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The adsorption characteristics of different environmental gas molecules such as HF, CO, CO,, SO,, H5S,
NHs, NO and NO, on the surface of a CuBr monolayer have been studied using DFT+U calculations with
Grimme scheme DFT-D2 for accurate description of the long-range interactions (van der Waals). Our
findings indicate that the CuBr monolayer (ML) exhibits high sensitivity to CO, SO,, H,S, NH3, NO and
NO,, as evidenced by their strong adsorption energies and significant charge transfer. In contrast, HF
and CO, molecules show weak adsorption on the CuBr ML, due to their low adsorption energies and
minimal charge transfer. High diffusion energy barriers for gas molecules (CO, CO,, NHsz and NO,)
indicate that they are less mobile and tend to remain stable at their adsorption sites. Conversely, low
diffusion energy barriers (HF, SO,, H,S and NO) suggest that a lesser amount of energy needs to be
expended and gases can move easily across the surface of the substrate. The band structure and partial
density of states calculations reveal that the electronic properties of the CuBr ML are altered due to the
contributions of the orbitals of the gas molecules (C-p and O-p of CO, F-p of HF, O-p of CO,, S-p of
H,S, N-p of NHs, S-p and O-p of SO,, N-p and O-p of NO and NO,) and CuBr ML (Cu-p, Cu-d, Br-p).
The charge density difference and Bader charge analysis indicate that the gas molecules (CO, HF, SO,,
CO,, NO and NO,) either act as charge acceptors or donors (H,S and NHz). The work function variations
of the CuBr ML before and after adsorption and significant changes in the conductivity verify the high
sensitivity of CO, SO, H,S, NHz, NO and NO, with the CuBr ML. The band gap variations (before and
after adsorption) are small for HF, CO, CO,, H,S and NH3z whereas large variations in band gap for SO,,

NO and NO, reveal that the CuBr ML is quite selective to these three gases. The recovery time for gas
Received 8th September 2024

Accepted 9th April 2025 molecules desorption from CuBr ML is reduced to a reasonable recovery time by increasing the

temperature from ambient to 500 K with UV exposure. Thus our theoretical results indicate that the
CuBr ML is a promising candidate as a gas sensor for sensing applications of CO, SO,, H,S, NHs NO and
rsc.li/rsc-advances NO, with high sensitivity and selectivity.
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1. Introduction gas molecule’s adsorption on the surface of a 2D nanomaterial

results in a significant change in the electrical conductivity with
Two-dimensional (2D) materials have garnered a great deal of little change in the carrier concentration.*” Emission of
attention because of their fascinating electrical, chemical and hazardous and toxic gases have raised severe concerns about
physical characteristics, their incredible thinness, availability of ~the quality and quantity regulation of these harmful gases in
active sites, large surface-to-volume ratio, suitable carrier bothindoor and outdoor areas. Exposure to these harmful gases
density and other appealing quantum properties.' 2D nano has negative impacts on the ecosystem and human health.*®
devices have applications in many fields.** 2D materials are Thus, a significant amount of work has been done for the
highly promising for use as high-efficiency nanosensors as the precise identification and detection of harmful gases in the

environment.' Gas sensors are devices that use materials that

sense gases in the surrounding air to determine the composi-
“Department of Physics, Abbottabad University of Science and Technology, Abbottabad, ~ tion and concentration of gases. High sensitivity, high selec-
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;(92)'3454041865 o ) ] temperature and low power consumption are the fundamental
;1 }Zzzf;gl(?;ezzz;agrg);{ i;fl;e}:ef;zg;:e;?agé OCEZ;‘:Z of Physics and Optical eandards and Perforrr-lance metrics for a gas sensor.™ Un-for-
“College of Engineering, Chemical Engineering Department, King Saud University, tunately, a few intrinsic drawbacks of common 2D materials,
Riyadh, Saudi Arabia like graphene’s zero band gap,' MoS,’s low carrier mobility and
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a-p’s low chemical stability*® severely restrict their widespread
application. This has spurred ongoing research into finding
additional 2D materials with characteristics that could result in
particular enhanced performance. The graphene family," 2D
metal oxides,” transition metal dichalcogenides (TMDCs)*
such as WS,,"” WSe,,'®* MoS,," MXenes,* single element mate-
rials, such as black phosphorous,* arsenene,”” antimonene*
and so on, are examples of emerging 2D materials used in gas
sensing.

2D metal halide monolayers can be made by simply
mechanically exfoliating 3D bulk phases. Among the different
metal halides, 2D semiconductor cuprous bromide (CuBr)
possesses a variety of applications in various fields. It is a very
promising material for usage in UV photodetectors, photo-
catalysis, light-emitting devices and quantum cutting.*** It
belongs to the group of tetrahedrally coordinated binary
compounds. These compounds are of great interest to
researchers and those who study the fundamentals of semi-
conductor physics. Several groups have explored the funda-
mental structures, electrical characteristics and stability for
copper(i/u) bromide surfaces using DFT.***® Single-layer CuBr
has a cleavage energy value of 0.291 ] m ™ (ref. 26) which is less
than graphene’s (0.37 J m 2).>” This suggests that the CuBr
monolayer can be easily manufactured by mechanical exfolia-
tion. Calculations of the phonon spectrum are used to assess
the dynamic stability of the CuBr ML.>* The absence of an
imaginary mode in the CuBr monolayer implies that it is
dynamically stable and could potentially exist as an indepen-
dent 2D crystal and it is also thermally and mechanically stable
with a formation energy of —0.27 eV.”® The electron mobility
(~1153.54 cm® V' s7!) of the CuBr ML is similar to phos-
phorene (~1000 cm® V' s ')*® and greater than other 2D
semiconductors, including MoS, (~200 cm® V' s7)* and BN
(~487 cm® V™' s71).3° The CuBr ML possesses a band gap of
3.198 eV and I'(0, 0, 0) is the location of the valence band
maximum and conduction band minimum.>®

Pervaiz et al.** studied in detail the adsorption of CO and HF
gas molecules on a CuCl ML using the DFT+U method. Different
parameters like adsorption energy, band gap energy, nudged
elastic band, charge density difference, work function,
conductivity and recovery time were calculated to study the
sensitivity and selectivity of the CuCl ML for these gases. Like-
wise previous research studies show adsorption of toxic gas
molecules on various materials including InN, phosphorene,
Janus Te,Se, graphene (doped), ZnS, Ti-doped hBN, TMDCs,
MoSi,N,, graphene, Ti,CO,, arsenene and defective
tellurine.?>*

In this research work, founded on computations from first
principles, we inclusively investigated a wide range of gas
molecules on the CuBr ML, including combustible (CO, H,S,
NH;), non-combustible (HF), inert gases (CO,, SO,) and
oxidizers (NO, NO,) which have not been presented before. The
properties of the adsorption system (gas-CuBr), such as the
adsorption energy (E,qs), distance (d, between gas molecule and
ML), charge shifted (AQ), total and partial density of states
(DOS/PDOS), band gap energy, work function, conductivity and
recovery time were calculated to investigate the sensitivity and
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selectivity of a CuBr sensor with these toxic gas molecules. The
nudged elastic band (NEB) model and the charge density
difference (CDD) were also used to investigate the potential
adsorption mechanism and interaction. The findings show that
the electronic and magnetic characteristics of the CuBr ML are
influenced by the adsorption of various molecules, which
makes it suitable to use as a gas sensing material. As far as we
are aware, there hasn’t been any research on how various
molecules adsorb on the CuBr monolayer or how this affects the
monolayer’s characteristics. Therefore, this paper’s goal is to fill
in the knowledge gap in this area.

2. Computational details

The quantum espresso package* is the ab initio code utilized in
our research work for structural optimization and electronic
properties calculation. To relax the structures, the plane-wave
basis set using generalized gradient approximation, as indi-
cated by the Perdew-Burke-Ernzerhof functional,* is applied.
Ultra-soft pseudo-potentials*® were used to express the valence
electrons and ionic core interaction. Furthermore, for a precise
representation of van der Waals interactions between the
monolayer and gas molecules, the Grimme scheme DFT-D2 is
applied*” as DFT produced accurate results in the previous
studies.*®*** The Coulomb repulsion interaction between the
electrons in the Cu:3d and Br:4p orbitals is considered utilizing
the DFT+U approach, which is also utilized for the correction of
self-interaction error in the s, p, d, and f states.’> So, the PBE
functional includes the Hubbard parameter (U),**** obtained via
the ACBNO technique® chosen as U (Cu:3d) = 6.3 eV and U
(Br:4p) = 6.3 €V, in accordance with Mehta et al.*

A CuBr monolayer consisting of 18 atoms (nine Cu and nine
Br atoms) is utilized, with a 3 x 3 x 1 supercell having lattice
constants of a = b = 12.150 A. A vacuum of 20 A is set in order to
separate neighboring repeated images of the supercell. Each
atom is subjected to a force of less than 0.005 eV A" for
structural relaxation. A cutoff of 650 eV in kinetic energy for the
wavefunction and 10~® eV energy convergence is employed. A 4
x 4 x 1 k-mesh is taken to depict the first Brillouin zone using
the Monkhorst-Pack technique.* For the precision of electronic
computations, Brillouin zone sampling employs a denser k-
mesh of 12 x 12 x 1.

Bader charge analysis is applied to look into the charge
transformation between the CuBr ML and gas molecule.* The
following relationship is utilized to assess the gas molecule’s
adsorption phenomenon strength on the CuBr ML:*!

Eads = Elotal - (ECuBr + Egas molecule) (1)

where E,4¢ is adsorption energy, Eio, is the combined system
energy (gas—CuBr), Ecyg; is the pristine CuBr ML'’s energy and
Egas molecule 18 the gaseous molecule energy.

The climbing image nudged elastic band approach is
employed for tracing the lowest energy pathway (between the
beginning and final coordinates) during adsorption of mole-
cules. The transition state search is done for this reason. One
can find the DEB as follows:**

RSC Adv, 2025, 15, 16076-16087 | 16077
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Epgp = Ets — Eis (2)

where Ejs denotes the initial state energy and Erg, the transition
state energy (final transition state in the case of more than one
transition).

The charge density difference (CDD) for the monolayer—-
molecule systems is determined using the following formula:**

AP = ptotal(r) - pCuBr(r) - pgas(r) (3)

where the charge distribution of the gas-adsorbed CuBr ML is
represented by powi(7). In the absence of gas adsorption, the
charge distribution of the free CuBr ML is pcyg.(7), and the free
gas molecule’s distribution of charges is represented by pgas(7).
The gas molecule and the free CuBr have the same coordinates
as when they are adsorbed.

The work function is the minimum energy required for the
ejection of electrons from the Fermi level to infinity for the
adsorbed gas, which can be computed as:**

¢ = V(¢) — Erermi (4)

where ¢ stands for work function, V(¢) for electrostatic potential
and Egermi for the Fermi energy of the CuBr ML.

The equation below relates to the conductivity of the CuBr
ML, which varies as a result of the gas molecules’ adsorption
phenomena:*

o= Ae BT (5)

In this case, ¢ stands for electrical conductivity, 4 is the pro-
portionality constant, T is absolute temperature, E, denotes the
band gap energy and kg denotes the Boltzmann constant. The
sensitivity can be defined by the change in conductivity, which
can be written as:*

_ Ey(CuBr +gas)\ _ E,(CuBr)
dc e"p( 2y T exp 2%kyT -

T o[ — E,(CuBr)
P 2y T

In order to evaluate the reusability of a gas sensor, its
recovery time is calculated using the following equation:*'
—Eads
T=v " ekl (7)
In this case E,qs stands for adsorption energy, v, (= 10"? s’l)55
for the frequency of the molecular attempt, and kg (= 8.617 X
107° eV K ) is the Boltzmann constant.

3. Results and discussion

The dynamic stability of the CuBr ML has been evaluated by
examining the phonon dispersion plot, as illustrated in Fig. 1.
Nearly all of the modes in the phonon dispersion plot of CuBr
show positive frequency in the range of the I'-T" high symmetry
k-point, which is in accordance with the previous theoretical
research on the CuBr ML,* so it is implied that the CuBr

16078 | RSC Adv, 2025, 15, 16076-16087
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Fig. 1 Phonon dispersion spectrum of the CuBr monolayer.

monolayer is dynamically stable and may exist as an indepen-
dent 2D crystal as it does not exhibit an imaginary mode.

The different gas molecules are initially positioned above the
CuBr ML with varying orientations for determining the most
energetically stable configurations of adsorption with the lowest
energy. The gaseous molecules HF, CO, CO,, SO,, H,S, NH;, NO
and NO, were initially positioned at a distance of 3.0 A above the
adsorption sites and the system was completely relaxed after
adsorption. For the gas molecules’ adsorption on the CuBr ML,
we first took into consideration a number of typical adsorption
sites as shown in Fig. 2 namely, center (above hexagon center),
Cu (above Cu atom), Br (above Br atom), and bridge (above Cu-
Br link). Additionally on the CuBr surface, many typical orien-
tations of gas molecules are also taken into consideration. As an
example of SO, molecule adsorption, the SO, molecule is first
positioned vertically (CuBr<«> O-SO, and CuBr« 0,-S) or in
parallel (CuBr+« O,-S, and CuBr+«> S-0,) on the surface of the
CuBr ML for each and every adsorption site under study. So all
the orientations of the SO, molecule are taken into account. It is
clear that distinct gas molecules prefer different adsorption
sites and configurations within the same substrate. Further-
more, it is evident that several gas molecules, including CO,
CO,, SO,, NH3;, H,, NO and NO,, caused buckling effects and
structural deformation, which are produced in the monolayer
due to adsorption of these gas molecules compared to the
pristine CuBr monolayer as shown in Fig. 2. It is also observed
that after adsorption, variation in the bond length and bond
angle of the gas molecules has occurred as Fig. 3 shows the
configurations of the gas molecules after adsorption.

Table 1 lists the adsorption energy values (E,qs) on different
sites (center, Cu, Br and bridge), D, closest distance (between
gas molecule and the CuBr ML), and Q, total charge transfer
between the CuBr ML and gas molecules. For most of the
adsorption systems of CuBr with gas molecules (HF, CO, CO,,
SO,, NO, NO,), it is concluded that the adsorption energy
absolute values rise as the distance of adsorbed molecule
decreases. Eqn (1) is used for the calculation of adsorption
energy. The charge transfer between the gas molecules and the
CuBr ML is provided by Bader charge analysis.>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top and side views (most favorable configurations with
different buckling heights for adsorption on the CuBr ML) of (a) CO, (b)
H,S, (c) NHs, (d) HF, (e) CO,, (f) SO,, (g) NO and (h) NO,. Green, yellow,
red, black, gray and orange balls represent H, F, O, C, S, and N atoms
respectively.

Bl Br—

In the case of combustible gases, CO, H,S and NH;, all these
gases show strong adsorption on the CuBr monolayer having
E.q4s absolute values of 1.285, 1.172 and 1.287 eV with charge
transfer of —0.111|e|, 0.027|e| and 0.117|e| respectively. These
combustible gas molecules have different optimal sites on the
CuBr ML as shown in Table 1. CO and NH; molecules have
small adsorption distances of 1.796 and 1.850 A respectively,
whereas the adsorption distance for H,S is 2.203 A. All the three
combustible gas molecules show physisorption on CuBr on the
basis of E,qs, adsorption distance and small charge transfer
values. These results demonstrate that the CuBr ML exhibits
significant potential in the sensing of these combustible gases.
Consequently it is evaluated that the CuBr ML shows very good
adsorption for these combustible gases when comparing with
E,q4s values on other 2D materials which have been previously
studied, like InN (for CO, H,S and NHj;), phosphorene (for CO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Configuration of adsorbed gas molecules of (a) CO, (b) H,S, (c)
NHz, (d) HF, () CO,, (f) SO, (g) NO and (h) NO, on the CuBr ML. Green,
yellow, red, black, gray and orange balls represent H, F, O, C, S, and N
atoms respectively.

and NH3), Janus Te,Se (for CO, H,S and NHj3), graphene (for CO
and NH3), ZnS monolayer (for CO) as well as pristine hBN (for
CO, H,S) and Ti doped hBN (for CO).***’

For the non-combustible HF gas molecule, the center and
bridge sites are the optimal configurations on the CuBr ML as
the adsorption energies (—0.222 and —0.229 eV) on these sites
are not much different with small Q = —0.032 and —0.056|e|
respectively. The adsorption distances for HF molecules on
center and bridge sites are 2.183 and 1.648 A respectively. It is
observed that there is very little interaction between the CuBr
and the HF molecule. The HF molecule also shows phys-
isorption on CuBr due to small E,4¢ and charge transfer values.

In the case of inert gases SO, and CO,, a good interaction is
observed for the SO, gas molecule as compared to CO, (weak
adsorption) with E, 45 value of —0.632 and —0.277 eV on Cu sites
respectively. Both these inert gas molecules show different
adsorption behaviour on different sites as shown in Table 1.
Similarly for the SO, molecule more charge transfer is observed
(—0.158|e|) as obvious from its greater adsorption energy
compared with the small charge transfer for CO, (—0.014|e|)
with adsorption distances of 2.071 and 2.762 A respectively.
These two inert gas molecules also show physisorption on the
CuBr ML on the basis of E,4s value, adsorption distance and
small charge transfer values. The CuBr ML showed a signifi-
cantly good adsorption energy value for SO, and CO, molecules
when comparing with E,4s values on other substrates like Janus
Te,Se-based ML (for SO,),** hBN (for CO,),*” MoSi,N, (for SO,
and CO,),* pristine graphene (for CO,),* Ti,CO, (for CO,)** and
pristine arsenene (for SO,).*

Regarding the adsorption of oxidizer gases NO and NO,,
their nitrogen end, often known as the nitro configuration, is
attached to the monolayer surface similar to the previous
studies.** This nitro configuration with the center site is the
most optimal site for both the molecules. Both oxidizer mole-
cules show strong adsorption with E,45 values of about —0.852
and —1.754 eV with small adsorption distances of 0.952 and
1.233 A respectively. It is also observed that a huge charge of

RSC Adv, 2025, 15, 16076-16087 | 16079
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Table 1 Adsorption sites, adsorption energy (E.qs), adsorption
distance (D), charge transfer (Q) and molecular nature (donor/
acceptor) on the CuBr ML for CO, H,S, NHs, HF, SO,, CO, NO and NO,

Model  Site E.s(€V) D(A)  Qfe) Molecule on CuBr
CO Bridge  —1.284 1.798  —0.097  Donor
Cu —1.285 1.796 —0.111
Br —0.136 3.519 —0.014
Center —0.262 2.111 —0.063

H,S Bridge  —1.037 3.326 0.098  Acceptor
Cu —1.124 3.252 0.111
Br —-1.172 2.203 0.027
Center —0.859 2.747 0.047

NH; Bridge  —1.287 1.850 0.117  Acceptor
Cu —1.280 1.901 0.115
Br —0.363 3.343 0.012
Center —0.332 2.578 0.019

HF Bridge  —0.222 2.183  —0.032  Donor
Cu —0.075 2.266 —0.060
Br —0.188 2.205 —0.059
Center —0.229 1.648 —0.056

SO, Bridge  —0.591 2.140 —0.188  Donor
Cu —0.632 2.071 —0.158
Br —0.297 3.335 —0.110
Center —0.316 2.751 —0.158

CO, Bridge  —0.248 3.108 —0.040 Donor
Cu —0.277 3.294 —0.034
Br —0.253 3.106 —0.042
Center  —0.224 2.762  —0.014

NO Bridge  —0.739 1.805 —0.261  Donor
Cu —-0.791 1.775 —0.244
Br —0.187 3.231 —0.077
Center —0.852 0.952 —0.528

NO, Bridge  —0.965 1.930 —0.521  Donor
Cu —0.850 1.942 —0.518
Br —1.429 1.910 —0.519
Center —1.754 1.233 —0.812

about —0.528|e| and —0.812]e| is transferred from the CuBr ML
to the NO and NO, molecules respectively. Both the gas mole-
cules show chemisorption on the CuBr ML on the basis of large
E.qs, small adsorption distance and large charge transfer values.
It is evaluated that CuBr shows good adsorption affinity for NO
and NO, molecules as compared to other 2D monolayers like
InN (for both NO and NO,),** Janus Te,Se (for both NO and
NO,),** graphene (for NO and NO,),* pristine hBN (for NO),*”
tellurine (for NO and NO,)* and phosphorene (for NO,).**

The adsorption of all gaseous molecules on the CuBr ML is
energy favourable and occurs through an exothermic process, as
indicated by the negative sign of the adsorption energy. Fig. 4
gives a comparison of the adsorption energy values of the
different molecules (HF, CO, CO,, SO,, H,S, NH3;, NO and NO,)
at the most stable site (center, Cu, Br, bridge).

Moreover a transition state search is executed to gain more
understanding of the optimal configuration. The NEB
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Fig.4 Comparison of adsorption energy values of different molecules
on the CuBr ML at the most stable site.

calculations are used to identify the least energy path between
the reactants and products. The results of different gas mole-
cules are displayed in Fig. 5. The accuracy of the adsorption
energy calculations is confirmed by the reaction path’s energy
relationship, which demonstrates that the best location for
adsorption is indeed the site with the lowest energy. In NEB
calculations, the Initial State (IS), Transition State (TS), and
Final State (FS) are key points along the minimum Energy Path,
which describes the reaction or adsorption process and
scenarios of how the gases move on the CuBr surface. These
states are used to determine the diffusion energy barrier (DEB)
for adsorption of gas molecules on the CuBr ML. The IS state is
the starting configuration where the adsorbate gas molecule is
positioned at an initial adsorption site before migration. In this
state, the interaction between the molecule and the surface is
minimal. As the system (CuBr-gas) progresses along the reac-
tion pathway, it reaches the TS, which corresponds to the
highest energy point along the minimum Energy Path and
represents the reaction or diffusion barrier. At the TS, partial
bond formation occur, and the gas molecule is in an unstable or
metastable configuration. This state is crucial for determining
the DEB, which is the energy difference between the TS and IS as
given in eqn (2). Finally, the system reaches the FS, which
represents the most stable configuration after the transition. At
the FS, the gas molecule is fully adsorbed at a preferred site on
the surface. The total energy of the system at the FS is lower
than or comparable to the IS, indicating a more stable config-
uration. The adsorption energy at this state is minimized,
confirming strong interactions between the gas molecule and
the CuBr ML. The NEB method interpolates between the IS and
FS through the TS using “images” to capture intermediate states
and is plotted when gas molecules are migrating from one
optimal site to another optimal site on the monolayer
surface.”®*” For CO and CO, adsorption on the CuBr monolayer,
the most stable optimal adsorption site (minimum energy site)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is the Cu site, shown in Table 1, which is designated as the IS.
The neighboring Cu site is considered the FS, while the tran-
sition states (TS1 and TS2) occur via the Br (or near Br) site and
the bridge site, as depicted in Fig. 5. Our calculations indicate

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

that the Cu-Br-bridge-Cu pathway is the most favorable diffu-
sion route of minimum energy for CO and CO, adsorption on
the CuBr ML. Similarly, for H,S adsorption, the molecule
migrates from the Br site (IS), which is the optimal site to the
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adjacent Br site (FS) through the Cu site as the TS, encountering
a diffusion barrier of 0.62 eV given in Table 2. For NH;
adsorption, the IS is the bridge site, the transition states (TS1
and TS2) occur at the center site, and the FS returns to the
bridge site. For SO,, the IS, TS and FS states are Cu, Br and Cu
respectively. Similarly, for HF, NO, and NO, adsorption on the
CuBr monolayer, the center site is identified as the most stable
adsorption site and is designated as the IS. The neighboring
center site serves as the FS, with the TS occurring via the bridge
site. Our calculations verify that the center-bridge-center route
is the most preferred diffusion path with the least energy for
these gas molecules. Therefore by accurately defining the IS, TS
and FS and using interpolated images between them, NEB
calculations provide an accurate estimation of the energy
barrier, adsorption stability, and reaction kinetics for surface
processes on the CuBr ML.

There are two observed transition states in the cases of CO,
CO, and NH; designated as TS1 and TS2, with TS2 being used
for DEB calculations. An intermediate stage between TS1 and
TS2 is also observed. During the course of motion of gas
molecules from the starting state to the optimal final state, an
intermediate state exists, which is an unstable reaction in
adsorption. Eqn (2) is used to compute the DEB by considering
Fig. 5, where the DEB values for CO, H,, NH;, HF, CO,, SO,, NO
and NO, are given in Table 2. The higher value of the energy
barrier for CO, CO,, NH; and NO, when these molecules are
migrating from one optimal site to another suggests that these
gases are less mobile and tend to remain stable at their
adsorption sites, while the small value of DEB for HF, SO,, H,S
and NO indicates that a lesser amount of energy needs to be
expended and these gases can move easily across the surface of
the CuBr ML as according to the previous study on DEB
calculations.”®

To evaluate the impact of gas adsorption on the electronic
properties of the CuBr ML in more detail, we examined the total
DOS, PDOS and band structures as shown in Fig. 6 and 7. These
calculations reveal that the electronic properties of the CuBr
monolayer are altered due to the orbital contributions from the
gas molecules near the Fermi level as compared to pristine CuBr
ML. The band gap energies of the CuBr ML without and with the
adsorption of different gaseous molecules (CO, H,S, NH3, SO,,

Table 2 Band gap energy (Eg), sensitivity of the CuBr ML towards
various gas molecules, work function (¢) and diffusion energy barrier
(DEB) values of the pristine CuBr ML and with gas molecules adsorp-
tion. (1/]) shows spin up and spin down band gap

Model Eq (eV) @ (eV) DEB (eV) Sensitivity
CuBr ML 3.198 4.21 — —
CO-CuBr 3.050 4.77 1.51 16.50
H,S-CuBr 3.316 4.38 0.62 0.90
NH;-CuBr 3.276 4.98 0.91 0.78
HF-CuBr 3.191 5.13 0.014 0.14
SO,-CuBr 1.536 4.64 0.44 9.12 x 10"
CO,-CuBr 3.193 4.39 0.81 0.10
NO-CuBr 01/1.92] 5.56 0.55 7.28 x 10%°
NO,~CuBr 2.061/0.11] 5.17 1.02 3.62 x 10°
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CO,, NO, and NO,) on the surface of the CuBr ML are given in
Table 2. The band gap of the pristine CuBr ML is 3.198 eV,
which is in accordance with the previous DFT studies.>®

The adsorption of combustible gases CO, H,S and NH; does
not change the semiconducting feature due to the large band
gap after adsorption. In the case of CO, the band gap E, is
reduced to 3.050 eV as compared to the pristine CuBr ML. The
CO molecule acts as a charge donor and after adsorption new
peaks are noticed due to C-p and O-p orbitals of the CO mole-
cule at about 1.988 eV in the conduction band (CB) near the
Fermi level. The PDOS of CO adsorption shows strong hybrid-
ization of orbitals as shown in Fig. 6(a), which is due to the high
value of the adsorption energy of the CO molecule. On the other
hand, the H,S and NH; adsorptions show small increases in the
E, values to 3.316 and 3.276 eV respectively. The H,S and NH;
adsorptions show strong adsorption energy values but still no
significant difference is observed in the DOS of the combined
CuBr after adsorption of these molecules and pristine CuBr ML
close to the Fermi level, which implies the advantage and
sensitivity of the CuBr ML for the adsorption of these
combustible gases. A small contribution from the H,S elec-
tronic states to the total DOS of the H,S—CuBr system is local-
ized in the valence band (VB), away from the Fermi level (about
—2.924 eV) due to S-p orbitals as given in Fig. 6(b). The contri-
bution of NH; electronic states to the total DOS of NH;-CuBr is
localized in the VB, near the Fermi level (about —1.675 eV) due
to N-p orbitals as given in Fig. 6(c).

In the case of non-combustible HF gas molecule adsorption,
it is observed that the energy band gap (E,) is slightly reduced to
3.191 eV for the HF-CuBr system. The PDOS of HF adsorption
plotted in Fig. 6(d), shows that CuBr after adsorbing HF keeps
maintaining the semiconducting feature with a large band gap.
The HF electronic levels’ contribution to the overall DOS of the
whole system is concentrated in the valence bands (VB), away
from the Fermi level, at a location of —4.262 eV due to F-p
orbitals. Near the Fermi level, however no major difference is
observed between the DOS of the intrinsic CuBr ML and the HF-
CuBr system. Also no strong hybridization of orbitals is
observed in the PDOS because of the smaller adsorption energy
of HF gas molecules.

In the case of adsorption of inert gases CO, and SO,, a very
small difference is observed in the band gap of the CuBr ML
after adsorption of CO, molecule, whereas a significant
decrease in band gap (1.536 eV) is observed in the case of SO,
but keeping the semiconducting feature after adsorption in
both cases. For CO,, the electronic levels’ contribution to the
total DOS of the CO,-CuBr system is localized in the VB, far
from the Fermi level, at a location of about —4.938 eV due to O-p
orbitals as shown in Fig. 6(e). Therefore close to the Fermi level,
there is no notable variation between the DOS of the CO,—CuBr
and CuBr ML and no hybridization of orbitals is observed in the
PDOS because of the smaller adsorption energy, indicating the
physisorption phenomenon in CO, adsorption. The SO, elec-
tronic levels’ contribution to the total DOS of the combined
systems (SO,—CuBr) is localized in the CB, close to the Fermi
level, at a location of about 0.740 eV due to S-p and O-p orbitals
as shown in Fig. 6(f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In contrast, the oxidizer gases NO and NO, are paramagnetic
and their adsorption introduces spin-polarization, due to which
an asymmetry is introduced between the spin up/down (1/])

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

states. In Fig. 7(a) and (b), it is observed that a significant
doping impact is produced by the spin-induced magnetic
moment, where NO and NO, gas molecules act as charge
acceptors with high values of charge transfer (—0.528|e| and
—0.812]e|) respectively. The magnetic moment could also be the
major cause for the strong adsorption energy (—0.852 eV for NO,
—1.754 eV for NO,) and band gap reduction. For NO the band
gap is reduced to 0.0 eV (spin up) and 1.92 eV (spin down) and
for NO,, the band gap is decreased to 2.06 eV (spin up) and
0.11 eV (spin down) upon adsorption of the NO, gas molecule
on the CuBr monolayer.

Furthermore, the CDD is demonstrated to provide additional
understanding of the transfer of charge between gas molecules
and the CuBr ML. Eqn (3) is used to determine the CDD, and the
resulting diagrams are shown in Fig. 8. The charge depletion is
represented by the cyan region, and the charge gain is shown by
the yellow region. For the combustible gases, the CO molecule
acts as a charge acceptor. Whereas H,S and NH; act as a charge
donor with small charge transfer from these gas molecules to
the CuBr ML showing the physisorption phenomenon in the
case of these combustible gases. In the case of the non-
combustible HF gas molecule adsorption, the charge is accu-
mulated on the F of the HF molecule, indicating that the HF
molecule behaves as a charge acceptor. It may be due to high
electronegativity of the F atom. Here also a small charge is lost
by the Br atom of the CuBr ML to the HF showing physisorption.
In the case of inert gases SO, and CO,, both the gas molecules
behave as charge acceptors due to the high electronegativity of
the oxygen atoms and charge is transferred from the CuBr ML to
the molecule. In this case the charge accumulation is observed
between two O atoms, and charge depletion is seen between Cu
and Br atoms of the CuBr ML. For the adsorption of oxidizer

RSC Adv, 2025, 15, 16076-16087 | 16083
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Fig. 8 Charge density difference (CDD) of (a) CO, (b) H5S, (c) NH3, (d) HF, (e) SO,, (f) CO,, (g) NO and (h) NO, adsorbed on the CuBr monolayer.
Green, yellow, red, black, gray and orange balls represent H, F, O, C, S, and N atoms respectively.

gases NO and NO,, charge accumulation is observed on the
molecule side. This may be due to the electron-accepting nature
of the N and O atoms of the NO and NO, molecules that show
high values for their adsorption energy upon the CuBr ML. High
values of charge transmission of —0.582|e| and —0.812|e| are
observed from the CuBr ML to these molecules, indicating the
chemisorption between NO/NO, and the CuBr ML.

In our research work, the calculation of the work function is
done by using eqn (4), to further examine the impact of gas
adsorption on the CuBr ML. It indicates the least energy needed
to eliminate an electron from the ML surface. Work function is
commonly used to assess a material’s sensitivity when a gas
sensor based on the Kelvin method is used and in this approach
measurement of ¢ is done before and after gas exposure on
sensing material using a Kelvin oscillator instrument.* Varia-
tions in ¢ during gas exposure would have an impact on the
sensitivity of the sensor. The work function varies in response to
variations in the charge concentration, so it is connected to
conductivity. Fig. 9 shows the ¢ values of the CuBr ML without
and with adsorption of the gas molecules. The work function of
the pristine CuBr ML (4.21 eV) increases as a result of the
adsorption of all gas molecules, suggesting that this adsorption
is preventing electrons from moving to the vacuum level.
Consequently, the work function can be greatly impacted by the
adsorption of a specific gas molecule and the sensitivity of each
molecule upon the CuBr ML depends on the percentage varia-
tions of ¢ (before and after adsorption), whose values in
response to HF, CO, SO,, NH3;, NO and NO, gas adsorptions are
21.8,13.3,10.2, 16.1, 32.0 and 22.8%. Therefore the CuBr ML is
quite sensitive to all six of these gases, as evidenced by the
variations in their work functions after adsorption.

16084 | RSC Adv, 2025, 15, 16076-16087

The sensitivity and selectivity of a monolayer for specific gas
molecules also depends on the variation of the band gap. Eqn
(5) indicates that the conductivity is proportional to the expo-
nential of band gap, which reflects that a change in the band
gap width results in a change in the conductivity. The sensitivity
of a monolayer for a molecule can be defined by the change in
conductivity as given by eqn (6).*° The calculated sensitivity of
the CuBr ML towards different gas molecules is given in Table 2,
which shows that SO,, NO and NO, gas molecules have greater
sensitivity due to the greater change in conductivity as
compared to other gas molecules, and similarly the selectivity of
these molecules depends on the percentage change in band gap
whose values for HF, CO, CO,, H,S and NH; are small which
indicates that the CuBr ML cannot distinguish between the
sensing of these molecules. On the contrary, the variations in
band gap for SO,, NO and NO, are 52, 1001/40| and 35.6
1/96.6 | % respectively. The (1/]) shows spin up and spin down
band gaps. The results show that the CuBr ML is quite selective
to these three gas molecules.

Application feasibility of a high performing and practically
efficient gas sensor depends upon the fact that the gas
adsorption mechanism must allow the gas to remain on the
sensor surface long enough to be detected and then removed
without damaging it. The gas molecule needs to stay adsorbed
on the gas sensing material for the first instance at ambient
temperature (300 K). When gas is successfully detected, the gas
sensor should quickly return to its initial state. Table 3 shows
the estimated recovery times with the exposure to visible light
(attempt frequency v, = 10" s~')% at different temperatures of
300 K, 400 K, and 500 K. Also for CO, NH; and NO, gas mole-
cules the recovery time is calculated in the presence of UV light
(vo = 10" s71).” We have examined the CuBr monolayer’s room

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Recovery time of the CuBr monolayer for HF, CO, CO,, SO,,
H,S, NH3z, NO and NO, gas desorption

Recovery time (1)

300 K 400 K 500 K 500 K
Material Visible light Visible light  Visible light UV light

CO 3.84 x10°s 1.55 x 10*s  8.97s 8.97 x 10> s
H,S 471 x 10’ s 9.4 min 0.64 s —

NH; 7.00 x 10°s  1.58 x 10*s  9.38 s 9.38 x 10 ° s
HF 7.04 x 10 °s 7.68 x 10 °s 2.03 x 10 s

SO, 395 x 10 %s 8.86x10°s 235x10°s —

CO, 444 x 107 %s 298 x 10 °s 6.01 x 1075

NO 3.23 min 5.44 x107%s 3.86 x 10 *s —

NO, 2.79 x 107 s 1.15 x 10"°s  4.69 x 10°s  7.81 min

temperature (300 K) gas sensing capability in order to confirm
its feasibility for real-time applications. For determining the
reusability of a gas sensor, its recovery time is calculated using
eqn (7). The recovery period for HF, CO, and SO, is very small,
therefore the CuBr ML can thus be utilized frequently for
detection of these gas molecules at room temperature, since
these gas molecules can be readily desorbed from the CuBr
surface. The recovery time of H,S and NO at 300 K is high, which
can be further reduced by increasing the temperature. The full
desorption of CO, NH; and NO, gas molecules from the CuBr

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

ML at 500 K requires long recovery times. Eqn (7) indicates that
if the adsorption energy E.q; is kept the same, then a shortened
recovery time can be obtained by either a higher temperature or
increasing attempt frequency (UV light exposure) or both
because the UV light helps the sensor to recover quickly,
therefore the recovery time of these gas molecules at a high
temperature of 500 K in the presence of ultraviolet light can be
reduced to an acceptable value. As a result the CuBr monolayer
is predicted to be a promising material for gas sensing of HF,
CO, CO,, SO,, H,S, NH3;, NO and NO, gases.

4. Conclusion

In summary, the results obtained through first-principles
calculations demonstrate that the CuBr monolayer (ML)
shows different adsorption behaviors when exposed to common
and contaminating gas molecules (HF, CO, CO,, SO,, H,S, NH3,
NO and NO,). The CuBr ML reveals a strong adsorption affinity
for CO, SO,, H,S, NH3, NO and NO, molecules as compared to
HF and CO,. The band structure and PDOS reveal that the
electronic properties of the CuBr ML are altered due to the
orbital contributions of the gas molecules (C-p and O-p of CO, F-
p of HF, O-p of CO,, S-p of H,S, N-p of NH3, S-p and O-p of SO,,
N-p and O-p of NO and NO,) and the CuBr ML (Cu-p, Cu-d, Br-p)
The gas molecules CO, CO,, NH; and NO, have large DEB values
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as compared to the other molecules. The CDD and Bader charge
analysis indicate that the gas molecules act as charge acceptors
or donors. The work function variation of the CuBr ML after
adsorption and significant changes in the conductivity verify
the sensitivity of these gas molecules. The percentage band gap
variation for SO,, NO and NO, is observed to be greater as
compared to the other molecules showing that the CuBr
monolayer is quite selective for these molecules. The recovery
time for HF, CO, and SO, is very small at 300 K, therefore the
CuBr ML can be utilized frequently for detection of these
molecules at room temperature. However the recovery time for
the other molecules can be significantly reduced by using high
temperature with exposure to UV light. Thus our theoretical
results indicate that monolayer CuBr is a promising candidate
for gas sensing applications with high sensitivity and selectivity
for CO, H,S, NH3, SO,, NO and NO, gas molecules.
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