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The detection of phosgene is critically important owing to its extreme toxicity and potential use as a chemical
warfare agent to ensure public safety and security. Two-dimensional (2D) scandium carbide MXenes (Sc,CT,;
T =07, x = 2) stand out as promising materials for gas sensing applications owing to their unique electronic and
adsorption properties. In this study, first-principles calculations based on the GGA-PBE functional were employed
to investigate the structural, electronic, and mechanical characteristics of Sc,CO, with different surface
termination positions. The adsorption behavior of Sc,CO, was systematically explored for various gas molecules,
including N,, O,, CO, NO, CH,4 H,S, and, notably, phosgene (COCL,). Specifically, phosgene exhibited a high
adsorption energy, highlighting the selectivity of Sc,CO, towards this toxic gas. Furthermore, the impact of gas
adsorption on the electronic structure of Sc,CO, was investigated. Strategies such as increasing the operating
temperatures and forming heterostructures with transition metal di-chalcogenides (MoSe, and WSe,) proved to
be highly effective to mitigate the challenges related to slow recovery time. Thus, this work underscores the
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1. Introduction

Phosgene (COCl,) is a highly toxic volatile irritant used in phar-
maceuticals and agricultural applications such as in pesticides." It
is a volatile liquid, which is gaseous at room temperature.>
According to the National Institute for Occupational Safety and
Health (NIOSH), its safe exposure limit is 0.1 ppm.? Furthermore,
no antidotes for this toxic chemical have been invented yet.*
Therefore, its immediate detection is crucial in order to avoid
any severe trauma or accident. To date, the fluorimetric detection
method is the pronounced detection method for phosgene.”®
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potential of Sc,CO, MXenes as highly sensitive and selective gas sensors, particularly for phosgene sensing.

However, it suffers from fluorescence bleaching and signal
crosstalk.’ Chang et al. conducted a theoretical study to analyse
the chemiresistive detection of phosgene using arsenene as the
sensing material."® However, not many nanomaterials have been
explored in the detection of phosgene, which may be because of
its inertness toward receptor surfaces. Therefore, there is a quest
for new nanomaterials for developing phosgene sensors.

MXene is an artificially developed two-dimensional material
that has gained significant importance in sensing." It has the
chemical formula of M,,,1X,,T,, where M is the transition metal,
X is either C or N or S, and T, is the functional group (-OH, -F,
and -0). It has been used in sensing different analytes and has
applications in wearable and flexible electronics for health
monitoring."> Most of the MXenes exhibit a metallic nature, which
limits their applications in chemiresistive sensing. However, the
metallic nature can also be channelized to improve the sensing.
Kim et al. have reported metallic Ti;C,T, for the detection of
volatile organic compounds with a limit of detection of less than
100 ppb at room temperature.”® The functional group present on
the MXene surface leads to an improvement in the signal-to-noise
ratio. Hence, it has also found its application in self-powered
electronic devices.**® Thomas et al., through density functional
theory (DFT) studies, have found that an -OH-functionalized Ti,C
MXene has decent sensitivity towards phosgene detection.'” Simi-
larly, a molybdenum-based MXene (Mo,C) studied using DFT had
shown good response towards chemical warfare agents.'® Sulfur-
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and fluorine-functionalised molybdenum-based MXenes exhibited
higher binding than oxygen-functionalised Mo,C. Other 2D mate-
rials such as metal-decorated phthalocyanine monolayers also
showed sensitivity towards phosgene.'® Similarly, Yang et al. have
reported sensing of reducing gases using pristine and
Mn-doped Sc,CO,.”° Motivated by the studies reported in the
literature, we chose to explore Sc,CO, MXenes for phosgene
detection. Through both theoretical and experimental studies, it
is claimed that the Sc,C MXene shows a semiconducting
nature.”’ Even its band gap was modulated from indirect to
direct through material engineering. Chen et al reported the
first experimentally synthesized 2D Sc,CO, MXene using magne-
tron sputtering to study its optical properties.>* It was found that
the bandgap of the material increased with the increase in
annealing temperature. Further, it becomes scandium oxide at
higher annealing temperatures.

MXene-based sensors with structural modulation, intercala-
tion, and formation of heterostructures have been used in order
to improve sensitivity, selectivity, and stability.>*** Transition
metal dichalcogenides (TMDs) are a class of vdW materials that
have the potential in gas sensing as well as the formation of
heterojunctions with other materials.>*® They have the chemical
formula MX,, where M is a transition metal (W, Mo, etc.) and X is a
chalcogen (S, Se, and Te). Recently, Janus transition metal dichal-
cogenides have been tried for sensing phosgene gas.”” Several
reports in both theoretical and experimental research support the
heterostructures of MXenes and TMDs for sensing VOCs and other
gas molecules.”®° MXenes have been tried with different other
materials such as oxides and perovskites for various applications
including sensing.*’ Two-dimensional vertical heterostructures,
created by stacking various 2D materials, demonstrate diverse
vertical properties in material engineering.*> van der Waals
(vdW) heterostructures help to overcome difficulties faced by
materials as well as improve the sensing ability.*® Reportedly,
the formation of Ti;C,T,/SnS, heterostructures has shown
improved sensitivity as well as long-term stability of the MXene.
As the MXene has a tendency to get oxidised, the formation of the
heterostructure inhibited oxidation for a long time.**

It is a fact that the experimental analysis of this kind of gas
is risky and it needs proper arrangement in order to perform
testing under laboratory conditions. Therefore, theoretical model-
ling is a rational choice to analyse the sensing mechanism of such
gas. The density functional theory (DFT) plays a pivotal role in gas
sensing research, providing valuable insights into surface-adsor-
bate interactions,®>*® including the analysis of material stability.
For instance, Yorulmaz et al. confirmed the stability of different
MXene structures including Sc,CO, through phonon dispersion
calculations.”” Opoku et al. reported the kinetic and thermal
stability of g-GaN/Sc,CO, heterostructures using phonon disper-
sion and molecular dynamics calculations.®® This article presents
the pristine Sc,CO, monolayer-based phosgene detection using
density functional theory. The structural, electronic, and elastic
properties of unit cell structures are analysed in detail to apply the
material for sensing. This work demonstrates that the COCI,
molecule on the Sc,CO, MXene has a suitable adsorption strength
and explicit charge transfer compared to other targeted
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molecules. Moreover, the influences of vertically stacked WSe,/
Sc,CO, and MoSe,/Sc,CO, 2D-heterostructures on phosgene sen-
sing are explored. In the subsequent sections, the details of
computational methods followed by results obtained from the
study are discussed explicitly. To the best of our knowledge, this is
the first study on the detection of phosgene using a Sc,CO,
monolayer and its heterostructures with TMDs such as WSe,
and MoSe,. Hence, the novel findings from this study are likely
to provide a reference for phosgene sensor devices.

2. Computational methods

Density functional theory calculations were conducted using the
Vienna ab initio simulation package (VASP).** Structural models
were generated using the Vesta software.*® The generalised gra-
dient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) was
adopted for the exchange-correlation potential to estimate the
interaction of different elements such as atoms and ions to carry
out calculations for evaluating all the properties.*” It is well known
that GGA-PBE is the widely used functional for evaluating the
electronic properties, as it provides adequate balance between
computation cost and accuracy. Several works have been reported
in modelling 2D material-based monolayers and heterostructures
using this functional.**™** Therefore, we chose this functional to
describe the exchange-correlation interaction. The Monkhorst-
Pack scheme with a 3 x 3 x 1 grid sampled the Brillouin zone.
A plane wave cut-off of 520 eV was applied throughout the
calculations. Structural optimization was fully achieved with con-
vergence criteria set at 10~° eV for total energy and 0.01 eV A~* for
residual force. A 21 A vacuum space along the c-axis of the MXene
monolayer structure was used to prevent interlayer interactions
during periodic DFT calculations. We used DFT-D3 dispersion
correction to account for van der Waals interactions in mono-
layers and heterostructures.*>*® However, it is known that vdw
interaction is more effective in multilayer structures, while in
monolayer structures, its effect is insignificant.”” The charge
transfer between MXenes and interacting molecules was evalu-
ated using the Vesta software. The electronic properties such as
density of states spectra and band structure were calculated using
the PBE functional. No significant effect due to dipole was
observed in the structures with a 21 A vacuum gap. The results
were verified with reported ref. 48 and 49, where the 20 A vacuum
gap was applied to optimize the structures, and the influence of
dipole corrections was evaluated.*® For the molecular dynamics
study, we used the BURAI software to perform the simulation.>

3. Results and discussion
3.1 Sc,CO, bulk

3.1.1 Structural and electronic properties of Sc,CO, bulk.
As the crystallographic database for the unit cell of oxygen (-O)-
functionalised Sc,C- is not available, we optimized the structure by
placing oxygen atoms at different positions. Here, we tried four
different models named struct_1, struct_2, struct_3, and struct_4.
The optimized bulk structures of Sc,CO, are presented in Fig. 1.
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Fig. 1 Side view of the bulk structures of different models of Sc,CO5: (a) struct_1, (b) struct_2, (c) struct_3, and (d) struct_4. The direction arrows at the

left represent the lattice direction of the structures.

The 3D representation of these bulk structures is presented in
the ESIT (Fig. S1). The circles in red, violet, and dark brown colors
represent oxygen (O), scandium (Sc), and carbon (C) atoms,
respectively. The supercell structures of each model are presented
in Fig. S2 of the ESL+ The unit cells for each model were selected
through an energy convergence test, and their stability was found
to be in the order of struct_3 > struct_2 > struct_4 > struct_1.
The lattice parameters of the unit cell are a = b = 3.44393 A, ¢ =
10.07122 A, o = § = 90°, and y = 120°, and these parameters have

Band struct_1
2] TDOS struct_1

Energy (eV)

TDOS struct_3

Energy (eV)

Fig. 2
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great resemblance with the reported results.>® The atomic posi-
tion of each atom in the respective unit cell is provided in the
ESIt (Table S1). It is a trigonal structure with the space group P;.

The formation energy (E) of the structures, which explains
their stability, was estimated, based on the following formula:**

Ef _ Eg (MCO) - I’IME()(M)]V— I’lcEO (C) - noEg (O) (1)

where Ey(MCO) is the total energy of the MXene surface, Eo(M)

722 TDOS Struct_2

Energy (eV)

2 TDOS Spin-up
TDOS Spin-dow,

Band struct_4 (up) NN pin-down

Band struct_4 (down)

Energy (eV)

Band structure and projected DOS spectra of the Sc,CO, unit cell: struct_1, struct_2, struct_3 and struct_4.
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Fig. 3 Molecular dynamics calculation: (a) temperature variation of struct_2, (b) total energy variation of struct_2, (c) temperature variation of struct_3,

and (d) total energy variation of struct_3.
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is the total energy of the metal atom, Ey(C) is the total energy of
the carbon atom, and E,(O) is the total energy of the oxygen
atom, ny; is the number of metal atoms, n¢ is the number of
carbon atoms, ng is the number of oxygen atoms, and N is the
number of MXene atoms.

The calculated values of E; for struct_1, struct_2, struct_3,
and struct_4 are, —1.322, —2.645, —2.688, and —1.118 (in eV)
respectively. In order to use these structures for gas sensing, the
electronic properties such as band gap and nature of the
material need to be known. Therefore, the band structure and
density of states were calculated using DFT. The projected total
density of states with the band structure of each molecule is
presented in Fig. 2.

The Fermi level was set to 0 eV for all calculations. Moreover,
the range of the energy band in DOS and band structures is
kept between —5 and +5 eV throughout the article, as bands far
away from the Fermi level do not contribute to the physical and
chemical properties of any material.>® The k-path for band
structure calculation in the first Brillouin zone was I'-M-K-T,
as obtained using VASPKIT.** In the case of struct_1, it can be
observed from both the band structure and density of states
spectra that continuous bands are present in both the valence
and conduction bands. This signifies the metallic nature of the
material.”® The structures struct_2 and struct_3 both exhibited
semiconducting nature with indirect band gaps of 1.996 eV and
1.778 eV respectively. The calculated Fermi energy level for
struct_2 and struct_3 are 0.23 eV and 0.227 eV away from the
valence band maximum, and 1.766 eV and 1.551 eV away from
the conductance band minimum, respectively. From this, it can
be observed that they exhibit p-type semiconducting nature.>®
The band gap for oxygen-functionalised MXenes was verified
from the reported results.*"*” In addition, it was found that
both spin-up and spin-down states are symmetric. This con-
firms the non-magnetic nature of the materials.>® The struct_4
model has shown completely different dynamics. It can be seen
that spin up bands shows semiconducting nature with a band
gap of 1.64 eV, while, the spin-down states exhibit metallic
nature as bands near the Fermi level are present in both valence
and conduction bands. Therefore, this structure demonstrates
a half-metallic nature and holds significant promise for appli-
cations in spintronics.’*>*°® Another important parameter in
gas sensing materials is the effective mass (m*) of the carriers
present in the material. Here, we also estimated the value of m*
from the band structure of struct 2 and struct_3 using the
following equation:®

e
* 2
m*=nh W

(2)
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where ‘E’ is the electron energy along the wave vector ‘K’ and ‘%’
is the reduced Planck constant. The observed effective mass of
electrons for struct_2 and struct_3 was found to be 2.5m, and
7.92m, respectively, where m, is the rest mass of an electron.
Similarly, the hole effective mass of struct_2 and struct_3 was
ascertained to be 7.92m, and 10.29m,, respectively. Since the
mobility of carriers and their effective mass are inversely
proportional,®>®® therefore, it can be estimated that both
electron and hole mobilities are larger in struct_2, which makes
it comparatively efficient in charge transport, and hence, makes
it suitable for gas sensing.”® As a part of this work, we
considered only the structures with a semiconducting nature.
The semiconducting materials are preferred because they allow
the control flow of carriers through the device and sensing can
be done depending on the observed variation in parameters such
as resistance and work function.®® Based on the carrier’s effec-
tive mass and the semiconducting nature, the model struct_2
was considered for further study. However, struct_3 can also be a
great choice for various applications including sensing.

To check the thermodynamic stability, we performed the
molecular dynamics calculations of struct 2 and struct 3. We
used the Born-Oppenheimer molecular dynamics (BOMD)
method with a velocity rescaling thermostat scheme at a tempera-
ture of 300 K for ~2.5 ps and 1.2 fs time step. The temperature
variation with time between 0 and 2.5 picoseconds, as shown in
Fig. 3(a) and (c), illustrates their thermal stability. Similarly, the
total energy was found to fluctuate around a constant energy value
(Fig. 3(b) and (d)). This explains that the systems are stable. Even,
the energy variation and temperature fluctuation are correlated,
which suggest the correct response of the systems with thermal
changes. Even from the MD movie analysis no breaking of bonds
was observed, which confirms its stability.

3.1.2 Elastic properties. Although mechanical properties
such as bulk modulus (K), shear modulus (G), and Young’s
modulus (E) are not the foremost factors in selecting sensing
materials, they remain pertinent in specific contexts, particu-
larly concerning long-term durability and reliability. In cases
where the sensing mechanism involves a change in mechanical
strain affecting resistance, these moduli become significant.’”
The behavior of a material under external influences such as
pressure and strain is dictated by its elastic characteristics,
encompassing factors like bonding between atoms, stability
under mechanical stress, phonon modes, and other solid-state
phenomena.®® These attributes are critical for diverse applica-
tions, including novel areas such as gas detection, where
changes in elasticity are exploited.®””®® Elastic properties are
mathematically described by second-order partial derivatives of
total energy with respect to strain, as outlined in the reference
provided.®® As these materials are theoretically modelled and

Table 1 Calculated elastic coefficients (Cy), and other derived parameters such as bulk modulus (K), shear modulus (G), and Young's modulus (E) in giga

pascal (GPa)

Cll ClZ Cl3 Cl4 CSS C44 C66 K G E
Struct_2 69.57 33.74 1.47 0.074 2.21 2.82 17.91 23.86 11.69 30.14
Struct_3 64.65 33.39 2.08 0.475 2.38 0.88 15.63 22.98 9.75 25.63
10510 | Phys. Chem. Chem. Phys., 2025, 27, 10506-10522 This journal is © the Owner Societies 2025
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Fig. 4 Sc,CO, monolayer structure: (a) side view, (b) top view, and (c) side
view with 21 A vacuum.

their experimental parameters are yet to be validated, it is
important to check the mechanical stability of the material.
Here, we calculated the elastic properties of struct 2 and
struct_3 models. The details of the calculated parameters are
given in Table 1. Further, their mechanical stability was tested
by calculating the elastic properties of the materials. Both
structures are found to be mechanically stable as per the
conditions for stability as mentioned below (inequality (i)-

View Article Online
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(iv)).”® It can be seen that the struct_2 model is less prone to
mechanical deformation.

Ci1 —C1p >0 ()

Ci15> < 0.5 x C33(Cyy + Cyp) (ii)
C1a® < 0.5 X Cyq X (Cy3 — Cy3) (iii)
Cyq >0 (iv)

3.2 Sc,CO, monolayer

3.2.1 Structural and electronic properties of Sc,CO, mono-
layers. One of the most important features that attracts
researchers in delving deep into MXene-based materials for
gas sensing and other applications is their two-dimensional
sheet-like structures.’®>' An excessive number of layers could
potentially trap interacting gas molecules, leading to dimin-
ished sensor performance due to reduced surface exposure and
slower gas molecule diffusion. So to begin with the analysis of
material properties, the Sc,CO, monolayer was formed using
struct_2 by adding a vacuum layer of 21 A and the structure was
optimized by relaxing the ions in order to get the most stable
structure. The optimized 3 x 3 x 1 monolayer of Sc,CO, is
shown in Fig. 4. Struct_2 model was used for making the
monolayer and further study was continued.

Then, the electronic properties of the materials were
observed using density of states spectra and band structure,

—Cs
; —— Band struct pristine ——C.p
) ——0_s
g 1.9947 eV —0p
2004 —TDOS
o I o L D e
=
=
D>
224
DOS spectra
4 =S

=

Fig. 5 Band structure and projected density of states (eV per atoms) of the
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as shown in Fig. 5. It was found that the bandgap of the Sc,CO,
monolayer is 1.9947 eV, which is slightly smaller than that of its
bulk counterpart. Typically, monolayer structures exhibit a
higher bandgap than that of their bulk counterparts. However,
there are also reports where monolayer materials display a
lower bandgap.”' The insignificant variation in bandgap
(1.2 meV) may be due to strong decoupling of the Sc,CO,
monolayer with other layers. Moreover, the decrease in the
energy gap may be due to the dominant effect of lattice relaxa-
tion over the quantum confinement effect on the monolayer as
compared to the bulk. From Fig. S3 of the ESI,} it can be seen
that there is a left shift of Sc_d orbitals in the monolayer and new
peaks appear near the conduction band minimum. It confirms

View Article Online

Paper

the electron transfer between Sc_d orbitals and O_p orbitals near
the conduction band minimum, which leads to a decrease in
bandgap in the monolayer structure.””

The valence band is mainly formed due to the strong
hybridisation of C_p and Sc_d orbitals. A significant contribu-
tion from O_p orbitals can also be seen, whereas the conduc-
tion band is largely formed by Sc_d and O_p orbitals. The band
structure (Fig. 5) displays an indirect bandgap with electron
and hole effective masses of 8.68m, and 25.33m,, respectively.
It can be observed that there is an almost more than three
times increase in effective mass in the monolayer.

3.2.2  Adsorption of CO, NO, CH,, H,S, COCl,, O,, and N,
Gas molecules on the Sc,CO, monolayer. The interaction of gas

(f) Sc,COy + Oy

(g) Scr,CO, + Ny

Fig. 6 Side and top views, respectively, of (a) Sc,CO, + CO, (b) Sc,CO, + NO, (c) Sc,CO, + CHy, (d) Sc,CO, + H,S, (e) ScCO, + COCL, (f) Sco,CO, + O,

and (g) Sc,CO, + No.
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molecules with any sensing material was estimated from para-
meters such as adsorption energy, variation in conductivity,
and charge transfer between the adsorbate and the adsorbent.
In order to evaluate the adsorption energy, it is mandatory to
measure the total energy as per the formula mentioned in
eqn (3). The adsorption energy (E.q) of the molecule was
calculated using the following formula:

Eaq = Eadsorbate+adsorbent — Fadsorbate — Eadsorbent (3)

where E,gsorbate+adsorbent 1S the total energy of the complex of
sensing material and target gas, E,gsorbate 1S the total energy of
the target gas, and E,gsorbent 1S the total energy of the sensing
material. All the energy values were calculated by keeping the
size of the monolayer fixed.

The side view and top view of the optimised Sc,CO, mono-
layer structures after interacting with CO, NO, CH,, H,S, COCl,,
0O,, and N, are shown in Fig. 6. The calculated adsorption
energy (without van der Waals correction) of CO, NO, CH,, H,S,
COCl,, O,, and N, on the surface of the Sc,CO, monolayer is
tabulated in Table S2 (ESIt). It can be observed that all the
molecules exhibited negative adsorption energy and the phos-
gene molecule has the largest adsorption energy (1.97 eV)
among them. This signifies the selective detection and strong
interaction of COCI, on the Sc,CO, surface. However, the
distance between the gas molecule and the sensing material
did not show any common trend with respect to the adsorption
energy. In order to observe the influence of van der Waals
interaction, we also optimised the monolayer with the DFT-D3
correction and calculated the adsorption energy and charge
transfer upon interaction with target gas molecules. The calcu-
lated results are mentioned in Table 2. Although there is a
change in magnitude of E,q due to van der Waals correction,
the trend is the same as the non-van der Waals corrected data.
The adsorption energy values with vdW correction were found
to be reasonable. We added the adsorption energy without vdw
in the ESIT (Table S2) to show the significance of vdW correc-
tion in such structures, which will be beneficial for readers in
structural property analysis.

Another important parameter crucial in designing a gas
sensor is the recovery time (). The recovery time of the sensor
is related to the amount of adsorption energy (E,q) of the gas on
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the sensing surface. The mathematical expression of recovery
time () is given below:"°

—E
7= vo’lexp(kB;fj) (4)

where 1, is the attempt frequency (10'* s™%), kg is the Boltz-
mann constant, and T is the operating temperature.*® Based on
the above equation (eqn (4)), the recovery time for each gas at
room temperature (298 K) and 373 K was calculated, and the
results are presented in Table 2. It can be observed that due to
the strong interaction, the material tends to hold the gas on the
MXene surface for a longer period of time, if operated at room
temperature. However, at 373 K, the recovery of the CO sensor
becomes 244 s, and shows the possibility of using this as the
reusable sensor. For NO, COCl,, H,S, and CH,, the recovery
time is quite large at both 298 K and 373 K temperatures.
Therefore, this may not be suitable for reusable gas sensors, but
it can used for the removal of these gas molecules, especially
COCl,.*°

Further, the interaction of each of these gas molecules on
the Sc,CO, monolayer was analysed using density of states
spectra. It is to be noted that the orbitals near the conduction
band minimum and valence band maximum are the major
factors in the band gap variation.>* The conduction bands of
the total density of states (TDOS) for CO-interacted MXenes are
mainly contributed by the Sc_d partial density of states, as
shown in Fig. 7(a). Moreover, a strong hybridisation of C_p and
O_p states is visible. Since elements present in both the
adsorbate and the adsorbent are common, their distinct con-
tribution in DOS is not possible. However, it can be observed
that the estimated bandgap reduced to 1.37 eV and the con-
tribution of carbon p orbitals in the conduction band is more
pronounced. Unlike all other gas molecules, the DOS profile of
NO-interacted Sc,CO, (Fig. 7(b)) exhibited an asymmetric pro-
file for spin-up and spin-down electrons. This confirms the
introduction of magnetic nature in NO-adsorbed Sc,CO,.”* The
variation in magnetic moment (/) upon interaction of NO gas
suggests that Sc,CO, could serve as a magnetic gas sensor.”*
The change (Am) arising from NO gas adsorption can also be
used to measure the sensitivity of the gas sensor. This potential
is based on the analysis of individual molecules, but further

Table 2 Calculated distance (d) of the gas from the MXene surface, adsorption energy (E,q) with vdW correction, charge transfer (Aq), recovery time (z)
at 298 K and 373 K, and bandgap (E;), of CO, NO, CHy4, H5S, COCl,, Oy, and N; after interaction with Sc,CO,, and conductivity (a)

Model d (A) E.q (€V) Aq (e) 7 (s)/298 K 7 (s)/373 K Eg4 (eV) o
Sc,CO, — — — — — 1.995 X
Sc,CO, + O, 1.6 —0.128 0.099 1.455 x 10~ *° 5.35 x 10 ! — —
Sc,CO, + CO 2.98 —0.146 —0.006 2.93 x 1071 9.35 x 10! 1.37 1.98X
Sc,CO, + N, 1.5 —0.152 0.016 3.69 x 1070 1.13 x 10 1.41 2.02X
Sc,CO, + NO 2.49 —0.164 0.049 5.90 x 10 *° 1.635 x 10 *° — —
Sc,CO, + CH, 2.53 —0.424 0.05 1.46 x 10° 5.3 x 1077 1.29 1.91X
Sc,CO, + H,S 2.14 —0.941 0.107 7.93 x 10° 5.04 1.25 1.87X
Sc,CO, + COCl, 3.00 —1.130 —0.005 1.23 x 107 1.78 x 10° 1.24 1.86X
WSe,_Sc,CO, — — — 0.88 1.55X
WSe,_Sc,CO, + COCl, 1.6 —0.458 1.867 5.4 x 107° 1.5 x 10°° 0.6 1.35X
MoSe,_Sc,CO, — — — 0.65 1.38X
MoSe,_Sc,CO, + COCl, 1.8 —0.653 1.789 1.07 x 107" 6.5 x 10°* 0.5 1.28X
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Fig. 7 (a) Total and partial density of states of Sc,CO, + CO. (b) Total and partial density of states of Sc,CO, + NO. (c) Total and partial density of states of
Sc,CO, + CHy. (d) Total and partial density of states of Sc,CO, + H,S. (e) Total and partial density of states of Sc,CO, + COCl,. (f) Total and partial density
of states of Sc,CO, + O,. (g) Total and partial density of states of Sc,CO, + Na.
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Table 3 Calculated magnetic moment (m) expressed in Bohr magnetron
(u) of NO gas after interaction with Sc,CO, and contribution of each
orbital

NO s (us) P (un) d (1) Total (ug)
O 0.003 0.257 0.0 0.260
N 0.012 0.457 0.0 0.469
Total 0.015 0.714 0.0 0.729

Table 4 Calculated bond lengths of different bonds after interaction with
CO, NO, CH4, st, COClz, 02, and N2

Structure Bond Bond length (A)
Pristine Sc,CO, Sc-C 2.384
Sc-O 2.12
COCl, C-O0 1.197
C-Cl 1.735-1.751
Sc¢,CO,-CO Sc-C 2.28-2.49
Sc-O 2.05-2.16
C-O0 1.145
Sc¢,CO,-NO Sc-C 2.28-2.5
Sc-O 2.05-2.14
N-O 1.175
Sc,CO,—-CH,4 Sc-C 2.27-2.5
Sc-O 2.05-2.2
C-H 1.1
Sc,CO,-H,S Sc-C 2.275-2.49
Sc-O 2.1-2.25
H-S 1.355, 1.3565
Sc,CO,—-COCl, Sc-C 2.31-2.42’
Sc-O 2.06-2.18
C-O0 1.2
C-Cl 1.75
S¢,CO,-0, Se-C 2.27-2.42
Sc-O 2.05-2.2
0-0 1.23959
Sc,CO,-N, Se-C 2.05-2.2
Sc-O 2.05-2.16
N-N 1.11315
MoSe,-Sc,CO, Sc-C 2.249-2.465
Sc-O 2.04-2.14
Mo-Se 2.555-2.559
MoSe,-Sc,CO,-COCl, Sc-C 2.25-2.5
Sc-O 2.06-2.14
C-Cl 1.74
C-O0 1.205
Mo-Se 2.557
WSe,-Sc,CO, Se-C 2.245-2.5
Sc-O 2.05-2.155
W-Se 2.561-2.564
WSe,-S¢,C0,~COCl, Sc-C 2.25-2.5
Sc-O 2.05-2.158
C-Cl 1.731, 1.732
C-O0 1.202
W-Se 2.562-2.563

investigation is required to understand how magnetization
varies with the NO concentration. The contribution of each
element present in NO in magnetisation was calculated, and is
reported in Table 3. It can be seen that after interacting with
NO, the material starts to behave like metal. The TDOS around
the Fermi level was contributed by N_p and O_p orbitals, as can
be seen from Fig. 7(b).

From the DOS spectra of CH, (Fig. 7(c)), the bandgap of the
material was found to 1.29 eV. The valence and conduction bands
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are similar to those of pristine Sc,CO,. The interaction of CH, can
be observed from the change in the bond length of Sc-C and Sc-O.
Similarly, the interaction of H,S led to a reduction in bandgap to
1.25 eV (Fig. 7(d)). Here, the S_s orbitals of H,S contributed
significantly to the valence band. In the case of COCl, (Fig. 7(e)),
there was the largest shift in the bandgap. The interaction of COCl,
near the band extremum was found to be contributed by C_p and
O_p states. However, Cl_p states can be seen contributing ~2 eV.
The DOS spectra of the O, interacted structure (Fig. 7(f)) reveal the
metallic nature of the overall structure. The bands near the zero
energy level are contributed by the C_p and O_ p orbitals. The N,-
interacted structure shows (Fig. 7(g)) semiconducting nature with a
band gap of 1.4 eV. The details of structural parameters such as
bond-length of Sc,CO, and interacting gas molecules are presented
in Table 4. It can be observed that there is a change in the bond
length due to the interaction of gas molecules.

We can also estimate the sensing by observing the variation
in electrical conductivity (¢) of the material after interaction
using eqn (5):"°

-E
0 X exp (2kB ;) (5)

where the symbols have their usual meaning. Considering “X”
to be the conductivity of the Sc,CO, monolayer before inter-
action, we estimated the conductivity after the interaction of
each gas and presented in Table 2, provided that the variation
in bandgap (E;) due to temperature (7) change is not consid-
ered. It can be inferred from the data obtained in Table 2 that
the interaction of all gas molecules (N,, O,, CO, NO, CHy, H,S,
and COCl,) has influence on the resistivity of the Sc,CO,
monolayer and, hence, shows good sensitivity.

Upon adsorption onto the surface, the electronic structures
of the entire system undergo modifications, resulting in a
redistribution of charges between the gas molecule and the
sensing material. To do further analyses, Bader charge calcula-
tions were employed to quantify the electron distribution
across individual atoms, revealing the amount of charge trans-
fer induced by the adsorption of gas molecules. The transfer of
charges from the Sc,CO, monolayer to gas molecules was
quantified by comparing the total charges before and after
interaction using first-principles calculations. In Table 2, the
charge transfer (Ag), indicating either a gain (indicated by a
minus sign) or a loss (indicated by a plus sign) of charge for
Sc,CO, upon interaction with various components, is pre-
sented. Notably, the most significant charge transfer occurs
with H,S. Specifically, gas molecules such as CO (—0.006) and
COCl, (—0.005) exhibit electron loss (donor behaviour) upon
interaction, resulting in an increased electron concentration on
the Sc,CO, film, and consequently a decrease in resistance.
Conversely, gases such as NO (0.034), CH, (0.049), and H,S
(0.175) gain electrons (acting as acceptors). This leads to a
decrease in electron concentration on the Sc,CO, film, result-
ing in an increase in resistance. The charge density (p) of each
compound was calculated to visualize the redistribution of
charges between MXenes and gas molecules. The charge den-
sity difference (CDD, symbolically represented as Ap) between
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the adsorbed and isolated gases further elucidates this redis-
tribution, which can be given as follows:

Ap = Padsorbate+adsorbent — Padsorbate — Padsorbent (6)

where p is the charge density.®"

Based on eqn (6), the charge density difference observed for
CO, NO, CH,4, H,S, COCl,, O,, and N, molecules after interact-
ing with the Sc,CO, monolayer surface is shown in Fig. 8. The
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yellow charge distribution represents the charge accumulation,
while the cyan color represents the charge loss.”” These regions
visually represent how electrons are transferred or redistributed
due to molecular interaction.

It was found that, among all the molecules, only COCl,
showed chemisorption as the accumulated charge from the
chlorine atom of COCI, can be seen forming direct overlap with
the accumulated charges on the oxygen atom on the Sc,CO,
surface. For all other molecules, although there are charge

(a) (b)

(e) ®

() (d

(®

Fig. 8 Charge density difference of (a) Sc,CO, + CO, (b) Sc,CO, + NO, () Sc,CO, + CHy, (d) ScoCO, + HS, (e) Sco,CO, + COCL, (f) Sc,CO, + Oy, and

(g) Sc,CO, + N,. The isosurface value is set at 0.0001 e bohr—>.
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accumulation and depletion in the adsorbate and adsorbent, a
small gap was observed between the adsorbate and the adsor-
bent. This implies physisorption or weak chemisorption of CO,
NO, CHy4, H,S, O,, and N,. This also suggests the strong affinity
of the COCl, molecule on the Sc,CO, MXene surface and proves
its selective detection.

3.3 Sc,CO, and TMD heterostructures

3.3.1 Structural and electronic properties. On perusal of
improving the phosgene detection, we tried sensing based on
heterostructures of Sc,CO, and transition metal dichalcogenides
(TMDs).”® When two semiconducting materials with different
band gaps and distinct Fermi potentials are electrically connected,
electrons flow from a higher energy state to a lower one until
equilibrium is reached. This results in charge depletion near the
interface region, creating a barrier potential due to band bending
caused by the disparity in Fermi potentials between the respective
materials. The critical requirement for enabling the sensing
phenomenon involves the modulation of the barrier potential
formed at the heterojunction interface.”””® Among several TMDs,
MoSe, and WSe, were chosen based on their lattice parameters
and small lattice mismatch. The unit cells with lattice parameters
3.322 A and 3.3199 A were chosen for MoSe, and WSe,, respec-
tively. Moreover, the observed lattice mismatch of MoSe,/Sc,CO,
and WSe,/Sc,CO, heterostructures was found to be 3.59% and

(@) (b)

O Mo
O Se
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3.66%, respectively. The bandgaps of MoSe, and WSe, monolayers
were reported to be close to 1.6 €V and 1.73 €V, respectively.”*
MosSe, is an inherent n-type semiconductor and WSe, is a p-type
semiconductor.®” A vacuum layer height of 21 A was set in order to
avoid interaction of other layers. The optimized heterostructures of
MoSe,/Sc,CO, and WSe,/Sc,CO are presented in Fig. 9(a) and (c).

The distance between MoSe, and Sc,CO, in the heterojunc-
tion structure after optimization was found to be 3.8 A, while
the distance between the two layers was set at 4.46 A initially.
The distance between WSe, and Sc,CO, in the heterojunction
structure after optimization was found to be 3.55 A, while the
distance between the two layers was set at 4 A initially. The
observed bond lengths of W-Se, Mo-Se, Sc-C, and Sc-O after
the formation of heterostructures are presented in Table 4. No
magnetic behaviour was observed in the heterostructures
before and after the gas interaction. Moreover, the binding
energy (Eping) Of the heterostructures was calculated to check
the thermodynamic stability.** The equation of binding energy
is as follows:

Ebind = Esc,co,+t™mp — Esc,co, — Ermp (7)

where Egc co,+tvps Esc,co,, and Epvp are the total energies of
the heterostructure, Sc,CO, and TMD monolayers respectively.
The obtained binding energies of MoSe,/Sc,CO, and WSe,/
Sc,CO, are —0.666 eV and —0.603 eV, respectively.

© G)

O Se
ow

Fig. 9
Sc,CO,_WSe; hetero-structure after phosgene interaction.
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(a) Sc,CO,_MoSe; hetero-structure, (b) Sc,CO,_MoSe, hetero-structure after phosgene interaction. (c) Sc,CO,_WSe, hetero-structure. (d)
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In order to understand the electronic properties, the density
of states spectra of MoSe,/Sc,CO, and WSe,/Sc,CO, were cal-
culated, and are shown in Fig. 10(a) and (b). It can be observed
that the bandgaps of MoSe,/Sc,CO, and WSe,/Sc,CO, hetero-
structures are 0.65 eV and 0.88 eV, respectively. Moreover, it can
be observed that the conduction band minimum is mainly
composed of Mo-d orbitals and W-d orbitals for MoSe,- and
WSe,-based heterostructures, respectively. Even, the electrical
conductivity of both the heterostructures appears to be higher
than that of the pristine Sc,CO, monolayer.

3.3.2 Adsorption of COCI, gas molecules. The sensing mecha-
nism of COCI, on heterostructures was also examined based on the
parameters mentioned in the previous section. The adsorption
energies of COCl, on MoSe,/Sc,CO, and WSe,/Sc,CO, were found
to be —1.905 eV and —1.915 eV, respectively. Similar to pristine
Sc,CO,, these structures succeeded in exhibiting strong adsorption.
The adsorption energies of the van der Waals corrected structures
were also calculated, and are reported in Table 2. The recovery time
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has shown ten times improvement, as shown in Table 2. The band
gaps observed from the density of states spectra on MoSe,/Sc,CO,
and Wse,/Sc,CO, are 0.5 €V and 0.6 eV, respectively. The significant
change in the bandgap (Fig. 11(a)) is contributed by Mo-d, C-p, and
Cl-p states near the conduction band minimum, whereas, in Wse,/
Sc,CO, (Fig. 11(b)), a slight deviation is observed. The bands near
conduction band minimum are formed by Cl-p, O-p, and Cp
states. This shows a great interaction of COCI, on the Wse,/Sc,CO,,
heterostructure as compared to the pristine Sc,CO, monolayer and
MoSe,/Sc,CO, heterostructure. Additionally, the electrical conduc-
tivity in heterostructures was found to be more than four times that
of the Sc,CO, monolayer.

With the aim to verify the interaction further, we also calculated
the charge transfer from the Bader charge analysis. The charge
transfer in MoSe,/Sc,CO, and WSe,/Sc,CO, from COCI, was found
to be 1.867¢” and 1.880e , respectively. Moreover, the charge
density difference on heterostructures after interaction with COCl,

(@)
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(a) PDOS and TDOS of MoSe, and Sc,CO, heterostructures. (b)
PDOS and TDOS of WSe, and Sc,CO, heterostructures.
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Fig. 11 (a) PDOS and TDOS of MoSe, and Sc,CO, heterostructures after
interaction with COCl,. (b) PDOS and TDOS of WSe, and Sc,CO, hetero-
structures after interaction with COCl,.
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Fig. 12 Charge density difference of (a) Sc,CO,_MoSe, hetero-structure

and (b) Sc,CO,_WSe, hetero-structure, after interaction with COCl,. The

isosurface value is set at 0.0001 e bohr™3.

is visualised in Fig. 12. It can be observed that there is a significant
charge redistribution upon the formation of TMD/MXene hetero-
structures (Fig. 12), as compared to the pristine Sc,CO, monolayer
(Fig. 8e). This shows a clear improvement in the interaction of
COCl, on the receptor layer due to the formation of heterostruc-
tures. From the CDD plot of MoSe,/Sc,CO, (Fig. 12(a)), a small
amount of charge accumulation and depletion can be seen in the
Mo atom of the MoSe, layer. On the contrary, no interaction can be
seen in the WSe, layer of the WSe,/Sc,CO, heterostructure. This
suggests the higher interaction of MoSe, over WSe,.

4. Conclusions

In conclusion, Sc,CO, MXenes demonstrate considerable pro-
mise for phosgene gas sensing based on density functional
theory calculations. This analysis reveals that pristine Sc,CO,
exhibits semiconducting behavior, indicating its potential as a
semiconductor gas sensor. The analysis based on adsorption
energies reveals a notably strong affinity of Sc,CO, MXenes
towards phosgene. As the MXene surface is likely to become
predominantly covered by O, and N, when exposed to air,
potentially impacting the sensor function, their effects were
analysed. The very low adsorption of O, and N, molecules
suggests the selective detection of COCl,. Notably, the formation
of MoSe, and WSe, heterostructures exhibited improvement in
sensing parameters. To address the challenges associated with
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crucial factors in gas sensing such as recovery time between
adsorption and desorption, this study proposes strategies invol-
ving high operational temperatures and the formation of hetero-
structures with transition metal dichalcogenides. Thus, these
approaches are anticipated to enhance both recovery times and
electrical conductivity, thereby improving the overall sensor
performance. Future investigations could explore the estimation
of sensing capabilities through current-voltage (I-V) character-
istic calculations both theoretically and experimentally. Such
analyses would offer deeper insights into the electrical response
of Sc,CO, MXenes to gas molecules, facilitating optimization
and advancement towards robust gas sensing applications.
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