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Fig. 1. (a) Structure of VS,(001); (b) doping structure of Mo-VS,; (c) differential charge density map of Mo-VS,.
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Fig. 2. (a) Energy band diagram of VS,; (b) energy band diagram of Mo-VS,.
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Fig. 3. (a) NH; and NO, molecules are located above the Mo atom and parallel to the surface; (b) NH3 and NO, molecules are loc-
ated above the center of the six-membered ring and parallel to the surface; (¢) NHz and NO, molecules are located above the center
of the six-membered ring and perpendicular to the surface; (d) NH; and NO, molecules are located above the Mo atom and perpen-

dicular to the surface.

F 1 AT WA RO NS R E S Z MR 22 AE

Table 1.  Energy difference between the four molecules adsorbed at different positions and the lowest stable structure (AE).

Structure Site AE/eV Structure Site AE/eV Structure Site AE/eV
a 0.000 1 0.858 1 1.021
b 0.348 2 0.859 2 1.285
NH,
c 0.369 3 0.000 3 0.974
d 0.012 4 0.892 4 0.000
HD Sarin
a 0.000 a 0.902 a 3.163
b 0.455 b 0.557 b 1.217
NO,
c 0.354 ¢ 1.552 c 0.128
d 0.011 d 1.461 d 3.843
(a) & (b) (c) (d) g
ol

® N \ ® N ()

g

B 4 (a), (c) SIETHT Mo JH TR ET7; (b), (d) CJETALT Mo JR T E77; (a), (b) HD 4> T-Hy M4 4H; (), (d) HD 4> FUF %
T (e) X458 (o) W B sE 90°; (f) XT&5H (c) K BhIEH: 180°; (g) XT&5H (¢) KHiEsE 2700, (h) HD 43F K 4h il B T £ 1H
Fig. 4. (a), (c) S atom is above the Mo atom; (b), (d) C atom is above the Mo atom; (a), (b) HD molecules along the short axis of
the surface; (c), (d) HD molecules along the long axis of the surface; (e) rotate structure (c) by 90° along its major axis; (f) rotate
structure (¢) by 180° along its major axis; (g) rotate structure (c) by 270° along its major axis; (h) the major axis of the HD
molecule is perpendicular to the surface.
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(b)

K5  (a) CIETTE Mo J& 1) L7 (b) FIET7E Mo Ji 18y L7775 () HJET7E Mo Ji 189 L7575 (d) 5 P, C R O J&7-7E Mo
JET 1 12755 (e) RFE5HE 4 BERE 907 (£) X L5 K 4 BEFE 1800 (g) XTA5HY 4 BEFE 270° (h) sarin 737 K37 % BT R i

Fig. 5. (a) C atom is above the Mo atom; (b) F atom is above Mo atom; (c) H atom is above Mo atom; (d) O atom bonded with P
and C is above the Mo atom; (e) rotate structure 4 by 90° (f) rotate structure 4 by 180°% (g) rotate structure 4 by 270° (h) the

“long side” of the sarin molecule is perpendicular to the surface.
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Fig. 6. Adsorption configurations of four kinds of gas before and after Mo doping: (a) NH;@VS,; (b) NO,@VS,; (c) HD@VS,;
(d) sarin@VS,; (e) NH;@Mo-VSy; (f) NO,@Mo-VS,; (g) HD@Mo-VS,; (h) sarin@Mo-VS,.
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K2 AFPAEARTERIR VS, 451 Mo J5LT
BAREGH RN Eq, W5 T 19 Mulliken HL fif
(Quotecute) 1 Mo JFF 19 Mulliken HLAT (Qyo) A
SIS (7)

Table 2.  Four toxic gases in monolayer VS, struc-
ture and Mo atom doped structure surface E,4, ad-
sorbed molecule Mulliken charge (Qpuolecue) and Mo

atom Mulliken charge (Qy;,) and recovery time (7).

Ead/cv Qm()le(',ule/ € T/S QM()/ €

NH;@Mo-VS,  2.59 0.207

structure

7.01x10%  0.16
NH,@VS,  0.18 0035  1.19x10° —
NO,@Mo-VS, 2.86  -0.342  3.03x10%  0.139
NO,@VS,  -0.06 0101 9.14x10® —
HD@Mo-VS,  2.19 0302  1.15x10%* -0.004
HD@VS, 0.65 0084  836x10% —
sarlin@Mo-VS,  1.95 0205  1.06x10% 0.292

sarlin@Vs, 0.50 -0.015  3.73x10° —
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Fig. 7. Differential charge density map: (a) NH;@Mo-VS,;
(b) NOy@Mo-VS,; (¢) HD@Mo-VS,; (d) sarin@Mo-VS,.
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Abstract

As is well known, the leakage of four toxic gases, NO,, NH;, mustard gas and sarin greatly threaten the
environment and human health. Among of them, mustard gas and sarin are two serious chemical and biological
weapons agents, and exposure to a small amount can cause skin burns and immediate death. NO, and NH; are
two common toxic pollutants produced by automobile exhaust, coal combustion and petrochemical industry.
The presence of trace amounts of NO, and NH3 gas in human tissues can cause serious respiratory diseases and
damage human brain and other systems. Thus, it is very important to realize the rapid detection of NOy, NHj,
mustard gas and sarin in academia and industry. In this study, we use density functional theory to investigate
the ability of a transition metal Mo doped two-dimensional VS, structure to detect the four representative toxic
gases. The results reveal that Mo atom doping has a significant effect on the stability and gas-sensitivity of the
VS, structure. The Mo atom can be successfully doped on the S-vacancy in the two-dimensional VS, structure.
Compared with the undoped structure VS,, the doped structure Mo-VS, has strong interaction with NO,, NHj,
sarin, and mustard gas, realizing effective adsorption of them. The presence of Mo atom in the VS, lattice
changes the electronic structure of VS,, also modifies its band gap and density of states. The interaction
between the Mo-VS, structure and the target analytes depends strongly on the nature of the gas molecule. The
binding energy values for NO,, NH;, mustard gas, and sarin on the Mo-VS, are significantly higher than those
on the pristine VS,, indicating stronger interaction between the Mo-VS, structure and these gases. Our
calculations show that the Mo atom in VS, changes its electrical resistance after being exposed to the gases,
which can be used to distinguish different gases. Moreover, differences in charge redistribution within the Mo-
VS, structure upon being exposed to different gases can be used to explain their differential gas-sensitivity. Our
results can provide sufficient theoretical basis for experimental researchers to design and optimize the

performances of sensors in practical applications.

Keywords: VS,, density functional theory, adulteration, gas-sensitive mechanism
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