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Abstract: A large amount of power equipment works in closed or semi-closed environments for
a long time. Carbon monoxide (CO) is the most prevalent discharge gas following a fault in the
components. Based on the density functional theory of first principles, the adsorption behavior
of CO gas molecules on intrinsic, Ag-doped and Au-doped hafnium disulfide (HfS;) monolayers
was systematically studied at the atomic scale. Firstly, the intrinsic HfS; monolayer, Ag-doped
HIS, (Ag-HfS;) monolayer and Au-doped HfS; (Au-HfS;) monolayer, with different doping sites,
were created. The structural stability, dopant charge transfer, substrate conductivity and energy
band structure of different doping sites of the Ag-HfS, and Au-HfS, monolayer structures were
calculated. The most stable doping structure was selected with which to obtain the best performance
on the subsequent gas adsorption test. Then, the CO adsorption models of intrinsic HfS,, Ag-HfS,
and Au-HfS, were constructed and geometrically optimized. The results show that the adsorption
energy of the Ag-HfS, monolayer for CO gas is —0.815 eV, which has good detection sensitivity and
adsorption performance. The adsorption energy of CO on the Au-HfS, monolayer is 2.142 eV, the
adsorption cannot react spontaneously, and the detection sensitivity is low. The research content of
this paper provides a theoretical basis for the design and research of gas sensing materials based on
HIS,, promoting the development and application of HfS, in gas sensing and other fields.

Keywords: density functional theory; HfS,; doping; CO; gas sensing

1. Introduction

In recent years, as people pay more attention to air pollution and public health, the
requirements for high sensitivity and online detection in the field of gas sensor research have
become more and more demanding [1,2]. A large amount of electrical equipment works
in closed or semi-closed environments for a long time. Liu et al. designed three different
defect models to simulate the common discharge fault types of power equipment [1].
Experiments show that CO is the gas component with the highest concentration in the
discharged gas under various conditions. It is flammable and highly toxic, endangering
human life and health.

After the successful preparation of graphene through micromechanical exfoliation,
two-dimensional materials have shown great potential in various applications due to their
excellent properties, especially in the field of sensing materials, which has attracted the
attention of many researchers [3—6]. Transition metal dihalides (TMDs) are a new type
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of layered compound. TMDs have an ABA-type atomic stacking sequence, in which one
metal plane atom is contained in two chalcogen atom planes [7-9]. When TMDs are
confined to a single nanosheet, their electronic behavior will change significantly, appear-
ing as direct band gap semiconductors, which greatly expands their application range in
nanoelectronics [10-13]. At present, many studies in the field of TMDs gas sensors have
proposed some sensing materials based on MoX; (X =S, Se and Te) monolayers [14-18]. In
the choice of transition metals (TM), such as Si or Ge, compared with traditional semicon-
ductors, the carrier mobility is lower, and the uneven surface film hinders their sensing
applications to a certain extent [19,20]. On the contrary, HfX; (X =S, Se, Te) compounds
are considered to be small band gap semiconductors with large work function values,
high electron affinity and reasonable carrier mobility, which makes them useful in many
fields, such as nanoelectronics and optoelectronics [21,22]. The metal doping on TMDs
has been recognized as an effective method to adjust their electronic properties, so as
to further study their adsorption of gas molecules and the optimization of their sensing
performance [23-26]. Yuwen et al. have completed the doping of Ag and Au on MoS;
monolayers to optimize its gas sensing performance [27]. Michael Schmidt et al. found
that HfS; and HfSe; have stronger gas sensitivity than MoS;, MoSe, and MoTe, when
interacting with oxygen molecules and water molecules, and are more suitable for use
as gas-sensitive materials in the surrounding environment [28]. Chen et al. studied the
adsorption performance of intrinsic HfS; for SO,, HF, SOF;, SO,;F, and H,S gases under
certain conditions [29]. However, there is no research on the sensitivity characteristics of
CO gas, and there are few studies on metal-doped HfS;.

In this paper, first-principles density functional theory is used to study the most stable
configuration of intrinsic HfS;, Ag-HfS, and Au-HfS; single-layered structures. We analyze
their adsorption results and adsorption performance for harmful CO gas, comprehensively
consider the adsorption parameters, adsorption energy change, density of state (DOS) and
atomic charge density distribution (ELF), and explore the possibility of HfS, functioning
as a new nano-sensing material. The research content of this paper provides theoretical
guidance for further discussion on the application of Ag-HfS; and Au-HfS, monolayers in
the field of gas sensing.

2. Materials and Methods

All calculations in this paper use the Dmol®> module of Materials Studio software,
version 8.0. The first principles mainly include two branches: density functional theory and
molecular dynamics. The Dmol® module is based on density functional theory. It is a self-
consistent calculation process that can comprehensively analyze the adsorption behavior of
gas—solid surfaces [30]. Considering the calculation speed, a periodic supercell model was
established to replace the infinite number of plane atoms in the two-dimensional material.
The supercell model is divided into a vacuum layer and a crystal layer [31,32]. In order to
avoid the influence of the interaction between adjacent layers, the thickness of the vacuum
layer is set to 20 A. Perdew-Burke-Ernzerhof (PBE) is selected as the generalized gradient
approximation (GGA) of the exchange correlation potential energy, and the bi-numerical
orbital basis set +p orbital polarization function (DNP) is used to calculate the electronic
pseudopotential [33]. DNP also is set as the basis function of linear combination of atomic
orbitals (LCAO). In all calculations, the electron spin is not restricted [34].

Taking into account the influence of van der Waals forces between molecules, the
DFT-D2 method is used to analyze all models. The energy convergence accuracy, the
stress convergence standard and the maximum allowable displacement are set to 10> Ha,
2 x 1073 Ha/A and 5 x 1073 A, respectively. In addition, the cut-off radius of all models
is set to 5 A, and the widening is set to 0.005 Ha. When calculating the geometric structure
and electronic properties of the system, the k value of Monkhorst-Pack is setto 7 x 7 x 1,
so that the physical and chemical parameters of the adsorption system (geometric structure
and electronic properties) can be accurately obtained. Layout refers to the distribution of
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electrons on each atomic orbit. Analyzing the layout can help us to understand the bonding
of atoms in the molecule. This article uses the Mulliken charge analysis method.

We calculate the adsorption capacity of HfS, material for gas, expressed as the adsorp-
tion energy (E,;) as follows:

Eu = EX—HfSZ/gas - EX—HfSZ - Egas 1)

Among them, Ex_ s, /405 and Ex s, are the total energy of the system before and
after the gas is adsorbed, and X represents metal doping. There is no X when calculating
the undoped HfS; monolayer. Egs is the energy of the adsorbed gas molecules.

In order to analyze whether gas molecules donate or provide electrons in the adsorp-
tion reaction, the charge transfer amount Q; is:

Q= Qadsorbed(gas) - Qisolated(gas) ()

Qudsorved(gas) aNd Qjsolated(gas) are the amount of charge after the gas is adsorbed and
before it is adsorbed, respectively. If Q; is positive, it means that gas molecules are charge
acceptors; otherwise, gas molecules are charge donors.

In this paper, E,;, adsorption distance, band structure, total density of states (TDOS),
partial density of states (PDOS) and transfer charge are studied to judge the strength of
adsorption, in order to analyze the sensitivity and selectivity of the substrate material to
gas and the feasible methods to enhance the adsorption.

The energy band structure is one of the most commonly used pieces of information
calculated by the first-principles method, and it can be divided into three parts: the valence
band, band gap and conduction band. For semiconductors, in the ground state, electrons
start to fill up from the lowest energy level, and just fill up to a certain energy band. The
one with the highest energy in the full band is called the valence band. After that, the
empty band part is the band gap, and the band gap width (energy) of the semiconductor
is relatively small. Therefore, the electrons in the valence band may transition to the next
energy band after being injected with a photoelectric stimulus or after being thermally
excited. The electrical properties are prone to major changes. As shown in Figure 1, we use
a semiconductor HFS; monolayer structure with a band gap of 1.198 eV, which is consistent
with previous studies.

Energy(/eV)

Figure 1. Band structure of intrinsic HfS, monolayer.
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The calculation result of DOS is related to the calculation accuracy. The principle
of Dmol? calculation integration is a simplified linear interpolation method, which gives
the DOS graph a slight tailing part. When selecting a smaller smearing width (smearing
value), more accurate results will be obtained, but dense spikes will be produced, which
will affect the analysis of the results. When a larger smearing value is selected, the image
will be too smooth, and many details will be lost. Therefore, the smearing value set in this
paper is 0.1 eV, which has a certain error from the theoretical value, but it is also within a
reasonable range.

3. Results and Discussion
3.1. Metal Doping Method Selection

First, a geometric optimization model of the single-layer HfS; structure was estab-
lished. The doping behavior of Ag on the single-layer film was studied. Two doping
methods are considered to replace Hf atoms or S atoms with doped metal atoms. The
optimized structure of the intrinsic HfS; monolayer is shown in Figure 2(al,a2), where (al)
is the top view, and (a2) is the side view. The intrinsic HfS, monolayer is an ABA-type
structure similar to MoS,. With a layer of hafnium atoms sandwiched between two sulfur
layers, the S-Hf bond length is 2.556 A. Figure 2(a3) is the ELF of HfS;. The blue indicates
the depletion of electrons, and the red indicates the accumulation of electrons. It can be
seen that in the HfS, monolayer structure, Hf atoms are electron donors, and S atoms are
electron acceptors.

(b3) (c3)

Figure 2. Geometric structures and ELF of intrinsic and Ag-HfS, monolayer. (a) HfS,; (b) Ag-
HIS,(Ag-Hf); (c) Ag-HfS,(Ag-S).

For the Ag-HfS, monolayer, Figure 2b shows the replacement of Hf atoms with Ag
atoms (Ag-Hf) to complete the doping, and Figure 2c shows the replacement of S atoms
with Ag atoms (Ag-S) for doping. The S-Hf bond length before doping is 2.560 A, which is
consistent with previous findings [29]. The bond lengths of Ag-S and Ag-Hf after doping
are 2.511 A and 2.949 A, respectively, which are not much different from the bond lengths of
S-Hf. It proves that Ag atoms can be doped to form chemical bonds on the surface of HfS;,
as shown in Figure 2b, meaning that the Ag-Hf method is more stable. From Figure 2(b3),
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it can be seen that the dopant Ag atom is slightly smaller than the electron depletion layer
around the Hf atom, indicating that it is also an electron donor and provides slightly fewer
electrons than the Hf atom. In Figure 2(c3), the Ag atom is also surrounded by dense
positive charges, which shows that its behavior as an electron donor has nothing to do with
the doping mode.

Figure 3 is a comparison diagram of the geometric structure and charge density
distribution of intrinsic and Au-HfS, monolayers. In order to compare the adsorption
performance of the same gas without the doping atoms under the same conditions, the
same doping method as Ag atoms is adopted. Figure 3a shows the intrinsic HfS; monolayer
structure, and Figure 3b shows the Au-HfS, monolayer after the replacement of the Au and
Hf atoms (Au-Hf). The doped Au-S bond length is 2.481 A. Figure 3c shows the Au-HfS,
monolayer after the replacement of Au atoms with S atoms (Au-S), and the Au-Hf bond
length is 2.863 A. As shown in the side view, it can be seen that the Au atoms are slightly
higher than the S atomic layer. The comparison proves that the Au-Hf bond length in
Figure 3b is closer to the S-Hf bond length, and the difference is slightly larger than the
difference between the Ag-Hf bond and the S-Hf bond. Therefore, for Au dopants, the
Au-Hf method has a more stable geometric structure, and Au atoms can form chemical
bonds in HfS;. In Figure 3(b3,c3), the Au atoms in both doping modes are surrounded by
dense positive charges, acting as electron donors in the substrate.

(a3) (b3) (c3)

Figure 3. Geometric structures and ELF of intrinsic and Au-doped HfS; monolayer. (a) HfS,;
(b) Au-HfS,(Au-Hf); (c) Au-HfS,(Au-S).

Figure 4 compares the DOS diagram for the HfS, monolayer doped with Ag atoms.
The dotted line is the zero value of the DOS, which represents the Fermi level. The Fermi
level is the highest energy level that is filled with electrons when the energy band is at
absolute zero. In Figure 4(al), compared with the intrinsic HfS, represented by the black
line, the TDOS curve of Ag-HfS; has undergone a significant deformation. An obvious peak
appears near the Fermi level, indicating that the doping of Ag atoms will reduce the band
gap of the HfS, monolayer, and the electrons will be easier to transfer between the valence
band and the conduction band. Combined with the analysis of its geometric structure
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parameters, the Ag-Hf replacement structure is selected for subsequent calculation and
analysis. Figure 4(a2) shows the PDOS diagrams of the Hf-5d, S-3p and Ag-4d orbitals.
It can be observed that Ag doping has a greater influence on the states below the Fermi
level, which appear as occupied states. The spin-up and spin-down symmetry of each
system indicates that both intrinsic HfS, and Ag-HfS; are non-magnetic systems. There is
a slight hybridization between the Ag-4d and Hf-5d orbitals between —7.5 eV and —2.5 eV,
indicating that there is a small charge transfer between Ag doped atoms and HfS;.

0 b E ) ——Hfs i
20 \ Ag-HfS (Ae-Hf) ' (81) 20 Au—IZ{fSZ(Au—HD , (bl)
Ag-TTfS,(Ag-S) ' Au-HfS,(Au-S) i
10 |
(?: 1 N 10 :
% < =
g 0 é 0 ,
-10 | 10 F :
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Figure 4. DOS of intrinsic and Ag/Au-doped HfS2 monolayer. (a) Ag-HfS, system, (b) Au-
HIS, system.

In Figure 4b, Au-HfS; is compared with intrinsic HfS,. It can also be seen that with
the Au-Hf method, the TDOS curve is more deformed, and the peak value at the Fermi
level increases significantly. In summary, the Au-HfS; structure in Figure 3b is selected for
subsequent calculations and analysis. The TDOS diagrams of the two doping atoms are
very similar, indicating that the same group of elements, as doping atoms, have roughly
the same effect on the system density of states of the base material, which is consistent with
the results of the previous literature [35,36]. In Figure 4(b2), it can be observed that Au-5d
and S-3p orbitals exhibit obvious hybridization behaviors near —5.5eV, —1.8 eV and 1.1 eV.
It shows that Au and S atoms form a stable doped structure, and the interaction with the
HIS, monolayer is very strong.

The symmetry of DOS in Figure 4 shows that each system is a non-magnetic system.
Figure 5 only plots the energy band structure of Ag-HfS; and the Au-HfS, single-layer
spin-up. Both the bottom of the conduction band and the top of the valence band of the
two systems are located at the I" point, and the band gap is not 0, indicating that the doping
of Ag and Au will not change the semiconductor properties of HfS,. The band gaps of
Ag-HfS, and Au-HfS; are 0.047 eV and 0.25 eV, respectively, which are much smaller than
the 1.198 eV band gap of intrinsic HfS,. After doping, the conductivity of the substrate is
improved, and the Ag dopant has a greater influence on the conductivity.
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Figure 5. Band structures of Ag-HfS, and Au-HfS,.

3.2. Adsorption Performance Analysis

A CO adsorption model was established with the intrinsic HfS, monolayer and the
doped structure, and its adsorption performance was calculated. The calculation results
of E,;, adsorption distance (d) and Q; are listed in Table 1. It can be seen that the energy
transfer of the intrinsic HfS, adsorption of CO is very weak. The E,; of Ag-HfS,/CO
is greater than 0.6, which reflects chemical adsorption, which is much stronger than the
adsorption capacity of the intrinsic materials. The adsorption distances (D) listed in Table 1
are all the direct distances between the C atoms in CO and the nearest S atoms. It can be
seen that the doped system effectively shortens the distance between the gas molecules
and the substrate material. The transfer charges of HfS, /CO and Ag-HfS,/CO are both
positive, indicating that gas molecules lose electrons, and a reduction reaction occurs. The
greater the charge transfer, the stronger the atomic hybridization. It can be inferred that Ag
doping effectively enhances the charge transfer between the CO molecules and the HfS,
surface. The Q; of the Au-HfS, /CO system is negative, and electrons are transferred from
the base material to the gas molecule.

Table 1. Adsorption parameters of each adsorption structure.

The Adsorption Configuration D(A) E i(eV) Qi€

HfS,/CO C-53.568 —0.180 0.012

Ag-HfS,/CO C-51.589 —0.815 0.283
Au-HfS,/CO C-51.717 2.142 —0.336

Figure 6(al) is a side view of the intrinsic HfS, adsorbing CO, showing that the
adsorption distance is relatively far. According to the calculations, the C atoms in the C and
O atoms are closer to the substrate material, so the C atoms are used as the adsorption sites
when establishing the adsorption model of the doped structure. Figure 6(a2) shows the
charge density distribution of intrinsic HfS, adsorbing CO. Blue represents positive charge
and red represents negative charge. The charge transfer between the gas and substrate is
very weak. Figure 6b is a diagram of the energy band structure of the HfS, /CO system,
with a band gap of 1.263 eV. It shows that the conductivity of the base material is improved
to a certain extent after the gas is adsorbed, but the semiconductor properties are still
maintained. Figure 6(c1) shows the DOS comparison of the entire system before and after
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HIfS, adsorbs CO. The two curves basically coincide. Figure 6(c2) is the DOS comparison
before and after the CO gas molecule is adsorbed. After being adsorbed, the density of
state curve shifts to the left, indicating that its electronic active state is reduced.
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Figure 6. (a) Geometric structures and ELF; (b) B and structure; (¢) DOS of CO adsorption on
HfS, monolayer.

The structure, ELF, band structure and DOS curve of the Ag-HfS,/CO adsorption
system are shown in Figure 7. Figure 7(al) shows that the S-Hf bond closest to the gas
molecule has undergone a large deformation, and the bond length has changed from
1.142 A to 3.598 A, which verifies the obvious enhancement of E,; in this system. The
electron transfer from gas to Ag-HfS; is observed from the charge density between the C
and S atoms, as shown in Figure 7(a2). The accumulation and depletion of electrons can be
observed on the C-S bond, which means that a new chemical bond is formed between the
carbon and sulfur atoms. From the energy band structure in Figure 7b, it can be observed
that the band gap of the system is 0.265 eV, and there is no energy level that crosses the
Fermi level. The adsorption of CO molecules did not change the semiconductor properties
of the Ag-HfS, monolayer. According to the DOS of the CO molecule in Figure 7c, it can be
inferred that the changes near the Fermi level are mainly due to the influence of the CO
molecule. The adsorbed CO molecules move to the left of the energy, releasing the occupied
state at the Fermi level. The electrical conductivity of the single layer material changes
greatly. In other words, the Ag-HfS, monolayer film has good CO detection sensitivity.

The structure, charge density distribution, energy band structure and DOS curve of
the Au-HfS; /CO adsorption system are shown in Figure 8. Figure 8(al) shows that the C-O
bond has undergone a large deformation after the gas is adsorbed, and the bond length
has changed from 2.556 A to 2.465 A. Figure 8b shows the energy band structure of the
Au-HfS, /CO system. The band gap is very small at 0.041 eV. Electrons can easily transition
from the valence band to the conduction band, and the semi-conductivity of the substrate
material cannot be determined. As shown in Figure 8c, the density of states of the adsorbed
CO molecules is basically active on the left side of the Fermi level. In addition, the Au-5d
orbital and the C-2p orbital have a certain hybridization, which means the stability of
the chemical bond of Au-C. In summary, after the CO gas is adsorbed by the doped base
material, the electron DOS has a large change, and all the atoms move to the side with
lower energy.
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Figure 7. (a) Geometric structures, and ELF; (b) Band structure; (¢) DOS of CO adsorption on
Ag-HfS; monolayer.
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Figure 8. (a) Geometric structures and ELF; (b) Band structure; (¢) DOS of CO adsorption on
Au-HfS, monolayer.

4. Conclusions

Based on the first principles, this article discusses the regulation of the HfS, mono-
layer’s adsorption characteristics for CO gas. The optimized structure of two doping
methods of metal atoms is studied. The stability of Ag-HfS, after doping modification is
discussed, and it is concluded that Ag-Hf is the most stable doping site. Subsequently, the
adsorption optimization model of each substrate material was constructed, and the changes
to the distance, energy, charge, DOS and energy band structure before and after adsorption
were analyzed. The results show that the intrinsic HfS; structure has a longer adsorption
distance for CO gas. The adsorption energy and charge transfer, at —0.180 eV and 0.012 eV,
respectively, are weak. The DOS and band structure changes before and after adsorption
are small. It is inferred that the interaction between the CO gas molecules and intrinsic
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HIS; belongs to weak physical adsorption. The adsorption performance of the doped Ag
atoms on HfS; is significantly improved. The adsorption energy and transfer charge of
CO increase significantly. The DOS before and after adsorption changes obviously, and
the fractional density map has more orbital hybridization. Among them, the adsorption
energy of Ag-HfS,/CO is —0.815 eV, which demonstrates stable chemical adsorption. The
above research results indicate that the new Ag-HfS,, as a two-dimensional material, has
high sensitivity and adsorption to CO gas, and is suitable as a gas-sensitive material for
CO gas detection.
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