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ABSTRACT

This study investigates the adsorption properties and electronic characteristics of pristine and alkali metal (Li, Na, K)-decorated BC3 monolayers for the detection of
toxic warfare agents, crucial for environmental protection and human health. Physisorption is observed for HoCO, COCly, and CSCl, on the BC3 monolayer, with
adsorption energies of —8.06, —8.63, and —9.56 kcal/mol, respectively. Alkali metal decoration induces chemisorption, significantly enhancing adsorption energies
(e.g., H2CO on KBC3 with —20.85 kcal/mol). LiBCs and KBC3 exhibit high sensitivity to CSClz and COCly, respectively, with short recovery times (4.59 and 2.72 sec).
The reduced work function (¢) (4.34) of CSClo@LiBCs compared to pristine BCgz (4.98) confirms the heightened sensitivity of LiBC3 to CSCly. Therefore, Li and K-
decorated BC3 monolayers emerge as promising candidates for CSCl, and COCl, sensors, offering strong adsorption, high sensitivity, and rapid recovery times.

1. Introduction

Graphene is made up of a single layer of carbon atoms that are ar-
ranged in a two-dimensional honeycomb lattice [1,2]. It has a high
surface area, excellent mechanical stability, and excellent thermal con-
ductivity [3]. It can be used in a variety of applications, including optical
devices [4], energy generation and storage [5,6], and chemical sensors
[7]. Graphene is a viable option for use as a gas sensor because it exhibits
extremely conducive properties even at zero carrier density [8]. The
charge-carrier concentration between the graphene sheet and the
adsorbed gas molecules typically changes, which can be used to detect
sensitive sensors [9]. Moreover, many experimental and theoretical
studies have shown that adding impurities and defects can change the
physical characteristics and chemical sensitivity of graphene sheets
[10-13], indicating a significant potential of decorated graphene for use
in gas-sensing and catalysis devices. Inspired by the astonishing gas
sensing performance of graphene, the sensing capability of other 2D
structures such as MoS, [14-16], WS, [17,18], phosphorene [19,20],
boron nitride [21-23], silicene [24], graphene-like BC3 monolayer
[25,26], germanene [27,28], PtTe; monolayer [29], ZnS monolayer
[30], monolayer Janus MoSSe [31],C3N monolayer [32], NiSy mono-
layer [33], PdS; monolayer [34] toward various gases has also been
investigated.

Additionally, studies have shown that the BC3; monolayer is a
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semiconductor compared to graphene which is a semimetal with a band
gap of zero [35-38]. A two-dimensional honeycomb-like structure
having a stoichiometry of BC3 has been experimentally fabricated
[39-41]. The honeycomb lattice of BC3 sheet is nearly identical to that of
graphene, with the exception that some carbon atoms are swapped out
for boron atoms, forming a hexagon with six carbon atoms surrounded
by six boron atoms. Recently, the BC3 monolayer has been recognized
for its exceptional stability, good mechanical properties, optical char-
acteristics, and electronic and thermal transport properties [42-44]. It is
considered one of the most potential candidates in various fields such as
catalysis, batteries, gas sensing, nano-electronics, and energy storage
materials [37,38,45-49]. It has been demonstrated that a BC3 nanosheet
is a monolayer film that exhibits exceptional crystalline quality (with
mechanical strength comparable to graphene) [39]. The majority of the
BCj3 structure is made up of boron—carbon and carbon-carbon bonds
[35,40,41,50].

Numerous studies have shown that the electrical properties, surface
reactivity, and sensing behavior of BC3 nanosheets can be altered by the
introduction of defects [51,52] and metal (or non-metal) dopants
[26,53,54]. Many studies in the literature reported the interactions of
various gas molecules (Ho, HoO, HyS, and NH3) with perfect [25,45],
imperfect [55], metal decorated [26,38], and BC3 substrates. In addi-
tion, the BC3 sheet with Li, Sc, and Fe adatom is an ideal material for a
useful Hy storage medium [56-58]. Moreover, silicon and aluminum
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doped BC3 monolayer is highly sensitive to formaldehyde molecules
[38]. Zhao et al. investigated the adsorption behaviors and optical
properties of CH3COCH3, HCOH, HCN, H,0, SO, CO5, Hy, N3, and Oy
molecules on the BC3 monolayer and depicted that BC3 monolayer as a
room-temperature acetone gas sensor is highly sensitive and selective
towards these gas molecules and has rapid response and recovery time
[25].

Metal-doped BC3 monolayer is highly sensitive to carbonyl pollut-
ants [38]. These carbonyl compounds are environmental pollutants that
cause severe effects on humans such as headache, asthma, eye, and nose,
and throat irritation. As a result, even a small amount of these poisonous
compounds can have serious negative impacts on the environment and
the general public [59]. Moreover, the increase of these toxic chemicals
in the environment is gaining the attention of the World Health Orga-
nization for public health. These chemicals cause severe complications
to human health and are also used in various activities [60]. Phosgene
(COCly), used as a chemical weapon during World War I, is a colorless,
highly reactive, and extensively produced industrial lethal gas with a
suffocating smell. It is used in many industries as a valuable organic raw
material for the production of pharmaceuticals, polycarbonates, poly-
mers, pesticides, dyes, and isocyanates [61]. Prolonged exposure to
COCly causes serious complications for all living organisms. For
instance, it can cause distal lung damage, latent non-cardiogenic pul-
monary edema, and irritation of the mucosal membrane, and at high
concentrations, it is life-threatening [62]. Similarly, thiophosgene
(CSCly) is a toxic gas with a strong suffocating smell. Besides, it has been
used in the manufacture of various compounds and it is also employed as
a chemical weapon. It causes severe lung damage, mainly causes irri-
tation to sensitive body parts, and often leads to death [63]. Whereas,
formaldehyde (HCHO), a volatile noxious gas and an important organic
pollutant, is widely used industrially for the manufacture of different
materials including polymers, plywood, building boards, and lacquer
materials [64-66]. It causes significant eye and skin inflammation in
addition to seriously harming the neurological, respiratory, and endo-
crine systems [66]. Above a particular threshold, its higher concentra-
tion causes severe cancerous illnesses [65]. Since these substances
ultimately result in cancer under extreme circumstances, it is crucial to
find them to monitor and control the situation [65]. Accordingly,
establishing economical, quick, innovative, and futuristic techniques or
special materials for examining and regulating the disclosure of these
dangerous compounds is a crucial challenge for sensor technology.
However, a number of studies are reported in literature regarding the
sensing of these toxic gases. The density functional theory studies
employed to determine the adsorption behavior and electronic proper-
ties of phosgene and formaldehyde on pristine and metal-doped
phthalocyanine monolayers suggested that the pristine phthalocyanine
monolayer is not suitable for phosgene and formaldehyde sensing due to
its weak adsorption strength. However, the Al-doped phthalocyanine
monolayer is a promising material for toxic phosgene and formaldehyde
gas detection because of its strong ability to adsorb these two gases [67].
Sattar et al. investigated the selectivity and sensitivity of twisted nano-
graphene analogs towards phosgene, thiophosgene, and formaldehyde
and found that all the selected toxic chemicals are physisorbed on the
surfaces of twisted nanographene. Moreover, the electronic parameters
support the highest selectivity and sensitivity of twisted nanographene
towards thiophosgene compared to formaldehyde and phosgene [68].

Besides all these studies, the alkali metal doped BC3 monolayer has
still not been investigated for the sensing of phosgene, thiophosgene,
and formaldehyde gases. The rational of considering lightweight alkali
metals for decoration is their cohesive energies as compared to heavy
elements like transitions metals which have high cohesive energies. This
would enable uniform distributions of lightweight alkali metals over BCs
monolayer without forming clusters as the metal bindings surpass the
corresponding metal cohesive energies. When heavy elements are
doped, cohesive energies tend to be higher than the corresponding
binding energies. This leads to the development of clusters and
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subsequently compromises the reversibility of the doped systems.
Moreover, functionalization of graphene-like BC3 with alkali (Li, Na, K)
is a useful strategy to improve the sensitivity of monolayer [49].
Therefore, here we are interested in investigating the potential possi-
bility of pristine and alkali metal-doped BC3 monolayer for the sensing
of phosgene, thiophosgene, and formaldehyde.

2. Computational methodology

Geometry optimizations, energy calculations, and density of states
(DOS) analysis have been performed on BC3 monolayer and its com-
plexes with phosgene, thiophosgene, and formaldehyde using ®B97XD
functional with 6-31G (d,p) basis set as implemented in Gaussian 16
suite of program. A geometric optimization without any constraints is
performed for the free gaseous molecules (analytes), pristine and alkali
metal doped BC3 monolayer, gas/monolayer complex.

The convergence criteria for each geometry optimization was:

Maximum Force 3.8 x 107>,

RMS Force 5.0 x 107°.

Maximum Displacement 9.2 x 1074
RMS Displacement 1.3 x 10™%,

Vibrational frequency analysis was also performed which confirmed
the optimized geometries as true minima with all positive frequencies.
GaussView 5.0 and Chemcraft software are used for structural analysis
and visualization of optimized geometries. GaussSum program has been
used to obtain the DOS results. We have defined adsorption energy in the
usual way:

The adsorption energy (E,q) of phosgene, thiophosgene, and form-
aldehyde (indexed here by X) with isolated BC3 and M-BCs was
calculated.

E.i = Ex—pc3 — (Ex + Epc3) (@]

where Ex-pc3, Ex, and Epcs are the energies of gas/pure and doped
monolayer, free gas molecules, and pure BC3 monolayer, respectively.

The chemical potential (u), hardness (), softness (s), and electro-
philicity index (®) are calculated by using the following formula:
[69,70]

u = (Enomo + ELumo) (2

q =~ % (ELUMO — EHOMO) ®3)
~ K

® n 4

3. Results and discussion

3.1. Optimized geometries of pristine and alkali metal decorated BCs
monolayer

The adsorption behavior of formaldehyde, phosgene, and thio-
phosgene is analyzed on pristine and alkali metal decorated BCs
monolayer. For this purpose, the geometries of all three analytes and
BC3 monolayer are optimized using ®B97XD functional with 6-31G (d,p)
basis set. It has 21B atoms and 68C atoms. Here the end atoms are
saturated with 25H atoms to avoid the boundary effects. The geometry
of the optimized BC3 monolayer has two types of bonds, namely C—C
and B-C, with corresponding bond lengths of 1.41 and 1.57 A, respec-
tively, as depicted in Fig. 1(a) and are in good agreement with the
previous literature [25,49]. There are two different types of hollow sites
in BC3 nanosheet (as shown in Fig. 1(a)), one is the hollow center of the
Cg hexagon whereas the other one is the C4B; hexagon.

The optimized geometries of BC3 monolayer decorated with alkali
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Fig. 1a. Optimized geometry of pristine BC3 monolayer top and side view.

metals (Li, Na, and K) are shown in Fig. 1(b). The alkali metal atoms bind
on the hollow site of BC3 hexagon where the binding distances of BC3
with Li, Na, and K are 1.90, 2.34, and 2.95 A respectively, (Fig. 1b),
which is also in good agreement with the literature [49]. The adsorption
energy of Li@BCs is —56.67 kcal/mol indicative of strong interaction of
Li with BC3 monolayer. Similarly, Na also interacted strongly with the
monolayer resulting in an interaction complex having adsorption energy
of —48.72 kcal/mol. Moreover, the E,4 of K is the highest (—59.38 kcal/
mol) among all the three alkali metal atoms indicating a much higher
stability of the K-doped BC3 among all.

3.2. Adsorption of formaldehyde, phosgene, and thiophosgene on pristine
BCs monolayer

After optimization of BC3 monolayer, the adsorption of formalde-
hyde, phosgene, and thiophosgene is scrutinized on a pristine mono-
layer. Initially, each analyte was adsorbed at the surface of a pristine BC3
monolayer in different orientations (vertically and horizontally) but
after optimization, only one stable geometry was obtained for each
analyte. It was observed that formaldehyde favored adsorbing at the top
of the bond shared between boron and carbon atoms. However, it
preferred to adsorb vertically via its oxygen atom interacting with boron
while the hydrogen atom with the carbon of the monolayer, where, the
interaction distance between B-O and C—H are 2.45 and 2.66 A,
respectively. Unlike formaldehyde, phosgene and thiophosgene adsor-
bed in parallel fashion on top of the bond shared between two carbon
atoms of the BC3 monolayer with an interaction distance of 3.52 and
3.50 A, respectively. The top view and side view of the optimized
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geometries of analytes adsorbed on the surface of BC3 monolayer are
depicted in Fig. 2. The corresponding adsorption energies of the com-
plexes HoCO@BC3, COCl,@BC3, and CSCl,@BC3 are —8.06, —8.63, and
—9.56 kcal/mol, respectively. The interaction between analytes (form-
aldehyde, phosgene, and thiophosgene) and pristine BC3 monolayer can
be regarded as physical adsorption thus suggesting the poor capture
capability of BC3 monolayer towards these analytes.

3.3. Adsorption of H,CO, COCly, and CSCl; on alkali metal (Li, Na, K)
decorated BC3 monolayer

Adsorption of formaldehyde, phosgene, and thiophosgene is also

o0

9
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Fig. 2. Top view and side view of the optimized geometries of (a) H,CO@BCs,
(b) COCl,@BCs, (c) CSCl,@BC3 monolayer.

BN

Fig. 1b. Optimized geometries of alkali metal (a) Li, (b) Na, (c) K) decorated BC3 monolayer.
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investigated on alkali metal doped BC3 monolayer to check the effect of
alkali metal decoration on the sensing performance of BC3 monolayer.
For this purpose, geometries are optimized with analytes adsorbed at the
surface of the alkali metal decorated BC3 monolayer. It is observed that
the interaction distance of Li-sheet after the adsorption of analytes
changed, Li-sheet distance increased to 1.95 A after the adsorption of
formaldehyde from 1.90 A (before the adsorption of formaldehyde).
Likewise, the interaction distance of Li and BC3 monolayer is increased
to 1.99 A after the adsorption of thiophosgene. However, the interaction
distance between Li and BC; monolayer decreased to 1.84 A after
adsorption of phosgene.

The optimized geometries of HoCO@LiBC3, COCl,@LiBC3, and
CSCly@LiBC;3 are presented in Fig. 3. During optimization, HoCO adsorb
at the surface in such a way that its O atom got closer to the Li atom
resulting in an interaction distance of about 1.89 A. The corresponding
adsorption energy of HyCO@LiBC3 was —42.89 kcal/mol. The small
bond length of Li-O and more negative E,qs indicate that the doping of Li
on BC3 monolayer can improve the reactivity of BC3 towards formal-
dehyde molecule. The HoCO binds with the Li atom, which is electron-
deficient and can receive electrons from the lone pair orbital of oxygen.

Consequently, phosgene and thiophosgene are adsorbed at the sur-
face of LiBCg in a parallel fashion in such a way that their chlorine atoms
interact with the Li atom. The interaction distance between Cl and Li
atoms is 2.81 (2.84) and 2.71 A, respectively. Whereas, the corre-
sponding adsorption energies are —25.62 and —17.29 kcal/mol. The
adsorption energy value calculated here for Li decorated BC3 monolayer
for phosgene adsorption is weak chemisorption comparable to already
reported values [71,72]. These results indicated that the adsorption of
formaldehyde, phosgene, and thiophosgene on Li-decorated BCs
monolayer is weak chemisorption.

Additionally, based on adsorption energy values, BCs monolayer
decorated with Na is a promising sensing material that exhibits signifi-
cantly greater sensitivity towards formaldehyde than the previously
reported system [63]. The adsorption energies of Hy;CO@NaBCs,
COCl,@NaBC3, and CSCl,@NaBC3 are —22.82, —11.98, and —14.40
kcal/mol, respectively and the corresponding geometries are depicted in
Fig. 4. The adsorption energy of formaldehyde on Na decorated BCs
monolayer is more effective than thiophosgene. It is observed that the
interaction distance of Na from BC3 monolayer increased to 2.38 A upon
adsorption of formaldehyde, but decreased to 2.32 and 2.33 A after
adsorption of phosgene and thiophosgene respectively, form 2.34 A
(before adsorption of formaldehyde). The interaction distance of Na
from the oxygen atom of formaldehyde is 2.26 A. Moreover, formalde-
hyde preferred to adsorb at the surface of NaBC3 with an interaction
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distance of 3.10 A from the sheet. In addition, all the analytes adsorbed
at the surface of the Na decorated monolayer in a parallel fashion.

Consequently, the adsorption of all three analytes on potassium
decorated BC3 monolayer resulted in an increase in the interaction
distance of K from the sheet, where the distance increased from 2.95 A
(before adsorption of analytes) to 3.05, 2.98, and 3.04 A for formalde-
hyde, phosgene, and thiophosgene, respectively. Moreover, formalde-
hyde and phosgene interacted with K via their oxygen atom with an
interaction distance of 2.60 and 2.66 10\, respectively. However, the
interaction distance of carbon of formaldehyde and phosgene from the
sheet are 3.00 and 3.37 A, respectively. Thiophosgene on the other hand
interacted with K via its chlorine, carbon, and sulphur atoms. The
interaction distances are shown in Fig. 5. The adsorption energies of the
respective complexes are —20.85, 16.98, and —14.99 kcal/mol,
respectively. The results of adsorption energy values suggested that
potassium-decorated BC3 monolayer is a promising material for phos-
gene sensing as compared to formaldehyde and thiophosgene.

3.4. Dipole moment and NBO charge transfer analysis

The change in the dipole moments of pristine and decorated BCs
monolayer is analyzed before and after the adsorption of analytes and
the corresponding dipole moment values are listed in Table 1. The value
of the dipole moment depends on the magnitude and the separation of
the columbic charges between interacting species. A higher value of
dipole moment indicates higher charge transfer from one molecule to
another in a complex. The dipole moment of the pristine BC3 monolayer
is 2.96 D. However, the dipole moments are increased upon the
adsorption of the alkali metals. For instance, the dipole moments of
LiBCs, NaBC3, and KBCs are increased to 10.08, 7.02, and 9.13 respec-
tively. Thus the dopant elements enhanced the dipole moment of BCs.
Additionally, upon the adsorption of the toxic analytes (HoCO, COCl,,
and CSCly) on the surface of BC3 monolayer, the dipole moments are
increased to 4.39, 3.06, and 2.98 D respectively, compared to pristine
BC3 monolayer (2.96). The highest dipole moment is observed for
H,CO@BC3, which is due to the large charge separation between
hydrogen atoms of formaldehyde and the n-electronic cloud of BCg
monolayer. However, the decrease in the value of dipole moment for
COCl,@BC3 may be due to the less charge separation between inter-
acting chlorine atom and =n-electrons of BC3 monolayer, (Cl-z-C). Simi-
larly, the dipole moment is further reduced for CSCl,@BC3 to 2.98 D,
because the magnitude of charges is reduced due to the replacement of
oxygen (in phosgene) with less electronegative sulfur atom in thio-
phosgene. In addition, the dipole moments of all the analytes adsorbed

Fig. 3. Optimized geometries of H,CO@LiBC3, COCl,@LiBC3, CSCl,@LiBC5 top view, (left) and side view (right).
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Fig. 4. Optimized geometries of H,CO@NaBC3, COCl,@NaBC3, CSCl,@NaBCj; top view, (left) and side view (right).
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Fig. 5. Optimized geometries of H,CO@KBC3, COCl,@KBC3, CSCl,@KBCj3 top view, (left) and side view (right).

Table 1

Adsorption energies (E,gs, kcal/mol), Dipole moments (u, debye), charge (Q, e),
and the recovery time (t, sec) of formaldehyde, phosgene, and thiophosgene on
pristine and alkali metal decorated BC3; monolayer.

System Eads n Q T

BCs3 2.97

LiBC3 —56.67 10.08 0.424

NaBCs —48.72 7.02 0.526

KBC3 —-59.38 9.13 0.754

H,CO@BC3 -8.06 4.39 0.089

COCl,@BC; -8.63 3.06 0.018

CSCl,@BCs —-9.56 2.98 0.020

H,CO@LiBC;3 —42.89 4.00 —0.058 2.57 x 10'°
COCl,@LiBC3 —25.62 6.17 0.059 5.80 x 10°
CSCl,@LiBC3 ~17.29 9.52 0.051 4.59
H,CO@NaBC; —22.82 7.55 0.005 5.15 x 10*
COCl,@NaBC; ~11.98 6.85 0.035 5.94 x 10~*
CSCl,@NaBCs —~14.40 6.51 0.024 0.035
H,CO@KBC; —20.85 7.99 —0.003 1.86 x 10°
COCl,@KBC3 -16.98 8.91 0.031 2.72
CSCl,@KBC3 —~14.99 8.39 0.028 0.095

at the surface of alkali metal (Li, Na, K) decorated BC3 monolayer further
increased (Table 1) to several orders of magnitude compared to the
pristine BC3 monolayer. Thus, the increase of dipole moments after the

adsorption of analytes indicates that significant amounts of charges are
transferred and it also indicates that an attractive interaction exists
between the adsorbate and adsorbent in a complex.

The charge transfer analysis plays an important role in the detailed
evaluation of the electronic behavior and interaction mechanism be-
tween BC3 monolayer and the toxic analytes. The NBO charge transfer
analysis has been performed to demonstrate the extent of charge transfer
between BC3 monolayer (pristine and alkali metal decorated) and the
toxic analytes during complexation. All the computed NBO charges are
given in Table 1. An investigation into the charge transfer between
analytes and BC3 monolayer indicates that the charges are transferred
from analytes to BC3 monolayer. H,CO@BCs, COCl,@BCs, and
CSClo@BCs had charge transfers of 0.089, 0.018, and 0.020 e, respec-
tively. However, alkali metal (Li, Na, K) decorated BC3 had respective
charge transfer amounts of 0.424, 0.526, and 0.754 e, respectively.
Table 1 lists the charge transfer of each analyte at alkali metal decorated
BC3 complexes.

3.5. Frontier molecular orbital (FMO) analysis

The interaction between molecules takes place due to the over-
lapping of the FMO [73]. Thus, FMO analysis is performed to measure
the changes in the electronic densities of the pristine and alkali metal
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decorated BC3 monolayer upon interaction with selected toxic analytes.
The orbital analysis determines the conductivity while investigating the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy gap (Eg). The Eg is obtained from the
following relation:

Eg =E —Ey %)

In addition to investigate the sensing ability of BC3 monolayer for these
toxic pollutants, the electronic properties of the optimized geometries
are evaluated. The electronic properties provide significant information
for the sensitivity, conductivity, resistivity, and selectivity of BCjs
monolayer towards these toxic molecules [45,74,75]. For instance, the
decrease in HOMO-LUMO gaps (EH-L) reflects the increase in electrical
conductivity, higher electronic distribution, and greater sensitivity
whereas the resistivity increases with an increase in the HOMO-LUMO
gap of a system [68,76-78].

The HOMO LUMO gap of pristine BC3 monolayer was 4.56 eV.
However, it was observed that the HOMO LUMO gap of Na and K
decorated BC3 monolayer is increased (4.93, 4.84 eV, respectively)
while that of LiBC3 is decreased (3.93 eV) from 4.56 eV (pristine BC3
monolayer). Moreover, the HOMO LUMO gap remains unchanged after
the adsorption of analytes on pristine monolayer which suggests that the
analytes adsorption has no influence on the resistivity of pristine BC3
monolayer and thus has poor sensitivity towards these analytes. In
addition, the energy gap of the LiBC3 monolayer increased to 4.67, 4.53,
and 4.05 eV after the adsorption of HoCO, COCl,, and CSCl, gas mole-
cules from 3.93 (LiBC3). Moreover, Eg of H;CO@NaBCs, COClo@NaBCg,
and CSCl,@NaBCg reduced to 4.85, 4.91, and 4.86 eV respectively, from
4.93 eV (Eg of NaBCg). Similarly, the reduction in Eg is observed for
H,CO@KBCs, COCl,@KBCs, and CSCl,@KBCs (4.71, 4.78, 4.70 eV,
respectively) compared to KBC3 monolayer (4.84 eV). Consequently, the
FMO analysis suggested that the interaction of toxic chemicals with
decorated BC3 monolayer produced a more pronounced effect on the
HOMO energies, which is responsible for a decrease in the HOMO LUMO
energy gap.

Further, the isosurfaces of HOMO and LUMO of H,CO@BCs,
COCl,@BC3, and CSCl,@BC3 are presented in Fig. 6, which shows that
densities of HOMO and LUMO orbitals are delocalized on the surface of
the BC3. However, these HOMO densities are localized on BC3 mono-
layer, upon interaction with toxic analytes, the HOMO densities are
shifted towards the analyte as in the case of formaldehyde adsorption on
LiBCs. The variation in HOMO and LUMO densities and their HOMO
LUMO energy gaps (Eg) upon interaction with analytes significantly
affect the conductivity of a semiconducting material [79]. Furthermore,

(2)

Fig. 6. HOMO (left) and LUMO (right) of (a) H,CO@BCs, (b) COCl,@BCs,
(c) CSCl,@BCs,
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the isosurfaces of HOMO and LUMO of analytes at alkali metal decorated
(Li, Na, K) are presented in Figs. 7, 8, and 9, respectively.

The electrical conductivity (EC) increases with a decrease in the
HOMO LUMO energy gap of semiconducting material [63]. The EC can
be determined by equation (6).[63]

EC — AT} 6)

where k is the Boltzmann’s constant (8.617 x 107> eV K™!) and T is the
temperature in K (298 K). Conductivity is exponentially associated with
the Eg, so it increases with the reduction in Eg. For further investigation
of the sensitivity of the alkali metal decorated BC3 monolayer towards
toxic analytes, the Ep;, and work function (¢) of all the complexes are
studied and summarized in Tables 2, and 3. ¢ is defined as the energy
required to remove an electron from the Fermi level to a vacuum level at
an infinite distance away outside the surface. ¢ can be calculated by the
following equation:

E, = Vel(+ o) — EF ]

where Er denotes the Fermi level energy and Ve(+o0y is the electron
electrostatic potential energy far from the surface of the material which
has been supposed to be zero. Thus the work function is the negative of
Fermi energy. The change of ¢ of the alkali metal decorated BCg
monolayer upon toxic analyte adsorption alters the field emission
properties of the monolayer. The results depicted in Table 3 show that
the ¢ of HCO@LiBC3, COCl,@LiBC3 and CSCl,@LiBC3 are reduced to
4.37, 4.65, and 4.34 respectively, from 4.98 (pristine BCg, Table 2),
confirming the high sensitivity of LiBCs towards the thiophosgene gas
molecule as compared to formaldehyde and phosgene. Similarly, the
work function of HoCO@NaBCs is reduced to 4.33 from 4.35 (NaBC3)
whereas, that of COCl,@NaBCj3 increased to 4.36 and the work function
of CSCl,@NaBC3 remained the same i.e., 4.35 (Table 3) compared to
NaBCgs. Similarly, the work function of HoCO@KBC3 and CSCl,@KBC3
remained the same (see Table 3) compared to KBC3 (Table 2), however,
the work function value of COCl,@KBC3 is reduced compared to KBC3
confirming the sensitivity of KBC3 monolayer towards phosgene. These
results suggested that alkali metal doping is an encouraging way of
increasing the sensitivity of BCs towards these toxic gases which was not
possible using the pristine BCs.

Finally, the effective desorption of a gas molecule (adsorbate) from
the adsorbent surface is also of great significance in assessing the
repeatability of the gas sensor. A good gas sensor must have a quick
recovery time for its sustainable utilization. Based on the transition state
theory, recovery time () is related to adsorption energy and it can be
calculated by using the following equation [80]

(@

s+ ~EBS

Fig. 7. HOMO (left) and LUMO (right) representation of (a) H,CO@LiBCs, (b)
COCL,@LIBCs, (¢) CSCl,@LiBCs,
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Fig. 8. HOMO (left) and LUMO (right) representation of (a) H,CO@NaBCs, (b) COCl,@NaBCs, (c) CSCl,@NaBCs,
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Fig. 9. HOMO (left) and LUMO (right) representation of (a) H,CO@KBCs, (b)
COCl,@KBCs, (c) CSCl,@KBCs,
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where vg represents the attempt frequency, T is the temperature, and K is
the Boltzmann constant (1.99 x 102 keal/mol K). In the present work,
the value of attempt frequency is taken as 1 x 107'2 s}, according to

reported literature [81,82]. The calculated recovery time (Table 1) of
formaldehyde at room temperature (298 K) is higher for LiBCg, NaBCs,
and KBCz which suggested that these alkali metal decorated monolayers
are appropriate as adsorbents for the removal of formaldehyde instead
as a reusable sensor because of their long recovery time and a strong
ability to adsorb the gas. Likewise, the recovery time of phosgene for
LiBC;3 is also higher, thus not a suitable reusable sensor for phosgene.
However, the recovery time of phosgene for NaBCs, and KBC3 are 5.94
x 107 and 2.72 sec. On the other hand, the recovery time of thio-
phosgene for LiBC3, NaBCg, and KBCs is short i.e., 4.59, 0.035, and 0.095
sec respectively, therefore, the alkali metal decorated BC3 monolayer
could be suitable as reusable sensors for the detection of thiophosgene at
room temperature due to their high sensitivity and short recovery time.

3.6. Global reactivity parameters

The adsorption effect of formaldehyde, phosgene, and thiophosgene
on pure and alkali metal decorated BC3 monolayer is also scrutinized
from global reactivity parameters. The chemical potential (i), chemical
hardness (1), softness (s), and electrophilicity index (@) are calculated
and shown in Tables 2, and 3, respectively, for all the systems. These
global reactivity descriptors predict the stability and reactivity of the
studied complexes. Electrophilicity is related to the chemical reactivity
of a compound. The pure BC3 monolayer has an electrophilicity value of
5.44 eV. The electrophilicity values decreased upon the adsorption of
analytes on pure and alkali metal decorated BC3 monolayer which
suggests that all the systems are less reactive compared to pristine BCg
monolayer. Similarly, the value of chemical potential () has a direct



S. Munsif et al. Computational and Theoretical Chemistry 1234 (2024) 114531

Table 2
Energies of HOMO (Ey), LUMO (Ey) orbitals, and HOMO-LUMO energy gap (E;), energy of Fermi level (Eg.), work function (¢), chemical potential (u), chemical
hardness (), softness (s) and electrophilicity (w) of pristine BCs, alkali metal decorated BC3 and analytes@BCs in eV.

Systems Ey Ep Eg Ep ¢ u n H ®

BC3 -7.26 —2.70 4.56 —4.98 4.98 4.98 2.28 0.22 5.44
LiBCs —6.36 —2.43 3.93 —4.39 4.39 4.39 1.96 0.26 4.92
NaBC3 —6.82 —-1.89 4.93 —4.35 4.35 4.35 2.46 0.2 3.85
KBC3 —6.70 —1.86 4.84 —4.28 4.28 4.28 2.42 0.21 3.78
H,CO@BC3 -7.25 —2.69 4.56 —4.97 4.97 4.97 2.28 0.22 5.42
COCl,@BCs -7.27 —2.70 4.57 —4.99 4.99 4.98 2.28 0.22 5.44
CSCl,@BCs —7.26 —2.70 4.56 —4.98 4.98 4.98 2.28 0.22 5.44

Table 3

Energies of HOMO (Ey), LUMO (Ep) orbitals, and HOMO-LUMO energy gap (Eg), energy of Fermi level (Egy), work function (¢), chemical potential (u), chemical
hardness (1), softness (s) and electrophilicity (w) of analytes@LiBCs, analytes@NaBCs, and analytes@KBCj3 in eV.

Systems Eny E. Eg EpL ¢ u n s ®

H,CO@LiBC3 -6.71 —2.04 4.67 —4.37 4.37 4.37 2.33 0.21 4.10
COCl,@LiBC3 —6.60 -2.07 4.53 —4.65 4.65 4.65 2.26 0.22 4.80
CSCl,@LiBC3 —6.37 -2.32 4.05 —4.34 4.34 4.34 2.03 0.25 4.64
H,CO@NaBC3 —6.75 -1.90 4.85 —4.33 4.33 4.33 2.43 0.21 3.86
COCl,@NaBC3 —6.81 -1.90 4.91 -4.36 4.36 4.36 2.46 0.20 3.86
CSCl,@NaBCs —6.78 -1.92 4.86 —4.35 4.35 4.35 2.43 0.21 3.89
H,CO@KBC3 —6.63 -1.92 4.71 —4.28 4.28 4.27 2.35 0.21 3.88
COCl,@KBCs —6.64 -1.86 4.78 —4.25 4.25 4.25 2.39 0.21 3.78
CSCl,@KBC3 —6.63 -1.93 4.70 —4.28 4.28 4.28 2.35 0.21 3.90

H,CO@KBC; COCL@KBC, CSCL@KBC,

Fig. 10. Electrostatic potential maps of adsorbed H,CO, COCl,, and CSCl, gas molecules on alkali metal decorated BC3 monolayer.
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relation with the chemical stability and an inverse relation with the
reactivity of the system. The higher values of chemical potential indicate
that all the complexes are thermodynamically stable and less reactive.
Moreover, the chemical hardness and softness of a compound are
directly related to its chemical stability (low reactivity). It is observed
that the value of chemical hardness increased for all the systems
compared to pristine BC3 monolayer, confirming the stability of the
complexes. All our systems are hard in nature with a low value of global
softness. Additionally, the chemical hardness provides information
about the characteristics of a surface to resist electronic charge within its
environment [22]. A higher value of chemical hardness and Ey implies
higher stability and lower reactivity whereas, a low value of chemical
hardness and Ey suggests less stability and higher reactivity of the sys-
tems. Our results indicate that analytes at Li-decorated BC3 monolayer
are more stable and are less reactive compared to LiBC3 monolayer
(Table 3). However, the interaction of analytes with Na and K decorated
BC3; monolayer causes an appreciable decrease in 1 and Ey values as
compared to NaBC3 and KBC3 monolayer which shows less stability and
high reactivity of the complexes (Table 3). However, as compared to
pristine BC3 monolayer all the systems are more stable and less reactive.

3.7. Molecular electrostatic potential

The molecular electrostatic potential calculations are used to analyze
electron density distribution over the molecule. It provides information
for predicting the reactivity of the molecule towards nucleophilic and
electrophilic attacks [83]. It also gives information about the intermo-
lecular interactions, simultaneously demonstrating the positive, nega-
tive and neutral electrostatic potential regions, as well as molecular size
and shape [84]. The red color portion represents the negative potential
region with higher electron density, while the blue region is electro-
positive, indicating lower electron density. In Fig. 10, electrostatic po-
tential maps of adsorbed H»CO, COCl,, and CSCl, gas molecules on
alkali metal decorated BC3 monolayer are presented. The figure depicts
that the positive electrostatic potential is concentrated near the deco-
rated alkali metal atom and adjacent carbon atoms, making it a favor-
able site for nucleophilic attack. The green color representats zero
electrophilicity, indicating a nonreactive site, as shown in Fig. 10.

4. Conclusions

We investigated the adsorption of toxic warfare agents, including
H,CO, COCl,, and CSCl, molecules, by DFT using pristine and alkali
metal (Li, Na, K) decorated BC3 monolayers, aiming to seek a novel gas
sensing material for the detection or removal of warfare agents. Our
results show that the pristine BC3 monolayer has less potential to be used
as a gas-sensing material for these warfare agents due to their poor
adsorption strength. However, the decoration of BC3 monolayer with
alkali metals enhanced the interactions between BC3 and adsorbed toxic
gas molecules. The adsorption of these harmful gases on alkali metal
decorated BC3 monolayers resulted in chemisorption. The adsorption
energy of HoCO, COCly, and CSCl, on LiBCs is —42.89, —25.62, and
—17.29 kecal/mol, respectively, whereas on NaBCg it is —22.82, —11.98,
and —14.40 kcal/mol, respectively. However, the adsorption energy of
the analytes on KBCj3 is improved to —20.85, —16.98, and —14.99 kcal/
mol, respectively. Based on FMO analysis, the LiBC3g monolayer exhibits
a high sensitivity towards CSCl; molecule due to a decrease in E; and
variation of electrical conductivity. The highest decrease in the HOMO
LUMO gap (4.05 eV) is observed for CSCl,@LiBC3 which suggests its
higher conductivity compared to all other systems. Additionally, a quick
response to desorption was observed for the CSCly@LiBC3 and
COCl,@KBCs, with recovery times of 4.59 and 2.72 sec, respectively, at
room temperature. Overall, the alkali metal decorated BC3 monolayer is
one of the potential candidates for phosgene and thiophosgene sensors,
as it shows good stability, adsorption strength, high sensitivity, and fast
recovery time.
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