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ABSTRACT: This work from first-principles insight uses a MoS2-WS2 in-plane heterostructure as a potential sensing material for
detection of CO and C2H2, two typical dissolved gases in oil-immersed transformers, in order to evaluate the operation status. The
adsorption performance of the MoS2-WS2 heterostructure upon two gas species is assessed via three adsorption sites and compared
with isolated MoS2 and WS2. Results indicate that MoS2-WS2 performs with a much stronger binding force and charge-transfer for
adsorptions of CO and C2H2 in comparison to the isolated counterpart, which gives rise to more obvious deformation in the
electronic property of MoS2-WS2 as well as a much larger resistance-based sensing response. The recovery time of MoS2-WS2 for
desorption of CO and C2H2 molecules is also appropriate to allow the reusability of such a sensor. The findings in this work uncover
the admirable sensing potential of transition metal dichalcogenides (TMDs)-based heterostructures upon oil dissolved gases, which
opens up a new way to explore novel 2D nanomaterials as resistive gas sensors for dissolved gas analysis in electrical oil-immersed
transformers.

1. INTRODUCTION
Nowadays, oil-immersed electrical transformers play a
remarkable role in the urban distribution network to transmit
electricity and ensure the good operation of the whole power
system.1,2 To guarantee the insulation properties of the
electrical transformers, mineral oil is filled inside the devices
as the insulation medium, undergoing possible partial
discharge as well as some other insulation defects.3,4 In a
long running, the partial discharge can decompose the
insulation oil into several gas species including CO and
C2H2, and these gases will dissolve in the oil, forming
bubbles.5,6 It has been reported that the generated gas species
would impair the insulation performance of the mineral oil,
thus threatening the working condition of oil-immersed
electrical transformers.7,8 Therefore, scholars in this field use
dissolved gas analysis to evaluate the operating condition of
oil-immersed transformers.9 Specifically, the dissolved gases
should be extracted from the mineral oil initially and be
detected using certain gas sensing methods, and finally possible
insulation defects and the severity of electrical transformers

could be identified.10 In these decades, dissolved gas analysis
has largely been developed and and in a workable manner to
realize operation status evaluation for oil-immersed trans-
formers, and the kernel of such method is to explore an
effective and highly sensitive gas sensing method to accurately
determine typical gases in the oil,11 so as to evaluate the
operational status of oil-immersed transformers.12

For the end of gas detection, nanomaterial-based gas sensors
have the advantages of easy operation, low cost, small size, and
high sensitivity in comparison with gas spectrum technol-
ogy,13,14 and thus the nanosensor method has experienced
significant developments for gas detection in recent years,
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especially for those gas sensing materials using two-dimen-
sional (2D) materials.15−18 Nowadays, the transition metal
dichalcogenides (TMDs) are theoretically and experimentally
investigated with admirable sensitivity and a rapid response for
the exploration of gas-sensing devices.19−21 For example, MoX2
and WX2 (X = S, Se and Te) are explored for gas sensing
applications for several typical gas species,22−24 which can
provide more favorable sensing responses compared to carbon-
based materials and metal oxide semiconductors,25 which
paves the way for their further investigations in the field of gas
sensing.26,27

Meanwhile, TMDs heterostructures in recent years have also
been discovered and have been synthesized for many
applications.28−30 For example, Xu et al. report the ambient
pressure chemical vapor deposition process to synthesize a
MoS2-WS2 in-plane heterostructure, with (NH4)6Mo7O24·
4H2O and (NH4)10W12O41·xH2O as Mo and W sources.31

Sharma et al. report a novel method to synthesize a large area
and patterned growth of MoS2-WS2 heterostructures for
applications in the fields of nano- and opt-electronics.32 At
the same time, there are several recent investigations about
MoS2-WS2 heterostructures for explorations as typical gas
sensors. For instance, Ikram et al. synthesized a MoS2@WS2
heterojunction with a large-surface area and ultrasensitivity for
detection of NO2 at room temperature.33 Zhang et al. from
experimental aspects report the high-sensitivity performance of
MoS2/WS2 heterojunctions upon NH3 for gas sensor
exploration as well.34 On the other hand, there is limited
investigation from the theoretical aspects to investigate the gas
sensing potential of MoS2-WS-WS2 heterostructures. There-
fore, we think that the simulations of MoS2-WS2 hetero-
structures upon the gas adsorption and sensing performances
should be conducted to help understand the geometric and
electronic properties of such heterojunctions and explore novel
applications in the gas sensing field.

In this work, we used the first-principles theory to establish
the MoS2-WS2 heterostructure and analyze its physicochemical
properties, followed by the analysis of its gas adsorption and
sensing behaviors upon two typical dissolved gases, namely CO
and C2H2, to explore the gas sensing potential of MoS2-WS2
heterostructures for dissolved gas analysis in oil-immersed
transformers. The adsorption parameters, electronic properties,

as well as the recovery properties of the MoS2-WS2
heterostructure upon two gas species are well-analyzed in
this work. We believe that the findings herein can not only
shed light on the physicochemical properties of TMD
heterojunctions but also can help design novel heterojunc-
tion-based gas sensors in this field.

2. COMPUTATIONAL DETAILS
The first-principles simulations were conducted in the DMol3

package,35,36 in which the exchange correction relationship in
the geometric optimization and electronic calculations were
addressed by the Perdew−Burke−Ernzerhof (PBE) function.37

To better understand the van der Waals force and long-range
reactions, we selected the DFT-D2 method raised by
Tkatchenko and Scheffler to cope with the dispersion
corrections.38 In the Brillouin-zone, a 10 × 10 × 1 k-point
was defined in the grid to perform the geometric and electronic
simulations.39 Apart from that, the geometries were optimized
under an energy convergence accuracy of 10−5 Ha, and the
global orbital cutoff radius of 5.0 Å was determined to address
the metal atoms.40

To establish the MoS2-WS2 heterojunction, the 3 × 3 × 1
supercell of the MoS2 and WS2 monolayers was modeled first.
Also, we established a vacuum region of 20 Å along the z
direction of the heterojunction to prevent the possible surface
interactions between the adjacent units in the gas adsorp-
tions.41 In the calculations of the band structure, the empty
bands are set as 12. Moreover, we adopted Hirshfeld
population analysis to consider the charge-transfer (QT) in
the gas-surface interactions, by which one could determine that
the positive value suggested the electron-donating properties of
the adsorbed gas species, whereas the negative value suggested
their electron-accepting properties.

3. RESULTS AND DISCUSSION
3.1. Properties of MoS2-WS2 Heterostructures. To

understand the geometric and electronic properties of the
MoS2-WS2 in-plane heterojunction, we establish and geometri-
cally optimize the structures of pristine MoS2 and WS2
monolayers for better comparison, with their optimized
morphologies and the deformation charge density (DCD)

Figure 1. Morphology and DCD of (a1−a3) pristine MoS2 monolayer, (b1−b3) pristine WS2 monolayer, and (c1−c3) MoS2-WS2 heterojunction.
In DCD, the red areas are electron accumulation, and the blue areas are electron depletion with the isosurface ranging from −01 to 0.1 e/Å2. The
black values are the bond length, unit in Å.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00681
ACS Omega 2024, 9, 20253−20262

20254

https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


plotted in Figure 1. Besides, in order to evaluate the binding
force between the MoS2 and WS2 monolayer, we determined
the binding energy (Ebind) calculated by

E E E Ebind MoS WS MoS WS2 2 2 2
= (1)

wherein the EMoSd2
-WSd2

, EMoSd2
, and EWSd2

suggest the total energy
of the MoS2-WS2 in-plane heterojunction, pristine MoS2 and
WS2 monolayer.

One can see from Figure 1(a1−a2) and (b1−b2) that lattice
constants of the pristine MoS2 and WS2 monolayer are
obtained to be 3.19 and 3.15 Å, in which the Mo−S and W−S
bond lengths are measured to be 2.43 and 2.42 Å, respectively.
These findings are in good consistency with the previous
references,42,43 and the slightly larger lattice constant and bond
length in the MoS2 system may be attributed to the larger
atomic radii of the Mo atom (1.38 Å) compared with the W
atom (1.37 Å) in the WS2 system.44 Besides, we should note
that the small difference in their lattice constants indicates the
good matching ratio of the MoS2 and WS2 monolayer, which
can give rise to a favorable heterojunction structure.45 Upon
the MoS2-WS2 heterojunction, one can see in Figure 1(c1−c2)
that the Mo−S bond on the MoS2 side and W−S bond on WS2
side are measured to be equal to 2.43 Å, and the Mo−S bond
on the MoS2−WS2 junction is measured to be 2.42 Å, which
indicates the slight but still favorable binding force between the
Mo and S atoms at the site of heterojunction.45 Apart from
that, the Ebind for the heterojunction is calculated to be −0.14
eV, which confirms the weak interaction between the MoS2
and WS2 surface and the energy-favorable property that could

occur spontaneously during the formation of the hetero-
junction. Furthermore, we perform the molecular dynamic
simulation under 300 K for 2000 steps (1 fs for one step) to
verify the thermostability of the MoS2-WS2 configuration, with
the energy and temperature fluctuation and the optimized
structure exhibited in Figure S1. It is found that the geometric
structure of the MoS2-WS2 heterostructure experiences slight
deformation after dynamic simulations with the temperature
fluctuation varying from 150 to 750 °C. Apart from that, the
energy of the MoS2-WS2 heterostructure suffers little change
within 0.001 Ha (0.027 eV) in the temperature fluctuations.
These findings indicate the good thermostability and geo-
metric stability of the MoS2-WS2 heterostructure. Also, the
frequencies of the MoS2-WS2 heterostructure after dynamic
simulations based on the vibrational analysis range from 89.7
to 883.89 cm−1, which confirms the good chemical stability of
such configuration.

From the DCD of MoS2, WS2, and MoS2-WS2 systems in
Figure 1(a3−c3), it is seen that the electron accumulations are
on the S atoms, and the electron depletion are on the Mo or W
atoms, which agrees with their electronegativity.46 Specifically,
according to the Hirshfeld analysis, the Mo and S atoms in the
MoS2 monolayer are charged by 0.226 and −0.113 e, and the
W and S atoms in the WS2 monolayer are charged by 0.126
and −0.063 e. These findings agree with the weaker
electronegativity of the Mo atom compared with the W
atom, which leads to the stronger electron-donating properties
of the Mo atom.46 Meanwhile, the MoS2 monolayer as a whole
donates 0.188 e to the WS2 monolayer in the MoS2-WS2

Figure 2. Exhibition of electron properties. (a), (b), and (d) band structure of pristine MoS2, WS2, and MoS2-WS2 systems; (c) and (e) orbital
DOS of bonded atoms and (f) total and partial DOS in the MoS2-WS2 system. In the band structure, the black values are the bandgap of related
systems, and in DOS the dashed line is the Fermi level, which is the default set of the top valence band.
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heterojunction, further confirming the stronger electronega-
tivity of the W atom. That is, the WS2 becomes the electron
localization in the MoS2-WS2 heterostructure.

Figure 2 exhibits the band structure, total density of state
(DOS), and orbital DOS of the pristine MoS2, WS2, and MoS2-
WS2 systems to understand their electronic properties,
especially the comparison between the heterostructure and
the pristine surfaces. One can see from the band structure of
pristine MoS2 and WS2 monolayer in Figure 2(a−b) that their
bandgap are obtained as 1.654 and 1.848 eV, respectively.
Apart from that, the top valence band and bottom conduction
band of the MoS2 and WS2 systems are both located at the K
point, indicating their direct semiconducting properties. These
findings are in good accordance with the previous reports,47,48

suggesting the good accuracy of our calculations. In the orbital
DOS of MoS2 and WS2 systems Figure 2(c), the S p orbital is
highly hybrid with the Mo d and W d orbitals, which indicates
the favorable binding force in the Mo−S and W−S bonds. For
the band structure of MoS2-WS2 heterojunction in Figure 2(d),
it is found that that the bandgap is calculated to be 1.747 eV,
which is smaller than that of WS2 but larger than that of MoS2,
and the top valence band and bottom conduction band are
both at the M point, indicating that the in-plane heterojunction
between MoS2 and WS2 does not impact their direct
semiconducting properties. Also, we plot the orbital DOS of
the bonded atoms in Figure 2(e) for the MoS2-WS2 system,
namely the Mo d and S p orbital in the MoS2 side, the W d and
S p orbitals in the WS2 side, and the W d and S p orbitals in the
MoS2-WS2 junction. From the orbital DOS, it could be found
that (i) the Mo d and S p orbitals in the MoS2 side as well as
the W d and S p orbitals in the WS2 side hybridize highly
accounting for their good binding nature, and (ii) the W d and
S p orbitals in the MoS2-WS2 junction hybridize strongly as
well, even stronger than those in the WS2 site considering the
larger overlapped area between two orbitals (for example at 2.0
eV) in the former systems. Such finding confirms the
admirable binding force between the MoS2 and WS2 when
they form the in-plane heterojunction. According to the total
DOS in Figure 2(f), we can see that the WS2 contributes
significantly more in comparison with the MoS2 in the MoS2-
WS2 system, especially around the Fermi level wherein the
electronic states of the WS2 are much stronger than MoS2,

which may be attributed to the orbital interaction and
electronic contributions of the W−S bonds in the junctions.
All these analyses reveal the admirable chemical reactivity and
electron mobility between the MoS2 and WS2 in the MoS2-
WS2 system.
3.2. Gas Adsorption on MoS2, WS2, and MoS2-WS2

Heterostructures. With the geometric understandings of
MoS2, WS2, and MoS2-WS2 heterostructure, their adsorption
behaviors upon CO and C2H2, two typical dissolved gases, are
investigated by putting the CO and C2H2 molecules onto the
nanosurfaces through three possible adsorption sites, traced as
TS (at the top of S atom), TX (at the top of W or Mo atom),
and TH (at the top of the hollow site) with the initial atomic
distance of about 2.5 Å, to conduct the geometric
optimizations. Then, the most preferred configurations
(MPC) for gas adsorption should be determined for further
analysis, which is determined as the configuration with the
most negative adsorption energy (Ead) of the nanosurface upon
the gas molecule, and by such definition the Ead is calculated by

E E E Ead surface/gas surface gas= (2)

wherein Esurface/gas indicates the total energy of gas adsorbed
MoS2, WS2, or MoS2-WS2, Esurface indicates the total energy of
the nanosurface, namely MoS2, WS2, or MoS2-WS2, and Egas is
the total energy of the isolated gas molecule. By eq 2, the MPC
for CO and C2H2 molecule adsorption onto the three
nanosurfaces could be determined, and the charge density
difference (CDD) is plotted for the MPC to better understand
the charge-transfer behavior and binding force between the
nanosurface and the gas species. For better comparison, Figure
3 plots the MPC and CDD of CO and C2H2 adsorptions onto
the MoS2 and WS2 surfaces.

For CO and C2H2 adsorption onto the MoS2 monolayer in
Figure 3(a−b), it could be seen that the CO molecule is
basically parallel with the MoS2 surface with a small slope, the
C2H2 molecule is fully parallel with the MoS2 surface, and the
molecule−surface distances are obtained as 3.20 and 3.26 Å for
two systems, respectively. Such long distances imply the weak
interaction between the MoS2 and two gas species, and
accordingly there is no formation of a new bond between
them. According to the definition of adsorption energy, the Ead
values in CO and C2H2 adsorbed MoS2 systems are calculated

Figure 3. MPC and CDD of CO and C2H2 adsorptions on the MoS2 and WS2 surfaces. (a1−a3) MoS2/CO system, (b1−b3) MoS2/C2H2 system,
(c1−c3) WS2/CO system, and (d1−d3) WS2/C2H2 system. In CDD, the blue areas are electron accumulation, the green areas are electron
depletion, and the isosurface is set as 0.002 e/Å3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00681
ACS Omega 2024, 9, 20253−20262

20256

https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00681?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


as −0.08 and −0.17 eV, respectively. Such small absolute
values of Eads in these two systems indicate the physisorption,
in which the van der Waals’ force plays the dominant role in
the gas-surface interactions.49 From the CDD of two systems,
one can see that there is some electron accumulation on the
CO and C2H2 molecules, which implies their electron-
accepting property when interacting with the MoS2 surface.
Besides, there also exists some electron depletion besides the
MoS2 surface in the C2H2 system, which indicates (i) the
electron-losing property of the nanosurface and (ii) the
stronger charge-transfer behavior here in comparison with
the CO system. These findings are consistent with those based
on the Hirshfeld population analysis, which reveals that the
CO and C2H2 molecules are respectively charged by −0.016
and −0.020 e, and from the quantitative manner it reveals the
charge-transfer path from the MoS2 to two such gas molecules
and the stronger electron-accepting property of the C2H2
molecule than the CO molecule.

In terms of CO and C2H2 adsorptions onto the WS2
monolayer, in Figure 3(c−d), one could find that the
adsorption configurations, including the adsorption site and
molecular orientation, of two such systems are similar to those
on the MoS2 monolayer. However, the molecule−surface
distances in the WS2/gas systems are somewhat longer than
those in the MoS2/gas systems obtained as 3.22 Å in the CO
system and 3.28 Å in the C2H2 system, which implies the
weaker adsorption performance of WS2 compared with MoS2
upon two gas molecules. Such an assumption could be verified
by the calculation of Ead, which herein are obtained as −0.01
and −0.09 eV, respectively. From this aspect, the physisorption
could also be identified for CO and C2H2 adsorption onto the
WS2 monolayer. Meanwhile, the CDD distributions in the
WS2/gas systems are similar to those of the MoS2/gas systems,
and we will not give details here. Moreover, the charge-transfer

behavior in the WS2/gas systems is also the same as those in
the MoS2/gas systems wherein the CO and C2H2 both show
an electron-accepting property withdrawing 0.016 and 0.021 e
from the WS2 surface.

Following the CO and C2H2 adsorptions onto the MoS2-
WS2 heterostructure, here we consider three possible
adsorption sites, namely onto the MoS2 side, the MoS2-WS2
junction, and the WS2 side, with the MPC of three adsorption
sites plotted in Figure 4. From this figure, we can see that the
CO and C2H2 adsorption configurations onto the MoS2-WS2
surface are quite similar as that on the MoS2 or WS2 surface, no
matter on the MoS2 side, WS2 side, or above MoS2-WS2
junction. The difference is that on the MoS2-WS2 the
molecule−surface distance gets slightly shorter in comparison
with those on the MoS2 or WS2 surface. Specifically, the
shortest molecule−surface distance in the CO adsorbed
systems is on the MoS2-WS2 junction (3.14 Å), followed by
the MoS2 side (3.15 Å) and the longest one being the WS2 side
(3.16 Å), whereas that in the C2H2 adsorbed systems is in the
order as MoS2-WS2 junction (3.24 Å) < MoS2 side (3.26 Å) <
WS2 side (3.28 Å). According to the calculations of Ead, we can
infer that the MPC for CO and C2H2 adsorptions on the
MoS2-WS2 heterostructure is on the MoS2-WS2 junction, with
the Ead of −0.15 and −0.25 eV, respectively. At the same time,
it should be noted that for CO and C2H2 adsorptions on the
MoS2-WS2 heterostructure through the MoS2 side (−0.14 and
−0.23 eV) and WS2 side (−0.10 and −0.21 eV), the Eads are
also comparable and within small differences with that on
through the MoS2-WS2 junction; besides, these Eads values
indicate that the adsorption performance of the MoS2-WS2
heterostructure upon CO and C2H2 molecules is stronger than
those of MoS2 and WS2. In other words, the heterostructure
between MoS2 and WS2 can enhance their gas adsorption
performance, especially on the junction site.

Figure 4. MPC for CO and C2H2 adsorptions on the MoS2-WS2 surfaces. (a1−a3) CO system and (b1−b3) C2H2 system.

Figure 5. CDD of CO and C2H2 adsorptions on the MoS2-WS2 junction site. (a) CO system and (b) C2H2 system. The blue areas are electron
accumulation, the green areas are electron depletion, and the isosurface is set as 0.002 e/Å3.
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Figure 5 exhibits the CDD for CO and C2H2 adsorptions
onto the junction of the MoS2-WS2 heterostructure, namely
the MPC of the gas adsorption systems. One can see in this
figure that the electron accumulations are dominantly located
at the CO and C2H2 molecule, suggesting their electron-
withdrawing property interacting with the MoS2-WS2 hetero-
junction, and the electron density in the area between the gas
species and the nanosurface is much denser than those on the
MoS2 or WS2 systems, indicating the stronger electron-
donating property of the MoS2-WS2 heterojunction trans-
ferring electron the gas species. Based on Hirshfeld population
analysis, we could find that the CO and C2H2 molecules on the
MoS2-WS2 surface is negatively charged by 0.025 and 0.034 e,
respectively. These confirm the larger amount of charge-
transfer from the MoS2-WS2 surface to the gas species in
comparison with those from the MoS2 or WS2 surface. In other
words, the MoS2-WS2 surface has stronger reactivity and
electron mobility than the isolated MoS2 or WS2 surface,

34 and
the CO and C2H2 molecule still act as the electron acceptor,
which may be attributed to their reducibility nature.50

Furthermore, to make the Ead of the gas adsorbed systems
more convincing, we calculated the values with dipole
correction and zero-point energy correction as listed in
Table 1. It could be found from this table that the calculated

Ead values with two such corrections have no big differences
with those without considering the correction. That is, the
dipole correction and zero-point energy correction have quite a
small impact on the adsorption performance of the MoS2, WS2,
and MoS2-WS2 surfaces upon CO and C2H2 molecules. These
findings verify the good accuracy of the current set to obtain
the adsorption energies. For a short summary, the MoS2-WS2
heterostructure has enhanced adsorption performance upon
CO and C2H2 compared with the isolated MoS2 or WS2
surface, giving rise to the more absolute value of adsorption
energy and a larger amount of charge-transfer from the
nanosurface to the gas molecules. From this aspect, one can
assume that the heterojunction is a workable manner to
promote the gas adsorption behavior for the isolated
counterpart. However, considering that the absolute value of
Eads in the CO or C2H2 adsorbed MoS2-WS2 systems is not
larger than the critical value of 0.8 eV,51 we would like to
mention that MoS2-WS2 also shows physisorption upon two
typical dissolved gas molecules, with a stronger performance
upon C2H2 other than CO.
3.3. Band Structure Analysis and Gas Sensor

Exploration. With the verified assumption that the MoS2-
WS2 heterostructure shows a stronger adsorption performance
upon CO and C2H2, two typical dissolved gas species in the
electrical transformer oil, in comparison with the isolated MoS2

or WS2, one can assume that the MoS2-WS2 may have the
potential to be explored as a gas sensor with the improved
sensing behavior to realize dissolved gas detection. For this
end, the band structure of the gas adsorbed MoS2-WS2 systems
is plotted in Figure 6, in which the band structure for the gas
adsorbed MoS2 or WS2 systems is exhibited and compared to
better understand the remarkable electronic deformation in the
MoS2-WS2 system by CO and C2H2 adsorptions. Moreover,
the bandgap of these gas adsorbed systems and the changing
rate from the isolated nanosurface to the gas adsorbed
counterparts are listed in Table 2.

From the band structure distributions of gas adsorbed MoS2
and WS2 systems, one can see that the bandgap of the MoS2 is
reduced to 1.651 eV after CO adsorption and to 1.645 eV after
C2H2 adsorption, while that of the WS2 is increased equally to
1.864 eV after CO and C2H2 adsorptions. That is, the bandgap
of the MoS2 is reduced by 0.18% in the CO system and by
0.54% in the C2H2 system, and that of the WS2 is increased by
equally 0.87% in the CO and C2H2 systems. Although the
change of bandgap after gas adsorptions can modulate the
electrical conductivity of MoS2 or WS2, these small changes
may not give rise to a remarkable or obvious electrical response
for sensitive detections.52 On the other hand, the bandgap of
the MoS2-WS2 heterostructure is reduced to be 1.486 eV (by
14.94%) after adsorption of CO molecule and to be 1.352 eV
(by 22.71%) after adsorption of the C2H2 molecule. One can
calculate that the changing rates of the bandgap in the gas
adsorbed MoS2-WS2 systems are several times compared with
those in the gas adsorbed MoS2 or WS2 systems (for CO: 82.4
times than MoS2 and 17.2 times than WS2; for C2H2: 42.1
times than MoS2 and 26.1 times than WS2). Therefore, the
change in electrical conductivity of the MoS2-WS2 hetero-
structure after gas adsorption could be much larger and would
be feasibly detected for sensitive CO and C2H2 detection,
giving rise to a much higher sensing response accordingly
(detailed analysis could be found below). One thing we would
like to mention is that in all gas adsorbed systems, the top
valence band and bottom conduction band are located at the
same point, indicating that gas adsorptions have no impact on
the direct semiconducting property of isolated MoS2 and WS2,
as well as the MoS2-WS2 heterostructure.

As reported, the change of electrical conductivity (resist-
ance) of the nanomaterial provides the basic sensing
mechanism to be explored as a resistive gas sensor,53 as the
electrical conductivity (σ) of the nanosurface is related to its
bandgap (Bg) as expressed in eq 3:54

e B kT( /2 )g= · (3)

wherein λ is a constant, T is temperature, and k is the
Boltzmann constant (1.38 × 10−23 J/K).55 From this equation,
we could conclude that the electrical resistance of the MoS2
and MoS2-WS2 would be reduced after CO and C2H2
adsorptions, whereas that of the WS2 would be increased
after CO and C2H2 adsorptions. Moreover, based on the
changed electrical conductivity in the nanosurface, the sensing
response (S) of such nanomaterial-based gas sensor can be
calculated by56

S ( )/gas
1

pure
1

pure
1= (4)

in which σgas and σpure separated indicate the electrical
conductivity of the gas adsorbed nanosurface and the isolated
nanomaterial (namely isolated MoS2, WS2, and MoS2-WS2 in

Table 1. Ead of Adsorbed Systems with Dipole Correction
and Zero-Point Energy Correction

systems
Ead
(eV)

Ead with dipole
correction (eV)

Ead with zero-point energy
correction (eV)

MoS2/CO −0.08 −0.08−4.8 × 10−5 −0.08−1.5 × 10−4

MoS2/C2H2 −0.17 −0.17−3.1 × 10−5 −0.17−1.2 × 10−4

WS2/CO −0.01 −0.01−2.6 × 10−5 −0.01−5.2 × 10−4

WS2/C2H2 −0.09 −0.09−4.3 × 10−5 −0.09−8.1 × 10−5

MoS2-WS2/
CO

−0.15 −0.15−2.2 × 10−5 −0.15−5.3 × 10−5

MoS2-WS2/
C2H2

−0.25 −0.25−2.0 × 10−5 −0.25−1.9 × 10−4
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this work). According to eq 3 and 4, the sensing responses of
MoS2, WS2, and MoS2-WS2 for CO and C2H2 detection at
room temperature (298 K) are displayed in Figure 7.

From this figure, we can see that MoS2 and MoS2-WS2 have
negative sensing responses upon CO and C2H2, while WS2 has
a positive sensing response upon two gas molecules. For
details, the sensing response of −5.67% and −16.07% are
obtained for detection of CO and C2H2 using the MoS2-based
gas sensor. However, such a sensing response is somewhat
small, and the change may not be feasibly detected and
checked by the principle computer. Using the WS2-based gas
sensor, the sensing responses upon CO and C2H2 are
calculated equally as 36.55%. Such values are moderate for
gas detection, and thus one can assume that WS2 has a certain
potential to be explored as a resistive gas sensor for detection
of typical dissolved gases. Moreover, the sensing responses in
the CO and C2H2 adsorbed MoS2-WS2 systems are obtained as
−99.56% and −99.95%, respectively, which indicates that the
electrical resistance of the MoS2-WS2 would be sharply
reduced by almost one time after adsorption of the CO or
C2H2 molecule. This reveals the strong potential of MoS2-WS2
for exploration of a resistive gas sensor upon two such species,
with much promoted sensing response in comparison with
MoS2 or WS2. We need to highlight that the sensing response
obtained in the current work from the calculations of equations
may not be quite consistent and equivalent with the
experiment findings. However, it provides the basic sensing
mechanism and rough sensing response of the nanosurfaces,
which is meaningful to provide guidance for further experi-
ments.

Moreover, to investigate the reusability of the MoS2-WS2 for
sensing CO and C2H2 gases, the recovery time (τ) for their

Figure 6. Band structure of gas adsorbed systems. (a−c) CO adsorbed MoS2, WS2, and MoS2-WS2 system and (d−f) C2H2 adsorbed MoS2, WS2,
and MoS2-WS2 system, and the black values are the bandgap.

Table 2. Bandgap and Changing Rate of Gas Adsorbed
MoS2, WS2 and MoS2-WS2 Systems

CO system C2H2 system

nanosurface (bandgap,
eV)

bandgap
(eV)

changing
rate

bandgap
(eV)

changing
rate

MoS2 (1.654) 1.651 −0.18% 1.645 −0.54%
WS2 (1.848) 1.864 +0.87% 1.864 +0.87%
MoS2-WS2 (1.747) 1.486 −14.94% 1.352 −22.71%

Figure 7. Sensing response of MoS2, WS2, and MoS2-WS2 upon CO
and C2H2 at room temperature.
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desorption from the MoS2-WS2 surface is calculated based on
the van’t-Hoff-Arrhenius theory,57 as calculated by

A e E kT1 ( / )ad= (5)

in which A is attempt frequency (1012 s−1),58 k is Boltzmann
constant, and T is temperature. From eq 5, the required times
for CO and C2H2 desorption from the MoS2-WS2 hetero-
structure at room temperature (298 K) are obtained as 0.34
and 16.84 ns, respectively. These findings manifest the good
recovery property of the 3 × 5 × 1 MoS2-WS2 supercell for
desorption of one gas molecule from its surface, and therefore
one can assume that MoS2-WS2 is a reusable sensing material
for gas detections.59 Up to current analysis, we could conclude
that MoS2-WS2 heterostructure is an outstanding resistive gas
sensor toward CO and C2H2 with a favorable reliability at
room temperature.

4. CONCLUSIONS
Based on the first-principles theory, this work uses a MoS2-
WS2 heterostructure as a potential gas sensor upon two typical
dissolved gases, CO and C2H2, in order to evaluate the
operational status of oil-immersed transformers. It is found
that the MoS2-WS2 heterostructure has much stronger
adsorption performance and charge-transfer properties com-
pared with isolated MoS2 and WS2, with the Ead obtained as
−0.15 and −0.25 eV and QT as −0.025 and −0.034 e,
respectively. The electronic property of the MoS2-WS2
heterostructure is remarkably deformed giving rise to a more
obvious change in the bandgap compared with the gas
adsorbed MoS2 or WS2 systems. At room temperature, the
sensing responses of the MoS2-WS2 are obtained as −99.56%
and −99.95% for detection of CO and C2H2, and the recovery
times are 0.34 and 16.84 ns for desorption of CO and C2H2.
These findings manifest the strong potential of the MoS2-WS2
heterostructure as a favorable resistive and reusable gas sensor
toward CO and C2H2, which paves the way to further explore
the TMD-based heterostructure for gas sensing applications,
typically for dissolved gas analysis in electrical oil-immersed
transformers.
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