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Abstract— This article reviews on Two-dimensional 

transition metal dichalcogenides nanomaterials and 

their Applications. Recent advances in two 

dimensional metal dichalcogenides have subjected its 

attention to a variety of fields such as 

optoelectronics, nanoelectronics, sensors, energy 

storage etc. These materials are finding numerous 

applications for next generation electronics and 

electronic devices. There are many methods for 

sample preparation such as the mechanical, liquid 

exfoliation and CVD techniques. In this review, the 

properties, preparation methods and applications of 

TMD nanomaterials are discussed. 

 

Keywords— Two dimensional transition metal 

dichalcogenides,  Mechanical properties, Electronic and 

optical properties, synthesis techniques,  Energy storage, 

Electronic devices, Supercapacitors.  

 

I. INTRODUCTION 

In recent years 2- Dimensional nanomaterial  

Graphene,hexagonal boron nitride has gained 

importance which led to exploration of other 

2D nanomaterials[1-5]. Graphene exhibits 

semi-metallic properties. The semi-conducting 

and insulating 2D nanomaterials having 

structural properties which are used to 

integrated in nano electronic devices for 

various applications. Recently  2-D transition 

metal dichalcogenides having a structural 

formula MX2  where M is a transition metal 

element (Mo,W, V, Nb, Ta, Ti, Zr, Hf, Tc, and 

Re) and X is a chalcogen element (S, Se, Te ) 

as shown in Fig.1.The MX2 consists of three 

atomic layers X-M-X in which central layer 

was sandwiched between 2 chalcogen atom 

layers.The stacking of these layers resemble 

 
 

graphite structure [6].These layers are bonded 

with vanderwaal’s force that contributes the 

formation of monolayers or nanolayers via 

exfoliation. The 2DTMD’s nanomaterials 

possess large surface area to volume ratio, 

different phases, defects and edge enrichment 

strategies. Also direct band gap ,strong spin -

orbit coupling, are due to quantum 

confinement. This behaviour gained them to 

exhibit excellent electronic and optical 

properties which further featured them to be 

used in electronic devices, optoelectronic 

devices, gas sensing devices, energy storage 

devices etc[7-15].In this review, we discuss 

the properties,preparation methods and various 

applications of 2D TMD’s materials. 

 

 

 
 

Fig 1 Periodic table indication 16 transition metals 

and 3 chalcogen atoms. 
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II. PROPERTIES 

             A. Fundamental Crystal structure 

The 2 D TMD’s nanomaterials have a 

layered structure by following the 

stoichiometry MX2 where M is a transition 

metal and X is a chalcogen. The transition 

metal atoms and chalcogen atoms are in a 

plane having covalent bond between them. 

Among the layers ,there is a vanderwaals 

bond which is weak in nature. The 2D 

TMD’s  has gained importance due to the 

contribution of d sub shell electrons in d 

orbital. The oxidation states of transition 

metals and chalcogens are +4 and -2 

respectively. Thus the number of d sub shell 

electrons varies between 0 and 6 as we 

move from group IV to group X. 

Depending on the arrangement of structural 

atoms (X-M-X),single layer of TMD’s can 

possess a different phase structures.They 

can be considered as three atomic layers 

located on top of each other and 

perpendicular to layer.The distribution of 

electrons in d sub shell of transition metal 

atom plays a key role in deciding phase 

structure of TMD’s[16].The completely 

filled d-sub shell orbitals decides the semi-

conductor behaviour and partially filled d-

sub shell gives rise to metallic nature of 2 D 

TMD’s nanomaterials. It has been reported 

that according to the structure of unit cell, 

single layer of TMD’s can be trigonal 

prismatic also known as 2H phase and 

octahedral phase i.e 1T phase depending on 

the occupancy of electrons in d sub shell.  

B. Mechanical Properties 

The TMD’s are mechanically flexible and 

stronger similar to Graphene.The 

elastic properties of MoS2 nano sheets 

are reported.It has been observed that 

the young’s modulus of MoS2 

nanosheets are exceptionally 

high.Another [17] the stiffness and 

breaking strength .The strength of 

strongest single layer membrane is 

11% of their young’s modulus. This 

indicates that the material is defect free 

and crystalline in nature. The study of 

mechanical properties of TMD’s helps 

in understanding the appropriate nature 

so that the materials can be used as 

reinforcing materials in composites. 

This helps in fabrication of flexible 

electronic devices[18]. 

C. Electronic and Optical properties 

The electronic properties are controlled 

by filling of non bonding d bands for 

the groups IV to group X. The impact 

of chalcogen atom is small when 

compared to metal atoms. But as the 

atomic number of chalcogens is 

increased, the broadening of d band 

increases which results in the decrease 

of band gap.[11,12] reported that the 

bulk TMD’s possess indirect band gap. 

But as the semi-conducting materials 

are tuned by phase engineering ,the 

indirect band gap materials turns into a 

direct band gap monolayer material[13-

18].This kind of feature improves 

catalytic performance. Also the optical 

absorption characteristic is related to 

band  structure of semi-conducting 

layered materials. The electronic 

character of different layered materials 

are given in Table 1. 
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              Table 1 Electronic character of different 

layered TMDs [16] 

Group M  X  Properties 

4 Ti, 

Hf, 

Zr 

S, 

S, 

Te 

Semiconducting 

(Eg = 0.2 ~ 2 

eV) 

5 V, 

Nb, 

Ta 

S, 

Se 

Te 

Narrow band 

metals or 

semimetals 

6 Mo, 

W 

S, 

Se 

Te 

Sulfides and 

Selenides are 

semiconducting. 

Telurides are 

semietallic. 

7 Tc, 

Re 

S, 

Se 

Te 

Small gap 

semiconductors. 

10 Pd, 

Pt 

S, 

Se 

Te 

Sulfides and 

Selenides are 

semiconducting. 

Telurides are 

metallic. PdTe2 

is 

superconducting 

 

To tune the band gap the materials are often 

doped/alloyed or mechanically strained or 

stacked in the form of hetero structures with 

other elements. Out of many,doping/alloying is 

a scalable route to modify the band gap. 

III. SYNTHESIS OF 2D TMD’S 

Single or few layered 2D TMD’s can be 

synthesized by several methods. These 

methods can be divided into  Top-down and 

Bottom-up approaches. 

A. Top-Down approach 

1) Mechanical Exfoliation 

This was used to exfoliate graphene 

layers[19].this method gives good quality of 

atomically thin 2D TMD’s. It was reported 

that the crystallinity will be maintained after 

the exfoliation from bulk structures[20-22]. 

2) Liquid Exfoliation 

Bulk crystals are exfoliated vis ultrasonication 

in specific solvent. The weak vanderwaal’s 

forces are broken down by sonication but not 

strong covalent bonds[23]. The solvent 

molecules help to stabilize exfoliated 

nanosheets and inhibit their reassemble.These 

molecules try  to bind the surface of 

nanosheets with their existing surface energy  

via vanderwaal’s interaction .Multiple layers 

of 2D TMD’s are synthesized such as 

MoS2,Ws2,TaSe2 etc are reported[24-26]. 

3) Chemical Exfoliation 

In this method the intercalators are introduced 

into the layers of bulk crystals through 

ultrasonication. Then the bulk TMD’s are 

exfoliated into ultrathin nanosheets under 

sonication. Without using toxic organic 

solvents 2D TMD’s can be synthesized. 

B. Bottom -up approach 

1) Chemical vapour deposition 

In this technique,the reaction precursor are 

exposed tosubstrate under high temperature 

and pressure. The reaction between transition 

metal atoms and chalcogeneide atoms generate 

ultra thin 2D TMD’s.The obtained reaction 

product was deposited on substrate[27].The 

use of substrate increases the transfer process 

of nanosheets. This synthesis method provides 

quality and excellent electronic property.  

2)  Pulsed Vapour deposition 

In this method , a laser beam is used to ablate 

the particles of desired material from their bulk 

structure and then ablated particles are 

condensed on the desired substrate. Faster 

growth rate can be achieved due to laser 

beam.The temperatue and time for growth rate 

is less when compared to CVD 

technique.Serna et .al studied the  effect of 

cutting down the temperature from 700 ˚C to 

300 ˚C and they obtained that the 

stoichiometric ratio of Mo to S elements is 

affected at relatively lower temperatures with 

lack of S atoms.[28] Tian et al grew1-cm-scale 
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2D monolayer WS2 on sapphire at a 

temperature of 500 ˚C which is lowerthan the 

temperature used for the growth of MoS2 (700 

˚C). They observed that the quality of the 2D 

monolayer WS2 thin film was improved after 

annealing it in sulfur rich environment.[29] 

 

3) Solvothermal method 

With the help of precursors under the 

condition of specific solvent and specific 

reaction time,ultrathin 2D TMD’s can be 

obtained[30].It was reported that the ultrathin 

MoS2 and WS2 nanosheets are obtained after 

the reaction of Molybdic acid or tungstic acid 

with thiourea at 773 K for 3h.High yield can 

be achieved with low cost.This technique is 

promising for industrial applications of 2D 

TMD’s[31,32]. 

 

IV APPLICATIONS OF 2D TMD’S 

A. Electronic devices 

Single layer MoS2 nanosheets are seem to be 

supplementary material to graphene when used 

in low power electronic devices. MoS2[2,33] 

shows excellent semi-conducting properties 

due to its direct band gap of 1.83 eV.The 

carrier mobility,current of MoS2 based devices 

can be increased to 200 cm
2
V

-1
 S

-1
.Also 

Multilayer MoS2 shows more advantages when 

compared to single layer MoS2.Thus 2D 

TMD’s can be used as potential building 

blocks for various integrated circuits and 

various electronic devices[34,35,36]. 

B. Energy storage applications 

The energy storage devices and their 

techniques play vital role for the sustainable 

development of technologies. As 2D TMDs 

has atomic thin layered structure, high surface 

to volume ratio and  electrochemical properties 

has made them suitable for energy storage 

applications such as lithium-ion batteries, 

super capacitors, etc. This behaviour of 2D 

TMD materials[37-39] towards energy storage 

is due to their layered structure makes it 

suitable as more active sites are present .  

 

 
Fig 2. Various applications of 2D TMD’s 

                  

Also high surface area to volume ratio makes 

them appropriate for energy storage by 

combining with surface properties and 

conductivity. 

C. Super capacitors 

Supercapacitors known as electrochemical 

capacitors are currently under development. 

When external voltage is applied to the similar 

electrodes, some ions get adsorbed in case of 

few electrodes. This results in pseudo 

capacitance.Usually the pseudocapacitors are 

prepared by using transition metals. The 

stacked like structure of TMDs for example  

MoS2 has large electric double layer 

capacitance and large pseudo capacitance 

because of different oxidation state of the 

metal atom which makes it as a promising for 

energy storage device. Super capacitors are the 

promising energy storage devices for high 

power applications such as electronic devices, 

hybrid electric vehicles, regulating power 
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supply for battery separation .Due to small 

flake size, uncontrollable thickness and 

various defects it has limited production[40-

43]. 

D. Sensor applications 

2D TMDs are considered to have efficient 

sensor application due to its unique 

Properties.The atomic level thickness and 

high surface to volume ratio makes them 

potential to analyze and detect a large 

amount of foreign particles. Also TMDs 

are  highly active and show  rapid response 

towards the target particles. Able to 

recover with the application of low energy 

or power[44,45].It has been reported that 

the 2D single monolayer MoS2 has a great 

application as chemical sensor which 

exhibits photo response as well as ultralow 

standby power dissipation at room 

temperature. 

 

Apart from chemical sensor,MoS2 

nanoparticle modified electrodes may act 

like a glucose sensor. In the field of 

biomedical and disease diagnosis, 

detection of specific DNA or peptides 

sequences have great importance, and to 

perform the detection, it requires an 

ultrasensitive DNA sensor. Single layer 2D 

MoS2 has the sensitivity towards the 

biomolecules with fluorescence probe. 

Hetero-structure of graphene/MoS2 has an 

ultra-sensitivity towards the detection of 

DNA hybridization.[46,47] Most of the 2D 

TMDs sensors are realized with the use of 

mechanically exfoliated or liquid phase 

exfoliated MoS2 flakes. 

V. CONCLUSION 

In summary, we discussed the various 

properties structural,mechanical and 

electronic of 2D TMD’s. 2D TMD’s can 

be synthesized by various methods like 

Mechanical exfoliation, Chemical 

exfoliation, liquid exfoliation, CVD,PVD, 

Solvothermal methods.Numerous 

applications are there for these materials in 

all the fields due to their atomic thickness 

and high surface to volume ratio. Few 

major areas of 2D TMD’s are discussed 

such as electronic devices, energy storage, 

supercapacitors, sensor applications.  

                             ACKNOWLEDGMENT 

The authors acknowledge to CDC 

committee and Management of VNR 

Vignana Jyothi Institute of Engineering 

and technology. 

REFERENCES 

[1]. KS Novoselov, AK Geim, SV Morozov, D 

Jiang, Y Zhang, SV Dubonos,  IV Grigorieva, 

AA Firsov, Science 306, 666 (2004) 

[2]. KS Novoselov, D Jiang, F Schedin, TJ Booth, 

VV Khotkevich, SV Morozov, AK Geim, Proc. 

Natl. Acad. Sci. U. S. A. 102, 10451 (2005) 

[3]. L Song, L Ci, H Lu, PB Sorokin, C Jin, J Ni, 

AG Kvashnin, DG Kvashnin, J Lou, BI 

Yakobson, PM Ajayan, Nano Lett. 10, 3209 

(2010) 

[4]. Y Shi, C Hamsen, X Jia, KK Kim, A Reina, M 

Hofmann, AL Hsu, K Zhang, H Li, ZY Juang, 

MS Dresselhaus, LJ Li, J Kong, Nano Lett. 10, 

4134 (2010) 

[5]. KH Lee, HJ Shin, JY Lee, IY Lee, GH Kim, JY 

Choi, SW Kim, Nano Lett. 12, 714 (2012). 

[6]. Lu, J.M.; Zheliuk, O.; Leermakers, I.; Yuan, 

N.F.Q.;Zeitler, U.; Law, K.T.; Ye, J.T. 

Evidence for two-dimensionalIsing 

superconductivity in gated MoS2. Science 

2015. [CrossRef] 

[7]. O Lopez-Sanchez, D Lembke, M Kayci, A 

Radenovic, A Kis, Nat. Nanotechnol 8, 497 

(2013). 

[8]. H Zeng, J Dai, W Yao, D Xiao, X Cui, Nat. 

Nanotechnol. 7, 490 (2012) 

[9]. W Zhang, C-P Chuu, J-K Huang, C-H Chen, 

M-LTsai, Y-H Chang, C-T Liang, Y-Z Chen, 

Y-L Chueh, J- H He, M-Y Chou, L-J Li, Sci. 

Rep. 4, 3826 (2014). 



 
29 

                                                      Engineering and Technology Journal for Research and Innovation (ETJRI)    

                                                                                              ISSN 2581-8678, Volume IV, Issue II, Jun 2022                       
 

 

[10]. C Cong, J Shang, X Wu, B Cao, N Peimyoo, 

C Qiu, L Sun, T Yu, Adv. Opt. Mater. 2, 131 

(2014). 

[11]. A Splendiani, L Sun, YB Zhang, TS Li, J 

Kim, CYChim, G Galli, F Wang, Nano Lett. 

10, 1271 (2010). 

[12]. T Li, G Galli, J. Phys. Chem. C 111, 16192 

(2007). 

[13]. KF Mak, C Lee, J Hone, J Shan, TF Heinz, 

Phys. Rev. Lett. 105, 136805 (2010). 

[14]. C Lee, H Yan, LE Brus, TF Heinz, J Hone, S 

Ryu, ACS Nano 4, 2695 (2010). 

[15]. H Li, G Lu, ZY Yin, QY He, Q Zhang, H 

Zhang, Small 8, 682 (2012). 

 [16]. M Chhowalla, HS Shin, G Eda, LJ Li, KP 

Loh, H Zhang, Nat. Chem. 5, 263 (2013) 

[17]. A Castellanos-Gomez, M Poot, GA  Steele, 

HSJ van der Zant, N Agraït, G Rubio-

Bollinger, Adv. Mater. 24, 772 (2012) 

[18]. S Bertolazzi, J Brivio, A Kis, ACS Nano 5,  

9703 (2011). 

[19]. K. S. Novoselov, A. K. Geim, S. V. Morozov,  

D. Jiang, Y. Zhang, S. V. Dubonos IVG and 

AAF (2004) Electric Field Effect in 

Atomically Thin Carbon Films.Science 

306:666–669 

 [20]. Cui X, Lee G, Kim YD, et al (2015) Multi-

terminal transport measurements of MoS2 

using a van der   Waals heterostructure device 

platform. Nat Nanotechnol 10:534–540. 

 [21]. Tongay S, Sahin H, Ko C, et al (2014) 

Monolayer behaviour in bulk ReS2 due to 

electronic   and     vibrational decoupling. 

Nat Commun 5:1–6. 

 [22]. Tongay S, Zhou J, Ataca C, et al (2012) 

Thermally Driven Crossover from 

Indirect toward Direct Bandgap in 2D 

Semiconductors: MoSe2 versus MoS2.  

Nano Lett 12:5576-5580. 

  [23]. Dines, M. B. (1975). Lithium intercalation 

via n-Butyllithium of the layered 

transition metal dichalcogenides. Mater. 

Res. Bull. 10, 287–291. doi: 10.1016/ 

0025-5408(75)90115-4 

  [24]. Coleman, J. N., Lotya, M., O’neill, A., 

Bergin, S. D., King, P. J., Khan, U., et al. 

(2011). Two- dimensional anosheets 

produced by liquid exfoliation of layered   

materials.Science331,568–571.    

doi110.1126/science.119 4975 

    [25]. Jawaid, A., Nepal, D., Park, K., Jespersen, 

M., Qualley, A., Mirau, P., et al. (2016). 

Mechanism for    liquid phase exfoliation 

of MoS2. Chem. Mater. 28, 337–348. doi: 

10.1021/acs.chemmater.5b04224 

     [26]. Joensen, P., Frindt, R. F., and Morrison, S. 

R. (1986). Single-layer MoS2.Mater. Res. 

Bull. 21, 457– 461.doi: 10.1016/0025-

5408(86)90011-5.   

      [27]. Choi W, Choudhary N, Han GH, et al 

(2017) Recent   development of two-

dimensional transition metal 

dichalcogenides and their applications. 

Mater Today 20:116–130 

      [28]. Bouanani L El, Serna MI, Hasan SMN, et 

al (2020)  Large-Area Pulsed Laser 

Deposited Molybdenum Diselenide 

Heterojunction Photodiodes. ACS Appl  

Mater Interfaces 12:51645–51653. 

      [29]. Kun Tian KB and AT (2018) Growth of 

Two- dimensional WS2 Thin Films by 

Pulsed Laser Depositio Technique. Thin 

Solid Films 668:69–73 

       [30]. Cao, S., Liu, T., Hussain, S., Zeng, W., 

Peng, X., and Pan, F. (2014). 

Hydrothermal synthesis of variety low 

dimensional WS2 nanostructures. Mater. 

Lett. 129, 205–208. doi: 

10.1016/j.matlet.2014.05.01.  

      [31]. Peng, Y., Meng, Z., Zhong, C., Lu, J., Yu, 

W., Jia, Y., et al. (2001a). Hydrothermal 

synthesis and   characterization of single-

molecular-layer MoS2 and MoSe2 Chem. 

Lett. 30, 772–773. doi: 

10.1246/cl.2001.772 

      [32]. Peng, Y., Meng, Z., Zhong, C., Lu, J., Yu, 

W., Yang, Z., et al. (2001b). 

Hydrothermal synthesis of MoS2 and its 

pressure-related crystallization. J. Solid 

State Chem. 159, 170–173. doi: 

10.1006/jssc.2001.9146 

      [33]. B Radisavljevic, A Radenovic, J Brivio, V 

Giacometti, A Kis, Nat. Nanotechnol. 6, 

147 (2011) 

      [34]. Y Yoon, K Ganapathi, S Salahuddin, 

Nano Lett. 11, 3768 (2011) 

      [35]. YJ Zhang, JT Ye, Y Matsuhashi, Y Iwasa, 

Nano Lett.12, 1136 (2012) 

       [36]. J Pu, Y Yomogida, K-K Liu, L-J Li, Y 

Iwasa, T Takenobu, Nano Lett. 12, 4013 

(2012). 

       [37].Dutta S, De S (2018) MoS2 

Nanosheet/rGO Hybrid: An Electrode 

Material for High Performance Thin Film 

Supercapacitor. Mater Today Proc 

5:9771–9775. 

       [38]. Ratha S, Rout CS (2013) Supercapacitor 

electrodes based on layered tungsten 

disulfide-reduced grapheme oxide hybrids 

synthesized by a facile hydrothermal 

method. ACS Appl Mater Interfaces 

5:11427–11433. 

       [39]. Wang L, Ma Y, Yang M, Qi Y (2015) 

One-pot synthesis of 3D flower-like 

heterostructured      



 
30 

                                                      Engineering and Technology Journal for Research and Innovation (ETJRI)    

                                                                                              ISSN 2581-8678, Volume IV, Issue II, Jun 2022                       
 

 

              SnS2/MoS2 for enhanced supercapacitor 

behavior. RSC Adv 5:89069–89075. 

        [40].Cao R, Zhuang QC, Tian LL, et al (2014) 

Electrochemical impedance spectroscopic 

study of the lithiumstorage mechanism in 

commercial molybdenum disulfide. Ionics 

(Kiel) 20:459–469. 

        [41]. Lee SW, McDowell MT, Choi JW, Cui Y 

(2011) Anomalous shape changes of 

silicon nanopillars by electrochemical 

lithiation. Nano Lett 11:3034–3039. 

       [42]. Seino Y, Ota T, Takada K, et al (2014) A 

sulphide lithium super ion conductor is 

superior to liquid ion conductors for use 

in rechargeable batteries. Energy Environ 

Sci 7:627–631. 

[43]. Mashtalir O, Naguib M, Mochalin VN, et 

al (2013) Intercalation and delamination 

of layered carbides and carbonitrides. Nat 

Commun 4:1–7. 

[44]. Dan Y, Lu Y, Kybert NJ, et al (2009) 

Intrinsic response of graphene vapor 

sensors. Nano Lett 9:1472– 1475. 

[45]. Loan PTK, Zhang W, Lin C Te, et al 

(2014) Graphene/MoS2 heterostructures 

for ultrasensitive detection of DNA 

hybridisation. Adv Mater 26:4838–4844. 

[46] .Kalantar-Zadeh K, Ou JZ (2016) 

Biosensors Based on Two-Dimensional 

MoS2. ACS Sensors 1:5–16. 

[47]. Late DJ, Huang YK, Liu B, et al (2013) 

Sensing behavior of atomically thin-

layered MoS2 transistors. ACS Nano 

7:4879–4891. 

 

 

 

 

 

 

  


