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ABSTRACT: This work, using the first-principles theory, uses the
Ni-decorated WSe2 (Ni-WSe2) monolayer as a novel gas sensing
material upon CO and HCHO in the dry-type transformers in
order to evaluate their operation status. Results indicate that the Ni
atom can be stably adsorbed on the TW site of the pristine WSe2
monolayer with the binding force of −4.33 eV. Via the gas
adsorption analysis, it is found that the Ni-WSe2 monolayer
performs chemisorption upon CO and HCHO molecules, with
adsorption energies of −2.27 and −1.37 eV, respectively. The
analyses of the band structure and Frontier molecular orbital
manifest the potential of the Ni-WSe2 monolayer as a resistance-
type gas sensor upon CO and HCHO, with sensing responses of
55.9 and 30.9% based on the band gap change and of 55.0 and
38.5% based on the energy gap change. The analysis of the density of state clearly shows the modified electronic property of the Ni-
WSe2 monolayer in gas adsorptions. On the other hand, the analysis of the work function (WF) reveals the limited possibility to
explore the Ni-WSe2 monolayer as a WF-based gas sensor for CO and HCHO detections. This work systemically studies the sensing
potential of the Ni-WSe2 monolayer upon two typical gas species in the dry-type transformers, which is meaningful to explore novel
nanomaterial-based gas sensors to monitor the operation condition of electrical equipment.

1. INTRODUCTION
In the power system, dry-type transformers account for over
40% of application for electricity transmissions and distribu-
tions in some typical environment, such as urban load centers
and building indoor power distribution.1 To guarantee the
good insulation performance of dry-type transformers, epoxy
resin is selected as the insulation media, and in the epoxy resin,
some additives are applied to promotes its fire resistance and
arc extinction behaviors.2,3 However, the insulation perform-
ance of the epoxy resin would be weakened in long-term
running, and it cannot undergo the perennial defects including
partial overheat and discharge. Therefore, the epoxy resin
would be decomposed into several toxic gas species,4 such as
CO and HCHO.5 On the one hand, these gases can be used to
reflect the working operation of the dry-type-transformer;6 on
the other hand, these gases would be pervaded in the
transformer substation which would pose great threats to the
maintenance persons. In these regards, the sensing of CO and
HCHO around the dry-type transformers is quite significant
and meaningful for the safety for the power system and human
health.7

For the purpose of gas sensing, the nanomaterial-based gas
sensors are dramatically developed in recent decades, and the
novel sensing materials with low cost, rapid response, and high
sensitivity are largely explored in this field.8−12 Recently, the

transition metal dichalcogenides (TMDs) with two-dimen-
sional structure are tremendously investigated for gas sensing
application,13−15 due to their admirable structural properties
and tunable semiconducting behaviors.16,17 For instance, the
MoS2 and MoSe2 monolayer are widely explored from
theoretical and experimental aspects for toxic gas sensing in
some typical and harsh environments.18−21 Also, the WS2 and
WSe2 monolayers are studied in terms of their electronic
properties and gas sensing performance.21,22 When it comes to
the WSe2 monolayer, the transition metal decorated counter-
part are reported with a desirable sensing performance, in
which the Pd and Pt adatoms can largely promote the binding
strength and charge transfer between the WSe2 surface and gas
molecules (including CO and SF6 decomposed species

23,24).
These reports indicate the strong potential to explore the
WSe2-based gas sensor for CO and HCHO sensing in the dry-
type transformers.
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Within the same group of Pd and Pt atoms, the Ni atom is
also widely applied for surface-decoration on the nanomaterials
to explore their sensing potentials.25−27 Therefore, we presume
that the Ni-decorated WSe2 (Ni-WSe2) monolayer can
perform comparable adsorption and sensing properties upon
gas species to the previous reports regarding Pd- or Pt-
decorated counterparts. Besides, such an investigation would
be significant to uncover such performances of the Ni-WSe2
monolayer and broaden the application domains for the WSe2
monolayer. In this work, we systemically use the first-principles
theory to illustrate the Ni-decorating property on the pristine
WSe2 surface and the adsorption and sensing mechanisms of
Ni-WSe2 monolayer upon CO and HCHO and eventually
explore its potential as a gas sensor to evaluate the running
status of the dry-type transformers (Section 3). Apart from
those, Section 2 gives the computational details, while Section
4 gives the main conclusions.

2. COMPUTATIONAL DETAILS
The whole theoretical calculations were all based on the first-
principles theory and conducted within the DMol3 code.28,29

We employed the Perdew−Burke−Ernzerhof function to deal
with the electron exchange and correlation terms30 and
adopted the DFT-D2 method, raised by Tkatchenko and
Scheffler, to cope with the van der Waals force and the long-
range interactions.31 The double numerical plus polarization
was selected as the basis set for the atomic orbital, while the
DFT semicore pseudo potential (DSSP) method was defined
to resolve the relativistic effect of the Ni dopant.32 The k-point
of 10 × 10 × 1 was sampled in the Brillouin zone for geometric
and electronic calculations.33 Besides, the self-consistent loop
energy of 10−6 Ha, global orbital cutoff radius of 5.0 Å and
smearing of 0.005 Ha were determined to guarantee the good
accuracy of the total energies in each system.34 One should
note that all of the simulations were performed under 0 K and
a vacuum region.
The pristine WSe2 monolayer was established, and the

supercell lattice is enlarged to be 4 × 4, including 16 W atoms
and 32 Se atoms. Also, a 20 Å vacuum region was defined to
prevent possible interaction among adjacent units.35 The
binding energy (Eb) was defined to evaluate the binding force

between the Ni atom and the intrinsic WSe2 surface, calculated
by36

E E E Eb Ni WSe WSe Ni2 2
= (1)

where ENi‑WSed2
and EWSed2

signified the total energies of the Ni-
decorated and intrinsic WSe2 monolayer, respectively, while
ENi indicated the energy of the single Ni atom in its bulk
structure. For CO and HCHO adsorptions on the Ni-WSe2
monolayer, the adsorption energy (Ead) was defined to evaluate
the binding strength of the Ni-WSe2 surface upon two gas
species, calculated by37

E E E Ead Ni WSe /gas Ni WSe gas2 2
= (2)

where ENi‑WSed2/gas and Egas were the total energy of the Ni-
WSe2/gas system and isolated Ni-WSe2 system, respectively.
Moreover, we applied Hirshfeld analysis to analyze the atomic
charge of the Ni adatom (QNi) in the Ni-WSe2 system and
charge transfer (QT) in the gas adsorbed systems. On basis of
such definition, a positive value indicated the electron-donating
property of the Ni adatom or the gas species.

3. RESULTS AND DISCUSSION
3.1. Ni-Decorating Behavior on the Pristine WSe2

Monolayer. For Ni-decorating on the pristine WSe2 surface,
we consider three possible sites, traced as the TW site (on the
top of the W atom), HW−Se site (on the top of the hollow W−
Se ring), and the TSe site (on the top of the Se atom) for single
Ni atom adsorption on the WSe2 monolayer. By such a
definition, the dispersing concentration is calculated as 2.08%.
The Ni-decorating process, including the morphology and
defined decorating site of the pristine WSe2 monolayer, as well
as the most preferred morphology with related charge density
difference (CDD) of the Ni-WSe2 monolayer, are exhibited in
Figure 1.
First, focusing on the optimized geometry of the pristine

WSe2 monolayer in Figure 1a, we find that the W−Se bond
length is 2.56 Å and the lattice constant is 3.34 Å, which are
consistent with the previous findings of 2.55 Å for the W−Se
bond and 3.32 Å for the lattice constant in ref 22. Then,
highlighting the optimized Ni-WSe2 monolayer in Figure 1b,

Figure 1. Ni-decorating behavior on the WSe2 monolayer (a) pristine WSe2 monolayer, (b,c) morphology and related CDD of the Ni-WSe2
monolayer. In CDD, the green area is the electron accumulation, and the isosurface is set at 0.01 e/Å3.
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one can see that the Ni atom prefers to be adsorbed on the TW
site of the intrinsic WSe2 monolayer; the Ni adatom is bonded
with three Se atoms and one W atom, forming three Ni−Se
bonds with equivalent lengths of 2.33 Å and one Ni−W bond
with lengths of 2.64 Å. We should note that the Ni−Se bond
length is even shorter than summed covalent radii of Ni and Se
atoms (2.26 Å38), which suggests the strong binding force of
the Ni−Se bonds.39 In contrast, the binding force in the Ni−W
bond would be much fainter in comparison with the Ni−Se
bonds. According to eq 1, the Eb for Ni-decorating on the
intrinsic WSe2 monolayer is calculated as −4.33 eV, which
indicates not only the exothermicity and spontaneity of such a
process but also the strong interaction between the Ni atom
and the WSe2 surface.

40 Such a binding force is much more
negative than that of the TSe site of −3.77 eV and that of the
HW−Se site of −3.49 eV. Moreover, the vibrational analysis is
conducted to verify the good chemical stability of the preferred
Ni-WSe2 configuration, and the results show that the
frequencies of the Ni-WSe2 monolayer are ranging at 69.08−
741.30 cm−1, which without the imaginary frequency
indicating our positive assumption. When it comes to the
CDD of the Ni-WSe2 monolayer in Figure 1c, one can see that
the electron accumulations are mainly located on the Ni
adatom and the Ni−Se bonds. Such electron accumulation on
the Ni adatom agrees with the Hirshfeld analysis which shows
the electron-accepting property of the Ni adatom with charged
value of −0.078 e, and the electron accumulations on the Ni−
Se bonds confirm the strong binding force on the Ni−Se

bonds on which strong electron accumulation occurs that gives
rise to the negative Eb due to the desirable Ni−Se binding
force.
To understand the tuned electronic property upon the

pristine WSe2 monolayer by Ni-decorating, we plot the band
structure (BS) of the pristine and Ni-decorated WSe2 systems,
as well as the orbital density of state (DOS) of the bonded
atoms in Figure 2. It should be noted that there is no magnetic
moment for the pristine and Ni-decorated system; therefore,
the spin up and spin down are symmetric; therefore, we only
plot the spin up for the BS and DOS distributions. For the BS
of the pristine WSe2 monolayer in Figure 2a, one can see that
the band gap of the intrinsic WSe2 monolayer is obtained as
1.521 eV, and the maximum valence band and the minimum
conduction band are both located at the K point. These
findings are in good accordance with ref 41 in which the direct
semiconducting property of the pristine WSe2 monolayer is
verified with the band gap of 1.49 eV. Figure 2b plots the BS of
the Ni-WSe2 monolayer, it is seen that the band gap is slightly
narrowed to 1.362 eV, and the state density becomes much
denser in comparison with the pristine WSe2 system. These
findings manifest the state activation by the Ni-decorating on
the WSe2 system that brings about several novel states for the
whole system.42 Furthermore, analyzing the orbital DOS in
Figure 2c, we can see that the Ni 3d orbital is strongly
overlapped with the Se 4p orbital at −7.0−0 and 1.3−1.8 eV.
These state hybridizations reveal the strong orbital interaction

Figure 2. (a,b) BS of intrinsic and Ni-decorated WSe2 systems, and (c) orbital DOS of the Ni and W and Se atoms. In BS, the black values are the
band gaps, and in DOS the Fermi level is set to 0.

Figure 3. MSC and CDD of the CO (a1−a3) and HCHO (b1−b3) systems. In CDD, the green areas are electron accumulation, while the violet
areas are electron depletion, with the isosurface of 0.1 e/Å3.
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between the Ni and Se atoms, further confirming the strong
binding force on the Ni−Se bonds.
3.2. Adsorption Configuration of Ni-WSe2/Gas Sys-

tems. The optimized Ni-WSe2 monolayer is determined as the
nanosubstrate to conduct the adsorptions upon CO and
HCHO molecules, which are put approaching over the Ni
adatom with initial distance of about 2.5 Å. Then, we select the
configuration with the most negative Ead as the most stable
configuration (MSC) for further analyses of geometric and
electronic properties. The MSC with related CDD for the CO
and HCHO systems is presented in Figure 3. Besides, from the
vibrational analysis, the frequencies of the CO and HCHO
systems are at 66.45−2187.11 and 68.67−3922.01 cm−1,
respectively. One can see that there has no imaginary
frequency in such two systems suggesting the good chemical
stability of the determined MSC.
For CO adsorption on the Ni-WSe2 monolayer, one can find

that the CO molecule is vertical to the WSe2 monolayer over
the Ni adatom through the C-end position, forming a Ni−C
bond that is measured as 1.76 Å. Similarly, we find that such
bond length is shorter than the summed covalent radii of the
Ni and C atoms (1.85 Å38), which could attribute to the strong
binding force between Ni adatom and C atom in the CO
adsorption process. Apart from that, the average Ni−Se bond
length is prolonged to be 2.30 Å from that of 2.23 Å in the
pure Ni-WSe2 system, indicating its geometric distortion upon
CO adsorption.43 Accordingly, the Ead herein is obtained as
−2.27 eV, which is much more negative than the critical value
of −0.8 eV for the identification of chemisorption in the gas
interactions.44 These findings all manifest the desirable
adsorption performance of the Ni-WSe2 monolayer upon a
CO molecule. From the Hirshfeld analysis, the Ni adatom is
negatively charged by 0.169 e while the CO molecule is
negatively charged by 0.034 e. Combined with the negatively
charged value of 0.078 e of the Ni adatom in the isolated Ni-

WSe2 monolayer, we can infer that in the CO adsorption
system, the Ni adatom accepts 0.091 e, the CO molecule as a
whole accepts 0.034 e, while the WSe2 surface loses 0.125 e. It
should be noted that the majority of the electrons are donated
by three Se atoms of the WSe2 monolayer, which behave as the
electron donators in the CO adsorption systems, in which the
three Se atoms bonded with the Ni atom donate 0.045 e in
total. These findings reveal the strong electron-accepting
property in CO adsorption. In other words, the Ni adatom is
an electron center that enriches the electron from the WSe2
monolayer. In the CDD distribution, the electron accumu-
lations are fully surrounded on the Ni adatom, the CO
molecule, and the Ni−C bonds, while the electron depletions
are surrounded on the C−O bond of the CO molecule and the
Ni−Se bond of the Ni-WSe2 monolayer. These findings not
only agree with the Hirshfeld analysis about electron-
distribution but also reveal the weakened C−O and Ni−Se
bonds in the gas adsorption as well as the formation of Ni−C
bonds due to the strong binding force.
Regarding HCHO adsorption on the Ni-WSe2 monolayer,

we can see that the HCHO molecule is almost parallel to the
WSe2 monolayer, in which the O and C atoms are both
captured by the Ni adatom, forming the Ni−O and Ni−C
bonds with lengths of 1.91 and 2.01 Å, separately. These
results show that the Ni adatom has stronger binding force
with the O atom compared with the C atom in the HCHO
molecule. In other word, the O atom seems to have stronger
chemical reactivity in comparison with the C atom in the
HCHO molecule. On the other hand, the Ni−C and Ni−O
bond lengths are both longer than the summed covalent radii
of the Ni and O or C atoms (Ni−O: 1.74 Å, Ni−C: 1.85 Å38).
From this aspect, one can assume that the Ni-WSe2 monolayer
behaves with relatively weaker performance upon HCHO
adsorption compared with CO adsorption. Such ann
assumption can also be confirmed by the value of the Ead in

Figure 4. BS and DOS of the CO (a1−a3) and HCHO system (b1−b3). The sets are the same as those in Figure 2.
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the HCHO system, whose value of −1.37 eV is not as negative
as that in the CO system, indicating the weaker gas interaction
here. On the other hand, such Ead is still more negative than
the critical value of −0.80 eV; thereby, the HCHO adsorption
system can also be determined as chemisorption. On basis of
the Hirshfeld analysis, the Ni adatom is negatively charged by
0.099 e, while the QT is obtained as −0.113 e. In other words,
the WSe2 monolayer loses 0.134 e in the HCHO adsorption, in
which the Ni adatom accepts 0.021 e, while the HCHO
molecule accepts 0.113 e. Similarly, the Se atoms in the WSe2
monolayer behave as the electron donators, and the ones
bonded with the Ni atoms donate 0.066 e, playing the
dominant role for the released electron in the WSe2 monolayer.
These findings reveal the stronger electron-accepting property
of the HCHO molecule compared with the CO molecule, and
the Ni adatom acts as an electron bridge linking the charge-
transfer from the WSe2 surface to the HCHO molecule. In the
CDD distribution, we find that the electron accumulations are
dominantly on the HCHO molecule, the Ni adatom and the
Ni−O and Ni−C bonds, which not only support the results
from Hirshfeld analysis but also prove the strong orbital
interaction in the Ni−O and Ni−C bonds where electron
hybridization occurs. Also, the slight electron depletion on the
C�O and C−H bonds of the adsorbed HCHO molecule can
be found, revealing the geometric distortion on the HCHO
molecule after optimization in which the binding force
becomes somewhat weakened.
Furthermore, based on the gas adsorption of CO and

HCHO onto the pristine WSe2 monolayer, it is found that the
adsorption energy are calculated as −0.51 and −0.57 eV,
respectively. That is, the adsorption strength of the Ni-WSe2
monolayer is about 4.45 and 2.40 times in comparison with the
pristine WSe2 monolayer in terms of adsorbing CO and
HCHO molecules. These findings verify the favorable binding
force of the Ni adatom upon two gas species that largely
enhances the adsorption performance of the WSe2 monolayer
upon them.
3.3. Electronic Properties in Gas Adsorptions. To

understand the deformed electronic property of the Ni-WSe2
monolayer after CO and HCHO adsorptions, the BS of these
two systems should be analyzed. Besides, the molecular DOS
and orbital DOS in the gas adsorption systems would be
helpful to better comprehend the electronic properties of the
gas species and the orbital interaction between bonded atoms.
For such three purposes, the BS, molecular DOS and orbital
DOS of the gas adsorbed systems are exhibited in Figure 4.
One should note that the spin and spin down of the gas
adsorbed systems are symmetric, indicating their nonmagnetic
property for two gas adsorbed systems.
From the BS distributions, it can be seen that the band gaps

of the CO and HCHO systems are obtained as 1.320 and
1.343 eV, respectively, which are both reduced in comparison
with those of the isolated Ni-WSe2 system. In other words, the
electrical conductivity of the Ni-WTe2 monolayer would be
somewhat increase after adsorptions of CO and HCHO. This
bring about the sensing mechanism to explore the Ni-WSe2
monolayer as a typical gas sensor. Such findings would be
further confirmed using the Frontier molecular orbital theory
in the next section to explore its sensing potential. From the
molecular DOS, it could be found that the states of the isolated
gas molecules suffer dramatic deformations after adsorption,
which are basically left-shifted and split into several novel small
states in their adsorbed phase. These new-formed states,

especially the ones near the Fermi level, can contribute largely
to the electronic states of the Ni-WSe2 monolayer, thus
deforming its band gap and electrical conductivity.
Moreover, from the orbital DOS of the bonded atoms, we

can see that the Ni 3d orbital is highly hybrid with the C 2p
orbital of the CO molecule at −6.8, −6.1, −1.4, −0.7, and 1.5
eV, whereas with the C 2p and the O 2p orbital (the state
hybridizations are almost at the same states) of the HCHO
molecule at −6.9, −6.0, −5.3, −1.7, −0.6, −0.2, and 1.5 eV.
These state hybridizations reveal the favorable orbital
interaction in the Ni−C and Ni−O bonds for CO and
HCHO adsorptions, which demonstrates the formation of
covalent bonds in the Ni-WSe2/gas systems. Besides, in the
HCHO system, the overlapped state areas between the Ni 3d
and O 2p orbitals are much larger than that between the Ni 3d
and the O 2p orbitals, which verifies the stronger binding force
of the Ni−O bond in comparison with the Ni−C bond. Such
findings about the electronic property clearly illustrate the
adsorption performance of the Ni-WSe2 monolayer upon gas
species.
3.4. Gas Sensor Exploration. To further investigate the

changed electrical conductivity of the Ni-WSe2 monolayer after
gas adsorptions, we adopt Frontier molecular orbital theory to
obtain the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of the gas
adsorbed system. It is worth mentioning that the energy gap
between the HOMO and LUMO is also an important and
workable parameter to evaluate the electrical conductivity of
the sensing materials.45 Based on the Frontier molecular orbital
theory, the HOMO and LUMO distributions with their
energies are portrayed in Figure 5.

From this figure, one can see that in the Ni-WSe2
monolayer, the HOMO and LUMO are mainly on the Ni
atom, which reflects its strong chemical reactivity and electron
mobility in the interactions. Accordingly, the energies for
HOMO and LUMO are obtained as −5.243 and −3.907 eV,
respectively, with the energy gap calculated to be 1.336 eV. In
addition, in the gas adsorbed systems, one can see that the
HOMO and LUMO distributions are largely deformed.
Specifically, the LUMO distribution on the Ni adatom is
largely reduced, while obvious accumulation could be found on
the CO and HCHO molecules; in the meanwhile, the HOMO

Figure 5. HOMO and LUMO distributions of (a) pure Ni-WSe2
monolayer and (b,c) CO and HCHO system.
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distribution on the Ni atom is not largely impacted, but there
are still remarkable distributions on the CO and HCHO
molecules. These HOMO and LUMO distributions reveal the
probably orbital interaction between the bonded atoms,
indicating the favorable chemical reactions in gas adsorp-
tions.46 It is worth noting that along with the changed
distributions in HOMO and LUMO, their energies are altered
to some extent as well. We can find that the energies of
HOMO in the CO and HCHO systems are reduced to −4.052
and −3.996 eV, respectively, while the energies of LUMO in
such two systems declined to −5.347 and −5.307 eV,
respectively. In this regard, the energy gaps in the CO and
HCHO systems are calculated to be 1.295 and 1.311 eV,
respectively. From the comparison, it could be concluded that
the energy gap of the Ni-WSe2 monolayer would be decreased
by 3.07% after CO adsorption and by 1.87% after HCHO
adsorption. Such results are basically in agreement with the
changing rate of the band gap in the two systems, which are
calculated as 3.08% in the CO system and 1.40% in the HCHO
system. These findings means the increased electrical
conductivity of the Ni-WSe2 monolayer to different levels
after adsorptions of two gas species.47

It is well-known that the electrical conductivity (σ) of the
sensing material has a relationship with its band gap (energy
gap), expressed as14

e B kT( /2 )g= (3)

wherein Bg is the band gap (energy gap) of the analyzed
system, T is the temperature, and k is the Boltzmann constant
(1.38 × 10−23 J/K). Besides, the sensing response (S) of a
resistance-type gas sensor can be calculated by48

S ( )/gas
1

pure
1

pure
1= (4)

in which σgas and σpure are the electrical conductivity of the gas
adsorbed system and isolated sensing material, respectively. On
basis of such two equations, the sensing response of Ni-WSe2
monolayer can be further expressed by

S e 1B B kT/2gg gi= (5)

in which the Bgg is the band gap (energy gap) of the Ni-WSe2/
gas system, while the Bgi is the band gap (energy gap) of the
isolated Ni-WSe2 system. Based on eq 5, the sensing response
of the Ni-WSe2 monolayer for detection of CO and HCHO
can be calculated as 55.9 and 30.9% using the band gap and as
55.0 and 38.5% using the energy gap. These reveal the
desirable sensing performance of the Ni-WSe2 monolayer as a
novel resistance-type gas sensor for CO and HCHO detection
in dry-type transformers.
Moreover, it is worth noting that gas adsorptions would also

impact the work function (WF) of the sensing material, which
provides its potential to be explored as a WF-based gas
sensor.49 Based on our calculations, the WF of the isolated Ni-
WSe2 monolayer and gas adsorbed systems are presented in
Figure 6. One can see from this figure that the WF of the Ni-
WSe2 monolayer is obtained as 4.98 eV, while those for the
CO and HCHO systems are obtained as 5.12 and 5.09 eV,
respectively. That is, the WF of the Ni-WSe2 monolayer is
changed by 2.8% after CO adsorption and 2.2% after HCHO
adsorption. However, due to the quite limited changing rate of
WF in the gas adsorbed systems in comparison with the pure
Ni-WSe2 monolayer, we assume that it has weak sensing

performance to be explored as a WF-based sensor for gas
detection.

4. CONCLUSIONS
In this paper, the Ni-WSe2 monolayer is purposed using first-
principles theory to be a novel sensing material to detect CO
and HCHO in the dry-type transformers. The main
conclusions are as follows:

1 The Ni atom prefers to be chemical stably doped on the
TW site of the WSe2 surface, with Eb of −4.33 eV,
narrowing the band gap of the pristine WSe2 monolayer
instead;

2 Ni-WSe2 monolayer performs chemisorption upon CO
and HCHO, with Ead values of −2.27 and −1.37 eV,
respectively.

3 The BS analysis manifests the sensing response of the
Ni-WSe2 monolayer to be 55.9% upon CO and to be
30.9% upon HCHO, uncovering its potential as a
resistance-type gas sensor;

4 The WF analysis reveals the limited possibility to explore
the Ni-WSe2 monolayer as a WF-based gas sensor for
CO and HCHO detections.

The findings in this work fully elucidate the sensing potential
of the Ni-WSe2 monolayer upon two typical gas species in the
dry-type transformers, which is helpful for electrical equipment
monitoring using novel nanomaterial-based gas sensor.
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