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Covalent functionalization of MoSe, nanosheets
with hydrogen bond-donating functionalities for
the sensing of nitroaromatics
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Nitroaromatic compounds serve as indicators of environmental pollution and are specifically related to
contamination by pesticides and explosive residues. Consequently, the development of sensitive sensing
materials for their detection is of significant interest in environmental monitoring. This study investigates
the chemical functionalization of molybdenum diselenide (MoSe,) with organic halogenated groups
possessing hydrogen-bonding donor functionalities (i.e., —-CONH,, —CO,H, and —SOzH), with the objective
of employing them as sensing materials for the detection of selected nitroaromatics, including nitrobenzene
(NB), m-nitrotoluene (m-NT), p-nitrotoluene (p-NT), p-nitrophenol (p-NP), picric acid (TNP), and p-
nitroaniline (p-NA). These findings indicate that the chemical tethering of functional alkyl groups enhances
physical adsorption, with chemical reaction energies 100 times greater than the physical adsorption ener-
gies. Electronic properties, such as the density of states (DOS), projected DOS, and band structures,

Received 30th October 2025, demonstrate significant alterations in conduction and bandgap modulation, with a reduction of 0.5 eV. In

Accepted 15th January 2026 the presence of target molecules, high adsorption energies were observed, particularly in the range of
DOI: 10.1039/d5ma01255d -1.84 to -2.26 eV, notably for MoSe,/2¢ bearing the —SOsH moiety. The partial charges, electronic density

differences, and recovery times further corroborated the potential application of these materials in assessing
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1. Introduction

Nitroaromatic compounds (NACs) are a significant class of
organic pollutants widely used in the production of explosives,
dyes, pesticides, pharmaceuticals, and fine chemicals.'™ They are
characterized by the presence of one or several nitro groups
attached to an aromatic ring, which confer high chemical stability
and strong electron-withdrawing properties. After use, nitroaro-
matic residues persist in nature and contaminate food and water
supplies. For instance, the breakdown of the widely used organo-
phosphorus pesticide parathion yields 4-nitrophenol, which has a
halflife of about 40 days under aerobic conditions and longer
under anaerobic conditions and may persist in soil for 3-4 months
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pollution by nitroaromatic compounds for environmental monitoring in ecosystems.

after use.>® Many researchers have made substantial progress in
the detection of nitroaromatic compounds.”*® Nitrobenzene (NB),
m-nitrotoluene (m-NT), p-nitrotoluene (p-NT), picric acid (TNP), 4-
nitrophenol (p-NP) and p-nitroaniline (p-NA) are particularly note-
worthy because of their environmental persistence, toxicity, and
role in military and industrial applications."* For example, p-NA is
associated with hematological, splenic, and renal toxicities and is
classified as a potential Group 2B carcinogen by the IARC."” Even
at low concentrations, NACs pose significant risks to human
health by affecting the liver, blood, and nervous system and can
lead to long-lasting contamination of soil and groundwater.'>"*
These hazardous effects highlight the urgent need to develop
sensitive and selective sensing methods based on nanomaterials
with tailored properties.">"®

A survey of recent literature shows that particular attention has
been devoted to the design of responsive small-molecule systems
for the detection of nitroaromatics such as trinitrophenol, trini-
trotoluene (TNT), dinitrotoluene (DNT), dinitrobenzene (DNB),
nitrobenzene, and nitrotoluene (NT)."”"*° For instance, melanin
oligomers have been used to detect nitroaromatics, showing a high
affinity for TNT and TNP."” Only a few reports have focused on the
study of new materials useful for sensing nitroaromatics.**">>
The Perdew-Burke-Ernzerhof (PBE) functional is widely used in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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material-based studies, illustrating its robustness in solid-state
quantum simulations.?® The interaction energy ranged between
—1.1 and —2.8 eV for transition metal-modified materials'®?"
and between —0.1 and —0.7 eV for sensing materials relying on
hydrogen bonding and other weak physical interactions.'®'*** For
instance, Hashmi et al used pentacarbon dinitride (C;N,)
nanosheets for nitroaromatic detection,” which showed selectivity
in the order TNP > TNT > DNB. Functionalized BC; nanosur-
faces have also been used to detect various nitroaromatics.*
Luminescent organic metal frameworks have been used to selec-
tively detect NB in the presence of benzene and acetone.”” C,,-TM
materials, where TM is Sc, Cr, or Mn, showed higher interaction
energies of —2.0 to —2.8 €V in the presence of nitrobenzene.”!

Numerous 2D materials, such as graphene, MoS,, WS,, and
other TMDs, have been studied for nitroaromatic sensing appli-
cations. Despite these encouraging instances, the detection of
NACs in these systems is primarily controlled by n—r stacking and
charge-transfer interactions between the conductive surface and
aromatic rings, which frequently lead to limited chemical
selectivity and moderate sensitivity.>”*® Similarly, virgin, doped,
or defect-engineered TMD monolayers have been used in exten-
sive research on MoS, and WS,-based sensors, where the sen-
sing mechanism is primarily governed by physisorption and
weak charge transfer effects.>® These methods can increase the
strength of adsorption, but they typically lack chemical recogni-
tion sites, which limit their selectivity towards structurally
identical nitroaromatic compounds.

The conjugated aromatic structure and electron-deficient nitro
groups favor charge-transfer interactions with electron-rich sur-
faces. These properties make NACs ideal targets for detection
using nanomaterials, especially 2D materials, whose active sur-
faces can interact through n-stacking, dipole-dipole interactions,
or hydrogen bonding.>*** However, pristine 2D materials, such as
transition metal dichalcogenides, have limited chemical reactivity
and reduced adsorption efficiency and selectivity towards complex
molecules, such as NACs.*" To enhance the sensing performance,
surface functionalization strategies, including covalent and non-
covalent approaches, have been widely explored.*** Functiona-
lization introduces active sites that improve the charge transfer
between the surface and the target analyte. Recent studies have
shown that chemical modification of TMDs can significantly tune
their electronic and adsorption properties.**” Nevertheless,
most reported functionalization strategies focus on MoS, or other
TMDs, while covalent functionalization of MoSe, for chemical
sensing applications, particularly for nitroaromatic compounds,
remains largely unexplored.®® MoSe,, a prominent member of the
TMDs family, has recently attracted significant attention owing to
its unique two-dimensional layered structure and exceptional
electronic properties. As a single layer, MoSe, exhibits a direct
bandgap, which makes it highly versatile for electronic and
optoelectronic applications.**™*

Recent advances in flexible chemical sensors have explored
the use of 2D materials and nanostructured composites for
gas and nitroaromatic detection. Metal-doped MoS, nano-
flowers demonstrated high SO, sensitivity at room tempera-
ture with DFT-confirmed charge transfer.”” MXene/metal-organic
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framework-derived CuO nanohybrids enabled self-powered ammo-
nia sensing with high sensitivity and flexibility,*> while ZnO
nanoflower-cellulose acetate/polyaniline composites improved
ammonia detection via QCM devices.** Despite these advances,
most sensors rely on pristine or doped materials, where inter-
actions are dominated by physisorption, limiting selectivity. In
this context, this work introduces the covalent functionalization
of MoSe, with hydrogen-bond donor groups to enhance charge
transfer and provide specific binding sites for nitroaromatic
compounds, improving the sensitivity and selectivity compared
to existing designs. However, despite these promising proper-
ties, MoSe, has been significantly less explored for nitroaro-
matic hydrocarbon sensing compared to other TMDs such as
MoS,, with only a few studies addressing its interactions with
NAC molecules.*™” Its high electrical conductivity and strong
surface activity make it a promising candidate for gas-sensing
applications, particularly for the detection of volatile com-
pounds. Alkyl halide molecules can alter the local electronic
density, adjust the Fermi level, and promote specific interac-
tions with electron-deficient analytes such as NACs. These
modifications can potentially increase the sensitivity and selec-
tivity for the detection of toxic or explosive compounds.*®*°
Importantly, although nitro groups are strong hydrogen bond
acceptors, the deliberate introduction of hydrogen bond donor
functional groups via covalent functionalization of MoSe, has
not been reported for NAC sensing. Addressing this gap is a
central focus of the present work.

In this study, we investigated the covalent functionalization
of 1H-MoSe, using halogenated organic precursors, specifically
iodoacetamide, iodoacetic acid, and iodomethanesulfonic acid.
These alkyl halides are initially adsorbed physically on the
substrate surface, followed by a chemical reaction in which the
carbon-iodine bond is cleaved. The iodine atom is substituted by
selenium in the MoSe, lattice, resulting in the formation of a
stable carbon-selenium (C-Se) covalent bond. The newly intro-
duced active sites tune the local electronic environment of the
substrate, thereby enhancing its interactions with electron-
deficient nitroaromatic compounds such as NB, m-NT, p-NT,
TNP, p-NA, and p-NP. Using density functional theory (DFT)
calculations, we systematically explored the adsorption behavior,
charge redistribution, and electronic structural changes induced
by functionalization and subsequent analyte binding. These
results provide detailed insights into how C-Se covalent bonding
modulates the sensing properties of MoSe,, offering promising
strategies for the design of high-performance two-dimensional
sensors for environmental monitoring and security applications.

2. Methodology

Simulations were performed using the Quantum ESPRESSO
package (v7.3).>° The generalized gradient approximation in the
PBE form was used to describe the exchange-correlation inter-
actions between electrons.” GBRV high-throughput pseudopo-
tentials were employed for all the atomic species.” The valence
electron wavefunctions and charge densities were expanded in
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a plane-wave basis set with kinetic energy cutoffs of 60 and 540 Ry,
respectively, to ensure accurate convergence of the total energies
and forces. A5 x 5 MoSe, supercell was used in the functionaliza-
tion and adsorption studies using a 4 x 4 x 1 Monkhorst-Pack
k-point grid, which was sufficiently dense to ensure converged total
energies and accurate geometry.>® A denser 12 x 12 x 1 k-point
grid was employed to ensure convergence of the density of states.
Non-spin-polarized calculations were performed since the MoSe,
monolayer and NAC compounds were not magnetic and contained
no unpaired electrons. Test calculations confirmed that including
spin polarization does not significantly affect the geometries,
adsorption energies, or electronic properties.

For electronic optimization, the self-consistent field energy
convergence was set to 10°° Ry. Geometry relaxation was per-
formed until the total energy variation was less than 10~ °® Ry, and
the residual atomic forces were less than 107> Ry Bohr '. A
vacuum spacing (25 A) was applied along the z-direction to avoid
interactions between the periodic images of the MoSe, monolayer.
For the adsorption studies, van der Waals interactions were
accounted for using the DFT-D3 (version 4) method with Grimme’s
correction.>”> The functionalization of MoSe, with halogenated
molecules was modeled at various adsorption sites (top, hollow,
and bridge) to identify the most stable configurations. These
computational parameters guarantee the stability and accuracy
of the optimized geometry and electronic structure calculations for
pristine and functionalized MoSe, systems.

3. Results and discussion

3.1. Structural model and adsorption sites

The pristine 1H-MoSe, monolayer consists of a single layer of
molybdenum atoms sandwiched between two layers of sele-
nium atoms, forming trigonal prismatic coordination. In the
supercell, each lattice vector was expanded five times along the
a- and b-directions, resulting in a periodic slab sufficiently large
to accommodate adsorbed halogenated molecules without

Fig. 1

(b)

MoSe,/2b
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introducing artificial interactions between periodic images.
The monolayer consisted of 25 Mo and 50 Se atoms. A vacuum
of 25 A was introduced in the direction perpendicular to the
plane to avoid inter-plane interactions. The lateral dimensions
of the simulation box are 16.63 A x 16.63 A. For hexagonal TMD
monolayers, the optimized lattice preserves the P6s/mmc
(No. 194) space-group symmetry. This supercell ensured ade-
quate spatial separation between adsorbates and accurate electro-
nic structure estimates by offering a suitable framework for the
systematic investigation of covalent functionalization and adsorp-
tion using DFT. We investigated the physisorption of three halo-
genated molecules of interest, iodoacetamide (1a), iodoacetic acid
(1b), and iodomethanesulfonic acid (1c). All three compounds
contain an iodine atom but differ in their terminal functional
groups, which can interact with the MoSe, surface through van der
Waals forces, dipole-surface interactions, or weak coordination
bonds. For each molecule, adsorption was explored at four distinct
sites on the MoSe, monolayer, as depicted in Fig. 1. This systema-
tic evaluation allowed the identification of the most energetically
favorable adsorption configuration for each functionalized mole-
cule, providing insight into the surface reactivity and potential
sensing performance.

3.2. Evaluation of the energetic and electronic properties

After performing full geometric relaxation for each adsorption
configuration, the energetic stability and local geometric char-
acteristics of the resulting structures were examined. The
adsorption energy (AE,qs) of each molecule was calculated using

eqn (1).

AEads = EadsorbateJrMOSe2 - Eadsorbate - EMoSe2 (1)

where Eydsorbatetmose, 1S the system energy, and Eyjose, and Eagsorbate
are the total energies of MoSe, and the adsorbate, respectively.
A negative adsorption energy value indicates favorable adsorption.
A similar treatment was used to determine the reaction energies
between pristine MoSe, and the reactive intermediates.

NH, OH
o=§ 0%
| I

1a 1b 1c

HO\ o
P
S ’

o//>

T : Top; B : Bridge and H : Hollow sites

MoSe,/2¢c

(a) High-symmetry position examined for the adsorption of iodinated functional molecules, (b) chemical structures and corresponding reactive

intermediates 1a—c, and (c) relaxed geometries of functionalized surface MoS,/2a—c.
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We investigated the interactions between nitroaromatic
compounds and functionalized MoSe, surfaces to assess their
efficacy as chemical detectors. The targeted molecule was
placed close to the modified surface of each structure, and
the full system was relaxed. The interaction energies (AE;,)
were calculated using eqn (2).

AEin = Enacs+Mose, — Enacs — Efmose, (2)

where Efvose, is the energy of the functionalized MoSe,, Exac is
the energy of a single isolated NAC molecule, and Exac/mmose, iS
the energy of the relaxed fMoSe, + NAC system.

A study of the charge density difference (Ap) was conducted
to gain a better understanding of the interaction mechanism
between the functionalized surface and target molecules. The
differential charge density was computed using eqn (3):

A,D = pcomplex - proSeZ - ptarget (3)

where peompiex i the charge density of the complete system,
Pimose, 18 the charge density of modified MoSe,, and pearge: is
that of the target.

The recovery time (t) represents the time required for an
adsorbed molecule to desorb from the surface, indicating the
reusability and response reversibility of the sensor.”® This was
calculated using the transition-state approximation theory,>”
which relates the desorption rate to the adsorption energy and
temperature, and can be determined using eqn (4):

7 = v 'exp(|AEinc| /K T) (4)

where T is the absolute temperature (K), kg is Boltzmann’s con-
stant (8.617 x 107> eV K™ '), and AEy, is the interaction energy
(eV). The attempt frequency is assumed to be 1 x 10> Hz.

3.3. Physisorption analysis

The geometric configurations of the systems formed by the
physical adsorption of three halogenated molecules, iodoaceta-
mide (1a), iodoacetic acid (1b), and iodomethanesulfonic acid
(1c), on the MoSe, surface were optimized for each considered
site (Fig. 1b). The top and side views of the geometries obtained
for each case are shown in Fig. S1 (see SI), highlighting the
relative orientations of functional groups and iodine atoms with
respect to the surface. After the full geometric relaxation of each
configuration, the adsorbed structures were analyzed in terms
of energy stability and local geometry. The minimum distances
between the iodine and selenium atoms from the surface (Se-I)
were extracted for each configuration to evaluate the adsorption
proximity.

The adsorption energies showed that the interaction between
adsorbates and the MoSe, surface was weak, which is character-
istic of van der Waals-type interactions. As presented in Table 1,
the energy values varied between —0.013 and —0.033 eV, con-
firming the physical adsorption. Among the different positions
studied, the bridge configuration was systematically the most
stable for all three molecules, with a minimum energy of
—0.033 eV. This preference can be attributed to the better
distribution of the interaction between the iodinated group
and the surface.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical and chemical adsorption energies of molecular functio-
nalizers on MoSe; and their equilibrium positions in relaxed geometries

Systems AE,qs/eV dse_x/A
MoSe,/1a —0.027¢ 4.59
—0.031° 3.85
—0.032° 3.79
—0.018¢ 417
MoSe,/1b —0.021° 4.36
—0.032° 3.86
—0.033¢ 3.94
—0.0134 5.12
MoSe,/1¢ —0.022° 3.94
—0.018° 4.01
—0.033¢ 4.08
—0.029¢ 4.14
MoS,/2a —2.11 2.02
MoS,/2b ~1.93 2.04
MoS,/2¢ —2.00 2.03

% Tg, position. 5 Tho position. ¢ Bridge position. 4 Hollow position.

The minimum distances Se-I associated with the bridge
configuration range from 3.79 A for MoSe,/1a to 4.08 A for
MoSe,/1¢, which confirms that the molecules remain at a reason-
able distance from the surface without direct bond formation.

3.4. Covalent functionalization

The chemical functionalization of MoSe, using chemical
reagents relies on a substitution mechanism involving breaking
of the C-I bond. Under favorable conditions (thermal energy or
assistance by surface defects), second-order nucleophilic sub-
stitution replaces the iodide ion with a nucleophilic doublet
from the selenium atom exposed on the surface of MoSe,,
leading to the formation of a C-Se covalent bond and the stable
grafting of the functional group. From the perspective of
chemical adsorption, the formation of a C-Se covalent bond
between the halogenated molecule and MoSe, constitutes a
strong and irreversible interaction.

The optimized geometries of the functionalized MoSe,
systems (Fig. 1c) revealed the successful formation of a stable
C-Se covalent bond after cleavage of the carbon-iodine bond.
This bond enhances the electronic integration of the molecule
within the MoSe, lattice, potentially modifying its electronic
structure and sensing properties. During the functionalization
process, the released iodide ions were positioned beneath the
surface to maintain overall charge neutrality, preventing the
system from carrying a positive net charge, which could other-
wise result in unphysical and unreliable adsorption energies.
By preserving neutrality, the calculations provided a realistic
assessment of the structural stability, electronic configuration,
and potential detection performance of covalently functiona-
lized MoSe,-molecule complexes.

The results of chemical adsorption are summarized in Table 1,
where for each molecule, the chemical adsorption energy AE,qs
and the covalent distance C-Se, indicative of the strength of the
bond formed, are indicated. The analysis of the results reflected
significant stabilization of the system after the formation of the
covalent bond Se-C. Among the studied reagents, compound (1a)
exhibited the most negative adsorption energy (—2.11 eV), which

Mater. Adv., 2026, 7, 2716-2726 | 2719
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indicates a more favorable reaction than the other two com-
pounds. This affinity can be attributed to the nature of the amide
group, which promotes efficient alignment of the reactive carbon
with the surface. Iodomethanesulfonic acid (1¢) has an adsorption
energy of -2.00 eV, while iodoacetic acid (1b) is slightly less
attracted to the surface (-1.93 eV), although all energies remain
within a narrow range, illustrating comparable reactivity for the
three structures.

For the covalent distance Se-C, values vary very little: they
range from 2.02 A to 2.04 A, which is consistent with the
formation of a typical stable covalent bond between a selenium
atom and a sp® carbon atom. These results suggest that these
molecules can form robust chemical bonds with the MoSe,
surface, while maintaining sufficient structural flexibility.

The different functional groups (i.e., -CONH, in 1a, -CO,H
in 1b, and -SOs;H in 1c¢) played a crucial role in the final
functionality of the modified surface. Indeed, these groups
can influence the polarity of the surface, the possibility of
hydrogen interactions, and the molecular recognition ability
in applications such as detection or catalysis. Thus, although
the grafting mechanism remains identical, the chemical nature
of the R group strongly modulates the physicochemical proper-
ties of the functionalized material.

3.5. Electronic properties

3.5.1. Band structures. The band structure of optimized
MoSe, is shown in Fig. S2 in the SI file. This reveals a semicon-
ductive character with a direct band gap at the K point. The
bandgap energy was approximately 1.43 eV, which is in good
agreement with the literature.’®>® This agreement suggests that
the optimized structure used in this study is reliable for the
analysis of adsorption and detection properties. The electronic
band structures of MoSe,/2a, MoSe,/2b, and MoSe,/2¢c were also
calculated to evaluate the effect of chemical functionalization on
their electronic properties. The results in Fig. 2a show that the
covalent introduction of these organic groups significantly chan-
ged the distribution of the electronic states, particularly around the
Fermi level.

The electronic band structures of functionalized MoSe,
materials show a significant reduction in the bandgap energy,
ranging from 0.91 to 0.83 eV compared to pristine MoS,
(Ey = 1.43 eV). This can be attributed to chemical functionaliza-
tion, which leads to the formation of localized states near the
Fermi level. These states manifest as flat bands in the band
structure, indicating low dispersion and high localization, typi-
cally on the adsorbed molecule. This effect is more pronounced
with highly polar groups, such as -CO,H and -SO3;H, which
induce stronger perturbations in the electronic structure.
Furthermore, the adsorbate is positively charged, and its charge
is fully distributed over the supercell, which can introduce new
charge carriers into the material. It is important to note that the
material retains its semiconducting nature, which makes these
functionalized systems promising candidates for chemical sen-
sing applications based on band-structure modulation.

3.5.2. Density of states. The total electronic density of
states was calculated for each system to better understand the

2720 | Mater. Adv, 2026, 7, 2716-2726
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impact of chemical functionalization on the overall distribu-
tion of the electronic levels. The curves in Fig. 2b allow the
visualization of the possible appearance of new states intro-
duced by functionalization and the evaluation of their influ-
ence on the electronic conductivity.

In the case of pristine MoSe,, the DOS is distributed mainly
within the range of —6 to 5 eV, whereas for functionalized
MoSe,, the distribution extends wider, ranging from —8 to 5 eV.
This extension towards lower energies reflects the appearance of
new deep electronic levels, originating from the orbitals of the
functional molecule (amide, carboxyl, or sulfonate groups). The
expanded DOS form indicates a broadening of the electronic
response window, which is favorable for detection applications
where sensitivity depends on subtle changes in the electronic
profile. Overall, the three systems studied exhibited similar
behavior in this shift tendency, confirming the systematic effect
of covalent functionalization on the density of states of the base
material.

3.5.3. Projected density of states. Further analysis was con-
ducted by determining the projected density of states (PDOS) for
each system to identify the contribution of the different atoms
(Mo, Se, and C) to the electronic states close to the Fermi level
and to determine the effect of chemical bond formation. Analysis
of the PDOS showed that the major contributions around the
Fermi level are essentially from the 4d and 2p orbitals of Mo
and Se for pristine MoSe,, respectively (Fig. 2c). A significant
PDOS alteration was observed for the functionalized materials.
A new intense peak appeared at the Fermi level (E — Ex = 0 eV)
in the three modified systems. This peak is due to the 2p orbital
of the carbon from the adsorbates, confirming covalent Se-C
formation. Concomitantly, the Se 2p orbital of the atom
involved in the Se-C bond also exhibited an increased intensity
at the same energy, probably arising from the positive charge
introduced by the reactive intermediates. Moreover, a global
shift in the PDOS was observed, particularly for the Mo 4d
orbitals. This is due to functionalization, insofar as selenium
bound to carbon locally influences the electron density of the
adjacent molybdenum.

3.6. Sensing of nitroaromatics

3.6.1. Detection of nitrobenzene. To judge the effective-
ness of the functionalized MoSe, surfaces as chemical detec-
tors, we examined the interaction of the modified MoSe, with
nitrobenzene, the simplest representative compound of the
nitroaromatic family. For each structure, the targeted molecule
was positioned near the altered surface and integral geometric
optimization was performed, as shown in Fig. 3a.

The results summarized in Table 2 show that the MoSe,/2¢
system exhibits the most stable interaction with nitrobenzene,
displaying a more favorable adsorption energy of —2.07 eV and
a minimum N-O---H hydrogen bonding distance of 1.64 A,
indicating a more powerful interaction between the surface and
the target molecule.®® This may be due to the strong acidity of
the OH from the sulfonic group (pK, = —1.9%") compared with
that of the carboxylic acid or carbamide groups (pK, of ~4.7%?
and ~15.1,% respectively).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The band structure (a), DOS (b), and PDOS (c) plots for MoSe,/2a, MoSe,/2b, and MoSe,/2c show the bandgap and Fermi level for each material.

The PDOS for each element is indicated by the color legend.

3.6.2. Detecting other NACs. To broaden the scope of the
investigation beyond nitrobenzene, the MoSe,/2¢ system was
employed to explore its interactions with a wider range of
nitroaromatic compounds. Additional molecules, including m-
nitrotoluene, p-nitrotoluene, trinitrophenol, p-nitrophenol, and
p-nitroaniline, were selected to represent the diverse structural
and functional variations within the nitroaromatic family. The
optimized geometries are shown in Fig. 3b. As summarized in
Table 2, the calculated interaction energies span a relatively
broad range (-1.95 to -2.26 eV), corresponding to N—O- - -H-O
hydrogen bonds formed between the sulfonic acid moiety and
the nitroaromatic adsorbates. The associated bond lengths
vary from 1.61 to 1.66 A, reflecting differences in interaction
strength across the tested molecules. Among these, p-nitroaniline

© 2026 The Author(s). Published by the Royal Society of Chemistry

exhibited the most pronounced interaction. These results high-
light the capability of the functionalized MoSe,/2c material to
interact strongly with a wide spectrum of nitroaromatic pollutants,
underscoring its potential for comprehensive environmental mon-
itoring of contaminated water and soil systems.

3.6.3. Charge density differences. A study of the charge
density difference was conducted to better understand the inter-
action mechanism between the target molecules p-NT, p-NA, and
p-NP and the functionalized MoSe,/2¢ surface to visualize the
charge transfer caused by adsorption, highlighting the areas of
electron density loss and gain caused by the interaction between
the two entities.

Fig. 4a shows a three-dimensional map of the charge density
difference generated following the adsorption of analyte molecules
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MoSe,/2b-‘NB MoSe,/2¢c-*NB

MoSe,/2¢c--p-NA

MoSe,/2¢c--p-NP

MoSe,/2¢:+p-NT MoSe,/2¢c-m-NT

MoSe,/2¢c-TNP

Fig. 3 Relaxed geometries of (a) NB---MoSe,/2a—c and (b) other NACs interacting with MoSe,/2¢c showing hydrogen bonds between the acidic O—H

from the surface and O=N from the target NACs.

Table 2 Interaction energies of the target molecules with MoSe,/2a-c
via hydrogen bonding

Targets Substrates AE;n/eV HB lengths/A
NB MoSe,/2a -1.84 N-O---H =2.26
MoSe,/2b -1.85 N-O---H =1.81
MoSe,/2¢ -2.07 N-O---H = 1.64
m-NT MoSe,/2¢ -2.03 N-O---H = 1.66
p-NT -2.08 N-O---H = 1.62
TNP -1.95 N-O---H = 1.65
p-NA -2.26 N-O---H =1.61
p-NP -2.09 N-O---H = 1.65

(p-NT, p-NP, and p-NA) on the functionalized MoSe,/2¢ surface.
The blue areas corresponding to the electron-depleting regions
(charge density loss) are located mainly around the oxygen atoms
of the -NO, group of the analyte molecules, as well as partly
around the sulfonic acid hydrogen. This depletion indicates charge
donation from these regions to the functionalized surface. In
contrast, the yellow areas indicate charge-accumulation regions
(charge density gain), which are visible around the bonds between
the functional groups of the two species, between the oxygen or
nitrogen atoms of the nitro group, and between the sulfur and
oxygen atoms of the sulfonic acid. The complementary charge
distribution zones confirm the existence of partial charge transfer

2722 | Mater. Adv., 2026, 7, 2716-2726

between the target molecules and the sensing surface. This
phenomenon is a direct indicator of chemisorption interactions,
which is consistent with the high adsorption energies obtained
previously.

3.6.4. Partial charges. To better understand the electronic
effects of the interactions between the functionalized surface
and the NACs, partial charges were determined for the MoSe,/
2¢ systems interacting with p-NT, p-NP, and p-NA by analyzing
the Léwdin population (Fig. 4b). This was used to estimate the
net charge transfers between the target molecules and the
modified surface and to evaluate the nature of the interactions
at the atomic scale. We focused on the main atoms involved in
the interaction, notably the S, O, N, and H atoms.

The acidic hydrogen from SO;H exhibits a negative charge
variation (~-0046¢), reflecting electron gain due to hydrogen
bonding with the electronegative O atom. The sulfur atom
displays a positive charge change (~+0.016¢), indicating local
electron loss. The hydrogen-bonded oxygen of SO;H is negatively
charged because of charge accumulation due to the strengthen-
ing of the O-H bond during interaction, while the other two
oxygens of the SO;H group have partial charges of (~-0.026e)
and (~-0.006¢). This asymmetry reflects the uneven distribution
of the electrostatic field, which is likely related to the spatial
orientation of the target molecules. Regarding the -NO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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MoSe,/2c-p-NT @

Fig. 4

The charge density differences were plotted at a density isovalue of 2.5 x 10~ %e Bohr

grouping of molecules, the nitrogen atom (N) gains a small
number of electrons (—0.010 and —0.013e), which is typical for
its role in stabilizing the charge by resonance in -NO,. Among
the two oxygen atoms, the one involved in hydrogen bonding
gains a slightly higher charge (~-0.020e), whereas the other
loses electrons (~+0.031e), suggesting an internal reorganiza-
tion of the electron cloud within the group -NO,.

These partial load variations indicate that the hydrogen bond
between the H of SO;H and the O of NO, is the main anchor
point of the interaction. Electron transfer is oriented from the
acid group to the nitro group, which confirms the electrophilic
nature of the latter. The entire transfer was consistent with a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Electronic density differences and (b) Lowdin partial charges for MoSe,/2c interacting with p-NT, p-NP, and p-NA target molecules.

-3

chemisorption interaction stabilized by local electron polariza-
tion, thus enhancing the sensitivity and selectivity of the sensor.

Charge density difference and partial charge analyses pro-
vide a direct link between the adsorption strength and sensing
response. The significant charge redistribution induced by NAC
adsorption, particularly through hydrogen bonding between
the SO;H functional group and the -NO, moieties, leads to
modulation of the local carrier concentration near the Fermi
level of the functionalized MoSe, surface. The magnitude of the
calculated charge transfer, as revealed by the Léwdin popula-
tion analysis, quantitatively reflects the degree of electronic
perturbation induced by the adsorbates. Therefore, stronger
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(a)

Fig. 5 Charge density differences for positive (a), negative (b), and positive
and negative (c) charges participating in the pnictogen-type bond
between iodine and selenium.

adsorption energies accompanied by larger charge transfer are
expected to result in more pronounced conductivity variations.
Although explicit charge transport calculations were not per-
formed, the observed charge redistribution served as a reliable
quantitative indicator of the change in conductivity, which is
consistent with the operating principle of resistive 2D material-
based sensors.

3.6.5. Halogen bonding. Furthermore, the iodide atom
interacts with the bottom surface through a pnictogen-type bond
involving the c-hole located on the iodine atom and localized
excess electron density on the adjacent selenium atoms (Fig. 5).%*%°
This specific interaction contributed to the overall stabilization of
the adsorption configuration. Owing to its high polarizability, the
iodine atom exhibits significant deformation of its outermost
electron cloud, resulting in distinct regions of positive and negative
electrostatic potentials. As illustrated in Fig. 5a, the positive region
(vellow) corresponds to the c-hole formed along the extension of
the C-1 bond, whereas the negative region (blue, Fig. 5b) represents
the area of electron accumulation. The alignment of the c-hole on
iodine with the negatively charged selenium sites facilitates an
electrostatically driven attraction, which is characteristic of a
pnictogen bonding interaction. This behavior highlights the crucial
role of halogen and pnictogen polarization in modulating the
surface adsorption processes and tuning the electronic coupling
between the adsorbate and the substrate. The molybdenum atom
presents an area of charge depletion and gain perpendicular to the
axis of the I - -Se non-covalent interaction.

3.7. Recovery times

The recovery times as a function of temperature for MoSe,/2¢ with
three target molecules is studied (Table 3). The value, calculated
from the adsorption energies, indicated strong temperature depen-
dence for all target molecules. At 298 K, these values were
extremely high (on the order of 10'°~10** h), reflecting the stable
chemical adsorption of NACs on the functionalized surface.

At higher temperatures, the recovery times decreased signifi-
cantly, reaching 10'°-10"® and 10°-10” h, confirming the ther-
mally activated nature of the desorption process at 400 and
500 K, respectively. The p-NA exhibits a distinct behavior:
although its adsorption energy is the highest (2.26 eV), the
estimated recovery time of approximately 2.1 x 10’ h suggests
faster desorption at high temperatures, which could result from
local reorganization or partial relaxation of the bond between
the NH, group and the surface.
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Table 3 Recovery times computed from the interaction energies
between the target molecules and the sensing surface

Recovery times/h

Entry Systems 298 K 398 K 498 K

1 MoSe,/2¢: - -p-NT 4.2 x 10*° 6.1 x 10*° 3.1 x 10°
2 MoSe,/2¢: - -p-NA 4.6 x 10%*2 1.1 x 10 2.1 x 107
3 MoSe,/2¢- - -p-NP 6.2 x 10" 8.1 x 10 3.9 x 10°

These results clearly show that an increase in temperature
promotes the destruction of the adsorbed molecules and signifi-
cantly reduces the recovery time. However, at relatively low
temperatures, analyte retention indicates that detection relies
mainly on strong chemisorption, providing the system with
excellent sensitivity but limiting its ability to quickly regenerate.
Among the three molecules, p-NA exhibited the strongest inter-
action with the functionalized surface, confirming its ability to
selectively and stably detect the modified MoSe,.

4. Conclusions

This study demonstrates that the chemical functionalization of
MoSe, with halogenated organic groups containing hydrogen-
bond donor functionalities (-CONH,, -CO,H, and -SO;H) mark-
edly enhances its potential as a sensing material for detecting
nitroaromatic pollutants. The introduction of these functional
groups significantly strengthens the adsorption interactions,
with the chemical binding energies exceeding the physical
adsorption energies by nearly two orders of magnitude. Electro-
nic structure analyses revealed pronounced modifications in the
conduction band and a notable bandgap reduction (approxi-
mately 0.5 eV), confirming the strong electronic coupling
between MoSe, and adsorbed nitroaromatics. The adsorption
energies in the range of -1.84 to -2.26 eV and the corresponding
charge transfer patterns indicate high sensitivity, particularly for
the MoSe,/2c system. These findings underscore the potential of
functionalized MoSe, as an efficient and tunable platform for
detecting nitroaromatic contaminants such as NB, m-NT, p-NT,
TNP, p-NP, and p-NA. Overall, this work provides valuable
insights into the rational design of two-dimensional materials
for environmental monitoring and pollutant detection in
complex ecosystems.
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