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Abstract
A model of SO2 molecule was established, and the adsorption of SO2 by intrinsic graphene was �rst
studied by the �rst principles study. The calculation results show that the intrinsic WX2 (X = S, Se, Te) has
a weak adsorption of SO2 and belongs to physical adsorption. Then compare the adsorption of SO2 by
the WX2 systems doped with As and Ge, and calculated by �rst-principles: the doped WX2 has a stronger
adsorption effect on SO2. From the perspective of the degree of change in the adsorption structure,
single-doped Ge/WTe2 has stronger stability when adsorbing gas molecules; from the perspective of
adsorption energy, charge density, band structure, and density of states diagrams, single-doped Ge/WTe2

has a greater effect on SO2 gas has better adsorption effect.

1. Introduction
The sulfur oxides in atmospheric pollutants are mainly sulfur dioxide (SO2), which is a colorless and
odorless gas. Volcanic eruptions, industrial production, coal and oil burning all produce large amounts of
sulfur dioxide [1–3]. human can cause serious damage to the liver and kidneys and cause carcinogenic
effects. SO2 is also one of the major atmospheric pollutants that cause acid rain to form [4, 5]. Graphene
is a two-dimensional nanomaterial with a honeycomb hexagonal symmetrical structure. It is this unique
symmetrical structure that gives it many excellent properties such as mechanical properties, thermal
conductivity, and electrical properties [6–8]. However, intrinsic graphene exhibits zero band gap
characteristics and belongs to a semi-metal state, which severely limits its application in the electronic
�eld. Therefore, it is very important for graphene materials to obtain an adjustable band gap within a
certain range [9–11]. Compared with graphene with zero band gap, graphene-like MoS2 as a typical two-
dimensional layered material has special properties, such as N-type semiconductor characteristics, band
gap is 1.3 ~ 1.8 eV, low price, etc [12–17]. The characteristics make it have great potential value in the
�eld of gas sensing, and it has also been widely used in the �elds of photoelectric, catalysis, and energy
storage. Among them are transition metal chalcogenides (TMD), black phosphorus (BP) [18–20],
transition metal carbides or nitrides (MXenes) [21–23] and group IV monosul�des MX (where M : Ti, Sc,
Cr, Mo, Zr, Hf, Nb, Ta, etc.), X: C, N) [24–28]. Among them, the single-layer transition metal chalcogenide
has a direct band gap [29], the band gap value is 1.0 ~ 2.0 e V, and the band gap value monotonously
decreases with the increase of the number of layers [30], because the two-dimensional material has a
large speci�c surface area and a high surface activity, researchers began to shift the focus of research on
gas-sensitive materials to two-dimensional materials. Such as, Amirali Abbasi [31] studied that the
adsorptions of SO2, SO3 and O3 gas molecules on MoS2 monolayers which adsorption energy, charge
transfer, band structures, and charge density differences. The O-O and S-O bonds of the adsorbed gas
molecules were elongated after the adsorption process. Wei Huangli [32] investigated that the adsorption
of H2S and SO2 on Ni doped MoS2 monolayer, and the interaction between these two kinds of gases and
the Ni-MoS2 monolayer belongs to chemisorption, and the Ni-MoS2 monolayer might be a promising gas
adsorbent for the fault recovery of SF6-insulated equipment. Viet Q Bui [33] investigated the interactions



Page 3/15

between a WS2 monolayer and several gas molecules (CO, H2O, NO, and O2), and this observation was
important for NO- and O2-sensing applications on the WS2 surface. Interestingly, WS2 could also activate
the dissociation of O2 with an estimated barrier of 2.23 eV. In this work, we study Ge, As doped WX2 as a
model surface for the sensing of SO2 gas molecules. The calculation of the band structure, density of
states (DoS), charge transfers and work function were performed by density functional theory (DFT).

2. Methods
All the �rst-principles calculations of this subject are based on the simulation of density functional theory
(DFT) based on the DMol3 package in Materials Studio. The generalized gradient approximation (GGA) in
the Perdew-Burke- Ernzerhof (PBE) formalism is used to treat the exchange-correlation energy [34]. The
crystal structure constructed according to the atomic coordinates of W and X (S, Se, Te) theory in WX2.
The supercell approach was considered in this work with a 4 × 4 × 1 monolayer of WX2. The geometric
optimization and energy calculation details of the WX2 crystal are as follows: (1) The cutoff energy for

the plane wave is set to 340 eV, the self-consistent �eld (SCF) convergence condition is set to 1.0×10− 5

eV, and (2) the K-point grid is taken as 5×5×1, (3) The tolerance offset is less than 0.005 Å and the force
at each atom is less than 0.01 eV/Å, the 10×10×1 Monkhorst-Pack K point grid is set to was used to
perform the bilayer calculations with the convergence for energy set as 10− 3 eV and the atomic
Hellmanne Feynman forces between two steps smaller than 10− 2 eV/Å, and A large vacuum of ~ 25 Å
along the z-direction has been taken to prevent the interaction between the adjacent replicas of
monolayer [35, 36]. We calculated the systems about the adsorption energy (Ea), which was de�ned as
Ea:

Ea = EWX2 + SO2 gas molecule - (EWX2 + ESO2 gas molecule) (1)

Where EWX2 + SO2 gas molecule was the total energy of SO2/WX2 adsorbed system, EWX2 was the
energy of monolayer WX2, and ESO2 gas molecule was the energy of SO2 gas molecule. Based on the
above equation, the negative adsorption energy gives rise to the con�gurations with higher stability.

3. Results And Discussion

3.1. The structures of the As, Ge atom-doped monolayer
WX2

The crystal structure of the monolayer WX2 (S, Se, Te) studied in this work was shown in Figure. 1, the
optimized lattice constants of WX2 were a, b = 12.76 Å and c = 20.56 Å, and the band gap of WS2, WSe2

and WTe2 was 1.954 eV (Experiment value = 1.95 eV), 1.627 eV (Experiment value = 1.58 eV) and 1.282 eV
(Experiment value = 1.1 eV), which were in good agreement with the reported results [37–39]. Figure. 1
showed the partial charge density for valence band maximum (VBM) and conduction band minimum
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(CBM) respectively. Our analysis showed that the states near the VBM mainly arise from Se atom, and the
states near the CBM originate mainly from the W atom with some contribution. We thought the wider the
distance between two peaks, the larger band gap value near the 0 Fermi level. (WTe2 < WSe2 < WS2).

3.2. The adsorption of SO2 gas molecules on As, Ge doped
monolayer WX2 
Figure. 3 showed transition metal (As, Ge) doped monolayer WX2 (X = S, Se, Te) adsorbing SO2 gas
molecule. The pure WX2 represented pristine monolayer WX2 (X = S, Se, Te), the WVs represented pure
WX2 (X = S, Se, Te) lost a X atom and the As, Ge/WX2 represented As atom doped monolayer WX2 and Ge
atom doped monolayer WX2. At the beginning of the computational study, it was necessary to ensure the
accuracy and reliability of the calculation method in this study. The calculated S-O bond lengths r(H) = 
1.488Å and SO2 θ(H-C-H) ∠O-S-O angles = 118.537°, respectively. After adsorption, compared with the
pure monolayer WX2 and transition metal (As, Ge) doped MoS2 monolayer, the atoms (As, Ge) doped
monolayer WX2 was stronger than the pure monolayer WX2, In the adsorption of SO2 gas molecule, the
SO2 gas molecule was chemically or physically bonded to the Ge, As doped monolayer WX2, so we
thought that the X-doped monolayer WX2 had a great effect. The Q values of the SO2 gas molecule
adsorbed on monolayer Ge-WX2 were − 0.264 e, -0.325 e and − 0.371 e, respectively, indicating that the
charge transfers between WTe2 and these materials were more noticeable than monolayer WSe2 and
WS2. Ge atom occupy more charge transfers in atom element doping. In addition, Ge atom doped
monolayer WX2 to connected one S atoms, and we found that Ge atom doped WX2 had better adsorption
effect.

As shown in Figure. 3, It was clear that metal atom doped monolayer WSe2 would reduce the band gap,
different elements added to new line above the fermi energy to adjust band width, the band gap of
Ge/WS2 was 0.099 eV, which presented metal attribute, others were semiconductor materials. See in
Figure. 4, more speci�cally, the valence bands near the Fermi level was mainly derived from the d orbitals
of W atoms near the doped metal atom. We had seen the four electrostatic potential of systems, and the
surface of X-WS2 had various colors, the darker color represented the more charge accumulation, The real
space charge at the top of the valence band was only locally distributed in the monolayer at the bottom,
while the real space charge at the top of the conduction band was only locally distributed in the
monolayer. Obviously, the colors of Ge and As atom were darker and the charge transfers were stronger.

As shown in Figure. 5 the electronic properties of the adsorption system induced by the interaction
between the adsorbed SO2 molecule and the pristine WSe2, MVSe, As-WSe2 and Ge-WSe2 monolayer. Our
result shown that the band gap strength increases in the order of Ge-WSe2 < MVSe < pristine WSe2 < As-
WSe2 with high band gap of 0.107 eV, 1.091 eV, 1.156 eV and 1.597 eV, respectively. according to the
different element doped the WSe2, the band gap had the changed, similar to the doping structure of the
WS2, it was also the smallest band after Ge doping. See in Figure. 6, for DoS of structure, we �nd that
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causes the peak between − 15 eV and − 12 eV was the interaction of SO2 and Se atom, and the peak
between − 6 eV and 0 eV was due to the interaction of SO2 and Se atom, and the peak between 0 eV and
2.5 eV was owing to the interaction of SO2 and W atom. The orbital hybrid occurs at the deep level
position caused small interfacial charge transfer, which indicates that the interaction between CO2 and
WSe2 monolayer was weak. We could see the four electrostatic potential of systems, only SO2-Ge/WSe2

had a covalent bond was formed from SO2 gas molecule and Ge atom, and the Ge/WSe2 had strong
charge transfers for SO2 gas molecule. Therefore, we thought that Ge/WSe2 had a good adsorption effect
on SO2 gas molecule.

We had studied the adsorption of SO2 molecule on the pristine WTe2, MVTe, As-WTe2 and Ge-WTe2

monolayers. The resulted for the SO2 adsorption on the pristine WTe2 monolayer was presented �rstly.
Similar to WS2 and WSe2 adsorption systems, the interaction between SO2 and pure WTe2monolayer was
so weak, which indicated that the obtained energy favorable con�gurations belong to physisorption. The
adsorption con�gurations of SO2 molecule on the four kinds of WTe2 monolayers were illustrated in
Figure. 7. Compared to SO2 adsorption on monolayer WS2 and WSe2, the band gap of monolayer WTe2

was decreased, but the monolayer Ge/WTe2 was getting bigger from 0.099 eV to 0.178 eV. Obviously,
after doping, all the electronic structures had one more line. All the band gaps were above the fermi
energy, only Ge doped monolayer WTe2, a line appeared between 0 eV to 0.5 eV, and decreased the band
gap of SO2-Ge/WTe2. We had been seen the four electrostatic potential of systems, it had been found that
as a bridge, the Ge atom could represent the adsorbent or contribute electrons together with WTe2. In
other cases, the Ge atom could also be combined with a gas molecule to inject electrons into the material.

3.3. The work function of SO2-As, Ge/WX2

To further understand the effect of the adsorbed molecule on different WSe2 nanosheets, the work
functions Φ of all adsorbed systems and the bare sheets had been calculated shown in Figure. 9. The
work functions were calculated according to the reaction equations:

Φ = V (∞) - EF (2)

where Φ, V (∞), and EF were the work function, electrostatic potential at the vacuum level and the Fermi
energy of the WX2 nanosheets, respectively. Due to the structure was changed under the different metal
doping, the work function had changed more and more, the work function of a metal was expressed as
the minimum energy required for an electron whose initial energy was equal to the Fermi level to escape
from the interior of the metal into the vacuum. The size of the work function marked the strength of
electrons bound in the metal. The larger the work function, the less likely the electrons were to leave the
metal. The work function of SO2/pristine, X vacancy, As and Ge doped monolayer WTe2 was lower than
any form of monolayer WS2 and WSe2, their work function had been decreased, among them, the work
function of SO2/Ge-WTe2 gas molecule was the lowest (5.06 eV), and its metal escape work was the
easiest to reach, so the adsorption effect of SO2 on Ge-WTe2 was better.
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3.4. Strain
Figure. 12 shown the more parameters under the different strain (0–8%), including the distance between
Ge atom and S atom (dGe−S), adsorption energy (Ea) and the rate of change of distance between Ge atom
and S atom (Rd). The Rd was de�ned as:

Rd =| d′Ge−S – dGe−S| / ( dGe−S ) (3)

where dAg−N and d′Ag−N are the distance between S atom and Ge atom of Ge/WTe2 monolayer before and
after adsorption of SO2, respectively.

As shown in Figure. 12, Ea of SO2-Ge/WTe2 monolayer system brie�y decreased with the rising strain
from 0–8%. It also shown charge transfers (the middle corner of Figure. 12) from − 0.371 e to -0.355 e. It
cleared that adsorption energy of SO2 on Ge/WT2 monolayer could be reduced by the application of
strain, thus the performance of SO2 gas molecule sensor based on strained Ge/WTe2 monolayer could
also be weaken.

3.5. Recovery time
In principle, the process of air molecules (oxygen molecules in the air) adsorbing on the surface of the
sample and returning electrons to the semiconductor valence band. This period of time is called the
recovery time [41]. The recovery time indicates the desorption speed of the gas sensor to the measured
gas, also known as the desorption time. Similarly, I hope that this time will be as soon as possible. Since
this time cannot be zero, in principle, the time required for the gas sensor to recover from the detection
gas to 10% of the resistance in normal air is de�ned as the recovery time, which is represented by trec [42].
The initial state was the con�guration with the SO2 adsorbed on monolayer Ge-WX2. As a result, their
desorption energy barrier was equal to their own adsorption energy for these three systems, which were − 
0.45eV, -0.89eV and − 1.1 eV, respectively. According to the formula, the smaller the adsorption energy, the
faster the recovery time.

4. Conclusions
In summary, the geometric, electronic and magnetic properties of As, Ge -doped monolayer WX2 (X = S, Se,
Te) are systematically investigated in this work. We have considered one doping monolayer X-top (X = S,
Se, Te). The conclusions can be drawn from our results:

1). the maximum and minimum adsorption energies of the four systems are − 1.1 eV (Ge-WTe2) and − 
0.34 eV (for WS2), which suggests these Ge-doped WTe2 are stable, and the charge transfer vary from − 
0.264 e to -0.371 e indicating that Ge doping has a bad effect on WTe2 adsorption.

2) The work function of SO2 gas molecule adsorbed on Ge-WTe2 is lower than monolayer WS2 and WSe2,
among them, the adsorption effect of SO2 on Ge-WTe2 was better.
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The dramatical changes of band structures induced by gas interaction suggest the potential of
monolayer Ge-WTe2 as promising candidates for effective SO2 adsorption or �ltration applications.
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Figure 1

The structure and band structure of WS2, WSe2 and WTe2.

Figure 2

The structure of WX2, WVX, As/WX2 and Ge/WX2 (X=S, Se, Te).
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Figure 3

SO2 gas molecule adsorbed on pure, WVs and As, Ge/WX2(X=S, Se, Te).

Figure 4

Adsorption energies (columnar) and shortest atomic distances (line) between gas molecule and pureWX2,
WVX, As/WX2 and Ge/WX2(X=S, Se, Te).
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Figure 5

The electrostatic potential and electronic structure of SO2 gas molecule adsorbed on pristine WS2, MVS,
As-WS2 and Ge-WS2.

Figure 6

The Density of statues of SO2 gas molecule adsorbed on pristine WS2, MVS, As-WS2 and Ge-WS2.



Page 13/15

Figure 7

The electrostatic potential and electronic structure of SO2 gas molecule adsorbed on pristine WSe2,
MVSe, As-WSe2 and Ge-WSe2.

Figure 8

The Density of statues of SO2 gas molecule adsorbed on pristine WSe2, MVSe, As-WSe2 and Ge-WSe2.
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Figure 9

The electrostatic potential and electronic structure of SO2 gas molecule adsorbed on pristine WTe2,
MVTe, As-WTe2 and Ge-WTe2.

Figure 10

The Density of statues of SO2 gas molecule adsorbed on pristine WTe2, MVTe, As-WTe2 and Ge-WTe2.



Page 15/15

Figure 11

Work function of pristine, X vacancy, As and Ge doped SO2/WX2(X=S, Se, Te).

Figure 12

The change curves of Ea (blue), Rd (green) and dGe-S (red) accompany with strain in SO2-Ge/WTe2
system. The insert presents the charge transfer of the SO2- Ge/WTe2 system.


