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Effects of external electric field on the sensing
property of volatile organic compounds over Janus

MoSSe monolayer: a first-principles investigationt
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Janus 2D transition metal dichalcogenide (TMD) is a new generation 2D material with a unique asymmetric
structure. This asymmetric structure (or out-off plane symmetric geometry) of Janus 2D TMD has been
reported to yield tunable electronic properties through strain and electric field, which can also be
applied in gas sensing. In this work, we performed DFT calculations to investigate the gas sensing

property of cyclohexane and acetone on MoS, and Janus MoSSe monolayers under external electric

fields. Our results show that cyclohexane possesses slightly larger adsorption energy on pristine MoS,
and Janus MoSSe monolayers than acetone without external electric fields. After applying the external
electric fields, the adsorption energy for cyclohexane on MoS, shows no enhancement. However, the

adsorption energy of acetone shows the most substantial enhancement on the Janus MoSSe monolayer.

We found that the dipole moment orientations of adsorbates and the monolayer can strongly interact
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with the external electric fields. Hence, the combination of polar adsorbate and polar material, ie.,

acetone and Janus MoSSe, demonstrates the most vital sensitivity under the applied bias. On the other
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1. Introduction

Since the discovery of graphene, two-dimensional (2D) mate-
rials have gradually attracted significant attention due to their
many unique properties, which are distinct from the 3D bulk
materials.” Transition metal dichalcogenides (TMD) are one of
the most widely studied 2D materials due to their specific
electrical, optical, and other physical properties.'*** Recently,
Janus 2D TMD materials have gradually attracted considerable
interest and have two different atom layers on two sides to
generate an out-off plane symmetry of its geometry. MoSSe,
a single-layer Janus 2D TMD, has been successfully fabricated
experimentally through the modified CVD method,*>*¢ although
Janus MoSSe does not exist in nature. Theoretically, the MoSSe
monolayer has been demonstrated to be stable by calculating
the phonon dispersion and through molecular dynamics
simulations.” Compared with the traditional 2D TMD mono-
layers, Janus 2D TMD monolayers have many advantages based
on their unique electronic properties, such as tunable band-
gap, Rashba effect, and piezoelectric effect. In addition, it has
been recently reported that Janus 2D TMD monolayers can be
applied in many fields, including catalysts,'® transistors,"

Department of Materials Science and Engineering, Feng Chia University, No. 100,
Wenhwa Rd., Seatwen, Taichung, 40724, Taiwan. E-mail: chenhyeh@fcu.edu.tw
(ESI) available. See DOI:

+ Electronic  supplementary information

10.1039/d1ra05764b

33276 | RSC Adv, 2021, 11, 33276-33287

hand, the non-polar adsorbate and non-polar material combination show a negligible effect on external
bias. These findings can be applied to the design of gas sensors in the future through polar materials.

optoelectronic devices,* and sensors.”” Recently, there have

been many studies regarding the gas sensing properties using
the Janus 2D TMD monolayers. For example, using first-principle
calculations, Janus MoSSe monolayers have been studied in the
sensing NO,, NH;, SOFs decompositions species, adulterant
compounds, and volatile organic compounds (VOCs).>*® In these
reports, the sensing properties depend on electronic interactions
and adsorption strength between the target gaseous molecules and
the sensor materials. The enormous adsorption energy will lead to
stronger sensitivity. Thus, it is crucial to enhance the sensitivity by
increasing the adsorption energy of the gas molecules on Janus 2D
TMD materials. In the literature, some studies have used chemical
doping, strain deformation, and external electric fields to adjust
the sensitivity of gas molecules.”**> Among these, strain defor-
mation is commonly adopted, but external electric fields have been
used in few studies for tuning the sensitivity of gas molecules on
Janus 2D TMD monolayers.

It is well-known that the reactivity of catalytic reactions and
the sensitivity of gas sensors can be modified by applying an
external electric field.***” In the literature, methane conversion
reactions have been reported to show better catalytic activity
over various catalysts under external electric fields than without
applying external electric fields.***** In addition, it has also
been reported that 2D materials possess an excellent capability
in capturing various gas molecules under external electric
fields. For example, Sathishkumar et al. reported that the CO,
adsorption energy could be significantly enhanced by applying

© 2021 The Author(s). Published by the Royal Society of Chemistry
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an external electric field on both N-doped penta-graphene and
penta-C,N nanosheets.*>** Moreover, Ma et al. calculated that
the Sc,CO, monolayer could regulate the adsorption strength of
SO, by applying tensile strains or controlling external electronic
fields.*”” Furthermore, for TMD materials, it has been reported
that the external electric fields can significantly modulate charge
transfer between the NO,/NH; molecules and MoS,.** However,
the investigations on gas adsorption on Janus 2D TMD materials
under external electronic fields are few, and the mechanism of
external electronic fields towards gas adsorption on the Janus 2D
TMD materials is also unknown. Thus, in this work, we investi-
gated the adsorption and sensitivity of gas molecules on Janus 2D
TMD materials under external electric fields.

Our previous studies have investigated that acetone
possesses a good sensitivity over the Janus MoSSe monolayer.>®
Besides, it has been reported that external electric fields show
high reactivity to polar gas molecules during their adsorption.
Since acetone is a well-known polar gas molecule, we will study
the adsorption of acetone on both Janus MoSSe and pristine
MoS, monolayers under external electric fields. Moreover, we
will also investigate the adsorption of another non-polar VOC,
cyclohexane, on both Janus MoSSe and pristine MoS, mono-
layers under external electric fields for comparison.

2. Computational details
2.1 DFT calculations

All calculations were carried out using the Vienna Ab initio
Simulation Package (VASP)*** with the projector augmented
wave (PAW) method.*** The exchange-correlation functional
adopted was the Perdew-Burke-Ernzerhof (PBE)* involved in
the generalized gradient approximation (GGA) method. The
Kohn-Sham orbitals were expanded in a plane-wave basis set
with a kinetic energy cutoff of 520 eV. All calculations of 2D
transition metal dichalcogenide monolayers were carried out
using the 2H phase of pristine MoS, and Janus MoSSe. The (4 x
4) supercell is considered for all TMDs monolayers with 15 A
vacuum along the c-axis to avoid the interlayer interaction, as
shown in Fig. 1. As dipole interactions are necessary, the dipole
corrections perpendicular to all monolayers were carried out in
the calculations. The Brillion zone were sampled using (4 x 4 x
1) Gamma-centered Monkhorst-Pack k-points mesh® for VOCs
adsorption on different TMDs. The convergence threshold was 1
x 107> eV for the total electronic energy in the self-consistent
loop. The atomic positions were relaxed using the quasi-
Newton algorithm until the x, y, and z-components of uncon-
strained atomic force were smaller than 1 x 10> eV A~". The
dispersion energy correction was considered using the DFT-D3
method by Grimme et al.>>** The density-derived electrostatic
and chemical (DDEC6) approach was examined for the electron
transfer between the molecule and surface to analyze the elec-
trical properties.>*>° Besides, the following equation defines the
adsorption energies (E,qs) of VOCs on the TMDs monolayers:

E.qs = Evocrrmp — Evoc — Etvp (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Eyvocrmp is the total energy of VOCs adsorbed on pristine MoS,
or Janus MoSSe. Eyo is the energy of free adsorbate VOC molecules,
and Eqyp, is the energy of pristine MoS, or Janus MoSSe monolayers.

2.2 External electric field calculations

The approach proposed by Neugebauer and Scheffler for adding
the external electric field was used in this work. It generated an
artificial dipole sheet at the middle of the vacuum space along
the z-direction in the supercell to simulate a uniform electric
field.*” Besides, a large enough vacuum space is needed to avoid
the overlap between the charge density of the slab and the
artificial dipole sheet.”® For an electron, it can tunnel to the
vacuum when the distance between the surface and the artificial
dipole sheet exceeds ®/F (@ and F are the work function and
electric field, respectively). Since the calculated work functions
of pristine MoS, and Janus MoSSe monolayers were 5.45 eV and
5.54 eV, respectively, the maximum width should be ~9 A
between the monolayers and the artificial dipole sheet under
the maximum electric field (F = 0.6 V A~%). Furthermore, it is
roughly expressed as exp(—/¢z) for the charge density decay-
ing, in which @ is the work function (in eV), and z is the distance
from the slab (in A). Based on the calculated work function
mentioned above, the charge density drops by order of magni-
tude per 0.90 A. Thus, only negligible charge density resides
around the dipole sheet introduced at ~9 A. Moreover, if the
vacuum thickness is too wide, the external electric field can pull
out the electrons from the Fermi level of the surface to the
vacuum to cause the field emissions.*®*® In this work, because
we set a ~18 A vacuum space, the width between the mono-
layers and the dipole sheet is ~9 A, which is enough to avoid the
field emission issue. The above methods have been imple-
mented in the VASP software, which can be realized by setting
the keyword “EFIELD” in the INCAR during the calculation.
Moreover, the dipole corrections to the slab and potential
(IDIPOL and LDIPOL) should also be included in the calculation
when applying external electric fields.
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Fig. 1 (a) Top view of the optimized TMDs monolayers with the 2H

phase, (b) side view of the MoS, monolayer under external electric
field, (c) side view of the S-layer of MoSSe monolayer under external
electric field, (d) side view of the Se-layer of MoSSe monolayer under
external electric field. The D and F represent the intrinsic dipole
moment of the monolayer as well as the external electric field,
respectively, where the arrows indicate their directions. The purple,
yellow, and green spheres represent Mo, S, and Se, respectively.
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Fig.2 Optimized adsorption structures of acetone on the TMDs monolayers without the external electric fields: (a) Ace,;, (b) Ace,,, and (c) Acey,
on MoS;; (d) Acey,, (e) Acey,, and (f) Acep, on S-layer of the Janus MoSSe; (g) Ace,s, (h) Ace,, and (i) Acey,, on Se-layer of the Janus MoSSe. Purple,
yellow, and green spheres represent Mo, S, and Se atoms, respectively, while brown, red, and light pink balls are C, O, and H atoms, respectively.
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3. Results and discussion

3.1 Adsorption of acetone and cyclohexane on MoS, and
Janus MoSSe monolayers without external electric fields

Fig. 2 shows three different adsorption structures of acetone on
Janus MoSSe and MoS, monolayers without an external electric
field. The adsorption structures of acetone can be divided into
(1) acetone vertically adsorbing on the surface using its O end,
named Ace,,, (2) acetone vertically adsorbing on the surface
using its C-H end, named Ace,,, and (3) acetone adsorbing on
the surface parallelly, named Acey,. The adsorption energies of
Ace,y, Ace,,, and Acey, on pristine MoS, monolayer are —0.24 €V,
—0.29 eV, and —0.36 eV, respectively. In addition, since the
Janus MoSSe monolayer possesses an asymmetric structure on
both sides, the acetone molecule can adsorb on either the S-
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layer or Se-layer wusing the adsorption configuration
mentioned above. The adsorption energies of Ace,,, Ace,,, and
Acep, on the S-layer of the MoSSe monolayer are —0.22 eV,
—0.29 eV, and —0.32 eV, respectively, while the adsorption
energies of Ace,;, Ace,,, and Acey, on the Se-layer of the MoSSe
monolayer are —0.23 eV, —0.25 eV, and —0.35 eV, respectively.
These results reveal that the parallel adsorption of acetone
molecule is the most favorable adsorption structure on the TMD
monolayers. We also calculated the adsorption of a non-polar
VOC molecule, cyclohexane, on both pristine MoS, and Janus
MoSSe monolayers in the absence of the external electric field.
The most favorable adsorption structure of cyclohexane on the
TMDs is also the parallel adsorption configuration using the
van der Waals interaction, as shown in Fig. 3. The calculated
adsorption energies of cyclohexane on pristine MoS,, S-layer of
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Fig. 3 Optimized adsorption structures of cyclohexane on the (a) MoS,, (b) S-layer of the Janus MoSSe, and (c) Se-layer of the Janus MoSSe
without the external electric fields. Purple, yellow, and green spheres represent Mo, S, and Se atoms, respectively, while brown, red, and light pink

balls are C, O, and H atoms, respectively.
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Table 1 The calculated adsorption energy, E,qs for different adsorp-
tion structures of acetone and cyclohexane on pristine MoS, and
Janus MoSSe monolayers

TMD Species Adsorption type Eaqs (eV)
MosS, Acey, —0.24
Acetone Ace,, —0.29
Acey, —0.36
Cyclohexane Parallel —0.39
MoSSe-S Ace,, —0.22
Acetone Ace,, —0.29
Acey, —0.32
Cyclohexane Parallel —0.36
MoSSe-Se Acey, —0.23
Acetone Ace,, —0.25
Acey, —0.35
Cyclohexane Parallel —0.37

MoSSe, and Se-layer of MoSSe monolayers are —0.39 €V,
—0.36 eV, and —0.37 eV, respectively. The adsorption energy of
cyclohexane on the 2D TMDs is slightly larger than that of
acetone (Table 1).

3.2 Adsorption of acetone on MoS, monolayer with external
electric fields

Subsequently, we investigated the adsorption of acetone on
a pristine MoS, monolayer in the presence of external electric
fields, as shown in Fig. 4. The magnitude of external electric
fields applied was between —0.6 V A~ to +0.6 V A™'. As
mentioned above, three possible adsorption structures are also
listed out for acetone adsorption on pristine MoS,. As shown in
Table 2, in the presence of the external electric field of +0.6 V

View Article Online

RSC Advances

A~', we found that the adsorption energy of Ace,;, Ace,,, and
Ace, on the pristine MoS, monolayer becomes 0.28 eV,
—0.49 eV, and —0.17 eV, respectively. It shows that the
adsorption energy of Ace,, increases while that of Ace,; and
Acey, decreases in comparison with that in the absence of the
external electric field. Besides, in the presence of external
electric fields of +0.4 and +0.2 V A~?, we observe similar trends,
in which the adsorption energy of Ace,, still increases and those
for Ace,; and Ace,, decrease, as listed in Table 2. The result
indicates that the adsorption energy of Ace,, is enhanced by the
favorable external electric field, whereas that of Ace,; and Acey,
are weakened, especially for Ace,;, under the positive bias.

On the other hand, when applying negative external electric
fields of —0.60 V A™!, —0.40 V A™%, and —0.20 V A™%, the
adsorption energy of Ace,; on the pristine MoS, monolayer
becomes —0.50 eV, —0.52 eV, and —0.38 eV, respectively.
However, the adsorption energy of Ace,, on pristine MoS,
monolayer becomes 0.18 eV, —0.06 eV, and —0.17 eV in the
presence of external electric fields of —0.6 VA™!, —0.4 VA",
and —0.2 V A™', respectively. Interestingly, the adsorption
energy of Ace,; on pristine MoS, monolayer is enhanced by the
negative external electric field, which shows the opposite trend
to the results of applying positive external electric fields.

3.3 Adsorption of acetone on Janus MoSSe monolayer with
external electric fields

For the adsorption of acetone on the Janus MoSSe monolayer in
the presence of external electric fields, we found that the S-layer
and Se-layer of Janus MoSSe show extreme differences. Fig. 5
displays all the adsorption structures of acetone on the Janus
MoSSe monolayer under positive or negative external electric
fields. First, on the S-layer of Janus MoSSe monolayer (Fig. 5(a)-
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Fig. 4 Optimized adsorption structures of acetone on MoS; in the presence of the external electric field: (a) Ace,s, (b) Ace,,, and (c) Acey, under
the positive external electric field; (d) Ace,,, (e) Ace,,, and (f) Ace,, under the negative external electric field. The arrows are the directions of the
dipole moment and the external electric field. Purple and yellow spheres represent Mo and S atoms, respectively, while brown, red, and light pink

balls are C, O, and H atoms, respectively.
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Table 2 Summary of electric field effects on the calculated adsorption energy,

MoS, and Janus MoSSe monolayers
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E.qs for different adsorption structures of acetone on pristine

MosS, MoSSe-S MoSSe-Se
E-field
strength (VA™") Ace,, Ace,, Acey, Ace,, Ace,, Acey, Ace,, Ace,, Acey,
0.6 0.28 —0.49 —0.17 —0.05 —0.85 —0.50 0.57 0.21 —0.11
0.4 0.02 —0.52 —0.31 —0.20 —0.77 —0.55 0.26 —0.10 —0.26
0.2 —0.11 —0.40 —0.34 —0.21 —0.53 —0.42 0.02 —0.20 —0.26
0 —0.24 —0.29 —0.36 —0.22 —0.29 —0.32 —0.23 —0.25 —0.35
—0.2 —0.39 —0.17 —0.38 —0.23 —0.05 —0.24 —0.48 —0.26 —0.50
—0.4 —0.52 —0.06 —0.44 —0.25 0.17 —0.19 —0.74 —0.27 —0.66
—0.6 —0.50 0.18 —0.36 —0.11 0.51 0.03 —0.84 —0.13 —0.65
. F
(2) “’S’* (h) l () —
4 e *

Fig. 5 (a) Ace,,, (b) Ace,,, and (c) Acey, under a positive external electric field; (d) Ace,s, (e) Ace,,, and (f) Acey, under a negative external electric

field, in the optimized adsorption structures of acetone on the S-layer of Janus MoSSe. (g) Ace,4, (h) Ace,,. and (i) Ace, under the positive external
electric field; (j) Acey, (k) Ace,,, and (1) Ace,, under the negative external electric field, in the optimized adsorption structures of acetone on the
Se-layer of Janus MoSSe. The arrows are the directions of the dipole moment and the external electric field. Purple, yellow, and green spheres
represent Mo, S, and Se atoms, respectively, while brown, red, and light pink balls are C, O, and H atoms, respectively.
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(f)), the adsorption energy of Ace,; is —0.21 eV, —0.20 eV, and
—0.05 eV under +0.2 V A™! to +0.6 V A%, while it is —0.23 eV,
—0.25 eV, and —0.11 eV under —0.2 V A™! to —0.6 V A,
respectively. This result reveals that the adsorption energy of
Ace,; almost remains at around —0.23 eV and then decreases
after the external electric fields increases to +0.6 VA" or —0.6 V
A~'. On the contrary, the adsorption energy of Ace,, on the S-
layer of Janus MoSSe monolayer increases to —0.53 eV,
—0.77 eV, and —0.85 eV under the external electric fields of
+0.2 VA, +0.4 VA™', and +0.6 V A™?, respectively. However,
the adsorption energy of Ace,, dramatically decreases to —0.05,
0.17, and 0.51 eV from —0.2 VA~! to —0.6 V A%, respectively.
Besides, the adsorption energy of Ace, possesses similar
changing trends to Ace,, in that the positive bias can enhance
its adsorption energy. However, the negative bias will inhibit
the adsorption energy of Acey, on the S-layer of the Janus MoSSe
monolayer.

Moreover, the adsorption structures of Acey, will be orien-
tated by the positive bias and then tilt around 30° (Fig. 5(c)). In
comparison, the negative bias can result in a tilting angle of
about —30° in the adsorption structure of Acey, on the S-layer of
Janus MoSSe monolayer (Fig. 5(f)). Our results demonstrate that
either positive or negative external electric fields show immense
magnitude change to Ace,, and Acey on the S-layer of Janus
MoSSe monolayer, particularly for Ace,,. However, the effect of
external electric fields on Ace,, is limited. Hence, the adsorption
energy of acetone in the presence of the external electric field on
the S-layer of the Janus MoSSe monolayer displays a different
trend to that on the pristine MoS, monolayer.

View Article Online

RSC Advances

On the Se-layer of the Janus MoSSe monolayer, the adsorp-
tion energy of acetone shows an opposite trend to the coun-
terpart of acetone on the Janus MoSSe monolayer's S-layer in
Fig. 5(g)-(1). The adsorption energy of Ace,; on the Se-layer of
the Janus MoSSe monolayer dramatically changes in a range
from 0.57 eV to —0.84 eV under +0.6 VA~ ' to —0.6V A~", which
is similar to the changing magnitude of Ace,, on the S-layer of
the Janus MoSSe monolayer. Likewise, as listed in Table 2, the
changing magnitude of the adsorption energy for Ace,, on the Se-
layer of the Janus MoSSe monolayer is like the trend of Ace,; on the
S-layer of the Janus MoSSe monolayer. Furthermore, the positive
external electric field shows an inhibition to the adsorption energy
for Acey,. In contrast, the negative external electric field demon-
strates the enhancement of the adsorption energy of Ace;, on the
Se-layer of the Janus MoSSe monolayer. This result is opposite to
the adsorption of Acey, on the S-layer of the Janus MoSSe mono-
layer. Consequently, we found that external electric fields
substantially affect the adsorption energy of Ace,, and Acey, on the
Se-layer of Janus MoSSe monolayer, particularly for Ace,;. In
summary, the result indicates that the Janus MoSSe monolayer
shows highly selective sensitivity concerning the acetone molecule
in the presence of external electric fields.

3.4 Adsorption of cyclohexane on Janus MoSSe and MoS,
monolayers with external electric fields

The adsorption of cyclohexane on the Janus MoSSe monolayer
represents the interaction between a non-polar molecule and
a polar material, as shown in Fig. 6. In the presence of external
electric fields, the adsorption energy of cyclohexane on the S-
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Fig. 6 Optimized adsorption structures of cyclohexane on the (a) S-layer of Janus MoSSe with the positive external electric field, (b) Se-layer of
Janus MoSSe with the positive external electric field, (c) S-layer of Janus MoSSe with the negative external electric field, (d) Se-layer of Janus
MoSSe with the negative external electric field, (€) MoS, with the positive external electric field, and (f) MoS, with a negative external electric field.
The arrows are the directions of the dipole moment and the external electric field. Purple, yellow, and green spheres represent Mo, S, and Se
atoms, respectively, while brown, red, and light pink balls are C, O, and H atoms, respectively.
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Table3 Summary of electric field effects on the calculated adsorption
energy, E,qs for different adsorption structures of cyclohexane on
pristine MoS, and Janus MoSSe monolayers

Cyclohexane

E-field

strength (VA MoS, MoSSe-S MoSSe-Se
0.6 —0.38 —0.72 0.00

0.4 —0.39 —0.60 —0.10

0.2 —0.39 —0.48 —0.22

0 —0.39 —0.36 —-0.37
—0.2 —0.39 —0.24 —0.46
—0.4 —0.40 —-0.12 —0.58
—0.6 —0.40 —0.01 —0.72

layer of the Janus MoSSe monolayer becomes —0.72 eV,
—0.60 eV, —0.48 eV, —0.24 eV, —0.12 eV, and —0.01 eV, under
the external electric field values from +0.6 VA~ to —0.6 VA,
as listed in Table 3. In addition, the adsorption energy of
cyclohexane on Se-layer of the Janus MoSSe monolayer illus-
trates an inverse result. The adsorption energy varies from
—0.01 eV to —0.72 eV when the external electric field is from
+0.6 VA~! to —0.6 VA~'. Furthermore, the adsorption energy of
cyclohexane on pristine MoS, monolayer almost remains
constant at around —0.39 eV under either positive or negative
external electric fields. Compared with cyclohexane adsorption
on pristine MoS, monolayer, the Janus MoSSe monolayer shows
better sensitivity than the MoS, monolayer under external
electric fields (MoS, monolayer shows no change in the
adsorption energy under external electric fields). Moreover, we
observe that the changing trends in the adsorption energies of
cyclohexane are the same at both sides of the Janus MoSSe
monolayer, and the only difference is the direction of external
electric fields.

3.5 Dipole moment analysis

Our results find that both acetone and cyclohexane show good
sensitivity on the Janus MoSSe monolayer in the presence of
external electric fields. However, only the acetone molecule is
affected by external electric fields on the pristine MoS, mono-
layer. Moreover, the changing magnitude of the adsorption
energy of acetone on the Janus MoSSe monolayer is much
stronger than that on the MoS, monolayer. As mentioned in the
previous studies,**® the external electric fields can couple with
the internal electric fields between the gas molecule and surface
and the intrinsic dipole moments of the gas molecule. In this
study, since both acetone and Janus MoSSe monolayer possess
intrinsic dipole moments, the external electric fields could
interact with both of them. Hence, we observed that the direc-
tions of intrinsic dipole moments of acetone and MoSSe
monolayer strongly correlate with the directions of external
electric fields. In VASP software, the directions of positive and
negative external electric fields were set as upward (1) and
downward (), respectively. Therefore, when the directions of
the external electric field and dipole moments are in the same
direction, the adsorption energy of acetone has the most
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prominent enhancement. This situation occurs in the adsorp-
tion of Ace,, on the S-layer (see the arrows in Fig. 5(b)) and Ace,,
on the Se-layer (see the arrows in Fig. 5(j)) of the MoSSe
monolayer under positive and negative external electric fields,
respectively. Second, when one of the dipole moments in either
acetone or Janus MoSSe is opposite to the external electric
fields, the adsorption energy of acetone will decrease, as shown
by the arrows in Fig. 5(a), (d), (h), and (k).

Furthermore, when the direction of the external electric field
is opposite to both acetone and MoSSe monolayer, the
adsorption energy of acetone will dramatically and remarkably
decrease, even the positive adsorption energy value, for
instance, the Ace,, on the S-layer of the Janus MoSSe monolayer
under negative external electric field (Fig. 5(e)), or the Ace,; on
the Se-layer of the Janus MoSSe monolayer under positive
external electric field (Fig. 5(g)). All the detailed orientations of
adsorbates, surfaces, and external electric fields are recorded in
Tables S1 and S2.t

Similarly, in the adsorption of cyclohexane on the Janus
MoSSe monolayer under an external electric field, the external
electric field can only react with the intrinsic dipole moment of
the MoSSe monolayer since cyclohexane has no dipole moment.
Hence, the change in the adsorption energy of cyclohexane on
the Janus MoSSe monolayer is only altered by the direction
between the intrinsic dipole moment of the MoSSe monolayer
and the external electric field. The positive external electric field
can enhance the adsorption energy of cyclohexane on the S-
layer of the MoSSe monolayer. In contrast, the negative
external electric field can enhance the adsorption energy of
cyclohexane on the Se-layer of MoSSe monolayer and vice versa,
as listed in Table S3.t

A similar phenomenon is also observed in the adsorption of
acetone and cyclohexane on the MoS, monolayer, as shown by
the arrows in Fig. 4 and 6. For the adsorption of acetone on
MoS,, since only acetone has the intrinsic dipole moment, it
can enhance the adsorption energy of acetone when the direc-
tion of its intrinsic dipole moment and the external electric field
are the same and vice versa, as listed in Tables S1 and S2.f For
the adsorption of cyclohexane on the MoS, monolayer, because
both cyclohexane and MoS, monolayer have no intrinsic dipole
moment, the adsorption energy can not be altered by the
external electric field, as shown in Table S3.}

3.6 Sensing of NO molecule

In the literature, it has been reported that both MoSSe and MoS,
monolayers possess good sensitivity towards smaller and
simpler toxic species, such as NO molecules.”?>**% Hence, we
have calculated the NO sensing properties on both MoSSe and
MoS, monolayers in the presence of external electric fields. NO
molecule possesses a small dipole moment value of 0.16 D,
while the dipole moment value of the MoSSe monolayer is 2.99
D. Thus, the external electric field can majorly react with the
intrinsic dipole moment of the MoSSe monolayer when NO
adsorbs on the MoSSe monolayer under the external electric
field. The adsorption energies of NO on the MoSSe monolayer
majorly depend on the orientations between the MoSSe

© 2021 The Author(s). Published by the Royal Society of Chemistry
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monolayer and the external electric field. When the orientations
between the MoSSe monolayer and the external electric field are
the same, the adsorption energies of NO on the MoSSe mono-
layer can be enhanced and vice versa, as shown in Fig. S1 and
Table S4.F Moreover, the adsorption energies of NO on the MoS,
monolayer change only slightly with and without the external
electric fields. It results from the small dipole moment value of
the NO molecule since the MoS, monolayer is a non-polar
material. However, although the MoSSe monolayer also has
better sensitivity towards NO sensing under external electric
fields, the adsorption energies of the NO molecule are still
smaller than that of acetone and cyclohexane on the MoSSe
monolayer.

3.7 Electronic property analysis

As mentioned earlier, the adsorption structures of both Ace,;
and Ace,, can be strongly regulated by different orientations of
external electric fields on the Janus MoSSe monolayer. The
adsorption energy of Ace,; on the Se-layer of MoSSe can be
enhanced by the negative bias, while that of Ace,, on the S-layer
of MoSSe can be enhanced by the positive bias. Therefore, we
calculate the net atomic charges by DDEC6 of acetone on the
Janus MoSSe monolayer to further understand the interaction
between the external electric fields and the electron transfer of
the gas/surface, as listed in Table 4. We considered the DDEC6
charges for Ace,; on the Se-layer of MoSSe and Ace,, on the S-
layer of MoSSe. Without the external electric field, the calcu-
lated DDEC6 charge of Ace,; on the Se-layer of MoSSe is 0.074]e|,
indicating that the electron transfer is from acetone to the Se-
layer MoSSe. This electron transfer also represents that the
direction of the internal electric field between Ace,; and Se-layer
of MoSSe is downward. When applying the negative external
electric field in the same direction, the internal electric field
between Ace,; and the Se-layer of MoSSe can be enhanced by the
external electric field. Hence, the electron transfer between
Acey; on the Se-layer of MoSSe becomes 0.090|e|, 0.105|e|, and
0.122|e| under the external electric fields of —0.2 VA™!, —0.4 V
A™' and —0.6 VA", respectively. This result reveals that Ace,,
can donate more electrons to the Se-layer of MoSSe via
enhancing the negative external electric field.

Table 4 Calculated DDEC atomic charges for the selected adsorption
structures of acetone molecule after adsorption on Janus MoSSe
monolayer. The positive and negative values indicate losing and
gaining electrons of the acetone molecule

E-field

strength (VA™) TMD Adsorption type DDEC (Je|)
0.6 MoSSe-S Ace,, —0.007
0.4 MoSSe-S Ace,, 0.008
0.2 MoSSe-S Ace,, 0.017

0 MoSSe-S Ace,, 0.033

0 MoSSe-Se Aceyq 0.074
—0.2 MoSSe-Se Acey, 0.090
—0.4 MoSSe-Se Aceyq 0.105
—0.6 MoSSe-Se Aceyy 0.122

© 2021 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, for the adsorption of Ace,, and the S-layer
of MoSSe, the calculated DDEC6 charge of Ace,, is 0.033|e| in
the absence of the external electric field. It also indicates that
the electron transfer is from acetone to the S-layer of MoSSe.
However, a positive external electric field can induce the elec-
tron transfer from the S-layer of MoSSe to acetone. Thus, as
shown in Table 4, the calculated DDEC6 charges of Ace,,
become 0.017|e|, 0.008le|, and —0.007|e| under the external
electric fields of +0.2 V A™%, +0.4 V A™!, and +0.6 V A~}
respectively. We found that the electron transfer between the S-
layer of MoSSe and acetone changes from positive net charges to
negative net charges, indicating that acetone transforms from
being an electron donor to an electron acceptor with increasing
external electric fields. These results demonstrate that the
internal electric field between acetone and the MoSSe mono-
layer will also be strongly affected by external electric fields.

Besides, in our results, the DDEC6 charges of S and Se in
MoS, and Janus MoSSe monolayers have different distributions
under different external electric fields. For instance, the DDEC6
charges of S and Se in Janus MoSSe monolayer without electric
field are —0.239]e| and —0.180|e|, respectively. Under the electric
field of +0.6 V A~ the DDEC6 charges of S and Se in Janus
MoSSe monolayer become —0.274|e| and —0.141|e|, respectively.
One can see that the net charge difference between S and Se
increased from 0.059|e| to 0.133|e|. This result indicates that the
intrinsic dipole moment of Janus MoSSe can be enlarged by
applying the external electric field.

3.8 Effective dipole moment and effective polarizability
analysis

The relationship between the adsorption energy and dipole
moment as well as polarizability in the presence of a uniform
electric field could be summarized by a Taylor series as
follows,>%1-¢3

1
Eus = E° — App oF — zAaF:OF2 +...

E.qs and Ey represent the approximated adsorption ener-
gies in the presence and the absence of an electric field,
respectively. F is the magnitude of the external electric field.
App—oand Aay_g are the effective dipole moment difference and
effective polarizability difference between the adsorbates and
surfaces at the zero-electric field, respectively. Fig. 7 shows the
plots of adsorption energies for acetone and cyclohexane on
both pristine MoS, and Janus MoSSe monolayers as a function
of external electric fields. Table 5 lists the fitting results from
Fig. 7, which includes the effective dipole moment and effective
polarizability for the adsorption of gas molecules on both
pristine MoS, and Janus MoSSe monolayers.

We found that the effective polarizability of acetone on pristine
MoS, varies from —0.56 to —0.80. In comparison, the effective
polarizability of acetone on both sides of MoSSe displays a wide
range from 0.08 to —1.66. This result implies that the effective
polarizability change is more sensitive to acetone on MoSSe than
on the MoS, monolayer. In addition, the absolute maximum
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Fig.7 Effects of an applied external electric field for (a) acetone on MoS,, (b) acetone on the S-layer of Janus MoSSe, (c) acetone on the Se-layer
of Janus MoSSe, and (d) cyclohexane on both MoS, and Janus MoSSe monolayers.

effective dipole moment of acetone on pristine MoS, is 0.66. In
contrast, the corresponding value for acetone on Janus MoSSe is
1.20, almost two times that of acetone on MoS,. Thus, the
adsorption energy of a polar molecule on a polar material is more
sensitive than that of a polar molecule on a non-polar material in
the presence of an external electric field due to effective dipole
moment and effective polarizability.

On the other hand, the effective polarizability of cyclohexane
on both pristine MoS, and Janus MoSSe monolayer is negli-
gible, which is in a range from 0.004 to 0.08. Moreover, the
effective dipole moment of cyclohexane on pristine MoS, is also
negligible, which is —0.01. However, the effective dipole
moment of cyclohexane on Janus MoSSe monolayer possesses
avalue of —0.60. These results indicate that the external electric

Table 5 Fitting results of variations in the adsorption energies as a function of the electric field (V A~ for acetone and cyclohexane adsorption
on pristine MoS, and Janus MoSSe monolayers. Aur_o and Aar_g are the corresponding calculated electric dipole moment (in e A) and electric

polarizability (in e A2 V1), respectively

TMD Species Adsorption type Fitting results Apdp—g Aap_q
MoS, Ace,, Eaqs = —0.27 + 0.66F + 0.40F> —0.66 —0.80
Acetone Ace,, Eaqs = —0.31 — 0.56F + 0.39F> 0.56 —0.78
Acey, E.qs = —0.38 + 0.15F + 0.28F> —0.15 —0.56

Cyclohexane Parallel Eags = —0.39 + 0.01F — 0.002F* —0.01 0.004
MoSSe-S Ace,, Eags = —0.25 + 0.05F + 0.42F> —0.05 —0.84
Acetone Ace,, Eaqs = —0.32 — 1.15F + 0.36F> 1.15 —0.72
Acep, FEaqs = —0.36 — 0.44F + 0.27F 0.44 —0.54
Cyclohexane Parallel Eaqs = —0.36 — 0.59F — 0.02F* 0.59 0.04
MoSSe-Se Ace,, Eoaqs = —0.25 + 1.20F + 0.28F> ~1.20 —0.56
Acetone Ace,, E,qs = —0.28 + 0.25F + 0.83F* —0.25 —1.66
Acey, Eoqs = —0.39 + 0.48F — 0.04F* —0.48 0.08
Cyclohexane Parallel Eaqs = —0.35 + 0.60F — 0.02F* —0.60 0.04
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field can affect the effective dipole moment between cyclo-
hexane and the Janus MoSSe monolayer. However, it does not
affect the effective polarizability between cyclohexane and the
Janus MoSSe monolayer. As a result, it is demonstrated that the
adsorption energy of a non-polar molecule on a polar material
could be strongly altered by an external electric field than that of
a non-polar molecule on a non-polar material based on effective
dipole moments.

3.9 Desorption temperatures analysis

To understand the desorption temperatures towards re-use of
the sensor, we performed micro-kinetics simulations and
calculated the desorption temperatures of adsorbates under
different external electric fields. The MKMCXX software was
used to calculate the microkinetic simulations.** Fig. S2(a)f
illustrates the temperature evolution of acetone coverage on
Janus MoSSe monolayer. Without applying the external electric
fields, the desorption temperature of acetone on the MoSSe
monolayer is from 150 K to 220 K. When increasing the
magnitudes of the external electric fields, the desorption
temperatures of acetone on the MoSSe monolayer also increase
due to the enhancement of its adsorption energy. At 0.6 VA™?,
the desorption temperature of acetone on the MoSSe monolayer
is from 380 K to 500 K. Fig. S2(b) to (d)t show the calculated
temperature-programmed desorption diagrams of acetone on
MosS,, cyclohexane on MoSSe, and cyclohexane on MoS, under
different external electric fields, respectively. The results reveal
that the desorption temperatures of acetone and cyclohexane
on the MoSSe monolayer are located at a specific temperature
under specific external electric fields, including high and low
temperatures. On the other hand, the desorption temperatures
of acetone and cyclohexane on the MoS, monolayer are all
concentrated in the range of around 200 to 350 K. Thus, the
calculated desorption temperatures demonstrate that the
MoSSe monolayer can detect gas molecules at different specific
external electric fields. It also reflects that the MoSSe monolayer
possesses more sensitivity towards the detection of gas mole-
cules under external electric fields. Besides, the mechanism for
the gas molecule's desorption depends on the magnitudes of
external electric fields as well as the desorption temperatures. A
larger external electric field can lead to a higher desorption
temperature and vice versa. Thus, tuning the external electric
field can control the sensitivity of the sensor, and it can enable
the re-use of the sensor.

4. Conclusions

We have employed DFT calculations to study the adsorption of
acetone and cyclohexane on pristine MoS, and Janus MoSSe
monolayers in the presence of external electric fields in this
work. According to our results, cyclohexane shows slightly
larger adsorption energy on both pristine MoS, and Janus
MoSSe monolayers than that of acetone in the absence of
external electric fields. In addition, under external electric
fields, we found that the adsorption energy of acetone can be
enhanced from —0.31 eV to —0.85 eV while that of cyclohexane

© 2021 The Author(s). Published by the Royal Society of Chemistry
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can be enhanced from —0.36 eV to —0.72 eV on Janus MoSSe
monolayer. Moreover, the adsorption energy of acetone on
pristine MoS, monolayer also shows an enhancement from
—0.35 eV to —0.57 eV in the presence of external electric fields.
However, we observed that the adsorption energy of cyclo-
hexane has almost no change on pristine MoS, monolayer in
the presence of external electric fields.

To elucidate, we analyzed the dipole moments and the
electron transfer between the adsorbates and the monolayers.
Because the Janus MoSSe and acetone are polar species while
pristine MoS, and cyclohexane are non-polar species, the
intrinsic dipole moments of Janus MoSSe and acetone can react
with the external electric fields. We found that when the
orientations of dipole moments of Janus MoSSe, acetone, and
external electric fields are all the same, this situation will
maximize the adsorption energy of the acetone molecule.
Besides, when there is only one polar species in the system, i.e.,
acetone on MoS, or cyclohexane on Janus MoSSe, the
enhancement of the adsorption energy for these gas molecules
is smaller than the counterpart of acetone on Janus MoSSe.
Finally, since cyclohexane and MoS, are without intrinsic dipole
moments, the adsorption of cyclohexane on MoS, is not
affected by the external electric fields. The calculated DDEC
atomic charges also reveal that the internal electric field
between acetone and Janus MoSSe will be enhanced or inhibi-
ted by external electric fields in different directions. By calcu-
lating the effective dipole moment and effective polarizability,
we observe that the effective dipole moment plays an important
role in the adsorption of either acetone or cyclohexane on Janus
MoSSe monolayer under external electric fields. Consequently,
our results demonstrate that polar materials possess better
electric sensitivity than non-polar materials in the presence of
external electric fields. This finding can be applied in the design
of gas sensors and can be used in gas storage applications in the
future through polar materials.
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