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Iridium (Ir) and osmium (Os) modified BP/BSe
heterostructures as promising nanoscale molecule

sensors for detection of H,S, SO,F, and SOF, gases:

a DFT outlook

Amirali Abbasi{*

A density functional theory approach was utilized to gain insights into the electronic properties and

optimized structures of the novel Ir and Os modified BP/BSe heterostructures as gas sensing substrates

for the detection of H,S, SO,F, and SOF, molecules. The band gap of 1.20 eV represents the excellent

semiconducting properties of the BP/BSe heterostructure. The formation energies for the most stable

structures of Ir and Os modified BP/BSe systems were calculated to be —3.17 eV and —1.92 eV,

respectively, indicating the significant geometric stability of the studied heterostructures. The optimized
Ir-Se and Os-Se bond lengths were measured to be 2.51 A and 2.46 A, respectively. The considered

H,S, SO,F, and SOF, molecules were strongly chemisorbed on the Ir modified BP/BSe heterostructures.
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The highest adsorption energy of —2.97 eV was observed for SO,F, molecules, which show dissociative

adsorption with S—F bond cleavage. The newly formed Ir—F bond lengths were calculated to be 1.98 A.
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1. Introduction

The increasing concentrations of environmental pollutants and
gas emissions from industrial activities and different technol-
ogies have raised significant concerns about human life. To
ensure the security and safety of human life and prevent envi-
ronmental issues, toxic gas monitoring should be effectively
performed. Researchers have consistently worked on new
sensing nanomaterials in response to the increasing demand
for highly efficient and appropriate gas sensors."” In recent
decades, two-dimensional (2D) nanomaterials with high elec-
trical conductivity and extensive surface area, have shown
significant potential in the field of detecting and trapping
harmful gas molecules.*®

The promising applicability of 2D substrates such as anti-
monene and arsenene for detection of hazardous gases has
attracted scientific research interest. Some theoretical studies
have been devoted to investigating the incorporation of
different transition metal and non-metallic elements into 2D
nanosheets to improve the adsorption performance for detect-
ing NO and CO gases.”™ Experimental studies have revealed
that transition metals and non-metallic elements used for the
modification of nanomaterial structures can effectively enhance
gas adsorption efficiency. Given the growing demand for gas
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The important objective of this research is to design an innovative BP/BSe heterostructure based sensor
device for the detection of H,S, SO,F, and SOF, molecules.

sensing devices, there is a crucial need to fabricate and design
novel sensing systems.

In recent years, significant studies have been devoted to
exploring the properties of different nanomaterials for their
potential in harmful gas sensing. These nanomaterials include
2D nanosheets, carbon based materials, boron nitrides, tran-
sition metal dichalcogenides and metal nanoclusters.”**® The
emergence of novel nanomaterials with outstanding physical
and chemical characteristics has recently triggered substantial
interest in their application in sensor platforms, due to their
outstanding abilities in adsorption and catalytic processes. In
this regard, van der Waals heterostructure systems composed of
2D nanosheets pave the way for the fabrication of efficient
systems for various applications such as gas sensors or elec-
tronic devices.”>*!

Furthermore, modification of the surface of heterostructures
has been considered as a promising strategy to enhance activity
and modify the adsorption and electronic properties. Recent
investigations have greatly highlighted the favorable properties
of heterostructure systems. These hybrid structures are known
for their excellent characteristics in comparison with the pris-
tine monolayers while combining the properties of monolayers.
Thus, the exploration of novel heterostructure materials can
offer an important approach for constructing novel functional
nanomaterials for various applications.””** Meng et al. explored
the properties of novel GaN/PtSe, van der Waals hetero-
structures and demonstrated their strong potential in
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photocatalysis.”® It has been widely reported that the surface
properties of nanomaterials can be drastically enhanced by
doping and adsorption of transition metals and gas
molecules.””*® Bo et al*' explored the detection of harmful
gases like NO, and NO using superior sensor systems based on
GaN-MosSSe heterostructures functionalized with Cu, Fe and
Mn transition metals.

In this research, we modeled a suitable heterostructure
system using monolayers of BP and BSe nanomaterials and
investigated their stability and electronic properties using first
principles calculations. After the decoration of BP/BSe hetero-
structures with Ir and Os transition metals, the adsorption
properties of gases including H,S, SO,F, and SOF, molecules on
these heterostructures were explored. The electronic band
structures, charge density differences, work functions, density
of states and recovery times were examined for the adsorption
systems. These findings suggest that iridium and osmium
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modified BP/BSe heterostructures show unique effectiveness for
application in detecting harmful gases.

2. Methods and calculation models

All the density functional theory calculations®*** and simula-
tions in this research were performed using the SIESTA
package.*** Double-zeta polarized (DZP) basis sets were
considered for predicting the optimized geometries and elec-
tronic properties. The generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof functional was applied
to the systems for all structural optimization and energy
calculations.®® The GDIS program was also utilized to construct
the structure of hybrid systems and manipulate the final
structures.*®* Monkhorst-Pack K points of 8 x 8 x 1 were
applied in the calculations.”” The van der Waals (vdW) inter-
action between the heterostructures and the gas molecules is
described based on the DFT-D2 method of Grimm.*®
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o

Fig. 1 Optimized structure of the heterostructure compound composed of a BP monolayer stacked with a BSe monolayer in three different

views (a—c) and the corresponding energy band structure (d).
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Fig. 2 Optimized structures of the Ir modified BP/BSe heterostructure systems.

Tablel Formation energiesand distances for Ir- and Os-modified BP/
BSe heterostructures

Stacking model Formation energy (eV) Distance (A)
Ir-BP-BSe-H —-3.17 2.51 (Ir-Se)
Ir-BP-BSe-B —2.80 2.48 (Ir-Se)
Os-BP-BSe-H -1.92 2.46 (Os-Se)
Os-BP-BSe-B -1.76 2.39 (Os-Se)

The strength of interaction between the considered gases
and the Ir-modified BP/BSe heterostructures was evaluated
using the adsorption energy (E.qs) according to the following
equation:

Eqqs = Err-Bp/Bse-Molecule — (Err-Br/Bse T EMolecule) 1)

O\

=
P!
L DAL RS e
- - -

»

Fig. 3 CDD diagrams of the Ir modified BP/BSe heterostructure systems with violet and green colors representing charge accumulation and

depletion, respectively.
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where Ewmolecules Err-BP/BSes and E1r-BP/BSe-Molecule denote the
energies of the gas molecules, the Ir modified BP/BSe vdW
system,

heterostructure,
respectively.

depletion, respectively.
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3. Results and discussion
3.1 Ir and Os modified BP/BSe heterostructures

Before substantiating the electronic properties and structures of
the Ir and Os modified BP/BSe heterostructures, the structure of

Fig. 4 CDD diagrams of the Ir modified BP/BSe heterostructure systems with violet and green colors representing charge accumulation and
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Fig. 5 Band structure diagrams of the Ir modified BP/BSe heterostructure systems.
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Fig. 6 Optimized structures of the Os modified BP/BSe heterostructure systems.

Fig. 7 CDD diagrams of the Os modified BP/BSe heterostructure systems with violet and green colors representing charge accumulation and

depletion, respectively.

the pristine BP/BSe heterostructure was initially optimized to
provide an appropriate material for doping with Ir and Os
atoms. Fig. 1(a—c) displays the heterostructure system
composed of BP and BSe monolayers, which are vertically

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

aligned with each other. The B and P atoms of the BP monolayer
were relaxed over the Se and B atoms of the BSe monolayer. The
band structure plot of the BP/BSe heterostructure is displayed in
Fig. 1(d). Similar to the intrinsic BP and BSe monolayers, the
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constructed BP/BSe heterostructure also shows semiconductor
properties with a band gap of about 1.20 eV, revealing the
tunable  electronic  characteristics of the pristine
heterostructure.

Subsequently, Ir and Os atoms were adsorbed on the BSe
monolayer surface to modify the original BP/BSe hetero-
structures for efficient adsorption of gas molecules. Two
different sites for Ir and Os adsorption were analyzed including
the H and B sites, which display the binding of the transition
metal to the top of a hollow site and the top of a B site,
respectively. The optimized structures of Ir modified BP/BSe
heterostructures at different binding sites are shown in Fig. 2.
As shown in the first modified heterostructure, the Ir atom is
adsorbed on the hollow site of the BSe system and forms three
chemical bonds with three neighboring Se atoms. In the second
modified system, the Ir atom is adsorbed at the top of the B site
and also forms three covalent bonds with the adjacent Se atoms.
Table 1 summarizes the relevant energy and geometrical
parameters. As shown in Table 1, the final Ir-Se bond lengths
for binding of Ir atoms on the BP/BSe heterostructure are 2.51 A
and 2.48 A, respectively.

The formation energies were calculated to demonstrate the
structural stability of the Ir and Os doped BP/BSe hetero-
structures. The formation energy is calculated using the
following equation:

Etorm = E®pBsecam) — E@pBse) — Eov (2)
2 T v v
1 B /
0
s
2
>
2
)
=
w
1 E -
2Lk 4
3 =
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where Egp/pseam), E®p/ese) and Eqy represent the energies of the
Ir or Os modified BP/BSe heterostructure, bare BP/BSe hetero-
structure and Ir or Os atoms, respectively. Our results showed
that the formation energies of Ir doping on the top of H and B
sites are —3.17 eV and —2.80 eV, respectively, both verifying the
stable heterostructure formation by Ir modification.

To further elucidate the interaction between the hetero-
structures and transition metals, we examined the electronic
properties of Ir and Os modified BP/BSe heterostructure
systems, including the band structure (BS) and charge density
difference (CDD). Fig. 3 and 4 display the CDD profiles of the Ir
modified BP/BSe heterostructure systems. The violet and green
colors signify charge accumulation and depletion, respectively.
The CDDs provide valuable insights into the bonding charac-
teristics between Ir/Os atoms and the Se atoms of the BSe
system. Evidently, substantial charge accumulation is observed
near the Ir atom and the neighboring Se atoms, whereas charge
depletion mainly happens away from the Ir atom. This consid-
erable charge accumulation verifies the strong covalent inter-
action between Ir and Se atoms.

The electronic band structure of the Ir modified BP/BSe
heterostructure is also displayed in Fig. 5. After adsorption of
Ir at the BSe site of the BP/BSe heterostructure, the modified
systems exhibit semiconducting characteristics, and the
conductivity is enhanced due to band gap diminution.

Next, we studied the optimized structures and properties of
Os modified BP/BSe heterostructures, as depicted in Fig. 6. The
calculated formation energies for Os doping on the top of H

Energy (eV)
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<
P
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G

Fig. 8 Band structure diagrams of the Os modified BP/BSe heterostructure systems.
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and B sites of the BP/BSe heterostructure are —1.92 eV and
—1.76 eV, respectively. Thus, the Os doped BP/BSe hetero-
structures are structurally stable with Os-Se bond lengths of
2.46 A and 2.39 A.

The results suggest that Ir doping on the BP/BSe hetero-
structure leads to a higher formation energy than Os doping on
the considered heterostructure. Thus, Ir-BP/BSe hetero-
structures have higher stability than the Os-BP/BSe ones,
implying their suitability for adsorbing H,S, SO,F, and SOF,
gas molecules. The charge accumulation between the Os and
Se atoms based on CDD diagrams (Fig. 7) illustrates a notice-
able chemical reaction between these atoms. The band struc-
tures of the Os modified BP/BSe heterostructures are also
displayed in Fig. 8, indicating that the semiconducting prop-
erty of the Os modified system remains unchanged. By
analyzing the formation energies and CDD results, we
conclude that the Ir and Os atoms strongly interact with the
BP/BSe heterostructures.

View Article Online
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3.2 Adsorption of H,S, SO,F, and SOF, gas molecules on Ir-
BP/BSe heterostructures

Ir modified BP/BSe heterostructures were examined for their
high adsorption capacity towards H,S, SO,F, and SOF, gas
molecules. Fig. 9 displays the optimized Ir-BP/BSe hetero-
structures with adsorbed H,S and SO,F, molecules, and they are
labeled as Ir-BP-BSe@H,S and Ir-BP-BSe@SO,F,. H,S mole-
cules are adsorbed on the Ir site of the heterostructure via the
central S atom, achieving an adsorption energy of —0.68 eV and
2.33 A distance between the Ir and S atoms.

For SO,F, adsorption, there are two ways; one in which the
F atoms of the molecule are close to the Ir site of the modified
heterostructure and another in which the O atoms are near the
Ir site, as shown in Fig. 9. In the case of F atoms near the Ir
site, the cleavage of S-F bonds occurs after the adsorption of
SO,F, on the Ir-BP-BSe heterostructure. The adsorption
energy for the SO,F, molecule on the Ir-BP-BSe hetero-
structure is —2.97 eV, which is large to support such

Ir-BP-BSe@SO:F; (II)

Fig. 9 Optimized configurations of the Ir modified BP/BSe heterostructure systems with adsorbed H,S and SO,F, gas molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ir-BP-BSe@SOF; (II)

Fig. 10 Optimized configurations of the Ir modified BP/BSe heterostructure systems with adsorbed SO,F, and SOF,4 gas molecules.

a dissociative reaction, while the adsorption of SO,F, through
the O atoms exhibits a small adsorption energy of —0.45 eV.
For the Ir-BP-BSe@SO,F, heterostructure, the adsorption
distances are 1.98 A and 2.78 A for the Ir-F and Ir-S bonds,
respectively. SOF, adsorption systems on the Ir modified BP-—
BSe heterostructures are depicted in Fig. 10. The considerable
adsorption energies of —2.55 eV and —2.62 eV indicate strong
chemical adsorption of SOF, on the substrates. The SOF,
adsorption distance between the Ir and O atoms is 2.07 A,
which is short enough to confirm such a strong interaction.
Hence, the results show that doping BP/BSe heterostructures
with Ir atom increases the adsorption energy and decreases
the adsorption distance for gas molecules. Fig. 11 displays the
electronic properties based on the band structures for the Ir
modified BP/BSe heterostructures with adsorbed H,S, SO,F,
and SOF, gas molecules. This figure reveals remarkable vari-
ations in the band structure plots upon adsorption of H,S,
SO,F, and SOF, molecules. However, the semiconducting
feature is obviously retained even after interaction with the
gas molecules. The CDDs were evaluated to examine the
chemical adsorption of gases on the Ir-BP-BSe hetero-
structures (Fig. 12). As can be seen, the concentration of
charge density is primarily observed over the adsorbed H,S,
SO,F, and SOF, gas molecules. Ir doping of BP-BSe hetero-
structures, as well as the adsorption of SO,F, and SOF,
molecules, introduce new changes in their PDOS, as

5026 | Nanoscale Adv, 2025, 7, 5019-5030

illustrated by the relevant diagrams in Fig. 13. These changes
are attributed to the noticeable overlaps between the Ir and O
atoms and the resulting remarkable hybridization between
the d orbital of Ir and the p orbital of the O atom in the SOF,
adsorption system. Besides, the PDOS peaks of the S and F
atoms of SO,F, molecules are separated from each other,
indicating the S-F bond cleavage.

3.3 Sensitivity of the novel Ir-BP-BSe heterostructure

Substantial changes in the work function (@) can create an
electrical signal, which is mainly utilized for detecting and
sensing target molecules.***° Thus, the potential application of
the novel Ir modified BP-BSe heterostructure as @-type sensors
is investigated here. The work function variations are analyzed
using the following equation:

d) = V(.;b) - Ef (3)

where V(4) stands for the electrostatic potential of the vacuum
level and E; represents the energy of the Fermi level. The work
function of the pristine BP-BSe heterostructure is 5.25 eV,
which increases or decreases after gas molecule adsorption on
the surface. The changes in @ before and after interaction with
gas molecules are shown in Table 2, where negative and positive
values denote a decrease and an increase in the work function
after detecting gas molecules. The SO,F, adsorption system in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Band structure diagrams of the Ir modified BP/BSe heterostructure systems with adsorbed H,S, SO,F, and SOF, gas molecules.

the second configuration exhibits the highest work function
change, which can be ascribed to its highest adsorption energy.
For SOF, adsorption configurations, positive changes of 0.38 eV
and 0.67 eV are observed, indicating that the work function of
the BP-BSe heterostructure increases after SOF, adsorption.
These results highlight the unique potential of Ir modified BP-
BSe heterostructures as suitable sensors for detecting H,S,
SO,F, and SOF, gas molecules.

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

3.4 Recovery time

Due to the substantial importance of quick desorption of gas
molecules from the surface of sensor, short recovery time plays
a crucial role in the efficient functioning of sensor devices. It is
worth mentioning that very strong adsorption of gas molecules
on the substrates gives rise to the higher adsorption energies
and thus prolonged recovery times. In addition, long recovery

Nanoscale Adv, 2025, 7, 5019-5030 | 5027
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Ir-BP-BSe@SOF,

Fig. 12 CDD diagrams of the Ir modified BP/BSe heterostructure systems with adsorbed SO,F, and SOF, gas molecules.
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Fig. 13 Projected DOS diagrams of the Ir modified BP/BSe hetero-
structure systems with adsorbed SO,F, and SOF, gas molecules.
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times are not ideal for electronic gas sensors. Therefore, the
recovery times were determined for the desorption of the
considered gases from the surface of the Ir modified BP-BSe
heterostructure and listed in Table 2. The recovery times of gas
molecules on the Ir modified BP-BSe heterostructure are
calculated using eqn (4):

—Lads
T =v'exp ( o T> (@)

where E,q; is the adsorption energy, kg is Boltzmann's constant
and T denotes the temperature. Based on the abovementioned
equation, more negative adsorption energies can lead to longer
recovery times. The recovery times at 298 K for the most stable
adsorption configurations of the H,S, SO,F, and SOF, mole-
cules on the Ir modified BP-BSe heterostructures are calculated
to be 0.32 s, 1.60 x 10°% 5, and 1.98 x 10°* s, respectively (see
Table 2). Thus, the Ir modified BP-BSe heterostructure exhibits
a much longer recovery time for SO,F, and SOF, molecules,
while the recovery time for H,S desorption is short, implying
that H,S sensing is more suitable based on the Ir modified BP-
BSe heterostructure. Additionally, according to eqn (4), when
the temperature increases during the adsorption of gases, the
recovery time decreases.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption results like adsorption energies (E,q), distances (d), work functions (@), work function changes (A®) and recovery times (z) for
SO,, SO,F, and SOF, molecules on the Ir modified BP/BSe heterostructures

Structure Eaq (eV) d (&)  (evV) Ag (eV) 7 (s)
Ir-BP-BSe@H2S —0.68 2.33 (Ir-S) 5.00 —-0.25 0.32
Ir-BP-BSe@SO2F2(1) —2.97 1.98 (Ir-F) 6.25 1.00 1.60 x 10°®
Ir-BP-BSe@SO02F2(m) —0.45 2.78 (Ir-S) 5.21 —0.04 4.06 x 107°
Ir-BP-BSe@SOF4(1) —2.55 2.07 (Ir-0) 5.63 0.38 1.33 x 10*!
Ir-BP-BSe@SOF4(n) —2.62 2.16 (Ir-0), 2.31 (Ir-S) 5.92 0.67 1.98 x 10°

4. Conclusions

Using density functional theory calculations, this work explores
the structures and electronic properties of Ir and Os modified
BP/BSe heterostructures and examines the adsorption and
sensing properties of these novel systems towards H,S, SO,F,
and SOF, gas molecules. The strong binding of Ir and Os atoms
to the BSe side of the heterostructures through chemical bonds
is further verified by charge accumulation in the interfacial
region. The structural stability of Ir- and Os-BP/BSe hetero-
structures is demonstrated by formation energy calculations.
Among the considered H,S, SO,F, and SOF, gas molecules,
SO,F, molecules exhibit the highest adsorption energy with
strong chemisorption and cleavage of S-F bonds. The work
functions, density of states and recovery times were also
analyzed to further explore the adsorption process based on
novel heterostructures. This work indicates that Ir and Os
binding can improve the adsorption of molecules on the surface
of BP/BSe heterostructures. Accordingly, Ir- and Os-BP/BSe
heterostructures emerge as excellent nanomaterials for gas
adsorption, providing a theoretical basis for the development of
highly effective gas sensors.
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