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ering based on an Al2CO and SiC
heterostructure to explore the gas sensing
mechanism using first-principles strategies
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Muhammad Isa Khanb and Najam al Hassanc

Two-dimensional (2D) materials and their van der Waals (vdW) heterostructures have been considered

promising for application as gas detecting devices owing to their distinct physical and chemical

characteristics. In this work, we theoretically investigated Al2CO/SiC heterostructure using

semiconductor SiC as a substrate by density functional theory (DFT) calculations to explore its potential

for outstanding performance. Our research focused on the comparative analysis of the adsorption

properties of six gas molecules (H2, NH3, SO2, NO, O2, and H2O) with SiC and its heterostructure. The

structural properties, electronic properties, charge transfer mechanism, dynamic and thermal stabilities

of the heterostructure were investigated by geometry optimization, single-point calculation, Hirshfeld

charge analysis, phonon spectra and ab initio molecular dynamics calculations, respectively. The

adsorption configurations for all adsorbed gases and work functions (WFs) were calculated to explore

the sensing performance of the Al2CO/SiC heterostructure. Our findings indicated semiconductor

behavior after the formation of the Al2CO/SiC heterostructure. Interestingly, the Al2CO/SiC

heterostructure was investigated for its adsorption of gas molecules (H2, NH3, SO2, NO, O2, and H2O)

and was found to be sensitive to the chemisorption of NH3, SO2, NO, O2, and H2O with average

adsorption energy (Eads) and a significant amount of charge transfer. The Al2CO/SiC gas sensor

demonstrated a recovery time of 1.84 × 102 and 0.27 s for detecting NO and NH3 respectively.

Furthermore, compared to the SiC monolayer the heterostructure Al2CO/SiC illustrates excellent

potential for application as a gas sensor to detect NO and NH3 gases.
1. Introduction

Nowadays, gas sensors have received signicant interest owing
to their utilization for detecting hazardous gases, environ-
mental monitoring, personal health care, food safety and
indoor air quality inspection. The demand for innovative
materials and gas sensors is increasing due to their reliability,
high sensitivity and advanced technology. The rapid increase in
industrial and human activities is caused by the discharge of
hazardous gases into the environment which causes severe
effects on human and animal health.1,2 Gas detectors are crucial
in different elds including air quality inspection, industry,
breath analysis, agriculture and the detection of hazardous
gases.3,4 It is necessary to detect and trap dangerous gases such
as NO, NO2, SO2, CO, and H2S due to their increasing rates of
pollution and medical applications.5 Environmental
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degradation is one of the major challenges for human civiliza-
tion because one-eighth of creatures die prematurely owing to
acid rain, air pollution, ozone depletion and global warming.6,7

Gas sensors are crucial for the detection and control of the
quantity of dangerous gases in the air and for efficiently
monitoring pollution and improving the environment. The high
levels of air pollution in different regions have many different
forms and complex sources that signicantly hinder sustain-
able socioeconomic development and endanger public health.
Therefore, there is a great demand for gas sensor materials
which highlights the need to explore 2D gas sensors with
remarkable performance owing to their huge specic surface
areas, unique electrical characteristics, rapid carrier mobility,
and low energy consumption.8–10 The 2D layered materials have
enormous potential for developing next-generation gas sensors
but there are still challenges to be addressed, including sensi-
tivity, accuracy, response time, selectivity, detection limit,
recovery time (s), durability, maintenance and cost.11,12 The s is
inuenced by the interactions between gas molecules and the
adsorptive material and a larger s indicates stronger adsorption
which is known as chemisorption which becomes a challenge
for gas desorption from surfaces. Therefore, this kind of gas
RSC Adv., 2025, 15, 35899–35912 | 35899
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sensor cannot be discarded or reused. However, the ability to
identify gas molecules is limited due to poor physisorption,
which results in limited sensitivity.13,14

The various types of solid-state gas sensors including
electrochemical,15,16 optical,17 electrical,18,19 thermoelectric,20,21

and calorimetric,22,23 have been developed to address the
obstacles of minimal concentration and rapid detection of gas
molecules. The electrically transformed devices have received
much attention due to their easy operation, inexpensiveness,
low power consumption, portability, capacity to monitor signals
in real-time and compatibility with other frequently used elec-
tronic devices.24 In the past decade, 2D nanomaterials have
gained signicant attention in gas sensor applications owing to
their superior properties such as higher carrier mobility, surface
area, thermodynamic stability, electrical conductivity and gas
adsorption ability.25–27 The successful synthesis of single-layer
graphene has enabled the research of 2D materials and
previous studies have demonstrated that the graphene band
gap makes it unstable for gas sensing applications but various
strategies like doping, hydrogenation, construction of nano-
ribbons and defect engineering are being used to improve the
electronic properties.24,28,29 The remarkable mechanical and
electrical properties of graphene stem from its hexagonal crystal
structure, making it a potential material for a wide range of
applications.29,30 Leenaerts et al. utilized a rst-principles
methodology to study the adsorption behavior of various
gases (H2O, NH3, CO, NO2, and NO) on a graphene substrate.31

Ao et al. discovered that CO has a weak adsorption capacity and
small binding energy with graphene.32 Prior research has shown
that 2D carbon-based materials possess outstanding charac-
teristics with incredibly thin atomic thicknesses making them
suitable for various applications such as gas sensors and
material adsorption. This gives them a distinct advantage in the
development of new gas sensors.33 The recently developedmetal
carbonyl Al2CO has become well-known due to its distinct
electronic characteristics.34 In particular, the monolayer has
been successfully synthesized and its potential for gas sensing
applications is currently unknown. Metal oxides are used as the
gas-detecting material in conventional sensors.5,35 The 2D
layered material exhibits unique 2D geometry a huge surface-to-
volume ratio and exceptional physical and chemical properties
that depend on thickness and diversity.36,37 Similarly, 2D SiC
reveals strong mechanical as well as thermal stability, large
band gaps and semiconducting characteristics with a non-
buckled honeycomb structure resembling graphene.38 The SiC
monolayer (ML) has attracted remarkable interest due to its
exceptional chemical inertness and its fast charge transfer rate,
making it possible to design a gas sensor with rapid s and
response times.39 SiC-based technology has been widely used in
gas sensors because Si–C bonds favor sp2 hybridization, which
enhances its sensing ability.40,41 Dong et al. explored the gas-
detecting characteristics of siligraphene for 12 different gas
molecules, indicating that g-SiC5 is a promising gas sensor for
sensing HCHO, NO, and SO2 due to its ability to be chem-
isorbed.42 First-principle DFT simulations were used to inves-
tigate the chemisorption behavior of NO2 on SiC by Gao et al.,43

and Zhao et al. analyzed the gas-detecting properties of ML and
35900 | RSC Adv., 2025, 15, 35899–35912
bilayer SiC.44 Their ndings demonstrate that the SiC ML is
used as an effective gas detector for NH3 and the SiC bilayer has
remarkable performance for NO2, NO, and NH3 gases. Wu et al.
demonstrated the sensing mechanism of HCN and CO for SiC
ML.45 According to Babar et al.,46 high sensitivity of NH3 and CO
gases can be achieved using the C3Si ML. 2D-based functional
nanodevices have great potential in various elds such as
biology, chemistry, optics, mechanics, and sensing for both in
concept and lab testing. They offer excellent interface quality
and adjustments in electronic transport performance by
modifying the material interface and controlling the struc-
ture.47,48 The WS2-Au-BP heterostructures demonstrated
outstanding consistency and sensitivity at ambient temperature
for small NO2 concentrations. Therefore, the increasing
demand for gas-sensing technology has led to the search for
new functional heterostructures.49–53

This study presents a comprehensive theoretical analysis of
the ability of the SiC ML and its heterostructure with Al2CO to
detect gases. The vdW heterostructures are designed to improve
sensing performance due to their properties and potential
applications in various elds which are not present in bulk and
bilayer semiconductors.54 This study has analyzed the sensing
mechanism of the SiC ML and the Al2CO/SiC heterostructure for
air components and toxic gases (H2O, NH3, SO2, NO, O2, and H2).
We systematically investigated the adsorption properties of the
ML and the heterostructure, and suitable adsorption sites were
determined for every single molecule. The structural, electronic,
phonon and ab initio molecular dynamics (AIMD) simulations
were performed to investigate the structural properties, band
structure before and aer adsorption, phonon spectra, and
thermal stability. For comparison and scientic discussion, the
Eads, adsorption distance, WF, and charge transfer integral
between the surface and molecule were also calculated to inves-
tigate the sensitivity of the gas sensor. Our ndings suggest that
the Al2CO/SiC heterostructure is a promising gas sensor
compared to the SiC ML.

2. Computational details

The study utilized DFT to investigate the gas sensing properties
of the Al2CO/SiC heterostructure using rst-principles calcula-
tions in the Amsterdam Density Functional-based BAND
program.55 The ADF-BAND program utilizes a linear combina-
tion of atomic orbitals (LCAOs) and Slater-type orbitals (STOs)
to accurately analyze the structures and energy calculations.
The ADF-BAND employs the numerical atomic orbitals (NAOs)
technique for frozen core approximation, providing predictions
in none, medium, large, and small forms.56 The “none” option
was utilized in all simulations to include all-electron interac-
tions for determining adsorption energies. The quadratic
tetrahedron technique was used to integrate the Brillouin zone
and for Hamiltonian matrix elements, it employs the numerical
Gaussian integration methodology. The triple zeta quality with
one polarization function (TZP) was utilized for all computa-
tions to accurately analyze the electron density.57,58 The Perdew
Burke Ernzerhof (GGA-PBE) exchange–correlation functional
was used for all geometry optimizations, while Grimme's DFT-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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D3 technique was employed for calculations involving interlayer
vdW interactions to enhance accuracy.59

For geometry optimizations, energy, step, and gradient
convergence criterian were set to 1 × 10−6 eV, 0.01 Å, and
10−3 eV Å−1, respectively. The electronic properties such as DOS
and band structure were determined through single-point
calculations aer optimizing lattice parameters, bond lengths
and angles using GGA PBE-D3. The phonon spectrum was
calculated to conrm the dynamical stability of the hetero-
structure, while AIMD simulations were performed using an
NVT canonical ensemble at 300 and 500 K to study its thermal
stability.60 The Nose–Hoover chain (NHC) thermostat was used
during AIMD simulations, which regulated the temperature of
the system to retain an appropriate temperature over time,
while 10 000 steps with 1.0 fs (10 ps) time steps were used to
equilibrate the Al2CO/SiC heterostructure.

First, we investigated Al2CO and SiC's pristine ML. The
hexagonal lattice structure of Al2CO consists of two Al atoms
each associated with two C and O atoms. On the other hand, the
SiC ML provides a planner honeycomb structure with alter-
nating Si and C atoms, which has been suggested as stable. The
gas-sensing properties were rst investigated by adsorbing gas
molecules (H2O, NH3, SO2, NO, O2, and H2) on the pristine SiC
ML. Aer determining numerous potential sites, we selected the
energetically favorable site that provides the least Eads. Next,
four different stacking congurations of the heterostructure
were analyzed to study the structural stability and choose the
most stable stacking sequence with Al above the Si atom. To
prevent interactions among periodic images, a vacuum distance
of 20 Å was introduced. The Al2CO/SiC heterostructure, con-
sisting of 3 × 3 supercells, was optimized which yielded a low
lattice mismatch of 4% and 1.8 Å interlayer separation. The
lattice mismatch of the heterostructure was calculated using the
formula shown in eqn (1).61

Lattice mismatch% ¼ aAl2CO � aSiC

aAl2CO

� 100 (1)

where aAl2CO and aSiC represent the lattice parameters of pristine
Al2CO and SiC MLs. Aer the successful formation of the
heterostructure, the Eads for all adsorbed molecules were
calculated using the following formula.62

Eads = EAl2CO/SiC + Egas − EAl2CO/SiC+gas (2)

The energies of overall gas molecules adsorbed on the Al2CO/
SiC heterostructure, isolated heterostructure and gas molecules
are represented by EAl2CO/SiC+gas, EAl2CO/SiC, and Egas respectively.
The usage of the formula in the form of Eads = Ereactants −
Eproducts indicates that positive Eads values address favorable
and exothermic reactions. It will bring comparative clarity in the
calculated values, where a larger positive number points to
a more favorable reaction.

This study analyzes the gas-detecting properties and
compares them with the heterostructure as a gas sensor, indi-
cating improved properties. The Hirshfeld charge analysis was
utilized to determine the charge transfer mechanism between
adsorbed gas molecules and surfaces, highlighting the
© 2025 The Author(s). Published by the Royal Society of Chemistry
signicant inuence of their interaction mechanism. As
a result, we determined how many electrons were transported
from the surface to the gas molecules. The structural properties,
Eads, and charge transfer mechanism were used to determine
the sensitivity and selectivity of the Al2CO/SiC heterostructure
for various adsorbed gases. The sensitivity (S) for the gas
sensing application was calculated by using the following
formula:

S ¼
��WFabsorbed �WFpristine

��
WFpristine

� 100% (3)

where WFpristine is the work function of the Al2CO/SiC hetero-
structure before adsorption and its reported value is 3.89 eV.
WFabsorbed is the work function aer adsorption. The detailed
computational details related to the heterostructures used in
this work can be found elsewhere.63
3. Results and discussion

The primary objectives of this study were to assess the Al2CO
side of the Al2CO/SiC heterostructure because initial calcula-
tions on the pure SiC monolayer showed limited gas adsorption
which reduced its sensing effectiveness. Although adsorption
on the pure Al2CO monolayer can potentially yield insightful
information, the current study highlights how the hetero-
structure strengthens interactions more than the individual
layers can. The detailed analysis is described in the following.
3.1 Structural and electronic properties

To investigate the potential of Al2CO/SiC heterostructures as
gas-detecting materials, we observed properties of individual
MLs. The structural properties are described elsewhere in
agreement with the previous studies.63 The heterostructure of
Al2CO/SiC was created through the systematic arrangement of
single Al2CO and SiC MLs. The electronic properties of these
MLs were examined using calculated band structure and DOS
analysis revealing 2.5 eV direct band gap for SiC consistent with
previous ndings.44 The detailed structural and electronic
properties of the component monolayers and the hetero-
structure have been published elsewhere.63 The DOS analysis
revealed that the valence band (VB) is dominated by C atoms in
2p states while the conduction band (CB) is dominated by Si
atoms in 3p states. The band gap and DOS analysis for Al2CO
revealed that Al signicantly contributes to the CB with 3p
states. In contrast, C and O atoms signicantly contribute to the
VB with 2p states compared to the CB, and the PDOS of both ML
were discussed and plotted in detail, consistent with previous
ndings.63

To investigate the structural stability of the Al2CO/SiC
heterostructure, different stacking congurations were
analyzed by placing atoms in various positions. The analysis of
binding energy indicates that AB stacking of the Al2CO/SiC
heterostructure is the most stable and thus used for gas
sensing applications. The interlayer separation between the
heterostructures is 1.80 Å, representing the strong interaction
between MLs.
RSC Adv., 2025, 15, 35899–35912 | 35901
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Eb = EAl2CO/SiC − EAl2CO
−ESiC (4)

Wad = (Eslab
Al + Eslab

S − Einterface
Al/S )/A (5)

where E (Al2CO), E (SiC) and E (Al2CO/SiC) represent the total
energies of relaxed Al2CO and SiC MLs and the Al2CO/SiC
heterostructure respectively. A represents the area of the inter-
face. The optimized heterostructure and electronic properties
are depicted in Fig. 3. The DOS analysis of the semiconductor
heterostructure indicates that C and O atoms have a signicant
inuence on the VB while Al and Si atoms make a signicant
contribution to the CB with strong interaction between inter-
faces due to the pz orbital. The major states that contribute to
the VBM were due to O-2pz and C-2pz, while Al-3pz and Si-3pz
states mostly contribute to the CBM.63 The electronic structure
analysis of the heterostructure is crucial due to the presence of
a C atom in both individual slabs. The C in Al2CO forms a polar
covalent bond due to its electronegative nature while the elec-
tropositive nature of Al implies that it carries a positive charge.
When both C atoms combine to form a heterostructure they
experience a different chemical environment. The Al2CO higher
chemical activity is due to its higher charge density and weaker
bonding environment, while SiC's strong bonding within the
lattice makes it less reactive resulting in electrons from Al2CO
owing towards SiC. The C atom orbitals of Al2CO and SiC can
overlap, causing new energy states that alter the electronic
structure of the heterostructure. The interface exhibits orbital
overlap between Al-3pz and Si-3pz states, O-2pz and C-2pz states
allowing orbital hybridization and facilitating the charge
transfer across the heterostructure. The Hirshfeld charge anal-
ysis exhibits that Si atoms in the SiC ML transfer charge to O
and C atoms. The Al atom exhibits different behavior when it
comes to donating the charge to O and C during the formation
of the heterostructure. These ndings indicate that electrons
are transported when both slabs come in contact forming the
heterostructure (Fig. 1).

The Al2CO/SiC heterostructure is dynamically and thermally
stable.63 The AIMD simulations were also performed at 300 K
using an NVT ensemble for 10 000 steps with 0.5 fs time steps.
Throughout the simulations, the equilibrium levels of temper-
ature and energy were reached rapidly, and demonstrated that
no structural deformation, bond breakage, or geometry relaxa-
tion can cover the original structure. These ndings suggest
Fig. 1 Pictorial representation of the Al2CO/SiC heterostructure: (a) side

35902 | RSC Adv., 2025, 15, 35899–35912
that the Al2CO/SiC heterostructure exhibits thermal stability at
room temperature and higher.
3.2 Gas adsorption on SiC ML

All the gas molecules mentioned in the manuscript were
considered in the investigation and were optimized in the gas
phase prior to adsorption studies by using the GGA-PBE func-
tional and computational details were clearly mentioned in the
methodology section. The geometric structures of the gas
molecules H2O, NH3, SO2, NO, O2 and H2 were fully optimized
as shown in Fig. 2, with bond lengths of 0.98, 1.00, 1.58, 1.15,
1.23, and 0.76 Å, respectively. Table 1 displays the bond lengths
of gas molecules before and aer optimizations.

We analyzed the interactions of six different gas molecules
with SiC ML. First, we identied the stable adsorption site for
molecular gases on SiC ML by considering four potential sites,
such as silicon (Si), carbon (C), bridge (B), and hollow (H). The
top and side views of optimized geometric structures for
adsorbed molecules on SiC ML are represented in Fig. 3. The
physisorption and chemisorption of gas molecules adsorbed on
the surface were estimated by analyzing adsorption energies,
charge transfer and the shortest bond distance between the
molecule and ML. Physical adsorption occurs when the energy
is less than 0.084 eV per molecule and chemical adsorption
occurs when the energy is greater than 0.166 eV per
molecule.64,65

First, we investigated H2O adsorption on all possible sites
and found that the Si site is the most preferable and stable with
an Eads of 0.90 eV as represented in Fig. 3. The H2O molecule is
positioned 3 Å above the SiC ML for optimization. The molecule
interacts with SiC ML and forms a bond between the O atom in
H2O and the Si atom in SiC ML having bond distance of 2.01 Å
aer relaxation. The surface undergoes a slight distortion due to
the adsorption of H2O resulting in a change in the bond
distance of Si–C to 1.81 Å while no changes occur in the H2O
molecule. The quantity of charge transferred from the surface to
H2O is −0.15e, indicating that the molecule makes a strong
chemical bond with SiC ML related to chemical adsorption.
Then, we investigated the NH3 molecular adsorption. NH3 is
a trigonal pyramid shape composed of one nitrogen and three
hydrogen atoms covalently bonded with nitrogen's valence
electrons. The NH3 molecule is positioned on all possible sites
view and (b) top view.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The optimized structures of the gas molecules (a) H2O, (b) NH3, (c) SO2, (d) H2, (e) NO and (f) O2.

Table 1 The bond lengths of molecules H2O, NH3, SO2, NO, O2, and
H2 before adsorption (l0) and after adsorption (l) in Angstrom

Molecule H2O NH3 SO2 NO O2 H2

Length (lo) 0.97 1.02 1.46 1.16 1.23 0.75
Length (l) 0.98 1.00 1.58 1.15 1.23 0.76

Fig. 3 Top and side views of the most energetically favorable optimized
NO, (e) O2 and (f) H2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with 3 Å distance and the most stable geometries. The nitrogen
atom in the NH3 molecule forms a bond with the Si atom in SiC
ML with a bond distance of 1.98 Å. The Eads for this congu-
ration is 1.17 eV and the amount of charge transferred from the
molecule to ML is −0.14e. Aer optimization a slight structural
deformation appears with a bond distance of 1.81 Å. The Eads
structures of SiC ML with gas adsorption: (a) H2O, (b) NH3, (c) SO2, (d)

RSC Adv., 2025, 15, 35899–35912 | 35903
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and charge transfer indicate that the NH3 molecule is chem-
isorbed on SiC ML.

SO2, NO, O2 and H2 molecules adsorbed on the SiC ML with
the shortest distance between them being 1.80, 2.01, 1.01 and
2.72 Å respectively. The structural distortion occurred aer SO2

adsorption with an Eads of 1.70 eV. The bond distances of Si–C,
Si–Si and C–C were compressed to 1.79, 3.12, and 3.12 Å
respectively. The charge analysis revealed that the S atom in the
SO2 molecule forms a chemical bond with the C atom in the SiC
ML and Si atoms transfer 0.39e charge to the O (−0.199e) and C
(−0.318e) atoms. The structural properties suggest that SO2 is
strongly adsorbed with a structural distortion and bond length
compression, indicating chemical adsorption. The Eads for NO,
O2, and H2 are 0.80, 3.04, and 0.09 eV respectively. The slight
structural distortion occurs aer O2 adsorption while no
distortion appears aer NO and H2 adsorption. The NO
adsorption forms a chemical bond with N–Si and behaves as
a donor by transferring 0.342e and 0.036e charge to C (−0.338e)
and O (−0.341e). Slight structural distortion occurred and the
bond lengths of C–Si, Si–Si and C–C changed to 1.83, 3.05 and
3.14 Å aer O2 adsorption. The charge transfer process indi-
cates that Si (0.348e) transfers the charge to C (−0.336e) and O
(−0.107e). For H2 adsorption, charge analysis indicates that the
total charge on the molecule is −0.03e. The negative charge
transfer value demonstrates that charge is transferred from ML
to H2. The minor charge transfer, low Eads and large distance
indicate minimal interaction between the H2 molecule and the
SiC ML. Hence, the adsorption in this case is physisorption. All
gas molecules were strongly adsorbed on the SiC ML indicating
chemisorption except for H2. The adsorption of O2 on the SiC
ML exhibited high sensitivity due to strong interactions of gas
molecules, large Eads, charge transfer, and small vertical
distance but the higher adsorption caused a challenge in
desorbing the gas and also affected the sensor s. The calculated
values of Eads the shortest distance between the gas molecule of
the Al2CO/SiC heterostructure,and charges for different adsor-
bed gases are given in Table 2.
3.3 Gas adsorption on the Al2CO/SiC heterostructure

The potential of the Al2CO/SiC heterostructure as a gas sensor is
discussed in this section. The interactions between the mole-
cules and changes in their structural and electronic properties
are responsible for the selectivity of the material to be used as
Table 2 The calculated values showing the type of adsorption, most
favorable adsorption site, calculated values of adsorption energy (Eads),
the shortest distance between the gas molecule and the Al2CO/SiC
heterostructure (d), and charge analysis (Q)

Molecules Position Eads (eV) d (Å) Q (e)

H2O (chemisorption) Si 0.90 2.01 −0.15
NH3 (chemisorption) Si 1.17 1.98 −0.14
SO2 (chemisorption) C 1.70 1.81 −0.19
NO (chemisorption) Si 0.80 2.01 −0.02
O2 (chemisorption) Si 3.04 1.01 −0.11
H2 (physisorption) C 0.09 2.72 −0.02

35904 | RSC Adv., 2025, 15, 35899–35912
an efficient gas detector. To investigate the impact of gas
adsorption on the Al2CO/SiC heterostructure three adsorption
sites, aluminum (A), carbon (B), and hollow (C) were considered
to nd the most stable adsorption conguration as depicted in
Fig. S2. The most stable geometries of H2O, NH3, SO2, NO, O2,
and H2 gas molecules were found on the Al2CO/SiC surface, as
shown in Fig. 4. The graph indicates that H2O prefers to be
adsorbed on the C-site (hollow) where the formation energy is
minimal. The H2O molecule is placed in a perpendicular
orientation above the surface. The B-site (carbon) is the
preferred location for O2, H2, and SO2 molecules with O2 and
SO2 molecules parallel to the structure and H2 perpendicular.
The NH3 molecule is positioned parallel to the surface while N
points toward the surface and only this molecule nds the
suitable A-site (Al). Fig. 6 depicts the most stable top and side
views of the Al2CO/SiC adsorption structures with molecules.
The slight distortion of the heterostructure aer adsorbing gas
molecules depends on the gas molecule binding strength with
the structure.

Aer the adsorption of the H2O molecule on the hetero-
structures, the O atom formed a bond with Al due to its higher
electronegativity compared to Al allowing it to pull electrons
towards itself. This refers to the electron transfer process
between gas molecules and the heterostructure. Aer adsorp-
tion, the length of the H2Omolecule changes from 0.97 Å to 0.98
Å indicating an elongation in bond length (O–H). The bond
distance of O–Al is 2.11 Å which is larger than the sum of the
covalent radii of connected atoms 2.09 Å. The calculated Eads for
H2O on the heterostructure is 0.5 eV and the amount of elec-
trons transferred from Al to O is 0.312 to −0.173e. The values
obtained for Eads, bond length and signicant electron transfer
indicate weak chemisorption. NH3 was found to be adsorbed on
the Al2CO/SiC surface through an N–Al chemical bond with
a bond distance of 2.11 Å which is smaller than the sum of the
covalent radii of connected atoms is 2.13 Å. The N–Al bonding is
due to the electronegativity difference that allows N to form
Fig. 4 Formation energies of all adsorbed molecules on the Al2CO/
SiC heterostructure, depending on different adsorption sites A, B, and
C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a coordinate covalent bond with Al and the electron transfer is
−0.146e indicating that the charge is transferred from the
Al2CO/SiC surface to the NH3 molecule. Aer adsorption, the
length of the NH3 molecule remains the same, which indicates
no elongation in bond length (N–H). The calculated Eads for this
conguration is 0.68 eV, indicating strong chemical adsorption.
The Eads and adsorption distance for all adsorbed molecules on
the Al2CO/SiC heterostructure are represented in Fig. 5. The
physisorption process involves a large adsorption distance and
low Eads, while the chemisorption process involves greater Eads
and a low adsorption distance.

On the Al2CO/SiC heterostructure, SO2 has an Eads of 1.03 eV,
with the B site being the preferred location for adsorption. SO2

tends to form a bond with Al with an adsorption distance of 1.92
Å, smaller than the sum of covalent radii of connected atoms
2.09 Å and there was no obvious structural distortion. The
distance of the SO2 molecule changed from 1.46 Å to 1.57 Å
indicating elongation. The charge analysis indicates that S, Si,
and Al atoms act as donors and can transfer charge to C and O
which behave as acceptors. The transfer of charge from the
heterostructure to the gas molecule is 0.34e. The larger Eads and
smaller bond lengths of connected atoms indicate strong
chemisorption. The most favorable congurations for all
adsorbed gas molecules are represented in Fig. 6.

The Eads for NO, O2 and H2 gas molecules were calculated to
be 0.92, 2.14 and 0.03 eV with the adsorption distances of 2.05,
1.99 and 3.36 Å respectively. The NO molecule formed an N–Al
bond with the Al2CO/SiC heterostructure with no structural
distortion. The distance of the NOmolecule increased from 1.16
to 1.19 Å aer adsorption and the amount of electron transfer
from the surface to the gas molecule was 0.390e. These ndings
indicate that the NO molecule was chemisorbed on the Al2CO/
SiC heterostructure. In the case of O2 adsorption, the O atom
tends to form a bond with Al and the length of the O2 molecule
increases from 1.23 to 1.51 Å. The structural distortion of Al–O
and Al–Al aer O2 adsorption showed slight variations being
2.06 and 3.61 Å respectively. In this case, the chemisorption
behavior is strong due to signicant charge transfer between O
(−0.246e) and Al (0.349e). The results indicate that weak
Fig. 5 The adsorption distance (Å) and Eads (eV) of the Al2CO/SiC
heterostructure for various gas molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
physisorption occurs in the case of H2 adsorption due to the
absence of charge transfer from the heterostructure to the gas
molecule and the greater bond length of the bonded atom.

TheWF of the Al2CO/SiC heterostructure was calculated aer
the adsorption of various gas molecules because it is crucial to
accurately detect different gases; the results are shown in Fig. 7.
The energy needed to transfer an electron from the system to
innity is known as WF and its variation directly impacts
conductivity.66,67 The WF can be calculated using eqn (6).68

4 = Evac − EF (6)

where 4, Evac and EF denote the WF electrostatic potential at
innity and Fermi energy respectively. The WF of Al2CO/SiC was
3.89 eV and no signicant changes were observed aer the
adsorption of H2O and H2. On the other hand, the WF increased
aer the adsorption of SO2, O2, and NO but decreased aer the
adsorption of NH3. The signicant increases in WF aer SO2

and O2 adsorption indicate a transition from a semiconductor
to metallic nature while aer NO adsorption, it increased to
0.12 eV. Therefore, we can conclude that Al2CO/SiC is a prom-
ising gas sensor for detecting NO and NH3 gas molecules and
these results are consistent with Eads. The sensor's sensitivity
was calculated using eqn (4): for H2O, it is 13.9%, NH3 is 26.2%,
SO2 is 12.9%, H2 is 15.9%, O2 is 18.8% and NO is 3.1%. NH3 has
the highest sensitivity (26.2%), followed by O2 (18.8%) and H2

(15.9%) according to the results. On the other hand, NO has the
lowest sensitivity (3.1%), indicating a poor heterostructure-
interaction. This pattern demonstrates the outstanding capa-
bilities of Al2CO/SiC as a selective sensor particularly for NH3

detection.
A comprehensive investigation was conducted for the charge

analysis through the charge transfer integral of the host struc-
ture and the gas molecule H2. It has been determined that CTI
calculations are signicant in analyzing the materials utilized in
photochemistry and molecular electronics. The electron's
ability to migrate between different orbitals and recombine
from fragment 1 to fragment 2 and vice versa wasmeasured. The
electronic coupling V for hole transport and electron transfer
was determined by DFTB to be 0.01 and 0.19 eV, respectively.
For an electron that moved from fragment 1 to fragment 2, then
recombines to return to its empty state, 0.02 eV is the calculated
value of recombination between fragments 1 and 2, while
0.01 eV is the calculated value of recombination between frag-
ments 2 and 1. The charge transfer integral reveals the charge
analysis of the host structure and the gas molecule O2. The
electronic coupling V for hole transport and electron transfer is
0.14 and 0.08 eV, respectively. For an electron that moved from
fragment 1 to fragment 2, then recombines to return to its
empty state, 0.10 eV is the calculated value of recombination
between fragments 1 and 2, while 0.06 eV is the calculated value
of recombination between fragments 2 and 1.

The charge transfer integral reveals the charge analysis of the
host structure and the gas molecule NH3. The electronic
coupling V for hole transport and electron transfer is 0.22 and
0.06 eV, respectively. For an electron that has been moved from
fragment 1 to fragment 2, then recombines to return to its
RSC Adv., 2025, 15, 35899–35912 | 35905
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Fig. 6 The most favorable configurations for (a) H2O, (b) NH3, (c) SO2, (d) NO, (e) O2, and (f) H2 adsorbed on the Al2CO/SiC heterostructure.
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empty state, 0.05 eV is the calculated value of recombination
between fragments 1 and 2, while 0.01 eV is the calculated value
of recombination between fragments 2 and 1. The charge
Fig. 7 WF of the Al2CO/SiC heterostructure after the adsorption of
various gas molecules.

35906 | RSC Adv., 2025, 15, 35899–35912
transfer integral reveals the charge analysis of the host structure
and the gas molecule H2O. The electronic coupling V for hole
transport and electron transfer is 0.18 and 0.03 eV, respectively.
For an electron that has been moved from fragment 1 to frag-
ment 2, then recombines to return to its empty state, 0.20 eV is
the calculated value of recombination between fragments 1 and
2, while 0.03 eV is the calculated value of recombination
between fragments 2 and 1. The summary of charge analysis,
including the electronic coupling of electrons, holes, recombi-
nation rates from fragment 1 to 2 and 2 to 1, is given in Table 3.
3.4 The inuence of the Al2CO/SiC heterostructure on
electronic properties aer molecular adsorption

The study of the electronic structure is crucial for under-
standing the fundamental principles of gas sensing behavior
and stronger adsorption. In this section, we will discuss the
possible changes in the band structure and DOS of the Al2CO/
SiC heterostructure aer gas molecule adsorption. There are
two signicant characteristics of the investigated cases. First,
our ndings demonstrate that the heterostructure exhibits
© 2025 The Author(s). Published by the Royal Society of Chemistry
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similar characteristics and retains its semiconductor proper-
ties. Secondly, the electronic properties aer adsorption can
change into metallic characteristics. The calculated band
structures of the most favorable congurations are presented in
Fig. 8. The band gap of the Al2CO/SiC heterostructure signi-
cantly changed aer adsorption, indicating that the adsorption
of H2O does not produce any impurity states with a slight
variation from 1.38 to 1.30 eV. The band gap of the Al2CO/SiC
surface decreased to 1.18, 0.25 and 1.36 eV aer the adsorp-
tion of NH3, NO, and H2 respectively. The Al2CO/SiC hetero-
structure demonstrated minimal changes in the VB and CB
aer the adsorption of H2O, NH3, and H2 retaining the direct
band gap and semiconductor nature without spin up and down
characteristics; therefore, the adsorptions did not introduce any
magnetic properties. Aer NO adsorption, the impurity state
appeared near the Fermi level, reducing the band gap but
energy levels do not cross the Fermi level. Therefore, NO
adsorption exhibits semiconductor properties with a 0.25 eV
band gap and splits the spin degeneracy of the Al2CO/SiC
heterostructure into spin-up and down properties. The pres-
ence of the spin-down impurity states close to the Fermi level in
the CB enhances the gas sensor's conductivity, indicating that
NO adsorption has a magnetic nature. The impurity states
promote the trapping action, which prevents electrons from
combining with holes effectively. Initially, an electron moves in
the CB instead of combining in the recombination center. Even
trapped electrons increase the conductivity and relaxation time
required to transition from the non-equilibrium to the equi-
librium state, but do not take part in conduction directly.69

Therefore, the Al2CO/SiC heterostructure is a promising
heterostructure for NO gas detection owing to its fascinating
properties and efficient charge transport. Furthermore, aer the
SO2 and O2 adsorption the semiconductor nature of Al2CO/SiC
changes to metallic, reducing the band gap from 1.38 to 0 eV.
The energy states in the VB overlap the Fermi level aer SO2

adsorption, and the Fermi level is close to the VB. The presence
of spin-up and down states aer O2 adsorption indicates the
magnetic properties and the Fermi level is close to the VB with
spin-down states overlapping. The adsorption of SO2 and O2 on
Al2CO/SiC exhibits the samemetallic properties, while O2 shows
magnetic characteristics.

Fig. S3 represents the DOS of the Al2CO/SiC heterostructure
aer gas molecule adsorption and signicant peaks transition
from high to low energy positions. The DOS analysis exhibits
electrical characteristics of Al2CO/SiC can be changed in three
Table 3 The summary of charge analysis

No. Gas molecule
Electronic coupling
for electrons eV

Electroni
for holes

1 H2 0.01 0.19
2 O2 0.08 0.14
3 NO 0.01 0.05
4 SO2 0.11 0.09
5 NH3 0.06 0.22
6 H2O 0.03 0.18

© 2025 The Author(s). Published by the Royal Society of Chemistry
different ways aer molecular adsorption. First, the H2O, NH3,
and H2 adsorption do not signicantly impact the VB and CB
near the Fermi level, with a slight overlapping of orbitals below
the Fermi level. The DOS spectra do not produce any additional
states, but the band gap is reduced. It does not cause peak
shiing and as a result no changes were observed. Second, aer
the adsorption of SO2, a new peak was observed near the Fermi
level which shied towards the VB. It exhibits strong over-
lapping of orbitals and peaks shiing towards the le due to
hybridization between the O 2p and S 3p orbitals in SO2. The
additional peak indicates the change in the behavior of the gas
sensor from semiconductor to metallic. Third, the O2 and NO
adsorption show magnetic properties, and spin-polarized DOS
are plotted in Fig. S3. Aer NO adsorption, new peaks appear
close to the Fermi level in the CB reducing the band gap by
0.25 eV and the band shied towards the le near the VB. The
additional peaks are responsible for hybridizing the 2p orbitals
of O and N. In the case of O2, the spin-up and down states
represent the bands that cross the Fermi level and induce
unoccupied states in the CB. The Fermi level shied towards the
le near the VB indicating the transition from semiconducting
to conducting properties. These ndings illustrate the potential
application of the Al2CO/SiC heterostructure in gas sensors and
conrm its selectivity for NH3 and NO.
3.5 Gas sensing device evaluation

The selectivity and s of the Al2CO/SiC heterostructure were
investigated in this section. The change in the Al2CO/SiC band
gap indicates the variation in the electrical conductivity which is
represented by the formula below.70

sfexp

��Eg

2KT

�
(7)

where s represents electrical conductivity, Eg represents band
gap, K represents Boltzmann constant (8.62× 10−5 eV K−1), and
T indicates the thermodynamic temperature.71 The correlation
between band gap and conductivity is evident. The change in
the band gap can be used to determine the conductivity changes
aer and before adsorption. Therefore, sensitivity can be
determined using the change in conductivity (s).72,73 Electronic
simulations revealed that every adsorbed surface had signi-
cantly smaller band gap energies than the isolated hetero-
structure. These ndings suggest that adsorption has major
impacts on the electronic properties of the Al2CO/SiC hetero-
structure. The conductivity of the pure heterostructure at room
c coupling
eV

Recombination rate
from 1 to 2 fragment

Recombination rate
from 2 to 1 fragment

0.01 0.02
0.10 0.06
0.28 0.09
0.13 0.08
0.05 0.01
0.20 0.03

RSC Adv., 2025, 15, 35899–35912 | 35907
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Fig. 8 The calculated band structures of the Al2CO/SiC heterostructure after the adsorption of different gas molecules H2O, NH3, SO2, NO, O2,
and H2.
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temperature (300 K) was found to be 2.58 × 10−12. Table 4
presents the s values of H2O, NH3, SO2, NO, O2, and H2 gas
molecules aer adsorption.

The band gap of the Al2CO/SiC heterostructure changed
from 1.38 to 1.3 eV aer the adsorption of H2O molecules
causing a minimal change in the conductivity. Similarly, aer
the H2 adsorption, the band gap was reduced by 1.5% (1.38 to
1.36 eV) indicating slight changes in electronic properties. The
nature of Al2CO/SiC shied from semiconductor to conductor
aer the adsorption of SO2 and O2 as the band gap decreased to
0 eV in these cases. Aer NO adsorption, the band gap was
reduced to 0.25 eV, which is most suitable for gas sensing
35908 | RSC Adv., 2025, 15, 35899–35912
properties. Therefore, aer H2O, NH3, SO2, NO, O2 and H2

adsorption the band gaps changed to (0.08, 0.2, 1.38, 1.13, 1.38,
and 0.02 eV) respectively. As a result, conductivities of the
adsorbed gases were slightly altered except for SO2 and O2 due
to their metallic character and signicant changes were
observed aer NO adsorption. Chemisorption occurs in gases
like H2O, NH3, SO2, NO, and O2 due to their larger Eads and
shorter distances while physisorption occurs in H2. Therefore,
the Al2CO/SiC heterostructure demonstrates signicant effi-
ciency for detecting and sensing the H2O, NH3, SO2, NO, and O2

molecules.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The adsorption energies for H2O, O2, SO2, NH3, NO and H2

molecules.
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The adsorption energy was also calculated using different XC
functionals shown in Fig. 9. The trend of adsorption remains
the same but the value of adsorption energy inuences when
GGA-PBE is used along with Grimes correction D3. Therefore,
GGA-PBE-D3 is better than GGA-PBE because it includes van der
Waals interactions and increases the accuracy.

The s of a gas-detecting material is a crucial parameter for
evaluating the effectiveness of a gas-sensing device. s represents
the sensor's reactivation duration and time taken for desorption
from the surface. A tight binding between a gas molecule and
the heterostructure renders it difficult to desorb from the
surface; therefore, the sensor needs a lengthy recovery period. A
shorter period of s can be benecial for gas sensor reversibility.
Experimentally, s is determined by heating the sensor at an
elevated temperature, while it is computed theoretically via
transition state theory using the van't Hoff–Arrhenius equation
as follows:74

s ¼ v�1 exp

��Eads

kBT

�
(8)

where v represents the attempted frequency, and according to
transition state theory, v has a magnitude of 1013 s−1.75 kB
indicates the Boltzmann constant (8.62 × 10−5 eV K−1). The
temperature and adsorption energy are represented by T and
Eads respectively.76 s depends on Eads and a gas exhibiting strong
adsorption with the heterostructure takes longer to desorb. The
s for all adsorbed gas molecules on the Al2CO/SiC hetero-
structure at 300 K are presented in Table 4. The Al2CO/SiC
heterostructure exhibits exceptionally higher Eads for SO2 and
O2 causing a signicantly larger recovery period of 2.17 × 105

and 1.04 × 1024 s. As a result, direct use of the heterostructure
as a gas sensor is hindered, and its reuse is limited for SO2 and
O2. However, the Al2CO/SiC shows moderate Eads for NO and
NH3 leading to a rapid recovery period of 1.84 × 102 and 0.27 s,
respectively. The shortest recovery duration exhibits immediate
desorption for H2O and H2, specically 2.60 × 10−4 and 3.19 ×

10−12 s. The Al2CO/SiC demonstrates exceptional selectivity and
sensitivity for NO and NH3 due to fast recovery and low
conductivity changes making it a highly promising and reusable
sensor. The H2O and H2 have weaker adsorption, rapid s, and
modest conductivity changes, making them useful for humidity
sensors. On the other hand, the capture of SO2 and O2 was
observed to be ineffective due to larger s and conductivity, and
might be used as a disposal alternative. Therefore, the order of
strength of s is O2 > SO2 > NO > NH3 > H2O > H2. Future studies
will explore the sensing performance of the Al2CO/SiC
Table 4 The calculated values of s and s

Gas molecules s (S m−1) s (s)

H2O 1 × 10−11 2.60 × 10 −4

NH3 1.2 × 10−10 0.27
SO2 1 2.17 × 105

NO 7.9 × 10−3 1.84 × 102

O2 1 1.04 × 1024

H2 3.8 × 10−12 3.19 × 10−12

© 2025 The Author(s). Published by the Royal Society of Chemistry
heterostructure, focusing on the interactions of various gases
like H2S, to investigate potential applications. Our result indi-
cates that SO2 chemically adsorbs onto the material. However,
sulfur toxicity can pose a threat to the substrate material,
potentially affecting its long-term stability and functionality.
Therefore, we plan to conduct further research to analyze the
long-term effects of SO2 adsorption on the substrate, focusing
on its durability and structural stability during prolonged
exposure to sulfur-containing gases. It is very crucial to analyze
the adsorption behavior in the presence of multiple gases and
evaluate the effect of humidity (water molecules). This would
provide deeper insights into the practical application of our
material. The future research will also explore the adsorption
performance, selectivity, and sensitivity of the complex and
practical applications of our material in real-world conditions
by studying the effects of adsorption at different gas
concentrations.
4. Summary

This work involves the adsorption and sensing behavior of
different gas molecules (H2O, NH3, SO2, NO, O2, and H2) on the
SiC ML and the Al2CO/SiC heterostructure. Structural, elec-
tronic and dynamical calculations were performed to explore
the charge analysis, Eads, sensitivity and s at various sites aer
adsorption of the gas molecules. At rst, we calculated the
sensing behavior of SiCML and all geometry optimizations were
performed by using the GGA-PBE-D3 exchange–correlation
functional. The ndings demonstrate that for SiC ML the gas
molecules H2O, NH3, SO2, NO, and O2 were chemisorbed due to
greater Eads and low adsorption distance. However, H2 was
physiosorbed due to lower Eads and greater separation distance.
Previous ndings indicate that the SiC ML was considered
a promising gas sensor for NH3 detection, and has limited gas
adsorption capabilities and selectivity owing to its higher band
gap and minimal charge transfer ability. The Al2CO/SiC
heterostructure was designed with a low lattice mismatch to
improve gas-detecting properties. The calculated Eads
RSC Adv., 2025, 15, 35899–35912 | 35909
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demonstrated that all gas molecules were chemisorbed on the
heterostructure except H2. The Hirshfeld charge analysis indi-
cates that NH3, O2, H2O, and NO are charge acceptors, while SO2

is a charge donor, but H2 is almost undetectable due to its
minimal charge transfer. The band structure of Al2CO/SiC
undergoes signicant changes aer the adsorption of SO2 and
O2, transitioning from a semiconductor to a metallic nature.
Their strong adsorption enhances the conductivity, but
desorption is a challenge. The band gap was reduced by 1.5%
(1.38 to 1.36 eV), indicating slight changes in electronic prop-
erties aer H2 adsorption. The variation in the work function
(WF) indicates that NO and NH3 molecules exhibit a signicant
effect, which points to the potential application of the hetero-
structure in NO and NH3 gas sensing due to their fast s, low
conductivity changes, larger sensitivity, and consistent adsorp-
tion behavior. Hence, the Al2CO/SiC heterostructure is a highly
effective 2D gas sensor capable of detecting NO and NH3 gases
at ambient temperature.
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