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Abstract

The widely developed industry of today generates significant amounts of harmful gases, which prompts the search for modern materials allowing
for their efficient and reliable detection. Transition-metal dichalcogenides (TMD) constitute well-known example of such, with particularly high
potential for excellent sensing of NO2. It is known, that the adsorption of this hazardous molecule varies on the TMD composition, however the
importance of transition metal and chalcogen types were never previously contrasted. Moreover, the other NOx compounds, namely NO and N2,
interact much less with TMD sheets, the reason for which is not yet well understood. This work utilizes density functional theory (DFT) approach
to untangle these problems by examining the adsorption processes of NO2, NO, and N2 on the monolayers of WS2, MoS2, and MoSe2. The
calculations allowed to establish two important conclusions: (i) the chalcogen is significantly more important than transition metal, allowing for
much greater increase in adsorption of NO2 on MoSe2 than on WS2, as compared to that on MoS2, (ii) only molecules acting as an acceptor with
respect to the TMD sheet can benefit from the enhancement coming from the composition of the latter. The gained insight can likely contribute to
the informed design of devices allowing selective detection, the lack of which is a recognized problem among semiconductor sensors.
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1. Introduction

In recent decades, air pollution has emerged as a significant global
challenge with detrimental impacts on both human health and the en-
vironment. Among the various air pollutants, nitrogen oxides (NOx),
encompassing nitrogen monoxide (NO) and nitrogen dioxide (NO2),
play a critical role in the formation of hazardous compounds and par-
ticulate matter [1–6]. These pollutants are primarily emitted from the
combustion of fossil fuels in vehicles, industrial processes, and power
plants. Upon inhalation, NOx can cause a range of health issues, includ-
ing respiratory problems, cardiovascular diseases, and exacerbation of
existing respiratory conditions [7–10]. Additionally, NOx contributes
to the formation of acid rain and smog, leading to environmental degra-
dation, ecosystem disruption, and subsequent economic costs [11–14].
To effectively address the adverse effects of NOx pollution, it is crucial
to develop comprehensive monitoring strategies that provide accurate
and real-time data for assessing air quality and guiding targeted miti-
gation efforts [15]. Therefore, there is a pressing need to invest in the
development of efficient and reliable monitoring techniques to combat
this persistent challenge.

In a pursuit to enhance the detection efficiency of NOx, consid-
erable efforts have been devoted to exploring novel sensing materi-
als, with transition-metal dichalcogenides (TMDs) emerging as promis-
ing candidates. TMDs exhibit unique physicochemical properties [16–
20], coupled with an excellent surface-to-volume ratio, rendering them
highly sensitive to molecule adsorption. This sensitivity results in mea-
surable changes in their electronic and optical signals. Notably, recent
studies have showcased the potential of TMDs for the highly sensitive
and selective detection of NOx gases in ambient air [21–23]. Further-
more, applying gate bias [24, 25], and using light illumination [26–
28] have been reported effective in enhancing the overall performance
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of TMD-based sensors. Consequently, the utilization of TMD-based
sensors holds the promise of revolutionizing air quality monitoring by
offering cost-effective, low-power, and portable devices capable of real-
time NOx detection at room temperature. Nonetheless, challenges re-
main in terms of improving the selectivity, recovery, and response time
of these sensors [29–31]. Further investigation and optimization of
TMD-based gas sensing mechanisms hold the key to advancing this
technology and addressing the pressing need for more robust and effi-
cient NOx monitoring strategies. In particular, the impact of comprising
elements on the sensitivity of TMDs remains still elusive.

TMDs have a chemical formula of MX2, with M a transition-metal
atom (Mo, W, etc.) and X a chalcogen atom (S, Se, or Te). TMDs
reported sensitive to NOx, including molybdenum disulfide (MoS2),
molybdenum diselenide (MoSe2), and tungsten disulfide (WS2), favor
trigonal-particle geometry with transition-metal atoms sandwiched be-
tween two layers of chalcogen. This makes sheets semiconducting [32],
with most readily available donors of electrons on their surface being pz

orbitals of the chalcogens [18, 19]. Consequently, chalcogens compris-
ing the TMDs could directly affects molecule-sheet interactions. On
the other hand, M–X bonds could also play an important role in charge
distribution in the sheet, and thus have some impact on the adsorp-
tion. This in turn, could affect the interaction between acceptor-type
molecules and TMD sheets, thus impacting their sensitivity to NOx.

The sensitivity of the sensor relies significantly on the charge trans-
fer (δQ) occurring between the analyte and the sensing layer. This pro-
cess directly impacts observable properties like conductivity and pho-
toluminescence, making it feasible to detect gases. Conversely, the
recovery of the sensor depends on the adsorption energy (Eads) of the
target species, as it governs desorption rates. Both of these crucial pa-
rameters can be accurately determined through computational quantum
mechanical modeling. In this context, Zeng et al. [33] and Tang et
al. [34] have explored the significance of computational studies in this
field and highlighted their valuable contribution to gaining a quanti-
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tative understanding of adsorption and charge transfers. Subsequent
studies [17, 20, 35–37] have further underscored the efficacy of such
computational approaches.

As a result, this study utilizes density functional theory (DFT)
methods to investigate the adsorption of NOx and N2 on the monolayers
of MoS2, MoSe2, and WS2. The primary objective is to compare how
transition metals and chalcogens influence molecule-sheet interactions
among the most widely studied TMDs and to consider the potential
selectivity of those effects.

2. Computational Details

The entirety of the DFT calculations presented in this study utilzed
plane-wave/psuedopotential (PW/PP) formalism along with the pro-
jector augmented wave (PAW) method executed using version 7.0 of
Quantum ESPRESSO suite [38–40]. The employed pseudopotentials
(PP) were of scalar-relativistic kind and included nonlinear core cor-
rections. The Perdew-Burke-Ernzerhof (PBE) functional [41, 42] was
implemented for approximating the electron exchange-correlation en-
ergy. Van der Waals (vdW) contributions were incorporated to the
total energy with Grimme’s D3 method [43, 44]. The selection of
the PBE+D3 treatment was based on preliminary tests, including the
Heyd-Scuseria-Ernzerhof (HSE) exchange-correlation functional [45]
and Tkatchenko-Scheffl van der Waals vdW treatment [46]. These tests
demonstrated that the PBE+D3 approach satisfactorily describes the
electronic properties of TMD monolayers and the interactions on their
surfaces, aligning with findings from prior studies [47–50]. Conducted
calculations were spin-polarized with magnetization set along z axis.
The PW cutoff energy was set to 55 Ry for the wave function and to
500 Ry for the electron density. Monkhorst–Pack (MP) [51] k-point
grids of 6 × 6 × 1 and 24 × 24 × 1 were chosen for the 4 × 4 supercell
and 1 × 1 cell respectively, along with a Gaussian smearing of 0.005
Ry for the integration of the surface Brillouin zone. Löwdin population
analysis was performed to estimate partial charges. For the optimiza-
tion of the total energy, the positions of all atoms were relaxed until the
convergence criteria of <10−3 Ry/au for the force and <10−5 Ry for the
total energy were reached.

To model the adsorption process each molecule was placed few Å
above the two-dimensional (2D) periodic TMD slab with a 4× 4 super-
cell as shown in Figure 1. About 25 Å of vertical vacuum space was
inserted among repeated slabs. This approach was proven successful
by previous works on similar systems [37, 48, 52]. As the adsorption
occurs only on the upper surface of the sheet, the setup is asymmetric.
Latter is evident through a dipole moment perpendicular to the slab, in-
troduced as the consequence of electron transfer between the sheet and
adsorbates. These circumstances in addition with the periodic bound-
ary conditions result in an artificial electric field between neighboring
slabs. Dipole correction layer (DCL) [53] was implemented in the mid-
dle of the vacuum space in order to compensate for the described effect.
The width of the vacuum region was adjusted to contain the DCL while
simultaneously not overlapping the adsorption and reaction region on
top of the sheets. Figures 1, 2 and part of figure 8 were generated using
the XcrySDen visualization program [54].

3. Results and Discussion

3.1. Adsorption of NOx on layers of MoS2, MoSe2, and WS2

The adsorption of analyte molecules on top of TMD layers gen-
erally occurs via vdW forces. This is a consequence of low chemical
activity of TMD sheets and results in lack of sole, preferable adsorption

Table 1: Adsorption of NOx on monolayer MoS2, MoSe2, and WS2.

Sheet Geometry Figure −Eads −δQ ∆z dmin
meV e Å Å

NO2

WS2 HN 2a 178 0.042 2.98 3.21
HO S1a 162 0.037 2.94 3.29
VN S2a 85 0.006 3.92 3.92
VO S3a 134 0.015 3.10 3.31
avg. 140 0.025 3.24 3.43

MoS2 HN 2b 172 0.041 2.99 3.22
HO S1b 157 0.036 2.90 3.31
VN S2b 82 0.005 3.93 3.93
VO S3b 129 0.014 3.11 3.31
avg. 135 0.024 3.23 3.44

MoSe2 HN 2c 205 0.070 2.98 3.21
HO S1c 190 0.087 2.89 3.24
VN S2c 145 0.058 3.11 3.12
VO S3c 145 0.046 3.16 3.35
avg. 171 0.065 3.04 3.23

NO

WS2 HN 2d 144 0.033 2.99 3.00
HO S1d 136 -0.012 3.14 3.37
VN S2d 87 -0.005 3.49 3.50
VO S3d 91 -0.003 3.46 3.46
avg. 114 0.003 3.27 3.33

MoS2 HN 2e 142 0.031 2.95 2.97
HO S1e 135 -0.015 3.14 3.36
VN S2e 95 -0.003 3.52 3.52
VO S3e 90 -0.002 3.45 3.45
avg. 115 0.003 3.26 3.33

MoSe2 HN 2f 154 0.049 3.04 3.06
HO S1f 132 -0.007 3.24 3.47
VN S2f 97 0.008 3.60 3.60
VO S3f 89 -0.001 3.58 3.59
avg. 118 0.012 3.37 3.43

N2

WS2 H 2g, S1g 87 0.004 3.70 3.70
V S2g, S3g 60 0.001 3.62 3.63

avg. 73 0.003 3.66 3.67
MoS2 H 2h, S1h 87 0.005 3.51 3.60

V S2h, S3h 59 0.001 3.60 3.61
avg. 73 0.003 3.56 3.60

MoSe2 H 2i, S1i 87 0.005 3.62 3.69
V S2i, S3i 60 0.001 3.71 3.71

avg. 73 0.003 3.67 3.70

configuration. As energies separating different configurations are rela-
tively low and dominant interaction forces have dispersive character, an
analyte can undergo transitions between semi-stable states and diffuse
over the surface. The above behavior is exhibited even in relatively low
temperatures. In order to investigate a system which displays the afore-
mentioned properties, a range of adsorption configurations have to be
used in a place of single, global minimum one. Therefore, this study
utilizes a range of NOx adsorption geometries differing in the orien-
tation and position of the molecule. These configurations are made
equivalent across all investigated sheets. Presented approach enable us
to mitigate compounding adsorption effects which is of paramount im-
portance as it allows for a clear and unambiguous description of the
effects facilitated by transition metals and chalcogens.

In the present paper we have examined following molecules: N2,
NO, and NO2. Initial configurations of foregoing placed above the
MoS2 layer are displayed by Figure 1. The subfigures (a–d) present
NO2 molecule in following initial configurations: (a) Horizontally sit-
uated NO2 with the N atom placed above the chalcogen atom (HN); (b)
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(a) (e) (i)

(b) (f) (j)

(c) (g)

(d) (h)

Figure 1: Schematic representation of initial adsorption geometries of NO2 molecule (a–d): HN, HO, VN, and VO; NO molecule (e–h): HN, HO, VN, and VO; N2
molecule (i–j): H, and V respectively. The illustrations depicts only sheet of MoS2, as adsorption configurations of WS2, and MoSe2 systems are equivalent.
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(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Figure 2: Optimized atomic structures of the most favorable adsorption configuration of (a) NO2@WS2, (b) NO2@MoS2, (c) NO2@MoSe2, (d) NO@WS2, (e)
NO@MoS2, (f) NO@MoSe2, (g) N2@WS2, (h) N2@MoS2, (i) N2@MoSe2. The remaining optimized structures are shown in the supplementary materials.

Horizontally situated NO2 with the O atom placed above the chalcogen
atom (HO); (c) Vertically situated NO2 with the N atom placed above
the chalcogen atom (VN); (d) Vertically situated NO2 with the O atom
placed above the chalcogen atom (VO). The subfigures (e–h) show NO
molecule in geometries: (e) HN, (f) HO, (g) VN and (h) VO, all of
which are analogous to the ones of NO2. Finally, the N2 configura-
tions are of following: (i) Horizontally situated N2 (H); (j) Vertically
situated N2 (V). The geometries of WS2 and MoSe2 systems are equiv-
alent, therefore not shown. By employing presented approach we can
obtain detailed description of adsorption, allowing us to recognize the
differences depending on the TMD variety and dismiss the positioning
associated effects.

One can quantitatively describe the process of adsorption by calcu-
lating corresponding energy defined as:

Eads = E(NOx@TMD) − E(NOx) − E(TMD), (1)

where E(NOx@TMD), E(NOx), and E(TMD) are the total energy of
the adsorbate-substrate system, free molecule, and the TMD monolayer
respectively. Occurring charge transfer is evaluated by quantifying the
net charge within the analyte:

δQ = Q(adsorbed NOx) − Q(free NOx). (2)

where Q(adsorbed NOx) and Q(free NOx) are summed up per-orbital
populations of the atoms forming accordingly adsorbed and free NOx.
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Figure 3: (a) Histograms illustrating minimum distance dmin between the clos-
est atoms of NOx and TMD as well as (b) difference ∆z in z component between
the lowest molecule atom and averaged z component of upper chalcogen layer
for optimized structures. The HN, HO, VN, VO labels refer to initial geometry
of a given NOx@TMD system.

The values of adsorption energy and charge transfer are summarized
in Table 1 alongside with the ∆z and dmin parameters, which succes-
sively refer to a difference in z component between the lowest atom of
a molecule and averaged z component of upper chalcogen layer, and
minimum distance between analyte and the closest TMD atom. By in-
specting the adsorption energy values it can be clearly seen that the
most energetically favorable configuration of the molecules were all
obtained from HN initial configurations for systems containing NO2

or NO, and from H initial configurations for N2 systems. These are
therefore presented in Figure 2 with the remaining relaxed structures
included in supplementary materials in Figures S1, S2, and S3.

The comparison of Fig 1 and Fig 2 shows that the final geometry
of the adsorption systems depends to some extent on their initial con-
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Figure 4: (a) Histograms portraying adsorption energy Eads and (b) charge
transfer δQ occurring from TMD layer to NOx (b) as given by equations 1
and 2 respectively. The HN, HO, VN, VO labels refer to initial geometry of
a NOx@TMD system.

formation. However, upon closer inspection it is apparent that all of the
relaxed conformations of a given molecule are quantitatively the same
for each starting geometry, regardless of the type of TMD substrate.
This can be demonstrated by mutually comparing subfigures (a–c) of
Figure 2, as well as (d–f) or (g–i). Analogous can be observed by con-
trasting same-column images belonging to any of Figures S1, S2, and
S3. Such results make up a promising base for a recognition of differ-
ences in the adsorption processes depending on the diversity of internal
electronic structure of the TMDs and analytes and not on their geomet-
rical arrangements. By the more detailed assessment of the relaxation
data following behavior of NOx can be highlighted: (i) the NO2 al-
ways aligns itself vertically, with the O atoms facing downwards for
the HO and HN and upwards for the VO and VN initial configurations,
(ii) in the NO systems derived from horizontal initial configurations the
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Figure 5: (a) Averaged adsorption energy Eads and (b) charge transfer δQ values
of a given NOx@TMD system. Auxiliary Eads and δQ graphs containing values
coming from HN geometries are there to elucidate the case of NO molecule.

molecule slightly deflects as the O atom moves upwards, whereas for
the VN NO@WS2, VO NO@WS2, and VO NO@MoS2 the NO un-
dergo minimal tilt and remains in approximately the same position in
the rest of the vertical arrangements, (iii) in all the cases orientation of
N2 remains qualitatively unchanged with the exception of minor fluc-
tuations. Exhibited behavior of the analytes is consistent with the pre-
vious reports [16, 17, 20, 48]. The achieved similarity of an adsorbate
arrangement within its relaxed systems are of noticeable importance for
benchmarking of dissimilarities between TMDs, as it allows for exclu-
sion of geometry-related differences. Moreover, considered NOx also
behave mutually consistent, i.e. they all position themselves on com-
parable heights above a TMD sheet. The structural data regarding the
molecules in relaxed configurations is exhibited in the form of scatter
plots presented in Figure 3. Exact values are as recorded in Table 1.
It can be seen in Figure 3a, that almost all of the minimal distances
dmin are of similar values. The same is true for differences in verti-
cal coordinate ∆z between a sheet and a molecule, as it is displayed
by Figure 3b. The only configurations which stand out are the two
VN geometries of NO2 i.e. NO2@WS2 VN and NO2@MoS2 VN. The
deviation is seemingly pretty protruding, therefore it shall be closely

investigated. The relaxations of the aforementioned systems have left
NO2 adsorbates roughly 0.9 Å higher above a TMD sheet than in the
other cases, which can be concluded through Figure 3 and comparison
of Figure S2a, b with Figure 2a–c, S1a–c, S2c and S3a–c. However,
both of the inspected NO2 remain its characteristic vertical orientation.
Moreover, the O atoms belonging to them are directed upwards, just as
for NO2@MoSe2 (cf. Figure S2a, b to c). These facts indicate that the
distance surpluses result purely from a weaker molecule-sheet interac-
tion and not from secondary effects, which is confirmed by the appro-
priately higher adsorption energy of NO2@WS2 VN and NO2@MoS2

VN (see Table 1). It is therefore suitable to include NO2@WS2 VN
and NO2@MoS2 VN systems in further examinations. As the rest of
the dmin and ∆z data is of comparable quantity, we can safely proceed
on to the analysis of adsorption energy and charge transfer.

Histograms presented in Figure 4 serve as a quantitative guide for
the levels of adsorption energies (see Figure 4a) and charge transfers
(see Figure 4b). Upon brief inspection it is prominent that the spread of
values is huge as compared to the structural parameters plotted in Fig-
ure 3. The lowest Eads values signifying the greatest adherence are of
NO2, followed successively by the ones of NO and finally of N2. The
δQ graph bears more complicated structure with the appearing negative
transfers for NO molecule in the HO, VN and VO geometry. If a mag-
nitude of electronic transfer is considered, the NOx can be ordered in
the same manner as for the adsorption energy, with the highest absolute
values belonging to the NO2 systems, followed by the NO and N2 sys-
tems respectively. The strengths of adsorption interaction and charge
transfer are both lower for the NO2@WS2 VN and NO2@MoS2 VN,
nonetheless it is completely natural as their optimal positions lie higher
above a TMD layer as compared to the other NO2 systems. In addition,
as it was previously highlighted, the orientations of all relaxed NO2

sharing the same initial geometry remain mutually consistent. Juxta-
posing Figure 4a to Figure 3 shows that the total form of the Eads his-
togram is not a solely consequence of differing dmin and ∆z. Rather it
seems to be connected with the magnitudes of δQ (cf. Figure 4a to Fig-
ure 4b). Nitrogen dioxide, which universally displays strong acceptor-
like response, takes part in the highest transfers of charge and in all
cases adsorbs the most to a TMD sheet. The weakest adsorption inter-
action is displayed by N2, known for its reluctance to accept or donate
charge, clearly visible also in this study. The acceptor-donor character
of NO varies according to its orientation. For the single VN and all of
the HN geometries the molecule accepts charge, acting like a donor in
the rest of the cases. In result nitrogen monoxide finds itself in between
NO2 and N2 with medial levels of Eads and δQ. The above shows that
for all of the NOx the electronic transfer data excellently respond to that
of adsorption energy.

Currently it may seem, that the intensities of the adsorption pro-
cesses are governed purely by the capability of the molecule to par-
ticipate in the charge transfer. Nevertheless, another important factor
should be noted. Upon closer examination of the NO2 it cannot be
omitted that in all cases by far the strongest adsorption is exhibited by
the systems including a layer of MoSe2. The second greatest inter-
action between NO2 and a TMD appears for WS2, with the sheets of
MoS2 interacting a little less. Apparently, there exists some relation-
ship of adsorption energy and the types of transition metal and chalco-
gen forming a TMD layer. The same dependence can be additionally
observed for the HN geometry of NO. The rest of the values do not
appear to be correlated with the TMD composition. In order to elu-
cidate this interesting behavior the averaged Eads and δQ were plotted
as a functions of the substrate type and placed on the left side of Fig-
ure 5a and b respectively. The most scattered set of points describing
adsorption energy and charge transfer of NO2 blatantly stands in oppo-
sition to the practically straight line connecting points of N2. The NO
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related function stays somewhere in between, with the highest offset of
averaged Eads and δQ for MoSe2. As it can be seen, the average ad-
sorption graphs stay distinctly separated. However, the latter is not true
for the averaged electronic transfers, which is due to not consistent be-
havior of NO. For this reason, the data related to the HN geometries of
the molecules is additionally shown on the right side of the graphs, be-
cause for these NO always acts acceptor-like. In this way, the enhanced
adsorption relation to the magnitude of charge withdrawn by acceptor
molecules can be fully appreciated, as all of the δQ points are visibly
separated and correlate to the values of Eads.

The above observations highlight two important behaviors of the
considered systems: (i) the selectivity of the enhanced adsorption in-
teraction, depending on the characteristics of an analyte, and (ii) the
existing relationship of enhancement magnitude with the composition
of TMD. The reasons behind observed differences are by no means
obvious. Each of the TMD adsorbents exhibits its hexagonal phase.
Moreover, Mo and W atom both have identical number of valence elec-
trons, which is also true for S and Se. Consequently, the WS2, MoS2

and MoSe2 layers share the same symmetry simultaneously containing
equal number of bonds, all of alike character. It is not unsubstantiated
to expect a similar sheet-molecule interaction. How is it therefore pos-
sible for the adsorption to differ so much? The detailed answer to this
question is presented in the two subsequent parts of this work: firstly,
we inspect an origin of the selectivity, after which we proceed on to the
analysis of the impact on adsorption induced by the TMD composition.
The later also emphasize differences regarding to the type of transition
metal as opposed to the chalcogen variety.

3.2. Connection between the selectivity of the enhanced adsorp-
tion and the NOx acceptability

In order to explore the selectivity of adsorption it is fruitful to care-
fully examine the distinction in the behavior of the adsorbates. One
way to achieve a quantitative comparison is to consider the differences
in Eads, related to the change of substrate. For a given NOx molecule:

∆Eads(TMDa,TMDb) = Eads(NOx@TMDa) − Eads(NOx@TMDb) (3)

Analogous can be done for the charge transfers:

∆δQ(TMDa,TMDb) = δQ(NOx@TMDa) − δQ(NOx@TMDb) (4)

Naturally, equations 3 and 4 should be limited to pairs of TMD layers
differing by a single atom type, otherwise it would be difficult to ac-
knowledge which substitution, the one of transition metal or of chalco-
gen, is responsible for the greatest changes. The differences were cal-
culated for the averaged values as displayed in Figure 5. Obtained
∆ avg. Eads(MoS2,WS2) and ∆ avg. Eads(MoS2,MoSe2) are presented
as histograms visible in Figure 6a, whereas the ∆ avg. δQ(MoS2,WS2)
and ∆ avg. δQ(MoS2,MoSe2) are placed in Figure 6b. It is quite obvi-
ous, that the greatest enhancement of adsorption interaction is experi-
enced by NO2, with the decrease in Eads of roughly 4.8 and 36.4 meV
for Mo→W and S→ Se swaps respectively. Much lesser improvement
is observed for the NO, as it loses only about 0.9 meV for Mo→W and
2.6 meV for S → Se substitution. Finally, N2 show almost no partici-
pation in the effect, as its regarding changes are almost equal with the
values below 0.5 meV. Clearly, NO2 benefits the most from the replace-
ments in substrate composition. To understand why, it is necessary to
first consider the the mechanism behind the physisorption on surfaces
of TMD layers.

The examined sheets of TMD disclose a hexagonal symmetry, with
every one of the metal atoms enclosed by six nearest-neighbor chalco-
gen atoms in a trigonal prismatic geometry, facilitated by sd5 orbital
hybridization. The adsorption of acceptor-type molecule on the layers
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Figure 6: (a) Histograms presenting difference in average adsorption energy
∆avg. Eads and (b) charge transfer ∆avg. δQ between same-molecule different-
sheet adsorption systems as given by equations 3 and 4 respectively.

of such kind is mostly governed by the availability of the outward pro-
jected pz orbitals of the chalcogens. The greater is the external electron
charge density, the more electrons are available to undergo a charge
transfer between the sheet and adsorbing analyte, resulting in a stronger
binding. However, the level to which the charge is accessible on the
surface is directly connected to the bonding of metal and chalcogen.
The formation of M–X bond in TMD layer requires an electron trans-
fer between M and X. This leads to charge redistribution within the
sheet, which may result in varying availability on the surfaces of sheets
depending on the pairing of constituent elements [20].

To quantify the charge accessible above each of the inspected TMD
layer the planar average of the electron charge density across the super-
cell can be calculated. The obtained results for each one of the sub-
strates are presented in a functions of height in Figure 7a. It is well
visible, that the MoSe2-related curve tops, with the WS2 and MoS2
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graphs situated in the middle and at the bottom respectively. That or-
der is met for the whole domain of the functions, which includes the
heights of adsorbing NOx, typically 3–4 Å. Therefore, MoSe2 provides
the greatest charge to draw, followed by WS2 and then MoS2. The
correlation between the above and charge transfer is illustrated by Fig-
ure 7b. For NO2 the ordering of δQ magnitudes is the same as that of
available charge. The NO transfers show similar dependence, however
the TMD type has no impact on the transfers of N2. As the amount of
charge offered by a given TMD sheet has to be identical, the selectiv-
ity of enhanced adsorption interaction and higher charge transfer (see
Figure 5) for different NOx on the same kind of TMD has to be related

to the molecule capability of accepting charge. The latter is a direct
consequence of the adsorbate electronic properties.

Now, the high sensitivity of NO2 to the TMD composition can be
comfortably explained. An oxygen and nitrogen atoms, due to their
valence structure, find themselves in the most energetically favorable
position when participating in a double and triple bond respectively.
Hence, the combination of two oxygen and one nitrogen atoms can
hold additional negative charge, making NO2 an excellent acceptor,
ready to draw from the pz orbitals projected by the chalcogens. In-
deed, the intensity of NO2-TMD interaction is directly correlated to the
charge transfer, which is in turn highly dependent on the type of tran-
sition metal and chalcogen forming the TMD. This is clearly displayed
by the obtained adsorption enhancements, as their NO2-related levels
correspond to increase in charge transfer (cf. Figure 6a and b). The NO
case is a little more diverse. While the molecule acts like an acceptor,
i.e. for the HN initial geometry, it is able to benefit from the greater
adsorption interaction. However, when NO behaves more donor-like,
the effect vanishes. This is displayed on the example of Eads values
related to the HO, VN and VO initial geometries, for whom the δQ
levels are positive (cf. Figure 4a and b). For these, the Eads ordering,
related to the type of TMD and displayed by the HN system, does not
appear. On average, the negative charge transfer predominates behav-
ior of NO, generally making it able to participate in the effect, as it
is visible in Figures 5 and 6. The case of N2 is the most straightfor-
ward. Two nitrogen atoms form the molecule by a triple covalent bond,
completely filling out their p orbitals. Therefore, N2 is not involved in
almost any charge transfer. Nevertheless, a careful observer may no-
tice, that N2in fact attracts an almost negligible, but nonzero, amount
of charge, which should make it able to benefit a little from enhanced
adsorption. Figure 6a seems to support this claim, however the magni-
tude of differences are almost identical, differing after the third decimal
place. This makes enhancement so weak, that it can be assumed that
N2 does take part in it.

It should now be clear, that the selectivity of the enhanced adsorp-
tion is due to the level to which the molecule is able to behave as an
acceptor with respect to the TMD sheet. Nevertheless, the unmissable
is that the changes caused by the substitution of chalcogen are sev-
eral times larger than those related to the swap of transition metal. Up
to this point we have not touched on this important factor. The scale
of the unevenness can be easily recognized by comparing the heights
of ∆ avg. Eads(MoS2,WS2) and ∆avg. Eads(MoS2,WS2) histograms as
seen in Figure 6a and b. As an acceptor interact with the TMD adsor-
bent mainly by drawing the projected charge in the form of the chalco-
gens pz orbitals, the X atoms importance is somewhat intuitive. How-
ever, the metal impact on the adsorption remains fuzzy, alongside with
the intrinsic origin of the enhancement connected to the characteristics
of the M–X bond, specific to each TMD type. Therefore, we shall pro-
ceed to the last section, which addresses the above and elucidates the
differences between WS2, MoS2, and MoSe2 on the base of the chalco-
gen and transition metal interaction.

3.3. The enhanced adsorption dependence on transition metal
vs. dichalcogen

The goal of this section is to unravel the relationship between the
contribution of chalcogen and transition metal to the amount of charge
accessible above a TMD layer. As it was highlighted in Section 3.2,
the magnitude of the latter is responsible for the enhanced adsorption
interaction occurring between acceptor molecule and a sheet, thus in
this way we shall obtain the complete description of the effect.

Looking at Figure 6 it is evident, that the type of chalcogen has
a much greater impact on the adsorption energy and charge transfer
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than the type of transition metal. It comes as no surprise, as the out-
wardly projected charge mostly depends on the chalcogens, however
their behavior is to some extend dependent on the bonding with metal.
Therefore the M atom type can also influence the TMD-adsorbate in-
teraction, albeit far less, which can be easily recognized by comparing
red and blue bars of NO2 displayed in Figure 6). These dependencies
can be further validated by Figure 7, which shows the electron charge
density above the sheet increase much more for the chalcogen substi-
tution S→ Se (cf. MoS2 and MoSe2), than for the metal swap Mo→
W (cf. MoS2 and WS2). To understand the mechanism governing the
amount of this accessible charge, the M–X bond have to be examined.

The M–X bonding interaction leads to the accumulation of elec-
tronic charge between the atoms within the layer. Hence, it is only
natural that this accumulation facilitates the depletion of charge pro-
jected outward. This, in turn, affects its availability on the surface of
TMDs depending on their atomic composition. Therefore, it could be
intuitively understood that factors such as binding energy, atomic dis-
tances relative to the covalent radii of the constituent elements, and
their electronegativity may influence the redistribution of charge, and
thus govern the underpinnings of the observed enhanced adsorption in-
teraction for the acceptor type molecules. However, one can inspect the
M–X interaction in a more detailed way by calculating charge density
depleted of superposition of atomic densities

δn(X) = n(MX2) − n(M) − n(X). (5)

The obtained δn(X) for the centers of M–X bonds are showed in Fig-
ure 8a–c. Red and blue colors represent accordingly increase and de-
crease in electronic density with magnitude correlated to the color in-
tensity. The analysis of the images display the covalent nature of the
bonding, forming at the expense of disperse outward charge. The alter-
ations in MoS2 and WS2 appear comparable, whereas MoSe2 exhibits
a notably lower accumulation of charge between bonded atoms. This
aligns with the higher availability of electrons on the surface of MoSe2.
However, it is essential to note that this observation may be inadver-
tently influenced by the chosen placement of cross-sections, which may
not fully represent changes in charge distribution due to M–X bonding.

To further substantiate the above findings, a more detailed exami-
nation of the M–X interaction is necessary. For this purpose, we have
calculated the planar-averaged δn(X) densities, which are illustrated
along the z-direction in relation to the transition-metal layer in Fig-
ure 8d and the upper chalcogen layer in Figure 8e. Upon inspecting the
charge redistribution within the TMD monolayers (Figure 8d), the re-
sults reveal electron accumulation between atomic planes facilitated by
charge depletion in their vicinity. Furthermore, the comparable accu-
mulation between layers of transition metals and chalcogens in MoS2

and WS2 monolayers, and notably lower accumulation of charge be-
tween bonded atoms in MoSe2 is observed. Additionally, the charge
in WS2 is shown to be shifted toward the surface when compared with
MoS2, despite the similar magnitude of accumulation. This is likely
attributed to the larger size of W compared to Mo [55], necessitat-
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ing charge distribution further from W, coupled with virtually identi-
cal interlayer spacing of Mo–S and of W–S. This, of course, indicates
a greater overlap of orbitals in WS2, coinciding with stronger atomic
bonding (−7.16 eV), compared to that in MoS2 (−6.69 eV). Conversely,
both MoS2 and MoSe2 comprise Mo atoms. As a result, the maximum
of electron accumulation occurs at the same distance from the transition
metal, albeit with different values.

The described redistribution of charge within the TMD sheets also
affects the electron density outside of them. To accommodate bond
formation and the corresponding charge accumulation between atomic
layers, all three monolayers experience charge depletion on their sur-
face, as illustrated in Figure 8e. However, the extent of depletion differs
between the sheets. MoSe2 exhibits the least amount of electronic den-
sity loss on its surface, which aligns with its lower accumulation within
the monolayer. On the other hand, both MoS2 and WS2 experience
comparable higher accumulation, coinciding with a greater depletion
of electronic density outside of the sheet relative to MoSe2. However,
the results also indicate a difference between the two monolayers, de-
spite the comparable accumulation and the same chalcogen comprising
them. This disparity likely originates from differences in charge dis-
tribution within the sheet. On one hand, there is a larger depletion of
charge on the atomic plane of W than Mo, and on the other, the accu-
mulated charge is closer to the surface in WS2 than MoS2. Therefore,
there is less demand for charge shifting from the surface in the former
than the latter.

Taken together, the heightened availability of charge on the sur-
face of MoSe2 compared to the monolayers of WS2 and MoS2 can
be attributed to a combination of low electron depletion on its surface
(characteristic of Mo–Se bonding) and a generally greater projection
of charge from 4p orbitals in Se compared to 3p orbitals in S. Con-
versely, the smaller difference in availability between WS2 and MoS2

is facilitated by the disparities in atomic bonding. These differences
enable the accumulation of charge within the sheet closer to the surface
in the case of WS2. As a result, the intrinsic features of M–X bond-
ing are the underpinnings behind the enhanced adsorption interaction
of acceptor-type molecules.

4. Conclusions

The present paper utilizes the density functional theory approach to
predict the role of transition metal and chalcogen atom in adsorption of
NO2, NO, and N2 on monolayers of MoS2, MoSe2, and WS2 transition-
metal dichalcogenides. The key characteristics of each such process are
summarized in Table 1. The results confirms the previous assumption
[20], that only the acceptor-acting molecules adsorbing on TMD layers
are able to benefit from enhanced adsorption interaction. The magni-
tude of the latter is mostly impacted by the chalcogen type and not so
much by the kind of transition metal comprising the sheet, which is best
visible in Figure 6. As the calculations were carefully conducted for
various initial conformations of each adsorbing molecule, we exclude
the geometry-related origin of the observed differences and relate it to
the intrinsic nature of a given TMD layer. The average adsorption en-
ergy of NO2 rises only by about 3.7 % upon substitution of Mo with W
and by as much as 26.7 % after swapping S with Se atom, relative to the
interaction with MoS2. The molecule of NO experiences diminished ef-
fect, as it does accept less charge and only in some of its configurations.
Finally, N2 is practically indifferent to the TMD composition. Above
outcomes can be easily appreciated by looking at Figure 5).

The observed enhancement of acceptor molecules adsorption is
directly related with the amount of accessible charge located above
the TMD surface. The latter is dependent on the transition metal–

chalcogen covalent bonding. We reveal, that the stronger binding de-
mands higher electronic density localized between metal and chalcogen
atoms, coming at the expense of charge otherwise dispersed outside the
material. Naturally, the former varies according to the type of metal
and chalcogen forming the sheet (see Figure 7 and 8). It was shown
previously, that the higher electronegativity of the chalcogen results
in greater accumulation of electrons within the TMD body [20], how-
ever the current study examines the significance of the different types
of transition metals was examined for the first time. Contrary to the
hitherto belief, the substitution with more electronegative metal does
not diminish, but increase the available surface charge, which was in-
spected on the example of MoS2 compared to WS2. This is due to the
W–S bond being weaker than Mo–S and needing less charge to form.
The size effects of the atoms also play a certain role, however a minor
one. Nevertheless, the differences between MoS2 and WS2 are several
(up to more than seven) times smaller than those observed for TMD
containing disparate chalcogens. The comparison of MoS2 and MoSe2

leads to the conclusion, that the chalcogen kind is of far greater im-
portance for enhancing the interaction with acceptor molecules. This
is unexpected, as S (2.58) differs in electronegativity from Se (2.55)
much less than Mo (2.16) from W (2.36) atom. These findings show,
that during the evaluation of the adsorption processes including given
TMD sheet one has to specifically consider its metal–chalcogen bond.

With the in-depth knowledge of the mechanism responsible for
the NOx-TMD interaction, one can leverage the layer composition-
adsorption relationships in order to obtain gas sensor with well tailored
sensitivity and recovery. Moreover, the various responses of the differ-
ent sheets allow for enhanced specificity of detection, addressing a key
limitation of semiconductor sensors [56–60]. This is of considerable
importance, as the latter often respond to multiple species, distinguish-
ing between which can be difficult. Such cross-sensitivity can lead to
false positives or negatives, undesirable in gas detection.
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