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MXene nanosheets and their heterostructures for
air pollutants: a DFT insight

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 20712

Siraj Ud Daula Shamim, @ * Taslima Akter, Aditi Ahmed Ananna, ©
Bivas Kumar Dash @ and Afiya Akter Piya@

In this study, we utilized density functional theory (DFT) with plane-wave calculations to investigate the gas-
sensing capabilities of Mo- and Nb-based MXene nanosheets, including Nb,C, Nb,N, Mo,C, and MoN, as
well as their heterostructures (NbMoC and NbMoN). We focused on assessing their effectiveness in
detecting hazardous airborne gases, such as carbon monoxide (CO) and nitrogen monoxide (NO). The
adsorption energy, charge transfer, work function, and electronic properties of the nanosheets and their
heterostructures were examined to understand their adsorption behavior. Molecular dynamics and
phonon calculations confirmed the thermal and mechanical stability of the nanosheets, with NbMoC
being more stable than NbMoN. The band structures and density of states (DOS) indicate the metallic
behavior of the nanosheets. CO and NO were adsorbed on Nb,C, with adsorption energies of —3.014
and —4.479 eV, respectively. A similar adsorption phenomenon was found for Nb,N. The adsorption of
CO and NO on Mo,C occurred with adsorption energies of —2.456 and —2.984 eV, respectively. For
heterostructures, gas molecules were adsorbed on the Mo and Nb sites of the nanosheets, with the Nb
site being more favorable. Therefore, all MXenes exhibit strong sensitivity towards gas molecules, high
interaction properties in the chemisorption range, short adsorption distance, and a significant amount of
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1. Introduction

Air quality is a serious global issue impacting the delicate
ecosystem and human health. Global, social, and economic
stability are essential for the maintenance of renewable energy,
social health, sustainable growth, and environmental protec-
tion. Fossil fuel burning, motor vehicle emissions, industrial
manufacturing processes, particulate matter from traffic, road
dust, and soil are some sources of air pollution. During these
activities, toxic gases such as nitrogen dioxide (NO,), carbon
dioxide (CO,), carbon monoxide (CO), and mono-nitrogen
oxides (NO) are released into the atmosphere."*> The nature of
greenhouse gases has changed because of the emission of CO,
and CO pollutants. In particular, the emission of carbon
monoxide is a significant contributor to climate change and
global warming. At high concentrations, CO, a colorless and
tasteless gas, can cause rhythm disorders and breathing issues.?
These pollutants are extremely harmful, severely deteriorating
air quality and causing major damage to ecosystems. Nitrogen-
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structural deformation upon adsorption. Therefore, all nanosheets, except for Mo,N, were considered
promising candidates for detecting CO and NO gas molecules.

containing gases in the ecosystem, such as NO, (a combination
of NO and NO,), contribute to acid rain, which causes breathing
issues, damages visual organs in humans, and ultimately harms
the planet.** NO indirectly causes climate change by promoting
the formation of ozone (0;), the third-largest driver of positive
solar radiation. N,O acts as a powerful greenhouse gas. They are
also a major part of the nitrogen cycle, affecting climate and
ecosystem productivity.* Therefore, toxic gases must be filtered
out, or the pollutants must be eradicated after identification.
Searching for practical solutions is crucial because the identi-
fication and filtration of these gases have become important in
the past few decades. In this process, gas sensors play an
important role in developing sensors with high sensitivity, rapid
response, selectivity, and low operating temperatures for real-
time monitoring and damage prevention.

In 2011, the Gogotsi group at Drexel University in the United
States proposed MXenes.® Over the past century, MXenes and
their composites have attracted much interest in sensitive
electronics,” filed emitter,® catalysis,” electromagnetic shield-
ing," and energy conversion and storage.'* The scientific
community is very interested in the newly discovered MXene
family of two-dimensional (2D) materials due to its numerous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uses and exceptional properties. The high surface-to-volume
ratio, outstanding electronic conductivity, superior mechan-
ical strength, and adjustable surface chemistry make it an ideal
candidate for advanced technologies.’>** The general formula
for MXenes is M,,+;1X, Ty, where M denotes a transition metal
(such as Ti, V, Nb, or Mo), X represents carbon or nitrogen, and
T, denotes surface groups (such as -O, -OH, and -F).** The
capacity of MXenes to identify harmful gases has recently led to
a surge in interest in gas sensing. They exhibit promise for real-
time environmental monitoring and safety applications
because their sensitivity depends on the adsorption behavior,
charge transfer, recovery time, and changes in electronic
properties. In 2017, Lee et al. reported the remarkable gas-
sensing capabilities of titanium carbide at room temperature,
unlike standard semiconductors that require 200-400 °C.*
Thomas et al. investigated the sensing performance of Mo,CT,
MXene for CO, and found high degree of stability with fast
response/recovery times of 32/45 seconds.'® The superior
performance of MoTe,-based sensors for detecting NO, and
NH; was demonstrated by Feng et al. They showed excellent
reversibility at room temperature without sensitivity loss."”
Furthermore, Cho et al. and Zhao et al. discovered that MoS,
nanosheets made by CVD efficiently sense NO,, NH3, NO, and
SO, because of charge-transfer interactions, highlighting the
wide range of applications for 2D materials in gas sensing.'®**
Another DFT study by Altarawneh et al. explored NO adsorption
and separation on Mo,N surfaces, highlighting the possible
process of converting NO into N,. They found that Mo,N
surfaces were more conducive to the dissociative adsorption of
NO.>* By depositing potassium on Mo,C/Mo(100), Solymosi
et al. adapted the work function and studied the adsorption of
CO and CO,.”" Wang et al. investigated the stability, CO
adsorption, activation of CO and H,, and their co-adsorption on
the CdlL,-antitype metallic M0,C(001) surface.?” Using DFT, Dou
et al. investigated the gas sensing capabilities of Janus WSTe
monolayers for CO, NO, and O,. They discovered that Te-
vacancies improve the sensing performance and that the
adsorption strength follows O, > NO > C.*® Yang et al. found that
Nb,C can capture SOF, and SO,F, gases and release H,S (in 4.69
s) and SO, (in 2.26 s) upon increasing the temperature.
However, Nb,C is best suited as a low-power sensor for detect-
ing H,S gas.* Lv et al. demonstrated that Nb,CO, is a promising
material for CH, capture and release, where charge regulation
enhances adsorption from weak (physisorption) to strong
(chemisorption).>

Using first-principles calculations based on the DFT method,
we examined the adsorption behavior of Nb- and Mo-based
MXene nanosheets, specifically, Nb,C, Nb,N, Mo,C, Mo,N,
and their heterostructures (NbMoC and NbMoN) towards toxic
gases (CO and NO). The adsorption distances, adsorption
energies, charge transfer, and charge difference density (CDD)
were the primary subjects of the analysis to develop a better
understanding of the adsorption behavior of these gas mole-
cules. Ab initio molecular dynamics (AIMD) simulations and
phonon calculations were used to investigate the thermal and
dynamical stability of the heterostructures. We also calculated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the material recovery time to better understand the adsorption
mechanism.

2. Computational details

To explore the relationship between molecules of gases (CO and
NO) and several nanosheets (Nb,C, Nb,N, Mo,C, Mo,N,
NbMoC, and NbMoN), a calculation based on density functional
theory (DFT) was conducted employing the DMol3 module
within the Material Studio software. The Perdew-Burke-Ern-
zerhof (PBE) functional was used in the generalized gradient
approximation (GGA) for electron-exchange-correlation due to
its combined accuracy and computational efficiency, particu-
larly for investigating the geometry and surface reactivity of
periodic systems.***” The DFT semi-core pseudopotential
(DSPP) was used with a double numerical basis set with polar-
ization (DNP) to consider relativistic effects in the core region.
In this research, we used the spin-unrestricted method so that
spin-up and spin-down electrons were given different orbitals to
better represent systems with unpaired electrons better,*® and
the Tkatchenko-Scheffler (TS) dispersion correction was used to
correct for interactions generated by van der Waals.””> We
determined the convergence limits of the geometry optimiza-
tion as 10™° Ha for energy, 0.002 Ha A~" for force, and 0.005 A
for displacement. The calculations were performed using a Ha-
Fermi smearing parameter of 0.005. We examined a 3 x 3 x 1
supercell with 34 atoms and a 20 A vacuum region for this
investigation. Studies have confirmed that a 3 x 3 x 1 supercell
is sufficient for gas adsorption, while 20 A spacing inhibits
interactions between nearest units. All calculations were per-
formed on a k-point grid set at 4 x 4 x 1 and a global cut-off
radius set at 5.6 A. To gain insight into the interactions
between the gas molecules and the nanosheets, calculated the
adsorption energy.*

Eads = Egas (1)

complex — Enanosheels -

where Ecomplex 18 the total energy of the nanosheets containing
the absorbed gas molecules, Enanosheets and Egyg are the energies
of the nanosheets and gas molecules before adsorption,
respectively.

To observe the method of charge transfer behavior properly,
CDD maps were generated via CASTEP using nanosheets
according to the following equation:**

Ap = Ptotal — Pnanosheet — pgas [2)

The charge density of the nanosheets containing the absorbed
gas molecules is denoted by peotal, Pnanosheety aNd pgas, rESPEC-
tively. The gas molecules were CO and NO, and the nanosheets
were Nb,C, Nb,N, Mo,C, Mo,N, NbMoC, and NbMoN.

3. Results and discussion
3.1 Geometry and structural stability

In this investigation, we initially selected four different MXenes:
Nb,N, Nb,C, Mo,C, and Mo,N. To enhance their surface
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reactivity and sensing capabilities towards toxic gas molecules,
we then created heterostructures by substituting one Mo/Nb
layer with Nb/Mo, forming NbMoC and NbMoN. A 3 x 3 x 1
supercell of each of these six nanosheets consisted of 34 atoms
with 16 N or C atoms, and their optimized structures are shown
in Fig. 1. After optimization, The Nb-C and Nb-N bond lengths
were identical at 2.141 A, which is consistent with the previous
findings of Hu et al and Wang et al. for Nb,C and Nb,N
nanosheets, respectively.**** The bond angles of Nb-C-Nb and
Nb-N-Nb are both 89.6° for these nanosheets. In Mo,C, the
Mo~C bond length is 2.098 A, and the Mo-C-Mo bond angle is
87.252°, closely matching the values reported by Hassan et al.,
who found the Mo-C bond length to be 2.10 A.** The Mo-N
bond length of 2.124 A is in good agreement with previous
findings, and the calculated Mo-N-Mo bond angle is 88.7° in
MOo,N.* Similarly, for the NbMoC heterostructure, the calcu-
lated Mo-Nb and Mo-C bond lengths in NbMoC are 2.939 A and
2.078 A, respectively, with a Mo-C-Nb bond angle of 88.046°.
The Mo-N and Mo-Nb bond lengths are 2.105 A and 2.983 A,
respectively, with a Mo-N-Nb bond angle of 88.933° for
NbMoN. We also relaxed the gas molecules (CO and NO) to the
ground state to obtain stable geometries. The C-O and N-O
bond lengths in CO and NO are 1.142 A and 1.164 A; these
findings are consistent with earlier research by Khoshnobish
et al*® Cohesive energies were determined to examine the
structural stability of the materials. The cohesive energy is a key
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parameter for quantifying the bond strength of crystal struc-
tures. The cohesive energies of Nb,C, Nb,N, Mo,C, Mo,N,
NbMoC, and NbMoN MXenes were measured using the
following equation:*”

EMXene - -XEa — yEb - ZEc

Ecoh = N (3)

where N represents the overall number of atoms within the
nanosheets and N = x + Y + z; Epgene denotes the total energy of
MXene, E,, E,, and E. are the energies of the individual
constituent atoms (e.g., Mo, Nb, N, C). x, y, and z indicate the
number of atoms. The cohesive energies were determined to be
—6.99 eV, —6.33 eV, —6.14 eV, —5.24 eV, —6.58 eV, and —5.79 €V
for Nb,C, Nb,N, Mo,C, Mo,N, NbMoC, and NbMoN, respec-
tively. Shein et al. observed that the cohesive energies of nitride
MXenes are generally lower than those of carbide MXenes.*® The
negative cohesive energy values confirm that all structures are
stable, with more negative values indicating higher structural
stability.** The cohesive energies increase progressively in the
order of Mo,N < NbMoN < Mo,C < Nb,N < NbMoC < Nb,C,
indicating that Nb,C exhibits the highest thermal stability
among the studied materials.

Previous studies indicate that Nb,N and Mo,N monolayers
are thermodynamically and dynamically stable.***” Further-
more, to evaluate the thermodynamic stability of the two het-
erostructures (NbMoC and NbMoN), we performed ab initio
molecular dynamics (AIMD) simulations in the Nosé-Hoover

()] (©
Fig. 1 Top and side views of the optimized structure of the nanosheets. (a) Nb,C, (b) NboN, (c) Mo,C, (d) MoxN, (e) NoMoC and (f) NoMoN.
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Fig. 2 Variation in potential energy as a function of time and phonon spectra of heterostructures. (a) NoMoC and (b) NbMoN.

thermostat (NVT) ensemble at 300 K, with an SCF energy
convergence tolerance of 10™° eV. The variation in potential
energy with respect to time at 300 K temperatures of NbMoC
and NbMoN is shown in Fig. 2. The time step of the AIMD
simulation was set to 1 fs (1000 steps). For NbMoC, the potential
energy exhibited minor fluctuations ranging from —0.04 eV to
+0.01 eV. The potential energy of NbMoN varied between
—0.001 eV and +0.0005 eV, showing minor variations. With such
minimal energy fluctuations at room temperature (300 K), both
NbMoC and NbMoN exhibit strong thermodynamic stability.
Subsequently, to confirm the dynamical stability of the pre-
dicted heterostructures, we calculated their vibrational spectra
through accurate phonon calculations. As shown in Fig. 2, the
NbMoC monolayers are dynamically stable because they are free
of imaginary phonon modes across the entire Brillouin zone.

Conversely, For NbMoN, most phonon modes are positive, but
imaginary modes appear along the M-K path, Frequency range:
near —10 THz (imaginary) to +20 THz (optical modes). The
presence of fewer transverse bands travels into the negative
frequency range, indicating minor dynamic instability in
NbMoN. The instability may arise from weaker bonding in the
nitride structure than in its carbide counterpart, or unresolved
strain in the lattice.

3.2 Adsorption behavior of CO and NO on Nb,C and Nb,N

To examine the adsorption characteristics of these gas mole-
cules on Nb,C and Nb,N, we calculated the adsorption energy
(Eaqs) with respect to minimum adsorption distances (dpn) and
charge transfer (AQ) between the gas molecules and nano-
sheets, as listed in Table 1. The orientations of the gas

Table 1 Calculated adsorption energy (E,gs), minimum adsorption distance (dmin), and charge transfer (Q) of the gas molecules adsorbed on

Nb,C and NbsN nanosheets

Gas molecules Nanosheets Eyqs (eV) dmin (&) Q (e) (Mulliken) Q (e) (Hirshfeld)
CO Nb,C —-3.014 2.052 —0.776 —0.368

Nb,N —3.136 2.017 —0.767 —0.359
NO Nb,C —4.479 2.006 —0.898 —0.367

Nb,N —4.397 1.988 —0.881 —0.351

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules and the different adsorption sites on the nanosheets
were studied to determine the most favorable adsorption sites.
At this site, the nanosheets and gases were aligned in parallel
and optimized in their ground state (Fig. 3). After optimization,
a strong interaction between the toxic gases and the nanosheets
was observed with negative adsorption energies. A negative
adsorption value indicates both the attractive interaction
between the gas molecules, MXenes, and the exothermic reac-
tion of the adsorption process.** The gas molecules preferen-
tially adsorb at distances of 2.052 A and 2.006 A from Nb,C, with
adsorption energies of approximately —3.014 eV and —4.479 eV
for CO and NO, respectively. The adsorption energies of CO and
NO molecules on Nb,N are —3.136 eV and —4.397 eV, respec-
tively, while the minimum distances for both are 2.017 A and
1.988 A. Li et al. observed that the adsorption energies for CO
and NO on the neutral surface of 2D-WO; were 0.28 eV and
0.75 eV, respectively. This shows that Nb,N reflects significantly
stronger interactions with these gas molecules than the neutral
surface of WO;.* The value of E,q is >0.8 eV, suggesting
chemisorption, whereas a value under 0.6 eV indicates phys-
isorption.**** Such high adsorption energies and small
adsorption distances indicate a strong chemisorption interac-
tion between the gas molecules and both nanosheets. Numer-
ically, the absolute values of adsorption energies are Nb,C (CO)
< Nb,N (CO) < Nb,N (NO) < Nb,C (NO). According to these
values, NO adsorbs onto these nanosheets more strongly than
CO does. According to Pham et al., CO molecules adsorb at the A
site of the O-vacancy-containing Sc,CO, monolayer with an
adsorption energy of —1.07 eV, whereas NO exhibits an
adsorption energy of —3.19 eV.* Kalwar et al. discovered that
the adsorption energies for CO and NO on a Ti-doped hBN
monolayer are —1.66 eV and —1.82 eV, respectively.*® Junkaew
et al. reported adsorption energies of —0.12 eV for CO and
—0.21 eV for NO on the Nb,CO,.*” Thus, the proposed nano-
sheets (Nb,C and Nb,N) exhibit significantly stronger adsorp-
tion energies than those reported in their study.

Mulliken and Hirshfeld charge analyses were conducted to
investigate the net charge transfer between the gas molecules
and the nanosheets. The calculation for the charge difference
(AQ) is as follows:*

AQ = Qafter — Obefore (4)
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where Qaper and Qperore denote the net charges on the gas
molecules after and before adsorption on the nanosheets,
respectively. Typically, the gas molecules are assumed to have
no net charge before adsorption. The gas molecules either gain
or lose charge from the nanosheets following adsorption. When
AQ is positive, the electrons move from the gas molecules to the
surface of the nanosheet, indicating that the nanosheets accept
electrons.” The nanosheets act as electron donors when the AQ
is negative, which denotes electron transfer from the nanosheet
surface to the gas molecules.*>*® According to Table 1, Mulliken
and Hirshfeld charge analyses indicated a significant amount of
charge transfer between CO and NO gas molecules and the
Nb,C and Nb,N nanosheets. Specifically, the Mulliken charge
analysis shows charge transfers of 0.776e and 0.898e, and the
Hirshfeld analysis indicates transfers of 0.368¢ and 0.367¢ from
Nb,C to CO and NO, respectively. For Nb,N, the charge transfer
to CO and NO gas molecules was 0.767e and 0.881e according to
Mulliken analysis, whereas Hirshfeld analysis showed transfers
of 0.359¢ and 0.351e, respectively. Both nanosheets act as elec-
tron donors, and the toxic gas molecules serve as electron
acceptors, suggesting a strong interaction between them.
According to our analysis, the charge transfer for NO was larger
than that for CO in the case of both nanosheets. Similarly, Pham
et al. reported a charge transfer of 0.989¢ from the O-vacancy-
containing Sc,CO, monolayer to the CO molecule, while the
NO molecule acts as an acceptor with a charge transfer of 2.051e
from the monolayer, which is consistent with our findings.** In
contrast, Kalwar et al. observed a smaller charge transfer of
0.21e from the Ti atom to the O atom of the CO molecule and
0.28e donated by the Ti atom to the NO molecule in a Ti-doped
hBN monolayer, both of which are significantly lower than the
values obtained in our study.*®

3.3 Adsorption behavior of CO and NO on Mo,C and Mo,N

We also examined the adsorption capacity of Mo,C and Mo,N
nanosheets upon exposure to the gas molecules. Following
a similar optimization process, we analyzed the amount of
adsorption energy using the minimum adsorption distance and
charge transfer between the gas molecules and the nanosheets
Table 2. According to our calculations, after geometrical opti-
mization, the Mo,N nanosheets were destroyed by NO

() (b)

(c) (d)

Fig.3 Top and side views of the CO and NO gas molecules adsorbed on the Nb,C and Nb,N nanosheets. The green, grey, blue and red spheres
indicate Nb, C, N and O atoms, respectively. (a) Nb,C_CO, (b) NbN_CO, (c) Nb,C_NO and (d) Nb,N_NO.
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Table 2 Calculated adsorption energy (E,gs). minimum adsorption distances (dmin), and charge transfer (Q) of the gas molecules adsorbed on

Mo,C and Mo,N nanosheets

Gas molecules Nanosheets Euq4s (eV) dmin () Q (e) (Mulliken) Q (e) (Hirshfeld)
CO Mo,C —2.456 2.00 —0.375 —0.239

Mo,N —8.137 2.033 —0.32 —0.238
NO Mo,C —2.984 2.033 —0.656 —0.333

Mo,N —9.938 1.909 —1.488 —0.679

adsorption. This deformation is attributed to strong chemical
interactions between the NO molecule and the surface Mo
atoms. The NO molecule acts as an electron acceptor, with-
drawing electron density from the Mo atoms and weakening the
Mo-N bonds. This resulted in significant charge redistribution
and structural instability, causing the Mo,N monolayer to
deform. However, a strong interaction occurs between Mo,N
and CO, with an adsorption energy of —8.137 eV and an
adsorption distance of 2.033 A. On the other hand, we found
that Mo,C interacts with gas molecules without any structural
deformation (Fig. 4). The Mo-C bonds in Mo,C are less polar
and more stable due to carbon's lower electronegativity
compared to nitrogen. As a result, Mo,C remains structurally
intact during gas adsorption. The adsorption distances for CO
and NO gas molecules on Mo,C nanosheets are 2.00 A and 2.033
A, respectively, and the corresponding adsorption energies are
—2.456 eV and —2.984 eV. The adsorption energies indicate that
the gases interact with Mo,C through chemisorption, with NO
exhibiting a slightly stronger interaction than CO, as reflected in
the trend E,qs (NO) > E,qs (CO).

The highest adsorption energies were found at the Mo site,
with values of —2.172 eV for CO and —3.406 eV for NO on Mo,C,
as reported by Hassan et al** Jing-yun et al. observed an
adsorption energy of —2.5 eV for CO on a-Mo,C. Both studies
are consistent with our findings.** In terms of Mulliken and
Hirshfeld charge analysis, a Mulliken charge transfer of 0.32e
and a Hirshfeld charge transfer of 0.238e occurred from Mo,N

(@

20224

to CO. A significant amount of Hirshfeld and Mulliken charges
are transferred from Mo,C to CO and NO, respectively, and are
approximately 0.375e and 0.656e for Mulliken and 0.239e and
0.333e for Hirshfeld during the interaction between the nano-
sheets and gases. This highlights that Mo,C shared more elec-
trons with NO than CO. Hassan et al. reported a net charge
transfer of 0.360e from the Mo,C monolayer to the CO molecule
and 0.423e to the NO molecule at the Mo site, which is consis-
tent with our results.®* Similarly, Zaman et al. observed a charge
transfer of +0.457e for a CO molecule adsorbed on the Mo(4)
atom of y-Mo,N(111), which also aligns with our findings.*>

3.4 Adsorption behavior of CO and NO on NbMoC and
NbMoN

To gain deeper insights into the nanosheets of NbMoC and
NbMoN, which have equal contributions of Mo and Nb atoms,
we constructed these materials. After optimization, gas mole-
cules were adsorbed in parallel onto the NbMoC and NbMoN
nanosheets at the Mo and Nb sites. Fig. 5 illustrates the inter-
action configurations between the gas molecules and the
nanosheets. To evaluate the adsorption capacity of CO and NO
gas molecules on these nanosheets, the adsorption energies
were calculated using eqn (1), the net charge transfer (AQ) was
determined using eqn (4), and the minimum adsorption
distances were analysed, and the results are presented in Table
3. By exploring these nanosheets, it is evident that NbMoC and

/2.033 A

(b) ©

Fig.4 Top and side views of the CO and NO gas molecules adsorbed on the Mo,C and Mo,N nanosheets. The cyan, grey, blue and red spheres
indicate Mo, C, N and O atoms, respectively. (a) Mo,C_CO, (b) Mo,N_CO and (c) Mo,C_NO.
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2.008 A

(® (h)

Fig. 5 Top and side views of the CO and NO gas molecules adsorbed at two possible sites (Mo and Nb) on the heterostructures NoMoC and
NbMoN. Green, cyan, grey, blue and red spheres indicate Nb, Mo, C, N and O atomes, respectively. (a) NoMoC(Nb)_CO, (b) NoMoC(Mo)_CO, (c)
NbMoC(Nb)_NO, (d) NbMoC(Mo)_NO, (e) NbMoN(Nb)_CO, (f) NboMoN(Mo)_CO, (g) NboMoN(Nb)_NO and (h) NboMoN(Mo)_NO.

Table 3 Calculated adsorption energy (E.qgs). minimum adsorption distance (dmin), and charge transfer (Q) of the gas molecules adsorbed on

NbMoC and NbMoN nanosheets

Gas molecules Nanosheets Eags (eV) Amin (A) Q (e) (Mulliken) Q (e) (Hirshfeld)

CcO NbMoC(Nb) —3.034 2.034 —0.755 —0.369
NbMoC(Mo) —2.376 2.019 —0.348 —0.234
NbMoN(Nb) —3.314 2.017 —0.764 —0.368
NbMoN(Mo) —2.653 2.005 —0.038 —0.139

NO NbMoC(Nb) —4.457 2.015 —0.900 —0.365
NbMoC(Mo) —3.341 2.082 —0.701 —0.364
NbMoN(Nb) —8.581 2.008 —1.684 —0.742
NbMoN(Mo) —3.464 1.853 —0.232 —0.170

NDbMoN exhibit adsorption behaviour nearly similar to that of
our proposed Mo- and Nb-based nitrides and carbides. These
findings indicate that the Nb site exhibits stronger adsorption
and is more attractive than the Mo site, with adsorption at both
sites occurring via chemisorption. The Mo sites of the NbMoC
nanosheet exhibited adsorption energies of —2.376 eV for CO
and —3.341 eV for NO with adsorption distances of 2.019 A and
2.082 A, respectively. Meanwhile, the Nb sites exhibited stronger
adsorption, with energies of —3.034 eV for CO and —4.457 eV for
NO at corresponding distances of 2.034 A and 2.015 A. These
findings indicate that the gases interact with NbMoC through
strong chemisorption, with NO exhibiting slightly stronger
adsorption than CO. Significant adsorption energies were
observed, with —2.653 eV and —3.464 eV for CO and NO mole-
cules adsorbed on the Mo site of the NbMoN nanosheet, at

20718 | RSC Adv, 2025, 15, 20712-20722

adsorption distances of 2.005 A and 1.853 A, respectively. On the
other hand, at the Nb site, the calculated adsorption energies
are —3.314 eV and —8.581 eV for CO and NO molecules, with
corresponding adsorption distances of 2.017 A and 2.008 A.
Similar to NbMoC, the interaction between the gases and
NbMoN occurs via chemisorption, with NO interacting more
strongly than CO at both sites. The adsorption energies on Mo
and Nb sites follow the following trend: for CO, NbMoC (Mo) <
NbMoN (Mo) < NbMoC (Nb) < NbMoN (Nb), and a similar trend
is observed for NO. Recent studies have identified several
promising materials for toxic gas detection. Huzaifa et al
demonstrated that gold-functionalized Ti;C, acts as an efficient
CO sensor with an adsorption energy of —0.14 eV.*® Similarly,
Weng et al. reported that Ti;C,0, adsorbs both CO (—0.162 eV)
and NO (—0.348 eV).** For transition metal-doped systems,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Sambare et al. found that Mo-doped bismuth ferrite oxide
(BiFeOs) shows strong CO adsorption (1.0532 eV).*® Naqvi et al.
reported that Ti,NS, shows particularly strong adsorption for
both CO (—0.172 eV) and NO (—0.406 eV).*® Similarly, Wang
et al. suggested that Fe- and Co-doped VBF can be used as
effective materials for capturing the toxic NO gas.”” In
comparison, the significantly more negative adsorption ener-
gies observed for NbMoC and NbMoN indicate that these
materials exhibit much stronger gas adsorption, suggesting that
they are more promising candidates for gas sensor applications
than those reported in previous studies.

We also noticed that, especially at the Nb sites, the charge
transfer for NO is larger than that for CO when considering
Mulliken and Hirshfeld charge analysis. However, a consider-
able amount of charge is transferred from the heterostructure to
the gas molecules. For NbMoC, Mulliken charge transfer to gas
molecules was significant, with approximately 0.755e for CO
and 0.900e for NO at the Nb site and 0.348e for CO and 0.701e
for NO at the Mo site during the interaction between the
nanosheets and gas molecules. For the Hirshfeld charge anal-
ysis, charge transfers of 0.369e and 0.365e occurred at the Nb
site, whereas 0.234e and 0.364e were transferred at the Mo site
from NbMoC to CO and NO, respectively. For NbMoN, a notable
amount of charge is transferred from the nanosheets to the

View Article Online
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toxic gases. At the Nb site, Mulliken charge transfers of 0.764e
and 1.684e, and Hirshfeld charge transfers of 0.368e and 0.742¢
are transferred to CO and NO, respectively. At the Mo site, the
charge transfer values were 0.038e and 0.232¢ for Mulliken and
0.139e and 0.170e for Hirshfeld, respectively, transferred to CO
and NO. The charge transfer (Mulliken) trends for CO and NO
adsorbed on both Mo and Nb sites show the following charac-
teristics: NbMoN (Mo) < NbMoC (Mo) < NbMoC (Nb) < NbMoN
(Nb). Notably, the NO adsorption exhibited a qualitatively
similar charge-transfer trend across these sites. Huzaifa et al.
demonstrated that Au-functionalized Ti;C, transfers 0.01e to
CO, whereas Weng et al. reported a larger charge transfer from
TizC,0, to NO (0.226¢) compared to CO (0.002¢).>*** Naqvi et al.
observed the reverse trend in Ti,NS,, with CO and NO donating
0.01e and 0.134e, respectively.”® For TM-doped VBF systems,
Wang et al. found that Fe-doped sites exhibited stronger charge
transfer than Co-doped ones: for CO, Fe-VBF showed +0.146e
(TM) and —0.047e (gas) versus Co-VBF's —0.022¢ (TM) and
—0.052¢ (gas); for NO, Fe-VBF had +0.269¢ (TM) and —0.282¢
(gas) compared to Co-VBF's +0.032¢ (TM) and —0.212e (gas).””
The NbMoC and NbMoN heterostructures exhibit much
stronger charge transfer and are a few times larger than those of
the aforementioned structures. This suggests that the proposed
nanosheets interact more strongly with gas molecules.
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Fig. 6 Band structures of the nanosheets. (a) Nb,C, (b) Nb,N, (c) Mo,C, (d) MoyN, (e) NobMoC and (f) NobMoN.
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3.5 Electronic properties

The band structures of the Nb,C, Nb,N, Mo,C, Mo,N, NbMoC,
and NbMoN nanosheets are shown in Fig. 6 and were calculated
to better understand the electrical features. The bandgap is
indicated by the difference between the valence and conduction
bands, which characterizes the conductivity of the materials. In
our investigation, the conduction band crossed the Fermi level,
indicating that the nanosheets were metallic, consistent with
previous findings.**** The electronic band structures were
computed along the high-symmetry I'-M-K-I" path in recip-
rocal space, with coordinates I'" (0,0,0) — M (0,0.5,0) — K
(—0.333,0.667,0) — I" (0,0,0). We also analyzed the DOS of the
studied systems (Nb,N, Nb,C, Mo,N, Mo,C, MoNbN, and
MoONDbC), as shown in Fig. 7. The metallic nature of these
materials was confirmed by the finite density of states (DOS) at
the Fermi level (Eg). Near the Fermi level, the electronic states of
Nb,C and Nb,N are dominated by Nb d-states, whereas Mo d-
states dominate in Mo,C and Mo,N. In contrast, MoNbC and
MoNDN exhibit nearly equal contributions from both the Mo
and Nb d-states. We calculated the CDD of the proposed
materials to understand how electrons move between the gas
molecules (CO and NO) and the material surfaces. CDD analysis
helps visualize the spatial distribution of charge transfer after
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region indicates an increase in electron density and the green
region represents a decrease in electron density. After adsorp-
tion, the charge density of the gas molecules increased, and that
of the nanosheets decreased. This indicates that the substrate
loses electrons to molecules, resulting in significant charge
transfer between them. Table 3 shows that for NbMoC, the
Mulliken charge transfer with CO is —0.348e at the Mo site,
while —0.755¢ at the Nb site. In contrast, NbMoN exhibited even
greater charge transfer with NO at the Nb site (—0.900¢). For CO
adsorption, NbMoN exhibits a charge transfer of 0.764e to CO;
for Nb,N, 0.767¢ is transferred to CO. The negative values of AQ
verify that the nanosheets are positively charged; they lose
electrons, and gas molecules gain electrons. Therefore, the
population analysis results agree with the CDD findings.

3.6 Recovery time

The recovery time (t) represents an important parameter for
evaluating the performance of gas sensors. The recovery time is
the duration required for gas molecules to desorb from the
material surface. Based on van't Hoff-Arrhenius's expression in
transition state theory, recovery time is defined as*®
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Fig. 7 Total and partial DOS of the nanosheets. (a) Nb,C, (b) Nb,N, (c) Mo,C, (d) MozN, (e) NoMoC and (f) NobMoN.
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Fig.8 CDD maps of the CO and NO gas molecules adsorbed on heterostructures. Green, cyan, grey, and blue spheres indicate Nb, Mo, C and N
atoms, respectively. (a) NoMoC(Nb)_CO, (b) NoMoC(Mo)_CO, (c) NbMoC(Nb)_NO and (d) NobMoN(Nb)_CO.

where ¢ is the attempt frequency, kg denotes the Boltzmann
constant with a value of 8.62 x 107> eV K%, and T is the
temperature in K. To reuse the sensing device, recovery time
should be rapid. From this equation, it is evident that t depends
on both the adsorption energy (E,qs) and the temperature (7).
This result also indicates that stronger adsorption leads to
longer recovery times, hinders the desorption process, and
increases the sensor recovery time. The experimental results
demonstrated that sensor recovery can be significantly accel-
erated by exposure to either an electric field or vacuum UV light,
with tested frequencies of 10'?, 3 x 10", and 10'® s and
temperatures of 300, 400, and 500 K.**"** This acceleration likely
occurs because varying UV wavelengths modify molecular
vibrational frequencies, influencing the attempt frequency and
ultimately shortening the recovery time.*® The highest value of
the recovery time was observed when NO was adsorbed on the
NbMoN surface because of the highest adsorption energy
(—8.581 eV) at the Nb site without structural deformation. This
finding suggests that NO exhibits strong adsorption stability
toward NbMoN, which inhibits the desorption process from
occurring efficiently. In our observations, all the nanosheets
exhibited stronger adsorption towards the gases, leading to
a significantly larger recovery time.

4. Conclusions

DFT investigations were conducted to determine the gas
sensing capabilities of Mo- and Nb-based MXene nanosheets,
such as Nb,C, Nb,N, Mo,C, and Mo,N, and their hetero-
structures (NbMoC and NbMoN) functionalized with carbon
and nitrogen. We focus on assessing their effectiveness in
detecting hazardous airborne gases, such as CO and NO. In this
regard, we examined the adsorption energy, adsorption
distance, charge transfer, recovery time, and electronic prop-
erties to understand the adsorption behavior. Initially, we
observed the structural properties of the nanosheets using
phonon and AIMD simulations and found that the NbMoC
heterostructure showed higher stability than the NbMoN. The
band structures and DOS indicate the metallic behavior of the
nanosheets. Subsequently, we adsorbed the gas molecules on
the nanosheets to calculate the adsorption behavior. Surpris-
ingly, all of the MXenes exhibited strong sensitivity towards the
gas molecules and high interaction properties, especially in the
chemisorption range with short adsorption distance, and
a significant amount of charge was transferred to the gases.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Although Mo,N interacts with gas molecules at exceptionally
high adsorption energies, it is unsuitable for gas adsorption
because of its high recovery time and high structural deforma-
tion upon adsorption. The sensitivity and recovery time were
also evaluated. Therefore, all nanosheets, except for Mo,N, were
considered promising candidates for detecting CO and NO gas
molecules.
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