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ABSTRACT
		 The HDS reaction is one of  the most important hydrotreating processes in petroleum refineries 

that use for removal of  sulfur (S) compound from the crude oil. In this work, the adsorption of  
thiophene (C4H4S), benzothiophene (C8H6S), and hydrogen sulfide (H2S) on pure and transition metals 
(V, Ni, Co, Fe) doped niobium sulfide (NbS2) surface were investigated by density functional theory 
(DFT) calculations to further investigate the HDS reaction mechanism of  S-containing compounds 
on this surface. The results show that in all case, the H2S, C4H4S and C8H6S preferred to adsorb on 
the metal edge sites (M-edge) of  V doped NbS2 (V/NbS2) surface with adsorption energies (Eads) of  
-0.80, -0.79 and -1.38 eV, respectively. It was found that the C8H6S shows strongest adsorption energy 
because it exhibits significantly stronger π-interaction between C8H6S and V/NbS2 surface, compared 
to others. The understanding gained in the current study might be helpful in the development of  active 
catalysts for the HDS reaction of  S-containing compounds in petroleum oil production.

Keywords: hydrodesulfurization, transition metals doped niobium sulfide surface,  
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1. INTRODUCTION
In the past decade, petroleum oil was a 

critical source of  fossil fuels that are still widely 
used in transportation and chemical industry, and 
it is expected to continue to increase the usage 
rate of  fossil fuels continuously.[1] According to 
a recent article, the natural fossil fuels contain 
sulfur-containing compounds that are the most 
abundant contaminated in fuel oil that must 

be removed during petroleum processing. The 
sulfur-containing compounds found in fossil fuels 
include non-heterocycle and heterocycle such as 
hydrogen sulfide, thiophene and benzothiophene. 
Furthermore, without the removal of  sulfur-containing 
compounds, when the combustion reaction of  
sulfur-containing compounds in fuel will release 
SOx species (SO2 and SO3), which is the main cause 
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of  acid rain to the environment and contribute 
to global climate change.[2-5] It is also a problem 
in a cycle of  atmospheric gas chemistry leading 
to the ozone depletion and decreasing air quality. 
Consequently, governments and organizations around 
the world have implemented strict environmental 
regulations to reduce or limit SO2 emissions and 
the amount of  sulfur contents in the fossil fuels. 
Although researchers are currently trying to find 
sustainable alternative fuel sources, fossil fuels are 
still necessary in the years to come. Therefore, it 
is necessary to find ways to reduce the level of  
sulfur-containing compounds in the fuels prior to 
their use.[6] This requires the refinery process to 
remove sulfur via the hydrodesulfurization (HDS) 
reaction. Which in this process works quite well 
for aliphatic sulfur compounds removal, but is 
less effective for aromatic thiophene and its 
derivatives, which are the main sulfur species left 
in fuel oil.[7,8] Therefore, the study of  thiophene 
and its derivatives adsorption on the surface of  
catalysts is considered as the first step of  sulfur 
removal process for HDS reactions. 

The HDS reaction is one of  the most important 
processes of  hydrotreating in petroleum refineries, 
which will cause S-containing compounds to be 
removed from crude oil. Here, the S-containing 
compounds in crude oil react with hydrogen 
gas (H2) forming hydrogen sulfide (H2S) and an 
S-free hydrocarbon compounds as a clean fuel.
[1,2,9-12] The HDS reaction can be described by 
the following equation. 

CmHnS + xH2 → H2S + hydrocarbons     (1)

The transition-metal sulfide (TMS) catalytic 
materials are one of  the most commonly used for 
HDS process with high conversion efficiency.[6,13-17] 
Among the TMS catalytic materials, molybdenum 
sulfide (MoS2) have been found as an excellent catalytic 
materials for HDS process, not only for the high 
efficiency but also showed the high selectivity for  
S-containing compound removals. However, the 
HDS reaction on MoS2 surface is performed via a 
catalytic process using high hydrogen pressure and 

high operating temperature and the HDS process 
is less effective for aromatic sulfur species such as 
thiophene, benzothiophene, and dibenzothiophene.
[13,18-20] Moreover, The Eads of  thiophene and 
benzothiophene on MoS2 surface is in range of  
-0.5 to -0.7 eV, which is less stable adsorption.
[21-25] From these results, it needs to improve 
the new catalysts for the HDS reaction at low 
hydrogen pressure and low operating temperature.

Recently, H. Pan et al.[26] studied the hydrogen 
evolution reduction of  metal dichalcogenides (MX2; 
M = Nb, Ta, and V; X = S, Se, and Te) monolayers 
using DFT calculations. They found that the MS2 
monolayers show better catalytic performance 
than the MSe2 and MTe2 monolayers for hydrogen 
production. X. Chen et al.[27] investigated  
the hydrogen adsorption for origin of  hydrogen 
evolution activity on the monolayers of  MS2 
(M = Mo or Nb) in both 1H and 1T phases 
using DFT calculations. It is found that the  
1H-NbS2, 1T-MoS2 and 1T-NbS2 monolayers show 
strong H adsorption rather another surface. S. Zhao 
et al.[28] studied the activity of  oxygen reduction 
reaction (ORR) on MX2 (M = Nb, Ta, Mo, W; 
X = S, Se, Te) surfaces using DFT calculations. 
The results show that the NbS2 and TaTe2 surfaces 
exhibit the best performance ORR activity. 
R. Oviedo-Roa et al.[10] studied the relationship 
between electronic properties and HDS catalytic 
activity over the different 4d-TMS surfaces (NbS, 
NbS2, MoS2, TcS2, RuS2, Rh2S3, PdS, and PdS2) 
using the periodic plane-wave pseudopotential 
technique as implemented in the CASTEP software 
package. They found that 4d-TMS surfaces are 
high activity for HDS reaction. Y. Aray et al.[17] 
studied the M-edge sites of  pure and V, Fe, 
Co, and Ni doped NbS2 surface by using DFT 
calculations. The results show that Ni, Co, and 
V promoters were stabilized on NbS2 surface at 
the HDS conditions. Based on theoretical and 
experimental evidences, NbS2 supported catalyst 
is potential candidate for catalytic HDS. However, 
the adsorption of  the S-containing compounds for 
the HDS reaction on TMS doped NbS2 catalysts 
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has not yet been investigated.
Despite many contributions from experimental 

and theoretical studies on the HDS reaction of  
S-containing compounds on TMS catalysts, the 
adsorption and elementary reaction steps of  
S-containing compounds for the HDS reaction on 
NbS2-based catalysts has not yet been elucidated. 
In this work, we investigated the adsorption of  
C4H4S, C8H6S, and H2S on the V, Fe, Co, and Ni 
doped NbS2 surface by using DFT calculations. 
The understanding gained in the current study 
might be helpful in the development of  active 
catalysts for the HDS reaction of  S-containing 
compounds in petroleum oil production. 

2. COMPUTATIONAL DETAILS
2.1. DFT Calculations

All calculations were performed by using the 
plane-wave based periodic DFT method implemented 
in the Vienna ab initio simulation package (VASP), 
where the ionic cores are described by the projector 
augmented wave (PAW) method. The exchange 
and correlation energies are computed using 
the Perdew-Burke-Ernzerhof  (PBE) functional 
along with the dispersion correction to account 
for van der Waals interaction (PBE-D3). To have 
accurate energies, a plane-wave cutoff  energy of  
400 eV, the Gaussian electron smearing method 
with σ = 0.10 eV were used. The Brillouin zone 
integrations were performed using the Monkhorst-
Pack grids of  15 × 15 × 15 and 3 × 3 × 1 for 
the bulk and surface calculations, respectively.  
An isolated gas molecules was placed in a 15 Å 
x 15 Å x 15 Å box. Geometry optimization was 
performed until the forces acting on each atom 
were smaller than 0.05 eV/Å with the electronic 
self-consistent field iteration threshold of  10-6 eV.

2.2. Model
According to previous work,[17] the NbS2 bulk 

has a similar structure or almost identical to the 
MoS2 bulk. The NbS2 bulk has a hexagonal crystal 
structure and belonging to the P63/mmc space 
group.[10,29,30] In NbS2 bulk, locally six S atoms 

are coordinated to one niobium atom to form a 
trigonal prismatic arrangement. The NbS2 (100) 
plane was cleaved from NbS2 bulk. Then, the cleaved 
plane increased to four layers slab and 4x1 supercell  
as shown in Figure 1. A vacuum thickness of  
18 Å was employed to separate each slab from 
interactions between slabs. In the NbS2 (100) 
surface, the first two layers are allowed to relax, 
whereas the two bottom layers are fixed in their 
bulk position. Moreover, we have studied the V, 
Fe, Co, and Ni doped at the M-edge sites of  the 
NbS2 surfaces (V/NbS2, Fe/NbS2, Co/NbS2, and 
Ni/NbS2 surfaces) as shown in Figure 2. The 
four Nb atoms at the M-edge sites of  pure NbS2 
surface can be substituted by the four atoms of  
V, Fe, Co, and Ni to create the V, Fe, Co, and Ni 
doped NbS2 surface.[17]

2.3 Analysis of  Substitution Energy and 
Adsorption Energy

The substitution energies (Esub) of  promoted 
transition metal (TM) atoms on NbS2 surface were 
calculated according to the following equation (2):

Esub = (ETMS/NbS2
 – ENbS2

 – (4ETM – 4ENb))/4 
(2)

Where ETMS/NbS2
 is the total energy of  the TMS 

doped NbS2 surface, ENbS2 
is the total energy of  

the bare NbS2 surface, ETM is the total energy 
of  the TM atom, and ENb is the total energy of  
the Nb atom. The stability of  the V, Fe, Co, and 
Ni doped NbS2 surface were considered by Esub 

value. The less positive Esub value refers to high 
stability of  the promoted TMS on NbS2 surface.
	 The adsorption energies (Eads) of  S-containing 
compounds on the NbS2-based surface were 
calculated according to the following equation 
(3):

Eads = Emolecule/surface – Esurface – Emolecule         (3)

Where Emolecule/surface is the total energy of  
the S-containing compound adsorption on  
NbS2-based surface; Esurface is the total energy of  
the NbS2-based surface; and Emolecule is the total 
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Figure 2. Supercell configurations of  (a) V/NbS2, (b) Ni/NbS2, (c) Co/NbS2, and (d) Fe/NbS2 surfaces.

Figure 1. The monolayer model of  NbS2 (100) surface showing the M-edge and the S-edge sites.
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energy of  S-containing compound molecule. The 
negative Eads value represents the energetically 
favorable adsorption between the S-containing 
compounds and the NbS2-based surface. 

In addition, the difference bader charges (Q) 
between the gas molecule (S-containing compounds) 
and NbS2-based surface were calculated according 
to the following equation (4).

			  Q = Qf - Qb		     (4)

Where Qf is the amounts of  carried charge of  the 
gas molecules after adsorption on surface; and 
Qb is the amounts of  carried charge of  the gas 
molecules before adsorption on surface. Which 
is calculated by electron population analysis. The 
positive Q value represents the electrons transfer 
form gas molecule (S-containing compounds) 
to surface.

3. RESULT AND DISCUSSIONS
3.1 The V, Ni, Co, and Fe Doped NbS2 Surface

In this section, we considered the V, Fe, Co, 
and Ni doped NbS2 surface for the adsorption of  
S-containing compounds. The optimized geometry 
of  the pure and V, Fe, Co, and Ni doped NbS2 

surface are displayed in Figure 1 and 2. The 
electronic property parameters of  the promoted 
V, Fe, Co, and Ni on NbS2 surface are shown in 
Table 1. The Esub value of  various surfaces is as 
the following order: V/NbS2 (2.21 eV) < Ni/
NbS2 (2.80 eV) < Co/NbS2 (2.86 eV) < Fe/NbS2 
(3.33 eV), which correspond to previous work.
[17] The results show that the Esub value of  V/
NbS2 surface is the lowest Esub value. The less 
positive Esub refer to higher stability of  promoted 
metal on NbS2 surface. In addition, the average 
bond length between TM atoms and S atoms in 
the first layer (dTM-S) of  V/NbS2 surface (2.33 Å) 
close to the dTM-S of  pure NbS2 surface (2.43 Å). 
From these results, it indicated that the V/NbS2 
surface is more stable than the Ni/NbS2, Co/
NbS2, and Fe/NbS2 surfaces. To understand the 
electronic properties of  the TMS doped NbS2 
(TMS/NbS2) surfaces, we calculated the average 
bader charge of  Nb, V, Fe, Co, and Ni atoms 
in the first layer of  NbS2-based surfaces (QTM).  
The results show that the QTM of  V/NbS2 
surface is 1.28 e-, which is the most positive value.  
It indicated that the V/NbS2 surface is the most 
active surface for S-containing compounds. 

Table 1. The substitution energies (Esub), average bond length between TM atoms and S atoms in the 
first layer (dTM-S), and average bader charge of  TM atoms in the first layer (QTM) of  the pure and V, 
Fe, Co, and Ni doped NbS2 surfaces.

Surfaces Esub (eV) dTM-S (Å) QTM (e
-)

pure NbS2 0.00 2.43 1.17 

V/NbS2 2.21 2.33 1.28 

Ni/NbS2 2.80 2.22 0.55 

Co/NbS2 2.86 2.22 0.28 

Fe/NbS2 3.33 2.26 0.99 
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3.2 The S-containing Compounds Adsorption 
on Various Surfaces 

In this section, the adsorption of  C4H4S, 
C8H6S, and H2S on the pure and V, Fe, Co, and 
Ni doped NbS2 surfaces were investigated by 
DFT calculations. It was classified into 3 parts: 
(I) C4H4S, (II) C8H6S, and (III) H2S adsorption 
on the pure and V, Fe, Co, and Ni doped NbS2 
surfaces. For each adsorbate, only adsorption sites 
and structures with the largest adsorption energies 
are included, although all possible adsorption sites 
have been evaluated.

3.2.1 The H2S adsorption on various surfaces
In the final part, the adsorption of  H2S on 

pure NbS2 and promoted V, Fe, Co, and Ni on 
NbS2 surfaces were investigated. The adsorption 
structures, energies, difference bader charges, and 
bond lengths of  the H2S adsorption on various 
surfaces are presented in Figure 3. For the H2S 
adsorption on pure NbS2 surface, the S atom 
of  H2S molecule binds to M-edge site of  pure 
NbS2 surface with Eads of  -0.81 eV (Figure 3a). 

Similarly to NbS2 surface, the H2S adsorbed on 
the M-edge site of  TMS/NbS2 surfaces with 
bonding between the S atom of  H2S molecule and 
TM atom of  surfaces as shown in Figure 3b-e. 
The H2S adsorbed on Co, Ni, and Fe doped NbS2 
surfaces with Eads of  -1.29, -1.26, and -1.15 eV, 
respectively, which are stronger than that on 
bare NbS2 surface (-0.81 eV). On the other 
hand, the H2S adsorbed on V/NbS2 surface with 
Eads = -0.80 eV (Figure 3b), which is weaker 
than that on other surfaces. In order to confirm 
these results, the difference bader charges of  H2S 
molecule between before and after adsorption on 
various surfaces (∆QH) are considered. The results 
show that the ∆QH value of  the H2S adsorption 
on V/NbS2 surface (0.06 e-) is lower than that on 
Co, Ni, and Fe doped NbS2 surfaces. It indicated 
that the electrons transfer of  H2S molecule to V/
NbS2 surface is lower than that to the Co, Ni, and 
Fe doped NbS2 surfaces, which results in the Eads 
value of  the H2S on V/NbS2 surface lower than 
that on other surfaces.

Figure 3. The most stable adsorption structures of  H2S molecule on the metal edge site of  the pure 
and V, Fe, Co, and Ni doped NbS2 surfaces.
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Figure 4. The most stable adsorption structures of  C4H4S molecule on the metal edge site of  the 
pure and V, Fe, Co, and Ni doped NbS2 surfaces.

3.2.2 The C4H4S adsorption on various surfaces
In the first part, the C4H4S adsorption on 

pure NbS2 and promoted V, Fe, Co, and Ni on 
NbS2 surfaces are investigated. The adsorption 
structures, energies, difference bader charges, and 
bond lengths of  the C4H4S adsorption on various 
surfaces are shown in Figure 4. For the C4H4S 
adsorption on pure NbS2 surface, the S atom 
and two C atoms of  the C4H4S molecule bind to 
Nb atom of  surface with Eads of  -0.70 eV (Figure 
4a). For the C4H4S adsorption on TMS/NbS2 
surfaces as shown in Figure 4b-d, the C4H4S 
molecule adsorbed on V, Ni, Co doped NbS2 
surfaces with Eads of  -0.79, -0.74, and -0.74 eV, 
respectively, which are stronger than that on pure 
NbS2 surface (-0.70 eV). On the other hand, the 
C4H4S adsorption on Fe doped NbS2 surface 
(-0.63 eV) as shown in Figure 4e is weaker 
than that on pure NbS2 surface (-0.70 eV). The 
C4H4S adsorbed on TMS/NbS2 surfaces with 
only S atom of  C4H4S, which is directly binds to 
the TM of  surfaces. The Eads of  C4H4S on the V, 

Ni, and Co doped NbS2 surfaces are in the range 
between -0.74 to -0.79 eV, which is stronger than 
previous works as show in Table 2.[6,21-25] In 
order to confirm these results, the difference 
bader charges of  C4H4S molecule between before 
and after adsorption on various surfaces (∆QT) 
are considered. The results show that the ∆QT 
value of  the C4H4S adsorption on V/NbS2 surface 
(0.21 e-) is higher than others. It indicated that the 
electrons transfer of  C4H4S molecule to V/NbS2 
surface is higher than others, which results in the 
Eads value of  the C4H4S on V/NbS2 surface rather 
than that on other surfaces.

3.2.3 The C8H6S adsorption on various surfaces
In this section, we present a detailed investigation 

of  structures and energies for C8H6S adsorption 
on pure NbS2 and promoted with V, Ni, Co, and 
Fe on NbS2 surfaces. The adsorption structures, 
energies, difference bader charges, and bond lengths 
of  the C8H6S adsorption on various surfaces are 
shown in Figure 5. For the C8H6S adsorption on 
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Table 2. The adsorption energy (Eads) of  C4H4S, C8H6S, and H2S adsorbed on TMs surface.

TMs surface
Eads (eV)

C4H4S C8H6S H2S

MoS2
 a -0.59 - -

Ni/MoS2 
a -0.60 -0.69 -0.80

Co/MoS2 
a -0.57 - -

NbS2 
b -0.70 -0.88 -0.81

V/NbS2 
b -0.79 -1.38 -0.80

Ni/NbS2 
b -0.74 -1.21 -1.26

Co/NbS2 
b -0.74 -1.12 -1.29

Fe/ NbS2 
b -0.63 -0.11 -1.15

a Atom labels represent the calculation from previous research.
b Atom labels represent the calculation from our research.

Figure 5. The most stable adsorption structures of  C8H6S molecule on the metal edge site of  the 
pure and V, Fe, Co, and Ni doped NbS2 surfaces.
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pure NbS2 surface, the C8H6S molecule interacts 
with pure NbS2 surface by pi-interaction, which 
pi-bond of  C8H6S ring bond to Nb atom of  surface 
with Eads of  -0.88 eV (Figure 5a). For the C8H6S 
adsorption on TMS/NbS2 surfaces as shown in 
Figure 5b-d, the C8H6S molecule adsorbed at the 
M-edge site of  V, Ni, Co doped NbS2 surfaces 
with Eads of  -1.38, -1.21, and -1.12 eV, respectively, 
which are higher than that of  pure NbS2 surface 
(-0.88 eV). On the other hand, the Eads of  C8H6S 
molecule weak adsorbed on Fe/NbS2 surface 
with Eads = -0.11 eV (Figure 5e). Moreover, 
the C8H6S adsorbed on TMS/NbS2 surfaces by 
π-interaction with π-bond of  C8H6S ring bond 
to TMS on surface, which is directly binds to 
the TM atom of  surfaces. The Eads of  C8H6S on 
the M-edge site of  promoted V, Ni, and Co on 
NbS2 surfaces are in the range between -0.88 to 
-1.38 eV, which is stronger than previous work 
as show in table 2.[24] To confirm these results, 
the difference bader charges of  C8H6S molecule 
between before and after adsorption on various 
surfaces (∆QB) are considered. The results show 
that the ∆QB value of  the C8H6S adsorption on 
V/NbS2 surface (0.26 e-) is higher than others. 
It indicated that the electrons transfer of  C8H6S 
molecule to V/NbS2 surface is higher than others, 
which results in the Eads value of  the C8H6S on 
V/NbS2 surface rather than that on other surfaces.

To provide a further understanding of  
electronic binding properties of  V/NbS2 surface, 
the partial density of  states (PDOS) analysis 
of  the C4H4S, C8H6S, and H2S adsorption on 
V/NbS2 surface were investigated as shown in 
Figure 6. The figure shows that the S 3p orbital 
of  S-containing compounds spans a sharp energy 
range and overlaps the 3d orbital of  V atom on 
the surface at the lower region from the Fermi 
level (EF). The S 3p orbital density peaks of  C8H6S 
appear in the same regions as the 3d orbital of  
V atom on surface, indicating that V atom on 
surface interacts strongly with the S 3p orbital of  
C8H6S. This interaction is weaker for C4H4S and 
H2S adsorption on V/NbS2 surface, in which only 

sharp peaks and small peaks are presented in the 
same region as the 3d orbital of  V atom on the 
surface. From these results, the PDOS analysis 
can confirm the strong interaction between C8H6S 
molecule and V-NbS2 surface, which correspond 
to the high Eads and ∆QB values in section 3.2.3. 
In addition, it can confirm the weaker interaction 
between C4H4S and H2S on V-NbS2 surface, which 
correspond to the low Eads and ∆QH, ∆QT values 
in section 3.2.1 and 3.2.2, respectively.

Moreover, the charge density differences of  
the C4H4S, C8H6S, and H2S on V/NbS2 surface 
are illustrated in Figure 7, where the charge 
accumulation and charge depletion are represented 
by yellow and blue regions, respectively. Our 
results show that the charge accumulation and 
charge depletion of  the H2S, C4H4S and C8H6S 
adsorption on V/NbS2 surface are clearly observed, 
especially C8H6S adsorption on the V/NbS2 
surface. From Figure 7a and 7c, H2S molecule bind 
to the V/NbS2 surface via their heteroatom and 
C4H4S molecule bind to the V/NbS2 surface via 
π-interaction of  C4H4S ring. While C8H6S molecule 
bind to the V/NbS2 surface via π-interaction by 
five- membered ring and benzene rings of  C8H6S 
molecule as show in figure 7b. Therefore, the 
C8H6S adsorption on V/NbS2 surface indicated 
that the strong interaction than H2S and C4H4S 
molecule. These results correspond to the ∆QB 
values, which show a large number of  electrons 
transfer from C8H6S molecules to the V/NbS2 
surface (0.26 e-) and small number of  electrons 
transfer from H2S molecule to the V/NbS2 
surface (0.06 e-). 

From our results, it indicated that the V/
NbS2 surface is the most active surface for 
S-containing compounds. The H2S, C4H4S and 
C8H6S adsorption on V/NbS2 surface are strong 
adsorption. In addition, it was found that from 
charge density difference of  C8H6S shows that 
C8H6S molecule adsorption on V/NbS2 surface 
using bonding between S atom and C atom of  
C8H6S molecule bind to V atom of  surface. 
Therefore, the C8H6S molecule adsorption on 
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Figure 6. The PDOS analysis of  the C4H4S, C8H6S, and H2S adsorption on V-NbS2 surface.

Figure 7. Charge density differences of  the C4H4S, C8H6S, and H2S adsorption on the V-NbS2 surface 
with isovalue of  ±0.004 e/Å3. Charge accumulation and depletion are represented by yellow and blue 
regions, respectively.

V/NbS2 surface is stronger than H2S and C4H4S 
molecule. These results are confirmed using the 
Eads, ∆Q and PDOS of  the C4H4S, C8H6S, and 
H2S adsorption on the V-NbS2 surface. The 
results show that the V/NbS2 surface should be 
a good catalyst for the HDS reaction of  H2S, 

C4H4S and C8H6S. Finally, the knowledge of  the 
C4H4S, C8H6S, and H2S adsorption on the V, Ni, 
Co, and Fe doped NbS2 catalysts is essential for 
the development of  the NbS2-based catalysts for 
the HDS reaction of  S-containing compounds.
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4. CONCLUSIONS
In this work, the H2S, C4H4S and C8H6S 

adsorption on pure and V, Ni, Co, Fe doped NbS2 
surfaces were investigated by DFT calculations to 
further investigate the HDS reaction mechanism 
of  S-containing compounds on these surfaces. 
The results show that in all case, the H2S, C4H4S 
and C8H6S preferred to adsorb on the metal edge 
sites (M-edge) of  V doped NbS2 (V/NbS2) surface. 
Especially, for the case of  the C8H6S adsorbed on 
the V/NbS2 surface with Eads of  -1.38 eV, which 
are more stable than that on other surfaces. The 
∆QB values for the V/NbS2 surface are 0.26 e-, 
which are higher than others. It indicated that the 
electron transfer from the C8H6S molecules to 
the V/NbS2 surface are higher than that to other 
surfaces. On the other hand, the H2S adsorbed 
on the Co, Ni, and Fe doped NbS2 surfaces with 
Eads of  -1.29, -1.26, and -1.15 eV, respectively, 
which are more stable than that on the V/NbS2 
surface (-0.80 eV). The ∆QH values for the V/NbS2 
surface (0.06 e-) is lower than others. In addition, 
it was found that from charge density difference 
of  C8H6S shows that C8H6S molecule adsorption 
on V/NbS2 surface using bonding between 
S atom and C atom of  C8H6S molecule bind to 
V atom of  surface. Therefore, the C8H6S molecule 
adsorption on V/NbS2 surface is stronger than 
H2S and C4H4S molecule. Moreover, the PDOS 
analysis and difference bader charge of  the C4H4S, 
C8H6S, and H2S adsorption on V/NbS2 surface 
are considered, which can confirm the strong 
interaction of  the C8H6S adsorption on V/NbS2 
surface and the weak interaction of  the H2S and 
C4H4S adsorption on V/NbS2 surface. From 
these results, it indicated that the V/NbS2 surface 
could be a potential catalyst for the HDS reaction 
of  S-containing compounds. The understanding 
gained in the current study might be helpful in 
the development of  active catalysts for the HDS 
reaction of  S-containing compounds in petroleum 
oil production.
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