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black phosphorus as sensitive
materials for adsorption of HF and H2S toxic gases:
an ab initio study

Rashek Dewan Daymond, Fatin Hasnat Shihab, Nihal Siddique,
Mohammad Tanvir Ahmed, Abdullah Al Roman and Debashis Roy *

This study explores the potential of aluminum (Al) and titanium (Ti)-doped black phosphorus (BP) as

sensitive materials for detecting and adsorbing toxic gases, hydrogen fluoride (HF) and hydrogen sulfide

(H2S), using Density Functional Theory (DFT) calculations. The structural, electronic, and optical

properties of pristine BP, Al and Ti-doped BP before and after gas adsorption were investigated.

Molecular dynamics revealed the thermodynamic stability of all the substrates at room temperature. Al

and Ti-doping enhanced the adsorption behavior of BP significantly. The studied adsorbents revealed

both physisorption and chemisorption of the selected gases, with maximum adsorption energy of

−1.651 eV for HF gas. Electronic analyses show that Ti-doping transforms BP into a metal, while Al-

doping modulates the band gap, improving sensitivity. Charge distribution indicates significant electron

redistribution in doped systems upon gas adsorption. Additionally, optical spectra show slight red shifts

due to gas adsorption. RGD analysis revealed the presence of weak van der Waals and strong attractive

interactions between adsorbents and the gas molecules. The findings indicate that Al and Ti-doped BP

are promising materials for the development of highly sensitive and selective gas sensors targeting HF

and H2S molecules.
1. Introduction

A balanced composition of gases in Earth's atmosphere is
crucial for sustaining all life. But this balance is increasingly
disrupted by population growth, industrialization, trans-
portation, and other anthropogenic activities.1 The environ-
ment is contaminated by a variety of toxic gases, such as
hydrogen sulde (H2S), hydrogen uoride (HF), hydrogen
cyanide (HCN), ozone (O3), carbon monoxide (CO), nitrogen
dioxide (NO2), sulfur dioxide (SO2) and so on, harming the
ecosystem and affecting human health.2,3 Here, HF and H2S are
poisonous, colorless gases commonly found in industrial and
environmental contaminants.4 Furthermore, H2S is a am-
mable, toxic gas that smells like rotten eggs and is extremely
corrosive under ambient conditions, which can easily damage
the human nervous system.5,6 To ensure safety for health,
a person's exposures to H2S gas should not exceed 15 ppm for 10
minutes or 10 ppm for 8 hours duration.7 Conversely, HF is
a toxic, corrosive, and odorous gas that boils near room
temperature, and its aqueous form, hydrouoric acid, is a key
source of uorine.8 According to the toxicity of HF gas, it irri-
tates the respiratory tract at low concentrations, and when
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inhaled, it can spread throughout the tissues and bones,
leading to skeletal uorosis and even potentially death.9

Therefore, to ensure the safety of human life and the environ-
ment, the development of reliable, efficient, and cost-effective
gas sensors is required for the detection and adsorption of
hazardous gas molecules.10

Two-dimensional (2D) materials are extensively researched
for numerous applications, especially gas sensors, energy
storage, electronic devices, biomedical sector, and so on.11,12

Their exceptional properties, such as nanoscale thickness, high
surface area to volume ratio, unique electronic properties, and
excellent optical properties, signicantly enhance their sensi-
tivity and response times.13,14 Nowadays, 2D nanomaterials with
layered structures, including graphene, transition-metal di-
chalcogenides (TMDCs), black phosphorus, hexagonal boron
nitride (h-BN), andMXenes, have been identied as effective gas
sensors, capable of operating efficiently at low or ambient
temperatures.15 Graphene was rst isolated by Geim and
Novoselov from Manchester University in 2004 through
mechanical exfoliation.16 In prior research, the sensing capa-
bilities of graphene for chemicals like CO2, CO, NO2, NH3, and
H2O have been reported.17,18 Despite the numerous benets of
graphene, it also exhibits inherent defects, including a chemi-
cally inert surface and zero band gap, as well as poor
sensitivity.19,20
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BP demonstrates superior efficiency in gas sensing
compared to other 2D materials due to its exceptional proper-
ties, including puckered hexagonal structure, high surface-to-
volume ratio, high adsorption energy, direct bandgap, high
carrier mobility (∼1000 cm2 V−1 s−1) at room temperature, an
excellent on/off current ratio, and so on.21–23 BP is intrinsically
a p-type semiconducting material. It is the most thermody-
namically stable allotrope of phosphorus, surpassing red,
white, and violet varieties.24 Additionally, BP is synthesized from
both white and red allotropes of phosphorus, and Bridgman
achieved the rst successful synthesis of BP in 1914 by trans-
forming white phosphorus at 1.2 GPa pressure and 200 °C
temperature.25 The weak van der Waals forces in the stacked
interlayer structure of BP enable the production of ultrathin
nanosheets through mechanical or liquid exfoliation from bulk
BP crystals.26 Recently, BP is increasingly being used in various
sectors, including gas sensors, optoelectronics, energy storage,
batteries, transistors, solar cells, supercapacitors, photodetec-
tors, and so on.27 Few studies have been conducted on BP and
modied BP regarding the adsorption of gas molecules.28 For
instance, Lalitha et al. theoretically investigated the adsorption
of NH3, H2, CO2, and CH4 gases on pristine, Ca-doped, and Ca-
functionalized BP.29 Another investigation into the adsorption
of CO, CO2, NH3, and NO2 on graphene, MoS2, and BP
demonstrated that BP had the strongest affinity for these
gases.30 According to Kou et al., the adsorption energy and
current–voltage behavior of BP were calculated upon exposure
to several gases, as well as Cho et al. highlighted BP's unique
sensing ability over MoS2 and graphene.31,32 Additionally,
a study explored the H2 gas sensing capabilities of BP doped
with Ni, Pd, and Pt, focusing on its adsorption behavior.33 The
adsorption energies for NH3, CH4, and H2O are notably
enhanced on In-doped BP compared to pure BP.34 As a result, Li-
doped BP exhibits the most optimal adsorption energy for
a range of gases (CO, CO2, NO2, and SO2), surpassing the
adsorption performance of Na, K, Rb, and Cs.35 Previous studies
have demonstrated that point defects in BP enhance adsorption
energies and selectivity for toxic gases like NO2 and SO2, while
showing low sensitivity to less reactive gases such as CO, CO2,
and NH3.36 According to Chen et al., Li-decorated N-doped BP
exhibits an adsorption strength sequence of H2S < SO2 < NO2,
with NO2 showing the strongest chemisorption due to signi-
cant orbital hybridization.37 Yang et al., also reported that
pristine and Au-doped a-phase black arsenic phosphorus
monolayers are stable and exhibit strong adsorption toward CO,
NO2, and NO gases.38 In addition, Fe-decorated blue phos-
phorene exhibits strong CH4 adsorption and high sensitivity
due to its modied electronic andmagnetic properties.39 Recent
advances have demonstrated that Pt-decorated BP–WS2
heterostructure sensors overcome the typical limitations of
TMD devices, providing enhanced NO2 sensitivity and improved
recovery at low temperatures.40 Balaji et al. reported that the a-
AsP monolayer adsorbs acetaldehyde more strongly than
formaldehyde, with adsorption energies between −0.28 and
−0.50 eV, suggesting its suitability for detecting volatile organic
compounds.41
28704 | RSC Adv., 2025, 15, 28703–28720
In this study, BP nanostructures were designed and doped
with Al and Ti atoms. Their geometrical, optical, and electronic
properties were investigated using rst-principles calculations
to analyze and compare their sensing potential for HF and H2S
gas molecules. To enhance the understanding of adsorption
behavior, we have analyzed the molecular dynamics (MD),
adsorption energies (Eads), electron density difference (EDD),
band structure, density of states (DOS), partial density of states
(PDOS), and recovery time of the studied structures. We further
conducted reduced density gradient (RDG) analysis to gain
insight into the nature of the interactions between the adsor-
bents and the adsorbates. To the best of our knowledge, the
adsorption behavior of Al and Ti-doped BP for the selected gases
has not been reported yet.

2. Computational details

This study used the density functional theory (DFT) method
utilizing the Cambridge Serial Total Energy Package (CASTEP).42

This algorithm explores the geometric, electronic, and optical
properties of pristine BP, Al-doped BP (Al-BP), and Ti-doped BP
(Ti-BP), focusing on their interactions with HF and H2S gas
molecules. In this study, a 3 × 3 × 1 supercell of BP nanosheet
was modeled with the electronic conguration [Ne]3s23p3. All
the computational calculations were carried out using a 500 eV
cutoff energy and 3 × 3 × 1 uniform k-mesh, while the
exchange–correlation potential was addressed via Perdew–
Burke–Ernzerhof (PBE) functional within the Generalized
Gradient Approximation (GGA).43 To eliminate interlayer inter-
actions, a vacuum spacing of 20 Å was introduced along the z-
axis. For the entire simulation, ultraso pseudo-potentials were
employed, and Grimme's dispersion correction (DFT-D2)
scheme was included to address long-range van der Waals
interactions.44 For the self-consistent estimation, the total
energy must converge to (1× 10−5) eV per atom, with maximum
forces of 0.03 eV Å−1, maximum displacements of 0.001 Å, and
stress not exceeding 0.05 GPa. Molecular dynamics simulations
were conducted in the microcanonical (NVE) ensemble at 298 K
for 10 picoseconds using the Forcite module to assess the
dynamic stability of the studied nanosheets.45 Additionally, the
nature of the interaction between the adsorbents and adsor-
bates was investigated through reduced density gradient (RDG)
analysis performed with VMD and Multiwfn soware.46,47

3. Results and discussion
3.1 Geometry analysis

Structural stability is a fundamental property that governs the
practical applicability of materials.48 In this study, we designed
a BP nanosheet model consisting of 42 atoms and investigated
its interactions with HF and H2S gas molecules. A single
phosphorus atom was substituted by either Al or Ti, corre-
sponding to a dopant concentration of approximately 2.38%.
Additionally, the stability and structural integrity of the systems
were analyzed using molecular dynamics simulations. Fig. 1
illustrates the side and top views of the optimized structures of
pristine BP, metal-doped BP (Al, Ti), and their corresponding
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized side and top views of (a) unit cell (BP), (b) supercell
(BP), (c) HF + BP, (d) H2S + BP, (e) Al-BP, (f) HF + Al-BP, (g) H2S + Al-BP,
(h) Ti-BP, (i) HF + Ti-BP, and (j) H2S + Ti-BP.

Table 1 Average bond distances for pristine and gas–adsorbed
configurations

Structure

Bond type

P–P (Å) Ti–P (Å) Al–P (Å) H–F (Å) H–S (Å)

BP 2.219 — — — —
HF + BP 2.215 — — 0.969 (0.949) —
H2S + BP 2.214 — — — 1.350 (1.351)
Al-BP 2.215 — 2.363 — —
HF + Al-BP 2.212 — 2.351 2.126 —
H2S + Al-BP 2.212 — 2.325 — 1.393
Ti-BP 2.204 2.435 — — —
HF + Ti-BP 2.202 2.473 — 0.997 —
H2S + Ti-BP 2.201 2.473 — — 1.357

© 2025 The Author(s). Published by the Royal Society of Chemistry
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gas–adsorbed congurations. The average bond lengths of
pristine BP, modied BP, and their gas–adsorbed complexes are
summarized in Table 1. For pristine BP, the average P–P bond
length was calculated to be 2.219 Å, corresponding closely to the
literature value of 2.22 Å.49,50 The calculated bond lengths for the
optimized gas molecules HF and H2S are 0.949 Å for the H–F
bond and 1.351 Å for the H–S bond, respectively. These results
are in agreement with previous studies.51,52 We observed slight
variations in the P–P bond lengths upon adsorption of HF and
H2S gas molecules. Specically, the P–P bond length decreased
by approximately 0.18% for HF + BP and by 0.23% for H2S + BP,
indicating minimal structural distortion due to gas adsorption.
The presence of dopants such as Al and Ti further altered the
bond lengths. The Al–P bond length was measured to be 2.363
Å, whereas the Ti–P bond length was recorded as 2.435 Å.
Compared to pristine BP, the P–P bond length decreased by
approximately 0.18% and 0.68% in the Al-BP and Ti-BP
complexes, respectively. Due to gas adsorption, the Al–P bond
length decreased slightly by approximately 0.51% in the HF + Al-
BP complex and 1.61% in the H2S + Al-BP complex, compared to
the Al–P bond length of 2.363 Å in pristine Al-BP. In both cases,
the P–P bond length remained unchanged at 2.212 Å. Similarly,
a modest decrease in the P–P bond length was observed, by
approximately 0.09% in HF + Ti-BP and 0.14% in H2S + Ti-BP,
relative to the P–P bond length in pristine Ti-BP. The Ti–P
bond length remained constant at 2.473 Å in both systems.
Furthermore, we observed that the H–F bond lengths increased
across all gas–adsorbed complexes, while the H–S bond lengths
increased in all cases except the H2S + BP complex. These
ndings provide valuable insights into the interaction mecha-
nisms between the adsorbents and the adsorbates.
3.2 Molecular dynamics

Molecular dynamics (MD) is a widely used computational tech-
nique for simulating and analyzing the time-dependent motions
and interactions of atoms and molecules at the atomic scale.53

This technique facilitates the understanding of how slight
modications in molecular arrangement or temperature condi-
tions inuence material properties, including sensitivity and
overall stability. In this study, MD simulations were performed
under the microcanonical (NVE) ensemble at room temperature
RSC Adv., 2025, 15, 28703–28720 | 28705
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Fig. 2 Schematic representation of molecular dynamics simulations for (a) pristine BP, (b) Al-doped BP, and (c) Ti-doped BP.
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(298 K) for duration of 10 picoseconds (ps) to evaluate the
dynamic stability of pristine BP, as well as Al and Ti-doped BP.
Fig. 2 shows the corresponding changes in potential, kinetic,
non-bonded, and total energies as a function of simulation time.
The uctuations in total energy, expressed in eV, provide insights
into the systems' stability and response to thermal perturbations.
In Fig. 2, the MD prole of pristine BP shows a relatively stable
total energy trend, with only minor uctuations (approximately
0.05%) observed throughout the simulation period. The minimal
energy uctuations indicate strong structural integrity and
effective resistance to thermal perturbations. In the case of Al-
doped BP, the total energy uctuates by about 0.61%, suggest-
ing that the simulation model effectively captures the system's
dynamic behavior. As shown in Fig. 2, the Ti-doped BP system
reveals stable energy uctuations without noticeable dri or
28706 | RSC Adv., 2025, 15, 28703–28720
discontinuity. The uctuation range (approximately 0.03%)
indicates that the system has attained energy equilibrium. The
energy curves of the investigated systems showed uctuations
below 5%, demonstrating that all three congurations—pristine
BP, Al-doped BP, and Ti-doped BP—exhibit thermal stability at
298 K.54,55
3.3 Adsorption energy

The adsorption energy (Eads) characterizes the interaction
strength between gas molecules and the substrate surface.56 In
this study, adsorption energies (Eads), adsorption distances
(AD), and recovery times for HF and H2S gas molecules on
pristine and metal (Al, Ti) doped BP structures were calculated,
as summarized in Table 2.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated adsorption energy (Eads), adsorption distance (AD),
and recovery times for gas–adsorbent systems

Structure Eads (eV)
AD (Å)
(before)

AD (Å)
(aer)

Recovery
times (s)

HF + BP −0.276 2.924 2.224 5.7 × 10−11

H2S + BP −0.133 3.273 3.191 2.3 × 10−13

HF + Al-BP −1.651 3.433 1.692 6.7 × 1012

H2S + Al-BP −0.828 3.467 2.422 1.1 × 10−1

HF + Ti-BP −0.502 2.415 2.315 3.5 × 10−7

H2S + Ti-BP −0.584 2.896 2.727 8.5 × 10−6

Fig. 3 Charge transfer mechanism between the adsorbent materials

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

1:
19

:0
5 

PM
. 

 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
The adsorption energy was calculated using the following
equation:57

Eads = Enanosheet+gas − Enanosheet − Egas (1)

where Enanosheet+gas is the total energy of the nanosheets with
the adsorbed gas molecule, Enanosheet is the energy of the pris-
tine nanosheets, and Egas is the energy of the isolated gas
molecule. All systems exhibit negative adsorption energies,
indicating effective molecular interaction with the material
surface. We observed that the adsorption of HF on pristine BP
shows higher stability relative to H2S. Specically, HFmolecules
demonstrated the strongest binding on Al-doped BP, with
adsorption energy of −1.6506 eV, indicative of chemisorption.
Conversely, H2S molecules exhibited moderate physisorption
interactions on the Al-doped surfaces. In contrast, pristine BP
also shows relatively weaker physisorption interactions. More-
over, we observed that the adsorption energy of HF on Ti-doped
BP increased by approximately 82% compared to that on pris-
tine BP. Similarly, the adsorption energy of H2S on Ti-doped BP
was found to be −0.584 eV, indicating stronger binding than on
pristine BP and highlighting the inuence of Ti doping.
Adsorption distances decrease with increasing adsorption
energies, conrming stronger binding. For instance, HF on Al-
doped BP exhibits a shorter adsorption distance (1.692 Å)
compared to HF on pristine BP (2.224 Å). The highest adsorp-
tion distance was observed for H2S on pristine BP, measuring
3.191 Å, which corresponds to its relatively lower adsorption
energy. The recovery time (s) was calculated using the
expression:57
Table 3 Calculated average Mulliken charges of the electrons of the str

Structure

Element

H F

BP — —
HF + BP 0.550 (0.640) −0.630 (−0.640)
H2S + BP 0.195 (0.200) —
Al-BP — —
HF + Al-BP 0.110 −0.730
H2S + Al-BP 0.145 —
Ti-BP — —
HF + Ti-BP 0.470 −0.530
H2S + Ti-BP 0.155 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
s ¼ 1

f
exp

��Eads

kBT

�
(2)

where kB denotes Boltzmann's constant (8.617 × 10−5 eV K−1)
and T is the absolute temperature. Given that sensor recovery
generally occurs under UV irradiation, we considered a frequency
range of (1012 to 3 × 1014) Hz for the desorption process. For
consistency and practical relevance, all recovery time estimations
in this study were performed at a temperature of 298 K. Notably,
HF adsorption on Al-doped BP results in a longer recovery time
(6.74 × 1012 s) compared to other nanosheets, which remains
acceptable for sensing applications.58 In this context, regenera-
tion of the adsorbent can be achieved through chemical treat-
ment. The use of dilute acidic solutions, such as hydrochloric
acid (HCl) or nitric acid (HNO3), effectively facilitates the
desorption process.59 By contrast, HF and H2S adsorption on
pristine BP resulted in much faster recovery times. However, the
adsorption of HF and H2S on Ti-doped BP demonstrated
reasonable recovery times, emphasizing their suitability for rapid
cycling applications. These results demonstrate that doping BP
sheets signicantly modies their adsorption behavior,
enhancing binding strength.
3.4 Mulliken charges analysis

Mulliken charge analysis offers critical insights into the charge
distribution across different atoms within a structure.60 This
uctures in (e) units

Al P S Ti

— — — —
— 0.002 — —
— −0.001 −0.390 (−0.400) —
0.660 −0.018 — —
1.220 −0.016 — —
0.780 −0.024 −0.200 —
— −0.019 — 0.690
— −0.022 — 0.800
— −0.023 −0.230 0.700

and the interacting gas molecules.

RSC Adv., 2025, 15, 28703–28720 | 28707
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helps to understand better the nature of bonding, whether ionic
or covalent. In this study, we explored the Mulliken charge
variations for pristine and metal-doped BP nanosheets through
adsorption of HF and H2S gas molecules, as presented in Table
3. The pristine BP structure exhibits negligible charge transfer
among its constituent atoms, indicating a relatively uniform
charge distribution. When HF and H2S molecules adsorb on the
BP surface, the Mulliken charges of H, F, P, and S atoms change
noticeably. This shows that there is a signicant transfer of
charge between the gas molecules and the BP surface. Speci-
cally, aer HF adsorption, the H atom carries a positive charge
of 0.55 e (0.64 e before adsorption), while the F atom attains
a negative charge of −0.63 e (−0.64 e before adsorption). Simi-
larly, H2S adsorption results in a positive charge on H (0.195 e)
and a negative charge on S (−0.390 e), respectively. In the case of
Al-modied BP, the Al atom initially exhibits a charge of 0.66 e,
which increases aer HF adsorption, demonstrating signicant
charge redistribution. For the Ti-BP complex, Ti acquires
a positive charge of 0.69 e, which rises by approximately 15.9%
following HF adsorption and 1.5% aer H2S adsorption, sug-
gesting enhanced interaction. Therefore, these ndings conrm
that electron transfer occurs between the adsorbents and the
adsorbates.

The net charge transfer further conrms the interaction
between the gas molecules and the nanosheets, as illustrated in
Fig. 3. A positive value indicates that electrons are transferred
from the gas molecule to the nanosheets, while a negative value
signies the opposite.61

3.5 Hirshfeld charges analysis

The Hirshfeld population analysis (HPA) technique evaluates
atomic charges by distributing the deformation density among
the constituent atoms in a molecular system.62 The Hirshfeld
charge analysis in Table 4 reveals that, upon adsorption of HF
and H2S gas molecules, the Al, P, and Ti atoms carry positive
charges, indicating electron depletion. Conversely, the F and S
atoms exhibit negative charge states, suggesting electron accu-
mulation on the pristine and doped BP surfaces. The differ-
ences between the Hirshfeld and Mulliken analyses arise from
their distinct computational approaches. However, both
methods consistently reveal similar patterns of charge transfer.
In Table 4, the values within parentheses represent the
Table 4 Calculated average Hirshfeld charges of the electrons of the st

Structure

Element

H F

BP — —
HF + BP 0.090 (0.210) −0.230 (−0.210)
H2S + BP 0.040 (0.050) —
Al-BP — —
HF + Al-BP 0.020 −0.260
H2S + Al-BP 0.030 —
Ti-BP — —
HF + Ti-BP 0.130 −0.110
H2S + Ti-BP 0.065 —

28708 | RSC Adv., 2025, 15, 28703–28720
Hirshfeld charges before gas adsorption, while the values
outside the parentheses indicate the charges aer adsorption.
The adsorption of HF and H2S molecules on both pristine and
metal-doped (Al, Ti) BP structures induces signicant charge
redistribution. This is evidenced by notable variations in
Hirshfeld charge values, particularly for the H, F, and S atoms.
The signicant shis in charges emphasize the strong interac-
tion between adsorbates and BP-based substrates.

3.6 Electron density difference analysis

To visualize and better understand the charge transfer mecha-
nisms, we analyzed the electron density difference (EDD) for
both pristine and metal-doped BP upon interaction with toxic
gases, as illustrated in Fig. 4. The orange regions correspond to
areas of electron accumulation, whereas the blue regions indi-
cate zones of electron deciency. Mulliken charge analysis
reveals that the EDDmap illustrates the redistribution of partial
atomic charges resulting from differences in electronegativity
among constituent atoms within the molecule.63,64 In pristine
BP nanosheets, the electron affinity remains nearly uniform
across the phosphorus lattice due to its homogeneous atomic
composition, which results in minimal polarization upon gas
adsorption. For HF, the minimal electron accumulation around
the F atom and slight depletion near the interacting P atoms are
consistent with partial charge transfer, indicating weak phys-
isorption. Similarly, the interaction of H2S with BP exhibits
minor charge accumulation on the S atom and faint depletion
at the interface, indicating a weak van der Waals interaction.
With Al doping, the interaction dynamics change notably.
Mulliken charge analysis shows that electrons migrate toward
the more electronegative phosphorus atoms, causing charge
depletion at the Al site and accumulation near neighboring P
atoms. Upon HF adsorption, the highly electronegative uorine
atom strongly pulls electrons from both the H atom and the Al-
doped BP surface, establishing a clear donor–acceptor interac-
tion pathway. This indicates that HF acts as an electron acceptor
while Al-doped BP donates electron density, leading to stronger
chemisorption. For H2S adsorption, sulfur exhibits moderate
interaction, accompanied by electron accumulation near S and
neighboring P atoms, and depletion at the Al site. This inter-
action indicates moderate binding; exceeding that of pristine
BP. Ti-doped BP shows signicant electron density changes
ructures in (e) units

Al P S Ti

— — — —
— 0.003 — —
— — −0.090 (−0.100) —
0.160 −0.005 — —
0.200 0.001 — —
0.140 −0.008 0.070 —
— −0.004 — 0.100
— −0.003 — 0.090
— −0.008 0.070 0.050

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electron density difference map of (a) HF + BP, (b) H2S + BP, (c)
HF + Al-BP, (d) H2S + Al-BP, (e) HF + Ti-BP, and (f) H2S + Ti-BP. Orange
and blue regions represent electron accumulation and depletion,
respectively.

Table 5 Comparison of band gap values for the adsorbent and
adsorbent–gas complexes

Structure Band gap (eV)

BP 0.877
HF + BP 0.879
H2S + BP 0.866
Al-BP 0.783
HF + Al-BP 1.007
H2S + Al-BP 0.991
Ti-BP 0.000
HF + Ti-BP 0.000
H2S + Ti-BP 0.000
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upon gas adsorption, with titanium's d-orbitals and high
oxidation potential enhancing its activity as an adsorption site.
During HF adsorption, Ti exhibits electron depletion while F
© 2025 The Author(s). Published by the Royal Society of Chemistry
accumulates charge, indicative of electrophilic interaction.
Similar behavior is observed for H2S, with electron accumula-
tion near S and depletion at Ti reecting active charge transfer.
3.7 Band structure analysis

The band gap is dened as the energy interval between the
valence band maximum (VBM) and the conduction band
minimum (CBM).65 The electronic band structure is a critical
parameter for evaluating the sensing capability of adsorbent
materials. Table 5 shows the band gap variations in BP and its
modied structures upon interaction with HF and H2S gas
molecules. Fig. 5 also illustrates the changes in band gap of
pristine and modied BP structures upon adsorption of HF and
H2S gas molecules. Our study nds that pristine BP exhibits
semiconducting nature with a direct band gap of 0.877 eV,
which aligns closely with previously reported values ranging
from 0.80 to 0.91 eV.66–68 This nding is also consistent with the
experimentally measured transport band gap of 1.0–1.5 eV.66,67,69

The close agreement with earlier rst-principles studies high-
lights the reliability of our electronic structure calculations.
Moreover, it conrms the suitability of the computational
parameters adopted in this work. Upon adsorption of HF and
H2S gases, the band gap of pristine BP slightly increases to
0.879 eV and decreases to 0.866 eV, respectively, indicating
minimal perturbation of its electronic structure. However,
signicant variations are observed in doped structures.
Following Al doping, the band gap decreased, and both the
valence and conduction bands shied toward the Fermi level,
indicating enhanced electronic activity. Specically, upon HF
gas adsorption on Al-BP, the CBM is located at the M k-point,
whereas the VBM appears at the G k-point. We observed that
aer HF and H2S adsorption on Al-BP, the band gap increases
by approximately 28.6% and 26.5%, respectively, compared to
the Al-BP band gap of 0.783 eV. This widening band gap
suggests a moderate interaction between the nanosheets and
gas molecules, which may inuence the material's sensing
performance. Moreover, Ti doping leads to the complete closure
of the band gap (0.000 eV), suggesting a transition toward
metallic behavior. In the case of both HF and H2S gas adsorp-
tion, Ti-doped BP displays a zero-band gap, indicating strong
electronic interactions and signicant charge transfer between
the adsorbent and the adsorbates.
RSC Adv., 2025, 15, 28703–28720 | 28709
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Fig. 5 Electronic band structures of pristine BP and its modified
systems with gas adsorption: (a) pristine BP, (b) HF + BP, (c) H2S + BP,
(d) Al-BP, (e) HF + Al-BP, (f) H2S + Al-BP, (g) Ti-BP, (h) HF + Ti-BP, and
(i) H2S + Ti-BP.

Fig. 6 Density of states (DOS) profiles for pristine and modified BP
systems with gas adsorption: (a) pristine BP, (b) HF + BP, (c) H2S + BP,
(d) Al-BP, (e) HF + Al-BP, (f) H2S + Al-BP, (g) Ti-BP, (h) HF + Ti-BP, and
(i) H2S + Ti-BP.
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3.8 Density of states (DOS) analysis

The nature of a material (metallic or insulating) can be inferred
by evaluating the density of states near the Fermi energy.70 A
non-zero density of states at the Fermi level indicates metallic
conductivity due to the absence of a band gap, whereas a zero
density of states with a band gap suggests semiconducting or
28710 | RSC Adv., 2025, 15, 28703–28720
insulating behavior.71 This study analyzes the total and partial
density of states (TDOS and PDOS) of pristine and metal-doped
BP nanosheets to explain their electronic characteristics. Fig. 6
illustrates (TDOS and PDOS) for the optimized structures,
highlighting the changes in electronic structure before and aer
the interaction. For pristine BP, the TDOS reveals a signicant
contribution from P-3p orbitals in both the valence band (VB)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and conduction band (CB), consistent with its known semi-
conducting nature.72 The presence of a band gap near the Fermi
level (EF) conrms its semiconducting behavior. However, when
BP is doped with elements such as Al or Ti, the electronic
structure undergoes notable changes. For instance, in Al-doped
BP, the Al-3p orbitals moderately contribute to the DOS, altering
the original distribution of states. Similarly, in Ti-doped BP, the
Ti-3d orbitals introduce new energy levels near the Fermi level,
which eliminates the band gap, potentially leading to metallic
behavior. The adsorption of gas molecules on doped BP further
modulates the electronic properties. In the case of pristine BP,
the P-3p orbital exhibited the most signicant contribution in
the valence and conduction bands upon interaction with HF
and H2S gases. For the BP–HF system, the PDOS analysis indi-
cates negligible overlap between the P-3p, H-1s, and F-2p
orbitals. Upon H2S adsorption on the BP surface, the S-3p
orbitals show a weak contribution to the electronic density of
states in the energy range of −2 to 0 eV near EF. The F-2p
orbitals show the second-largest contribution to the VB in the
energy range of −4 to 0 eV during HF adsorption on the Al-
doped BP nanosheets. However, upon H2S adsorption on Al-
doped BP, the S-3p orbitals contribute equally to both the VB
and CB. For the H2S + Ti-BP complex, the Ti-3d orbitals mainly
contribute to the CB within the range of 0 to 1 eV near EF, with
small contributions from the S-3p orbitals. For HF adsorption,
the F-2p orbitals also play a signicant role in inuencing the
electronic structure of the Ti-BP system. These interactions can
lead to hybridization or charge transfer effects, which may
further inuence the conductive properties of the material.
Table 7 Sensitivity of various gas–adsorbed structures at different
temperatures (300 K, 400 K, and 500 K)

Structure

Sensitivity

300 K 400 K 500 K

HF + BP 0.04 0.03 0.02
H2S + BP 0.25 0.17 0.14
HF + Al-BP 0.98 0.96 0.93
H2S + Al-BP 0.97 0.95 0.91
HF + Ti-BP — — —
H2S + Ti-BP — — —
3.9 Electrical conductivity and sensitivity analysis

The impact of the band gap on material behavior can be
interpreted through its inuence on electrical conductivity (s),
highlighting the associated physical mechanisms.73 The rela-
tionship between electrical conductivity, bandgap, and
temperature is represented by the following equation.61

s ¼ A exp

��Eg

2kT

�
(3)

Here, A is a constant term that remains undetermined due to
the lack of experimental synthesis of the structures. Therefore,
Table 6 Calculated bandgap (Eg), Fermi energy (EF), work function (
complexes

Structure Eg (eV) EF (eV) F (eV) D

BP 0.877 −1.845 1.8452 —
HF + BP 0.879 −1.719 1.7194 0.
H2S + BP 0.866 −1.750 1.7509 0.
Al-BP 0.783 −1.802 1.8022 —
HF + Al-BP 1.007 −1.576 1.5761 0.
H2S + Al-BP 0.991 −1.402 1.4023 0.
Ti-BP 0.000 −1.743 1.7437 —
HF + Ti-BP 0.000 −1.643 1.6434 0.
H2S + Ti-BP 0.000 −1.579 1.5793 0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
only the exponential term illustrates the variation of electrical
conductivity as a function of the bandgap (Eg). In this case, the
unit of s is expressed as A × U−1 m−1. Table 6 summarizes the
computed electrical conductivity values for the studied struc-
tures. In this research, we observed that electrical conductivity
increases exponentially as the bandgap decreases and also rises
with increasing temperature from 300 K to 500 K. For pristine
BP, the calculated conductivity is 4.28 × 10−8A × U−1 m−1. Due
to HF adsorption, the conductivity decreased by approximately
3.97%, whereas for H2S gas, it increased by around 24.77%
compared to pristine BP at 300 K. Conversely, the conductivity
decreased upon adsorption of both HF and H2S on the Al-BP
complex compared to that of pristine Al-BP. Ti doping in BP
leads to a zero bandgap, resulting in maximum conductivity by
enabling free electron movement and improved charge trans-
port. Such changes in electrical conductivity enable the gas
sensor to detect gas molecules when they adsorb on the sensor
surface.52

To understand the interaction mechanism, we computed the
sensitivity of the studied complexes over the temperature range
of 300–500 K. The sensitivity of an adsorbent to specic gas
molecules can be quantied by comparing its conductivity
before and aer gas adsorption, as follows:74

Sensitivity ¼
��sadsorbent � sadsorbentþgas

��
sadsorbent

� 100% (4)

where sadsorbent and sadsorbent+gas represent the electrical
conductivities of the pure adsorbent and the adsorbent aer gas
adsorption respectively. We observed differences in sensitivity
F), and electrical conductivity (s) for adsorbent and gas–adsorbent

F (eV)

s (A × U−1 m−1)

300 K 400 K 500 K

4.28 × 10−8 2.98 × 10−6 3.78 × 10−5

126 4.11 × 10−8 2.89 × 10−6 3.7 × 10−5

094 5.34 × 10−8 3.50 × 10−6 4.32 × 10−5

2.66 × 10−7 1.17 × 10−5 1.13 × 10−4

226 3.46 × 10−9 4.53 × 10−7 8.43 × 10−6

399 4.72 × 10−9 5.79 × 10−7 1.01 × 10−5

— — —
100 — — —
164 — — —

RSC Adv., 2025, 15, 28703–28720 | 28711
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Fig. 7 Variation in work function of the studied structures before and
after gas adsorption.

Fig. 8 Adsorption coefficient of (a) pristine BP, (b) Al-BP, and (c) Ti-BP w
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among BP, Al-BP, and Ti-BP toward HF and H2S gas molecules
at varying temperatures, as shown in Table 7. We observed
a consistent decrease in sensitivity with increasing temperature
across all investigated structures, which can be attributed to the
reduced adsorption of gas molecules at elevated temperatures.
Among all the gas adsorption structures, Al-BP exhibits the
highest sensitivity to the HF gas molecule at 300 K. As the
temperature rises from 300 K to 500 K, the sensitivity reduces by
approximately 2.04% at 400 K and by 5.10% at 500 K. On the
other hand, BP is the least sensitive to HF, and its sensitivity
gradually decreases with increasing temperature. For the pris-
tine systems, the H2S + BP conguration demonstrated higher
sensitivity than HF + BP at all investigated temperatures.
Furthermore, Al-BP shows the second greatest sensitivity toward
H2S compared to the other structures. These ndings demon-
strate that Al-doped BP exhibits signicantly enhanced sensi-
tivity toward HF and H2S gas molecules compared to pristine
BP. In the case of the Ti-BP, it possesses a high and stable
ith HF and H2S gas molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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density of free charge carriers due to its zero band gap.75 When
a gas molecule is adsorbed onto its surface, the resulting charge
transfer is typically negligible compared to the bulk carrier
density. Consequently, the sensitivity of such a conductive
system to gas molecules is almost undetectable.76
3.10 Work function

The work function (F) refers to theminimum energy required to
transfer an electron from the Fermi level of a material to a point
just outside its surface, known as the vacuum level.77 It is
evaluated according to the following expression,78

F = jVN − EFj (5)

The term VN represents the vacuum potential at an innite
distance from the surface of the adsorbent, where the potential
Fig. 9 Reflectivity of (a) pristine BP, (b) Al-BP, and (c) Ti-BP with HF and

© 2025 The Author(s). Published by the Royal Society of Chemistry
is assumed to be zero.52 Here, EF is the Fermi energy. Table 6
summarizes the calculated values of work function for the
studied congurations. The effect of HF and H2S gas adsorption
on the work function of pristine and modied BP is illustrated
in Fig. 7. In all cases, we observed that the work function values
decreased due to gas adsorption, indicating charge transfer
between the adsorbents and adsorbates. The pristine BP
exhibited a baseline work function of 1.8452 eV, which
decreased by approximately 6.81% and 5.12% upon adsorption
of HF and H2S molecules, respectively. Among the gas–adsor-
bed systems studied, the H2S + Al-BP system showed the lowest
work function (1.4023 eV), suggesting enhanced electron
emission. Conversely, the H2S + BP conguration presented the
maximum work function of 1.7509 eV, indicating reduced
electron emission and making it suitable for use as a protective
material. For Al-doped BP, a notable reduction in work function
H2S gas molecules.

RSC Adv., 2025, 15, 28703–28720 | 28713
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was observed, with decreases of approximately 12.57% and
22.16% upon HF and H2S adsorption, respectively. These
reductions correspond to DF values of 0.226 eV and 0.399 eV,
respectively, highlighting the enhanced interaction between Al-
BP and the adsorbed gas molecules. We also observed
a moderate variation in work function during HF and H2S
adsorption on Ti-BP, with reductions of approximately 5.72%
and 9.47%, respectively. These ndings indicate stronger elec-
tronic interactions and improved sensing capabilities of the
doped systems compared to pristine BP. Gas adsorption
induces a signicant change in the work function, which can be
experimentally measured by the Kelvin method to develop work
function-based sensors.79 The Richardson–Dushman relation
mathematically characterizes the dependence of conductivity
changes on the work function as follows,80

JR ¼ BRT
2e

� F
kBT (6)
Fig. 10 Conductivity of (a) pristine BP, (b) Al-BP, and (c) Ti-BP with HF a

28714 | RSC Adv., 2025, 15, 28703–28720
where BR is the Richardson constant, and JR represents the
density of emitted charge carriers. This equation reveals that
the emission of charge carriers from the material increases
exponentially as the work function F decreases, highlighting
the strong sensitivity of carrier emission to changes in F.

3.11 Optical properties analysis

The optical properties of a material fundamentally govern its
interaction with electromagnetic radiation across various
wavelengths, inuencing phenomena such as absorption,
reection, refraction, and transmission.81 In this study, the
optical properties of pristine and Al and Ti-doped BP nano-
sheets—including absorption, reectivity, and optical conduc-
tivity—were investigated to understand their interactions with
light. The results are summarized in Fig. 8, 9, and 10, respec-
tively. Pristine BP exhibits strong absorption in the ultraviolet
(UV) region, with peak absorption observed at shorter
nd H2S gas molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wavelengths (∼200 nm). Upon adsorption of HF and H2S, the
absorption spectra of BP show minimal shis, indicating
limited interaction between the gas molecules and the pristine
structure. For Ti-doped BP, the absorption edge shis slightly
toward longer wavelengths aer gas adsorption, indicating
a redshi induced by doping and gas interactions. Al-doped BP
also exhibits a more pronounced redshi, especially upon H2S
adsorption, with the absorption edge extending to 200–300 nm.
This signicant shi suggests stronger electronic coupling
between H2S molecules and Al-doped BP nanosheets.

The reectivity spectra show that pristine BP reects only
a small fraction of incident light in the UV range, with negligible
changes observed aer adsorption of HF and H2S gas mole-
cules. However, Ti-BP and Al-BP exhibit altered reectivity
patterns upon gas exposure. Upon H2S adsorption, Ti-doped BP
exhibits a slight increase in reectivity in the UV range near
250 nm, while Al-doped BP shows a more pronounced rise, with
reectivity peaking around 300 nm. This suggests that Al-doped
BP undergoes signicant surface electronic modications upon
gas interaction, resulting in increased reectivity at longer
wavelengths. Similarly, aer HF adsorption, Al-doped BP
exhibits a modest increase in reectivity near 200 nm, while Ti-
doped BP shows a more substantial enhancement, with reec-
tivity peaking close to 300 nm.

Pristine BP exhibits high optical conductivity in the UV
region, consistent with its strong absorption characteristics.
Adsorption of HF and H2S does not signicantly alter this trend.
In contrast, Al and Ti-doped BP exhibit enhanced optical
conductivity from the UV to the near-visible region following gas
adsorption. In the Al-doped BP + H2S complex, optical
conductivity increases signicantly, correlating with the
observed redshi in absorption, whereas HF adsorption leads
to a noticeable decrease in conductivity. For Ti-doped BP, HF
adsorption leads to a notable enhancement in optical conduc-
tivity, indicating increased charge carrier activity.81 Finally, the
optical properties of BP are signicantly inuenced by doping
with Ti and Al, as well as by adsorption of HF and H2S gases.
These modications highlight the potential of doped BP
nanosheets for selective gas-sensing applications.
Fig. 11 Visualization of reduced density gradient (RDG) isosurfaces
and corresponding scatter plots of (a) HF + BP, (b) H2S + BP, (c) HF +
Al-BP, (d) H2S + Al-BP, (e) HF + Ti-BP, and (f) H2S + Ti-BP.
3.12 RDG analysis

Reduced Density Gradient (RDG) method provides a spatially
resolved and visual analysis of non-covalent interactions within
a molecular system by examining the electron density and its
derivatives.82 It is mathematically expressed as:

RDGðrÞ ¼ c
jVrðrÞj
rðrÞ4=3

(7)

where r(r) represents the electron density at a given position r,
Vr(r) denotes its gradient, and c is a proportionality constant.82

Fig. 11 presents the scatterplot and isosurface plot of RDG for
pristine and doped BP interacting with toxic gas molecules. The
scatterplot displays the RDG on the vertical axis, while the
horizontal axis represents the electron density multiplied by the
sign of the second Hessian eigenvalue, sign(l2)r. Regions of low
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 28703–28720 | 28715
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Table 8 Comparative analysis of HF and H2S gas sensing performance of various 2D nanomaterials, based on key parameters including
adsorption energy (Eads), band gap (Eg), charge transfer (Dq), work function (F), and recovery time

Structure Gas Eads (eV) Eg (eV) Dq (e) F (eV) Recovery time (s) Ref.

BP HF −0.276 0.879 −0.08 1.719 5.7 × 10−11 —
BP H2S −0.133 0.866 0.00 1.751 2.3 × 10−13 —
Al-BP HF −1.651 1.007 −0.62 1.576 6.7 × 1012 —
Al-BP H2S −0.828 0.991 0.09 1.402 1.1 × 10−1 —
Ti-BP HF −0.502 0.000 −0.06 1.643 3.5 × 10−7 —
Ti-BP H2S −0.584 0.000 0.08 1.579 8.5 × 10−6 —
PdAs2 HF −0.390 0.300 0.11 4.708 4.2 × 10−6 85
PdAs2 H2S −0.490 0.280 −0.13 4.573 1.8 × 10−4 85
ZnS ML HF −0.860 2.940 −0.08 6.402 2.8 × 102 86
b-TeO2 H2S −0.298 2.705 0.003 — 1.0 × 10−7 87
GeS2 HF −0.250 0.930 −0.13 — 1.5 × 10−8 88
GeS2 H2S −0.230 0.440 −0.02 — 6.5 × 10−9 88
CuBr HF −0.222 3.191 −0.03 5.130 7.1 × 10−9 89
BNNS H2S −0.175 4.035 −0.02 4.230 9.0 × 10−10 90
Pristine twin graphene HF −0.160 0.710 −0.05 — — 91
Pristine twin graphene H2S −0.220 0.680 −0.06 — — 91
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electron density indicate weak van der Waals interactions,
whereas high-density regions correspond to stronger non-
covalent forces, characterized by sharp density gradients and
signicant electronic interactions.55,83 The value of the sign(l2)r
allows for a better interpretation of the behavior of the inter-
actions. Specically, a positive sign(l2)r value (>0) denotes
repulsive interactions, while a negative value (<0) corresponds
to attractive interactions. Values of sign(l2)r approaching zero
(z0) are indicative of weak interactions.84 As illustrated in
Fig. 11, the sign(l2)r values span from −0.035 to 0.020 a.u. and
are visualized through a color scale comprising blue, green, and
red regions. In the interaction of pristine BP with HF and H2S,
the RDG isosurfaces appear predominantly green, correspond-
ing to low values of the second eigenvalue of the electron
density Hessian (l2 z 0), which indicates weak van der Waals
interactions. These ndings indicate that the interaction is
dominated by physisorption with negligible charge transfer.
Upon Al doping, blue isosurfaces emerge prominently between
HF and Al sites (l2 < 0), revealing attractive interactions such as
hydrogen bonding. The adsorption of H2S on Al-BP exhibits
signicantly enhanced interaction regions, evidenced by more
intense blue-green isosurfaces (l2 values typically from −0.03 to
−0.04 a.u.) compared to pristine BP. This enhancement
suggests a stronger binding affinity, likely arising from orbital
hybridization or electron donation facilitated by Al doping. In
the HF + Ti-BP conguration, the RDG isosurfaces exhibit
increased intensity and spatial expansion across a broader
region of the BP surface. Moreover, the isosurfaces display more
pronounced blue spikes, reecting stronger attractive interac-
tions, with l2 values clustering near −0.04 a.u. In H2S + Ti-BP,
we observed blue and green spikes, which indicate the pres-
ence of strong attractive and van der Waals interactions.
3.13 Comparison summary

Table 8 presents a comparison of the HF and H2S gas sensing
performance of various 2D structures.
28716 | RSC Adv., 2025, 15, 28703–28720
4. Conclusion

In this work, we used DFT method to design and optimize BP,
Al-BP, and Ti-BP structures for the effective adsorption of HF
and H2S gas molecules. Molecular dynamics simulations
demonstrate the thermodynamic stability of all studied adsor-
bents at room temperature. The adsorption energies of BP are
relatively low, indicating weak physisorption of these gas
molecules. In contrast, doping with Al and Ti signicantly
enhances the adsorption performance. Notably, the HF + Al-BP
system exhibits the highest adsorption energy (−1.6506 eV),
suggesting strong chemisorption. On the other hand, Ti-BP
shows physisorption (stronger than pristine BP) and non-
covalent interaction with the adsorbates. Ti-doped BP exhibits
a faster recovery time, whereas Al-doped BP shows a compara-
tively higher recovery time due to stronger gas–sheet interac-
tion. Semiconductor-to-metal transition observed due to Ti-
doping on BP. The change in work function further conrms
gas adsorption, while sensitivity analysis reveals that doped BP
exhibits a stronger response to the gas than pristine BP. The
optical properties exhibit a notable red shi in the UV region
upon interaction with gas molecules, suggesting that it is
another parameter for gas adsorption conrmation. According
to RDG analysis, HF and H2S interact with the doped systems
via hydrogen bonding and van der Waals interactions, respec-
tively. Therefore, these enhancements suggest that Al and Ti-
doped BP possess signicant potential for the selective detec-
tion of toxic gases, compared to its pristine form.
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