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Developing gas sensors that combine ultrahigh sensitivity, chemical selectivity, and rapid recovery is crucial

for next-generation environmental and industrial monitoring technologies. Here, density functional theory

is employed to unravel the structural, electronic, and interfacial mechanisms governing CO and CO2

detection on pristine, single-doped, and AuB co-doped silicene/MoS2 heterostructures. Phonon and

formation-energy analyses confirm that AuB co-doping markedly enhances thermodynamic and

dynamic stability while inducing a semiconductor-to-metal transition through hybridized Au d, B p, and

Si p states near the Fermi level. The resulting metallic character enables efficient carrier delocalization

and rapid electronic response. Adsorption, charge-density-difference, and periodic energy

decomposition analyses reveal distinct interaction pathways: CO adsorption arises primarily from orbital

hybridization between Au d and C p orbitals, whereas CO2 binding is dominated by electrostatic

attraction and B p-O p coupling. Balanced electrostatic and orbital components, together with moderate

Pauli repulsion, ensure strong yet reversible adsorption, promoting fast charge transfer without surface

trapping. The AuB co-doped interface achieves the highest performance, exhibiting charge transfer up to

0.0104e and recovery times as short as 0.050 ns, surpassing most reported two-dimensional sensors.

These ultimate effects of Au-induced polarization and B-mediated electron acceptance establish

a tunable electronic platform that simultaneously enhances sensitivity, selectivity, and reusability. This

work provides atomistic insight into dopant-controlled interfacial chemistry and charts a rational

pathway for designing multifunctional 2D heterostructure sensors with rapid, reliable, and energy-

efficient gas detection.
1. Introduction

The escalating need for precise air quality monitoring has
intensied research into advanced gas sensors. Modern devices
must combine high sensitivity and selectivity with rapid
response and stability to effectively safeguard public health and
industrial safety.1–4 Two-dimensional (2D) materials, such as
graphene, transition-metal dichalcogenides (TMDs), and MX-
enes, have emerged as promising candidates for gas sensing,5–13

due to their high surface-to-volume ratio and tunable electronic
properties.14–17 In particular, their ability to operate at room
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temperature with high sensitivity makes them suitable for next-
generation sensing platforms.

Molybdenum disulde (MoS2) is widely studied among
TMDs for gas-sensing applications owing to its intrinsic semi-
conducting properties, high carrier mobility, and strong
adsorption capabilities.18,19 Specically, monolayer MoS2
exhibits a direct band gap of approximately 1.8 eV, advanta-
geous for modulating its electronic behavior upon interaction
with gas molecules.20,21 Nevertheless, pristine MoS2 faces
inherent limitations, including slow and oen incomplete
recovery attributed to the layered structure of stacked S–Mo–S
sheets, which restricts efficient molecular gas interactions.18 On
the other hand, silicene, a silicon-based analog of graphene, has
attracted considerable interest for its distinctive buckled
honeycomb lattice and graphene-like electronic properties.22,23

Unlike the perfectly planar graphene, silicene's buckled archi-
tecture, comprising two silicon sublattices positioned at varying
heights, induces unique electronic and spintronic functional-
ities.23 The integration of MoS2 and silicene into a hetero-
structure is a promising strategy for enhancing gas-sensing
performance by leveraging the synergistic electronic
RSC Adv., 2026, 16, 2685–2701 | 2685
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properties and surface interaction mechanisms of both mate-
rials.24 Nonetheless, pristine forms of MoS2 and silicene
continue to face challenges in selectivity and sensitivity to
specic gases, thereby restricting their widespread practical
deployment. To surmount these limitations, constructing van
der Waals (vdW) heterostructures and employing chemical
functionalization via targeted doping are being explored as
viable avenues to rene electronic properties and augment the
sensing capabilities of 2D materials. Van der Waals hetero-
structures, in particular, exhibit superior gas-sensing potential
due to pronounced charge-transfer phenomena and structural
stability attributed to vdW bonding, surpassing that of cova-
lently bonded counterparts. Furthermore, their ability to
regenerate effectively upon desorption of gas molecules signif-
icantly enhances their practical utility.18,25–27

In this study, a silicene/MoS2 (Si/MoS2) heterostructure is
proposed as a promising platform for developing high-
performance gas sensors. To enhance its sensing capability,
the heterostructure is modied through dual doping with gold
(Au) and boron (B) for the detection of CO and CO2 molecules.
Gold doping exploits the unique catalytic properties of Au,
which enhance gas adsorption and promote efficient charge
transfer between the sensing surface and target molecules.
Meanwhile, boron doping tunes the electronic structure by
introducing acceptor states, thereby improving the material's
sensitivity and responsiveness. The simultaneous incorporation
of Au and B combines these complementary effects, balancing
charge distribution and enhancing both stability and selectivity.
Detailed simulations of CO and CO2 adsorption processes
reveal the atomic-scale interaction mechanisms, providing
essential insights into the relationship between doping, elec-
tronic modulation, and sensing performance. These ndings
establish a theoretical framework for designing next-generation
two-dimensional material-based gas sensors with superior
sensitivity and fast recovery characteristics.
2. Computational details

In this study, all geometry optimizations were performed
utilizing the advanced machine-learning-based M3GNet-UP-
2022 functional, as implemented in the Amsterdam Modeling
Suite (AMS).28 The M3GNet-UP-2022 potential set, trained using
deep learning algorithms, offers accuracy comparable to that of
the generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functional.29,30

To evaluate the thermodynamic stability of doped systems,
we calculate formation energies (Eform), dened as:31

Eform ¼ Edoped � Epristine �
X
i

nimi (1)

where Edoped and Epristine are the total energies of the doped and
pristine systems, respectively; ni denotes the number of dopant
atoms added or removed; and mi is the chemical potential of
species i.

Adsorption energies (Eads) of gas molecules (e.g., CO, CO2) on
the optimized substrates were determined using:32
2686 | RSC Adv., 2026, 16, 2685–2701
Eads = Esubstrate+gas − Esubstrate − Egas (2)

where Esubstrate+gas, Esubstrate, and Egas represent the total ener-
gies of the substrate-adsorbate system, the substrate alone, and
the isolated gas molecule, respectively.

Electronic properties calculations were conducted using the
Vienna Ab initio Simulation Package (VASP),33 employing
a plane-wave basis set with a cutoff energy of 520 eV to achieve
converged wavefunction expansions. The self-consistent eld
iterations were considered converged when the total energy
difference dropped below 10−5 eV, and structural optimizations
concluded when residual forces were less than 10−2 eV Å−1.
Brillouin zone sampling utilized an 8 × 8 × 1 Monkhorst–Pack
k-point mesh for these two-dimensional periodic systems.34

Exchange-correlation interactions were treated using the PBE
functional within the GGA framework.35,36 To accurately account
for long-range dispersion interactions in the heterostructure
and gas adsorption processes, the DFT-D3 correction was
applied in all electronic property calculations.37 For complete-
ness, a comparison of adsorption energies with alternative van
der Waals dispersion schemes (DFT-D2 and Tkatchenko–
Scheffler)38,39 is provided in the SI.

3. Results and discussion
3.1. Thermal stability of pristine and AuB co-doped silicene/
MoS2 heterostructure

To understand the structural stability and robustness of the
silicene/MoS2 heterostructure, we perform a geometric optimi-
zation using the M3GNet-UP-2022 potential set. Fig. 1 illustrates
the optimized Si/MoS2 heterostructure, showing a well-ordered
arrangement where the silicene layer exhibits its characteristic
buckled structure on top of the MoS2 layer. This distinctive
buckling, approximately 0.44 Å in height, arises from the weak
sp3 hybridization among silicon atoms, which is typical and
starkly contrasts with the planar structure observed in gra-
phene.40,41 In the pristine system (Fig. 1a), the interlayer spacing
(h = 3.545 Å) indicates typical van der Waals interactions,
consistent with prior experimental observations for analogous
two-dimensional heterostructures.40

To analyze the inuence of doping on the structural stability,
Table 1 presents detailed structural parameters and corre-
sponding formation energies for each conguration. The
results indicate that all investigated congurations display
negative formation energies, signifying substantial thermody-
namic stability, with Eform values ranging from −0.526 to
−0.537 eV. Specically, Au doping (Fig. 1b) signicantly reduces
the interlayer spacing to h = 2.242 Å, indicating an enhanced
interaction between the silicene and MoS2 layers facilitated by
the Au atoms. This improved interaction likely arises from the
formation of weak covalent bonds between Au atoms and
adjacent Si and S atoms, consistent with the adsorption
mechanisms reported for silicene on various metal
substrates.40,42 Conversely, boron doping conguration (Fig. 1c)
only slightly reduces the interlayer distance to h = 3.185 Å while
maintaining the highest formation energy of Eform =−0.537 eV.
The cause of this difference is the small atomic radius of B (0.87
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized geometric structures of (a) pristine Si/MoS2, (b) Au-doped Si/MoS2, (c) B-doped Si/MoS2, and (d) AuB co-doped Si/MoS2
configurations. Silicon, molybdenum, sulfur, boron, and gold atoms are marked in blue, purple, yellow, green, and orange, respectively. These
configurations are obtained by the M3GNet-UP-2022 potential implemented in the SCM package.
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View Article Online
Å) and its high electronegativity (2.04), which give rise to
different electronic interactions compared to Au. Based on the
two stable single-doped systems, Au-doped and B-doped sili-
cene/MoS2, co-doping was achieved by introducing the
complementary heteroatom: boron into the Au-doped system
and gold into the B-doped system, forming an AuB co-doped
conguration. The structural stability of all models was
assessed using formation energy calculations and phonon-
spectrum analyses. Congurations exhibiting the lowest
formation energies and no imaginary frequencies in their
phonon spectra were identied as thermodynamically and
dynamically stable, and thus selected as substrates for subse-
quent gas adsorption studies.
Table 1 Structural properties and formation energies of pristine and
M3GNet-UP-2022 potential implemented in the SCM package

Conguations/characteristics Si/MoS2 Si/MoS2 Au dop

Eform (eV) −0.535 −0.528
h (Å) 3.545 2.242
Si–Si (Å) 2.380 2.484
Mo–S (Å) 2.420 2.614
S–Au (Å) — 2.397
S–B (Å) — —
Mo–Au (Å) — —
Si–Si–Si (°) 112.60 119.37
S–Mo–S-1st (°) 135.70 140.73
S–Mo–S-2nd (°) 82.13 96.25
Mo–S–Mo (°) 81.82 85.78
Mo–S–Au (°) — 100.39
Mo–S–B (°) — —

© 2026 The Author(s). Published by the Royal Society of Chemistry
In the case of Au and B co-doping (Fig. 1d), the interlayer
distance reaches its minimum value of h = 2.174 Å, demon-
strating a synergistic effect between the two dopant elements in
enhancing interlayer bonding, consistent with previously pub-
lished theories on structural phase transitions in
heterostructures.43

For the silicene layer, the Si–Si bond length increases from
2.380 Å in the pristine structure to 2.484 Å (Au-doped), 2.462 Å
(B-doped), and 2.463 Å (AuB co-doped). This increase can be
explained by the charge-transfer effect from the dopant atoms,
which weakens the covalent Si–Si bonds.44,45 The characteristic
buckling structure of silicene, with a buckling height of
approximately 0.7–0.8 Å, is affected by the doping process,
doped Si/MoS2 heterostructures. These values are calculated by the

ing Si/MoS2 B doping Si/MoS2 Au and B co-doping

−0.537 −0.526
3.185 2.174
2.462 2.463
2.536 2.537
— —
1.855 1.853
— 2.862
118.75 118.71
138.11 138.10
86.62 86.76
84.63 86.37
— —
109.67 109.97

RSC Adv., 2026, 16, 2685–2701 | 2687
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Fig. 2 Phonon spectrum of (a) pristine silicene/MoS2, (b) silicene/MoS2 doped Au, (c) silicene/MoS2 doped B, and (d) silicene/MoS2 co-doped Au
and B configurations. These spectra are calculated by the M3GNet-UP-2022 potential implemented in the SCM package.
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similar to reports in studies of strained silicene.46,47 In the MoS2
layer, the Mo–S bonds also exhibit signicant variations. The
Mo–S bond length increases from 2.420 Å in the pristine
structure to 2.614 Å (Au-doped), 2.536 Å (B-doped), and 2.537 Å
(AuB co-doped). This change reects the inuence of doping on
the electronic structure and bonding properties of transition-
metal dichalcogenides.48,49 The newly formed bonds between
the dopant atoms and their neighboring atoms exhibit charac-
teristic bond lengths reecting distinct chemical natures. The
S–Au bond measures 2.397 Å, whereas the S–B bond is signi-
cantly shorter at 1.855 Å. This disparity indicates that the S–B
bond possesses stronger covalent character compared to the
metal–nonmetal interaction of Au–S.50,51 In the co-doped
conguration, the Mo–Au bond length is 2.862 Å, establishing
2688 | RSC Adv., 2026, 16, 2685–2701
a complex bonding network that inuences the overall elec-
tronic properties of the system.

The Si–Si–Si bond angle increases from 112.60° in the pris-
tine structure to 119.37° (Au-doped), 118.75° (B-doped), and
118.71° (AuB co-doped), approaching the 120° ideal of a at
conguration.46,52 This change indicates that the silicene layer
becomes atter upon doping, reducing its characteristic buck-
ling height.53 This phenomenon can be explained by electronic
stabilization arising from interactions with the dopant atoms
and the underlying MoS2 layer.54 In the MoS2 layer, bond angles
exhibit complex variations. The largest S–Mo–S angle (S–Mo–S-
1st) increases from 135.70° to 140.73° under Au doping, but
shows only a slight increase to 138.11° with B and Au–B doping.
Conversely, the smallest S–Mo–S angle (S–Mo–S-2nd) and Mo–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electronic band structures of (a) pristine silicene/MoS2, (b) Au-doped silicene/MoS2, (c) B-doped silicene/MoS2, and (d) AuB co-doped
silicene/MoS2 configurations. The Fermi level indicated by the red dashed lines is set to zero. These band structures are calculated by the DFT-D3
potential implemented in the VASP package.
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S–Mo angle demonstrate an increasing trend across all doped
congurations, rising from 82.13° and 81.82° to approximately
85–96° depending on the dopant type. This distortion reects
localized structural deformation in TMDCs upon dopant
incorporation55 The newly formed Mo–S–Au (100.39°) and Mo–
S–B (109.67°) bond angles reveal differences in bonding
mechanisms and chemical environments around dopant
atoms. The larger Mo–S–B angle indicates stronger repulsion
due to boron's small atomic size, leading to greater local
distortion in the MoS2 lattice and potentially signicantly
affecting electronic properties and the material's applicability
in gas-sensing devices.

To evaluate the thermodynamic stability of the doped systems,
we calculate the phonon spectra of all investigated congurations
© 2026 The Author(s). Published by the Royal Society of Chemistry
in Fig. 2. The absence of imaginary parts of phonon frequencies
across the entire Brillouin zone conrms complete dynamic
stability. For the pristine and Au-doped systems, the phonon
spectra reveal acoustic modes in the low-frequency region (below 2
THz) and optical modes in the high-frequency region (2–14 THz).
Particularly signicant is the out-of-plane acoustic (ZA) mode in
silicene, which exhibits low energy due to weak sp2 hybridization.
This has been experimentally conrmed as the primary cause of
reduced electron mobility in silicene compared to graphene.56 The
ZA phonon mode plays a decisive role in charge-transport prop-
erties and can be strongly inuenced by substrate interactions, as
demonstrated in studies of room-temperature silicene
transistors.40
RSC Adv., 2026, 16, 2685–2701 | 2689
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Fig. 4 Projected density of states (pDOS) of (a) pristine silicene/MoS2, (b) Au-doped silicene/MoS2, (c) B-doped silicene/MoS2, and (d) AuB co-
doped silicene/MoS2 configurations. The Fermi level indicated by the dashed red lines is set to zero. These pDOS are calculated by the DFT-D3
potential implemented in the VASP package.
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Detailed analysis indicates that B-doped and AuB co-doped
systems exhibit substantially higher phonon mode density,
reecting increased lattice complexity due to dopant incorpo-
ration. This modication to the phonon spectrum may affect
the material's thermal and mechanical properties, as observed
in molecular dynamics simulations of Si/MoS2 hetero-
structures.57 These results provide a critical theoretical foun-
dation for designing and optimizing tunable gas sensors based
on Si/MoS2 heterostructures through selective doping.
3.2. Electronic properties of pristine and AuB co-doped
silicene/MoS2 heterostructure

To further investigate the electronic properties of the supported
material systems, the band structure and density of states were
analyzed. As shown in Fig. 3a, the pristine silicene/MoS2
2690 | RSC Adv., 2026, 16, 2685–2701
heterostructure exhibits semiconducting behavior with a band
gap of approximately 0.05 eV, indicating its near-metallic
character. This small gap arises from a slight breaking of the
sublattice symmetry in silicene due to weak interaction with the
MoS2 substrate, in stark contrast to gapless free-standing sili-
cene.58 The band structure further reveals partial preservation of
silicene's characteristic Dirac cone at the K point, albeit with
mild distortion induced by van der Waals coupling to MoS2.

The incorporation of Au dopants induces a complete tran-
sition of the electronic character from semiconducting to
metallic, as shown in Fig. 3b. Au atoms introduce states within
the original band gap, eliminating the gap and yielding metallic
behavior. The projected density of states (pDOS) analysis in
Fig. 4b reveals a substantial contribution from Au d orbitals in
the energy region near the Fermi level, leading to strong
hybridization with the S p orbitals of MoS2 and the Si p orbitals
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The optimized structures of CO and CO2 adsorbed on pristine silicene/MoS2 (a and b), silicene/MoS2 doped Au (c and d), silicene/MoS2
doped B (e and f), and silicene/MoS2 co-doped Au and B (g and h). These configurations are obtained by the DFT-D3 potential implemented in
the VASP package.
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of silicene. This effect arises from Au's metallic nature and its
ability to donate electrons to the system, thereby increasing the
density of states at the Fermi level and enabling metallic
conductivity. Similarly, in Fig. 4c, B p orbitals contribute
signicantly to the conduction band, resulting in a continuous
density of states at the Fermi level. The metallic character in the
B-doped system is attributed to the formation of gap states due
to boron's small atomic radius (0.87 Å) and its strong interac-
tion with the host lattice, leading to an overlap of energy bands.
In the case of AuB co-doping (Fig. 3d), the system likewise
exhibits metallic behavior with a high, continuous density of
states at the Fermi level. The analysis in Fig. 4d reveals
a complex interplay between the Au d and B p orbitals, resulting
in a metallic band structure with numerous hybridized states
near the Fermi level. The synergistic effect of Au and B not only
enhances structural stability but also delivers superior metallic
conductivity compared to systems doped with Au or B
individually.
3.3. Gas adsorption on pristine and doped silicene/MoS2

3.3.1. The optimized geometric structures of the adsorp-
tion systems. To reliably identify the most stable adsorption
geometries, the adsorption analysis was carried out in two
successive steps. In the rst step, an extensive congurational
screening was performed using the M3GNet-UP-2022 machine-
learning potential. All eight possible adsorption congurations
for each gas-substrate system were considered, including four
high-symmetry adsorption sites (top, bridge, hollow, and valley)
and two representative molecular orientations (vertical and
© 2026 The Author(s). Published by the Royal Society of Chemistry
parallel), as illustrated in Fig. S2. This screening step enabled
an efficient exploration of the large congurational space, and
the resulting adsorption energies for all congurations are
summarized in Table S3 (see SI).

In the second step, the most energetically favorable
adsorption geometries identied by the M3GNet-based
screening were selected for rened DFT calculations using the
PBE functional as implemented in VASP, with explicit inclusion
of van der Waals corrections (see Table S4). The adsorption
congurations shown in Fig. 5 correspond to the global
minimum-energy states obtained from DFT-D3 calculations in
VASP. All remaining congurations exhibited signicantly
higher adsorption energies and were therefore excluded from
further electronic-structure analysis to maintain clarity and
focus on the physically relevant adsorption mechanisms.

Analysis of the optimized structures in Fig. 5 reveals that the
CO molecule adopts a consistent adsorption conguration
across all investigated systems, with the oxygen atom oriented
toward the substrate surface. This orientation is observed in all
four material systems: pristine (Fig. 5a), B-doped (Fig. 5c), Au-
doped (Fig. 5e), and AuB co-doped (Fig. 5g) silicene/MoS2.
Such orientation can be rationalized by the electronic properties
of the CO molecule, in which the oxygen atom, with a higher
electronegativity (3.44) than carbon (2.55), preferentially inter-
acts with positively charged regions on the surface. The
adsorption distance dgas-sub of CO shows a systematic decrease
upon doping: the pristine system exhibits the most signicant
separation (3.914 Å), followed by the Au-doped system (3.810 Å),
the B-doped system (3.652 Å), and the shortest distance in the
RSC Adv., 2026, 16, 2685–2701 | 2691
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Table 2 Comparison of adsorption parameters for CO and CO2 gas on pristine and doped silicene/MoS2. These values are calculated by the
DFT-D3 potential implemented in the VASP package

Gases Characteristics

Substrate

Silicene/MoS2 pristine Silicene/MoS2 Au-doped Silicene/MoS2 B-doped Silicene/MoS2 AuB co-doped

CO dgas-sub (Å) 3.914 3.810 3.652 3.518
Eads (meV) −72.3 −70.6 −73.7 −71.2
Recovery time (ns) 0.016 0.015 0.017 0.016
Charge transfer (e) 0.0044 0.0045 0.0048 0.0051

CO2 dgas-sub (Å) 3.051 2.970 2.754 2.520
Eads (meV) −111.9 −120.5 −124.5 −101.1
Recovery time (ns) 0.076 0.106 0.124 0.050
Charge transfer (e) 0.0101 0.0101 0.0102 0.0104
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AuB co-doped system (3.518 Å). This trend aligns with
a previous report on gas adsorption behavior of MoS2, demon-
strating that dopant incorporation can substantially enhance
gas-surface interactions.59

The CO2 gas exhibits a more complex adsorption congu-
ration while retaining its characteristic linear geometry. As
illustrated in Fig. 5b, d, f and h, CO2 preserves its straight-line
structure with the oxygen atoms oriented toward the substrate
surface. The adsorption distance of CO2 is signicantly shorter
than that of CO in all studied systems, ranging from 3.051 Å
(pristine) to 2.520 Å (co-doped). This variation reects CO2's
larger dipole moment and stronger van der Waals interactions,
in agreement with previous DFT investigations of gas adsorp-
tion on MoS2.60 Changes in adsorption distances upon doping
can be attributed to alterations in the electronic density of
states and the surface charge distribution. Boron doping,
characterized by a small atomic radius (0.87 Å) and electron-
decient nature, induces pronounced modications in the
electronic structure, resulting in a substantial decrease in
adsorption distance. Although Au doping exerts a more negli-
gible effect compared to B, it still generates a notable reduction
in adsorption distance due to Au's metallic character and high
polarizability. Crucially, the AuB co-doped system exhibits
a marked synergistic effect, achieving the shortest adsorption
distance, which reects an optimal combination of Au's
metallic properties and B's electron-acceptor behavior.

3.3.2. The adsorption energies and charge transfers.
Table 2 reveals a marked difference in adsorption energies
between CO and CO2 on silicene/MoS2 systems. For the pristine
system, CO exhibits an adsorption energy of −72.3 meV,
whereas CO2 reaches −111.9 meV, corresponding to an inter-
action strength that is approximately 23% greater than that of
CO. This disparity arises from CO2's linear molecular structure
with two highly electronegative oxygen atoms, which endows it
with a larger dipole moment and multiple potential interaction
sites on the material surface compared to the simpler CO
molecule.61 This trend persists uniformly across all doped
systems examined. The B-doped system shows the strongest
adsorption, with CO at −73.7 meV and CO2 at −124.5 meV
representing increases of 2% and 11%, respectively, relative to
the pristine system. This enhancement is consistent with
2692 | RSC Adv., 2026, 16, 2685–2701
boron's electron-decient character, which generates Lewis acid
active sites that interact effectively with gas molecules pos-
sessing lone-pair electrons, such as CO and CO2.62

The incorporation of Au dopants exhibits a distinct effect,
with a slight reduction in adsorption energies compared to the
pristine system (CO: −70.6 meV; CO2: −120.5 meV). Although
Au is a noble metal capable of interacting with CO via back-
donation, within this bilayer conguration, it may induce
charge redistribution that diminishes the surface activity of
silicene. Conversely, the AuB co-doped system demonstrates an
intriguing synergistic effect, achieving a CO2 adsorption energy
of −101.1 meV, indicating that the combined presence of these
two dopants can balance and optimize the adsorption proper-
ties. The stronger adsorption of CO2 on the AuB co-doped Si/
MoS2 surface can be understood from the cooperative interplay
of electronic-structure alignment and electrostatic interactions.
From an orbital perspective, CO adsorption is dominated by
conventional s-donation and p-back-donation interactions
with the Au site, which provide only moderate stabilization. In
contrast, CO2 adsorption is signicantly enhanced by the
presence of B-derived localized states near the Fermi level,
which exhibit favorable energetic alignment with the low-lying
LUMO (2pu) of the CO2 molecule. This orbital overlap facili-
tates charge redistribution and promotes the activation of the
otherwise chemically inert CO2 molecule. In addition to this
orbital effect, electrostatic interactions play a decisive role: the B
dopant acts as a Lewis-acidic center, generating a localized
region of positive electrostatic potential that strongly attracts
the electron-rich oxygen atoms of CO2, which possesses
a pronounced quadrupole moment. Such electrostatic attrac-
tion is substantially weaker for the nonpolar CO molecule. The
combined contribution of efficient orbital coupling and
enhanced electrostatic stabilization, therefore, results in
a markedly stronger and more selective adsorption of CO2

compared with CO, consistent with the DFT-D3 adsorption
energies observed for the AuB co-doped system.

Analysis of the Bader charge transfer (Table 2) reveals a clear
trend consistent with the adsorption energetics. CO2 induces
substantially larger charge transfer than CO across all systems,
with values of 0.0101–0.0104e for CO2 compared to 0.0044–
0.0051e for CO, reecting its stronger electron-accepting
© 2026 The Author(s). Published by the Royal Society of Chemistry
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character arising from the presence of two electronegative O
atoms and low-lying p* orbitals. Among all congurations, the
AuB co-doped structure exhibits the highest charge transfer for
both gases (CO: 0.0051 e; CO2: 0.0104 e), indicating that the
interplay between electron-decient B sites and metallic Au
atoms establishes an efficient charge-transfer pathway. This
enhanced interfacial charge redistribution is a key factor
underlying the superior sensing performance, consistent with
experimental reports by Pham et al., demonstrating that strong
charge transfer can enable gas detection down to the ppb (parts-
per-billion) limit.63 Although the charge transfer per adsorbed
molecule (∼0.01e) is modest at the single-molecule level, its
cumulative impact under realistic sensing conditions is non-
negligible. Assuming a moderate surface coverage of q = 1%,
representative of ppm-ppb gas exposure on a standard 2D
channel (atomic density natom z 1015 cm−2),64 the induced
carrier density change (Dn) can be estimated using the equation
Dn z q × natom × Dq, the induced carrier density variation in
a two-dimensional MoS2 channel is estimated to be on the order
of 1011 cm−2, comparable to the intrinsic carrier density of
pristine MoS2. This level of carrier modulation corresponds to
a 10–100% change in carrier concentration and, owing to the
linear dependence of conductivity on carrier density, results in
a pronounced change in channel conductivity. Such resistance
Fig. 6 Electronic band structure of CO and CO2 adsorbed on pristine
silicene/MoS2 (g and h), respectively. The red-dashed line indicates the Fe
implemented in the VASP package.

© 2026 The Author(s). Published by the Royal Society of Chemistry
variations are well within the detection limits of conventional
electrical readout circuits. They are consistent with previous
experimental studies reporting robust sensing responses for
similar charge-transfer magnitudes in 2D materials.20,65 There-
fore, the calculated charge transfer of 0.0104e associated with
CO2 adsorption, particularly in the AuB co-doped system, is
sufficient to induce a measurable and reliable electrical signal,
conrming the practical detectability of the proposed sensing
mechanism.

The recovery time (s) is the critical parameter for evaluating
gas-sensor performance. It represents the time required for
complete desorption of gas molecules from the material surface

and is calculated as7 s ¼ y�1exp
�
� Eads

kBT

�
, where y, kB, and T

denote the attempt frequency (1012 s−1),66 Boltzmann constant,
and temperature, respectively. The calculated recovery times at
300 K for CO and CO2 on pristine and doped silicene/MoS2 are
summarized in Table 2. CO exhibits markedly faster recovery,
ranging from 0.015 ns to 0.017 ns, whereas CO2 ranges from
0.050 ns to 0.124 ns. This inverse relationship between recovery
time and adsorption energy is consistent with the Arrhenius
desorption model. Gold doping exhibits a marked enhance-
ment in CO recovery time (0.015 ns, ∼6% faster than the pris-
tine system). In comparison, the AuB co-doped conguration
(a and b), Au-doped (c and d), B-doped (e and f), and AuB co-doped
rmi level. These band structures are calculated by the DFT-D3 potential

RSC Adv., 2026, 16, 2685–2701 | 2693
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Fig. 7 Project density of states of CO and CO2 adsorbed on pristine (a and b), Au-doped (c and d), B-doped (e and f), and AuB co-doped Si/MoS2
co-doped Si/MoS2 (g and h), respectively. The dashed line demonstrates the Fermi level. These pDOS are calculated by the DFT-D3 potential
implemented in the VASP package.
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achieves optimal performance for CO2 with 0.050 ns, approxi-
mately 34% faster than the pristine system (0.076 ns). This
improvement can be attributed to the synergistic effect of co-
dopants which balances strong adsorption with rapid desorp-
tion kinetics. Wang et al. reported recovery times of 0.34 ns for
CO and 16.84 ns for C2H2 on MoS2–WS2 heterostructures at
room temperature.67 These results demonstrate that the Au-
doped silicene/MoS2 system enables CO desorption approxi-
mately twenty times faster than the MoS2–WS2 heterostructure.
Comparing these results with experimental benchmarks reveals
the signicant advantage of the proposed design. While pristine
MoS2 sensors typically exhibit poor sensitivity to non-polar
gases like CO,68 and noble-metal doped counterparts oen
suffer from slow recovery kinetics ranging from minutes to
hours due to strong trap states,69,70 the AuB co-doped system
achieves a unique balance. It combines the high sensitivity
validated in Au-functionalized experiments with a theoretically
predicted ultrafast recovery (∼0.1 ns), suggesting a potential
breakthrough in designing reversible room-temperature
sensors.

To elucidate the electronic properties of CO- and CO2-
adsorbed systems on the silicene/MoS2 bilayer, we conduct
a detailed analysis of the band structure and projected density
of states (PDOS). In both the pristine silicene/MoS2 system and
2694 | RSC Adv., 2026, 16, 2685–2701
the congurations with CO and CO2 adsorption (Fig. 6a, b and
7a, b), the band structure retains its characteristic semi-
conducting nature, exhibiting a well-dened band gap that
coincides with a corresponding gap in the DOS near the Fermi
level. Comparison with Fig. 3a reveals that the Si- and Mo-
derived bands essentially preserve their relative positions
within the valence and conduction regions. Upon CO and CO2

adsorption, subtle perturbations in the band structure emerge,
accompanied by weak DOS features around 3 eV (Fig. S4a and
b), indicative of van der Waals interactions between the gas
molecules and the surface.

The incorporation of Au dopants into the silicene/MoS2
bilayer markedly modulates gas-surface interactions. Upon CO
adsorption, Au atoms promote p back-donation into the CO p*

orbitals, thereby stabilizing the adsorption complex and
reducing the band gap. In contrast, CO2, with its linear geom-
etry and zero dipole moment, induces broader electronic
dispersion, consistent with a delocalized, multi-orbital inter-
action mechanism.61 Hybridization between the CO2 p* orbitals
and the d orbitals of Au and Mo in MoS2 gives rise to hybridized
bands at lower energies than those observed for CO adsorption,
evidenced by a downward shi in the band structure from −1.0
to −1.2 eV (Fig. 6d).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The B-doped system (Fig. 6e, f and 7e, f) exhibits distinct
electronic features, characterized by at bands in the band
structure that correspond to sharp DOS peaks in the low-energy
region. Comparison of Fig. 3c with Fig. 6e, f conrms the
persistence of these at bands aer gas adsorption. Their
minimal energy dispersion leads to a high density of states and
enhanced electron–electron interactions. Notably, upon CO2

adsorption, pronounced overlap between the B orbitals and the
molecular orbitals of CO2 is evident in both the band structure
and PDOS. Combined with the adsorption energy values in
Table 2, this observation claries the preferential adsorption of
CO2 over CO on the B-doped surface.

The adsorption of CO and CO2 on the AuB co-doped silicene/
MoS2 bilayer (Fig. 6g, h and 7g, h) induces only minor modi-
cations in both the band structure and the overall density of
states. Compared with Fig. 3d, the energy bands in Fig. 6g, h
retain their relative positions and widths, with no emergence of
impurity states within the band gap. This behavior indicates
that the interaction between the gas molecules and the co-
doped surface is primarily physisorptive, with moderate
binding strength that does not trigger signicant electronic
reconstruction. As shown in Fig. 7g, h, the DOS near the Fermi
level aer adsorption displays only faint peaks associated with
Fig. 8 The charge density difference (CDD) profiles along the c-direction
B-doped (e and f), and AuB co-doped silicene/MoS2 (g and h), respectivel
the cyan iso-surface represents charge depletion. These profiles are cal

© 2026 The Author(s). Published by the Royal Society of Chemistry
the CO and CO2 p* orbitals, suggesting limited charge transfer.
The total DOS curves closely match those of the pristine
substrate, conrming that the co-doped system retains its
metallic character while maintaining high electrical sensitivity.

Overall, a clear contrast emerges between CO and CO2

adsorption in their inuence on the electronic structure of the
modied silicene/MoS2 systems. CO adsorption produces more
pronounced perturbations near the Fermi level, reecting
localized hybridization between the CO p* orbitals and the
substrate states. These effects are particularly evident in the Au-
doped system, where p back-donation from Au to CO stabilizes
the adsorption complex and slightly narrows the band gap. In
contrast, CO2 adsorption induces only subtle shis in the band
structure, with the overall electronic prole remaining largely
preserved across all congurations. The weak and delocalized
perturbations introduced by CO2 arise from its linear geometry
and zero dipole moment, which limit direct orbital overlap and
favor physisorptive interactions. Consequently, while CO
adsorption gives rise to localized states and measurable elec-
tronic reconstruction, CO2 adsorption primarily manifests as
mild energy dispersion without signicant modication of the
substrate's semiconducting or metallic nature.
of CO and CO2 adsorbed on pristine (a and b), Au-doped (c and d), and
y. The yellow iso-surface indicates areas of charge accumulation, while
culated by the DFT-D3 potential implemented in the VASP package.
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To further elucidate the electronic interaction mechanisms
at the material-gas interface, charge density difference (CDD)
analyses were conducted in detail along the c-axis for all studied
systems, as shown in Fig. 8. The resulting CDD proles reveal
pronounced charge redistribution upon CO and CO2 adsorption
on different surfaces of the silicene/MoS2 heterostructure. For
the pristine system (Fig. 8a and b), the CDD proles indicate
relatively weak interactions with both CO and CO2, character-
ized by small charge accumulation regions (yellow iso-surfaces)
adjacent to the gas molecules and dispersed charge depletion
regions (cyan iso-surfaces) across the substrate surface. Au
doping (Fig. 8c and d) induces signicant changes in the CDD
patterns, with substantial charge accumulation localized
around the dopant site upon CO adsorption, whereas CO2

adsorption maintains a limited interaction similar to the pris-
tine case. Notably, B doping (Fig. 8e and f) engenders a distinct
interaction mechanism, exhibiting pronounced charge deple-
tion around the B atom for both CO and CO2 adsorption,
indicating that B acts as a strong electron acceptor and induces
interfacial polarization akin to that reported for Ti-doped hBN71

The AuB co-doped system (Fig. 8g and h) displays the most
complex CDD patterns with well-organized accumulation and
depletion regions for both CO and CO2, evidencing strong
activation of both gas species and consistent with enhanced
adsorption properties in noble-metal-modied hetero-
junctions.72 Quantitative analysis of the CDD proles along the
c-axis reveals an increasing charge transfer trend in the order
pristine < Au-doped < B-doped < AuB co-doped, in agreement
with prior studies on charge-transfer mechanisms in 2D mate-
rials for gas-sensing applications.73 These results demonstrate
that the creation of heterogeneous charge-density gradients is
a key determinant of sensor sensitivity and selectivity, providing
a theoretical basis for designing high-performance gas-sensing
materials by modulating electronic properties through interfa-
cial charge redistribution.74
Table 3 The periodic energy decomposition analyses (PEDA) of
pristine and Si/MoS2 heterostructures upon adsorption of CO and
CO2. All units are in kJ mol−1. These values are calculated by the PBE
potential implemented in the SCM package

Systems PEDA types CO CO2

Si/MoS2 DEint −3.1 −1.5
DEPauli −0.9 4.3
DEelstat −0.7 4.0
DEorb −0.5 −1.8

Au-doped Si/MoS2 DEint −0.4 −1.9
DEPauli −1.0 3.3
DEelstat 1.2 −3.3
DEorb −0.6 −1.9

B-doped Sil/MoS2 DEint −0.2 −1.0
DEPauli −1.1 5.3
DEelstat 1.5 −4.2
DEorb −0.7 −2.1

AuB-doped Si/MoS2 DEint −0.7 −0.4
DEPauli −1.0 4.4
DEelstat 0.9 −2.9
DEorb −0.7 −1.9

2696 | RSC Adv., 2026, 16, 2685–2701
To elucidate the nature of the adsorption interactions,
periodic energy decomposition analysis (PEDA)75 implemented
in the AMS76 is performed to calculate the intrinsic bond ener-
gies DEint and its individual energy components. Note that

DEint = DEeslast + DEPauli + DEorb (3)

where DEelstat is electrostatic energy, DEPauli stands for the Pauli
repulsion energy, and DEorb is the orbital relaxation energy of
substrates + gas. Table 3 reveals the complex interaction
mechanisms between the silicene/MoS2 heterostructure and
CO/CO2 molecules. For the pristine surface, CO adsorption is
primarily governed by electrostatic attraction and orbital
hybridization, whereas Pauli repulsion contributes only
marginally. The highly negative interaction energy (DEint =

−3.1 kJ mol−1), together with negative DEelstat (−0.7 kJ mol−1)
and DEorb (−0.5 kJ mol−1), conrms that both charge redistri-
bution and orbital overlap stabilize the adsorption complex.
The slightly negative DEPauli (−0.9 kJ mol−1) suggests weak
electronic repulsion, consistent with a physisorption regime
dominated by van der Waals interactions. In contrast, CO2

adsorption is less favorable (DEint = −1.5 kJ mol−1) due to
pronounced electrostatic and Pauli repulsion, reected by
positive DEelstat (4.0 kJ mol−1) and DEPauli (4.3 kJ mol−1). The
linear, nonpolar geometry of CO2 minimizes orbital overlap
with the pristine silicene/MoS2 surface, thereby amplifying
repulsive forces. Only the modestly negative DEorb
(−1.8 kJ mol−1) provides limited stabilization via weak p*-
surface interactions.

Au doping signicantly modies the interfacial electro-
statics, reversing the sign of DEelstat from attractive to repulsive
while maintaining an overall negative DEint. The interaction
energy decreases in magnitude (DEint = −0.4 kJ mol−1), and the
positive DEelstat (1.2 kJ mol−1) highlights the altered surface
polarization induced by Au incorporation. Nevertheless, the
persistent negative DEorb (−0.6 kJ mol−1) conrms residual
coupling between Au d orbitals and CO p orbitals. For CO2

adsorption, Au doping strengthens both electrostatic (DEelstat =
−3.3 kJ mol−1) and orbital (DEorb = −1.9 kJ mol−1) contribu-
tions, leading to a more exergonic interaction (DEint =

−1.9 kJ mol−1). The enhanced p*–d orbital hybridization indi-
cates that Au preferentially stabilizes CO2 over CO. This
conclusion is corroborated by the PDOS, which shows new
hybridized states and overlapping Au d and CO2 p* orbitals
(Fig. S4c, d and 7c, d), consistent with the strongly negative
DEorb values.

B doping introduces Lewis-acidic sites that tune the balance
between attractive and repulsive interactions. For CO, DEint =
−0.2 kJ mol−1 arises from competition between electrostatic
attraction (DEelstat= 1.5 kJ mol−1) and Pauli repulsion (DEPauli=
−1.1 kJ mol−1). In contrast, CO2 experiences stronger binding
(DEint = −1.0 kJ mol−1) driven by pronounced electrostatic
attraction (DEelstat = −4.2 kJ mol−1) that counteracts signicant
Pauli repulsion (DEPauli = 5.3 kJ mol−1). The notably large
negative DEorb (−2.1 kJ mol−1), the most negative across all
systems, underscores the strong orbital hybridization facilitated
by boron's electron-accepting character. This Lewis acidity
© 2026 The Author(s). Published by the Royal Society of Chemistry
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enables efficient charge transfer from CO2 molecular orbitals to
the B p-states, forming a stable adsorption complex. The
substantial overlap between B p-states and CO2 orbitals
observed in the PDOS (Fig. 6e, f and 7e, f), along with the at-
band features in the electronic structure, directly supports the
PEDA ndings.

Co-doping with Au and B yields a synergistic balance
between conductivity enhancement and charge localization. Au
modulates the surface polarization and carrier mobility, while B
provides electron-accepting sites that reinforce orbital hybrid-
ization. This cooperative effect equilibrates the Pauli and elec-
trostatic components while maintaining a stable negative
orbital term, resulting in moderate interaction energies suitable
for reversible sensing. For CO, DEint = −0.7 kJ mol−1 with
DEPauli = −1.0 kJ mol−1, DEelstat = 0.9 kJ mol−1, and DEorb =

−0.7 kJ mol−1; for CO2, DEint = −0.4 kJ mol−1 with DEPauli =
4.4 kJ mol−1, DEelstat = −2.9 kJ mol−1, and DEorb =

−1.9 kJ mol−1. These balanced energy components ensure
sufficient adsorption for detection without compromising
desorption dynamics, as reected by the minimal changes in
the band structure and DOS (Fig. 6g, h and 7g, h). The preserved
metallic character and sustained orbital interactions highlight
the optimized interplay of sensitivity and selectivity in the AuB
co-doped silicene/MoS2 system. In short, these analyses reveal
that the adsorption processes are governed by strong electro-
static and orbital hybridization, with moderate Pauli repulsion,
suggesting charge redistribution rather than covalent recon-
struction at the interface. These ndings align with band
structure and pDOS analyses showing Au d-S p and B p-Si p
hybridizations near the Fermi level, which drive the
semiconductor-to-metal transition and enhance carrier
mobility. The cooperative effects of Au-induced surface polari-
zation and B-mediated electron acceptance yield balanced
interaction energies, enabling substantial charge transfer
without trapping. Overall, AuB co-doping efficiently tunes
interfacial bonding and electronic coupling in Si/MoS2 hetero-
structures, offering a rational pathway toward ultrasensitive and
fast-response 2D gas sensors.
3.4. Sensitivity and selectivity analysis

To assess the practical applicability of the AuB co-doped Si/
MoS2 sensor, we systematically evaluated its cross-sensitivity
toward common interfering gases, including H2O, NH3, and
NO2. The corresponding adsorption energies calculated using
the DFT-D3 scheme are summarized in Table S4.

Notably, the sensor exhibits excellent selectivity toward
ammonia, as evidenced by its extremely low adsorption energy
of −12.3 meV. Such negligible interaction indicates that NH3

induces minimal charge transfer and electronic perturbation in
the sensing channel, and therefore would not generate
a measurable electrical response. This behavior represents
a signicant advantage over many conventional metal-oxide
sensors, for which NH3 oen causes severe cross-interference
and signal instability.77,78

For humidity, H2O exhibits a moderate adsorption energy of
approximately −158.4 meV. Although this interaction is
© 2026 The Author(s). Published by the Royal Society of Chemistry
stronger than that observed for CO and CO2, it remains within
the physisorption regime. It is predominantly governed by
electrostatic dipole interactions rather than the orbital-
mediated charge-transfer mechanism responsible for the
sensing response to carbon oxides. This nding is consistent
with recent reports on the effects of humidity on two-
dimensional gas sensors. It suggests that moisture interfer-
ence could be effectively mitigated through standard
approaches such as signal compensation or surface hydro-
phobic modication.79,80

NO2 exhibits the strongest binding among the tested gases,
with an adsorption energy of −253.8 meV, which can be
attributed to its radical character and strong electrophilicity.81

While this implies potential cross-sensitivity in NO2-rich envi-
ronments, it also reects the high intrinsic reactivity of NO2

commonly observed across many sensing materials. Impor-
tantly, the distinct selectivity prole of the AuB co-doped
system, characterized by its insensitivity to NH3 and its revers-
ible detection of CO and CO2, makes it particularly well suited
for monitoring carbon oxides in agricultural and industrial
environments, where ammonia is oen the dominant inter-
fering species.82
4. Conclusions

This study establishes the AuB co-doped Si/MoS2 hetero-
structure as a highly stable and efficient platform for gas
sensing. Our results demonstrate that co-doping induces
a semiconductor-to-metal transition, signicantly enhancing
conductivity and charge transfer. Furthermore, detailed mech-
anistic analyses reveal a distinct selectivity for CO2 over CO,
driven by favorable orbital mixing and electrostatic attraction,
while exhibiting excellent inertness toward common interfering
gases such as NH3. Crucially, the system achieves a balance
between strong adsorption for detection and low energy barriers
for ultrafast recovery (<0.02 ns), effectively overcoming the
kinetic limitations oen observed in pristine 2D sensors. These
ndings provide a rational pathway for designing multifunc-
tional heterostructures with optimized sensitivity, selectivity,
and reusability.
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