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Ni-Decorated PtS, Monolayer as a Strain-Modulated and
Outstanding Sensor upon Dissolved Gases in Transformer Oil: A
First-Principles Study
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ABSTRACT: The first-principles theory is conducted in this paper to investigate the adsorption and electronic properties of a Ni-
decorated PtS, (Ni-PtS,) monolayer upon two dissolved gas species (CO and C,H,) in the transformer oil, thus illustrating its
sensing performance and related potential to evaluate the working condition of the oil-immersed transformers. We then highlight the
effect of the biaxial strain on the configuration, charge transfer, and bandgap of the adsorbed systems to expound its potential as a
strain-modulated gas sensor. Results indicate that the Ni-PtS, monolayer undergoes chemisorption upon two species, with an E 4
value of —1.78 eV for the CO system and —1.53 eV for the C,H, system. The reduced bandgap by 0.164 eV (20.05%) in the CO
system and 0.047 eV (5.74%) in the C,H, system imply the large feasibility of the Ni-PtS, monolayer to be a resistance-type sensor
for CO and C,H, detection, which is also verified by the I—V analysis of these systems. Besides, the applied biaxial strain can exert
geometric activations on the Ni-PtS, monolayer, and specifically, the compressive force can further reduce the bandgap in two
systems, thus promoting its sensing response upon two gases. Our work is meaningful to broaden the exploration of noble transition
metal dichalcogenides for gas sensing.

1. INTRODUCTION DGA, giving rise to the safety operation and daily maintenance
of the oil-immersed transformers.”"°

Nanosensing method for gas detection has proved with the
advantages of quick response, good sensitivity, and low
7! and 2D nanomaterials with the merits of large specific
surface and high carrier mobility usually show favorable
adsorption performance in the gas interactions, thus leading to

Electrical transformers play a significant role in the power system
to transform and transmit the electricity in the transmission
lines, among which oil-immersed transformers account for over cost
90% at present.' In a long-time running, there may inevitably !

o . . 2,3
occur certain insulation defect inner transformers,”” namely,

partial overheat and partial discharge, and the energy caused by the desirable electrical response for gas detection.'”™"* Nowa-
these defects would decompose the oil—paper system of the days, transition metal dichalcogenides (i.e., TMDs) with strong
transformers, impairing its insulation behavior accordingly-4 As potential to be the 2D nanoelectronic candidates are paid more
reported, the decomposed compounds mainly include H,, C,H,,

and CO, which will then dissolve into the transformer oil after Received: January 2, 2023

their formation.”® Therefore, dissolved gas analysis (DGA) is Accepted: January 24, 2023

put forward to reflect the decomposition severity of the oil— Published: February 1, 2023

paper system and to evaluate the operating condition of the

transformers.”® From this regard, the scholars devote every
effect to explore a certain effective sensing method to realize
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Figure 1. Ni decorating on the PtS, monolayer. (a) Pure PtS, and (b,c) geometry and CDD of Ni-PtS,. In CDD, the green area is the electron
accumulation, and the rosy areas is electron depletion, respectively. The isosurface is set as 0.005 eV/A>.

and more attention in the field of gas sensing.'”~>' For example,

MoS, and MoSe, have been proposed for DGA with superior
sensing performance upon CO and C,H, after the surface
doping of the transition metal (TM).****

Increasingly, PtS, and PtSe, as new members of the TMDs are
synthesized and predicted with diverse electronic property
compared with those of MoS, and MoSe,.”*~*” Specifically, the
PtS, monolayer has indirect semiconducting property with
much stronger elastic constant than that of the MoS,
monolayer™ and larger electron mobility than the black
phosphorus.”” This provides the PtS, monolayer with strong
potential for application in nanoelectronics with tunable
performance through strain engineering. Besides, TM doping
offers a workable approach to promote the charge transfer in the
gas interactions, thereby enhancing the sensing response for gas
detection.”” ™ From this aspect, the TM-doped PtS, monolayer
would be full of potential for gas sensing application, and its
exploration for DGA would be interesting and meaningful.

In this paper, the Ni-decorated PtS, (i.e., Ni-PtS,) monolayer
is proposed to be a novel strain-modulated sensor for detections
of CO and C,H, in the oil-immersed transformer using the first-
principles theory.*® A Ni atom is selected as the dopant due to its
strong catalytic behavior that frequently brings high sensitivity
to the 2D nanosensing systems for gas detection.”” " Also, Ni is
the representative TM dopant to analyze the TM-decorating
performance on the physicochemical properties of the PtS,
monolayer. Our calculations can pave the way to explore PtS,-
based strain-tuned sensors for gas detections in many others

fields.

2. COMPUTATIONAL METHODS

In this paper, all the spin-polarized calculations were performed
in the DMol® package,”' and the generalized gradient
approximation along with the Perdew—Burke—Ernzerhof
(PBE) function was determined to describe the electron-
exchange correlations.”” The DFT-D2 method raised by
Tkatchenko and Scheffler (TS) was adopted to treat the van
der Waals force as well as the long-range interactions,” and the
double-numerical plus polarization was determined as the basic
atomic orbital set throughout the whole simulations.” The 10 x
10 X 1 k-point meshes of the Monkhorst—Pack was sampled for
the geometric optimization and electronic calculations.”” The
energy tolerance accuracy (energy convergence) and smearing
were defined as 107 and 0.005 Ha, respectively,46 with the
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global orbital cut-off radius set as 5.0 A to enable the good
accuracy of the total energy."’

A 3 X 3 X 1 pristine PtS, supercell was used as the
nanosupport to implement the following simulations, with a
vacuum area of 20 A to avoid the probable interactions.”"**
After full geometry optimization, it is found that the lattice
constant of the intrinsic PtS, system was procured to be 3.58 A,
consistent with that of 3.59 A in ref 49 . Moreover, the charge of
the Ni atom (Qy;) in the Ni-decorating process as well as the
charge transfer (Qr) in the gas-adsorbed configurations were
considered by the Hirshfeld analysis. Based on such method, the
positive Q implied the charge-donating behavior of the analytes.

3. RESULTS AND DISCUSSION

3.1. Ni-Decorating Property on the PtS, Monolayer.
For Ni decorating on the pristine PtS, monolayer, there are three
probable sites for consideration, as displayed in Figure Ia,
wherein one Ni atom is adsorbed on the PtS, surface to form the
Ni-PtS, structure. In the meanwhile, the binding energy (E,) is
applied to reflect the binding force for Ni decorating on the PtS,
surface, calculated as

E, = ENi—PtSZ - Ex — Epts2

(1)

wherein Ey; pis, Eny and Epg, are, respectively, the total energies

of the Ni-PtS, monolayer, one Ni atom, and the intrinsic PtS,
system.

With the fully optimized configurations, we find that the most
stable Ni-decorating site on the pristine PtS, surface is through
the S1 position, as depicted in Figure 1b wherein the Ni dopant
is trapped by three S atoms and right above the middle-layered
Pt atom. One can see that the Ni adatom is captured by three S
atoms and one middle-layered Pt atom of the PtS, surface,
forming three Ni—S bonds with an equivalent bond length of
2.19 A and one Ni-Pt bond with a bond length of 2.59 A. The E,,
value for the S1 site is procured to be —3.35 eV, which is more
negative than that of —1.85 eV in the S2 site and that of —3.05 eV
in the S3 site. Such findings suggest that the Ni adatom could be
stably anchored on the PtS, surface with strong binding force
with the S and Pt atoms. Accordingly, some Pt—S bonds,
especially those around the Ni dopant, are somewhat deformed
after Ni-doping elongating from 2.41 to 2.42—2.44 A. This
indicates the geometric activation of the PtS, monolayer caused
by the Ni doping.*® From the vibrational analysis, it is found that
the frequencies of the Ni-PtS, monolayer are ranging at 99.12—
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Figure 2. BS and DOS of the Ni-PtS, monolayer. (a,b) BS of the pure and Ni-doped PtSe, system and (c) orbital DOS of bonded atoms. In the BS, the
black values are the bandgaps, while in DOS, the dashed line is the Fermi level.
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Figure 3. MSC and related CDD of (a) CO system and (b) C,H, system. The isosurface set in the CDD is the same as in Figure 1.

1011.64 cm™, without the imaginary frequency indicating the
good chemical stability of such configuration.

Using the Hirshfeld method, it is found that the Ni adatom is
charged by —0.015 e, indicating the electron-withdrawing
behavior of the Ni dopant when interacting with the PtS,
surface. Moreover, from Figure lc, wherein the charge density
difference (i.e., CDD) of Ni-PtS, system is plotted, it is found
that there are strong electron accumulations on the Ni—Pt and
Ni—S bonds, which reveal the electron localization on these
newly formed bonds, indicating the firm binding forces between
related atoms.

Figure 2 displays the band structure (BS) in parallel with
density of state (DOS) of the Ni-PtS, monolayer to illustrate the
Ni-decorating performance on the electronic properties of the
pristine PtS, system. Also, one can see from Figure 2a that the
bandgap of the pristine PtS, monolayer is obtained to be 1.779
eV using the PBE function, and those using the PBEsol and
HCHT function are obtained as 1.810 and 1.858 eV,
respectively. From these results, one can find that different
functions can give rise to different bandgaps for the same system,
and in this work, the bandgap using the PBE function is in good
agreement with that of 1.77 €V in the previous report;’'
therefore, we will use such function in the following simulations.
As exhibited in Figure 2b, the bandgap of the Ni-PtS, system is
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obtained as 0.818 eV, much smaller than that in the pristine
counterpart. Besides, it could be observed that the states in the
BS are down-shifted, and there are several impurity states
emerged within the bandgap of the PtS, monolayer. In other
words, Ni-doping induces some impurity states and causes slight
n-doping for the PtS, monolayer. On the other hand, its indirect
semiconducting property is not impacted, although its states
become much denser, manifesting the improved carrier mobility
of the Ni-PtS, monolayer. Figure 2¢ shows the orbital DOS of
the Ni, Pt, and S atoms, from which one can see that the Ni 3d
orbital has strong hybridizations with Pt 5d and S 3p orbitals on
—6.0 to 0 and 0.5—1.6 eV. Such DOS overlaps indicate the
powerful orbital interactions between the Ni dopant and the Pt
(S) atom, thus forming the Ni—Pt and Ni—S bonds on which the
electron hybridizations are happened. In addition, the top
valence band is dominantly located at the Ni atom, whereas the
bottom conduction bond is dominantly located at the Pt atom,
followed by the S atom. These results reveal the chemical
bonding nature for the Ni—Pt and Ni—S and the their strong
orbital hybridization as well.>*

3.2. Adsorption Performance of the Ni-PtS, Mono-
layer. The binding strength of the Ni-PtS, monolayer upon CO
and C,H, molecules is reflected by the defined adsorption
energy (E,4), calculated as
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Figure 4. DOS of the (al—a3) CO system and the (b1—b3) C,H, system. The dashed line is the Fermi level.

- E

Ead = ENi—PtSZ/gas - ENi—PtS2 gas

2)

where Eyipis,/ g0 Eni-pesy and Egy, respectively, signify the total

energies of the Ni-PtS,/gas system, isolated Ni-PtS, monolayer,
and the gas species. The gas molecules are put appropriate 2.5 A
to the Ni center in various structures to obtain the most stable
configuration (i.e., MSC that has the most negative E,;) of the
gas-adsorbed systems. In the meanwhile, the parameters of bond
length and charge transfer would also be analyzed to help
comprehend the adsorption performance of the Ni-PtS,
monolayer. We should note that for dissolved gas detection,
the targeted gases are extracted to the vacuum environment and
perform the gas sensing process. Therefore, in this section, we
directly analyze the gas adsorption processes without consider-
ing the impact of humidity or oxygen.

The MSC and related CDD for CO and C,H, adsorptions
onto the Ni-PtS, surface are exhibited in Figure 3. We should
initially mention that the frequencies of CO and C,H, systems
are obtained as 61.12—2360.60 and 99.77—3470.30 cm™),
respectively, which suggest their good chemical stability. Upon
the CO adsorption system, it is found that the CO molecule
tends to be captured directly on top of the Ni dopant standing
vertical to the PtS, layer, forming a Ni—C bond of 1.76 A, and
the C=O0 bond is prolonged to 1.16 A, from 1.14 A in its gas
phase, the average length of the Ni—Pt bond prolongs to 2.31 A,
and the Ni—S bonds shorten to 2.58 A. These bond
deformations manifest the structural activation upon the
adsorbed molecule and the Ni-PtS, surface caused by
adsorption. The E_4 in the CO system is obtained as —1.87
eV, giving rise to the chemical adsorption nature here.>® Besides,
using the Hirshfeld analysis, the Qr is procured as 0.013 e, which
means that the CO molecule performs as an electron contributor
releasing 0.013 e to the Ni-PtS, monolayer. Combined with the
negatively charge Ni dopant of 0.122 e, one can infer that 0.094 e
is transferred from the PtS, surface to the Ni dopant in CO
adsorption. That is, the Ni adatom is an electron center-
withdrawing electron from both the CO molecule and the PtS,
surface. This would be beneficial for the electrostatic attraction
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between the Ni dopant and the CO molecule and thus promote
the binding strength here. From the CDD, one can see that there
are strong electron accumulations on the Ni—C bond,
suggesting its strong biding force caused by the orbital
hybridization, and there is electron depletion on the C=0O
bond and the Ni—Pt bond, suggesting their weakness after gas
adsorption.

In the MSC of the C,H, system, it is found that C,H, is
captured by the Ni adatom via a molecule-parallel configuration,
wherein both C atoms are bonded with the Ni dopant with an
equivalent bond length of 1.93 A. In the meanwhile, the C—H
bond in the C,H, molecule is somewhat distorted upward,
bending such molecule from its linear configuration. Besides, the
C=C bond elongates to 1.26 from 1.21 A in the isolated C,H,
gas phase, and Ni—Pt and Ni—S bonds are, respectively,
prolonged to 2.37 and 2.62 A. Such structural activations imply
the admirable binding forces between the Ni dopant and the
C,H, molecule, thus leading to the large E_ 4 of —1.53 eV. From
this aspect, chemisorption can be identified as well for the C,H,
system. On the basis of the Hirshfeld analysis, C,H, as a whole is
charged by 0.063 e, which indicates its electron-donating
behavior in gas interactions.>* At the same time, the Ni adatom is
negatively charged by 0.084 e. Thus, one can deduce that the
PtS, monolayer transfers 0.006 e to the Ni dopant in C,H,
adsorption. That is, the Ni dopant has strong electron-accepting
property in gas interactions, consistent with that in the H,
system accepting electron from both the gas molecule and the
PtS, surface. From the CDD distribution, the electron
hybridizations could be seen on the Ni—C bonds, while electron
depletions could be seen on the C=C and Ni—Pt bonds. These
results are in accordance with the analysis of geometric
activations for the C,H, molecule and the Ni-PtS, monolayer
caused by gas adsorption.

3.4. Electronic Property of Gas Adsorption Systems.
The above analyses indicate that chemisorption is identified for
both CO and C,H, systems, in which two gases behave as
electron donators causing the electron distribution in the whole
systems. From this regard, the electronic properties of the Ni-
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Figure 5. MSC and BS of the CO system (al,a2) and C,H, system (b1,b2) under 0% applied biaxial strains. The black values in MSC are the S—S layer
distance, unit in A, while the black values in BS are the bandgap of related systems.

PtS, system will be impacted, which can provide the sensing
evidence of change in the electrical conductivity for gas
detection. In this section, the DOS of the gas-adsorbed systems
are portrayed in Figure 4 to help comprehend the electronic
properties of the Ni-PtS, monolayer upon gas adsorptions.

Regarding the total DOS, the states of the gas adsorption
systems are significantly diverse from those of the isolated Ni-
PtS, system, which attributes to the state contributions of the
adsorbed gases after electronic activation. While the Fermi level
is originally defined at the top valence band within DMol®
calculations, the bottom conduction band is somewhat left-
shifted in the CO system and is slightly left-shifted in the C,H,
system. These results indicate the narrowed bandgap of the Ni-
PtS, monolayer after adsorptions of two gas species. The
electronic activation of the gas molecule after adsorption could
be found in the molecular DOS. One can see that the states of
the isolated CO and C,H, molecule at the —0.5 eV are split into
several small states surrounding the Fermi level in their adsorbed
systems. It is these redistributed states of the adsorbed gases that
contribute to the deformation of the total DOS. Moreover, the
state hybridizations between the Ni 3d orbital and the C 2p
orbital, at —6.6, —0.9, and 1.0 eV in the CO system and at —4.0,
—3.5, —0.3, and 0.8 eV in the C,H, system, as shown in the
orbital DOS illustrate the orbital interaction in the formed Ni—C
bonds which accounts for its strong binding force.>

3.5. Sensor Exploration and Effect of Strain. The change
of electronic properties of the Ni-PtS, monolayer after gas
adsorptions can further impact the change of some detectable
electrical signals from a macroprospective,56 for example, the
electrical conductivity that can be reflected by the bandgap of
the sensing material by’

o= l'e(_Bg/ZkT)

(3)
wherein B, is the bandgap, 4 is a constant, T is the temperature,

and k is the Boltzmann constant. From formula 3, it could be
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inferred that the larger bandgap accounts for the smaller
electrical conductivity, thus leading to the larger electrical
resistance for the gas sensor. Since the applied biaxial strain can
also impact the bandgap of the PtS, monolayer,”® we herein
study the bandgap of the Ni-PtS, monolayer in the CO and
C,H, systems to illustrate its unique sensing performance for gas
detection. The strain is defined as

e=(a, — a)/a (4)
in which g, and a are constant lattices of the Ni-PtS, monolayer
with and without biaxial strains.

Figure S5 portrays the MSC without applied biaxial strain
(same as Figure 3 but from a different view) and related BS of the
CO and C,H, systems. From the MSC with 0% biaxial strain, it
is found that the S—S layer distance is measured to be 2.56 A,
which can be regarded as the base value for comparison with
those in the strain-modulated systems. Besides, one can see from
the BS that the bandgap of the Ni-PtS, monolayer is declined to
diverse levels after CO and C,H, adsorptions, specifically
declining to 0.654 and 0.771 eV, from that of 0.818 eV for the
pure counterpart. That is, the bandgap of Ni-PtS, system is
reduced by 0.164 eV (20.05%) in the CO system and by 0.047
eV (5.74%) in the C,H, system, respectively. Therefore, the
electric conductivity of the Ni-PtS, monolayer can increase to
different levels after CO or C,H, adsorption, with larger increase
in the CO system. This gives the basic sensing mechanism to
explore the Ni-PtS, monolayer to be the resistance-type sensor
for sensitive detections of two gas species,”® especially upon CO.
However, the selective detection between CO and C,H, might
not be realized effectively by such sensor given the same
increasing trend in the conductivity of the Ni-PtS, monolayer
upon two gaseous species.

Moreover, the recovery time is also important to identify the
reusability of the Ni-PtS, monolayer as a gas sensor, which can
be calculated using the van’t-Hoff—Arrhenius theory™” in eq 5
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gas-adsorbed systems.
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(=E,a/KyT) (s)
in which Ky is the Boltzmann constant, as 8.318 X 1073 kJ/(mol-
K), A is the attempt frequency, as 10'2 s7'°? in this work, and T'is
the temperature. Using eq S, the recovery time (7) in CO and
C,H, systems at room temperature is calculated as 4.10 X 10"
and 7.33 X 10135, respectively, and at 498 K is calculated as 8.26
X 10' and 3003 s, respectively. These findings reveal that
heating is a workable approach to make the Ni-PtS, gas sensor
reusable for gas sensing. Also, it has been reported that the
ultraviolet irradiation is another effective manner to sharply
shorten the desorption time of the adsorbed gas species.’’
Therefore, we assume that the Ni-PtS, monolayer is a promising
reusable sensing material for gas detections.

It has been proved that the applied biaxial strains can
modulate the constant lattice of the sensing material, therefore
impacting its gas adsorption performance as well as the charge-
transfer progerty, causing the variable sensing response
accordingly.”” Therefore, such an interesting phenomenon, in
our opinion, should also be analyzed to explore the modulated
sensing performance of the Ni-PtS, monolayer. In terms of the
effect of the applied biaxial strains on the sensing behavior of the
Ni-PtS, monolayer upon CO and C,H, detection, Figure 6
describes the direction of applied biaxial strains as well as the
varied Qr and bandgap (B,) with the variation of strains. At the
same time, Figure 7 presents the MSC for CO and C,H,
adsorptions on the Ni-PtS, monolayer under some typical

-1
T=A"e
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strains (—4, —2, +2, and +4%) to elucidate the geometric
activation of two systems caused by the applied biaxial strains.
We define the compressive force as the negative strain and the
drawing force as the positive strain, as presented in Figure 6a,b.
From Figure 6¢ where dependences of Qr and the applied biaxial
strains for the two gas adsorption systems are shown, one could
find that, with the increased strain in the positive direction, Qr
would be increased from the adsorbed gas species to the Ni-PtS,
monolayer, while the increased biaxial strains in the negative
direction can decrease the charge transfer in the same path. That
is, the compressive force can enhance the charge transfer,
whereas the drawing force can weaken the transfer transfer in the
CO and C,H, systems. In Figure 6d, we find that the relationship
between the bandgap and the applied biaxial strains keeps a good
linearity from —4 to +2% in the CO system and from —4 to +3%
in the C,H, system, wherein the bandgap gradually increases as
the biaxial strain increases. However, when the applied biaxial
strain exceeds the threshold value (2% for the CO system and
3% for the C,H, system), the linear relation would disappear and
the bandgaps of two gas systems sharply decrease, which may
impact its sensing response for gas detection by modulating the
biaxial strain from the positive direction. These finding regarding
the adjustable Qr and B, prove the admirable potentials of the
Ni-PtS, monolayer as a strain-tuned sensor for gas detections.®®
While for the CO and C,H, sensing, the enhanced response
could be obtained by the increase of the compressive force,
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where the electrical resistance of the Ni-PtS, monolayer would
decrease accordingly.

From Figure 7, it is found that the geometric structure of the
Ni-PtS, monolayer is significantly deformed under the applied
biaxial strains. Specifically, the S—S layer distance in two systems
is widened to about 2.78 and 2.70 A when the applied biaxial
strains are —4 and —2% and is narrowed to about 2.55 and 2.48
A when the applied biaxial strains are +4 and +2%. On the other
hand, the MSC for CO and C,H, adsorptions onto the Ni-PtS,
surface is not largely impacted, wherein the Ni—C bonds are not
distorted compared with those in the 0% strain counterparts
(1.76 A for the CO system and 1.93 A for the C,H, system). In
other words, the applied biaxial strain can only exert somewhat
geometric activations on the Ni-PtS, surface rather than the gas
adsorption configurations. These findings confirm the desirable
elastic property of the PtS, monolayer and its stable adsorption
performance upon gas species.

3.6. Nonequilibrium Green’s Function Analysis. To
further discuss the current—voltage (I—V) properties of the Ni-
PtS, monolayer, a theoretical sensing device was established
containing a left electrode, a right electrode, and a scattering
region. The length of the three regions is 6.13, 6.13, and 18.40 A,
respectively, and the vacuum layer is also 1S A. The
nonequilibrium Green’s function with the PBE method is
applied to investigate the transmission properties in Atomic
Toolkit. The k point value is set as 1 X 3 X 100 at 300 K. The
transmission current at different bias voltages is obtained based
on the Landauer—Buttiker formula

2¢%

(V) = e f: T(E, V)If(E — pyy)

- f(E - ﬂmght)]dE (6)

where T is the transmission coefficient and h is the Planck
constant. f denotes the Fermi—Dirac distribution function. j; ¢
and fipg, are the electrochemical potential of two electrodes.
The I-V curves of the Ni-PtS, monolayer before and after gas
adsorptions are shown in Figure 8. When the voltage is smaller
than 1.8 V, the current is low enough to be neglected. With the
increase of bias voltage, the Ni-PtS, monolayer has the largest
current, verifying its smallest resistance ranging at 3.1 X 10° to
5.7 X 107 Q. While after the adsorption of CO or C,H,, its
current decreases to different degrees with a sharper decrease in
the CO system, suggesting its stronger sensitivity here, with
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Figure 8. [-V curves of various systems with the device using the CO
system for example.
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voltage ranging at 2.0—2.4 V. These findings are in good
accordance with the BS analysis and confirm that the Ni-PtS,
monolayer has no selectivity upon CO and C,H,.

4. CONCLUSIONS

In this work, the Ni-PtS, monolayer is proposed by the first-
principles theory as a strain-modulated gas sensor for detections
of CO or C,H, in the oil-immersed transformer to value their
operation conditions. The adsorption performance, related
electronic behavior, and the effect of applied biaxial strain of the
Ni-PtS, monolayer upon two gases are studied to investigate its
potential to be a gas sensor. The main conclusions are seen as
follows:

i. Ni decorating is quite stable on the PtS, monolayer with
the E,, of —3.35 eV, which narrows the bandgap to 0.818
eV for the Ni-PtS, system, and the Ni dopant is strongly
hybrid with the S and Pt atoms.

Ni-PtS, monolayer performs chemisorption upon CO
and C,H,, which leads to the significant change to its
electronic property that gives its potential as a resistance-
type sensor.

The applied compressive force can activate the geometry
of the Ni-PtS, monolayer and improve its sensing
response upon two species, verifying its potential as a
strain-modulated gas sensor.

The I-V curves analysis confirms the BS analysis and the
limited sensitivity upon two gas species.

ii.

iii.

iv.

In short, out theoretical calculations give a deep insight into
the sensing property of the resistance-type Ni-PtS, monolayer
gas sensor as a strain-modulated one. It is meaningful to further
broaden the exploration and application of TMDs for gas
sensing in many other fields.
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