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ABSTRACT 
The 2D-Transition Metal Dichalcogenides (TMDs) are an arena of huge interest as potential materials 
for gas sensor applications due to their unique properties. The present report is based on the structural 
and electronic properties of two most commonly studied TMDs for gas sensing, molybdenum disulfide 
(MoS2), and molybdenum diselenide (MoSe2). The studies were carried out using the Density Functional 
Theory (DFT) as implemented in the Gaussian 09W and Gauss View 6.0 suits. The structural properties 
reported includes the 2×2 lattice optimised structure of MoS2 and MoSe2 along with their calculated 
corresponding bond lengths. The Mo-S bond length was found to be 2.42 Å and Mo-Se as 2.60 Å, which 
is almost equal to the experimental values. One crucial electronic parameter reported is the highest 
occupied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) with their 
corresponding energy values, which further gives the HOMO-LUMO gap, which in turn is a very 
important parameter that greatly influences the performance of gas sensors. The HOMO-LUMO gap was 
found to be 0.024 eV in case of MoS2 and 0.029 eV for MoSe2. The Electrostatic Potential (ESP) plot gives 
an overview of the reactive sites present in the molecule for electrophilic or nucleophilic attacks. The 
DOS spectrum obtained using the Gauss Sum software provides an idea about the number of available 
states at a particular energy level of the molecule. The study of the structural and electronic properties 
of MoS2 and MoSe2 is essential for understanding and further optimising their performance as sensing 
materials. 

 
1.  Introduction 

Two-dimensional (2D) materials have garnered substantial 

interest from researchers across various disciplines, including 

physics, chemistry, and material science due to their unique 

properties. These materials find numerous applications in the 

arena of gas sensing, catalysis and great storage devices [1]. A 

significant category of 2D materials are the transition metal 

dichalcogenides (TMDs). The main features which make these 

materials potential sensing materials are their high carrier 

mobility, large surface area, quick response to changes in 

environments and higher concentration of reactive sites which 

leads to high activity [2-3]. Molybdenum Disulphide (MoS2) a 

significant member of the family of TMDs has recently 

gathered significant interest due to its intrinsic bandgap, high 

electron mobility, outstanding electrical properties, quick 

recovery and good chemical stability as compared to other 

materials [4, 1-2].  

Understanding the structural properties: crystal structure, 

orientation, bond length; and electronic properties: HOMO-

LUMO, Density of States (DOS) and Electrostatic Potential 

(ESP) of MoS2 (molybdenum disulphide) and MoSe2 

(Molybdenum Diselenide) is crucial for their gas sensing 

applications because these properties directly influence how 

gas molecules interact with the material [5]. These combined 

structural and electronic characteristics dictate the sensor's 

overall performance, including response and recovery times, 

making a thorough understanding of these properties vital for 

optimizing gas sensing technologies [6-7].  

This paper presents a detailed report on the structural and 

electronic properties of pristine MoS2 and MoSe2. A 

geometrically optimized structure was obtained using DFT 

calculations, and various properties such as the HOMO-

LUMO, ESP, DOS and bond  length were investigated. To the 

best of our knowledge, there have been no reports on the 

detailed electro-chemical properties of pristine MoS2 and 

MoSe2 at one place. 

 

2.  Computational details 

The pristine MoS2 and MoSe2 sheet that was taken for 

study, shown in Figure1 and Figure 5, consisted of a 2X2 

lattice crystal with 4 molybdenum (Mo) atoms, and 8 (S), and 

(Se) atoms, respectively. First principle DFT calculations were 

used to carry out the experiment to find the properties of MoS2 
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and MoSe2 sheet based on their structure and electronic 

configurations using the Gaussian 09W and Gauss View 6.0 

suits. The optimized structures were obtained by using the 

Density Functional Theory, B3LYP (Becke, 3-parameter, Lee-

Yang-Parr) functional with 3-21G as the basis set. B3LYP 

functional combines the local density approximation (LDA) 

with the gradient-corrected correlation functional [8]. The bond 

length, HOMO-LUMO and ESP plots were obtained using the 

above-mentioned software. The DOS graph was obtained for 

all the combinations using the Gauss Sum software with the 

molecular data obtained after optimisation of the molecule. 

The HOMO-LUMO gap of the MoS2 and MoSe2  was 

calculated from the following equation: 

  

EHOMO-LUMO gap = ELUMO – EHOMO                (1) 

 

where, EHOMO stands for the highest occupied orbital 

molecular energy, ELUMO means the lowest unoccupied orbital 

molecular energy of the molecule after optimization and  

EHOMO-LUMO gap stands for the HOMO-LUMO gap of the 

molecule which is a very vital parameter for judging the 

performance of any sensors. 

3.  Results and discussion 

3.1  Structural properties of molybdenum disulphide 

The structure of MoS2 is a hexagonal prism with Mo atom 

at the centre, covalently bonded with six S atoms, whereas 

there exists weak van der Waals forces between the 

sandwiched layers. This is the reason why MoS2 can be peeled 

into layers easily, which makes single or few layer MoS2 

synthesis possible [9-10].  

The bond length of MoS2 is a pivotal factor for estimating 

the structural integrity and properties of the material according 

to various applications. The bond length observed from the 

optimised structure of MoS2 from Figure 1 is 2.42 Å, which 

signifies a strong covalent bonding between the molybdenum 

and sulphur atoms within the layer. In monolayer MoS2, the 

Mo-S bond length influences the material's band structure and 

electronic transitions, which in turn impacts its suitability for 

optoelectronic devices such as photodetectors and transistors. 

From reported data, it is found that MoS2has an indirect 

bandgap of 1.2 eV, and single layer MoS2 has a direct bandgap 

of 1.8 eV [11]. 

 

 
Figure 1: Optimized structure of molybdenum disulphide. 

 

3.2  Electronic properties of pristine molybdenum 
disulphide (MoS2) 

(a) HOMO-LUMO Analysis: The conductivity of MoS2 

is a function of the changes in orbital energy levels [4]. The 

orbital plots of various levels were generated using GaussView 

6.0 software to predict nature of charge transfer between the 

sensing layer and any other gas/bio molecule [12-13]. The 

HOMO-LUMO gap is a very important parameter to consider: 

a smaller gap indicates higher chemical reactivity and lower 

stability, while a larger gap suggests weaker chemical 

reactivity and greater stability [14-15]. 

Varying color gradients of HOMO-LUMO plots as shown 

in Figure 2 provide insights into the distribution and intensity 

of these orbitals. Brighter colors, such as red and blue, indicate 

regions with a high electron density, while colors like green or 

yellow signify areas with a lower electron density. 

The HOMO-LUMO gap another important parameter 

gives us information about the sensing abilities of the sensor 

[4]. The orbital energy magnitudes of various orbitals, and the 

HOMO-LUMO gaps are presented in Table 1. For MoS2, the 

HOMO-LUMO gap is found to be +0.02439 eV. This positive 

value arises because the energy value of the highest orbital is 

more negative than that of the lowest orbital. A small HOMO-

LUMO gap is preferable for gas sensors, as it indicates that a 

lower amount of energy is required for electrons to go to a 

higher energy state from a lower one.  

 

Table 1: Orbital energy and HOMO-LUMO band gap calculation of 

Molybdenum Disulphide (MoS2). 

Molecular orbitals of MoS2 (Iso value – 0.02) 

EHOMO (eV) -0.19159 

ELUMO (eV) -0.16720 

EHOMO-1 (eV) -0.21335 

ELUMO+1 (eV) -0.15520 

EHOMO - LUMO gap (eV) 0.02439 

EHOMO-1 – LUMO+1 gap (eV) 0.05815 

 

(b) ESP Analysis: The Electrostatic Potential (ESP) 

basically functions as a tool to identify the reactive sites in a 

molecule, focussing on the regions suitable for electrophilic 

attacks (red and yellow) and nucleophilic attacks (blue) [16-

18]. The ESP for all combinations was generated using 

GaussView software with an iso value set to 0.004. The ESP 

colour scheme follows a particular colour code where; red 

signifies surfaces rich in electrons having partial negative 

charge, blue represents areas deficient in electrons with partial 

positive charge, yellow is for slightly electron- rich areas, cyan 

indicates slightly electron deficient areas and green indicates 

regions neutral in nature [4, 19-20]. 

a) Top View b)   Side View 
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Figure 2: Visual representation of molecular orbitals of molybdenum disulfide (a) HOMO; (b) LUMO; (c) HOMO-1; (d) LUMO+1. 

 

Figure 3 shows the ESP plot of Molybdenum Disulphide 

with a 3D view, showcasing the different reactive centres 

within the molecule. The ESP plots were calibrated with 

potential values ranging from−5.160e−2 to −0.122e0eV, 

where each colour follows the colour code mentioned above. A 

prominently negative electrostatic potential surrounding the 

interaction site is depicted in orange, covering nearly a large 

portion of the MoS₂ sheet. Each atom’s unique charge 

distribution and chosen isovalue collectively shape the ESP 

plot visualization. 

  

 
Figure 3: Electrostatic potential of pristine molybdenum disulphide. 

 

(c) DOS Analysis: The physical and chemical 

interactions between sensing layer and gas/bio molecule, along 

with their electronic properties is investigated using the density 

of states analysis. The results of the DOS spectrum of MoS2 

monolayer is depicted in Figure 8. The gap near the Fermi 

level signifies the semiconductor characteristics of the MoS2 

layer [1]. DOS presents an overview of the levels of electronic 

energy within the conduction and valance bands [2]. The green 

lines in a DOS spectrum represent the HOMO levels, whereas 

the red lines correspond to the LUMO levels of MoS2 [18]. 

 

Top View 

Top View 

Top View 

Top View Side View 

Side View 

Side View 

Side View 

a) Top View b) Side View 
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Figure 4: Density of states of pristine molybdenum disulphide. 

 

3.3  Structural properties of molybdenum diselenide 
(MoSe2) 

The structure of MoSe2 is similar to that of MoS2, made of 

strongly bonded Se-Mo-Se covalent bonds and weak van der 

Waals forces between the sandwiched layers [21]. Similarly 

MoSe2 can also be made into sheets confirming its high crystal 

quality. The bond length observed from the optimised structure 

of MoSe2 is 2.60 Å, which signifies a strong covalent bonding 

between the molybdenum and selenium atoms, but a less 

strong interaction in comparison with MoS2. 

 

 
Figure 5: Optimized structure of molybdenum diselenide.

 

3.4  Electronic properties of pristine molybdenum 
diselenide 

(a) HOMO-LUMO Analysis: As stated before 

conductivity of a material is a function of the changes in 

HOMO-LUMO energies. The orbital energy magnitudes of 

various orbitals, and the HOMO-LUMO gaps are presented in 

Table 2. For MoSe2, the HOMO-LUMO gap is approximately 

0.02876 eV, greater than that of MoS2. Due to the larger 

HOMO-LUMO gap, we can infer that MoSe2 has higher 

kinetic stability and low chemical reactivity as compared to 

MoS2. 

(b) ESP Analysis: The ESP was generated using the 

GaussView software in a similar manner. The iso value was set 

to 0.004. Figure 7 shows the ESP plot of Molybdenum 

Diselenide with a 3D view, showcasing the different reactive 

centres within the molecule. The ESP plots were calibrated 

with potential values from −7.960𝑒−3 to 4.000𝑒−2eV, where 

each colour follows the colour code mentioned above. We can 

see, as compared to MoS2 the red areas are greater in case of 

MoSe2, proving that MoSe2 is more nucleophilic in nature than 

MoS2. 

 

Table 2: Orbital energy and HOMO-LUMO band gap calculation of 

Molybdenum Diselenide (MoSe2). 

Molecular orbitals of MoSe2 (Iso value – 0.02) 

EHOMO (eV) -0.18214 

ELUMO (eV) -0.15338 

EHOMO-1 (eV) -0.19378 

ELUMO+1 (eV) -0.13563 

EHOMO - LUMO gap (eV) 0.02876 

EHOMO-1 – LUMO+1 gap (eV) 0.01775 

 

 

 

 

 

 

a) Top View b)   Side View 
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Figure 6: Visual representation of molecular orbitals of molybdenum diselenide (a) HOMO; (b) LUMO; (c) HOMO-1; (d) LUMO+1. 

 

 
Figure 7: Electrostatic potential of pristine molybdenum diselenide. 

 

(c) DOS Analysis: The DOS spectrum was obtained in  

the same manner as that of MoS2 using the GaussSum 

software. The meaning of the parameters of a DOS spectrum 

are already stated. As, we can see the DOS peaks are higher in 

case of MoSe2 as compared to that of MoS2. DOS gives an 

overview of the available states that can be occupied at a 

specific level. A higher peak of DOS means many states are 

available for occupation. Especially it becomes an 

irreplaceable parameter when interaction between surfaces is 

considered, which involves transition of electrons. 

 

 

Figure 8: Density of States of Pristine Molybdenum Diselenide. 

Top View Top View 

Top View Top View 

Side View Side View 

Side View Side View 
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4.  Conclusions 

In conclusion, this study deals with an analysis of the 

structural ad electronic properties of molybdenum disulphide 

(MoS2) and molybdenum diselenide (MoSe2), highlighting 

their use as potential sensing materials. We obtained optimized 

2X2 lattice structures and calculated their bond lengths, which 

closely resembled experimental data (Mo-S: 2.42 Å, Mo-Se: 

2.60 Å). The electronic properties include the HOMO-LUMO 

gaps of the two molecules (0.024 eV for MoS₂ and 0.029 eV 

for MoSe2), which translates to MoSe2’s higher kinetic stability 

and low chemical reactivity as compared to that of MoS2. The 

Electrostatic Potential (ESP) plots revealed reactive sites 

essential for understanding interactions with gas molecules, 

while the density of states (DOS) spectra provided insights into 

the available electronic states. Overall, our findings highlighted 

the importance of such properties for optimising and tuning the 

materials for enhanced sensing performance and paving a way 

for future applications in this field. 
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