
12386 |  Phys. Chem. Chem. Phys., 2024, 26, 12386–12396 This journal is © the Owner Societies 2024

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 12386

Realization of efficient and selective NO
and NO2 detection via surface functionalized
h-B2S2 monolayer†

Upasana Nath and Manabendra Sarma *

In the ever-growing field of two-dimensional (2D) materials, the boron–sulfide (B2S2) monolayer is a

promising new addition to MoS2-like 2D materials, with the boron (a lighter element) pair (B2 pair) having

similar valence electrons to Mo. Herein, we have functionalized the h-phase boron sulfide monolayer by

introducing oxygen atoms (Oh-B2S2) to widen its application scope as a gas sensor. The charge carrier

mobilities of this system were found to be 790 � 102 cm2 V�1 s�1 and 32 � 102 cm2 V�1 s�1 for elec-

trons and holes, respectively, which are much higher than the mobilities of the MoS2 monolayer. The

potential application of the 2D Oh-B2S2 monolayer in the realm of gas sensing was evaluated using

a combination of density functional theory (DFT), ab initio molecular dynamics (AIMD), and non-

equilibrium Green’s function (NEGF) based simulations. Our results imply that the Oh-B2S2 monolayer

outperforms graphene and MoS2 in NO and NO2 selective sensing with higher adsorption energies

(�0.56 and �0.16 eV) and charge transfer values (0.34 and 0.13e). Furthermore, the current–voltage

characteristics show that the Oh-B2S2 monolayer may selectively detect NO and NO2 gases after bias

1.4 V, providing a greater possibility for the development of boron-based gas-sensing devices for future

nanoelectronics.

1 Introduction

Air pollution is one of the most intractable issues confronting
the world in the present era.1 The continuous upswing in the
emission of gaseous contaminants, including carbon monoxide
(CO), sulfur dioxide (SO2), nitrogen oxides (NOx), and carbon
dioxide (CO2), significantly alters the atmospheric composition
and damages the ecosystem as well as human health.2 NO2 has
recently been discovered to be a major contributor to fine
particulate pollution.3 Furthermore, NO and NO2 pollutants
in the atmosphere generate acid rain, which is extremely
detrimental to aquatic life, infrastructure, and vegetation. Apart
from contributing to environmental issues, exposure to NO and
NO2 causes respiratory illness (450 ppm) and is harmful to the
skin even at a low concentration.4 Thus, finding suitable
materials for the next-generation gas sensors that exhibit

desirable features such as high selectivity and sensitivity, low
detection limits, and operational stability at room temperature
presents a significant challenge and has developed into an
actively explored research area.5,6

In recent years, 2D transition metal dichalcogenides (TMDs)
have become an emerging class of materials beyond graphene.7–9

These materials are highly favorable for fundamental research on
new physical properties and applications in nanoelectronics,
nanophotonics, etc. Among various TMDs, molybdenum disulfide
(MoS2) has drawn considerable interest within the sensing domain
due to its ability to detect diverse analytes at room temperature,
favorable surface-to-volume ratio, and tunable semiconducting
characteristics.10 It also offered significant benefits in developing
flexible and wearable sensing devices.11

Analogous to MoS2, Tang et al.12 theoretically proposed a
B2S2 structure due to valence electron analogies between
molybdenum (Mo) atoms and B2-pairs. This boron sulfide
monolayer (B2S2) has a variety of potential uses in future
nano-devices or nano-electronics,13,14 photo-electrochemical
current switching,15 hydrogen storage,16 etc., due to its remark-
able thermoelectric properties,17 high mechanical strength,
stability,13 and exceptional electronic properties.18 Experi-
mental synthesis of this new 2D material B2S2 was carried out
by Zhang et al.19 The two possible structural configurations
of 2D-B2S2 are the T-phase (T-B2S2) and the H-phase (h-B2S2)
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(both are analogous to MoS2), having indirect band-gaps of
4.09 eV and 3.92 eV, respectively. Such wide band gaps will lead
to high UV absorption and enable its possible implementation
in ultra-violet optoelectronic devices.12 h-B2S2 exhibits a fairly
high electron mobility of up to 1.21 � 105 cm2 V�1 s�1 along the
K–G direction, while T-B2S2 exhibits almost two-orders of
magnitude less electron mobility (2.18 � 103 cm2 V�1 s�1) than
h-B2S2. The carrier mobility of h-B2S2 is comparable to other
graphene-based two-dimensional materials and is much
greater than h-MoS2 (200 cm2 V�1 s�1).12,20 This demonstrates
that h-B2S2 monolayers are better suited for electronic devices
than T-B2S2. Meanwhile, the inert surface and a large band gap
of 3.92 eV limit the application of h-B2S2 in the sensing field.19

Surface atom functionalization is a viable method to modify
the surface chemistry of the materials and broaden their
application in various disciplines, including sensors, catalysts,
transistors, and batteries.21–23 The chemical reactivity of oxygen
and its allotropes makes them ideal for surface modification
and engineering.24 Numerous previous studies have demon-
strated that surfaces terminated with oxygen molecules sub-
stantially impact the gas sensitivity and response time of a
sensor.23,25

Driven by the effect of surface functionalization in gas-sensing
applications, we have functionalized the surface of h-B2S2 by
introducing oxygen atoms, resulting in the formation of an
oxygen-functionalized h-B2S2 monolayer, denoted as Oh-B2S2.
In this study, we have investigated the gas-sensing properties of
the Oh-B2S2 monolayer towards a range of potentially hazar-
dous gases such as carbon monoxide (CO), nitrogen monoxide
(NO), carbon dioxide (CO2), nitrogen dioxide (NO2), nitrous
oxide (N2O), and sulfur dioxide (SO2). Additionally, we have also
examined its response to common atmospheric gases such as
oxygen (O2), nitrogen (N2), and hydrogen (H2). To investigate
the structural characteristics, stability, most stable adsorption
configurations, charge density difference, work function, and
electronic properties of the Oh-B2S2 monolayer, density func-
tional theory (DFT) was implemented. The non-equilibrium
Green’s function (NEGF) method was employed to analyze the
current–voltage (I–V) behavior of the device both before and
after gas adsorption. To understand the structural anisotropy,
zero-bias transmission spectra of the Oh-B2S2 monolayer were
calculated prior to its adsorption along zigzag (x-axis) and
armchair (y-axis) directions. Furthermore, an ab initio mole-
cular dynamics (AIMD) simulation was employed to assess the
thermal stability of the structures before gas adsorption and
their adsorption–desorption dynamics after gas adsorption.

2 Computational details

Density functional theory (DFT)26,27 calculations were performed
for analysis of structural relaxation and electronic properties as
implemented in the Quantum ESPRESSO software package.28

The generalized gradient approximation (GGA) based Perdew�
Burke�Ernzerhof (PBE) functional29 was used for approximat-
ing the exchange–correlation term. The long-range dispersion

correction was described by using the DFT-D3 method.30

A plane wave cutoff energy of 680 eV and the projector
augmented-wave (PAW) pseudo-potential31 were used to treat
the electron–ion core interaction. Brillouin zone sampling32 of
5 � 5 � 1 and 15 � 15 � 1 was performed for the structural
optimization and density of states (DOS) computation of a
3 � 3 � 1 supercell of Oh-B2S2. In addition, spin-polarized
DFT theory was adopted to deal with the unpaired electrons.
A vacuum of 30 Å was considered along the z-direction to avoid
inter-layer interaction. The lattice constant and the atomic
position were relaxed with energy and Hellmann–Feynman
force convergence criteria of 10�3 eV per atom and 0.01 eV Å�1.
Phonon dispersion spectra of the monolayer were calculated
using density functional perturbation theory (DFPT)33 with a
grid of 6 � 6. Eqn (S1) and (S2) (ESI†) were implemented to
determine the binding energy (Eb)12 and the cohesive energy
(Ecoh)34 of the Oh-B2S2 monolayer. We have used deformation
potential theory (DPT)12,35 to calculate the charge carrier mobi-
lity of the system, as stated in eqn (1a).12

m2D ¼
e�h3C2D

kBTm�ma Ei
l

� �2 (1a)

E � E0

S0
¼ 1

2
� C2D �

Dl
l0

� �2

(1b)

Ei
l ¼ DVi �

Dl
l0

� ��1
(1c)

The parameters in eqn (1a)–(1c) are the charge of the electron

(e), reduced Planck’s constant �h ¼ h

2p

� �
, Boltzmann’s constant

(kB), and temperature (T). m* and ma are the effective and
average effective masses along the transport direction. C2D is
the elastic modulus that can be calculated using eqn (1b),
where E0 and E are the total energies of the crystal before and
after deformation. S0 is the lattice volume and Dl and l0 are
variations in the lattice constant and initial lattice constant.
Ei

l is the deformation potential constant and can be obtained
from eqn (1c), where DVi is the change in energy in the ith band
under strain.

The computed adsorption energy (Eads) of the gas molecules
over the Oh-B2S2 monolayer was given by eqn (2)23,36

Eads = EOh-B2S2+gas � (Egas + EOh-B2S2
) (2)

where EOh-B2S2+gas, Egas, and EOh-B2S2
represent the energies of a

fully relaxed gas molecule adsorbed Oh-B2S2 monolayer, an
individual gas molecule, and an Oh-B2S2 monolayer, respec-
tively. The Bader charge analysis37 was performed to under-
stand the charge transfer between the monolayer and the gas
molecule. Furthermore, the calculation of the charge density
difference (CDD) plot was done using eqn (3)23 and visualized
using the VESTA software.38

rcdd = rOh-B2S2+gas � (rgas + rOh-B2S2
) (3)
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where rOh-B2S2+gas, rgas, and rOh-B2S2
represent the charge den-

sities of the gas molecule adsorbed Oh-B2S2 monolayer, indivi-
dual gas molecule, and Oh-B2S2 monolayer, respectively.

The thermal stability of the Oh-B2S2 monolayer and gas
molecule adsorbed monolayer were investigated through ab
initio molecular dynamics (AIMD) simulations using the CP2K
code39 with the QUICKSTEP module. The DZVP-MOLOPT-
SR-GTH basis set in conjunction with the Goedecker–
Teter–Hutter (GTH) pseudopotential40,41 and a plane wave
basis with a kinetic energy cutoff of 500 Ry were used to
represent the Kohn–Sham orbitals and total electron density,
respectively.

Furthermore, to evaluate the electron transport properties,
we have used non-equilibrium Green’s functional (NEGF)
formalism42 implemented in the TranSIESTA software
package.43 For the calculation, a 1 � 1 � 100 grid with the
GGA-PBE functional at a cut-off of 500 Ry was used. The current
through the central region was calculated based on the Land-
auer–Buttiker formula given as eqn (4).44,45

I Vbð Þ ¼ 2e2

h

ðmR
mL

T E;Vbð Þ f E � mLð Þ � f E � mRð Þ½ �dE (4)

Here, T(E,Vb) is the transmission coefficient of electrons at
energy E and voltage Vb, f is the Fermi function, and mR/L is the
electrochemical potential of the right (R)/left (L) electrode.

3 Results and discussion
3.1 Structural feature analysis

Initially, the unit cell of Oh-B2S2, as depicted by the black
dotted line in Fig. 1a, was optimized. The lattice constant of
Oh-B2S2 was found to be a = b = 3.05 Å, and the B–S, B–B, and
S–O bond lengths were 1.95, 1.72, and 1.47 Å, respectively,
which are consistent with the h-B2S2 monolayer.12 The dynamic
stability of the Oh-B2S2 monolayer was established by the
absence of negative frequency in the phonon dispersion curve
and projected density of phonon states, as shown in Fig. 1b and
Fig. S1 (ESI†), respectively. The AIMD plot in Fig. 1c indicates
thermal stability of the Oh-B2S2 structure at 300 K over 5 ps, and
we have not observed any structural deformation during the
simulations. Furthermore, the electronic properties of the
monolayer were analyzed via electronic band structure and
density of states plots. Fig. 1d shows that Oh-B2S2 is an indirect
band gap semiconductor with a bandgap of 1.37 eV, whose
valence band maximum (VBM) and conduction band minimum
(CBM) are located at high symmetry k-points G and K, respec-
tively. The presence of the oxygen atom significantly lowers the
band gap of the Oh-B2S2 monolayer compared to that of h-
B2S2.12 The band gap was calculated employing the HSE06
functional, as PBE-GGA underestimates the band gap value.46

Fig. 1e displays the projected density of states (PDOS) of the
monolayer, illustrating the overlapping of the s and p-orbitals
of B-atoms, S-atoms, and O-atoms. To get insight into charge

Fig. 1 (a) Top and side view of Oh-B2S2 monolayer (the black dotted line shows the unit cell); (b) phonon dispersion spectrum plot; (c) AIMD plot at 300
K; (d) electronic band structure (HSE06 functional); (e) projected density of states (PDOS); (f) charge density difference (CDD) plot (blue and pink colors
indicate the charge accumulation and depletion regions, respectively) of the oxygen-functionalized B2S2 (Oh-B2S2) monolayer. Green, yellow, and red
balls indicate the boron, sulfur, and oxygen atoms.
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redistribution on the surface, we have calculated the charge
density difference (CDD) plot, shown in Fig. 1f. Fig. 1f shows a
charge accumulation region on the Oh-B2S2 monolayer, which
is absent on the h-B2S2 monolayer [Fig. S2(a); ESI†]. This small
surface charge density may be responsible for the negligible
adsorption potential of the h-B2S2 monolayer, as shown in
Fig. S2(b) of the ESI.† Besides, we have carried out electron
localization function (ELF) analysis to examine the bonding
characteristics between the sulfur (S) and oxygen (O) atoms, as
depicted in Fig. S3 of the ESI.† ELF = 1.0 (red color) indicates
complete localization of electrons, while ELF = 0.5 (green color)
indicates delocalization.47 In Fig. S3 (ESI†), the electron locali-
zation between S and O atoms is indicated by the ELF within
the range of 0.75 to 0.85.

In addition, to understand the experimental feasibility, we
have calculated the Eb and Ecoh of the Oh-B2S2 monolayer. The
computed Eb value was determined to be �5.28 eV, which is
greater as compared to the binding energy of the OT-B2S2

monolayer (Table S1; ESI†). Furthermore, the Ecoh of the Oh-
B2S2 monolayer was found to be 5.54 eV per atom, slightly lower
than that of the h-B2S2 monolayer.12 However, this cohesive
energy is higher than those of other experimentally realized 2D
materials such as blue phosphorene (3.48 eV per atom),48

silicene (4.57 eV per atom),49 etc. Carrier mobility (electrons/
holes) of semiconductors is a crucial parameter that impacts
the efficiency of devices, including energy consumption and
electrical performance.50 Since Oh-B2S2 is a p-type semiconduc-
tor with holes as the majority carrier, we have determined the
mobility of both holes and electrons. The carrier mobilities of
Oh-B2S2 were calculated to be 790 � 102 cm2 V�1 s�1 for
electrons and 32 � 102 cm2 V�1 s�1 for holes (Fig. S4; ESI†),
surpassing those of the MoS2 monolayer.51,52 The high carrier
mobility of the Oh-B2S2 monolayer can be explained using the

equation m ¼ et
m�

.53 It has been noted that the carrier mobility of

a system varies inversely with the effective masses of electrons
and holes. Upon comparing the effective masses of electrons
and holes in MoS2 and Oh-B2S2 from Table S2 (ESI†), we have
found that these values are lower for Oh-B2S2, resulting in
higher carrier mobility.53 Furthermore, the high elastic mod-
ulus and deformation potential ratio are essential parameters
influencing the high carrier mobility of the Oh-B2S2 monolayer
(Table S2, ESI†).54 For reference, we have also calculated the
electron and hole carrier mobilities of MoS2, which were found
to be 280 and 161 cm2 V�1 s�1, respectively.20,50,55 Fig. S4 (ESI†)
shows the deformation potential plot for electron and hole
mobilities and the elastic modulus plot of MoS2.

3.2 Adsorption properties of the Oh-B2S2 monolayer

Prior to the investigation, the sensing properties of the Oh-B2S2

monolayer were assessed by studying the adsorption of toxic
gases CO, NO, CO2, NO2, N2O, and SO2. These gaseous pollu-
tants were introduced on the Oh-B2S2 monolayer at various
adsorption orientations at a 3 Å distance. The adsorption
energies of the gas molecules with different orientations
are shown in Fig. 2a and Fig. S5 (ESI†). Fig. 2b depicts the

optimized structure of the energetically most favored adsorp-
tion configuration, in which the molecules preferentially
remain parallel to the surface. The adsorption distance (d)
between the gas molecule and the surface was further con-
firmed by the potential energy curves (PECs) shown in Fig. S6 of
the ESI.† The adsorption energy can be used to quantitatively
evaluate the adsorption strength between the gas molecules
and the monolayer. All negative values of adsorption energies
for each gas molecule indicate that adsorption was an exother-
mic process with thermodynamic stability, which is favorable
for the sensing applications.56 The most favorable adsorption
sites were identified by the highest adsorption energies from an
energetically favorable viewpoint, as shown in Table 1. The
positive charge transfer (CT) values (Table 1) indicate that the
gas molecules behave as donors.

Table 1 reveals that the NO molecule interacts with the mono-
layer with considerable binding energy47 and charge transfer
value among all other molecules. Furthermore, it was worth
noting that the adsorption distance of the NO gas molecule
exhibits a relatively small value of 2.45 Å compared to the other
gases. Additionally, the O–N bond length experienced a
reduction of 0.03 Å relative to the length of the isolated NO

Fig. 2 (a) Adsorption energies (Eads) of the gas molecules at different
orientations. (b)–(g) Top view of preferable optimized geometries of the
Oh-B2S2 monolayer after adsorption of CO, NO, CO2, NO2, N2O, and SO2,
respectively, on their most favorable sites. Yellow, green, red, blue, and
grey balls represent S, B, O, N, and C atoms. AD = adsorption distance.
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molecule. The adsorption energy of NO in the Oh-B2S2 mono-
layer is higher than those in many previously reported materi-
als such as graphene57 (0.02 eV), WS2

58 (�0.25 eV), silicene59

(�0.35 eV), MoS2
60 (�0.19 eV), phosphorene61 (�0.32 eV), etc.

Besides, as the gas sensing mechanism is essentially dependent
on the charge transfer phenomenon, Table 1 indicates that the
CT value of NO2 is sufficient enough to influence the properties
of the Oh-B2S2 monolayer.61 This CT value of NO2 for the Oh-
B2S2 monolayer is greater than those of graphene57 (�0.09e)
and MoS2

62 (0.04e) monolayers. In addition, the adsorption of
NO2 gas molecules onto an Oh-B2S2 monolayer occurs at an
interfacial distance of 2.67 Å. However, the remaining four gas
molecules, CO, CO2, N2O, and SO2, interact weakly due to their
longer adsorption distances, resulting in small CT values.

The phenomenon of charge redistribution is visually
depicted in Fig. 3 via a charge density difference (CDD) plot.
CDD qualitatively reveals the regions of charge accumulation

(blue color) and depletion (pink color) in the entire system,
providing insight into the charge transfer between the gas
molecules and the surface. Charge donation to the surface
occurs for all six gas molecules (CO, NO, CO2, NO2, N2O, and
SO2), as charge accumulates on them. As depicted in Fig. 3(a),
(c), (e) and (f), negligible charge redistributions were observed
between molecule–monolayer systems, resulting in relatively
weak binding strength. However, in the case of NO and NO2

adsorbed systems (Fig. 3(b) and (d)), there is a noticeable
redistribution of charge within the molecule and a significant
increase in charge transfer between the molecule and the Oh-
B2S2 monolayers. This observation highlights the greater sensi-
tivity of the Oh-B2S2 monolayer towards NO and NO2 molecules.
In order to gain a more thorough understanding of the charge
redistribution within the system, we have computed the plane-
averaged charge density difference Dr(z) over the xy-plane
according to eqn (5)

DrðzÞ ¼
ð
Axy

rcdddx dy (5)

Here, Axy denotes the surface area of the supercell, and the
function rcdd is defined by eqn (3). Fig. 4(b) and (d) indicate the
presence of a notable region of charge accumulation on the
surface, and the curves’ amplitude is high compared to
Fig. 4(a), (c), (e) and (f). This finding aligns with our charge
density difference and charge transfer value studies (Fig. 3).

3.2.1 Electronic property analysis. Furthermore, to obtain a
reliable depiction of alterations in the electronic structure that
occur subsequent to gas molecule adsorption, we have calcu-
lated the density of states (DOS) plots before and after the
adsorption of each molecule, as shown in Fig. 5. The overlap of
atomic orbital peaks on the DOS curves reveals the hybridiza-
tion between atomic orbitals and, thus, the extent of interaction
between atoms. Meanwhile, this parameter will influence the
conductivity change of the system. The total density of states
(TDOS) curve rises and declines around the Fermi level, influ-
encing the conductivity change of the system. Fig. 5(b) and (d)
illustrates the existence of novel peaks at the Fermi-level (EF) in
the Oh-B2S2 monolayer upon adsorption of NO and NO2. The
electronic structure modification through adsorption and
charge transfer impacts the conductivity of the Oh-B2S2 mono-
layer, which can provide a response signal for the potentially
hazardous molecules, as evidenced by prior studies.23 In con-
trast, for other gas molecules such as CO, CO2, N2O, and SO2,
no such interactions are present at the Fermi level or close to
the Fermi level. The above observation can be explained by the
relatively low adsorption energies and negligible CT values.
This finding suggests that the adsorption of these gases causes
an insignificant influence on the electronic behaviour of the
Oh-B2S2 monolayer, as displayed in Fig. 5(a), (c), (e) and (f).

Based on the calculations carried out until now, it was
observed that the Oh-B2S2 monolayer exhibits remarkable
charge transfer values and alteration of its electronic properties
only when interacting with NO and NO2 molecules. A possible
reason for considerable CT and electronic property modulation
is the presence of unpaired electrons on NO and NO2. Hence,

Table 1 Computed adsorption energies (Eads), charge transfer values (Qe),
adsorption distances (d), bond lengths (l), and bond angles (Y) of the gas
molecules before and after adsorption on the Oh-B2S2 monolayer

Gas molecule Eads (eV) Qe d (Å)

Before adsorption After adsorption

l (Å) Y (1) l (Å) Y (1)

CO �0.07 0.006 3.03 1.13 — 1.13 —
NO �0.56 0.340 2.45 1.16 — 1.13 —
CO2 �0.10 0.004 2.87 1.17 179.89 1.17 179.89
NO2 �0.16 0.133 2.67 1.21 133.41 1.20 136.81
N2O �0.10 0.009 3.00 1.19/1.15 179.98 1.19/1.14 179.86
SO2 �0.11 0.009 2.85 1.45 119.42 1.45 118.99

Fig. 3 Charge density difference (CDD) plots of (a) CO, (b) NO, (c) CO2,
(d) NO2, (e) N2O, and (f) SO2 adsorbed Oh-B2S2 monolayers, respectively.
Pink and blue colors depict the charge depletion and accumulation
regions, respectively, at an iso-surface value of 0.003 e Bohr�3.
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spin-polarized density functional theory was employed to exam-
ine the impact of an unpaired electron. Table S3 of the ESI†
presents the adsorption energies, charge transfer values,
and adsorption distances, which show minor variations from
the density functional theory calculation results. The spin-
polarized density of states (SPDOS) depicted in Fig. S7 of the
ESI† demonstrate the existence of orbital overlap at the Fermi
level, which profoundly affects the electronic properties of the
Oh-B2S2 monolayer. Furthermore, to check if the 3� 3 supercell
is sufficient to describe the adsorption properties of the mate-
rial towards NO and NO2, we have extended our calculation to
4 � 4 and 5 � 5 supercells, and results are shown in Table S4 of
the ESI.† From Table S4 (ESI†), it can be seen that there is a very
minimal difference in the Eads and CT values as the size of the
supercell increases. Therefore, we can conclude that the sen-
sing potential of the Oh-B2S2 monolayer can be well explained
by the 3 � 3 supercell.

3.3 Selectivity and temperature dependence of NO and NO2

adsorption–desorption dynamics on the Oh-B2S2 monolayer

The term selectivity refers to the potential of gas sensors to
distinguish particular gas molecules from various gases.23,36

Therefore, to investigate the Oh-B2S2 monolayer for its potential
application as a practical gas sensor, we have determined the
impact of prominent environmental gases along with some
other gases (such as O2, N2, H2, H2O, O3, and CH4)63 on its
surface. The H2O molecule was incorporated into our calcula-
tion to determine humidity.64 Fig. S8 of the ESI† illustrates the
optimized geometries associated with the most favorable
adsorption configuration for each gas molecule. All stable
adsorption has a parallel configuration with a minimum

distance between 2.85 and 2.99 Å. The data associated with
the adsorption of gas molecules on the Oh-B2S2 monolayer are
displayed in Table S5 of the ESI.† The results reveal that the
interaction strength and CT value pertaining to the NO and NO2

molecules on Oh-B2S2 are higher compared to those of the
other gases. The Eads for NO and NO2 were �0.56 and �0.16 eV,
respectively, and the corresponding CT values were 0.34 and
0.13e. In contrast, the Eads values for the other atmospheric
gases range from �0.03 to �0.12 eV, and the CT values range
from 0.004 to 0.08e (Fig. S9; ESI†). This demonstrated the
considerable preference for NO and NO2 gases with high
selectivity in the presence of other environmental gases.

The working features of a sensor can undergo significant
changes when exposed to finite temperatures. Hence, it is
crucial to ascertain the fundamental dynamics, i.e., the adsorp-
tion–desorption behavior of the sensor at various temperatures,
before implementation.65 The underlying dynamic behavior of
NO and NO2 on the Oh-B2S2 monolayer was studied using AIMD
simulations at T = 300 K, 350 K, and 400 K for 10 picoseconds
(ps) based on the constant particle number–volume–temperature
(NVT) canonical ensemble with the Nosé thermostat.66 Fig. 6
presents the AIMD plots alongside the atomic structure of the
system at various temperatures after simulation. The findings of
our AIMD simulations demonstrated the room temperature
stability of the NO-adsorbed Oh-B2S2 monolayer [Fig. 6a], where
variations in energy over time remain stable around a given
constant. However, an increase in temperature to 350 K leads to
changes in the adsorption structure. Consequently, the molecule
begins to desorb from the surface, demonstrating a time scale in
the femtosecond (fs) range throughout the simulation. The
atomic structure of the NO2-adsorbed Oh-B2S2 monolayer attains

Fig. 4 Plane-average charge density difference (CDD) plots of (a) CO, (b) NO, (c) CO2, (d) NO2, (e) N2O, and (f) SO2 adsorbed Oh-B2S2 monolayers,
respectively. Blue and pink colors depict the charge accumulation and depletion regions, respectively.
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equilibrium at different temperatures, as depicted in Fig. 6(b).
The observed configuration indicates that during the simula-
tions, the NO2 molecule remains close to the surface up to a
temperature of 350 K. Nevertheless, as the temperature increases
to 400 K, the NO2 molecule was observed to undergo desorption
from the surface within a time frame of 0.2 ps. In summary, the
AIMD results indicate that the desorption temperatures for NO
and NO2 over the Oh-B2S2 monolayer were between 300–350 K
and 350–400 K, respectively. Therefore, it may be inferred that
the Oh-B2S2 monolayer demonstrates favorable gas sensing
capabilities for NO and NO2 molecules at ambient temperature.
The room temperature functioning of the Oh-B2S2 nanosensor
towards NO and NO2 eliminates the requirement for a heat
source in high-temperature applications, streamlining device
production and lowering operating costs.67

Furthermore, we have determined the desorption time (t) of
the gas molecule at a temperature of 300 K. It refers to the

minimum amount of time needed for a sensor to remove the
adsorbed gases from its surface. The value of t can be theore-
tically determined by using the transition state theory and
van’t-Hoff–Arrhenius equation36,68 as follows:

t ¼ A�1 exp
�Eads

kBT
(6)

Here A is the attempt frequency (1012 s�1, for visible light), T is
the temperature, and kB is the Boltzmann constant.69 The Eads

examined at a temperature of 300 K corresponds to the adsorp-
tion configuration of NO and NO2 after the simulations for
10 ps. The corresponding energies for NO and NO2 are �0.54
and�0.13 eV. Thus, the estimated desorption times for NO and
NO2 were 0.80 milliseconds (ms) and 0.15 nanoseconds (ns)
under visible light irradiation and at ambient temperature
(300 K).

3.4 Work function of the sensor

The expression for the work function (f) of a 2D material can be
represented as, f = Evac � EF.70 Here, EF is the energy associated
with the Fermi level of the material from which the electron is
extracted and Evac is the energy required to overcome the
surface dipole barrier, which approaches a constant at a
significant distance from the surface.70 We have estimated
the work functions of the Oh-B2S2 monolayer before and after
NO and NO2 adsorption. An inherent polarisation electric field
exists owing to the asymmetry of the Oh-B2S2 monolayer.71

Hence, a dipole correction was implemented while calculating

Fig. 5 Density of states (DOS) plots of (a) CO, (b) NO, (c) CO2, (d) NO2,
(e) N2O, and (f) SO2 before and after adsorption upon Oh-B2S2 nanosheets.
Green and blue colours indicate the DOS of Oh-B2S2 before and after
gas adsorption, and black and red colours indicate the DOS of isolated
and adsorbed gas molecules. The black dotted line represents the Fermi-
level (EF).

Fig. 6 Ab initio molecular dynamics (AIMD) simulation plots of (a) NO and
(b) NO2 adsorbed Oh-B2S2 monolayers for 10 ps at T = 300 K, 350 K, and
400 K with their final geometries.
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the average electrostatic potential plot, as depicted in Fig. S10
of the ESI.† Fig. S10 (ESI†) shows that the electrostatic potential
difference (U) decreases after the adsorption of gas molecules
(UOh-B2S2

: 4.19 eV 4 UOh-B2S2+NO2
: 3.13 eV 4 UOh-B2S2+NO: 2.34 eV).

This phenomenon can be ascribed to the intrinsic dipole
moment of the gas molecules and the charge transfer between
the two interfaces. The work functions of the Oh-B2S2 mono-
layer, Oh-B2S2 + NO, and Oh-B2S2 +NO2 were determined to be
6.91, 4.74, and 5.82 eV, respectively. As the gas molecules act as
donors, the work function of the monolayer decreases after
adsorption. Fig. 7 illustrates the pictorial depiction of altera-
tions in the work function of the Oh-B2S2 monolayer with
adsorbed NO and NO2 compared to the pristine system. Experi-
mentally, the change in work function due to gas adsorption
is estimated via a scanning Kelvin probe, which has led to
the realization of gas sensors that rely on work function
measurements.69

3.5 I–V characteristic plots

It is essential to explore the possibility of the Oh-B2S2 mono-
layer to be used as a gas sensing tool from a device point of
view.23,72 Despite some gas molecules altering the electronic
structure around the Fermi level, the charge transfer generated
by the adsorption of the gas molecules on the monolayer can
produce varied sensitivities for resistivity measurements.47,72

Therefore, the efficacy of the Oh-B2S2 monolayer as a potential

gas sensor can be specifically assessed by applying the non-
equilibrium Green’s function (NEGF) method23,47 to calculate
the transmission properties and current–voltage (I–V) charac-
teristics. Two semi-infinite electrodes were considered during
the investigation, which are the periodic extensions of the
pristine monolayer termed ‘‘pseudo-electrodes’’. A similar sim-
plified device model has been extensively used in previous
publications.72–74 Two transport models were computed for
the direction of the current flow, namely the x-direction (zigzag)
and the y-direction (armchair), due to the structural anisotropy
of the Oh-B2S2 monolayer (Fig. 8). Because the zero-bias trans-
mission was higher along the zigzag direction (Fig. 9a), we have
considered the transport along that direction. A transmission
gap around the Fermi level was observed in both directions due
to the semiconductor nature of the material. To analyze the
qualitative sensitivity of the Oh-B2S2 monolayer towards NO
and NO2 gases, we have simulated the current–voltage relation-
ships before and after gas adsorption using a model as shown
in Fig. 8b. The I–V characteristic plots of the bare Oh-B2S2 and
gas-adsorbed Oh-B2S2 monolayers are shown in Fig. 9b. From
the I–V plots, it can be seen that there is no current flow up to
1.0 bias voltage in all cases (bare Oh-B2S2 surface and gas-
adsorbed Oh-B2S2). Introducing a bias voltage causes the shift-
ing of the left electrodes Fermi level in accordance with the
right electrode. Thus, the current begins to flow only when the
left electrode’s VBM crosses over into the right electrode’s
CBM.75 Fig. 9b demonstrates that the current through a device
based on the Oh-B2S2 monolayer decreases when the device is
exposed to gas molecules NO and NO2. The presence of an
unpaired electron in the NO and NO2 molecules induces the
localization of the wavefunction and may lead to pronounced
back-scattering and the subsequent suppression of conductive
pathways.72,75,76 At biases of 1.2 and 1.4 V, the NO-adsorbed
Oh-B2S2 monolayer experiences a reduction in current flow to
45% and 81%, respectively. This outcome suggests that the
material exhibits a favorable sensitivity towards NO in 1.2 and
1.4 V bias voltage regions. Nevertheless, with increased voltage,
there was a major decrease in the magnitude of current flow
within the range of 10�15 to 10�16 nA. Moreover, it has been
identified that the sensitivity towards NO2 reaches its maximum at
bias voltage 2 V, resulting in the corresponding decrease in the
current by 91%. In contrast, the I–V characteristic plots of several

Fig. 7 Pictorial depiction of alterations in the work function of the Oh-
B2S2 nanosheets with adsorbed NO and NO2 compared to the pristine
system.

Fig. 8 Schematic representation of the electron transport model of the Oh-B2S2 monolayer along the (a) armchair direction and (b) zigzag direction.
The device setup consists of a left electrode, a right electrode, and a central scattering region.
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environmental gases (including O2, N2, and H2) and toxic gases
(such as CO, CO2, N2O, and SO2) are almost comparable to that of
the Oh-B2S2 monolayer. This observation reveals the weak bonding
characteristics between the gas molecules and the substrate, which
we have previously discussed.

Furthermore, it was noted from the individual plots (Fig. 9b)
that there is no monotonic increase in the current with respect
to the voltage. In the case of bare Oh-B2S2, the current increases
from 0.74 to 11 nA as the bias voltage is raised from 1.2 to 2.0 V.
However, a minor reduction in the current was noticed at a bias
voltage of 1.4 V. For NO-adsorbed Oh-B2S2, a marginal rise in
current was observed at 1.2 V, followed by a sharp decline in
current as the voltage is increased from 1.4 to 2.0 V. Similarly,
the NO2-adsorbed Oh-B2S2 monolayer causes a rise in current
to 2.72 nA at 1.6 V, which further reduces to 0.94 nA at 2.0 V.
The decrease in the current with an increase in the voltage can
be explained by the negative differential resistance (NDR)
phenomenon.77,78 Such NDR behaviors in para-SiC3,79 boron–
phosphorus,47 and defect-borophene monolayers80 have been
reported recently. The origin of the NDR phenomenon of

Oh-B2S2 and gas-adsorbed Oh-B2S2 can be explained by trans-
mission spectra [T(E)] at different biases.81,82 In the case of Oh-
B2S2, an NDR phenomenon was observed at 1.4 V bias voltage.
Upon comparing the T(E) at bias voltages 1.2, 1.4, and 1.6 V, the
amplitude of the transmission peak at 1.4 V was comparatively
small within the bias window (Fig. S11, ESI†), and hence the
current drops at that bias. Similarly, for NO and NO2 adsorbed
Oh-B2S2 monolayers, the transmission spectra are shown in
Fig. S12 and S13 of the ESI.† The low magnitude of the
transmission peak was observed in the bias window from
1.4 V (for NO-adsorbed Oh-B2S2) and after 1.6 V (for NO2-
adsorbed Oh-B2S2), leading to the suppression of current.
Transmission spectra are generated as a result of the conduc-
tance channels that are accessible within different energy
bands. The decrease in conductance channels at certain biases
results in the corresponding decrease in the flow of electrical
current,75 which is consistent with the previously proposed
NDR mechanisms.81

3.6 Comparative analysis of the Oh-B2S2 monolayer and MoS2

monolayer towards NO and NO2 detection

Low carrier mobility in the MoS2 monolayer demands high bias
voltage for resistance measurement.63 Similar to MoS2, but with
a B2 ion pair in place of the Mo ions, we believe that the B2S2

monolayer can overcome the shortcomings of the MoS2 mono-
layer. It was determined that the Oh-B2S2 monolayer, which has
been functionalized with oxygen atoms, exhibits charge carrier
mobilities of 790 � 102 cm2 V�1 s�1 and 32 � 102 cm2 V�1 s�1

for electrons and holes. This high mobility is attributed to the
fast operation of the device. On the contrary, the MoS2 mono-
layer demonstrates an electron mobility of 280 cm2 V�1 s�1 and
a hole mobility of 161 cm2 V�1 s�1. Meanwhile, a comparison
was made between the Eads and CT values of NO and NO2

adsorption on Oh-B2S2 and MoS2. Although the Eads of NO2 was
found to be slightly higher in MoS2, the gas sensing mechanism
primarily relies on the charge transfer value. Table 2 reveals
that Oh-B2S2 monolyer exhibited a relatively higher adsorption
potential towards NO and NO2 compared to the MoS2

monolayer.60,62,83,84

4 Conclusions

In a nutshell, we have investigated the structure, stability, and
electronic properties of an oxygen-functionalized B2S2 (Oh-B2S2)

Fig. 9 (a) Zero bias transmission spectral T(E) plots along zigzag and
armchair directions, (b) I–V characteristic plots of the Oh-B2S2 monolayer
and gas-adsorbed Oh-B2S2 nanosheets (gases: CO, NO, CO2, NO2, N2O,
SO2, H2, N2, and O2).

Table 2 Theoretical prediction of Eads and CT values of NO and NO2-
adsorption on MoS2 and Oh-B2S2 (vdW: van der Waals correction)

Material Gas Eads (eV) CT (e) Methods Ref.

MoS2 NO �0.03 0.02 GGA-PBE 83
�0.19 — GGA-PBE 60
�0.17 — GGA-PBE (vdW) 84

NO2 �0.01 0.11 GGA-PBE 83
�0.20 0.04 GGA-PBE (vdW) 62
�0.17 �0.03 GGA-PBE (vdW) 84

Oh-B2S2 NO �0.56 0.34 GGA-PBE (vdW) This work
NO2 �0.16 0.13 GGA-PBE (vdW) This work

PCCP Paper

Pu
bl

is
he

d 
on

 0
2 

A
pr

il 
20

24
. D

ow
nl

oa
de

d 
on

 6
/2

2/
20

26
 6

:3
9:

50
 A

M
. 

View Article Online

https://doi.org/10.1039/d4cp00332b


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 12386–12396 |  12395

monolayer via density functional theory and ab initio molecular
dynamics (AIMD) simulations. The monolayer was observed to be
stable and ideal for experimental fabrication with an indirect band
gap of 1.37 eV. Our findings show that the Oh-B2S2 monolayer has
high sensitivity and selectivity for NO and NO2 gas molecules, even
in the presence of common ambient gases like O2, N2, H2, H2O, O3,
and CH4 as well as harmful pollutants, including CO, CO2, N2O,
and SO2. To further confirm the adsorption behaviors of Oh-B2S2

towards gaseous molecules, charge transfer, work function, and
electronic property studies were carried out. The presence and
absence of gas molecules (functioning as ON and OFF states) are
further demonstrated by the current–voltage (I–V) characteristic
plot for device application. Our results unambiguously show
negative differential resistance (NDR) in the presence of NO and
NO2 molecules after 1.2 and 1.6 V bias voltages, respectively. We
hope our findings presented in this study may help to explain the
sensing properties of the material and subsequently aid in the
development of boron-based functionalized nanosensors for the
detection of hazardous gases.
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