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he electronic and optical
properties of bilayer CdS as a gas sensor: first-
principles calculations

Warood Kream Alaarage,a Abbas H. Abo Nasria, *b Tamadhur Alaa Husseinb

and Hamid Ibrahim Abboodc

We utilised first-principles computations based on density functional theory to investigate the optical and

electronic properties of bilayer CdS before and after the adsorption of gas molecules. Initially, we examined

four candidate adsorption sites to determine the best site for adsorbing CO, CO2, SO2, H2S, and SO. In order

to achieve the optimal adsorption configurations, we analysed the adsorption energy, distance, and total

charge. Our findings reveal that the CdS bilayer forms a unique connection between the O and Cd

atoms, as well as the S and Cd atoms, which renders it sensitive to SO2, H2S, and SO through chemical

adsorption, and CO and CO2 through strong physical adsorption. The adsorption of gas molecules

enhances the optical properties of the CdS bilayer. Consequently, the CdS bilayer proves to be a highly

efficient gas sensor for SO2, H2S, and SO gases.
1. Introduction

Sensing toxic gas molecules is crucial for various applications,
including space missions, medical and agricultural elds,
environmental pollution monitoring, chemical process control,
and more.1,2 Gases such as CO, CO2, SO2, H2S, and SO are
generated from burning chemical fuels, coal, plastics, and car
exhaust. These gases can hinder the absorption of oxygen by
tissues, although their levels of danger may vary.3–6 Therefore,
there has been signicant attention given to the development
and discovery of novel, highly sensitive materials for gas
sensing. Since Novoselov et al.'s groundbreaking work on 2D
nanomaterials in 2004, there has been a signicant emphasis
on exploring the potential of this material class for cutting-edge
gas sensor applications.7 The mechanical cracking method has
been widely employed for the separation of graphene from
graphite, owing to its intriguing optical, physical, mechanical,
magnetic, and electrical properties.8–10 These unique properties
endow graphene with tremendous potential for signicant
advancements in material science and innovation. The
remarkable properties of graphene and its derivatives open up
promising avenues in various elds, including optoelectronic
devices, catalysts, photocatalysis, transistors, nano-
electromechanical devices, nanoscale devices, gas sensors, and
photodetectors.11–20 In addition, the research on the gas
f, Iraq. E-mail: Wuroodk.olaiwi@uokufa.
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05
response in 2D nanomaterials like C3N,21 InN,22 GaN,23 TI2O,24

AlN,25–27 SiGe,28 BN,29–31 GaS, GaSe,32 silicene,33 SnSe,34 BNNTs,35

InP,36 and borospherene37,38 has been developed in recent
decades.

Recent research has shown that CdS-based composites, such
as CdS-supramolecular organogel hybrid lms39 and CdS–SnO2

composites,40 exhibit high sensitivity to volatile organic
compounds. Moreover, sensors have been developed based on
n-CdS/p-polyaniline thin lm heterojunctions41 and leaf-like
CdS micro-/nanostructures.42 They have displayed improved
performance, such as response, recovery time, stability, and
recognition ability towards various analytes. Several methods
have been employed to prepare nanocrystalline CdS thin lms,
including physical and chemical techniques such as sol–gel,43

gas evaporation,44 and electrostatic deposition,45 among others.
Researchers have investigated the interaction of oxygen gas with
CdS lms prepared through spray pyrolysis46 and reported on
the resistive type humidity sensing properties of CdS nano-
particles grown through the chemical bath deposition (CBD)
method.47 CdS supramolecular organogel hybrid lms have
been fabricated through the exposure of a supramolecular
organogel lm containing Cd(Ac)2 to an H2S atmosphere at
room temperature,39 and n-CdS/p-polyaniline thin lm
heterojunction-based liqueed petroleum gas (LPG) sensors
have been produced utilising a simple and cost-effective elec-
trodeposition technique.41 CBD is a favoured option among lm
deposition methods due to its suitability for large-scale fabri-
cation processes, simplicity, cost-effectiveness, and non-
polluting properties. CBD produces homogeneous, hard,
adhesive, transparent, and stoichiometric nanocrystalline thin
lms.48 The availability of cost-effective and simple practical
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra08741g&domain=pdf&date_stamp=2024-02-15
http://orcid.org/0009-0007-5830-3302
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08741g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014009


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

5:
52

:1
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
methods for synthesising CdS slabs has motivated the industry
and research communities' efforts to look on employing CdS for
sensing applications.43,48,49

Recently, cadmium sulde (CdS) has gained recognition as
an exceptional material for optoelectronic devices, primarily
due to its position as a signicant II–VI compound semi-
conductor with a direct band gap of 2.42 eV.50–56 Multiple
methods for synthesizing CdS have been extensively explored,
encompassing chemical bath deposition, thermal evaporation,
ultrasonic spray pyrolysis, and atomic layer epitaxy.57–59 CdS is
commonly recognized for its application as a pigment; however,
its utility extends to various other contexts, including piezo-
electric transducers, solar cells, photoresistors, photovoltaics,
and transistors. The advantageous characteristics of CdS, such
as photoconductivity, electroluminescence, and piezoelec-
tricity, enable these applications to operate effectively in high-
frequency ranges.60–66 CdS exhibits chemoresistiveity in addi-
tion to its more common uses, yet this intriguing quality has
received relatively little attention from researchers. The utili-
zation of CdS as a gas sensor has been documented in only
a limited number of publications.

Moreover, it has been observed that light at room temperature
can activate the chemoresistiveity in CdS. By energizing electrons
into the conduction band, electromagnetic irradiation can modify
the surface chemistry of the lm and enhance its conductivity.
This unique property allows CdS gas sensors to operate effectively
at room temperature, eliminating the need for external heat-
ing.67,68 Consequently, there is a need to explore CdS as a novel
material in the gas sensor eld. Therefore, 2D CdS bilayers emerge
as excellent candidates for highly sensitive gas sensors, given their
potential for exceptional gas-sensing capabilities.

The enhancement of the surface performance for several
adsorption systems has previously been conrmed through
employing double-layers of the slab.69–71 Here, we have
employed a two layers of CdS to replicate the surface behaviour
and properties to reproduce the experimental measured struc-
tures of the system which would be typical of a semi-innite CdS
slab. The efficacy of replicating a CdS surface behavior and
properties using two layers was investigated in the study72 by
Qasrawi and Abed. The use of a pre-assembled CdS seed layer
prior to CdSe deposition has been reported to improve the
performance of quantum dot-sensitized solar cells.73

In this study, we aimed to explore the potential of CdS bilayers
as gas sensors for CO, CO2, SO2, H2S, and SO gases. To achieve
this, we conducted rst-principle calculations using density
functional theory (DFT) to analyze the adsorption behavior of
these gases on the CdS bilayer. Additionally, we systematically
investigated the adsorption of CO, CO2, SO2, H2S, and SO gas
molecules on CdS bilayers to facilitate a comprehensive and
comparative discussion. Our investigation encompassed the
adsorption of gas molecules as well as the electronic and optical
properties of the bilayer CdS. Based on our ndings, CdS bilayers
exhibit promising potential as gas sensors, particularly for H2S
and SO. It is crucial to acknowledge that the ndings of this
research are based on no experimental evidence. Therefore, it is
imperative for us to produce strong and conclusive results in order
to drive additional experimental investigation in the future.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2. Computational details

The DFT was the basis for all calculations in this paper,74

with the generalised gradient approximation75–77 and the
Perdew–Burke–Ernzerhof function used to describe the
exchange–correlation interaction.78–80 The dispersion-
corrected DFT approach and Grimme correction were
applied to the computations to appropriately represent van
der Waals interactions,9,46,47 and the DNP base set was tuned
to 4.4. Dmol3 code was used for structural optimisation and
electronic property calculations, with the k-points set to 10
× 10 × 1 and 15 × 15 × 1, respectively.81,82 The optical
properties were calculated using the CASTEP code,83,84 with
the k-points set to 7 × 7 × 1, the energy cutoff set to 350 eV,
and the smearing value set to 0.005 Ha (1 Ha = 27.2114 eV).85

The Heyd–Scuseria–Ernzerhof hybrid functional HSE06 (ref.
86) is also used to improve the determination of the
considered 2D materials' electronic properties, as theoret-
ical experience has shown that the standard functionals
always tend to underestimate the band gap of materials. A
vacuum space thickness of around 20 Å was used to prevent
interactions between layers. G (0, 0, 0)–F (0, 0.5, 0)–M (0.333,
0.667, 0) was employed as the Brillouin zone path for energy
band analysis.

In line with other studies, the system is composed of a CdS
bilayer with a 3 × 3 supercell (36 atoms) and a lattice constant
of a = b = 12.619 605 and c = 25.067658.87 To evaluate a gas
molecule's adsorption system on a CdS bilayer is stable, the
adsorption energy dened (Ead) as follows:88

Ead = ECdS + gas − ECdS − Egas, (1)

where ECdS+gas denote the gas adsorption's total energy on
a CdS bilayer system, and ECdS denote the CdS bilayer's total
energy and, Egas denote the gas molecule's total energy. This
denition states that adsorption is exothermic and energeti-
cally advantageous when Ead is negative. On the contrary,
positive adsorption energy denotes the opposite circum-
stance.89 The adsorption distance is the smallest distance
between the gas molecule atom and the CdS bilayer atom (d).
Q is the total Hirshfeld transfer charge among CdS bilayer and
gas. If the value is negative, the CdS has transferred its charge
to the gas, whereas a positive value indicates the exact
opposite.

To assess the interaction between gases and the CdS bilayer,
we have calculated the interaction energies using the following
expression:

Eint = ECdS+gas − [ECdS + Egas] − dBSSE, (2)

where ECdS+gas, ECdS, Egas, demonstrate the total energies of the
adsorption gases on the CdS bilayer, CdS bilayer, and gases,
respectively. Furthermore, the Eint given was xed for the basis
set superposition error (BSSE). To correct the estimated Eint due
to the BSSE, the counterpoise correction (CP) pattern was
implemented by introducing the dBSSE term in the interaction
energy expression.90,91
RSC Adv., 2024, 14, 5994–6005 | 5995
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3. Results and discussion
3.1 Pristine CdS bilayer's structural properties

The phonon dispersion curves of the pristine CdS bilayer were
calculated at the equilibrium state to verify its stability, as
depicted in Fig. 1. The phonon dispersion curves of the pristine
CdS bilayer exhibit no indications of so phonon modes,
thereby demonstrating the dynamic stability of the bilayer at the
equilibrium state.

Fig. 2 illustrates the optimized structures of the supercell of
the pristine CdS bilayer from both top and side views, as well as
the energy band structure of the bilayer CdS. The top view
highlights the resemblance between graphene and the double-
layer CdS, both exhibiting hexagonal structures. The Cd–S
bond length measures 2.571 Å. To explore the gas adsorption
behavior in different orientations (parallel or perpendicular to
the bilayer), four adsorption sites, namely T1 (Cd), T2 (S), T3
(center), and T4 (bridge), were utilized on the supercell of the
bilayer CdS (as shown in Fig. 2). The initial adsorption distance
in various adsorption sites was set at approximately 3 Å. The
adsorption energy (Ead) serves as an indicator of bilayer
stability, with lower values indicating more stable structures.
Themost stable energetic sites for CO, CO2, SO2, H2S, and SO on
the CdS bilayer are the S, Cd, S, Cd, and S sites, respectively, as
presented in Table 1.85 For the CdS bilayer, the spacing between
the layers (h = 4.2 Å) is greater than the sum of any two atoms'
radii in the bilayer (the atomic radii of Cd and S are rCd = 1.51 Å
and rS = 1.02 Å).92 The energy band structure of bilayer CdS is
shown in Fig. 2. At the G point, the valence band maximum
(VBM) and the conduction band minimum (CBM) are both in
bilayer CdS, which has a direct band gap (Eg) of 1.499 eV.
3.2 Electronic properties of the bilayer CdS-adsorbent
systems

Adsorption constants for the optimal adsorption systems are
listed in Table 2. The top and side views of the equivalent
optimum adsorption congurations following complete relax-
ation are shown in Fig. 3. To evaluate the chemical or physical
adsorption, researchers primarily considered the (Ead) adsorp-
tion energy, (d) bond lengths, and (Q) transmitted charge, as
Fig. 1 Phonon dispersion curves of pristine CdS bilayer.

5996 | RSC Adv., 2024, 14, 5994–6005
explained below. The general energy limitation used to differ-
entiate between chemisorption and physisorption is −0.5 eV.
The energy limit of 0.5 eV is unrestricted, according to
researchers, and is therefore unaffected by the number of
present layers, or size of a supercell, and the size of the gas
molecules.93,94 For CO and CO2 adsorption system Ead is −0.48
and −0.44 jeVj respectively, with large d values 3.27 Å, and 3.06
Å, indicating the existence of a weak interaction between CO
and CO2 molecules and the CdS bilayer.

Ead of SO2, H2S, and SO adsorbed on the CdS bilayer were
(−1.75, −1.69, and −1.92) eV, respectively, and the Q values are
(−0.11, −0.16 and −0.21) jej, respectively. These values indicate
charge transfer from CdS bilayer to SO2, H2S, and SO. Their
interactions are stronger compared with CO and CO2 on the CdS
bilayer. In addition, the sum of the covalent radii of the O and
Cd atoms (rO–Cd = 2.24 Å) and the S and Cd atoms (rS–Cd = 2.53
Å) remains smaller than their distance (d = 2.46 Å and d = 2.77
Å). Bonding standards are near the theoretical interatomic
covalent radius (±0.3 Å); therefore, chemical bonds can occur in
these systems.96 Additionally, aer these adsorptions, a signi-
cant structural deformation was seen on the CdS bilayer, further
proving the strong chemical adsorption between these gas and
CdS. The results indicate that the CdS bilayer has excellent
application potential as SO2, H2S, and SO sensors with clear
sensing responses.97,98 As shown in Fig. 3, the adsorption of
these gases on CdS has induced signicant changes in atomic
positions. The adsorption of CO or SO2 gases on CdS has
resulted in considerable structural deformations due to the
interaction between the gases and Cd surface atoms. The SO
molecule has bound to CdS by interacting with the surface S
atom, leading to a vertical displacement of atoms and causing
a restructuring of the monolayer. Similarly, H2S has interacted
with the surface S atom, and its binding has led to the forma-
tion of S–S–H bonds, resulting in alterations in the surface
chemistry and atomic arrangement. On the other hand, the CO2

molecule has interacted with the surface S atom, leading to the
formation of new bonds and surface reconstruction. These
deviations signicantly affect the electronic structure, surface
chemistry, and sensitivity of CdS, enabling it to detect and
discriminate between different gases. Through the study of
structural and optical changes induced by gas adsorption, it is
possible to design and optimize CdS-based sensors for
improved gas sensing performance.

A better understanding of the adsorption behaviours of
molecules on the bilayer necessitated a further investigation
into the band structures of molecules adsorbed on the CdS
bilayer; these results are shown in Fig. 4. The Fermi level is
represented by the black dashed line (Ef). Aer CO, CO2, SO2,
and H2S adsorption, the band gap of CdS increased to 2.078,
1.847, 1.712, and 1.890 eV, respectively, while the value of the
VBM and CBM remained unaltered at G point. Finally, the
adsorption of SO molecules lowered the original band gap (0.95
eV), showing that these adsorptions affect the electronic prop-
erties of the CdS bilayer.

To further understand how the adsorption of gas molecules
changes the bilayer CdS's electronic properties, we analysed its
total and partial densities of states. Fig. 5–9 illustrate the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top, side views and band structure of the optimised CdS bilayer structures.
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density of states (DOS) and projected density of states (PDOS)
for the CdS bilayer adsorption systems. These gures reveal that
in the CO/CO2/SO2/H2S–CdS adsorption systems, the DOS
undergoes a rightward shi at certain locations. However, in the
SO–CdS adsorption system, the DOS exhibits a leward shi. In
the case of theSO adsorption system, the conduction band's
bottom shis to the le, making it easier for the charge to be
excited from the valence band to the conduction band.

In the case of PDOS, the inuence of adsorbed gases on the
electronic states near the Fermi energy (Ef) is crucial. The
adsorption of CO and CO2 introduces active electronic states in
close proximity to Ef. Specically, in the CO adsorption system,
there is an overlap between the s and p orbitals of the Cd atom
and the p orbital of the C atom within the energy ranges of 2 to
5 eV and −2 to −5 eV, respectively. Likewise, in the CO2

adsorption system, there is an overlap between the p orbital of
the O atom and the s and p orbitals of the Cd atom within the
energy ranges of 4 to 6 eV, the s orbital from −2 to −4 eV, and
Table 1 Adsorption constants for all adsorption configurations on CdS

Adsorption systems Site Ead (eV)

CO/CdS-bilayer Cd −0.40
S −0.48
Bridge −0.42
Center −0.42

CO2/CdS-bilayer Cd −0.44
S −0.38
Bridge −0.39
Center −0.42

SO2/CdS-bilayer Cd −1.59
S −1.75
Bridge −1.37
Center −1.15

H2S/CdS-bilayer Cd −1.69
S −1.37
Bridge −1.02
Center −1.12

SO/CdS-bilayer Cd −1.32
S −1.92
Bridge −1.39
Center −1.58

© 2024 The Author(s). Published by the Royal Society of Chemistry
the d orbital from −6 to −9 eV. These overlapping orbitals
indicate strong orbital hybridizations, implying the presence of
chemical bonding. The electronic densities of SO2, H2S, and SO
are all signicantly active near Ef, further supporting the exis-
tence of chemical bonds with the CdS system. Considering the
SO2 adsorption system, the p orbit of the O atom overlaps with
the s, p, and d orbits of the Cd atom in the energy range of−2 to
−4 eV.

In addition, for the H2S adsorption system, the p orbit of the
S atom overlaps with the s and p orbits of the Cd atom in the
range of 2 to 12 eV and with the s, p, and d orbits in the range of
0 to −5 eV. Moreover, the s and p orbits of the S atom overlap
with the d orbit of Cd in the range of−6 to−8 eV, while the s, p,
and d orbits of Cd overlap with the s orbit of the S atom in the
range of−10 to−12 eV. For the SO adsorption system, the s and
p orbits of the Cd atom overlap with the p orbit of the S atom in
the range of 1 to 10 eV and with the s orbit in the range of −9 to
−13 eV. Additionally, the s and p orbits of the S atom overlap
bilayer

d (Å) r (Å) Q (jej) Style

3.07 2.28 (C–Cd) 0.01 Donor
2.85 2.28 (C–Cd) 0.02 Donor
3.21 2.28 (C–Cd) 0.01 Donor
3.22 2.28 (C–Cd) 0.02 Donor
3.04 2.24 (O–Cd) −0.02 Acceptor
3.06 2.24 (O–Cd) −0.01 Acceptor
3.12 2.24 (O–Cd) −0.01 Acceptor
3.35 2.24 (O–Cd) −0.02 Acceptor
3.24 2.24 (O–Cd) −0.03 Acceptor
2.46 2.24 (O–Cd) −0.11 Acceptor
3.02 2.24 (O–Cd) −0.07 Acceptor
3.19 2.24 (O–Cd) −0.05 Acceptor
2.77 2.53 (S–Cd) −0.16 Acceptor
2.83 2.53 (S–Cd) 0.12 Donor
3.21 2.53 (S–Cd) 0.11 Donor
3.29 2.53 (S–Cd) 0.10 Donor
2.30 2.04 (S–S) −0.17 Acceptor
2.77 2.53 (S–Cd) −0.21 Acceptor
2.52 2.53 (S–Cd) −0.15 Acceptor
2.58 2.53 (S–Cd) −0.16 Acceptor

RSC Adv., 2024, 14, 5994–6005 | 5997
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Table 2 Adsorption constant for gas molecules adsorbed on bilayer CdS in the optimal adsorption systems

Adsorption systems Eint (eV) d (Å) r (Å) Q (jej) Style s (s)

CO/CdS −0.48 3.27 2.28 (C–Cd) 0.02 Donor 1.15 × 10−4

CO2/CdS −0.44 3.06 2.24 (O–Cd) −0.02 Acceptor 0.24 × 10−4

SO2/CdS −1.75 2.46 2.24 (O–Cd) −0.11 Acceptor 2.44 × 1017

H2S/CdS −1.69 2.77 2.53 (S–Cd) −0.16 Acceptor 2.40 × 1016

SO/CdS −1.92 2.77 2.53 (S–Cd) −0.21 Acceptor 1.75 × 1020
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with the s, p, and d orbits of the Cd atom in the range of 1 to
−6 eV, along with the d orbit in the range of −7 to −9 eV. These
ndings highlight the exibility and adaptability of CdS to
interact with various gas molecules, making it a promising
material for potential applications in electronic devices and gas
sensing technologies.

By analysing the charge density difference (CDD), the redis-
tribution of charges (r) between gas molecules and CdS bilayer
has been studied, which is dened as:

r = rCdS+gas − rCdS − rgas, (3)
Fig. 3 Adsorption systems for gas molecules absorbed on bilayer CdS:

5998 | RSC Adv., 2024, 14, 5994–6005
where rCdS−gas, rCdS and rgas are the CdS + gas molecule
system's total charge density, pristine CdS bilayer, and gas
molecules, respectively. Specically, rCdS and rgas are computed
for each constituent in CdS/gas molecule system at the same
location. The charge transfers amount between the adsorption
gas and bilayer CdS is estimated using the total Hirshfeld
population analysis. Fig. 10 shows the computed CDD of gas
molecules on the CdS bilayer, wherein the blue area denotes the
accumulation of charge and the yellow area denotes the
depletion of charge. According to the Hirshfeld population
analysis, CO2, SO2, H2S, and SO are acceptors in the CO2/SO2/
optimal adsorption configurations (CO, CO2, SO2, H2S, SO).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Band structures of bilayer CdS after gas molecules absorption (CO, CO2, SO2, H2S, SO). The red and green lines are referring to the lowest
level or edge of the conduction band and the highest level or edge of the valence band, respectively.

Fig. 5 DOS and PDOS for CO adsorbed on CdS bilayer. Fig. 6 DOS and PDOS for CO2 adsorbed on CdS bilayer.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 5994–6005 | 5999
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Fig. 7 DOS and PDOS for SO2 adsorbed on CdS bilayer.

Fig. 8 DOS and PDOS for H2S adsorbed on CdS bilayer.

Fig. 9 DOS and PDOS for SO adsorbed on CdS bilayer.
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H2S/SO–CdS system. Differently, in the CO–CdS system is
a donor. The charge transfer of CO, CO2, SO2, H2S, and SO
adsorbed on CdS reached 0.02, −0.02, −0.11, −0.16, and −0.21
6000 | RSC Adv., 2024, 14, 5994–6005
jej, respectively. Charge transfers in SO2/H2S/SO–CdS systems
show that CdS is an effective gas-sensitive material for SO2, H2S,
and SO detection.

The electron localisation function (ELF) was utilised to
support the bond in some adsorption models of high adsorp-
tion energy and short adsorption distance.99 ELF was found to
be a useful tool for thoroughly comprehending the properties of
chemical bonds and pairings of non-bond electrons (lone
electrons pairs) by dening the amount of electron localisation
qualitatively (Fig. 11).89 The ELF value provides an excellent
representation of the localisation or delocalisation of electrons
between gas molecules and the CdS bilayer.85 As shown in Fig. 6,
the ELF of CO and CO2 on the CdS bilayer displays delocalised
electrons in the interlayer region. CO and CO2 interact strongly
with CdS bilayer. The atoms have still not bonded, though.100

Additionally, this result demonstrates that the gas molecules
of CO and CO2 are bound to the CdS bilayer by vdW interactions
rather than a chemical bond. When SO2, H2S, and SO are
adsorbed on a CdS bilayer, the ELF value in the interlayer areas
indicates the establishment of chemical bonds. Considering the
substantial ELF plot, quantity of charge transfer, and high
adsorption energy, it is shown that ionic bonds, rather than
covalent bands, are produced during the adsorption of SO2,
H2S, and SO.95 This proves a chemisorption property of the SO2/
H2S/SO– CdS system.

3.3 Optical properties of the bilayer CdS-adsorbent systems

It is essential to comprehend the optical properties of 2D
materials to determine their potential uses in electrical, optical,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Electron density difference for bilayer CdS after gas molecules absorption (CO, CO2, SO2, H2S, SO).
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and detection systems.98 Throughout the current study,
measurements of the bilayer CdS's optical properties were made
up to an energy range of about 35 eV. The optical properties of
bilayer CdS before and aer gas adsorption were studied by
calculating their absorption coefficient, refractive index, real
(Re) and imaginary (Im) dielectric functions, real conductivity,
imaginary conductivity, loss functions, and reectivity (Fig. 12).

The curves of absorption coefficient (a) of the CdS bilayer
before and aer adsorption are shown in Fig. 12(a). The pristine
bilayer absorption peak is 91 682.55 cm−1 at 7.57345 eV.
However, the high absorption occurs between 3 and 22 eV, while
the edge absorption starts at 0.01 eV (far-IR region) in the
pristine CdS bilayer. The absorption coefficients fall within the
range of 24 070.17 cm−1 to 12 684.06 cm−1. Thus, the pristine
Fig. 11 Slices of electron localisation function for bilayer CdS after gas m

© 2024 The Author(s). Published by the Royal Society of Chemistry
CdS bilayer can absorb light from the IR to the UV regions, and
it can be used in a various applications. It is common knowl-
edge that adsorption causes changes to a material's optical
properties. Consequently, it is important to further distinguish
the unsatisfactory situation of the adsorption of gas molecules
by looking into the considerable alteration of optical properties
following the adsorption mechanism.

Moreover, SO/CdS has the highest absorption peak (95
523.86 cm−1 at 7.70525 eV), followed by CO (93 221.69 cm−1 at
7.60208 eV), H2S (92 399.88 cm−1 at 8.19712 eV), SO2 (89
072.10 cm−1 at 7.75403 eV) and CO2 (84 655.70 cm−1 at 8.19044
eV). Notably, the gas molecules adsorbed on the CdS bilayer
cause the UV absorption peak to rise compared to the peak of
the pristine bilayer. As shown from the above result, the
olecules absorption (CO, CO2, SO2, H2S, SO).

RSC Adv., 2024, 14, 5994–6005 | 6001
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Fig. 12 Optical properties of bilayer CdS before and after adsorption.
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molecules adsorbed on the CdS bilayer are useful in UV-
sensitive optoelectronic and photoelectric devices. Fig. 12(b)
shows the refractive index curves for pristine CdS bilayer and
adsorption gas. For pristine CdS, the maximum refraction index
value is 1.9286 at 1.38763 eV. Following gas adsorption, the
refractive index decreases as photon energy increases, settling
at a roughly constant value of 0.96 at around 30 eV. The
6002 | RSC Adv., 2024, 14, 5994–6005
maximum refractive index is for H2S (1.87142), followed by CO2/
CdS (1.83241), and then CO (1.81326), SO (1.81236), and SO2

(1.80687), respectively. By summing the real and imaginary
components, we will get the dielectric function, which appears
like the below:101,102

3(u) = 31(u) + i32(u) (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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where the real part 31(u) and the imaginary part 32(u) are given
by eqn (4) and (5), respectively

31ðuÞ ¼ 1þ 2

p
p

ðN
0

u
0
32

�
u

0
�

u
02 � u2

du
0

(5)

32 ðuÞ ¼ e2ħ
pm2u2

X
v;c

ð
BZ

jucvju$ Vjuckj2 d½ucvðkÞ � u� d3k (6)

where (u) is the photon frequency; m denotes the mass of an
electron and e denotes the charge of an electron, k is the
reciprocal lattice vector, u is the unit vector, n and c denote the
parameters of the transitions from valence band uvk(r) to
conduction uck(r), p refers for the integral's principal value. The
dielectric function (Re and Im parts) for the pristine CdS bilayer
and adsorption systems are shown in Fig. 12(c) and (d).
According to our results, the Re and Im dielectric functions of
pristine bilayer CdS reach their maximum peaks at (1.30659,
5.54753 eV) height of (3.68788, 2.29071), respectively.

Moreover, multiple peaks are observed in the adsorption
systems with gas molecules (Fig. 12(c)). These dielectric func-
tion curves vary, but at an energy of 29 eV, they approach and
remain xed. When compared to the pristine bilayer's peak, the
imaginary dielectric function exhibits the same behaviour as its
real component equivalent, with the number of peaks
increasing and the maximum peak value decreasing. The H2S
molecule possessed the highest peak of the imaginary dielectric
function, which equals 3.35205 at 3.10738 eV.

The real and imaginary conductivity curves of the pristine
CdS bilayer and the adsorption gas are shown in Fig. 12(e) and
(f). The maximum real conductivity of the pristine CdS bilayer is
1.56319 at an energy of 5.76363 eV, which lies in the UV region.
Conductivity gradually decreases aer the gas molecules
adsorption on CdS bilayer.

Where (1.55137) is the highest value for the conductivity of the
gas SO, followed by CO (1.52149), H2S (1.46892), CO2 (1.42478), and
SO2 (1.40284), respectively. For the imaginary conductivity of the
pristine CdS bilayer, Themaximum peak is 0.77882 at an energy of
8.14071 eV, and it lower once gas molecules are adsorbed on it.

The loss function curves for a pristine CdS bilayer and
adsorption gas as a function of photon energy are shown in
Fig. 12(g). The curve of the pristine CdS bilayer exhibits a notice-
able peak with a value of 1.11924 at an energy of 8.762 eV, which is
in the UV region. Compared to the pristine bilayer's peak, all
molecules adsorbed on the CdS bilayer exhibit higher peaks.

The curves of CdS bilayer reectivity before and aer
adsorption is shown in Fig. 12(h). Two lower peaks for the
pristine CdS bilayer were found at 5.95271 eV (0.13493) and
3.62965 eV (0.12175). In addition, the higher peak lies at
7.73553 eV (0.13518) in the UV region. As gas molecules are
absorbed, the maximum reection peak values rise. The UV
region is still displaying large peaks at this time.
3.4 Recovery time

A crucial parameter of any gas sensor is the recovery time,
namely the time for gas desorption from the adsorbed surface.
© 2024 The Author(s). Published by the Royal Society of Chemistry
For application purposes, a gas sensor has to be frequently
reusable. Hence, the material used in the sensor should
demonstrate the property of a low recovery time. The recovery
time, the key performance of a gas sensor associated with the
desorption sensing mechanism, is determined using the tran-
sition state theory as:103,104

s ¼ u�1exp

�
� Ead

KB T

�
(7)

where T is the temperature, KB indicates Boltzmann's constant,
which is taken to be 8.62 × 10−5 eV K−1, and u is the attempted
frequency, taken as 1012 s−1 at room temperature 300 K.105

Recovery time has been summarized in Table 2. The recovery
time of the CdS bilayer was found to be low in the case of (CO
and CO2) molecules and high for (SO2, H2S, and SO) molecules
in this research. So, when (SO2, H2S, and SO) are adsorbed in
this system, the adsorbed molecules will take a longer time for
desorption.

4. Conclusions

Density functional theory calculations were employed to inves-
tigate the adsorption behavior of toxic gas molecules, namely
CO, CO2, SO2, H2S, and SO, on the CdS bilayer. The aim was to
assess the feasibility of utilising CdS bilayers as gas sensors for
detecting these gases. The results revealed that the interaction
between SO2, H2S, and SO with the bilayer CdS is stronger
compared to CO and CO2. Moreover, while CO2 and CO
exhibited physisorption on the CdS bilayer, the other molecules
(SO2, H2S, and SO) demonstrated chemisorption with shorter
distances and higher adsorption energies. The adsorption of
gas molecules induced signicant changes in the electronic
properties of the CdS bilayer, particularly in the total and partial
density of states. The optical properties analysis indicated that
the adsorption of gas molecules altered the absorption coeffi-
cient, refractive index, real (Re) and imaginary (Im) dielectric
functions, real conductivity, imaginary conductivity, loss func-
tions, and reectivity of the CdS bilayer. Notably, the adsorption
of gas molecules enhanced the CdS bilayer's light absorption in
the UV range. These ndings highlight the excellent perfor-
mance of the CdS bilayer as a gas sensor for gases such as SO2,
H2S, and SO.
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In addition, Q of the CO and CO2 adsorption systems are
(0.02 and −0.02) jej, respectively; this indicates that charges are
transferred from the CdS bilayer to the CO2, whereas for CO,
which is the opposite. However, the covalent radii of the C and
Cd atoms (rC–Cd = 2.28 Å) and the O and Cd atoms (rO–Cd = 2.24
Å) are both smaller than the calculated adsorption distance,81

conrming the existence of a weak van der Waals force between
the CdS bilayer and the gas molecules.95
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