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ABSTRACT: This work using the density functional theory simulates the strong potential of the CuO-decorated PtSe, (CuO—
PtSe,) monolayer as a recycle use C,H, and C,H, sensor in order to realize the arc discharge monitoring based on the nano-sensing
method. Results indicate that CuO decoration causes strong n-type doping for the PtSe, monolayer with a binding force (E,) of
—2.49 eV, and the CuO—PtSe, monolayer exhibits strong chemisorption and electron-accepting properties in the two gas systems,
with the adsorption energy (E,4) and charge transfer (Qr) obtained as —1.19 eV and 0.040 ¢ for the C,H, system and as —1.24 eV
and 0.011 e for the C,H, system, respectively. The density of states reveals the deformed electronic property of the CuO—PtSe,
monolayer in gas adsorptions, and its sensing mechanism based on the change of electrical conductivity and the work function are
uncovered. This work sheds light on the metal-oxide-decorated transition-metal dichalcogenides for gas sensor applications and
would provide the guidance to explore novel sensing materials in many other fields as well.

1. INTRODUCTION

In the power system, electrical transformers play a significant
role in carrying out the electricity conversion and transmission,
and the oil-immersed transformers account for 90%." In an oil-
immersed transformer, the mineral oil is employed as the
insulation medium to prevent the possible insulation defects.”
For example, the temperature inside the oil would be inevitably
increased after a long-term running, causing partial over-
heating, and the existence of rags inside the oil can cause
partial discharge. These insulation defects would release a large
amount of energy and discompose the oil inside the
transformers,” forming many hydrocarbons such as C,H,
and C,H,, which accounts for the dominant content of the
dissolved gas species in the oil when arc discharge occurs.>
Many reports have proved that these gas species have a
remarkable adverse impact on the insulating performance of
the mineral oil, posing a potential threat to the safe operation
of such electrical equipment.7’8 Therefore, the experts and
scholars have put forward dissolved gas analysis (DGA) to
evaluate the operation conduction of the oil-immersed
transformers through the detections of the gases in the
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oil,”"" which nowadays has been regarded as a workable and
efficient manner to that end."""?

To realize the DGA, the gas detection is of great importance,
which should have the advantage of high sensitivity, rapid
response, and low cost."> Recently, the two-dimensional
transition-metal dichalcogenides (TMDs), namely, monolayer
TMDs, are demonstrated as novel sensing materials for the
detection of gas species'*~'® due to their desirable and tunable
semiconducting property in line with the strong chemical
reactivity toward gas molecules.'”'® Besides, the noble TMDs,
formed by the novel metal atomic layer sandwiched by two
chalcogen atomic layers, are theoretically explored for gas
sensing application as well.'"”*° For example, the PtSe,
monolayer has been reported to have good sensitivity and
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Figure 1. CuO-decorating process on the pristine PtSe, monolayer. (a) Pure PtSe, monolayer. (b,c) Morphology and CDD of CuO—PtSe,. In the
CDD, the green and rosy areas are electron accumulation and electron depletion, respectively, and the isosurface is set to be 0.01 eV/A®.

rapid sensing performance as a gas sensor.”' Besides, the metal-
doped PtSe, monolayer is theoretically investigated with much
stronger adsorption and sensing behaviors toward gaseous
species in comparison with the pristine counterpart. 223
Moreover, for surface decoration to enhance the adsorption
performance of the nano-surface, metal oxide medication is
also accepted as a useful method.”* For instance, the CuO- and
NiO-decorated SnS, monolayer is reported with remarkably
enhanced binding energy and charge transfer for gas
adsorptions than the pristine SnS, surface.”” However, to the
best of our knowledge, there have been few reports about the
metal-oxide-modified PtSe, monolayer as a novel gas sensing
material, which needs to be investigated thoroughly for
elucidating the possibility to explore such a kind of novel
sensing candidate for gas detections.

In this work, we propose the CuO-decorated PtSe, (CuO—
PtSe,) monolayer as a potential sensing material for detections
of C,H, and C,H, in the transformer oil, using the density
functional theory (DFT). One can assume that the CuO
nanoparticle could largely enhance the adsorption performance
of the PtSe, monolayer given the desirable catalytic property of
the Cu atom?® as well as the existence of the O atom, which
can promote the charge transfer in surface interactions.”” It
should be mentioned that a CuO nanoparticle is adsorbed on
the pristine PtSe, monolayer to establish the CuO—PtSe,
morphology and to analyze its adsorption and sensing
mechanisms upon two gas species. We aim at uncovering the
potential of such a novel material as a C,H, and C,H, sensor
in order to evaluate the operation status, especially the arc
discharge, of the oil-immersed transformers. It is our hope that
our theoretical calculations can raise the attentions toward the
metal-oxide-decorated PtSe, monolayer for its use in many
other fields and not limited to gas detections.

2. COMPUTATIONAL METHODS

The whole DFT calculations in this report were implemented
in the DMol® package,28 in which we selected the generalized
gradient approximation and the Perdew—Burke—Ernzerhof
(PBE) functional to deal with the electron correlations and
exchange.”” Within the Brillouin zone, the k-point was sampled
as 10 X 10 X 1 for both geometric and electronic
calculations.”® The dispersion-corrected DFT-D2 method,
proposed by Tkatchenko and Scheffler, was employed to
address the van der Waals force and long-term reaction.”’ The
global orbital cutoff radius of 5.0 A along with the energy
tolerance accuracy of 107> Ha was selected to ensure the good
accuracy of the results of the established configurations.’

A 4 X 4 X 1 supercell is established for the PtSe, monolayer,
with a vacuum layer of 20 A to prevent the interface

interactions between adjacent units.”> We adopted the
Hirshfeld population method to analyze the charge of the
CuO nanoparticle (Qc,o) in the surface decoration and the
charge transfer (Qr) in the gas adsorption systems, and the
positive value indicates the electron-donating property of the
CuO nanoparticle or the gas species.”

3. RESULTS AND DISCUSSION

3.1. Pristine PtSe, Monolayer and Surface Decoration
by CuO. The CuO—PtSe, monolayer in the current study is
established by adsorption of a CuO nanoparticle on the surface
of a pristine PtSe, monolayer; therefore, the decorating
concentration can be calculated to be 6.9% from the atomic
aspect. In the meanwhile, the geometric and electronic
properties of the most stable configuration (MSC) of the
CuO—PtSe, monolayer are supposed to be compared with
those of the pristine counterpart. The CuO-decorating process
is seen in Figure 1, in which the d means the bond length and
the binding force (E,) means the binding force between the
CuO nanoparticle and the PtSe, surface, calculated using’*

Ey = Ecy_pise, = Eptse, = Ecuo (1)

where ECuo_ptSeZ and EPtTeZ are the total energies of CuO—

PtTe, and pristine PtTe,, respectively. Besides, the charge
density difference (CDD) is plotted in Figure 1 as well to help
observe the charge distribution of the CuO—PtSe, monolayer.
One should note that the CDD here is plotted using the total
electron density of the CuO—PtSe, monolayer subtracting the
electron densities of the isolated CuO and the pristine PtSe,
monolayer.

For the pristine PtSe, monolayer, the Pt—Se bond length is
measured to be 2.54 A and the constant lattice is obtained as
3.72 A, which are in good accordance with the previous ref 35.
The Cu—O bond length of the CuO nanoparticle is measured
to be 1.71 A. In terms of the preferred CuO—PtSe,
configuration, it is seen that the CuO nanoparticle is basically
parallel with the PtSe, surface, and the Cu atom is captured by
two Se atoms, while the O atom is captured with the other Se
atom (all three Se atoms at the upper atomic layer are bonded
with the Pt atom). The Cu—Se and O—Se bond lengths are
measured to be 2.41 and 1.77 A, respectively, which are quite
close to the sum of covalent radii of the Cu and Se atoms (2.28
A) or the O and Se atoms (1.79 A), suggesting the strong
binding force between them. Through the definition of E,, the
E, for CuO adsorption on the PtSe, monolayer is calculated to
be —2.49 eV, which reveals the exothermicity and spontaneity
of the CuO decoration process.
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Figure 2. DOS distributions of (a) total DOS of pristine and CuO-decorated PtSe, monolayers, (b) orbital DOS of Cu and Se atoms, and (c)
orbital DOS of O and Se atoms. The dashed line is the Fermi level, and the smearing is 0.1 eV.

(a2)

deo.c=1.98 A
deuse=2.44 A

(al)

E,g=-1.19 eV

dose =1.18A

(a3)

< QOcuo=-0.084 ¢

Poc

(b2)
deuc=2.03 A
deuse=2.44 A

E,g=-124¢V

do.se =178 A p—g

(b3)

$x

Figure 3. MSC and CDD for (al—a3) C,H, and (b1—b3) C,H, adsorption on the CuO—PtSe, monolayer. In the CDD, the set is equivalent to

that in Figure 1.

From the CDD configuration, one can observe that the
electron accumulations are mainly distributed on the O atom
of the CuO nanoparticle and the Cu—Se bond, while the
electron depletions are mainly distributed on the Cu atom, the
O—Se bond, and the Cu—O bond. These findings manifest the
electron-accepting property of the O atoms and the orbital
hybridization on the Cu—Se bonds, which reveals their strong
binding force, and the electron-donating property of the Cu
atom and the weakened binding force of the O—Se and Cu—O
bonds. In fact, the prolonged bond length of Cu—O measured
to be 1.99 A suggests its weaker binding force in comparison
with that in the isolated CuO nanoparticle as well. Besides, the
Hirshfeld analysis can further support the CDD distributions.
It is found that the CuO nanoparticle is charged by —0.119 ¢,
manifesting its electron-accepting property as a whole, in
which the Cu and O atoms are, respectively, charged by 0.192
and —0.311 e. Two Se atoms bonded with the Cu atom are
negatively charged by 0.060 and 0.065 e, which compared with
the charged value of Se atoms (—0.047 ¢) in the pristine PtSe,
monolayer indicates their electron-accepting property. In the
meanwhile, the Se atom bonded with the O atom is charged by
0.152 e, which shows its electron-donating property. These
charge transfer performances may be related to the electro-
negativity among the Cu, O, and Se atoms, which are in the
order of O (3.44) > Se (2.55) > Cu (1.90).*°

Figure 2 depicts the density of states (DOS) of the pristine
and CuO-decorated PtSe, systems, as well as the orbital DOS,
to illustrate the modified electronic property of the PtSe,
monolayer by CuO adsorption. From the total DOS, the
pristine PtSe, monolayer exhibits a semiconducting property
with the band gap of 1.31 eV, which agrees with the previous
report using the PBE functional;** in the meanwhile, the DOS
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of the CuO—PtSe, monolayer is remarkably left-shifted in
comparison with that of the pristine PtSe, monolayer, and a
novel peak is observed, within the bottom of the conduction
band, standing at the Fermi level. Also, the band gap of the
CuO—PtSe, monolayer is calculated to be 0.00 eV. These
findings manifest the strong n-type doping for the PtSe,
monolayer after the adsorption of the CuO nanoparticle,”’
enabling the CuO—PtSe, system to exhibit a metallic property
accordingly.®® Besides, the CuO nanoparticle contributes
largely to the total DOS of the CuO-—PtSe, monolayer,
namely, at —7.1, —4.7 to —0.9 and 0.0 (Fermi level) eV. From
the orbital DOS, one can see that the Cu 3d orbital is
hybridized with the Se 4p orbital at —=7.3 to —0.8 and —0.2—
1.2 eV, and the O 2p orbital is hybridized with the Se 4p
orbital at —7.6—0.9 and —04—1.2 eV. These DOS state
hybridizations reveals the strong orbital interactions between
Cu and Se atoms and O and Se atoms” during the formation
the Cu—Se and O—Se bonds, respectively.

3.2. Adsorption Performances of CuO—PtSe, upon
Gas Species. Above the CuO nanoparticle of the CuO—PtSe,
monolayer, the adsorptions of C,H, and C,H, are
implemented through various configurations to identify the
MSC of the gas adsorbed systems. The adsorption energy (E,4)
is defined to evaluate the binding strength between the CuO—
PtSe, monolayer and the gas species and to identify the MSC
(the 4coonﬁguration with the most negative E,4), calculated
using

2)

represent the energies of the

Ead = ECuO—PtSez/gas - ECuO—PtSe2 - Egas
wherein ECuO_Ptsez Jgas and Eg,
adsorbed system and freestanding gas molecule, respectively.
After geometric relaxations, the MSC and related CDD for
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Figure 4. Total, partial, and orbital DOS of (al—a3) C,H, system and (b1,b2) C,H, system. The sets are the same as those in Figure 2.

C,H, and C,H, systems were obtained and are exhibited in
Figure 3. One should note that the CDD here is plotted using
the total electron density of the CuO-—PtSe,/gas system
subtracting the electron densities of the isolated CuO—PtSe,
system and the gas molecule.

For C,H, adsorption on the CuO—PtSe, monolayer, one
can see that the two C atoms of the C,H, molecule are
captured by the Cu atom, and the O atom is not involved in
such an interaction. The Cu—C bonds are measured to be
equally 1.98 A. The Cu—Se and O—Se bonds are, respectively,
prolonged to 2.44 and 1.78 A, and the Cu—O bond is
shortened to be 1.94 A, which indicates the geometric
deformation of the CuO—PtSe, monolayer caused by C,H,
adsorption. Also, we can see that the C,H, molecule undergoes
some distortions on the top of the CuO nanoparticle as well,
deforming its linear structure instead. The E, 4 of this system is
calculated to be —1.19 eV, which shows the strong binding
force between the CuO nanoparticle and the C,H, molecule,
especially the newly formed Cu—C bonds."' From the
Hirshfeld analysis, the CuO nanoparticle is charged by
—0.084 ¢, and the C,H, molecule is charged by 0.040 e.
These results reveal that the C,H, molecule in the adsorption
donates 0.040 e to the CuO-—PtSe,, in which the CuO
nanoparticle loses 0.035 e, while the PtSe, surface accepts
0.075 e. According to the CDD distribution, the Cu—C bonds
are embraced with strong electron accumulation, which
indicates the strong electron hybridization between the Cu
and C atoms that promotes the formations of Cu—C bonds,*
while the electron depletion is mainly observed on the C,H,
molecule and Cu atom, which suggests their electron-donating
property.43

In the C,H, adsorbed system, it is seen that the O atom of
the CuO nanoparticle has no reaction with the C,H, molecule
as well, which is similar to that of the C,H, system. It is the Cu
atom of the CuO nanoparticle that bonds with the two C
atoms of the C,H, molecule, forming two Cu—C bonds, both
measured to be 2.03 A. In the meanwhile, the C,H, molecule
in the adsorption experiences some distortion and is not a
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plane structure after adsorption. The Ni—Se and O—Se bonds
of the CuO—PtSe, monolayer and the Cu—O bond of the
CuO nanoparticle are measured to be 2.44, 1.78 A, and 1.94 A,
respectively, which indicates the geometric activation in the
CuO—PtSe, monolayer caused by C,H, adsorption.™*
Interestingly, these bond lengths are equal to those in the
C,H, system, indicating the comparable adsorption perform-
ance of the CuO—PtSe, monolayer upon these two gas species.
The E,4 in the C,H, system is obtained as —1.24 eV, slightly
more negative than that of the C,H, system. Based on the
Hirshfeld analysis, the C,H, molecule is positively charged by
0.011 ¢, while the CuO nanoparticle is charged by —0.061 e.
These findings reveal that the C,H, molecule and the CuO
nanoparticle, respectively, lose 0.01 and 0.058 e in the
adsorption, resulting in the PtSe, surface accepting 0.068 e
instead. From the CDD, the electron accumulations are
surrounded not only on the Cu—C bond, verifying its strong
electron hybridization during the new bond formation,** but
also on the O atom due to its strong electronegativity, similar
to that in the C,H, system; on the other hand, the electron
depletions are observed on the C,H, molecule, confirming its
electron-releasing property, and the Cu atom given its strong
electron-donating property in the gas interactions.*

As a short summary, the C,H, and C,H, molecules both
exhibit an electron-donating property when being adsorbed on
the CuO—PtSe, monolayer, and such gas interactions can be
determined to be chemisorption given their negative values, in
which their absolute values are larger than the critical value of
0.80 eV."’

3.3. DOS Analysis of the gas Systems. Figure 4 presents
the DOS of the C,H, and C,H, adsorbed systems to elucidate
the electronic properties of the CuO—PtSe, monolayer upon
gas adsorptions. From the total DOS of the isolated and gas
adsorbed CuO—PtSe, systems, one can see that the electronic
states of the isolated CuO—PtSe, monolayer suffer some
deformation, especially around the Fermi level. Also, the band
gap of the C,H, and C,H, adsorbed systems are obtained as
0.00 eV as well. Besides, there appear several novel states in the
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gas adsorbed system compared with those in the isolated
CuO—PtSe, system. These can be attributed to the adsorption
of gas species whose DOS states are activated after gas
adsorption, therefore deforming the total DOS of the isolated
CuO—PtSe, monolayer accordingly.”® Such a phenomenon
can be observed from the partial DOS of the gas molecule
before and after adsorption. It is seen from the DOS that the
states of the freestanding gas molecules experience significant
deformations in the gas adsorption, and the states are split into
several small states, shifting to the regions below the Fermi
level. Therefore, it is the activated DOS of the gas species that
contributes to the total DOS of the gas adsorbed systems.

From the orbital DOS of the bonded atoms, one can see that
the Cu 3d orbital is hybridized with the C 2p orbital of the
C,H, molecule at —7.3, —6.4, —5.3, —4.7, —3.6, —2.9, and
—2.4 eV, while it is hybridized with that of the C,H, molecule
at —8.2, —7.1, =5.3, —4.6, —3.6, and —2.7 eV. Besides, there
have also been observed some hybridizations at the Fermi level
between the Cu and C atoms in two systems, which also
contributes largely to the formation of the Cu—C bond and
therefore impacts the deformations of the electronic properties
of the clean CuO—PtSe, monolayer. These state hybridizations
also verify the strong orbital interaction in the newly formed
Cu—C bonds, confirming their strong binding force (Figure 4).

3.4. Gas Sensing Explorations. The deformed electronic
property of the CuO—PtSe, monolayer after gas adsorption
accords to its change of electrical conductivity, which can
provide the basic sensing mechanism to explore the CuO—
PtSe, monolayer as a resistance-type gas sensor. However,
given the zero band gap property of the CuO-—PtSe,
monolayer and related gas adsorbed systems, the analysis of
the band gap change cannot provide the convincing evidence
for its gas sensing performance. Therefore, the charge transfer
property is applied to give a clear explanation upon the sensing
property of the CuO—PtSe, monolayer. Also, we use the same
way to analyze its enhanced sensing property in comparison
with that of the pristine PtSe, monolayer. The E 4 and Qy for
gas adsorptions on the pristine and CuO-decorated PtSe,
monolayer are listed in Table 1.

Table 1. E_ 4y and Qg for Gas Adsorptions on the Pristine and
CuO-Decorated PtSe, Monolayers

Eq (eV) Qr (o)
PtSe,/C,H, —0.20 —0.019
PtSe,/C,H, —0.20 —0.006
CuO—PtSe,/C,H, ~1.19 0.040
CuO—PtSe,/C,H, 124 0.011

For gas adsorptions on the pristine PtSe, surface, one can
see that the Qp is obtained as —0.019 and —0.006 e in the
C,H, and C,H, systems, respectively, which indicates the
electron-accepting property of the gas species. Our calculations
show that the pristine PtSe, monolayer is a p-type semi-
conductor, with a closer gap between the valence band and the
Fermi level than the gap between the conduction band and the
Fermi level. From this aspect, the electron-losing property for
the hole-dominated PtSe, monolayer can cause the increased
electrical conductivity. However, given the large band gap of
1.31 eV and the small charge transfer value, one can assume
that the increased electrical conductivity would not be quite
significant. On the other hand, it has been stated that the
adsorption of the CuO nanoparticle results in strong n-type

doping to the PtSe, monolayer, making the CuO-—PtSe,
monolayer an n-type material instead.”” In that case, the
adsorptions of C,H, and C,H, with accepted 0.040 and 0.011 ¢
on the CuO—PtSe, monolayer, respectively, would enhance
the electron density of the electron-dominated n-type CuO—
PtSe, monolayer, implying the promoted electrical conductiv-
ity of the CuO—PtSe, monolayer in the C,H, or C,H, systems
as well.>® Considering the stronger charge transfer in the
CuO—DPtSe,/gas systems than in the PtSe,/gas systems, one
can infer that the CuO—PtSe, monolayer can exhibit a stronger
sensing performance upon C,H, and C,H, detection than the
pristine PtSe, monolayer. In other words, the CuO—PtSe,
monolayer is a promising C,H, or C,H, sensor for realizing
their detections using the basic sensing mechanism of the
enhanced electrical conductivity in the gas atmosphere.
However, we should note that the selectivity of these two
gas species cannot be realized in their mixed atmosphere, and
such an issue may be addressed by imbuing the sensor array
with more sensing characteristic for the two gases. Even so, we
assume that the detections of either of these two gases, no
matter which one, can realize the arc discharge monitoring
since they are both the dominant species in such insulation
defects. From this aspect, we infer that the CuO—PtSe,
monolayer can be explored as a gas sensor to monitor the
arc discharge in an oil-immersed electrical transformer.
Moreover, the recovery time () is calculated to evaluate the
reusability of the CuO—PtSe, monolayer for gas sensing
application and compared with that of the pristine PtSe,
monolayer, using the van’t Hoff—Arrhenius theory”' in eq 3

¢ = ACE/T) 3)

in which Kj is the Boltzmann constant, with a value of 8.318 X
1073 kJ/(mol-K), A is the attempt frequency, with a value of
10' s7! for UV light,”* and T is the temperature. Using the
equation, the recovery time for the adsorbed C,H, or C,H,
desorption from the pristine PtSe, monolayer is calculated to
be 2.4 X 107"* s at room temperature, and one can find that
such a short time on the sensor’s surface cannot allow its
detection upon gas molecules. In the meanwhile, the C,H, and
C,H, desorption times from the CuO—PtSe, surface are
obtained as 1.31 X 10* and 9.17 X 10* s at room temperature
(298 K), respectively, and are obtained as 0.12 and 0.50 s at
398 K, respectively. We can find that the desorption property
at 398 K is quite desirable for recycle use of such a sensing
material. Therefore, we assume that the CuO-—PtSe,
monolayer can be explored as an outstanding room-temper-
ature C,H, and C,H, sensor with good recyclability at 398
K,>* while the pristine PtSe, monolayer is not suitable for gas
sensing exploration.

The work function (WF, @) is calculated and plotted in
Figure § to further study the possibility of the CuO—PtSe, in
the Kelvin probe device for the detection of C,H, for C,H,,**
which is calculated according to eq 4

»=Va—E (4)

where V,; and E; represent the electrostatic potential energy far
from the material’s surface and the Fermi level energy,
respectively. From this figure, one could find that the WF of
the isolated CuO—PtSe, monolayer is calculated to be 4.76 eV,
which is slightly larger than that of graphene (4.60 eV™°),
suggesting its stronger electron affinity than that of graphene.
In the meanwhile, the WFs of the C,H, and C,H, systems are
calculated to be 4.60 and 4.59 eV, respectively. That is, the
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and C,H, adsorbed.

WFEFs of the CuO—PtSe, monolayer are decreased obviously
after the adsorption of C,H, and C,H, molecules, which are
about 0.16 eV (3.4%) and 0.17 eV (3.6%), respectively, in
comparison with that of the clean CuO-—PtSe, system.
Considering these findings, we presume that the CuO—PtSe,
monolayer can exhibit a desirable sensing response upon C,H,
or C,H, detection based on the change of the WF using the
Kelvin probe device, showing admirable suitability for sensor
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use.

4. CONCLUSIONS

Using the DFT method, we propose the CuO—PtSe,
monolayer as a promising gas sensor for C,H, and C,H, in
order to realize the DGA in oil-immersed transformers. The
main conclusions are as follows:

(i) The adsorption of CuO nanoparticle causes strong n-
type doping for the PtSe, monolayer with a binding
force (E;) of —2.49 eV;

(ii) The CuO—PtSe, monolayer exhibits strong chemisorp-
tion and electron-accepting properties in the two gas
systems, with E,4 and Qp obtained as —1.19 eV and
0.040 e for the C,H, system and as —1.24 eV and 0.011 ¢
for the C,H, system, respectively.

(iii) The electrical conductivity of the CuO—PtSe, mono-
layer would be increased, while the WF would be
decreased in the C,H, or C,H, atmosphere, showing its
potential as a resistance-type or a WF-type gas sensor.

This paper theoretically investigates the sensing potential of
PtSe,-based materials for dissolved gases in the transformer oil,
which can pave the way for the exploration of novel metal-
oxide decorated TMDs for gas sensing application in electrical
engineering significantly.
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