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ABSTRACT 
 
The realistic structures of pure, Cr and Se substituted MoS2 nanostructures are optimized and simulated successfully 
with B3LYP/ LanL2DZ basis set. The stability of MoS2 nanostructures are discussed in terms of calculated energy. 
The point symmetry and dipole moment of both pure and impurity substituted MoS2 nanostructures are also 
reported. The electronic properties of MoS2 nanostructures are discussed by HOMO – LUMO gap, electron affinity 
and ionization potential. The results of the present work will give insights to tailor MoS2 nanostructures by 
substitution impurities and defect structure which enhances the electronic properties and structural stability of MoS2 
nanostructures that find its key application in photo catalysis, photovoltaic cells and dry lubrication. 
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INTRODUCTION 

 
Molybdenum disulfide (MoS2) is an inorganic compound which is classified under metal dichalcogenide . Due to its 
robustness and low frictional properties MoS2 can be used as solid lubricant. The molybdenum atoms are perfectly 
sandwiched between sulfur atoms to form layered structure of molybdenum disulfide and its properties resembles 
graphite. Graphene is one of the of two dimensional material which find its potential importance in engineering 
applications, but nanosheet form of transition metal disulfides (TFDs) consists of only few layer, such as tungsten 
disulfide (WS2) and MoS2. Compared to graphite, MoS2 is a promising material to enhance high energy capacity. 
TFDs are widely used in hydro desulfurization catalysts, photo catalysis, photovoltaic cells, dry lubrication and in 
lithium batteries due to their optical, electronic and catalytic properties. The transition-metal dichalcogenide MoS2 
semiconductor has attracted many researchers due to its optical, electronic and catalytic properties [1-3]. The 
indirect band gap of MoS2 semiconductor is 1.29 eV, the band gap of MoS2 is suitable for optoelectronic, electronic 
and photovoltaic applications. The mono layer MoS2 nanostructure has been reported recently [4] and its properties 
are investigated both experimentally [5-7] and theoretically [8, 9]. Moreover, recently mono layer molybdenum 
disulfide has been used as tunneling barrier on vertical TFET and as conductive channel in low-power field effect 
transistor [10]. The main goal behind this work is to optimize and enhance the optoelectronic properties and 
structural stability of MoS2 by substituting proper impurities such as chromium and selenium. Density functional 
theory (DFT) is well-organized method to fine-tune electronic properties and structural stability of MoS2 [11-13]. In 
the present work the structural stability and electronic properties of MoS2 nanostructures are studied and reported. 
 

MATERIALS AND METHODS  
 
The hexagonal nanostructures of MoS2 are completely simulated and optimized successfully using Gaussian 09W 
package [14]. In this work DFT method is utilized with Becke’s three-parameter hybrid functional in combination 
with Lee-Yang-Parr correlation functional (B3LYP).  The choice of basis set plays an important role in optimization 
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of MoS2 nanostructures. Since LanL2DZ is applicable to Li-La, H and Hf-Bi elements, in the present work 
LanL2DZ basis set is used to optimize MoS2 nanostructures [15-18]. Gauss Sum 3.0 package [19] is used to 
calculate density of states (DOS) spectrum and HOMO – LUMO gap of MoS2 nanostructures. 
 

RESULTS AND DISCUSSION 
 
The present work mainly focus on ionization potential (IP), dipole moment (DM), electron affinity (EA), HOMO – 
LUMO gap, and calculated energy of MoS2 nanostructures with substituted impurity such as chromium, selenium 
and defect structured MoS2 nanostructure. Fig. 1. (a) – Fig. 1. (c) represents pure MoS2 – 12, pure MoS2 – 21 and 
pure MoS2 – 27 nanostructures respectively. The pure MoS2 – 12 nanostructure has four Mo atoms and eight S 
atoms, pure MoS2 – 21 contains seven Mo atoms and fourteen S atoms and pure MoS2 – 27 consists of nine Mo 
atoms and eighteen S atoms to form hexagonal crystal structure with trigonal prismatic coordination geometry. Fig. 
1. (d) and Fig. 1. (e) represents Cr and Se substituted MoS2 – 12 nanostructures respectively. The defect structured 
MoS2 – 12 nanostructure is shown in Fig. 1. (f). Cr substituted MoS2 – 12 nanostructure consists of three Mo atoms, 
eight S atoms and one Mo atom is replaced with one Cr atom. Se substituted MoS2 – 12 nanostructure has four Mo 
atoms, six S atoms and two S atoms are replaced with two Se atoms. Defect structured MoS2 – 12 nanostructure 
contains three Mo atoms, six S atoms and three vacancies are created on regular arrangement of atom. Calculated 
energy is one of the most important key factors to find structural stability of MoS2 nanostructures. Table 1 contains 
point group, dipole moment and calculated energy of MoS2 nanostructures. The calculated energy of pure MoS2 – 
12, 21 and 27 has the value of -346.07, -605.95 and -779.24 Hartrees respectively. It shows that the stability of 
MoS2 nanostructures increases with increase in number of atoms. Similarly, the stability of Cr substituted MoS2 – 12 
nanostructure slightly increases with Cr substitution. In contrast stability of defect structured MoS2 – 12 
nanostructure decreases with the presence of defect in MoS2 – 12 nanostructure. There is no much variation in 
energy for Se substituted MoS2 – 12 nanostructure, it has almost same value of pure MoS2. The distribution of 
charges in MoS2 nanostructures is inferred from dipole moment (DP). The DP of MoS2 nanostructures slightly 
diverge with increasing number of atoms and also for Cr substituted MoS2 nanostructure. The DP seems to decrease 
when Se is substituted in MoS2 nanostructure. This decrease in DP arises due to electronic configuration of Se atom. 
The DP value of pure MoS2 – 12, 21and 27 are found to be 19, 27.23 and 35.68 Debye respectively. It is inferred 
that the charge distribution is not uniform in these MoS2 nanostructures. Cr and Se substituted MoS2 – 12 
nanostructures has the corresponding DP value of 23.94 and 15.38 Debye respectively. The DP value of defect 
structured MoS2 – 12 nanostructure is 13.53 Debye. For MoS2 nanostructures, only C1or CS point symmetry is found 
for all pure and impurities substituted MoS2 nanostructures. C1 point symmetry has one symmetry operation which 
is identity operation (E) whereas Cs point symmetry has the identity operation (E) and a mirror plane operation (σ). 
 

Figure 1(a).  Structure of pure MoS2 – 12 nanostructure 
 

 
 
 
 
 
 
 

 
Figure 1(b).  Structure of pure MoS2 – 21 nanostructure 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1(c).  Structure of pure MoS2 – 27 nanostructure 
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Figure 1(d). Structure of Cr substituted MoS2 – 12 nanostructure 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1(e). Structure of Se substituted MoS2 – 12 nanostructure 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1(f). Defect structured MoS2 - 12 nanostructure 

 
 

 
 
 
 
 
 
 

 
Table 1. Energy, point symmetry and dipole moment of hexagonal MoS2 nanostructures 

 

Nanostructures Energy (Hartrees) Dipole moment 
(Debye) Point Group 

Pure MoS2 – 12 -346.07 19 CS 
Pure MoS2 – 21 -605.95 27.23 CS 
Pure MoS2 – 27 -779.24 35.68 CS 
Cr substituted   MoS2 – 12 -364.93 23.94 CS 
Se substituted   MoS2 – 12 -344.41 15.38 C1 
Defect structured   MoS2 - 12 -259.68 13.53 C1 

 
3.1. Density of states spectrum and HOMO-LUMO gap of MoS2 nanostructures 
The electronic properties of MoS2 nanostructures can be described in terms of highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) [20-25]. The energy gap value for pure MoS2 – 12, 21 
and 27 is 3.88, 3.35 and 3.42 eV respectively. Depending upon the geometry of the structure, the band gap increases 
or decreases for MoS2 nanostructures. When the energy gap increases it leads to decrease in conductivity of MoS2 
nanostructures. Interestingly, for Cr and Se substituted MoS2 – 12 nanostructures, the energy gap further increases to 
4.18 and 4.78 eV respectively. The resistivity of MoS2 nanostructures gets increased due to substitution impurities. 
In this work theoretical band gap value of MoS2 nanostructures is observed in the range of 3.35 – 3.88 eV, but the 
experimental direct band gap value is reported as 1.79 eV and indirect band gap value as 2.03 eV. The increase in 
the band gap in MoS2 nanostructure arises due to the surface passivation effect of Mo and S atoms during bonding. 
The defect structured MoS2 nanostructure has the energy gap value of 6.47 eV, the creation of vacancy at particular 
site in MoS2 nanostructure further increases the band gap. In conclusion the electronic properties of MoS2 
nanostructures can be fine-tuned with increasing the number of atoms, substitution of proper impurities and by 
creation of defect. The tuning of band gap in MoS2 leads to many application such as photo catalysis, photovoltaic 
cells, and in lithium batteries. Table 2 shows visualization of energy gap and density of states (DOS) spectrum. 
HOMO – LUMO visualization clearly reveals that the electron cloud is on occupied orbital (green color) for all 
possible pure and impurity substituted MoS2 nanostructures. This refers the occupancy of electron in occupied 
orbitals. In contrast the electron cloud is more in virtual orbital (red color) for defect structured MoS2 nanostructure 
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due to wide band gap. The DOS spectrum shows more peaks in virtual orbitals than occupied orbitals. These peak 
maximum arises due to the overlapping of Mo electronic orbitals with S orbitals. This infers the localization of 
charges in the virtual orbital [26-29].  
 

Table 2. HOMO-LUMO gap and density of states of MoS2 nanostructures 
 

Nano 
structures 

HOMO – LUMO Visualization 
  

 
Eg (eV) 

 
HOMO, LUMO and DOS Spectrum 

Pure MoS2 - 12 

 

3.88 

 

Pure MoS2 – 21 

 

3.35 

 

Pure MoS2 – 27 

 

3.42 

 

Cr substituted   MoS2 – 12  4.18 
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Se substituted   MoS2 – 12 

 

4.78 

 

Defect structured   MoS2 - 12 

 

6.47 

 

 
Fig. 2. IP and EA of MoS2 nanostructures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Ionization potential, electron affinity of MoS2 nanostructures 
The electronic properties of all the possible pure and impurity substituted MoS2 nanostructures can be described 
through electron affinity (EA) and ionization potential (IP) [30, 31]. Figure 2 implies the graphical representation of 
EA and IP of MoS2 nanostructures. The energy required to eject electron from MoS2 nanostructures are known as 
IP. EA is energy released due to adding of electron in MoS2 nanostructures. Almost same trends are observed in IP 
which ranges in the order of 6.69 to 7.59 eV except for defect structured MoS2 nanostructure which has the value of 
8.32 eV. IP value for pure MoS2 – 12, 21 and 27 nanostructures are 7.33, 7.19 and 6.69 eV respectively. For Cr and 
Se substituted MoS2 nanostructures, the corresponding IP value is 6.96 and 7.59 eV respectively. It is inferred that 
the IP value of MoS2 nanostructures get decreases due to increase in number of atoms and also with Cr substitution.  
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In these MoS2 nanostructures, small amount of energy is enough to remove electron. In the case of Se substituted 
and defect structured MoS2 nanostructures the value of IP is high. Electron affinity plays a vital role in chemical 
sensors and in plasma physics. Almost the same trend is observed in EA for MoS2 nanostructures. The EA value for 
pure and impurity substituted MoS2 nanostructure has the value in the range of 2.81 – 3.84 eV except for defect 
structured MoS2 nanostructures which has the value of 1.85 eV. Only small amount of energy is released from MoS2 
nanostructures due to addition of electron in appropriate site. 

 
CONCLUSION 

 
Using DFT, pure, Cr and Se substituted and defect MoS2 nanostructures are optimized and simulated successfully 
with B3LYP /LanL2DZ basis set. The structural stability of MoS2 nanostructures are discussed using calculated 
energy. Point symmetry group and dipole moment of all MoS2 nanostructures are reported. With the help of HOMO 
– LUMO gap, electron affinity and ionization potential, electronic properties of all realistic MoS2 nanostructures are 
studied. The present work reveals that the structural stability and electronic properties can be enhanced in MoS2 
nanostructures by properly tailoring with substitution of Cr and Se impurities. The influence of defect in MoS2 is 
also discussed. Moreover, the electronic properties and structural stability of MoS2 nanostructures can be enhanced 
with proper substitution or creating the defect in the structure that find its potential importance in  photo catalysis, 
photovoltaic cells and dry lubrication. 
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