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ABSTRACT: The interaction mechanism between CO, CO,, and
NO gas molecules and Pt,-SnS, (n = 1-3) and Pt,-MoTe, (n = 1—
3) is analyzed based on density functional theory calculations. For
Pt,-SnS,, the structure of Pt,-SnS, is deformed during CO,
adsorption. For Pt;-SnS,, its structure is also significantly deformed
when the gas is adsorbed. Pt,-SnS, is not suitable for the detection
and adsorption of CO, gas, while Pt;-SnS, is not suitable for the
detection and adsorption of these three gases. According to the
density of states and molecular orbital analysis, the conductivity of
the adsorption system of Pt-SnS, remains almost unchanged after
the adsorption of CO, so Pt-SnS, is not suitable for the detection of
CO gases. The adsorption of gases on intrinsic MoTe, is a weakly
interacting physical adsorption. Doping with one to three Pt atoms all resulted in different degrees of enhancement of the adsorption
capacity of the substrates for these three target gases. However, for Pt,-MoTe, and Pt;-MoTe,, the structure of these two materials
undergoes significant deformation upon NO adsorption. In addition, the interaction between Pt;-MoTe, and CO, is weak, and the
conductivity of this system is almost unaffected by CO, adsorption. In addition, all other constructions are suitable for the detection
of the corresponding gases. This paper provides a theoretical basis for the development of gas sensors for the detection of
automotive and industrial emission gases.
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ZO—~—TROnT >

1. INTRODUCTION

With the continuous development of the automotive industry,
the phenomenon of vehicle noxious emissions is becoming
more and more serious, which causes environmental damage
and threatens human life and health." Among the gas
emissions, CO, has been causing the greenhouse effect,

thermodynamic study.'” Based on a band-gap thermodynamic
study, the composition and layer-dependent band-gap energy
of two-dimensional TMDC alloys is modeled without any
adjustable parameters.'*
catalysis, and using density functional theory (DFT)
calculations, intrinsic defects in the basal plane of WS,,

There are also studies related to

leading to global warming. CO is a toxic and harmful gas
mainly produced by incomplete combustion, which can cause
death at high concentrations. Nitrogen oxides are also a major
category of vehicle emissions, of which 95% are NO.” CO and
NO emissions can cause acid rain and smog and damage the
ozone layer.”* Problems such as neurological and cardiovas-
cular diseases caused by exposure to these pollutants have
attracted a great deal of attention.” To reduce environmental
problems raised by vehicle emissions, it is necessary to develop
an effective detection method for these noxious vehicle
emission gases.

Two-dimensional nanomaterials with a large specific surface
area and high chemical activity are considered as ideal gas-
sensitive materials and have received much attention in the
field of gas sensing.ﬁ_12 Monolayer SnS, and MoTe, are two
typical members of them. Transition metal dichalcogenides
(TMDCs) have a wide range of applications in electronic
devices. The D-dependent E, (D) of two-dimensional TMDCs
is investigated free of adjustable parameters with the band-gap
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including vacancy defects and antisite defects, were created
with high-loading TM active sites for boosting nitrogen
reduction reaction.'” Antisite defects of MoS, and WS, and
intrinsic atomic defects of MoS, and WS, with a transition
metal atom substituting a S, column were investigated for CO
reduction reaction by DFT calculations.'® In recent years,
various modification methods based on monolayer SnS, and
monolayer MoTe, have been investigated. Chen et al. studied
the gas-sensitive properties of CuO- and NiO-modified SnS,
surfaces on C,H,, CH,, H,, and H,O and found that they have
good adsorption effects on C,H,.'” Peng et al. studied the gas-
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Figure 1. (a—g) Optimized structures of CO, CO,, NO, SnS,, and MoTe, and various doping sites ranging from TS1 to TS8. The distance unit is

A.

sensitive properties of Ru-cluster-modified SnS, surfaces on
dissolved gases in transformer oil and found that Ru;-SnS, has
great potential as a gas scavenger for the removal of dissolved
CO, C,H,, and C,H, from transformer oil.'® Shi et al. found
that the adsorption performance of Pd-, Ni-, and Pt-modified
MoTe, on NH; and SO, was significantly improved.” Liu et
al. studied the adsorption performance of CuO-, Ag,O-, and
In,05-modified MoTe, on NH;, NO, and C,H, and found that
CuO-MoTe, can be used as a promising recyclable heating-
type sensor for NH; and C,H,, and Ag,0-MoTe, can be used
as a reliable adsorbent for C,H, and NO at room temper-
ature.”® The adsorption characteristics of Pt-MoTe, for
dissolved gases in transformer oil were studied by Jiang et
al”' The adsorption characteristics of Pt-cluster SnS, for SFg
characteristic decomposition gases were studied by Chen et
al.”* Inspired by the related studies, this paper proposes the
application of Pt,-SnS, and Pt,-MoTe, for the detection of
toxic and hazardous vehicle emission gases (CO, CO,, and
NO).

In this study, the interaction mechanism between CO, CO,,
NO gas molecules and Pt,-SnS, (n = 1-3), Pt,-MoTe, (n =
1-3) is analyzed from the perspective of adsorption structure,
energy band structure, density of states (DOS), and molecular
orbitals based on DFT. This paper provides a theoretical basis
for the development of gas sensors for the detection of vehicle
emission gases.

2. COMPUTATIONAL DETAILS AND METHODS

All calculations were gerformed based on the DFT applying
the Dmol® module.””** The lattice parameters of the
constructed supercell of SnS, and MoTe, single layers were
a=147997 A, b = 147997 A, and ¢ = 32.9557 A and a =
14.2348 A, b = 14.2348 A, and ¢ = 33.6193 A, respectively. The
vacuum layer was set to 20 A to avoid the interaction between
the adjacent layers.”> The Perdew—Burke—Ernzerhof function
in the generalized gradient approximation was chosen to
calculate the electron exchange and correlation energy.”® The
orbital electron distribution was calculated using the DFT
semi-core pseudopods method. The Tkatchenko and Scheftler

algorithm was used to obtain more accurate calculation
results.'””> Meanwhile, the spin-polarization calculation was
considered.””*® The double numerical plus polarization basis
set was used.”” The energy convergence accuracy, maximum
stress, and maximum displacement were set to 1.0 X 107> Ha,
0.002 Ha/A, and 0.005 A, respectively. The self-consistent field
convergence accuracy and the global orbital cutoff radius were
set to 1.0 X 107° Ha and 5.0 A, respectively. To reduce the
calculation time, DIIS is set to 6. The K points of the band
structure that are calculated using fine, empty bands are set to
12, and the separation is set to 0.015 1/A. The Monkhorst—
Pack k-point grid of S X 5 X 1 was used for geometric
optimization and DOS analysis.”’">* The calculation param-
eters of the gas molecular model are the same as those of the
above substrate model, but the difference is that the
Monkhorst—Pack k-point grid is fine, and no property
calculation is carried out, such as the band structure, DOS,
and electron density.

The binding energy (E,) can be calculated by eq 1, where
Ept-sup Eoup and Epy, represent the energy of the substrate after
Pt, doping, the energy of the substrate before doping, and the
energy of the Pt, cluster, respectively. The adsorption energy
(E.qs) of the adsorption system was calculated by eq 2, where
Egys/up Equp and Eg, represent the energy of the substrate after
gas adsorption, the energy of the substrate before gas
adsorption, and the energy of the gas molecule, respectively.
The charge transfer (Q,) was analyzed using Hirshfeld
population analysis. Q, < O represents the electron transfer
from the surface to the gas molecule. The energy gap (E,) of
the molecular orbit is defined in eq 3, where E; y\o and Eyomo
represent the energy of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO), respectively.

Eb = EPtn—suf - Esuf - EPtn (1)
Eads = Egas/suf - Esuf - Egas (2)
E, = IELumo — Enomol 3)
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Figure 2. Optimal structures of (a, al) Pt-SnS,, (b, bl) Pt,-SnS,, (¢, c1) Pt;-SnS,, (d, d1) Pt-MoTe,, (e, el) Pt,-MoTe,, and (£, f1) Pt;-MoTe,.

(a—f) Top view. (al—f1) Side view. The distance unit is A.
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Figure 3. Band structure of (a) pristine SnS,, (b) Pt-SnS,, (c) Pt,-SnS,, (d) Pt;-SnS,, (e) pristine MoTe,, (f) Pt-MoTe,, (g) Pt,-MoTe,, and (h)

Pt;-MoTe,.

3. RESULTS AND DISCUSSION

3.1. Geometric Structures of Gas Molecules, SnS,,
MoTe,, Pt,-SnS,, and Pt,-MoTe,. The structures of the gas
molecules after optimization are shown in Figure la—c. The
bond lengths of the C—O bond in the CO molecule, the N—O
bond in the NO molecule, and the C—O bond in the CO,
molecule are very close, which are 1.142, 1.164, and 1.176 A,
respectively. At the same time, the C atom in the CO,
molecule is located at the center of the two O atoms, and
the two C—O bonds have the same length. Figure 1d—g shows
the top view and side view structures of the optimized SnS,
and MoTe,. In Figure 1d,e, TS1, TS2, TS3, and TS4 are the
doping sites considered for the SnS, monolayer. Similarly, the
doping sites on MoTe, are labeled as TSS, TS6, TS7, and TSS8,
as shown in Figure 1f,g. To find the most stable structures for
Pt-cluster (1—3) doping, various combinations of these eight
sites were considered to explore the corresponding stable Pt
doping structure after structural optimization.

29748

Figure 2a—c shows the stable doping structures of single Pt
atoms, double Pt atoms, and triple Pt atoms, respectively. In
Figure 2a,al, the bond length of the S-Pt bond in the Pt-SnS,
structure is 2.214 A, and the Pt-SnS, structure does not change
much compared to the original SnS,. In the Pt,-SnS, structure
shown in Figure 2b, the bond lengths between the two Pt
atoms and the S atom at the doping position are 2.383 and
2.476 A, respectively. In the Pt;-SnS, structure shown in Figure
2¢, chemical bonds are formed between the three Pt atoms,
forming a stable triangle with bond lengths of 2.782, 2.782, and
2.781 A, respectively. Also, in Figure 2b,c, the Pt atoms form
chemical bonds with the surrounding S atoms, indicating a
strong interaction and stable structure between the Pt atoms
and the original SnS, surface. From Figure 2bl,cl, it can be
seen that both Pt,-SnS, and Pt;-SnS, structures have been
changed to some extent compared to the original SnS,.
Similarly, Figure 2d—f,d1—f1 shows the side and top views of
Pt,-MoTe,, respectively. For Pt-MoTe,, Pt is located at the
TS8 site and forms Pt—Te bonds with Mo atoms on the
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substrate surface, and the bond length of these bonds is 2.583
A. At the same time, a Pt—Mo with a bond length of 2.895 Ais
formed between the Pt atom and the Mo atom directly below.
For Pt,-MoTe,, the two Pt atoms are located approximately at
the TS7 site, and a Pt—Pt bond with a bond length of 2.730 A
is formed between the two atoms. Pt;-MoTe, is similar to Pt;-
SnS,, where three Pt atoms form a stable triangular structure
with a Pt—Pt bond length of 2.749 A.

To more clearly observe the effect of Pt doping on the gas-
sensitive properties of pristine SnS, and MoTe,, Figure 3
shows the band structure of SnS,, MoTe,, Pt,-SnS,, and Pt,-
MoTe,. Table 1 lists the E, and E, parameters of SnS,, MoTe,,

Table 1. E, and E; Parameters of SnS,, MoTe,, Pt,-SnS,,
and Pt,-MoTe,

structure E, (eV) E, (ev)
SnS, without doping 1.530
Pt-SnS, —2.49 0.755
Pt,-SnS, -7.10 0.358
Pt,-SnS, —11.50 0

MoTe, without doping 1.273
Pt-MoTe, —3.050 1172
Pt,-MoTe, -3.255 0.602
Pt,;-MoTe, —4203 0.309

Pt,-SnS,, and Pt,-MoTe,. As can be seen from Figure 3 and
Table 1, the E,; of the original SnS, is 1.530 eV, and after Pt
atom doping, the E, of Pt-SnS,, Pt,-SnS,, and Pt;-SnS, are
reduced to 0.75S, 0.358, and 0 eV, respectively. Accordingly,
the Ey is —2.49 eV for Pt-SnS,, —7.10 eV for Pt,-SnS,, and
—11.50 eV for Pt;-SnS,. Because the impurity energy levels
brought by Pt atoms are located between the valence and
conduction bands of SnS,, which makes the energy band
structure of SnS, more continuous (especially Pt;-SnS,, whose
E, is 0, which metamorphoses from a semiconductor to a
conductor), the conductivity is significantly enhanced.
Similarly, from the data in Table 1, it can be known that the
binding energies of Pt-MoTe,, Pt,-MoTe,, and Pt;-MoTe, are
—3.050, —3.255, and —4.203 eV, respectively. Also in
combination with Figure 3e—h, it can be observed that the
corresponding E, decrease from 1.273 to 1.172, 0.602, and
0.309 eV, respectively. In addition, the density of energy band
structures becomes dense, which shows an increase in the
conductivity of the doped structures. In general, the doping of
Pt atoms improves the conductivity of the SnS, and MoTe,

and has a positive effect on improving the gas-sensitive
performances of SnS, and MoTe,.

3.2. Adsorption of CO, CO,, and NO Gas Molecules on
SnS, and MoTe,. The most stable adsorption structures of
the CO, CO,, and NO gas molecules on the surfaces of SnS,
and MoTe, are shown in Figure 4, and the corresponding
calculated adsorption parameters are shown in Table 2. The

Table 2. E 4, Q,, and Adsorption Distance of Gas Molecules
on SnS, and MoTe,”

system adsorption distance (A) E.q4 (eV) Q. (e)
CO/SnS, 3.577 —0.152 —0.0211
CO,/SnS, 3.532 —-0.154 —0.0219
NO/SnS, 3.500 —-0.226 0.1672
CO/MoTe, 3.854 —0.122 —0.0121
CO,/MoTe, 3.801 —0.131 —0.0266
NO/MoTe, 3.377 —0.160 —0.0374

“Adsorption distance: the shortest distance between two atoms in a
gas molecule and substrate.

E.4 of the SnS, monolayer for gas molecules are ranked as
—0.152 eV (CO) < —0.154 eV (CO,) < —0.226 eV (NO). The
E,4 of the MoTe, monolayer for gas molecules are ranked as
—0.122 eV (CO) < —0.131 eV (CO,) < —0.160 eV (NO). It
can be found that the E 4 of intrinsic SnS, and MoTe, are very
small for gas molecules. It can be seen from Figure 4a—f that
the geometric structure of the substrate remains basically
unchanged after adsorption of gases. The adsorption distances
of CO, CO,, and NO on the SnS, surface are 3.577, 3.532, and
3.500 A and on the MoTe, surface are 3.854, 3.801, and 3.377
A, respectively. In addition, the corresponding charge transfer
is —0.0211 ¢, —0.0219 ¢, 0.1672 ¢, —0.0121 ¢, —0.0266 ¢, and
—0.0374 ¢, which indicates that the charge transfer between the
substrate and the gas molecules is weak. From the above
analysis, it is clear that the adsorption of CO, CO,, and NO on
SnS, and MoTe, is physical adsorption and the interaction
between the gas and the substrate is weak.

3.3. Adsorption Behavior of CO, CO,, and NO Gas
Molecules on Pt,-SnS,. To obtain the accurate optimization
structure, CO, CO,, and NO were placed on the surface of the
Pt,-SnS, monolayer at different angles and different distances,
and the structure with the largest absolute value of E 4 was
selected by geometric optimization to obtain the most stable
adsorption structure, as shown in Figure S. The corresponding
adsorption parameters are shown in Table 3. Figure Sa—c

98

(a) CO/SnS,

s

99,0030 999 T 9,99

(d) CO/MoTe,

L

(b) COy/SnS,

oo

(e) COx/MoTe,

(c) NO/SnS,

%

(f) NO/MoTe,

Figure 4. (a—f) CO, CO,, and NO adsorption on SnS, and MoTe, surfaces. The distance unit is A.
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Figure 5. CO, CO,, and NO adsorption on Pt,-SnS, surfaces. (a—c) Pt-SnSy; (d—f) Pt,-SnS,; (g—i) Pt;-SnS,. The distance unit is A.

Table 3. E 4, Q,, and Adsorption Distance of Gas Molecules
Adsorbed on Pt,-SnS,

structure  gas molecules adsorption distance (A) E,4 (eV) Q, (e)

Pt-SnS, co 1.860 2676  —0.015§
co, 2.092 —-0.783  —0.1724
NO 1.798 —2.553 0.0691
Pt,-SnS, co 1.878 —2106  —0.004$
co, 2.627 —0.256 0.0485
NO 1.831 —1.908 0.0052
Pt;-SnS, co 1.888 —2.040 0.0078
co, 2.585 —0.253 0.0563
NO 1.891 —1.550 0.0173

shows the most stable structures of CO, CO,, and NO
adsorbed on the Pt-SnS, surface. Compared with the intrinsic
SnS,, the adsorption capacity of Pt-SnS, is improved for CO,
CO,, and NO, and the corresponding E, 4 are —2.676, —0.783,
and —2.553 eV. At the same time, all three gas molecules form
chemical bonds with the surface, and the corresponding
adsorption distances are shortened to 1.860, 2.092, and 1.798
A, respectively. From the Hirshfeld analysis, it can be seen that
CO, receives electrons from the surface with a charge of
—0.1724 ¢, while CO and NO transfer —0.0155 e and 0.0691 e
of electrons to the surface of the substrate, respectively. The
most stable structures of the gases adsorbed on the Pt,-SnS,
surface are shown in Figure Sd—f. From the structure diagrams,
it can be found that both CO and NO form chemical bonds
with Pt atoms on the surface, except for CO,. Finally, the E g,
of —2.106 eV for CO, —0.256 eV for CO,, and —1.908 eV for
NO reaches the corresponding adsorption distances of 1.878,
2.627, and 1.831 A. These adsorption data indicate that the
E,4 of Pt,-SnS, for the gas increases, and the adsorption
distance decreases compared to the adsorption on the intrinsic
substrate. Moreover, the charge transfer between CO, CO,,
and NO and the substrate surface is —0.0045 ¢, 0.0485 ¢, and
0.0052 ¢, respectively. It should be noted that the structure of
Pt,-SnS, changes significantly after the adsorption of CO,, and

this phenomenon is not favorable for the gas desorption
process. Finally, Figure 5g—i shows the structural model of the
gas molecules adsorbed by Pt;-SnS,. Except for CO,, both CO
and NO form chemical bonds with Pt atoms on the substrate
surface. Similar to the above discussion, the E,;, of CO, CO,,
and NO on the Pt;-SnS, surface are increased, with energies of
—2.040, —0.253, and —1.550 eV, respectively, while for the
adsorption distances, they are reduced to 1.888, 2.585, and
1.891 A, respectively. CO, CO,, and NO all provide electrons
to the substrate, and the transferred charges are 0.0078 e,
0.0563 ¢, and 0.0173 e, respectively. In addition, it can be
found that the structure of Pt;-SnS, is severely distorted after
adsorption of CO, CO,, and NO, so the structure is not
suitable for gas detection and adsorption. It is worth
mentioning an interaction with the CO, bending structure
within Pt-SnS,, but it does not show a similar interaction with
Pt,-SnS, or Pt;-SnS,. According to the adsorption parameters,
the adsorption distance of CO, on Pt-SnS, is the shortest, the
absolute value of E 4 is the highest, and the charge transfer is
the most intense. At the same time, C and O atoms of CO,
form chemical bonds with Pt. These phenomena all indicate a
strong interaction between CO, and Pt-SnS,, which causes
CO, to be subjected to torque force, resulting in deformation.

To further investigate the adsorption mechanism of Pt,-SnS,
toward different gas molecules and understand the electronic
behavior more clearly, DOS analysis was performed for each
adsorption system. Figure 6 shows the total density of states
(TDOS) and partial density of states (PDOS) curves of all Pt,-
SnS,-based adsorption systems. Figure 6a—c,al—cl shows the
TDOS and PDOS of Pt-SnS, adsorbing CO, CO,, and NO,
respectively. The TDOS curve of the system did not change
significantly after CO adsorption on the Pt-SnS, surface, and
the conductivity of the surface system did not change
significantly. The CO, adsorption caused the TDOS curve of
the system shift to the right, which would reduce the number
of electrons near the Fermi energy level, indicating a decrease
in the conductivity of the adsorption system. For the
adsorption of NO, the conductivity of the system decreases
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Figure 6. (a—i) TDOS and PDOS of CO, CO,, and NO adsorption on Pt,-SnS, surfaces.
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due to the rise in the TDOS curve. The phenomenon of
hybridization of atomic orbitals is responsible for the change in
the TDOS curve, which can be observed by the PDOS curve.
In Figure 6al, Pt-5d undergoes orbital hybridization with C-2p
of CO in the energy-level interval from —10 to —5 eV, which
confirms the formation of chemical bonds between Pt and C
atoms, and verifies that CO adsorption on the Pt-SnS, surface
is chemisorption. Similarly, Figure 6bl,cl shows that Pt-5d
overlaps with C-2p and O-2p in the interval from —10 to —§
eV, respectively, and Pt-5d overlaps with N-2p in the range
from —10 to —7.5 eV, indicating that a significant hybridization
occurs between these orbitals, confirming the existence of Pt—
C bonds and Pt—N bonds and verifying that CO, and NO
adsorption on the Pt-SnS, surface is chemisorbed. The TDOS
and PDOS of these three gas molecules adsorbed on Pt,-SnS,
are shown in Figure 6d—f,d1—f1, respectively. The adsorption
of these three gas molecules leads to different decreases in the
original TDOS curves of Pt,-SnS. It can be observed from the
PDOS curves that the hybridization of the atomic orbitals
inside the CO adsorbate and the energy interval in which the
hybridization occurs are roughly similar to the discussed Pt-
SnS,. For CO,, Pt-5d, C-2p, and O-2p do not overlap
significantly, indicating that no mutual hybridization occurs
between these orbitals, confirming that no stable chemical
bond is formed between CO, and Pt. For NO, Pd-3d
hybridizes significantly with N-2p in the —10 to —7.5 and 0 to
2.5 eV energy-level interval. Figure 6g—igl—il shows the
TDOS and PDOS of these three gas molecules adsorbed on
Pt;-SnS,, respectively. For the adsorption of CO,, there is little
overlap between the atomic orbitals, and no significant
hybridization between the orbitals. The TDOS curve near
the Fermi energy level slightly decreases, and the conductivity
of its adsorption system is slightly enhanced. On the contrary,
for the adsorption of CO and NO, the orbitals of Pt metal
atoms and the atomic orbitals of the gas undergo drastic
hybridization in the energy-level region from —10 to =5 eV,
leading to a decrease in the TDOS curve near the Fermi energy
level. So the conductivity of these two adsorption systems
increases.

Molecular orbital analysis is usually used to observe the
changes in the electronic properties of the substrate by
adsorbed gas molecules. Figure 7 shows the HOMO and
LUMO distributions of Pt,-SnS, before and after the
adsorption of CO, CO,, and NO, and the values of E,
Eiumor and Eygoyo are indicated accordingly in the figure.
Figure 7a—d shows the HOMO and LUMO distributions of
Pt-SnS, and Pt-SnS, after adsorption of these three gases. It
can be found that the HOMO and LUMO electron cloud
distributions do not change much after CO and CO,
adsorption. However, after NO adsorption, the HOMO
electron cloud distribution is mainly distributed around NO
and Pt atoms, and the LUMO electron cloud distribution is
mainly distributed around SnS,. The E, value of the substrate
does not change after CO adsorption, indicating that the
system conductivity also does not change much, while CO,
and NO adsorption leads to an increase in the E, value of the
substrate and a decrease in the conductivity of the system.
Figure 7e—h shows the HOMO and LUMO distributions
before and after the adsorption of CO, CO,, and NO on Pt,-
SnS,. The HOMO and LUMO are mainly distributed near the
Pt atoms due to the high chemical activity of the Pt atoms.
Likewise, NO has the greatest change on the LUMO
distribution of the substrate. Meanwhile, CO, has the greatest
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Figure 7. (a—1) HOMO and LUMO of CO, CO,, and NO adsorption
on Pt,-SnS, surfaces.

change on the HOMO distribution of the substrate. The
adsorption of CO, CO,, and NO decreases the E, value of Pt,-
SnS, from 0.370 to 0.330, 0.322, and 0.368 eV, respectively.
Figure 7i—I shows the HOMO and LUMO distributions of
Pt;-SnS, before and after the adsorption of these three gas
molecules. The adsorption of NO has the greatest change on
the E, values of Pt;-SnS. The E, value of this system decreased
from 0.743 to 0.131 eV. For the adsorption of CO, the E, value
of Pt;-SnS, decreases to 0.334 eV. Similarly, for the adsorption
of CO,, the E; value decreases and the conductivity of the
system increases. The above analysis is consistent with the
results of the DOS analysis.

3.4. Adsorption Behavior of CO, CO,, and NO Gas
Molecules on Pt,-MoTe,. CO, CO,, and NO are placed on
the surface of the Pt,-MoTe, monolayer with different angles’
proximity, and the structure with the largest absolute value of
E,4 is selected after geometric optimization to obtain the most
stable adsorption structure, as shown in Figure 8. The
corresponding adsorption parameters are shown in Table 4.
Figure 8a—c shows the most stable structures of CO, CO,, and
NO adsorbed on the Pt-MoTe, surface. Compared with the
intrinsic MoTe,, the adsorption capacity of Pt-MoTe, is
improved for CO, CO,, and NO, and the corresponding E 4,
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Figure 8. CO, CO,, and NO adsorption on Pt,-MoTe, surfaces. (a—c) Pt-MoTe,; (d—f) Pt,-MoTe,; (g—i) Pt;-MoTe,. The distance unit is A.

Table 4. E 4, Q,, and Adsorption Distance of Gas Molecules
Adsorbed on Pt,-MoTe,

gas adsorption distance

structure molecules Eq (eV) Q. (e)
Pt-MoTe, CO 1.882 —2.403 —0.0683
CO, 2.161 —0.294 —0.2364
NO 2.196 —0.350 —0.0484
Pt,-MoTe, CO 1.858 —2.191 —0.0433
CO, 2.084 —0.353 —0.2825
NO 1.816 —1.938 —0.0389
Pt;-MoTe, CcO 1.878 —1.950 —0.053
CO, 3.502 —0.220 —0.024
NO 1.806 —2.028 —0.0582

are —2.403, —0.294, and —0.350 eV. At the same time, all three
gas molecules form chemical bonds with the surface, and the
corresponding adsorption distances are shortened to 1.882,
2.161, and 2.196 A, respectively. From the Hirshfeld analysis, it
can be seen that CO transfers —0.0683 e of electrons to the
surface of the substrate, while CO, and NO receive electrons
from the surface with charges of —0.2364 e and —0.0484 e,
respectively, thus indicating that the charge transfer is also
enhanced compared to the intrinsic substrate. The most stable
structures of the gases adsorbed on the Pt,-MoTe, surface are
shown in Figure 8d—f. From the structure diagram, it can be
found that all of CO, CO,, and NO form chemical bonds with
Pt atoms on the surface, and the corresponding E,4 are
—2.191, —0.353, and —1.938 €V, and the adsorption distances
are 1.858, 2.084, and 1.816 A, respectively. These adsorption
data show an increase in the E,;; and a decrease in the
adsorption distance of Pt,-MoTe, for the gases compared with
the adsorption on the intrinsic substrate. In addition, the
charge transfer between CO, CO,, NO and the substrate
surface is —0.0433 ¢, —0.2825 ¢, and —0.0389 ¢, respectively. It
should be noted that the structure of Pt,-MoTe, changed
significantly after the adsorption of NO, and this phenomenon
is not conducive to the gas desorption process. Finally, Figure
8g—i illustrates the structural models of Pt;-MoTe, adsorbed
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gas molecules. Except for CO,, both CO and NO form
chemical bonds with Pt atoms on the substrate surface. The
E,4 of CO, CO,, and NO on the Pt;-MoTe, surface are
increased to —1.950, —0.220, and —2.028 eV, respectively;
meanwhile, the adsorption distances are shortened to 1.878,
3.502, and 1.806 A, respectively. Except for NO, which gets
—0.053 e of electrons, both CO and CO, provide electrons to
the substrate, and the transferred charges are —0.024 e and
—0.0582 e. In addition, it can be found that the structure of
Pt;-MoTe, is severely deformed after adsorption of NO, so the
structure is not suitable for NO detection or adsorption. It is
worth mentioning an interaction between CO, and Pt in Pt-
MoTe, and Pt,-MoTe,, yet there appears to be no interaction
with Pt;-MoTe;. This is because for Pt-MoTe, and Pt,-MoTe,,
the adsorption distance of CO, is small, the absolute value of
E,4 is large, and the charge transfer amount is large, indicating
that the interaction is intense, resulting in the formation of a
chemical bond between the C atoms of CO, and Pt, and the
CO, also has some deformation. In contrast, the adsorption
distance of CO, on Pt;-MoTe; is far, the absolute value of E g4
is small, and the charge transfer is weak, indicating that this
interaction is weak, and no chemical bond is formed in the
adsorption process.

Figure 9 shows the TDOS and PDOS curves of all
adsorption systems based on Pt,-MoTe,. For the TDOS and
PDOS of gas-adsorbed Pt-MoTe, systems shown in Figure
9a—c,al—cl, the adsorption of CO and CO, on Pt-MoTe,
causes the TDOS curves near the Fermi energy level to
increase to different degrees, signifying that the conductivity of
these two adsorption systems decreases. However, for NO
adsorption, the conductivity of the system increases due to the
decrease in the TDOS curve. The hybridization phenomenon
of atomic orbitals is responsible for the alteration of TDOS
curves, which can be observed by PDOS curves. Pt-5d
undergoes orbital hybridization with C-2p and O-2p of CO
in the energy-level interval from —7.5 to 1.3 eV. The curve
peaks of Pt-5d overlap with C-2p and O-2p of CO, near the
-8.7, =75, =7, =3.8, =02, and 1.3 eV energy levels.
Meanwhile, for NO, Pt-5d, N-2p, and O-2p in the =9 to 1
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Figure 9. (a—i) TDOS and PDOS of CO, CO,, and NO adsorption on Pt,-MoTe, surfaces.
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Figure 10. (a—1) HOMO and LUMO of CO, CO,, and NO adsorption on Pt,-MoTe, surfaces.

eV energy-level region undergo a strong orbital hybridization
phenomenon. The TDOS and PDOS of these three gas
molecules adsorbed on Pt,-MoTe, are shown in Figure 9d—
f,d1—f1, respectively. The adsorption of the three gas
molecules raises the original TDOS curves of Pt,-MoTe,. As
can be observed from the PDOS curves, the hybridization of
the atomic orbitals within these three adsorbed bodies and the
intervals in which the hybridization occurs are roughly similar
to those discussed for Pt-MoTe,. Only for NO, the
hybridization of each atomic orbital in the —5 to 1.3 eV
energy-level interval is significantly enhanced. Figure 9g—i,g1—
il shows the TDOS and PDOS of these three gas molecules
adsorbed on Pt;-MoTe,, respectively. For CO, adsorption, the
conductivity of this adsorption system remains almost constant
because the weak hybridization between the atomic orbitals

causes almost no change in the TDOS curve near the Fermi
energy level. In contrast, for both CO and NO adsorption, the
orbitals of Pt metal atoms and the atomic orbitals of the gases
undergo drastic hybridization in the —10 to 1.2 eV energy-level
region, causing an increase in the TDOS curve near the Fermi
energy level.

The change in the electronic properties of adsorption
systems was analyzed from the perspective of molecular
orbitals. Figure 10 shows the HOMO and LUMO distributions
of Pt,-MoTe, before and after the adsorption of CO, CO,, and
NO, and the values of E, Ejyyo, and Eyomo are marked
accordingly. The HOMO and LUMO distributions of Pt-
MoTe, and Pt-MoTe, after adsorption of these three gases are
shown in Figure 10a—d. NO has the greatest effect on the
LUMO distribution of Pt-MoTe,, with the E;yyo value
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changing from the original —3.809 to —4.399 eV. NO
adsorption causes the E, value of the substrate to decrease,
while both CO and CO, cause the increase of E, and
correspondingly, the conductivity of the former increases and
the latter decreases. Figure 10e—h shows the HOMO and
LUMO distributions of Pt,-MoTe, before and after gas
adsorption. HOMO and LUMO are mainly distributed near
Pt atoms due to the strong chemical activity of Pt atoms.
Similarly, NO has the greatest effect on the LUMO
distribution of the substrate. And CO, has the greatest effect
on the substrate HOMO distribution. The adsorption of CO,
CO,, and NO increases the E, values of Pt,-MoTe, from 0.607
to 0.634, 0.775, and 0.774 eV, respectively. Figure 10i—1 shows
the HOMO and LUMO distributions of Pt;-MoTe, before and
after the adsorption of these three gas molecules. The effect of
NO adsorption on the values of E,, E; ypo, and Eyoyo and the
HOMO and LUMO distributions of Pt;-MoTe, is the greatest.
The E, value for this system increased from 0.314 to 0.749 eV.
For CO adsorption, the E, value of Pt;-MoTe, increased to
0.428 eV. In contrast, for CO, adsorption, the conductivity did
not change significantly due to the almost unchanged E, value.
The above analysis is consistent with the results of the TDOS
analysis.

4. CONCLUSIONS

In this study, the intrinsic SnS, and MoTe, and the Pt,-cluster-
doped SnS, and MoTe, were proposed as potential gas-
sensitive materials for exploring an effective detection method
for the noxious vehicle emission gases: CO, CO,, and NO.
Multi-perspective calculations were performed by analyzing the
E, 4 adsorption distance, and charge transfer amount as well as
TDOS, PDOS, and molecular orbitals. The results show that
Pt-cluster doping improves the conductivity of intrinsic SnS,
and MoTe,. In contrast to the physical adsorption of intrinsic
SnS, and MoTe,, gas adsorption on Pt,-SnS, is chemisorbed,
except for CO, adsorption, and the E is significantly
increased and the adsorption distance is significantly reduced.
According to the DOS and molecular orbital analysis, the
conductivity of the adsorption system of Pt-SnS, remains
almost unchanged after the adsorption of CO, so Pt-SnS, is not
suitable for the detection of CO gases. Pt-SnS, maintains good
gas-sensitive properties for CO, and NO, and Pt,-SnS,
maintains good gas-sensitive properties for CO and NO. The
adsorption of CO, CO,, and NO on intrinsic MoTe, is a
weakly interacting physical adsorption. Doping of one to three
Pt atoms leads to different degrees of enhancement of the
adsorption capacity of the substrates for these three target
gases. However, for Pt,-MoTe, and Pt;-MoTe,, the structure
of these two materials undergoes significant deformation upon
NO adsorption. Based on the DOS and molecular orbital
analysis, the interaction between Pt;-MoTe, and CO, is weak,
and the conductivity of this system is almost unaffected by
CO, adsorption. Generally, Pt,-MoTe, (n = 1—3) can realize
good gas-sensitive properties for CO, CO,, and NO. Based on
the calculation results, this paper provides a theoretical basis
for the development of gas sensors for the detection of vehicle
emission gases.
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