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This investigation delves into the adsorption characteristics of CO, NO, NO,, NHz, and O, on two-
dimensional (2D) Janus group-Ill materials, specifically ALXY and B,XY. The examination covers
adsorption energies and heights, diverse adsorption sites, and molecular orientations. Employing first-
principles analysis, a comprehensive assessment of structural, electronic, and optical properties is
conducted. The findings highlight NO, as a prominent adsorbate, emphasizing the Te surface of 2D
AlLSTe and B,STe materials as particularly adept for NO, detection, based on considerations of
adsorption energy, height, and charge transfer. Additionally, the study underscores the heightened
sensitivity of work function changes in the B,STe material. The adsorption properties of all gas
molecules, except for NO,, on both materials were determined to be physical. Upon adsorption of the
NO, gas molecule onto the B,STe Janus material, it was observed that the material exhibited weak
chemical adsorption behavior, which was confirmed by the adsorption energy, larger band gap change,
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|. Introduction

Industrial processes, urbanization and vehicle emissions are
significant factors contributing to the accumulation of harmful
gases in the atmosphere, resulting in air pollution. Both
environmentalists and individuals are deeply concerned about
this situation."™ By measuring the concentration of harmful
gases in the atmosphere, gas sensors determine air quality and
help reduce health risks.* Sensors are integral to sustainable
urban planning, playing a crucial role in data collection for air
pollution monitoring and environmental regulation.” These
devices provide real-time insights into air quality,’ aiding
urban planners in informed decision-making. Additionally,
the data they generate form the foundation for evidence-
based environmental policies, contributing to the overall goal
of creating ecologically sound urban environments. Further-
more, insights gleaned from environmental monitoring not
only contribute to the evidence-based formulation of environ-
mental policies but also align with research efforts on mitigat-
ing environmental pollution by enhancing energy efficiency.”
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localization function, work function changes and charge transfer from the material.
This research provides valuable insights into the gas-sensing potential of 2D Janus materials.

Within the domain of gas sensing, considerable attention has
been directed towards 2D materials, propelled by their unique
electronic characteristics and the prospect of exceptionally high
theoretical specific surface applications.®®

Nitrogen dioxide (NO,), a highly toxic gas molecule, is a
major atmospheric pollutant that causes various environmen-
tal pollution phenomena such as acid rain and photochemical
smog.'>"" NO,, apart from being a highly detrimental environ-
mental pollutant, also exerts adverse impacts on the human
body."? Elevated NO, levels in the atmosphere have the
potential to cause respiratory conditions such as chronic
bronchitis."”> The detection of NO, gas molecule is critical
due to the serious consequences for human health, agricultural
production, and climate change. Gas sensors demonstrate
tangible utility in common societal contexts and play an indis-
pensable role in the identification of unanticipated security
incidents.'® Hence, developing gas-sensing materials with fast
response times, full recovery and excellent selectivity has
recently been a topic of interest to researchers.

The distinctive electronic properties'>'® and notably high
theoretical specific surface areas'” of 2D materials have promp-
ted substantial interest within the realm of gas sensing
research. Additionally, with promising outcomes, the investiga-
tion into the adsorption of hazardous gas molecules onto two-
dimensional materials has been a focal point of extensive

Phys. Chem. Chem. Phys., 2024, 26, 16603-16615 | 16603


https://orcid.org/0000-0002-7502-1522
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp00380b&domain=pdf&date_stamp=2024-05-31
https://doi.org/10.1039/d4cp00380b
https://doi.org/10.1039/d4cp00380b
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00380b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026023

Open Access Article. Published on 20 May 2024. Downloaded on 4/20/2026 7:56:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
research."®™ In a recent investigation led by Zainal et al.,*
it was discerned that monolayers of silicene and germanene
demonstrate heightened efficiency in the detection of CO and
NO,, respectively. Furthermore, Abbasi et al.>” demonstrated
that MoS, monolayers possess a high capacity to adsorb gas
molecules such as SO,, SOz, and O3, resulting in significant
modifications to their electronic characteristics. Additional
research has demonstrated that graphene possesses consider-
able potential for the identification and detection of gas
molecules such as NO*® and SO,.%° The Co,N, material exhibits
exceptional sensing capabilities when it adsorbs CO, NO, NO,,
NH;, and H,S gas molecules.”® In a subsequent study, Yu
et al.** researched the process of adsorption of different atmo-
spheric gas molecules on a two-dimensional polyimide material
through hydrogen bonding. Additionally, 2D Janus transition
metal chalcogenides (TMDs) and group-1II chalcogenides are
gaining attention in various research and technological fields
due to their unique characteristics.**** These include adjusta-
ble electronic band gaps, excitonic and piezoelectric effects,
and other notable properties.>*® These studies collectively
emphasize the capacity of two-dimensional group-III chalco-
genide materials to attract and retain toxic gas molecules,
which opens up possibilities for the advancement of sophisti-
cated gas sensors.

The utilization of two-dimensional group-III chalcogenide
compounds has garnered considerable attention across diverse
applications, including but not limited to electronics, thermo-
electric and photoelectric devices, photocatalysis, and chemical
sensors, as highlighted in the literature.®”° Nevertheless, the
investigation into boron and aluminum-based chalcogenides is
not as comprehensive as that of indium and gallium-based
chalcogenide compounds. Considerable attention has been
given to studying the mechanical, electrical, optoelectronic,
and thermal properties of gallium and indium selenides. Boron
and aluminum chalcogenides, characterized by their unique
chemical compositions, have recently garnered significant
attention in research. The majority of these studies have
adopted a more theoretical approach. 2D aluminum-based
materials have attracted significant interest due to their unique
physico-chemical properties and wide range of potential
applications.’® Their exceptional electrical, optical, mechani-
cal, and thermal properties, as well as their high surface-to-
volume ratio, make these materials very versatile and have
many possible applications in fields as diverse as electronics,
optoelectronics, and energy storage.”’™** The application of
two-dimensional aluminum-based materials has the potential
to yield manufacturing processes that are environmentally
sustainable and economically efficient. The consideration of
aluminum alloys as potential substitutes for key raw materials
in electric vehicles supports this claim.** Monolayers of 2D
Janus ALXY (X, Y = S, Se, Te; X # Y) have shown remarkable
electron mobility, making them well suitable for use in nanoscale
electronic devices, as reported in the literature.”> Similarly, 2D
Janus B,XY (X, Y = S, Se, Te; X # Y) monolayers have recently
emerged as innovative additions to the group-III chalcogenides for
nanoelectronics, attributed to their exceptional carrier mobility
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at room temperature. However, the study of single layer B,XY is
still in its infancy, with only structural, electronic, mechanical,
transport®® and piezoelectric properties*® reported so far. Although
their theoretical properties have been validated, further experi-
mental investigation and validation are essential.”” The study of
2D AlLXY and B,XY Janus materials is an emerging field which,
due to their unique properties, has significant potential to con-
tribute to a wide range of practical applications.

In this research endeavor, the focal point is to scrutinize the
surface selectivity of 2D monolayers derived from aluminum
and boron, with a specific emphasis on their aptitude for
adsorbing gas molecules, including CO, NO, NO,, NH; and
O,. For gas-sensing applications, the electrical properties of
adsorbed systems are presently under investigation due to their
potential to offer crucial information. Diverse adsorption
arrangements are evaluated to ascertain the optimal adsorption
locales and the associated adsorption energies.

Il. Method

First-principles density functional theory (DFT) calculations
were employed to conduct spin-polarized simulations of both
structural and electronic characteristics. DFT was also used
with the nudged elastic band (NEB) method to determine the
minimal energy diffusion routes of various crystal phases.*®
To execute the computational aspects of this study, the Vienna
ab initio simulation package (VASP)**~> was employed. The
exchange-correlation potential was modeled utilizing a gener-
alized gradient approximation (GGA) pseudopotential with the
Perdew-Burke-Ernzerhof (PBE)*® functional for performing
geometry relaxations and total energy calculations. To preclude
any undesirable interactions between adjacent layers, a vacuum
spacing of 20 A along the z direction was maintained. The
chosen plane wave cut-off energy was 500 eV. Throughout the
optimization procedure, a 4 x 4 supercell was utilized, and the
relaxation of all atoms continued until the residual force on
each atom reached a level below 0.05 eV A™*. The convergence
criterion for ionic relaxation during the self-consistent compu-
tation was set to 10 ° eV for successive iterations. Integration
over the Brillouin Zone (BZ) was conducted employing a
4 x 4 x 1 k-point mesh, utilizing the gamma-centered
Monkhorst-Pack method.>* The DFT-D2 approach developed
by Grimme®> was employed to consider van der Waals (vdW)
interactions between two layers. An assessment of thermal
stability was conducted through ab initio molecular dynamics
(AIMD) analysis. The simulations were executed under canoni-
cal ensemble conditions (NVT) using an Andersen thermostat,
with temperatures set at both 300 K and 600 K, over a duration
of 5 ps. The scrutiny of charge transfer dynamics between the
two layers was conducted through the application of the Bader
charge analysis method, as endorsed by Henkelman et al.>®™*®
This methodological approach offers a comprehensive exami-
nation of the intricate processes governing the redistribution of
charge across the interlayer interface. Visualization for electro-
nic and structural analysis (VESTA) software was utilized to
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visualize the crystallographic representation and charge densities
of the two-dimensional materials.>

In delineating the relative stability of distinct structures
following the adsorption of small gas molecules, one can
articulate the adsorption energy E,qs through the following
expression, thereby elucidating the intricate interplay between
molecular configurations and their corresponding energetic
states utilizing the ensuing formulation:

Eadqs = Erotal — (EXZSTe + Emo]ecule) (1)

Here, Ei. represents the overall energy of the material after
the adsorption of gas molecules, while Exsr. denotes the
energy of pristine monolayers of AL, XY and B,XY. The term
E,,s signifies the total energy of an isolated gas molecule.
A negative value for E,q signifies the stability of the adsorption
process, indicating an exothermic nature.

To express and compute the difference in charge density
that exists between these molecule-monolayer systems, the

following formula is utilized:

A/) = pXZSTe+molecule - pXZSTe — Pmolecule (2)

The charge density of the molecule adsorbed material, pristine
material, and isolated molecule are denoted by the symbols
PxX,STe+molecules PX,STes and Pmolecules respectively.

The analysis of recovery times for adsorbed structures was
conducted employing the principles of transition state theory,
as outlined in the work by Babariya et al.®® The recovery time
(), a critical parameter in gas sensor performance, encapsu-
lates the requisite duration for the sensor to restore both
sensitivity and precision to optimal levels following exposure
to gas, thereby delineating a key temporal aspect influencing its
overall effect. This parameter can be calculated utilizing the
following formula:

t=vlexp (—%) (3)

at room temperature, the frequency v is chosen to be 1 x
10"? s71.** The quantity denoted as E,q4, signifies the adsorption
energy, with the Boltzmann constant (kg) at a value of 8.62 x
107° eV K " and the temperature denoted as 7.

[1l. Results and discussion

The investigation deals with the adsorption behavior of small
gas molecules on 2D Janus group III materials, specifi-
cally Al,XY and B,XY, where X # Y and X, Y = S, Se, and Te.
The target gases include CO, NO, NO,, NH;, and O,, each
undergoing adsorption on both distinctive sides of the two-
dimensional Janus materials. (The exploration encompasses all
conceivable adsorption configurations, as elaborated in Fig. S1
of the ESI{.) Following the adsorption processes, structural
optimization procedures are executed to characterize the stable
configurations of the gas-molecule adsorbed Janus materials.
After the optimization process, the gas sensing properties of
aluminum and boron-based materials are examined by making
calculations such as adsorption energies, adsorption heights,
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spin-polarized electronic band, density of states, charge den-
sity, Bader analysis, work function, and optical properties. It is
determined that 2D Al,STe and B,STe Janus materials are more
stable among these two material groups, and results of the
materials belonging to the most stable state configuration are
given (additional insights into various materials and molecules
are provided in Fig. S2 of the ESIT). The figures provide
a comprehensive visual representation of the adsorption con-
figurations and structural optimizations undertaken for a wider
range of materials and molecules beyond the previously
mentioned AlLXY and B,XY systems. These supplementary
details contribute to understanding how an adsorbent behaves
and structural characteristics observed across diverse two-
dimensional materials interacting with distinct gas molecules.

A. Structural analysis

The computational analysis explores an extensive array of
adsorption patterns with the aim of identifying the most stable
configurations for small gas molecules adsorbed on 2D Al,STe
and B,STe Janus materials. Notably, each of these materials
possesses two distinct sides, prompting an investigation
into appropriate adsorption configurations independently for
each side. This meticulous approach involves the exploration of
various adsorption arrangements, encompassing both vertical
and parallel orientations, along with investigations into top,
bridge, and hollow regions. By examining these different
adsorption configurations, the study aims to elucidate the
optimal configurations that govern the interaction between
the studied gas molecules and the surfaces of the Al,STe and
B,STe Janus materials.

A comprehensive analysis of the most stable states of both
materials in Fig. 1 elucidated that the structure made up of S
and Te atoms is more stable. The surface selectivity of the Te
surface exceeded that of the S surface, as indicated in Table 2.
Consequently, the interaction of small gas molecules with the
Te surface increased stability. Furthermore, a comparison of
the most stable configurations of 2D Al,STe and B,STe Janus
materials reveals that small gas molecules are stable in dis-
tinctly different orientations. In the 2D Al,STe material, the CO
molecule is in the hole position, whereas in the B,STe material,
the same molecule is in the bridge position. Additionally, in CO
and NO gas molecules, the O atom is located further away from
the 2D materials, while in the NO, molecule, the opposite is the
case and the O atom is most stable when it is closer to the
materials. An analogous scenario applies to the NH; molecule
and the hydrogen (H) atom, presenting a similar set of con-
siderations in their respective interactions with the investigated
materials. Moreover, in the molecule-based comparison of both
materials, it is seen that the small gas molecules are closer to
the Al,STe material, whereas the same gas molecules are farther
away from the B,STe material. Finally, the NO, gas molecule is
the molecule that shifted the most after the adsorption process
in both materials. After optimization, the NO, molecule in the
bridge position in the Al,STe material shifted towards the Al
atom, whereas the NO, molecule in the gap position in the
B,STe material shifted towards the Te atom.
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Fig. 1 Optimal adsorption configurations of gas molecules (CO, NO, NO,, NH3, and O,) on Al,STe and B,STe monolayers, presented from both top and

side views.

Based on the adsorption energy values presented in Table 2,
it can be observed that no chemical bonds are formed between
the molecules and the 2D materials. As per the data presented
in Table 2, the adsorption energies observed for CO, NO, NO,,
NH;, and O, molecules on aluminum and boron-based materials
suggest the absence of chemical bond formations between
the investigated molecules and the two-dimensional material.
Both categories of materials exhibit an increased sensitivity to
nitrogen-based molecules, which reflects the trends observed in
the adsorption behaviour of the two-dimensional Janus SnSSe
material, as reported in the work of Zengin et al.°" In addition, it
has been observed that all molecules in aluminum and boron-
based materials are more stable on the Te surface. In this case,
the surface selectivity of the Te surface is higher than that of the
S and Se surfaces in both material groups. Upon adsorption of
NO, NO, and O, gases onto the surfaces of both Al,STe and
B,STe 2D materials, the emergence of unpaired electrons initi-
ates interactions within the monolayers, inducing a magnetic
moment. In addition, a careful analysis of recovery times at
room temperature (300 K) is carried out to elucidate the
desorption kinetics of the adsorbed gases. The recovery times
are determined employing the formula outlined in part II, and
the obtained results are comprehensively presented in Table 2.

16606 | Phys. Chem. Chem. Phys., 2024, 26, 16603-16615

The data reveal a significant correlation between the lower
adsorption energies of gas molecules on Al,STe and B,STe
monolayers and shorter recovery times. This trend is likely
attributed to the distinct adsorption energy profiles observed
for gas molecules interacting with Al,STe and B,STe monolayers.
Furthermore, the recovery times, falling within the detectable
range,®® strongly signify exceptionally rapid recovery dynamics.

To enhance comprehension of the interaction between 2D
Janus materials and molecules, we calculate the adsorption
energy of each small gas molecule by varying its distance from
the material. Energy values are calculated by adjusting the
distance between the centre of mass of the molecules and the
top of the 2D materials from 1.75 to 5.00 A. The determination
of adsorption height involves identifying the height value
corresponding to the lowest energy within the system. As depic-
ted in Fig. 2, the adsorption heights of small gas molecules in
the context of van der Waals (vdW) interactions span a range
from 2.75 to 3.45 A. The correlation between the adsorption
height and adsorption energies involved can serve as a general
measure of the intensity of interactions in adsorption systems.
The adsorption of NO molecules onto Al,STe materials is an
exceptional case. This may be attributed to the affinity of the
nitrogen (N) atom within the NO, molecule, which is located

This journal is © the Owner Societies 2024
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Fig. 2 Variation of adsorption energies for toxic gas molecules on Al,STe
and B,STe with respect to interlayer distance.

closer to the 2D Al,STe material and exhibits an attractive
interaction with the aluminium atoms. Although the adsorption
height can be used as a broad indicator of the intensity of
interaction in adsorption systems, it is not universally true that
the adsorption energy decreases along with the decrease in
adsorption height.> Nevertheless, the NH; molecule exhibits
lower adsorption energy compared to the NO, molecule in the
Al,STe material, even though both molecules possess identical
adsorption heights. The primary factor contributing to this
phenomenon can be attributed to the low electronegativity of
the H atoms in the NH; molecule.

The observations indicate that the gas molecule NO, has a
higher adsorption energy when the adsorption height is smaller
in magnitude, whereas CO and O, have lower adsorption
energy when the adsorption height is larger in magnitude.
Fig. 2 illustrates that when the distance between the molecule
and the material is 5.00 A, the curves approach the asymptotic
value for all molecules. It is seen that this value is about 0 eV,
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as in 2D Al,STe and B,STe materials. However, the NO,
molecule approaches the asymptotic value more slowly. This
is due to its stronger van der Waals bond with Al,STe and B,STe
monolayers, as well as its higher adsorption energy compared
to other gas molecules. Moreover, an asymmetric value of 0 eV
signifies that no adsorption energy will be produced when the
molecules are distant from the 2D material. This implies that
there will be no interaction between the material and the
molecules, thus the material will not be able to detect the
molecules. It has been observed that when the molecules are
brought close enough to the 2D Al,STe and B,STe Janus
materials (such as 1.75 A and 2.00 A), the adsorption energy
becomes positive. In this case, external energy must be sup-
plied for the molecules to hold on to the material at close range.
Exothermic physical reactions require external energy to occur
spontaneously.

The thermal stabilities of small gas molecules adsorbed
onto Al,STe and B,STe 2D Janus materials are examined using
ab initio molecular dynamics (AIMD) simulation. The calcula-
tions are performed at temperatures of 300 K and 600 K with
the Anderson thermostat in a canonical ensemble. The overall
duration of the simulation is 5 ps with time intervals of 1 ps.
Fig. 3 displays the variation in energy throughout the whole
simulation and includes an image representing the energy at
the end of 5 ps. The AIMD simulations demonstrate that the
total energy of both monolayers remains constant throughout
the simulation, implying the absence of any structural distor-
tion in the material. Therefore, it can be concluded that both
materials are thermodynamically stable at 300 K and 600 K.
On the basis of the mentioned factors of adsorption energy,
adsorption height and recovery time, it can be inferred that
Al,STe and B,STe materials possess exceptional device charac-
teristics as gas sensors for the detection of the NO, gas
molecule. Furthermore, this outcome aligns with research
conducted on the empirical identification of the NO, gas
compound.®***

B. Electronic properties

To gain a better understanding of the interaction between gas
molecules and 2D Janus materials, we conduct spin-polarized
electronic band and density of state calculations after their
adsorption onto the 2D material. Table 2 demonstrates that the
adsorption of CO and NH; molecules onto aluminium and
boron-based materials has minimal impact on the band gaps
and band transitions, which remains almost unchanged com-
pared to pristine Al,STe and B,STe. Additionally, due to the
spin-up and down symmetry of these two molecules, they are
unable to generate magnetic moments. Comparing NO, NO,,
and O, molecules to their pristine state reveals alterations in
band gap energies. The evident asymmetry in the spin-up and
down states gives rise to the establishment of a magnetic
moment in each of the three molecules. Moreover, the adsorp-
tion of NO, NO,, and O, gases onto Al,STe and B,STe materials
induces the formation of flat energy levels within their respec-
tive band structures. These findings align with the observations
deduced from the partial density of states (PDOS) analysis of
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Fig. 3 The energy changes for Al,STe and B,STe at temperatures of 300 and 600 K, respectively, and side view of the final snapshots obtained from

ab initio molecular dynamics simulation.

adsorbed NO, NO,, and O, molecules on monolayers of Al,STe
and B,STe. (For a more detailed exploration of the band
structures, please refer to Fig. S3 and S4 in the ESIf.) The
contributions of N and O atoms are discernible in the for-
mation of these flat energy levels, as elucidated by the PDOS.
Fig. 4 depicts the computational analysis of band structures
and partial density of states (PDOS) for Al,STe and B,STe 2D
materials in the presence of the NO, molecule, identified as the
most stable adsorption configuration. These calculations are
conducted employing spin-polarized calculations to discern the
impact of molecular adsorption on the electronic properties.
Additionally, band structures and PDOS are computed for the
pristine materials to facilitate a comparative analysis between
the adsorbed and non-adsorbed states. The pristine Al,STe
material manifests a direct transition with a band gap of
1.256 eV. Upon adsorption of the NO, molecule, the material
retains its direct transition nature, but there is a significant
alteration in its electronic structure. This results in a notable
reduction of the band gap to 0.12 eV. In contrast, the behavior
observed in boron-based materials deviates slightly. Unlike
Al,STe, the B,STe material acts as a semiconductor with an
initial indirect transition and a band gap value of 1.034 eV
before adsorption. Nevertheless, when the NO, molecule is
adsorbed, the material experiences a change in its semi-
conductivity, leading to the emergence metallic characteristics.
The transition from a semiconductor to a conductive state has
occurred in the adsorption material as a result of the displace-
ment of the valence band above the Fermi level, as illustrated in
Fig. 4d. The alteration in the band structures of aluminum and

16608 | Phys. Chem. Chem. Phys., 2024, 26, 16603-16615

boron-based materials upon adsorption implies that the detec-
tion of NO, is going to be facilitated when utilized as a gas
sensor.

Finally, the electronic band structure curves of 2D alumi-
num and boron-based materials reveal the presence of two
spin-up flats positioned near the Fermi level. One band resides
within the valence band, while the other is situated in the
conduction band. Adsorption of the NO, molecule on Al,STe
and B,STe materials results in the formation of flat bands at the
Fermi energy, as indicated by the PDOS results. The existence of
flat bands can be attributed to the strong oxidizing properties
and orbital couplings of the NO, gas molecule. Moreover,
this is associated with the significant charge transfer of the
NO, molecule as compared to other molecules. Therefore, the
generation of flat bands around the Fermi energy is expected to
improve the electrical transmission performance. These find-
ings seem to align with previous research on the NO, molecule
that has been published in the literature."* Additionally, pre-
vious investigations*>*”®® have observed that comparing the
expected partial density of states (PDOS) of a system pre- and
post-adsorption could provide insight into the nature of the
adsorption. The figure illustrates a modification in the PDOS
distribution of the system subsequent to the adsorption of the
NO, gas molecule onto the B,STe material. More precisely,
the PDOS curve has an upward shift, whereas the total curve
expands significantly. The adsorption of the NO, gas molecule
has a noticeable impact on the electron state density in the
system. All of these observations validate the characteristics of
chemisorption.
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Fig. 4 Display of band structures and partial density of states (PDOS) of molecules adsorbed to Al,STe and B,STe materials (using spin-polarized

calculations with the Fermi level set to zero).

The transfer of charge between gas molecules being adsorbed
and 2D materials is a key factor affecting the performance of gas
sensors. The resistivity of the system can be altered due to the
charge transfer that occurs as a result of adsorption. Resistivity
variability is an important indicator of gas sensor performance
and can be evaluated by experimental testing. Fig. 5 illustrates
the variations in charge density observed between NO, gas
molecules and 2D Al,STe and B,STe materials.

The yellow region is representative of the accumulation of
charges, while the blue region is representative of the depletion
of charges. Compared to other molecules, the charge distribu-
tions around atoms in NO, gas molecules are higher for both
2D material groups. The alteration in charge distribution
results in a more robust interaction between the surface of
the adsorbent and the NO, gas molecule. The adsorption
energies, adsorption heights, and charge transitions that are
presented in Table 2 are consistent with the result that is
obtained from the Bader analysis. Positive or negative charge
transfers by gas molecules indicate the admission or donation
of electrons to the monolayer. Furthermore, the Bader analysis
is performed to determine the magnitude of charge transfer
exhibited by gas molecules upon adsorption onto monolayers
composed of aluminum and boron. The aforementioned data

This journal is © the Owner Societies 2024

is illustrated in Fig. 5. The results indicate that the NO,
molecule functions as an electron donor in both categories of
materials. A considerable degree of charge migration is
detected among monolayers of NO, molecules, indicating an
elevated level of sensitivity. Moreover, the findings indicate a
significant interaction between the NO, molecule and the two-
dimensional B,STe material. After conducting comprehensive
analysis of the adsorption energy between NO, and B,STe, it is
evident that a weak chemical bond is established.”® The
improved effectiveness of the B,STe material in detecting the
NO, gas molecule can be ascribed to the existence of this
chemical bond. Furthermore, it is evident from the findings
from the analysis of charge density and the Bader charge
analysis with electron localization function (ELF) values, which
are 0.63 for Al,STe and 0.70 for B,STe. The Al,STe material
exhibits a lower ELF value compared to the B,STe material due
to its weaker charge density. Hence, it can be inferred that the
NO, gas molecule exhibits a higher degree of interaction with
the B,STe material. This finding highlights that the B,STe
material exhibits a greater capacity to form chemical bonds
with the NO, molecule compared to the Al,STe material. The
observed chemical adsorption behavior can be attributed to the
exceptional electron acceptance/donation behavior exhibited
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by the B,STe material through its interaction with the NO, gas
molecule.

The work function, a significant parameter in solid-state
applications, is defined as the amount of energy needed to
move an electron from its Fermi level to its vacuum level on a
solid surface. The work function can be expressed using the
following formula:

¢ = Evac - EF (4)
the electrostatic potential at the vacuum level is denoted by the
variable E.,., while the Fermi energy is represented by Ef.

Furthermore, the change in work function is defined as the
following:

A¢ = QXZSTeJrgas - (5)

¢XZSTe
The change in the work function of the 2D material is a crucial
factor in the development of an innovative gas sensor that
exhibits significantly higher sensitivity compared to conven-
tional resistance-type sensors.®®

Fig. 5 demonstrates that the work function of Al,STe and
B,STe materials is nearly identical. The work function remains
nearly constant even after the adsorption of NO, gas molecules.
However, the B,STe material demonstrates a more significant
change in work function upon adsorption, despite its initially
lower work function. It has been demonstrated that the adsorp-
tion of the NO, gas molecule onto the Al,STe material has
negligible effects on the work function. The noticeable work
function change for the system in which the NO, gas molecule
adsorbs onto the B,STe material is due to the short adsorption
height and the significant charge transfer between the mole-
cule and the material. The response of the NO, gas molecule in
terms of work function indicates that the B,STe material has

16610 | Phys. Chem. Chem. Phys., 2024, 26, 16603-16615

selectivity, and the change in work function significantly
improves the probability of gas molecule detection.

To enhance the analysis of the gas sensing abilities of the
materials being studied, the sensitivity (S) is determined
by analyzing the conductivity parameter. The fundamental
equations required to compute sensitivity are listed below.®”

B
= Ae s 6
o= e 557 (©)
S = <O'material - Gmateria1+gas) (7)
Omaterial+gas

The equations indicate that the conductivity of the material and
the conductivity of the material with gas adsorbed are denoted
by Omaterial aNd Gmaterialigas- The band gap, specific constant,
Boltzmann constant, and temperature are represented by B,
A kg, and T, respectively.

Based on the findings presented in Table 1, it is evident that
the sensitivity for the identification of CO, NO, NO,, NH3, and
0O, gas molecules can attain a maximum value of —100.0% for
NO, NO,, and O, gas molecules. Furthermore, the obtained
sensitivity results are consistent with the load transfer values.
Al,Ste and B,STe materials exhibit a notable level of sensitivity
in detecting these gases. NO, NO,, and O, molecules have
a substantial impact on the conductivity of pure materials
when compared to other molecules adsorbed onto the two-
dimensional Janus material. Therefore, it can be inferred that
both materials exhibit potential as a viable option for a
resistance-type sensor in the identification of NO, NO,, and
0, gas molecules. Furthermore, the selective detection of these
three molecules can be accomplished by leveraging the varying
magnitudes of conductivity changes.®

The presence of a dipole moment in systems signifies the
existence of an internal electric field. In this study, the internal

This journal is © the Owner Societies 2024
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Table1 Calculated sensing parameters for Al,STe and B,STe, including adsorption height (h), adsorption energy (E,qs), magnetic moment (ug), interlayer
charge transfer (AQ), recovery time (1), sensitivity (S) and electronic band gap (Egap)

Material Gas  Site Interface A (A)  FEags (eV) M (up) 4 (le]) 7 (ns) S(300K) S(600K) Egp(eV) Symmetry

Al,STe CO H-Site Te 2.95 —0.089 0.00 —0.025 0.041 —19.16 —10.10 1.023 r-r
NO T-Site Te 2.75 —0.102 1.00 —0.045 0.079 —100.00 —100.00 0.223 M'-T
NO, B-Site Te 2.50 —0.286 0.78 —-0.284 362.1 —100.00 —100.00 0.056 r-r
NH; T-Site Te 2.60 —0.163 0.00 0.028 0.417 —10.95 —5.64 1.028 r-r
0O, T-Site Te 3.10 —0.084 1.94 —0.086 0.020 —100.00 —100.00 0.101 r-r

B,STe CcO B-Site Te 3.45 —0.099 0.00 —0.028 0.046 —7.44 —3.80 1.379 r-r
NO H-Site  Te 3.20 —0.196 1.08 —0.103 1.957 —100.00 —100.00 0.017 M'-T
NO, B-Site Te 2.95 —0.629 0.64 —0.396 3.7 x 107 —100.00 —100.00 — Metal
NH; H-Site Te 3.05 —0.195 0.00 0.005 1.883 8.04 3.94 1.387 r-r
0, T-Site Te 3.40 —0.166 1.86 —0.161 0.613 —100.00 —100.00 — Metal

electric fields of two-dimensional Al,STe and B,STe Janus
materials are measured to be —0.5689 e A and 0.3221 e A,
respectively, prior to the adsorption of the NO, molecule. The
negative sign denotes the orientation of the internal electric
field, signifying its movement from Te to S. Upon the adsorp-
tion of the NO, molecule, the dipole moment values exhibit an
increase to —0.9186 e A and —0.2457 e A, respectively. The total
dipole moment of Al,STe and B,STe materials is enhanced by
the presence of NO, gas molecules. The Al,STe material exhi-
bits a more pronounced alteration in the magnitude of the
dipole moment. In addition, the NO, molecule in the B2,Te
material alters the orientation of the dipole moment. The total
dipole moment and the charge transfer between molecules and
materials are in the same direction following adsorption.

C. Optical properties

The impacts on the optical characteristics of Al,STe and B,STe
that have been adsorbed with the NO, toxic gas molecule are
calculated to examine the potential future uses of 2D Janus
Al,STe and B,STe materials as an optical gas-sensitive material.
As illustrated in Fig. 6, the final objective of this study is to
compare the optical characteristics of the pristine and
adsorbed states of 2D Al,STe and B,STe Janus materials about
their dielectric function, absorption coefficient, and reflection.
In all cases, the adsorption of the NO, gas molecule has not
resulted in any noticeable changes to the observed peaks on
the graph.

The dielectric function is a crucial optical parameter that
describes the optical properties of materials in terms of their
ability to absorb and polarise light. It explains the way in which
light propagates through a given material. The function is a
complex number with real and imaginary parts, typically

Table 2 Bond lengths between N and O atoms (d), bond angle between N
and O atoms (A), and total dipole moment (u) for Al,STe and B,STe

Material dn-o (A) A(9) u(A)
Pre-adsorption NO,/Al,STe 0.9998 119.9871 —0.5689

NO,/B,STe 0.9998 119.9871 0.3221
Post-adsorption NO,/Al,STe 1.2317 127.1356 —0.9186

NO,/B,STe 1.2389 124.4851 —0.2457

This journal is © the Owner Societies 2024

dependent on frequency. The real part of the material describes
how it transmits or reflects light, while the imaginary part
indicates how much energy the material absorbs. In Fig. 6 the
peaks of both the real and imaginary parts of the dielectric
function are prominent in the ultraviolet region of the electro-
magnetic spectrum. The imaginary component of the dielectric
constant becomes zero at energy levels of around 8 and 12 eV
for 2D Al,STe and B,STe materials, respectively. This indicates
that these materials become transparent above these energies.

The absorption graph of Fig. 6 demonstrates that 2D Al,STe
and B,STe materials absorb in the ultraviolet spectrum but not
at low energies (infrared). The highest points observed in this
area represent transitions between bands. In the absorption
graph in Fig. 6, which is compatible with the dielectric graph,
the absorption edges of the pristine state of the 2D Al,STe Janus
material and the adsorbed state of the NO, molecule corre-
spond to almost the same region. The highest absorption
coefficient for both its pristine state (29.98 cm™" at 5.04 €V)
and its adsorbed state (31.42 cm ™' at 4.97 eV) is found in the
ultraviolet region, and in both cases, the optical absorption
ranges are constant to the same width. The phenomenon
concerning the absorption edge applies to the B,STe molecule
as well. The highest absorption coefficient of the B,STe mate-
rial in its pristine state (29.98 cm™ " at 5.04 eV) and in the NO,
molecule adsorbed state (31.42 cm ™' at 4.97 €V) is found in the
ultraviolet region, and in both cases, the optical absorption
ranges are constant to the same width. The absorption plot in
Fig. 6 depicts the absorption characteristics of the 2D Al,STe
and B,STe materials, revealing their ability to absorb ultra-
violet light while exhibiting no absorption at low energy levels
(infrared). The highest points observed in this area represent
transitions between bands.

Reflective qualities relate to the ability of a substance to
reflect light or radiation. Fig. 6 clearly shows the reflection (R)
curve of the NO, gas molecule adsorbed on aluminum and
boron-based 2D Janus materials. For each of these pristine
materials, the most prominent reflection peaks are observed at
energy levels of 14.12 eV and 20.1 eV, respectively. Observations
indicate a small rise in the peak points following the adsorption
of the NO, gas molecule. Both pristine and adsorbed materials
have two different peaks in the ultraviolet (UV) spectra, with
energy levels of around 5.40 eV and 4.80 eV, respectively.

Phys. Chem. Chem. Phys., 2024, 26, 16603-16615 | 16611


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00380b

Open Access Article. Published on 20 May 2024. Downloaded on 4/20/2026 7:56:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
15 T T T T T T T T
Pristine/Al,STe Re(w) Pristine/B,STe Re(w)
g — = NO,/ALSTe Re(o) - = NO,/B,STe Re(o)
5 101 Pristine/ALSTe Im(0) | [ Pristine/B,STe Im(o) |
E I\“\, = = NO,/ALSTe Im(w) | - = NO,/B,STe Im(w)
2 5 M AT
= |
8 e ,‘\jl\"r” :
— ’
10 Sf
A 0F—-'s e =" -
-5 1 L L I 1 L 1 L
35 T T T T T T T T
Pristine/Al,STe Pristine/B,STe
sl ~ — NO,/ALSTe i ~ — NOyB,STe
- L
Z 21t 1+
o
5]
S 14l AT
<
Tr AT T
Pristine/AL,STe Pristine/B,STe
5F - = NO,/ALSTe 7 T ~ = NO,B,STe T
2 4t 4 L
Z
5]
o 3r 1 F
=
[0}
~ oL 4 L
1F I & L
O 1
0 2 4 6 8 10 0 2 4 6 8 10
Energy (eV) Energy (eV)

Fig. 6 Real part, imaginary part, adsorption coefficient and reflectivity of Al,STe and B,STe monolayers before and after adsorption.

The UV spectrum retains the strongest reflection peaks even
after gas molecules are adsorbed. The reflection curve has a
comparable pattern to the absorption curve.

V. Conclusion

Briefly, in this study, the adsorption behavior of CO, NO, NO,,
NH; and O, small gas molecules on 2D Janus Group III ALLXY
and B,XY (X # Y and X, Y = S, Se and Te) materials has been
determined. The study investigates the adsorption energies and
heights of the interaction between the materials and gas
molecules. To determine stable configurations, various adsorp-
tion sites and molecule orientations are considered. This study
based on first principles is employed to examine the structural,
electrical, and optical properties of gas molecules following
their adsorption onto materials. The study, which included the
vdW interactions between materials and molecules, observed
that the toxic gas molecule NO,, which is widely acknowledged
as the most crucial greenhouse gas, yields more notable out-
comes in comparison to other molecules. Furthermore, it is

16612 | Phys. Chem. Chem. Phys., 2024, 26, 16603-16615

determined that the Te surface of 2D Al,STe and B,STe materials
could detect NO, gas molecules more easily in terms of adsorp-
tion energy, adsorption height, and charge transfer than other
materials and surfaces. The weak chemisorption behavior of NO,
gas molecules onto the B,STe Janus material has been observed
and confirmed by charge transfer, adsorption energy, larger
band gap change, and electron localization function. Upon
examination of the work function changes of Al,STe and B,STe
materials, it is evident that the B,STe material is capable of more
sensitive measurements.
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