2 nanofiber via the 
electrospinning process. The fabricated piezoelectric device has open- 
circuit voltage, short-circuit current, and instantaneous power density 
of 26 V, 0.5 A, and 28.9 mWm− 2, respectively. The calculated power 
density is predicted to be 18 times superior to that of pristine PVDF 
PENG. The synergistic effect of piezoceramic (ZnSnO3) and MoS2 
interfacial action in the PVDF matrix leads to an upsurge in the fraction 
of the -phase of PVDF performance. Additionally, the constancy and 
resilience test were run for more than 3000 cycles and for 50 days 
without any degradation in efficiency. This relia-
ble performance and durability of the device make the PVDF-ZnSnO3- 
MoS2 based electrospun nanofiber mat an excellent contender for bio- 

mechanical energy harvesting and sensing applications useful for 
human body movements, and practical uses for the nanogenerator, 
including powering calculators and charging capacitors, were shown in 
[235]. To study the impact of (Sulphur) S vacancy passivation, Han et al. 
(2018) [260] constructed a monolayer MoS2 piezoelectric nano-
generator (PNG) and compared its characteristics prior to and following 
S treatment. On the MoS2 surface, native S vacancies are known to occur, 
giving rise to MoS2′s n-type property. The output of PNGs is reported to 
be significantly impacted by a relatively high free-carrier density hence, 
it is necessary to passivate S vacancies to reduce the concentration of 
electrons. The author successfully passivated the S vacancies using this 
S-treatment method on the unblemished MoS2 surface. S atom will 
chemisorb with the S vacancy site of MoS2 by engulfing free electrons 
because the S vacancy site forms covalent connections with S functional 
groups. S-treatment significantly reduces the monolayer MoS2 surface’s 
charge-carrier density, which significantly minimizes the piezoelectric 
polarisation charges’ ability to be screened by free carriers. The result is 
that the S-treated monolayer MoS2 nanosheet PNG’s output peak current 
and voltage are more than three times as high (100 pA) and twice as high 
(22 mV), respectively. Furthermore, the maximum power was about ten 
times higher after the S-treatment. The results show that S-treatment can 
effectively limit the screening effect by reducing free-charge carriers by 
S passivation. As a result, as compared to virgin MoS2, the maximum 

Fig. 6. (a) Schematic pictorial of PVDF/MoS2@ZnO PENG [266] (b) schematic representation of the operation of a self-poled piezoelectric nanogenerator [238] (c) 
MoS2 -flake-equipped self-powered gas sensor (PENG) with testing setup [267] (d) Results of output voltages PVDF − MoS2 nanocomposite based device using by (f) 
finger tapping and (g) mechanical impact (~10.6 kPa) (insets representing the magnified views of voltage waveforms) [238] (e) PFM results of (a) PVDF, (b) PVDF- 
MoS2 and (c) PVDF-rGO-MoS2 composite films [265] (f) Innumerable piezoelectric energy harvesting procedures from the various parts of the humanoid body 
including (A) The shoulder, (B) Elbows, (C) The wrist, (D) Fingers, (E) Eyes, (F) Chest, (G) Knees, and (H) Feet [268]. All essential copyrights and permis-
sions received. 
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power, voltage, and current production peaks of the piezoelectric ma-
terial were all much higher. 

Stretchable/wearable electronics are one example of a practical 
application that unavoidably calls for CVD-based large-area MoS2. The 
maximum power, voltage, and current peaks of the piezoelectric output 
are significantly higher than those of pure MoS2. This research’s con-
clusions, therefore, point to a fresh technique for raising the piezoelec-
tric output of CVD-grown MoS2, which might be used as a capable power 
source for stretchable/wearable electronics. Biswajoy et al. [261]. pre-
sented a novel multifunctional piezoelectric nanogenerator to deal with 
environmental pollution and the energy crisis in 2020. The authors 
created a free-standing film for this sustainable technology by uniting 
piezoelectric molybdenum sulfide (MoS2) nanoflower with poly-
vinylidene fluoride (PVDF) polymer via a simple solution casting 
method, which can be used to generate useful energy by capturing 
alternatively untapped mechanical energy. Under human finger tapping, 
this self-poled piezoelectric nanogenerator produced > 80 V with a 
notable power density of 47.14 mWcm3. Finger tapping can power up to 
25 commercial LEDs. Under dark conditions, this MoS2-PVDF piezo-
electric nanogenerator demonstrates catalytic degradation efficiency 
against four different toxic and carcinogenic dyes, namely Ethidium 
bromide (ET), Eosin Y, and Acridine Orange. Ethidium bromide (ET) had 
the highest rate constant (0.32 min), followed by Eosin Y (0.26 min), 
Rhodamine B (0.21 min), and Acridine Orange (0.127 min). As a result, 
the nanocomposite has a clear use in systems for water purification as 
well as self-powered sensors and energy harvesters. Additionally, it 
could be applied as a surface-mounted film or coating in systems for 
medical device manufacturing, industrial effluent control, and process 
engineering. Overall, the development of unique, energy-efficient water 
remediation technologies and intelligent self-powered electronic gad-
gets is made possible by the construction of such sophisticated and 
adaptable piezoelectric nanocomposite materials. At the same time in 
2021, Arunguvai and Lakshmi [262] observed the performance of MoS2 
with the copolymer of PVDF material and found very small output 
voltages by synthesizing a PVDF’s copolymer (PVDF-TrFE) based 
nanocomposite with MoS2 by inserting nano-MoS2 into polyvinylidene 
fluoride-trifluoro ethylene P(VDF-TrFE) by solution cast followed by 
annealing method. Microscopic and structural transformation analysis 
were used to confirm the existence of nano-MoS2 particles in the poly-
mer chain and elemental molecular binding energy. MoS2 nanoparticles 
embedded in a polymer composite enhance the conductivity of the 
Polymer thrice times as compared to its pure. The natural resonance 
frequency and output voltage performance of four different types of 
energy harvesting devices-P(VDF-TrFE) with and without substrate, and 
MoS2/P(VDF-TrFE) with and without substrate are fabricated based on 
the substrate effect. MoS2/P(VDFTrFE) with PET substrate piezoelectric 
cantilever generates greater AC output voltage 2.96 V in the dimensions 
of (1 cm x 0.5 cm) in measurements. Due to its high-phase intensity, 
dielectric constant, and superior mechanical features, the MoS2/P(VDF- 
TrFE) with PET substrate piezoelectric vibration energy harvester gen-
erates 2.96 V AC voltage at the resonance frequency of 82.6 Hz. Sathiya 
et al. 2018, [263] address the issue of conventional batteries’ limited 
lifetime, monitoring, and replacement in electronic devices. Thus, he 
created for the first time an advanced multi-mechanism-based nano-
generator employing both piezoelectric and triboelectric nano-
generators for miniaturization with the goal of achieving high output 
voltages to generate electricity in a wide range of devices. They created a 
piezo-triboelectric hybrid nanogenerator by hydrothermally growing a 
few layers of MoS2 over cellulose paper and electrospinning in-situ poled 
PVDF nanofibers so that it can generate power from everyday activities 
like writing by hand and touching objects. The output was increased by 
measuring the mutual production of a parallel-connected piezo and 
triboelectric nanogenerator using two independent bridge rectifiers. 
This hybrid nanogenerator’s maximum voltage was 50 V, its maximum 
short circuit current was 30nA, and its average power was 0.18 mW/ 
cm2. The author’s study extends beyond energy harvesting and offers up 

opportunities for the creation of affordable paper-based nanogenerators 
that produce electricity from daily chores, making it a great replacement 
for using physical labour to power wearable electronic devices. Smart 
paper for signature verification, sensors, residential and commercial 
security, and other potential applications are all mentioned. In order to 
promote the more effective dispersion of additional ingredients in water 
and the composite for making flexible films, some oxidizing agent is 
used later like Xu et al., in 2021 [264] presented environmentally 
friendly biomass-based piezoelectric nanocomposites as an alternative 
to conventional rigid piezoelectric materials, adding to the more envi-
ronmentally based nanogenerators. By uniformly constructing MoS2 
nanosheets and tetragonal BaTiO3 nanoparticles in a TEMPO-oxidized 
cellulose nanofibril (TOCN) matrix, the author employed a quick, 
affordable, and sustainable method to produce composite piezoelectric 
films. This TOCN/MoS2/BaTiO3 ternary composite film’s highest lon-
gitudinal piezoelectric constant (d33) was 45 pC N1, which is much 
greater than that of previous cellulose-based piezoelectric materials. 
Additionally, they provide extremely stable piezoelectric output signals 
with maximum open-circuit voltages of 8.2 V and 0.48 A for short-circuit 
currents. In addition, the PENG’s electricity directly powered an LED or 
charged a 10F capacitor from zero to 3.1 V in 110 s. To detect minor 
forces in the environment, such as leaf fall, this novel flexible gadget 
with excellent sensitivity can be utilised as a self-powered motion 
sensor. Likewise, it could be utilized in human movements like finger 
bending and wrist pulse, as well as an electronic skin with better pyro-
electric properties for monitoring of temperature. As a result, the study 
advances our knowledge of the design and construction of flexible, ultra- 
light PENGs with remarkable piezoelectric performance, which has 
enormous potential for the development of effective mechanical energy 
harvesters, dynamic sensor networks, and wearable electronics that are 
simple to manufacture on a large scale. 

To see the mechanical impact of these oxidized nanofibril for sensors 
application, Wu Tao et al. 2021 [2] successfully prepared a TOCN/MoS2 
nanocomposite piezoelectric film by integrating 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO)-oxidized cellulose nanofibril (TOCN) with a 
sole layer MoS2 nanosheets exfoliated by tri-ethanolamine via an 
aqueous dispersion technique. The TOCN/MoS2 nanocomposite films 
had exceptional mechanical characteristics, with the estimated Young’s 
modulus of 8.2 GPa (max), a peak tensile strength of 307 MPa, and the 
lowest elongation at break of 13.9 %. The highest open-circuit output 
voltage (4.1 V) and short-circuit current (0.21A) of the nanogenerator 
made with TOCN/MoS2 composite films were both about three times 
greater than those of the perfect TOCN PENG. Additionally, the nano-
generator’s electric current was controlled and converted to a straight 
current. It was shown that a 10F commercial capacitor can absorb me-
chanical energy produced by the environment by charging it to 1.6 V in 
120 s. The electrical energy that is kept in the capacitor can be used to 
power a number of LED lights. The TOCN/MoS2 composite films are 
hence promising. Apart from these, a few recently amendable fillers like 
BTO, ZnO, rGO and their heterostructures with MoS2 are attracting 
more interest by many researchers. Faraz Mohd. et al. 2022 [265] pro-
posed a novel MoS2-rGO strategy to enhance the piezoelectric property 
of PVDF. They investigated the piezoelectric characteristics of flexible 
PVDF, PVDF-MoS2, and PVDF-rGO-MoS2 thin films using the polymer 
solution casting technique. They found that the produced voltage is 
much greater in the flexible thin film of PVDF-rGO-MoS2, which is 5 
times higher than the flexible film of PVDF and 2 times higher than the 
flexible film of PVDF-MoS2. The measured short circuit current for 
PENGs based on rGO filled composite film was 0.68A, 0.37A for PENGs 
based on PVDF-MoS2 films, and just 0.15A for PENGs based PVDF. The 
maximum output open-circuit voltages for PVDF-rGO-MoS2, PVDF- 
MoS2, and bare PVDF films-based PENG, respectively, were measured to 
be 2.4 V, 1.5 V, and 0.5 V. After testing the piezoelectric coefficient, the 
PVDF-rGO-MoS2 film based piezoelectric nanogenerator produced 0.81 
W of power, while the PVDF-MoS2 film based piezoelectric nano-
generator produced 0.44 W of power. The piezoelectric coefficients for 
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PVDF, PVDF-MoS2, and PVDF-rGO-MoS2 thin films were found to be 53 
pm/V, 68 pm/V, and 72 pm/V, respectively. The PVDF-rGO-MoS2 
nanocomposite film-based PENG performs better based on all of the 
observed values. The mechanism behind the improved performance of 
PVDF, in the author’s opinion, is an increase in the piezoelectric prop-
erty of PVDF with a surge in the -phase content of PVDF and, as well as 
this, the intrinsic piezoelectric property of PVDF plays a significant role 
in uplifting the performance parameters of PVDF-rGO-MoS2 nano-
composite film-based PENG. By increasing the phase content as a result 
of free -electrons interacting with PVDF CH2 dipoles, the existence of 
rGO also contributes to stimulate polarisation of the PVDF matrix. As a 
result, changing the PVDF content from α to β phase can enhance the 
output performance. Later by hot pressing technique, Cao Shuoang et al. 
2022 [266] created a PVDF/MoS2@ZnO piezoelectric fused film by 

incorporating MoS2@ZnO nanocomposites material grown by solely 
growing ZnO on the exterior surface of highly porous MoS2 nanosheets 
using in situ polymerization in PVDF. They noticed how heterostructure 
(MoS2@ZnO) successfully encourages the transition from one phase to 
another in PVDF, raising the phase content from 6.2 2.5 % to 54.3 2.7 %. 
The computed longitudinal piezoelectric constant (d33) for the com-
posite film peaked at 31 4 pCN-1. The open-circuit voltage (VOC) and 
short-circuit current of the PVDF/MoS2@ZnO piezoelectric composite 
film are 6.22 V and 528nA, respectively, under 100 KPa acting force. 
This nanogenerator can charge a 1.0 F commercial capacitor to 1.81 V in 
400 s. An agile piezoelectric sensor was developed to record pressure 
signals generated by human motor control like bending of forearms, 
shoulders, and finger joints. A supple piezoelectric sensor was developed 
as a result to capture pressure signals brought on by humanoid body 

Table 4 
Comparative summary of the piezoelectric nanogenerator based on MoS2 nano and composite materials.  

SI. Materials Method Dimensions Force/ 
Pressure 

Frequency Voltage 
(V) 

Isc 
(µA) 

Power 
density 
mW/ 
cm2 

Application Ref. 

1. 2/Palladium  5 μm × 5 
μm ×

(0.6–100 
nm)  

0.5 Hz 15 mV 20pA 2 mW/ 
m2 

Nanodevices, 
bioprobes, 
stretchable/ 
tunableelectronics 

[231] 

2. MoS2/PVDF Electrospinning 11 cm x 8.5 
cm x 150 µm 

Finger 
touch ~ 7 
N 

100–150 
Hz 

Charge up 
to 9 V a 
capacitor 
within a 
very short 
time span 
44 s/9V 

– – self-powered 
wearable electronics 
and robotics 

[259] 

3. MoS2 liquid-phase 
exfoliatedCVD    

22 100 73 sretchable/wearable 
electronics 

[260] 

4. MoS2 nanosheetsembedded 
in poly(vinylidenefluoride) 
(PVDF) polymers 

Spin coated (at 
1000 rpm, 10 s) 

Three 
dimensions 
of 
1X1 cm2, 
2X2 cm2. 
3x3 cm2   

50 30 0.18 self-powered sensors 
for IoT, security, 

[263] 

5. MoS2/PVDF Solution cast 1 cm × 1 cm 
× 50 μm 

27.5 N Hz >80 and 
Remanant 
pol. is 3.38 
μC cm− 2 

3.05 47.14 Self-powered sensor, 
energy harvester,and 
water remediation 
systems 

[261] 

7 MoS2/P(VDF-TrFE) & 
MoS2/PVD with PET 

Solution 
castfollowed 
byannealing 

1 cm * 0.5 
cm  

29 Hz 
82.6 Hz 

1.72.96 – – Energy harvesting [269] 

8. 2,2,6,6-tetra 
methylpiperidine-1-oxyl 
(TEMPO) 
-oxidizedcellulose 
nanofibril Nanosheet 
(TOCN) 
/molybdenumdisulfide  
(MoS2) 

Aqueous 
dispersion    

4.1 0.21 – nanogenerators for 
energy harvestcan be 
utilized for lighting 
several LEDs. 

[2] 

9. (PVDF)–ZnSnO3–MoS2 Electrospinning 2 × 2 cm2 Finger 
tapping 
with~1kgf 

3 Hz 26 0.5 28.9 Biomechanical field, 
sensing of body parts 
movements, and 
real-timeapplication 

[235] 

10. Cellulose(RC) 
/MoS2 

nanosheetnanocomposite 

Solution cast 20–30 μm 0.88 kPa  2 150 – Sensors and 
electronics. 

[270] 

11. 2,2,6,6-tetra 
methylpiperidine-1-oxyl 
(TEMPO) 
-oxidizedcellulose 
nanofibril Nanosheet 
(TOCN)/  
(MoS2)/BaTiO3 

Solution cast 1.5 × 3 cm2 50 N  8.2 0.48µA – Stress and 
temperature sensing, 
energyharvesting, 

[264] 

12. PVDF-MoS2, and PVDF- 
rGO-MoS2 

Solution cast 50 µm ~15 kPa  0.5 
1.52.4 

0.15 
0.370.68  

Piezoelectric 
nanogenerator 
application 

[265] 

13. PVDF/MoS2@ZnO 
piezoelectric composite 
film 

in situ 
polymerization 

2 cm × 3 cm 
x 0.109 ±
0.005 

100 KPa  6.22 528nA 1.15 
mA⋅m-2 

wearable 
intelligentdevices. 

[266]  
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drive (the elbow joints, bending of fingers, and wrists). The PVDF/ 
MoS2@ZnO piezoelectric nanogenerator has demonstrated performance 
that suggests mechanical energy harvesting in the environment showing 
that it can be used in wearable intelligent devices. As a result, we can 
draw the conclusion that MoS2 can considerably assist to easing the 
global energy crisis by offering a green energy option. Piezoelectric 
power generation might be a good substitute for traditional power 
sources for low powered electronic devices given the present rise in 
microscale gadgets. A comparative study of the piezoelectric nano-
generator of 2D MoS2 nano-composites materials in tabular form is given 
in Table 4. 

4.2. MoS2-based flexible thermoelectric nanogenerators (TEGs) 

The thermoelectric effect has been a familiar phenomenon since the 
discoveries of Seebeck, Peltier, and Thomson. Thermoelectric materials 
are potential candidates for transferring heat energy into electrical en-
ergy and vice versa (Fig. 7) [271]. The material properties like thermal 
conductivity, electrical conductivity, and Seebeck coefficient govern the 
conversion efficiency of thermoelectric materials. A figure of merit also 
helps to assess the quality of thermoelectric materials. It is dimension-
less and evaluated using the following formula: 

zT =
S2σ
κ

T 

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is 
the thermal conductivity, and T is the absolute temperature. A ther-
moelectric module may be used as a cooler or as a power generator. The 
cooler implements the Peltier effect while the power generator requires 
the implementation of Seebeck effect. Raising the figure of merit, zT, of a 
thermoelectric generator is typically the primary emphasis for 
enhancing its efficiency (Fig. 8a) [272]. 

Energy is harvested using thermoelectric materials, primarily 
through the use of nanogenerators. Materials having low thermal con-
ductivity, high conductivity, and high dissipation factors are mandatory 
to upsurge the zT of the nanogenerators. Molybdenum sulfide (MoS2) is 
a promising material in this respect. It has the least thermal conductivity 
and a high Seebeck coefficient. The high band gap of MoS2 imparts 
electrically insulating behavior to the substance until a high external 
electric field is applied over it. On the other hand, semimetals like 
graphene, which have high electrical conductivity, when fabricated into 
nanocomposites with MoS2, make a good thermoelectric device 
(Fig. 8b). The higher electron mobility of graphene than MoS2 helps to 
provide more electron carrier connections in the nanocomposite which 

enhances the electrical conductivity of the MoS2/graphene nano-
composite. Thermoelectric nanogenerator (TEG) prepared from pure 
MoS2 gave higher output voltage compared to the TEG prepared from 
pure graphene. This was ascribed to the higher Seebeck coefficient of 
MoS2 compared to graphene. The incorporation of graphene in the 
nanocomposite helped to enhance the electrical conductivity while 
preserving the inherent nature of MoS2. This can therefore be used as a 
self-powering temperature sensor [55]. Energy harvesting from non- 
conventional renewable sources is drawing attention due to the de-
mand for a sustainable energy supply. A thermoelectric nanogenerator 
comprising a molybdenum sulfide/ polyurethane (MoS2/PU) photo-
electric layer and a tellurium wire-based thermoelectric device were 
designed to harvest energy from infrared light (Fig. 8c). The MoS2 
nanoclusters used provided a good surface area-to-mass ratio and 
contributed to making the photothermal film flexible. The integration of 
the thermoelectric device in the photothermal film, produced a tem-
perature gradient by absorption of infrared light. This established a 
potential difference between the electrodes, which was then utilized for 
energy harvesting. MoS2 effectively absorbs Infrared energy and trans-
forms it into heat. Hence, higher MoS2 content samples had a greater 
surface temperature. This proves the exceptional photothermal proper-
ties of MoS2. The increase in the tellurium content helped to improve the 
Seebeck coefficient which enhanced the efficiency of the nanogenerator. 
This demo0nstrates the good thermoelectric properties of tellurium 
[274]. 

Monolayer MoS2 could also serve as an attractive material for ther-
moelectric nanodevices. The Seebeck coefficient of the monolayer can 
be tailored by the application of voltage within a suitable range. 
Monolayer MoS2 transistors were developed to study the mechanism of 
photocurrent generation. It was observed that the photo thermoelectric 
effect influenced the photocurrent generation, rather than the splitting 
of electron-hole pairs. On exposure to light, a temperature gradient 
develops between materials of different Seebeck coefficients (material 
and electrode). Consequently, a photovoltage junction forms and cur-
rent will flow as an outcome [275]. Further studies on single-layer MoS2 
proves that this material has promising applications beyond optoelec-
tronics (Fig. 8d). Chemical vapor deposited monolayer MoS2 helps to 
realize the fabrication of large-area devices for thermoelectric applica-
tions. The electron transport mechanism helps to tune the thermopower 
generated, which reached a maximum of up to 30 mV/K. The temper-
ature’s cube root and the Seebeck coefficient were connected. Addi-
tionally, understanding the relationship between conductance and 
thermopower aids in understanding the electrical and thermal proper-
ties of such low-dimensional material [276]. A summarized comparative 
study of MoS2 material-based thermoelectric nanogenerators are rep-
resented in Table 5. To further improve the thermoelectric properties of 
MoS2, heterostructures of MoS2-graphene were considered. It was found 
that the thermoelectric properties changed from p-type for pristine MoS2 
to n-type for heterogenous MoS2-graphene structures. The Seebeck co-
efficient and the electrical conductivity of the heterostructures were 
largely affected by those of MoS2 and graphene individually which 
resulted in variations in the electronic structure of MoS2-graphene het-
erostructures near the Fermi level [277]. 

4.3. MoS2 based flexible triboelectric nanogenerators (TENGs) 

The very first flexible triboelectric nanogenerator was explored by 
Fan et al. [278] in 2012. One of the promising methods for obtaining 
electrical energy from mechanical sources that are flexible in terms of 
price and sustainability is triboelectric energy harvesting technology. 
After that, much research has been examined by the different research 
groups using different materials. In recent days, the demand for 2D semi- 
conductive materials has increased tremendously in the area of me-
chanical energy harvesting. Owing to their inborn qualities, which 
include sufficient transparency, flexibility, and a large surface-to- 
volume ratio. Among different 2-D materials, dichalcogenide group- 

Fig. 7. Schematic illustration of energy conversion by thermoelectric materials 
[273]. All essential copyrights and permissions received. 
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based molybdenum disulphide (MoS2) has drawn massive interest to 
harvest waste mechanical energy available in our surrounding envi-
ronment. MoS2 has shown maximum output voltage (7.48 V) and cur-
rent (0.82 µA) as associated with other 2D materials such as 
molybdenum diselenide (MoSe2), tungsten disulphide (WS2), and 
tungsten diselenide (WSe2), as reported by Han et al. [279] in 2019. 
Further, MoS2 has suitable electrical, optical and the piezoelectric 
properties. In each MoS2, the molybdenum atom plane is squeezed in 
between two sulphide atom planes by covalent boding and forms S-Mo-S 
having hexagonal crystal structure [280]. Examples of waste mechanical 
energies are human body movement, water flow, wind flow and much 

more. These waste energies can be recycled as useful electrical energy 
with the assistance of piezoelectric or triboelectric energy harvesting 
technology. Piezoelectric energy harvesting technology is based on the 
ability of certain materials to generate an electric charge in response to 
applied mechanical stress. Triboelectric nanogenerators, on the other 
hand, operate because of the charge that transfers across an interface 
during the reciprocating sliding (or tapping) contact of two dissimilar 
solid surfaces. There are different commercial triboelectric materials 
such as nylon, cotton, silk, PVDF, rubber (inorganic materials) and 
MoS2, molybdenum diselenide (MoSe2), tungsten disulphide (WS2), 
tungsten diselenide (WSe2), titanium dioxide (TiO2), silicon (Si) 

Fig. 8. (a) T-shirt and armband embedded with thermal harvesting unit [272]; (b) (i) Fabrication process of the thermoelectric nanogenerator, (ii) Comparative 
voltage analysis of pristine graphene, pristine MoS2 and MoS2/graphene nanocomposite [55]; (c) (i) Flexible photo-thermoelectric nanogenerator, (ii) Illustration of 
the working of photo-thermoelectric nanogenerator, (iii) Output performance of photo-thermoelectric nanogenerator [274]; (d) (i) Illustration of fabrication of 
thermoelectric device, (ii) Conductance measured with respect to back gate voltage and temperature [276] All essential copyrights and permissions received. 

Table 5 
Summary of some of the prominent works featuring MoS2 as a thermoelectric material.  

Sl. 
No 

Materials Method of Fabrication Output 
voltage 

Power 
density 

Application Ref 

1 MoS2/graphene Hydrothermal followed by sonication − 0.73 mV 8.8 nW/ 
cm2 

Self-powered 
temperature sensor 

[29] 

2 MoS2/PU MoS2 nanostructures and tellurium nanowires prepared through 
hydrothermal process. MoS2/PU films prepared through solution coating 
on PET substrates 

1.2 mV  Harvesting energy from 
outdoor sunlight 

[239] 

3 Single layer MoS2 Mechanical exfoliation   MoS2 based FET [275] 
4 Single layer MoS2 Chemical vapour deposition    [276] 
5 MoS2 monolayer-graphene 

heterostructures 
Synthesized based on DFT calculations    [277]  
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(organic materials). Moreover, some advanced triboelectric materials 
like graphene, carbon nanotube (CNT), hydrogels, and various biode-
gradable natural materials have also been explored by different research 
groups [281] Herein, triboelectric energy harvesting using MoS2-based 
material is discussed in detail. 

As mono or bilayer of MoS2 has potential applications in the range of 
triboelectric energy harvesting, synthesis of thinned MoS2 nanosheets 
has been a prominent interest of researchers. The most common method 
is liquid phase exfoliation (LPE) to synthesize the thinned layer (mono or 
bilayer) MoS2 nanosheets. Various studies have already been tried to 
synthesis MoS2 thinned layers by LPE method. Here, they have used 
commercial surfactants such as sodium chlorate, sodium dode-
cylbenzene sulphonate and so forth as a synthesis medium. However, 
this existing synthesis medium has environmental issues and hence use 
of natural surfactants has drawn particular interest for synthesis of MoS2 
thinned layers. 

In order to develop MoS2 thinned layer based triboelectric energy 
harvesters, Karmakar et al.[282] have synthesized MoS2 thinned layers 
(bi-layer and penta layer) using a natural surfactant extracted from 
Bellyache Bush (Jatropha gossypifolia) and Washnut (Sapindusmokorossi) 
juice. For the preparation of the triboelectric nanogenerator, one part 
has been developed by Al-MoS2 glued paper and other part by Al- gra-
phene glued paper. The authors have also explained the energy har-
vesting mechanism as depicted in Fig. 9(a). When pressure is applied on 
the upper part (dielectric − 1), this part contacts with the surface of the 
lower part (dielctric-2) and therefore, electrons can flow from the lower 
part to the upper. As a result, the dielectric-1 and dielectric-2 compo-
nents acquire corresponding negative and positive charges. And when 
the pressure is released, two dielectric components split, and two metal 

electrode’ surfaces become charged as a result of electrostatic induction 
(upper and lower). Therefore, a potential difference is taking place be-
tween the two dielectric parts and charges are moving from one surface 
to the other until an equilibrium state is reached. Finally, the authors 
concluded that the bi-layer MoS2 based triboelectric nanogenerator 
shows better energy harvesting performance (~10.20 V) than the 
multilayer MoS2 based nanogenerator (~3.82 V). Mono layers of MoS2 
can also be synthesized by the chemical vapour deposition method. 
Mono layers of MoS2 2D sheet have more flexibility and higher surface to 
volume ratio as compared to its bulk form. Therefore, it can be expected 
that mono layer MoS2 in the form of a 2D sheet will reveal higher 
triboelectric characteristics as compared to its other forms (bi-layer, 
bulk form and so on). In a study, Kim et al. [54] have developed a 
triboelectric nanogenerator by using 2D mono layer MoS2. In their 
study, MoS2 was synthesized by chemical vapour deposition. The syn-
thesized MoS2 was mono layer 2D sheet having band gap of 1.8 to 1.9 
eV. After synthesising the MoS2, the triboelectric nanogenerator was 
fabricated using PVDF/polystyrene (PS)/MoS2/ITO/PET nano-
composite as a bottom layer and gold (Au)/PET, ITO/PET, and poly-
pyrrole (PPy) as the top layer, respectively (Fig. 9b). The authors have 
evaluated the triboelectric performance of the MoS2 based nano-
generator with three different contact modes (an ohmic contact, a 
schottky contact and pn junction mode). Surprisingly, the MoS2 based 
triboelectric nanogenerator showed higher output voltage (4 V to 80 V) 
and current compared to the case without MoS2 (2.3 V to 6.9 V). 
Moreover, Au/MoS2 and PPy/MoS2 based triboelectric nanogenerators 
showed higher output voltage and current as compared to ITO/MoS2 
based nanogenerators. This is due to an ohmic contact taking place in 
between the MoS2 and ITO, where a schottky and pn junction contact are 

Fig. 9. (a) Schematic illustration of the fabrication of triboelectric power cell [282]; (b) (i) schematic for illustration of TENG based on PVDF/polystyrene (PS)/ 
MoS2/ITO/PET nanocomposite, (ii) output performance of the developed PVDF/polystyrene (PS)/MoS2/ITO/PET nanocomposite based TENG [54]; (c) illustration 
of MoS2 semiconducting substrate based triboelectric energy harvesting in d.c. mode [283]; (d) MoS2 based TENG haptic sensor [284] All essential copyrights and 
permissions received. 
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taking place between MoS2 and Au, and MoS2 and PPy, respectively, 
since they have work function values of 4.5 to 4.6 (MoS2), 4.2 (ITO), 5.5 
(Au), and 4.6 (PPy).There is no net charge movement at the interface of 
the MoS2 and ITO layer in an ohmic contact. Whereas electrons are 
flowing from one layer to other layer in the case of MoS2 and Au, PPy 
combinations. Besides, when pressure is applied on the device, electrons 
are diffused in the Au and PPy layers and hence negative voltage is 
generated. Similarly, when pressure is released from the device, the 
reverse phenomenon has been observed. The authors have also exam-
ined the ferroelectric effect of PVDF polymer layers in the MoS2 based 
nanogenerator. Here, it has been observed from their experiment that, 
the MoS2 based nanogenerator with the ferroelectric PVDF polymer 
showed higher output voltage 96 V to 80 V) as compared to without 
PVDF (4 V to 18.4 V). This is due to the concurring effect of the depletion 
layer (between MoS2 and Au, PPy) and ferroelectric PVDF polymer 
layer. The maximum power density was observed as 455 µW/cm2 (in the 
case of nanogenerator composed of PVDF/MoS2/ITO/PET as bottom 
layer and PPy/PET as top layer) across the resistance of 10 MΩ and the 
pressure of ~ 5 kPa at 10 Hz frequency. 

On the same concept of metal and semiconducting material junction 
i.e. existence of schottky barrier during contact between metal and 
semiconducting material, Liu et al. [283] have verified the triboelectric 
phenomenon of the MoS2 based nanogenerator. Here, the authors have 
executed the triboelectric energy harvesting efficacy by sliding a metal 
atomic force microscope (AFM) probe on the surface of an MoS2 semi-
conducting substrate (Fig. 9c). It has been found that this triboelectric 
phenomenon can generate higher current density of 106 A/m2 by simple 
friction between the AFM probe tip and MoS2 thin film (the film was 
prepared by pulsed laser deposition technique). This may be due to the 
collaborative effect of the electronic excitation during friction and 
schottky barrier between the metal (AFM probe) and semiconducting 
MoS2 part. While the conventional triboelectric nanogenerators 
(TENGs) i.e polymer based TENGs can generate lower current density of 
0.1 to 1 A/m2 since polymer materials have higher impedance values. 

Similarly, Park et al. [284] have also developed MoS2 based tribo-
electric nanogenerators. For this, MoS2 mono layer was synthesized by 
the pulsed laser-directed thermolysis method. The surface–crumpled 
texture was embedded on the MoS2 mono layer surface by the pulsed 
laser-directed synthesis method. As a result, MoS2 having a crumpled 
surface resulted in 40 % more power than the equivalent flat surface of 
MoS2. Moreover, this nanogenerator shows higher output voltage (~25 
V) and current (~1.2 µA) as compared to the flat surface MoS2 based 
triboelectric device (output voltage ~ 17 V and current ~ 0.85 µA, 
respectively). The reason is higher surface roughness was corrugated on 
the surface of the laser directed MoS2 layer surface and hence its work 
function (Φ) value is increased above that of the flat surface based MoS2 
layer. Due to the higher work function value, the crumpled surface based 
MoS2 layer can remove electrons easily and therefore charge density on 
the MoS2 surface has been increased as compared to the flat surface 
based MoS2 layer. Furthermore, MoS2 and PET based triboelectric 
nanogenerators were developed by Wu et al. Where, MoS2 mono layer 
was used as the friction layer having electron accepting capability and 
PET was used as the other layer. Since, mono layer of MoS2 has higher 
electron acceptance affinity, higher charge density is generated on the 
surface of same. Therefore, the MoS2 based triboelectric nanogenerator 
showed higher charge density i.e. 25.7 W/m2. which is 120 times higher 
than the equivalent nanogenerator without MoS2 [2]. 

Triboelectricity is built on the principle of contact electrification. 
However, some recent triboelectric nanogenerators employ contactless 
interactions for the functioning of these energy harvesters. One such 
nanogenerator is based on siloxane/eco-flex nanocomposite. Though 
this idea seems fascinating, the retention of these charges is a challenge 
in the case of such contactless triboelectric nanogenerators. Hence, in 
this case, a charge trapping layer namely molybdenum sulphide 
included with laser induced graphene was introduced. This helped to 
enhance the surface charge potential many fold. This further improved 

the triboelectric performance of the nanogenerator. Furthermore, the 
humidity sensing capability of this nanogenerator was appreciable. The 
contactless interactions increased the longevity of the device owing to 
less exposure to wear and tear [285]. Hybrid mechanical sensors based 
on a combination of triboelectric and flexoelectric effects have also been 
studied with the help of hollow MoS2 spheres stacked in multiple layers. 
The effect of sphere size and layer count on mechanical sensor output 
performance was also investigated. Because of the difference in electron 
affinity, triboelectric charges are generated between the hollow spheres 
and the polymer when pressure is applied. The continuous pressure 
application further sets up a strain gradient within the layers of the 
hollow spheres. This strain gradient is responsible for creating an elec-
trical polarization owing to the flexoelectric effect. Thus, when the two 
phenomena are combined, the mechanical sensor’s efficiency increases. 
Furthermore, as the diameter of the hollow spheres enlarged, the stress 
gradient also increases with it. This led to an enhancement in the 
flexoelectric effect and, as a result, in the mechanical sensor’s perfor-
mance [286]. The effect of MoS2 incorporation in PVDF films was also 
studied. The insertion of MoS2 in PVDF films led to the conversion of α to 
β crystalline phase of the polymer. This resulted in the self-poled nature 
of the composite film. The effect of annealing on the polymer’s crys-
talline phase content was also explored. Annealing was found to help 
reduce the crystallite size of the heat-treated pristine polymer film, but 
with poorly defined structures. Annealed films of MoS2-incorporated 
PVDF had reduced crystallite size with precisely defined structures. 
The presence of MoS2 was confirmed by the evident sponge-like struc-
tures in the studies of the nanocomposite carried out [287]. Triboelectric 
nanogenerators are increasingly being preferred owing to their high- 
power output. However, the longevity of the device is also dependent 
on the wear and tear of the contacting surfaces. Sometimes, the elec-
trode or other times the polymer is coated with protective layers to 
prevent the wearing out of the contacting layers, increasing the device’s 
lifespan. In one such work, the polytetrafluoroethylene film was coated 
with different coating layers of DLC, MoS2, and Ti3C2Tx (Fig. 10a). It was 
revealed that the MoS2-coated films had better output performance as a 
result of the higher ability of the oxygen and fluorine groups to absorb 
electrons. This was observed when the triboelectric nanogenerator was 
operated in contact separation mode. The triboelectric testing films were 
quite resilient to wear, but as time went on, the output performance of 
the nanogenerator dropped. This was attributed to the graphitization 
and potential mass transfer to the mating bodies [288]. Similar work on 
increasing the lifespan of triboelectric membranes have been carried out 
on composite membranes of polyvinyl chloride (PVC)/MoS2 (Fig. 10b). 
The MoS2 nanosheets added acted as a solid lubricant that helped to 
improve the wear resistance of the device while enhancing its output 
performance at the same time. MoS2 incorporated PVC membranes 
generated an output voltage of 398 V, when polyamide membranes were 
used as their matching pair. MoS2 helped to increase the surface charge 
density contributing to the generation of such high output voltage [289]. 

PVDF has also been doped with MoS2 in combination with other 
materials and studied for its triboelectric properties. Triboelectric 
nanogenerators based on electrospun PVDF incorporated with MoS2 and 
carbon nanotubes have generated output voltage above 300 V. Nylon 
was used as its triboelectric matching pair. The incorporation of carbon 
nanotubes helped to increase the surface potential. MoS2 acted as a solid 
lubricant, that aided in the formation of compact electrospun layers of 
nanofibers, increasing the longevity of the device. Moreover, the in-
clusion of MoS2 and carbon nanotubes synergistically helped to increase 
the electroactive β phase content of the PVDF polymer. All such types of 
materials can be used as a source of power for flexible e-wearables 
[290]. Triboelectric nanogenerators based on p-n junctions generate 
lower output voltage mostly due to the formation of semiconducting 
friction layers on the electrode. Recently, a tribodiffusion-based nano-
generator was reported that improved the performance of the nano-
generator manifold. MoS2 and polypyrrole were used as the triboelectric 
pair to form the nanogenerator. MoS2 is n-type material while 
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polypyrrole is p-type. When they interact, holes and electrons, repecti-
vely disseminate into MoS2 and polypyrrole, leading to tribodiffusion. 
This generates an output voltage. The use of silver nanoparticles below 
the MoS2 layer helped to improve the output voltage due to increased 
carrier concentrations. Polypyrrole was also doped with platinum 
nanoparticles to improve the net voltage output. The use of a piezo-
electric material like PVDF-TrFE as one of the layers in the nano-
generator acted as a gate voltage and reduced the overall impedance. A 
power density of 14.4 mW cm− 2 was achieved using a load resistance of 
1 MΩ [291]. In order to enhance the efficiency of a triboelectric nano-
generator, monolayer MoS2 was added into the friction layer. It 
increased the output power density by around 120 times the pristine 
nanogenerator devoid of monolayer MoS2. Monolayer MoS2 basically 
acts as an electron acceptor layer that captures the electrons and pre-
vents electron-hole pair recombination. Such type of nanogenerator 
provides insights in the direction of innovating triboelectric nano-
generators with electron trapping sights for improved triboelectric 
performance [292]. Some of the prominent works featuring MoS2 as a 

triboelectric material is represented in Table 6. 

5. Applications of MoS2 based flexible nanogenerators 

MoS2 has been extensively researched for almost a decade, with 
numerous potential applications being investigated. Fig. 11 shows the 
applications of MoS2 based flexible nanogenerators. 

5.1. High output energy generation 

Direct energy production from fluid motion by low-dimensional raw 
materials like graphene has garnered a lot of interest due to the abun-
dance of water and the growing demand for clean energy sources. 
Electricity is created by the movement of a double layer of electrons at 
the liquid droplet-solid surface interface. Despite efforts to improve 
graphene nanogenerator performance, the output voltage remains 
restricted to 100–400 mV [294–297]. The output voltage needs to be 
raised in order to drive electronic parts and power management circuits. 

Fig. 10. (a) (i) Thin film based triboelectric energy harvesting, (ii) Triboelectric performance of different thin film materials [288]; (b)(i) Set-up for wind energy 
harvesting, (ii) Triboelectric performance of the PVC/MoS2 based nanogenerator [289] All essential copyrights and permissions received. 
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As a result, a 2D semi-metallic graphene substitute may be required. 
Because MoS2 is more resistant than graphene, it is anticipated that it 
will improve output voltage. This idea was abandoned due to difficulties 
in manufacturing continuous large-area single-layer MoS2. Li et al. later 
used sulfurization to produce a multi-layer MoS2 film with at the 
centimeter-scale for energy harvesting. However, the output voltage of 
the resulting film was only 70 V, most likely as a result of the excessive 
number of MoS2 layers and the below-par film uniformity [298]. A large- 
area single-layer MoS2 film developed by chemical vapor deposition is 
presented by Aji et al. (2020) [299] as a high energy output nano-
generator (as shown in Fig. 11-high energy output device section) that 
can generate more than 5 V from the motion of an aqueous NaCl droplet, 
which increased shunt resistance. They demonstrate how to scale up the 
MoS2 nanogenerators by connecting them in series and parallel, pro-
ducing a three-nanogenerator array with a three-fold boost in output 
voltage and current. From a larger perspective, the MoS2 device could be 
utilized for additional hydrodynamic applications, such as producing 
electricity from cliffs and rainwater. 

5.2. Self-Powered temperature sensor 

Mechanical as well as heat energy both exist omnipresent in a 
nanogenerator (NG) and are typically wasted in our everyday life. It is 
possible to efficiently capture this waste heat and use it to independently 
and sustainably power portable electronics while also improving energy 
efficiency in a variety of other applications. An NG premised on the 

pyroelectric effect has indeed been developed in order to collect thermal 
energy and fabricate self-powered sensors [300,301]. The power 
generated by pyroelectric and NG, on the contrary, is incredibly low and 
requires improvement for potential implementation. A significant 
alternative to the pyroelectric effect for waste heat recovery is thermo-
electric technology, which has been applied in the arena of space power 
generation due to its suitable high durability and convenience [302] 
MoS2 is a favourable thermoelectric resource, due to its low heat ca-
pacity and potentially high Seebeck coefficient and zT [303]. Graphene 
is a gapless semi-metal with high electrical conductivity, in contrast to 
MoS2 [304]. Dollfus et al. created MoS2 and MoS2/graphene 
nanocomposite-based TENGs. The electrical characteristics of those 
devices were examined using an I-V measurement at ambient condi-
tions. The results showed that MoS2/graphene nanocomposite has 
significantly higher electrical conductivity which confirmed that gra-
phene has much higher electron mobility than MoS2 [305]. Xie et al., 
2017 also reported that high-performance thermoelectric devices (as 
shown in Fig. 11-temperature sensor section) would benefit from a 
nanocomposite based on the two aforementioned materials because it 
would combine their positive attributes while avoiding their negative 
ones [55]. 

5.3. Photothermal electric generator 

Thermal energy harvesting technology has been developed using 
both the pyroelectric and thermoelectric effects to scavenge thermal 

Table 6 
Summary of some of the prominent works featuring MoS2 as a triboelectric material.  

Sl Material Method of fabrication Dimensions Force/ 
Pressure 

Frequency Output 
voltage 

Output 
current 

Power 
density/ 
power 

Application Ref 

1 Bilayer MoS2 

nanosheets 
Ultrasonic bath 
sonication 

6.0 cm x 2.0 
cm x  ~ 100 
mm 

0.1 kPa-1 
kPa 

3 Hz 10.20 V 150nA 2.55 mW/ 
m2 

Capacitor charging 
and photocatalytic 
material 

[282] 

2 MoS2/Nylon 11 and 
MoS2/PVDF-TrFE 

Spin coated fims were 
produced 

1 × 1 cm2 0.15 MPa – 145 V NM 50 mW/ 
cm2 

Capacitor charging 
and lighting up 
LEDs 

[293] 

3 Monolayer MoS2 Chemical vapour 
deposition 

– 5 kPa 10 Hz 80 V ~7μA 422 μW/ 
cm2 

Lighting up LEDs [54] 

4 Crumpled MoS2 

structure 
Laser scribbing onto 
spin coated films 

3 mm × 3 mm 35–160 N 1–10 Hz 25 V 1.2μA 2.25 μW Haptic sensors [284] 

5 Few layers MoS2/ 
PVDF nanofibres 

Electrospinning (1 × 1 cm, 2 ×
2 cm2 and 3 ×
3 cm2) 

– – 50 V 30nA 0.18 mW/ 
cm2 

Lighting up LEDs 
and energy 
harvesting from 
human motion 

[263] 

6 MoS2 thin film Pulse laser depositiom – 5 nN-30 
nN  

7–8 mV  l MW/m3 – [283] 

7 Siloxeve/ecoflex 
nanocomposite with 
MoS2/LIG as charge 
trapping layer 

Siloxene prepared by 
topo-chemical reaction, 
MoS2 prepared by prob 
sonication of MoS2 

powder 

3 × 3 cm2 – – 31 V at 
25 % Rh 

– 4.25 μW 
power 

Touchless sensor [285] 

8 Mos2 hollow spheres Two step thermal 
decomposition  

0–500 
kPa  

15 V  6.674 
mW/m2 
power 
density 

Energy harvesting 
from human 
movements 

[286] 

9 MoS2/PVDF Bar-printing – 10 N 3 Hz 200 V 11.8μA 6.54 μW/ 
cm2 

Power source for 
smartwatch and 
smartphone 

[287] 

10 MoS2 on PTFE Sputter coating  2.3 N 1 Hz 31.7 V 88nA – Energy harvesting [288] 
11 MoS2/PVC 

membranes 
Spin coating 120 × 10 × 3 

mm   
398 V 40μA 1.23mW Power source to 

LEDs and water 
thermometer 

[289] 

12 MoS2-Carbon 
nanotube/PVDF 

Electrospinning ~6cm × 6 cm 50 N 1.6 Hz >300 V 11.5μA 0.484 mV Harvesting energy 
from human 
movements 

[290] 

13 Monolayer MoS2 

based TENGs 
Monolayer MoS2 

prepared by Chemical 
vapour deposition 

1 x 1 cm2 5 kPa 10 Hz 200 V – 14.4 mW/ 
cm2 

Capacitor charging [291] 

14 Monolayer MoS2 Liquid exfoliation 1.5 × 2.5 cm2 – – 120 V – 25.7 W/ 
m2  

[292]  
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energy. The thermoelectric energy harvester has been extensively 
acknowledged as a more operative and well-organized technology than 
the pyroelectric energy harvester, which generates minute energy [306], 
but when the ambient temperature is spatially consistent and without 
variations, there is still a significant issue that needs to be resolved when 
trying to harvest thermal energy with thermo-electrics [307]. 

Due to unique photothermal properties of Molybdenum disulfide 
(MoS2) is gaining interest for use in photothermal electric generators. 
These qualities allow for efficient light absorption and subsequent 
conversion of light into heat. MoS2 increases light absorption and heat 
generation by providing a significant surface area through the use of its 
2D layered structure components. MoS2′s temperature increases as light 
is absorbed, creating the conditions for thermoelectric conversion [308]. 
By means of the Seebeck effect, an electric potential is produced in MoS2 
when the temperature gradient causes charge carriers to migrate. 
Because MoS2 may be adjusted for thickness, flaws, and doping, re-
searchers can maximise its performance in photothermal applications 
[309]. MoS2-based photothermal generators have potential applications 
in solar cells and other energy conversion devices and are a promising 

method of gathering solar energy in practical applications. Although 
there is still work to be done to improve photothermal energy conver-
sion’s overall efficiency, MoS2 is a strong contender to advance the ca-
pabilities of photothermal electric generators due to its special qualities. 
For instance, MoS2 has been demonstrated to be a superior photothermal 
material with greater IR absorbance than graphene oxide and gold 
nanorods [310,311]. He et al. (2018) present a flexible photo thermo-
electric nanogenerator (PTENG) (as shown in Fig. 11-photo thermo-
electric generator section) made by combining a MoS2/PU photothermal 
layer with tellurium (Te) nanowire-based thermoelectric device for en-
ergy harvesting [274]. 

5.4. Wearable electronics 

Molybdenum disulfide (MoS2) has emerged as a promising material 
for applications in wearable electronics, offering a unique set of prop-
erties conducive to this rapidly evolving field. MoS2 can be created into a 
few-layered, 2D material with an atomic thickness thanks to the weak 
interlayer Van der Waals force, which is adaptable enough for 

Fig. 11. Applications of MoS2 based flexible nanogenerators [55,274,299,315,324,335]. All essential copyrights and permissions received.  
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integration into flexible and stretchable electronic devices [312]. This 
flexibility allows MoS2-based components to conform to the contours of 
wearable surfaces, providing enhanced comfort and adaptability for 
users. Moreover, MoS2 exhibits excellent electronic conductivity, which 
is crucial for ensuring efficient charge transport in wearable devices. Its 
semiconducting properties further enable the development of thin-film 
transistors and other electronic components essential for wearable 
technology [313]. Additionally, MoS2′s compatibility with biological 
systems is advantageous for applications where the wearable electronics 
come into direct contact with the human body. The material’s 
biocompatibility, coupled with its mechanical robustness, contributes to 
its suitability for wearable sensors and health monitoring devices [314]. 
Researchers are actively exploring MoS2 for applications ranging from 
flexible displays and energy storage in smart textiles to sensors for health 
monitoring, showcasing its potential to drive innovations in the bur-
geoning field of wearable electronics. For instance, Nardekar et al. 2022 
[315] synthesized two-dimensional (2D) dual-functional molybdenum 
disulfide (MoS2) quantum sheets (QSs). These have piqued the interest 
of many researchers because of their potential application in harvesting 
energy and retrieval for next-generation portable and wearable self- 
powered electronic goods. His one-of-a-kind MoS2 QSs-PVDF-based 
piezoelectric nanogenerator (as shown in Fig. 11-wearable electronics 
section) consistently generates an output voltage of 47Vpp and a power 
density of 3.2 mWm2, both of which are significant compared to pristine 
PVDF film. Furthermore, the novel PSCPC is united with clothing to 
directly power wearable electronics by scavenging both natural sunlight 
and ambient interior light. They were capable of successfully demon-
strating the probable use of 1 T-MoS2 QSs in energy conversion and 
storage systems. This work directly validates the “Dual-functionality” of 
2D MoS2 QSs, and offers numerous advantageous characteristics such as 
compact design, stretchability, and economic viability, and can serve as 
an appropriate platform for constructing battery-free wearable tech. 

5.5. Chemical (Re)-activities 

Molybdenum disulfide (MoS2) exhibits noteworthy applications in 
chemical reactivity, leveraging its unique properties for catalytic pro-
cesses and other chemical transformations. As a catalyst, MoS2 has 
gained attention due to its inherent catalytic activity, especially in 
hydrogen evolution reactions. Its layered structure provides active sites 
for catalysis, enabling efficient chemical reactions. MoS2′s catalytic 
prowess extends beyond hydrogen evolution to include reactions 
involved in energy storage systems, such as lithium-ion batteries. The 
material’s tunable properties, achieved through modifications in its 
structure and composition, allow researchers to fine-tune its catalytic 
performance for specific applications [316]. MoS2 is also explored for its 
potential in environmental remediation, acting as a catalyst in processes 
like photocatalysis for pollutant degradation. Beyond catalysis, MoS2 
demonstrates chemical reactivity in sensors, detecting various gases and 
chemicals due to its sensitivity to surface interactions. The combination 
of MoS2′s catalytic and sensing capabilities positions it as a versatile 
material for applications ranging from sustainable energy technologies 
to environmental monitoring, showcasing its significance in advancing 
chemical reactivity in diverse fields [317]. For instance here, On the 
MoS2 (0 0 0 1) faces, only a sulfuric acid–potassium dichromate solution 
was observed to induce significant and deep flaws [318]. Additionally, 
MoS2 has a high photo corrosion resistance, which could be advanta-
geous in photoelectrochemical applications. The basal plane, which 
generally has totally synchronized sulphur atoms, was thought to be 
relatively inert while metallic edge planes with sulphur vacancies were 
the most active MoS2 sites [319,320]. The sulphur becomes significantly 
more reactive after the initial CS bond in thiophene is broken, and the 
last extrusion may take place at a different location on the cluster to 
complete the hydrodesulfurization procedure. When desulfurizing oil 
products, MoS2 can be utilised to eliminate molecules that contain 
sulphur [321]. 

5.6. Electronic devices 

MoS2 has a number of intriguing properties, one of which is that its 
bandgap is non-zero when it is compared to graphene. Because of its 
changeable conductivity, MoS2 serves as a semiconductor and is useful 
for electrical and logical devices [322]. Because of its atomically thin 
layers, MoS2, a semiconductor with a direct bandgap, can be used to 
create thin-film transistors (TFTs), an essential part of contemporary 
electronics. Excellent electronic performance is demonstrated by MoS2- 
based TFTs, including high carrier mobility, which is essential for 
effective charge transport in electronic circuits [323]. Furthermore, 
MoS2 is a perfect fit for flexible electronics and wearable technology 
(Fig. 11-wearable electronics section) due to its variable conductivity, 
which makes it compatible with transparent and flexible substrates. The 
creation of flexible displays, sensors, and other bending electronic 
components is made possible by the material’s mechanical flexibility, 
which enables it to bend and conform to unusual shapes without 
compromising its electronic capabilities [324]. Because MoS2 can 
absorb and emit light with such efficiency, it has also shown promise in 
optoelectronic devices like photodetectors and light-emitting diodes 
(LEDs). It is hence useful for applications in communication, sensing, 
and imaging technologies [325]. Because of the controllable electro-
static properties of MoS2, short-channel FETs and minimal power elec-
tronic devices are now possible. The performance of a MoS2 transistor 
with a 5-nm gate length appears to satisfy the standards of the 2026 
Road Map for low operating power (LOP) devices [46]. When compared 
to ultrathin Si transistors, it possesses a greater driving current, a smaller 
source-drain current leakage, and a higher operating frequency. With 
greater stability than silicon transistors, 2D MoS2 can be used in 
analogue electronics thanks to its lower tunnelling current and better 
on/off current ratio. Typically, MoS2 monolayer transistors exhibit N- 
type behaviour, and their carrier mobilities are close to 350 cm2 V− 1 s− 1 

(or 500 times lower than graphene). However, they can exhibit enor-
mous on/off ratios of 108 when made into field-effect transistors, which 
makes them effective and desirable for switching and very efficient logic 
circuits. It was found that the strain and electronic noise effects were 
crucial for the SLMoS2 transistor [326,327]. 

5.7. Biomedical applications 

Two-dimensional substance molybdenum disulfide (MoS2) has 
drawn a lot of interest recently due to its possible uses in biomedical 
devices. MoS2′s unique properties, such as its biocompatibility, tunable 
electronic structure, and large surface area, make it a promising candi-
date for various biomedical applications such as suitable for interfacing 
with biological systems, minimizing adverse reactions. Because of its 
special qualities like its huge surface area, changeable electrical struc-
ture, and biocompatibility MoS2 is an attractive option for a number of 
biomedical uses, including limiting negative reactions and interacting 
with biological systems. The creation of biosensors is one noteworthy 
use. Excellent sensitivity and selectivity have been demonstrated by 
MoS2-based biosensors in the detection of biomolecules, such as DNA 
and proteins. Because of the material’s large surface area, biomolecules 
can be immobilised more effectively, improving sensor performance 
[328]. MoS2 has also been investigated for use in medication delivery 
systems. Therapeutic substances can be controllably encapsulated and 
released by means of its layered structure. This feature is very helpful for 
focused medication distribution, which lowers adverse effects and in-
creases treatment effectiveness [329]. As MoS2 monolayers are a bio-
absorbable electrical component that can take up to two months to 
disintegrate in living cells, according to current research [330]. The 
results were verified in vivo and in vitro (on animals). Due to its 
biocompatibility, absorbability, and extremely tiny-scale transistor 
performance, MoS2 will be used in the diagnosis and treatment of 
numerous ailments. MoS2 is thought to be involved in the treatment of 
tumor and Alzheimer’s disease, despite the fact that certain 
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investigations have found Mo to be harmful [331–333]. The nanosheets 
can be employed with microfluidic devices built on poly-
dimethylsiloxane (PDMS) microchips. You can utilize the MoS2 2D layer 
to find different amino acids [334]. MoS2 nanosheets are compiled just 
on a substratum of reduced graphene oxide (RGO), in order to create a 
MoS2/RGO FET sensor (as shown in Fig. 11-biomedical applications 
section) that can recognize hydrogen peroxide H2O2, which has recently 
been discovered as a biomarker for tumor cells [335]. It is renowned for 
its biocompatibility and function in the diagnosis and treatment of 
cancer. 

6. Challenges and perspectives 

Nanogenerators (NGs) have a lot of potential to be utilised as sources 
of energy or self-sustaining wearable sensors for smart and portable 
electronics in the future because of their adaptability, durability, and 
versatility. In such cases, MoS2 is an outstanding material for energy 
harvesting applications. It has often been fabricated in the form of a 
nanogenerator to cater to the power requirements of electronic appli-
cations. No wonder, the performance of these nanogenerators based on 
triboelectric, piezoelectric, or thermoelectric effect has been 
outstanding; however, the reliability and consistency of its performance 
need thoughtful attention. Devices made from monolayer MoS2 face 
problems of structural stability owing to their brittle nature. To address 
these issues, MoS2 has often been engineered in the form of composites 
[336]. Several methods of composite fabrication like solution casting 
and electrospinning have been employed to develop MoS2-based com-
posites. The solution-cast composite film-based nanogenerators should 
have thickness engineered in such a way that they become conformable 
to the substrate they are integrated into. Often, thick films have higher 
rigidity that restricts their flexible movement, rendering them unfit for 
integration into electronic wearables. Nanogenerators based on them 
thus would be inefficient in harvesting energy from mechanical move-
ments. The electrospun nanocomposites face issues of structural stabil-
ity. They have poor abrasion resistance and tend to wear out with an 
increasing number of performance cycles. Electrospun nanogenerators 
thus have a limited lifespan. They are often encapsulated with a polymer 
coating to enhance their longevity. The power output of these nano-
generators is minuscule compared to the humungous demand for energy 
[337–341]. Research should be focused on directions that help to up-
scale the power output of these nanogenerators. Further, standardiza-
tion of the method of assessing the energy harvesting capability of such 
nanogenerators is necessary. This would help to assess and compare the 
performance of the nanogenerators on a normalised platform. But, 
despite the continuous investigations and excellent applications of NGs, 
some common challenges are faced by NGs and require the critical 
attention of researchers. There are:  

(a) Synthesis and scalability: One challenge is the large-scale 
synthesis of high-quality MoS2 with controlled thickness and 
defect density. While various synthesis methods exist, such as the 
CVD process, hydrothermal synthesis, and the exfoliation tech-
nique, achieving uniformity and scalability remains an ongoing 
challenge. Additionally, the MoS2 structure has various faults 
that, when used in device applications, result in performance 
degradation and low dependability. For instance, CVD-grown 
MoS2 layers are highly reactive and feature a lot of dangling 
bonds. Examining grain boundaries and point defects leads to the 
application of defect engineering techniques to manage MoS2 
faults. While solid-phase precursor (such as MoO3, MoS2 or WO3) 
-based chemical vapour deposition (CVD) has demonstrated 
improved thickness control on a large scale, the electrical per-
formance of the resultant material, which is typically reported 
from a small number of devices in specific areas, does not 
demonstrate spatially uniform high carrier mobility [342]. Due to 
its atomically thin structure and lack of surface dangling bonds, 

ultrathin 2D transition metal dichalcogenide (TMD) overcomes 
the limitations of short channel effects and reduced mobility. 
MoS2 because of the challenges involved in pre-depositing a 
minuscule amount of Mo. For example, if all the Mo atoms per 
unit area are totally converted to MoS2, then either a single MoO3 
layer or a third layer of a Mo thin film is needed to make a pre-
cisely regulated 1L MoS2 film. This is almost difficult to control 
[343]. As per the literature reported earlier, the best way ahead is 
to produce epitaxial monolayers using direct growth and envi-
ronmentally friendly processes like molecular beam epitaxy 
(MBE) and pulsed laser deposition (PLD), taking into account the 
difficulties associated with the synthesis of large-area excellent 
quality low dimensional layers [344]. However, many improve-
ments are still needed concerning large-area deposition of MoS2 
layer.  

(b) Device architecture and optimization: Designing an efficient 
and reliable device architecture for flexible nanogenerators re-
quires careful consideration of parameters such as the arrange-
ment of MoS2 layers, interfacial properties, and electrode 
configurations. Optimizing these factors to maximize energy 
conversion efficiency while maintaining flexibility and durability 
is a complex task. 

(c) Arrangement of MoS2 layers: MoS2 exhibits intrinsic piezo-
electric properties at the monolayer level, but the piezoelectric 
response diminishes when the quantity of layers rises. Main-
taining the monolayer structure or enhancing the piezoelectricity 
in thicker MoS2 films is a challenge to improving the energy 
conversion efficiency of nanogenerators.  

(d) Interfacial properties: Secondly, the interfacial properties of 
MoS2-based nanogenerators play a significant influence in device 
efficiency and dependability. This involves selecting appropriate 
electrode materials, surface functionalization, interfacial layers, 
or device architectures to enhance charge transfer, reduce inter-
facial resistance, and improve overall device performance. Direct 
sputtering for electrode deposition and also conductive tapes are 
utilized as an electrode material, which gives higher capacitance 
values and potential gaps between the piezoelectric substance 
and electrode, respectively. Therefore, patterned devices using 
lithographic patterning, shadow masking, or interdigitated elec-
trodes are explored day by day now due to their lower capaci-
tance values.  

(e) Durability and stability: Next, the durability and stability of 
MoS2-based devices can be influenced by various factors in which 
the effect of the techniques used for the device fabrication has a 
major effect. While solution casting and electrospinning are 
versatile techniques for fabricating MoS2-based materials, here 
are some limitations of solution casting and electrospinning when 
working with MoS2 materials. Achieving uniformity and con-
trolling the thickness and morphology of MoS2 films or nano-
fibers can be more difficult with these methods. It often requires 
optimization of various parameters, such as solvent composition, 
concentration, casting conditions, or electrospinning parameters, 
to obtain the desired properties. Solution casting and electro-
spinning may result in films or fibers with lower homogeneity 
and quality. The use of solvents and the process of solvent 
evaporation in solution casting can lead to the formation of de-
fects, non-uniformity, or cracking in the films. Similarly, elec-
trospinning can result in non-uniform fibre diameters, bead 
formation, agglomeration, or uneven distribution of MoS2 mate-
rial within the fibres. Hence the technique of spin-coating is being 
used extensively. Spin coating is a well-established and scalable 
technique, allowing for consistent and reproducible fabrication of 
MoS2 films. This scalability and reproducibility ensure that the 
performance and stability of spin coated MoS2 devices can be 
reliably achieved across different batches or manufacturing pro-
cesses. Although the edge effect and edge film quality (like 
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material tends to accumulate at the edges of the substrate, lead-
ing to non-uniform film thickness and poor edge quality) of a 
spin-coated film is still a challenging task.  

(f) Aging and degradation mechanisms: MoS2-based devices may 
undergo aging or degradation over extended operation periods, 
leading to changes in electrical properties, decreased perfor-
mance, or even failure. Investigating the underlying degradation 
mechanisms and developing strategies to mitigate them, such as 
optimizing material quality, passivation techniques, or device 
encapsulation, are essential for enhancing device durability and 
stability. 

Future research should concentrate on creating moderate materials 
with high outcomes and more stability. Therefore, it is crucial for de-
signers of nanogenerators to take into account the desired power gen-
eration, dimensions and weight constraints, operating time, and 
environmental exposures (such as temperature, resistance, radioac-
tivity, weather, involuntary movements, and relative humidity). They 
should also take into account green energy acquisition mechanisms, 
materials that are better suited for nanogenerator electro-mechanical 
behaviour, the process parameters, the style of packaging, the bare 
minimum of electronic components, and other elements. It is also 
difficult to implement appropriate analytical and numerical modelling 
approaches in the design of nanogenerators in order to determine the 
appropriate electromechanical configuration and operating principle for 
these devices under a variety of operating conditions. The development 
of effective energy storage systems and electrical interfaces that are very 
effective while using little power is also crucial. Other concerns relate to 
the integration of energy storage devices, mechanical robustness, 
chemical stability, reliability of the electromechanical behaviour of 
nanogenerators, low-cost production methods, and stability [345]. 

7. Summary 

This article provides a conclusive review on the different frontiers of 
MoS2 starting from its synthesis, applications, challenges and perspec-
tives. MoS2 belonging to the TMDC family, is emerging as a promising 
material of interest due to its lucrative properties. It surpasses the gra-
phene and Si derivative based materials in several aspects as has been 
highlighted above. The facile and numerous synthesis routes of this 
material, helps to tailor the material properties as per end use applica-
tion. The versatility of this material has found its applications in 
extended domains of piezoelectric, triboelectric and thermoelectric en-
ergy harvesting. This semiconducting TMDC has also been used in 
electronic devices to scale up their energy generation. The pyroelectric 
properties of MoS2 are utilized through the conversion of wasted heat to 
electrical energy. Self-powered temperature sensing is another extended 
application of this property of the semiconductor. Interestingly, MoS2 
has also found application in the biomedical field: tt has been used for 
detection of breast cancer. However, there are reports that state the 
toxicity of Mo as a biocompatible material and research is still being 
carried out to confirm the same. The inability of monolayer MoS2 to 
sustain large strain applications, limits its boundaries in the optoelec-
tronics field. Hence, there exists a wide scope of research in this area. 
Further tuning of the optical properties of the semiconductor would help 
to expand its spectrum of application in the electronics field. It is also 
important to take care of the structural properties of this semiconductor 
at elevated temperature. The degradation behaviour of its crystals needs 
to be studied well to tune and manoeuvre its properties. Thus, it is clear 
that, although this material has been intensively investigated, there still 
exist plenty of open questions relating to enhancing its properties and 
expanding its spectrum of application. 
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