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ABSTRACT: Based on density functional theory, this work first investigates the Pd-decorating property on the pristine WTe,
monolayer and then simulates the adsorption performance of a Pd-decorated WTe, (Pd—WTe,) monolayer on SO, and SOF,
molecules, in order to explore its sensing potential for SFs decomposed species. It is found that the Pd atom can be stably anchored
on the top of the W atom of the WTe, monolayer with a binding energy of —2.43 eV. The Pd—WTe, monolayer performs
chemisorption on SO, and SOF,, with adsorption energies of —1.36 and —1.17 eV, respectively. The analyses of the band structure
and density of states reveal the deformed electronic property of the WTe, monolayer by Pd-decoration, as well as that of the Pd—
WTe, monolayer by gas adsorption. The bandgap of the Pd—Wte, monolayer is increased by 1.6% in the SO, system and is
decreased by —3.9% in the SOF, system, accounting for the sensing response of 42.0 and —56.7% for the detection of two gases.
Moreover, the changed work function (WF) in two gas systems in comparison with that of the pristine Pd—WTe, monolayer
suggests its potential as a WF-based gas sensor for sensing two gases as well. This paper uncovers the gas sensing potential of the
Pd—WTe, monolayer to evaluate the operation status of SF insulation devices, which also illustrates the strong potential of WTe,-
based materials for gas sensing applications in some other fields.

1. INTRODUCTION critical and workable manner to diagnose the potential defects
in the operated power system.

In recent years, nanomaterial-based gas sensors develop
significantly and have been regarded as an effective technique
for gas detection, especially in some harsh environments for
their merits of desirable sensitivity and rapid response.’' ™"
Very recently, 2D transition-metal dichalcogenides (TMDs)
have been tremendously studied for gas detection through
experimental and theoretical techniques,”””"” and some of
them are reported with good sensing performance to SFq
decomposed species.'® These demonstrate the strong potential
for exploration of 2D TMDs as novel gas sensing materials to
detect decomposed species of SFg in the insulated devices.'”°

SFs as a high-performance insulation medium, is widely
applied in electrical engineering; it is injected into the high-
voltage equipment to prevent the insulation defects such as
partial discharge and partial overheat' and plays a significant
role in guaranteeing the insulation performance of the whole
power system. However, after several decades of running of
SF¢ insulation devices, the SF4 gas would be decomposed by
the released energy of the insulation defects into unstable SF,
(x = 1-5), and SF, would interact with trace water and
oxygen, forming many stable gaseous compounds.” It has been
reported that the early formed stable gas species is SOF,,
followed by SO, and some other species such as SO,F, and
CF,.’~° The issue is that the newly formed gases exhibit a
quite low insulation performance and would impair the Received:  November 21, 2022
insulation behavior of high-voltage devices.”” Therefore, the Accepted:  December 30, 2022
early detection of these gas species can realize two purposes: Published: January 19, 2023
(i) evaluate the discharge or overheat severity of SF4 gas and

(ii) guarantee the good operation of the SF4 insulation

devices.” " Such a technique is nowadays widely accepted as a
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Figure 1. Pd-decorating process on the WTe, monolayer. (a) Pristine WTe, monolayer. (b1,b2) Preferred configuration and CDD of Pd—WTe,
monolayer. In CDD, the cyan areas indicate electron accumulation and the violet areas denote electron deletion, with the isosurface of 0.01 eV/A®.

Considering the favorable gas sensing property of MoX, (X =
S, Se, and Te),”' ~** scholars continue to explore the sensing
performance of WS, and WSe, for detection of decomposed
species of SF¢ from a theoretical perspective.”” > It should be
noted that WX, are also proven to have a unique structure and
admirable sensing property in comparison with MoX,,”¥*’
therefore, until now, little has been reported about WTe,
sensing decomposed species of SF4. Besides, there have been
many reports highlighting the metal-doped WX, for gas
sensing applications, since it can obviously promote the carrier
mobility and chemical reactivity of WX,, thus enhancing their
sensing performance.’”" In this regard, we think that the
metal-doped WTe, should be explored to uncover its potential
as a gas sensor and to fill in such a gap.

In this work, we use density functional theory (DFT) to
investigate the adsorption and sensing potentials of a Pd-
decorated WTe, (Pd—WTe,) monolayer upon SO, and SOF,,
in order to realize the operation mechanism of SF¢ insulation
devices. The Pd atom is selected due to its strong and
admirable catalytic property in the gas adsorption and sensing
systems;>>>* therefore, we assume that Pd decoration can
show a favorable sensing response to the gas species. The
findings of this work indicate the strong potential of the Pd—
WTe, monolayer as a gas sensor for SO, and SOF, detection
and also uncovers the tunable electronic property of the WTe,
monolayer, which indicates its strong potential for exploration
in some other fields.

2. COMPUTATIONAL DETAILS

The DFT calculations in this work were conducted in the
DMol® package,” including the Pd-decorating process on the
WTe, monolayer and the gas adsorption processes, in which
the Perdew—Burke—Ernzerhof function within the generalized
gradient approximation was defined to consider the exchange
correlation interactions,”® and the DFT-D2 method was
employed to deal with the van der Waals force and long-
range interactions.”” The k-point mesh of 10 X 10 X 1 was
adopted in the Brillouin zone integration,”® and the energy
tolerance accuracy, maximum force, and displacement were
defined to be 107° Ha, 2 X 107° Ha/A, and § x 107° A,
respectively. Also, the self-consistent loop energy of 107° Ha
and the global orbital cut-off radius of 5.0 A were applied to
ensure the accuracy of the total energy.””

A 4 X 4 X 1 supercell was established for the WTe,
monolayer, which contains 16 W atoms and 32 Te atoms
with a vacuum region of 15 A along the z direction to prevent
the possible interactions between the adjacent units.”” The
binding energy (E,) was determined to reflect the binding
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force between the Pd dopant and the WTe, monolayer,
calculated as*'
E, = EPd—WTeZ - Eware2 — Epq

(1)

where Epy_wr,, and Eyyp, mean the total energy of the Pd-

decorated and intrinsic WTe, monolayers, respectively, and
Epq is the energy of the single Pd atom in its bulk structure.””
At the same time, the adsorption energy (E,;) was calculated
to evaluate the binding strength between the Pd—WTe,
monolayer and the gas species and is expressed as"’

Eq= EPd—WTez/gas - EPd—WTe;_ - Egas

)

where Epy_wre, /g Epa—wre, and Egy are the energies of the

gas
Pd—WTe,/gas system, the isolated Pd—WTe, system, and the
gas molecule, respectively. We applied the Hirshfeld method to
consider the charge transfer (Qr) of the gas species in
adsorption, the positive value of which indicates the electron-
donating property of the adsorbed molecule.

3. RESULTS AND DISCUSSION

3.1. Pd-Decorating Property of the WTe, Monolayer.
We first establish and optimize the geometric structure of the
pristine WTe, monolayer and then conduct the Pd-decorating
process on its surface, for which we consider three possible
sites, termed Ty (at the top of the W atom), Ty (at the top of
the hollow site), and Ty, (at the top of the Te atom). The
process is displayed in Figure 1, in which the charge density
difference (CDD) of the preferred Pd—WTe, monolayer is
shown as well for a better understanding of the charge-transfer
behavior in this process.

For the pristine WTe, monolayer, the W—Te bond is
measured as 2.76 A and the constant lattice is obtained as 3.55
A, which are in good accordance with the previous report in
ref.** For the Pd—WTe, monolayer, one can see that the
preferred configuration for Pd-decoration on the WTe,
monolayer is through the Ty, site with an E, of —2.43 eV. It
should be mentioned that the E, for Pd-decoration on the Ty
and T, sites is calculated as —1.76 and —2.38 eV, respectively.
These findings reveal the strongest interaction between the Pd
atom and the WTe, monolayer at the Ty, site and the best
stability of the determined Pd—WTe, configuration. Such
findings are consistent with the Ni-decoration on the WTe,
monolayer.** Besides, vibrational analysis shows that the
frequencies of the Pd—WTe, monolayer range from 44.41 to
246.03 cm™', without an imaginary frequency, indicating the
stably-anchored Pd atom on the WTe, surface,** namely, good
thermostability. The Pd—Te bond lengths are obtained as 2.63
A, which is slightly shorter than the covalent radii of Pd and Te
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Figure 2. BS (a,b) and DOS (c) of the Cu-doping property on the MoTe, monolayer. The black values are bandgaps in the BS and the dashed line

in the DOS means the Fermi level.
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Figure 3. MSC in top and side views and CDD in side view of (a) the SO, system and (b) the SOF, system. The black values are atomic distances,

and the set in CDD is the same as Figure 1.

atoms (2.57 A*), suggesting the stronger ionic bond nature in
comparison with the covalent bond nature in the formation of
Pd—Te bonds."’

From Hirshfeld analysis, the Pd adatom is positively charged
by 0.267e¢, while the bonded three Te atoms are charged
equally by —0.024e, respectively. Compared with the charged
value of equally 0.013¢ for the Te atom in the pristine WTe,
monolayer, one can see that the Te atoms in the Pd-decorating
process exhibit strong electron-accepting property, with-
drawing 0.111e in total for all three Te atoms. That is, the
WTe, monolayer as a whole accepts 0.267e from the Pd
adatom, in which three Te atoms accept 0.111e, revealing the
desirable electronegativity of the W and Te atoms in this
system.”® Also, the positively charged Pd atom and the
negatively charged Te atom reveal the ionic bond nature of the
new-formed Pd—Te bonds where the electrostatic attraction
occurs. According to the CDD, the Pd dopant is surrounded
by electron depletion, while the Pd—Te bonds are surrounded
by electron accumulation, which confirms the electron-
donating property of the Pd adatom and the strong orbital
interactions in the Pd—Te bonds to accelerate their formation.

The band structure (BS) of the pristine and Pd-decorated
WTe, monolayer as well as the orbital density of state (DOS)
of the bonded atoms are depicted in Figure 2 to help
comprehend the electronic property of the WTe, monolayer
during Pd-decoration. From the BS of the pristine WTe,
monolayer, it is seen that the maximum valence band and
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the minimum conduction band are both located at the K point
with the bandgap of 1.134 eV. These results indicate the direct
semiconducting property for the pristine WTe, monolayer, in
agreement with ref.”* For the Pd—WTe, monolayer, it is found
that the maximum valence band and the minimum conduction
band are both located at the K point as well, indicating that Pd-
decoration has little impact on the direct semiconducting
property of the WTe, monolayer. Besides, the bandgap of the
Pd—WTe, monolayer is obtained as 1.098 eV, reducing by
0.036 eV (3.17%) in comparison to the pristine WTe, system.
Also, one can see that the electronic states are much denser in
the Pd—WTe, system than the pristine WTe, system, which
indicates that Pd-decoration induces a lot of novel states in the
electronic states of the WTe, system and that some even fill in
its bandgap, thereby giving rise to the narrowed bandgap for
the Pd—WTe, monolayer. From the atomic DOS, one can see
that the Pd 4d orbital is highly overlapped with the Te Sp
orbital at —6—0 and 1.4 eV, which proves the strong orbital
interactions between the Pd and Te atoms, confirming the
electron hybridization of Pd—Te bonds in the CDD and
verifying the strong binding force for Pd-decoration on the
WTe, surface. Moreover, the top valence band and the bottom
conduction band are, respectively, located on the Pd and Te
atoms, which suggests the charge transfer from Pd to the Te
atoms, verifying the Hirshfeld analysis."’

3.2. Gas Adsorption on the Pd—WTe, Monolayer. At
the top of the Pd—WTe, monolayer, adsorption of SO, and
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Figure 4. BS, molecular DOS and orbital DOS of gas adsorbed systems. (al—a3) SO, system and (b1—b3) SOF, system. In BS, the black values

are bandgaps, while the dashed line in the DOS is the Fermi level.

SOF, is performed, and the gas adsorption systems are
established by putting the gas species around the Pd adatom
via various configurations with the atomic distance of
approximately 2.5 A. After geometric optimization, we can
obtain several E 4 for each adsorption system using eq 2, and
we define the configuration with the most negative E 4 as the
most stable configuration (MSC) for further analysis. For SO,
and SOF, adsorption systems, the MSC and CDD are
exhibited in Figure 3.

In the SO, adsorption system, one can see that the SO,
molecule is basically vertical to the WTe, surface, with the S
atom trapped by the Pd adatom and two S—O bonds pointing
to the vacuum region. The Pd—S bond is measured as 2.22 A,
which is slightly shorter than the summed covalent radii of Pd
and S atoms (2.23 A*), indicating the strong covalent bond
nature and binding force in the formed Pd—S bond. The Pd—
Te bonds are increased to 2.68, 2.70, and 2.72 A, respectively,
from the equal bond lengths of 2.63 A in the isolated Pd—
WTe, system, which indicates its slightly deformed morphol-
ogy caused by SO, adsorption. The E4 in this system is
calculated to be —1.36 eV, which is more negative than the
critical value of —0.8 eV for the identification of chem-
isorption.”” That is, we assume the adsorption of the SO,
molecule on the Pd—WTe, monolayer as strong chemisorp-
tion. From Hirshfeld analysis, we find that the adsorbed SO,
molecule is charged by —0.272¢, implying its electron-
accepting property. Given the positive charge value of 0.156e
for the Pd adatom, we can infer that the WTe, surface loses
0.383¢ in SO, adsorption, in which the Pd atom accepts 0.111e
and the Pd atom accepts 0.272e. From CDD, we infer that
there is strong electron accumulation on the Pd—S bonds and
the Pd adatom, which not only reveals the favorable orbital
interaction in the formation of Pd—S bonds but also verify the
electron-accepting property of the Pd atom.”" Also, there has
been somewhat electron depletion on the Pd—Te bonds, which
suggest the slightly weakened binding force on the Pd—Te
bonds, in accordance with their increase after SO,
adsorption.>>

Upon SOF, adsorption on the Pd—WTe, monolayer, it is
seen that the SOF, molecule prefers to be trapped by the Pd
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adatom in the S-end position, and the S—O and two S—F
bonds point to the vacuum region. The formed Pd—S bond is
measured to be 2.21 A; therefore, the strong covalent bond
nature can also be determined, giving rise to the admirable
binding force of the formed Pd—S bond. The Pd—Te bonds
also undergo some increase to 2.68, 2.69, and 2.69 A,
respectively, which is not as high as that in the SO, system,
implying the relatively weaker interaction in the SOF, system.
In fact, the E, 4 herein is calculated as —1.17 eV, not as negative
as that in the SO, adsorption system, verifying the weaker
interaction here. However, such a value can identify the SOF,
adsorption as chemisorption as well. According to the CDD
distribution, the Pd—S bond is surrounded with electron
accumulations, confirming the strong electron hybridization
and orbital interaction here, while the embraced electron
depletion on the Pd—Te bonds verifies their weakness after
SOF, adsorption. Based on Hirshfeld analysis, the SOF,
molecule is negatively charged, 0.245¢, while the Pd adatom
is positively charged, 0.148e. These findings reveal that the
WTe, surface loses 0.364¢ in the SOF, adsorption, in which
the Pd adatom accepts 0.119¢, while the SOF, molecule
accepts 0.245e.

In short, the Pd—WTe, monolayer has strong chemisorption
in the SO, and SOF, systems, in which the SO, and SOF,
molecules both exhibit strong electron-accepting property.
Besides, the Pd adatom behaves as an electron bridge,
accelerating the charge transfer from the WTe, surface to the
gas species, and the Pd adatom also accepts electrons during
gas interactions. The electron accumulation distributions
confirm the formation of new bonds, and the electron
depletion verifies the deformation in the Pd—WTe, monolayer
during gas adsorption.

3.3. Electronic Properties of the Pd—WTe,/Gas
Systems. The charge transfer in the gas adsorption can
modulate the electronic property of the Pd—WTe, monolayer,
which can also provide the sensing mechanism for gas
detection. Therefore, we plot the BS of the gas adsorbed
systems, the molecular DOS of the adsorbed gases, and the
orbital DOS of the bonded atoms to illustrate the electronic
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property of the Pd—WTe, monolayer in SO, and SOF,
adsorptions, as seen in Figure 4.

From the BS distributions, it is found that the maximum
valence band and the minimum conduction band for two gas
systems are both located at the K point, indicating the non-
impacted direct semiconducting property of the Pd—WTe,
monolayer in the gas adsorption. On the other hand, the
bandgap of the Pd—WTe, monolayer is increased to 1.116 eV,
by 1.6%, in the SO, system, while it is decreased to 1.055 eV,
by —3.9%, in the SOF, system. Such changes can be attributed
to the gas adsorptions, in which the activated electronic states
of the adsorbed gases contribute largely to the whole adsorbed
system. The activation of the electronic states in the gas species
can be found in the molecular DOS. One can see that the
states of the isolated SO, and SOF, molecules are split into
several small states and are left-shifted to different degrees.
Besides, it is the activated electronic states of the gas species
undergoing strong hybridization with the Pd dopant that
facilitate the formation of new bonds in the gas adsorbed
systems. Specifically, the Pd 4d orbital is highly overlapped
with the S 2p of the SO, molecule at —6.9, —6.1, and 1.2 eV
and is highly overlapped with the S 2p of the SOF, molecule at
—74, =5.9, and —3.9 eV, respectively. These state hybrid-
izations manifest the strong orbital interaction between the
atoms and verify the formation of new bonds. Moreover, it is
worth noting that the top of the valence band and the bottom
of the conduction band are both located at the Pd adatom and
the S atom of the gas species (SO, or SOF,) in two gas
adsorbed systems. These findings indicate the charge transfer
from the Pd atom to the S atom (or gas species), which is
consistent with Hirshfeld analysis and reveals the electron-
accepting property of two gas species during their adsorption.

3.4. Gas Sensor Explorations. The electronic bandgap of
the Pd—WTe, monolayer is afflicted with different degrees of
change in two gas systems; therefore, we presume that the
electrical conductivity of the Pd—WTe, monolayer would
experience dramatic change as well, considering the depend-
ence between the electrical conductivity (o) and the bandgap
(Bg) of the materials, expressed as

o = B/ %T) (3)
wherein T is the temperature and k is the Boltzmann constant
(1.38 x 107> J/K). Besides, the changed electrical
conductivity can provide the potential of the Pd—WTe,
monolayer as a resistance-type gas sensor, in which the gas
sensing response (S) can be calculated as™’

S= (ogas_l - opure_l)/opure_l (4)
in which 6y, and o, are the electrical conductivity of the
Pd—WTe,/gas system and the isolated Pd—WTe, monolayer,
respectively.

Through calculations using eqs 3 and 4, the sensing response
of the Pd—WTe, monolayer to SO, and SOF, at room
temperature are 42.0 and —56.7%, respectively. These results
reveal that the Pd—WTe, monolayer performs a positive
sensing response upon SO, detection, while a negative sensing
response to SOF, detection. For one thing, the sensing
response in SO, and SOF, systems is large enough for
detections using the electrochemical workstation;>* for
another, the opposite changing tendency of electrical
conductivity in two systems gives the potential for selectivity
detection of such two gases in their own surrounding. From
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these aspects, we consider that the Pd—WTe, monolayer is a
promising candidate to be explored as a resistance-type gas
sensor for SO, and SOF, detection with favorable sensitivity.”®

Moreover, the recovery property of the Pd—WTe,
monolayer can be analyzed from van’t-Hoff—Arrhenius
theory,™ expressed as

r= A_le(_Ead/kT)

(5)

wherein A is the attempt frequency which we select in this
work, 1 x 10" Hz"” (UV light), k is the Boltzmann constant,
and T is the temperature. Based on eq S, the required times for
SO, or SOF, desorption from the Pd—WTe, surface at room
temperature (298 K) are calculated to be 9.8 X 10° and 6015.5
s, respectively, and are obtained as 16.4 and 0.06 s,
respectively, at 398 K. These findings manifest that the heating
process at 398 K under UV light is necessary to realize the
recycle use of the Pd—WTe, monolayer for gas detection,
while at room temperature it is not realistic to desorb the
adsorbed gas species.

The work function (WF) of the pristine and Pd-decorated
WTe, monolayers as well as of the gas-adsorbed systems is
analyzed to deeply elucidate the electron-overflow perform-
ance of various systems, with the WF values displayed in Figure
S, in which the WF values are the opposite number of the

4.66
4.62

4.6
s
<
E 4.47
5 4.45
]
&
£ 44
S
B

4.2

pristine WTe, Pd-WTe, SO, system  SOF, system

Figure 5. WF of pristine and Pd-decorated WTe, monolayer as well
as of gas systems.

Fermi level. According to this figure, it is seen that the WF of
the PdA—WTe, monolayer (4.45 V) is slightly smaller than the
pristine WTe, monolayer (4.47 eV), indicating that Pd-
decoration can weaken the difficulty for the WTe, monolayer
to realize an electron at the vacuum level.>® Besides, the WFs
of SO, and SOF, systems are increased to 4.66 and 4.62 eV,
respectively. Such an obvious increase in the WF of the Pd—
WTe, monolayer, by 4.3% for SO, adsorption and 3.4% for
SOF, adsorption, proves its strong potential for SO, and SOF,
detection using a Kelvin oscillator device.*® In other words, the
Pd—WTe, monolayer can be explored as a WF-based gas
sensor for sensing SO, and SOF, as well. However, the
selective detection of SO, and SOF, cannot be fulfilled using a
WE-based gas sensor considering the tiny difference in WF
between the two systems.
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4. CONCLUSIONS

This work based on DFT proposes the PdA—WTe, monolayer
as a novel sensing material for detection of SO, and SOF, in
SF¢ insulation devices, and there are four significant findings
that should be highlighted, which are listed as follows:

(i) The Pd atom is stably anchored on the Tyy site of the

WTe, monolayer, with the E, of —2.43 eV, narrowing
the bandgap to 1.098 eV for the Pd—WTe, monolayer;

Chemisorption is identified for SO, and SOF,
adsorption on the Pd—WTe, monolayer, with E4 of
—1.36 and —1.17 eV, respectively;

(i)

(ili) The sensing response of the Pd—WTe, monolayer is
42.0% for the SO, system and —56.7% for the SOF,
system, indicating its strong potential as a resistance-type
gas sensor for selective detection of such two gases;

(iv) The changed WF in two gas systems in comparison with
the pristine Pd—WTe, monolayer suggests its potential

as a WF-based gas sensor for sensing two gases as well.

These findings manifest the great feasibility of the PdA—WTe,
monolayer as a chemical gas sensor for SO, and SOF,
detection in SF insulation devices. Moreover, the tunable
electronic property of the pristine WTe, monolayer indicates
its potential for exploration in some other fields, such as gas
catalysis and storage.
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