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ABSTRACT: As the field of 2D materials rapidly evolves, substances
such as graphene, metal dichalcogenides, MXenes, and MBenes have S ~ ul x w7 {

garnered extensive attention from scholars in the gas sensing domain due SCSATIR AR S A KEEH, FHEAR,
to their unique and superior properties. Based on first-principles
calculations, this work explored the adsorption characteristics of both e
intrinsic and silver (Ag) doped tin disulfide (SnS,) toward the
decomposition components of the insulating medium C,F,N (namely,
CF,, C;F, and COF,), encompassing the adsorption energy, charge
transfer, density of state (DOS), band structure, and adsorption stability.
The results indicated that Ag-doped SnS, exhibited an effective and stable
adsorption for C;F¢ and COF,, whereas its adsorption for CF, was
comparatively weaker. Additionally, the potential for Ag-SnS, in detecting
C;F¢ was highlighted, inferred from the contributions of the band gap
variations. This research provides theoretical guidance for the application
of Ag-SnS, as a sensing material in assessing the operational status of gas-insulated equipment.
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B INTRODUCTION the case of C,F;N based GIE, partial discharges CAN result in

Sulfur hexafluoride (SFg) is renowned for its exceptional
electrical insulating properties and is widely utilized in the
power industry’s high-voltage equipment as either an insulator
or an arc-quenching medium. However, its considerable Global
Warming Potential (GWP) of 23,900 has led to its inclusion in
international environmental treaties, such as the Kyoto
Protocol and the Paris Agreement, resulting in its classification
as a restricted-use greenhouse gas.'~ To mitigate reliance on
SF4 and its environmental impact, the power industry has
proposed the eco-friendly insulating gas perfluoroisobutyroni-
trile (C,F;N) as an alternative for use in gas-insulated
equipment (GIE). C,F,N offers an insulation capacity of 2.2
times that of SF¢ but with a GWP that is only 1/11th of SFs,
an ozone depletion potential of zero, and an atmospheric
lifetime of 22 years.'”” Because of its high liquefaction
temperature of —4.7 °C, C,F,N is typically blended with lower
liquefaction temperature gases such as CO, and N,, to
maintain functional reliability under low-temperature con-
ditions.>®* "' Moreover, for the GIE, internal defects such as
free metallic particles, metal protrusions, and poor conductor
contact are inevitable during transportation, assembly, and
operation. Over time, these defects may induce internal faults
like partial discharges and partial overheating.'* The insulation
medium will undergo a certain degree of decomposition and
yield various fault-induced decomposition products, under-
mining the internal insulation stability of GIE and elevatin$ the
risk of critical malfunctions and potential power outages.” In
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the generation of gases such as C;F¢, C,F¢, C;Fg, CF,, and CO.
Notably, the concentration of CF4 demonstrates a strong
linear correlation with both the intensity and duration of the
discharge.'* In scenarios of partial overheating, the primary
decomposition products of the C,F,N mixed gas include C;F,
CO, CF,, C,F, CF;CN, COF,, and C,N,. Specially, under the
catalytic influence of common internal materials like copper,
EPDM rubber, and aluminum, C;F4 can form at temperatures
significantly lower than the normal decomposition temperature
of C,F;N, providing a valuable indicator for the early detection
of overheating faults."”'® Furthermore, the concentration of
COF, establishes a reliable linear relationship with overheating
temperatures above 400 °C, serving as a useful metric for
assessing the severity of such faults.'"® The qualitative and
quantitative analysis of these signature gases paves the way for
the early detection and remediation of incipient faults within
the GIE. This proactive approach prevents the progression of
these faults into more serious complications, thereby
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safeguarding the continuous and stable operation of electrical
power systems.

Nanomaterial-based resistive gas sensing technology is a
highly efficient method for acquiring gas fingerprint
information in spaces, characterized by its high sensitivity,
rapid response, portability, and high integration. This
technolo§y finds widespread application across various
fields.'”'® In the quest for high-performance sensing materials,
scholars in related fields have identified the significant potential
of two-dimensional nanomaterials, offering diverse solutions
for achieving low detection limits, broad detection ranges, and
specific responses in gas sensing. Among these materials, SnS,,
known for its large specific surface area, high carrier mobility,
tunable band gap, as well as its chemical stability in oxygen and
thermal atmosphere, has garnered considerable attention in the
gas sensinzg domain and demonstrated outstanding perform-
ance."”™*" For example, the hollow structure of SnS,
synthesized by Liu and colleagues demonstrates high sensitivity
for detecting NO, at room temperature (25 °C) under
ultraviolet irradiation.”> Eom et al. enhanced the room-
temperature response of SnS, nanoflowers to NO, using
visible light, achieving exceptionally high sensing selectivity
and a low detection limit.”* Similarly, intrinsic SnS, has been
widely applied in the detection of other toxic industrial gases,
such as NH;, aldehydes, and ketones.””~>” However, the
inherent high sensitivity of SnS, in gas detection is commonly
counterbalanced by its slow response and recovery times,
which significantly curtail its practical use. Recent research has
demonstrated that the introduction of a noble metal or
constructing heterostructures can effectively transform the
electronic structure of SnS,. These modifications not only
elevate carrier mobility but also enhance interfacial charge
transfer, resulting in a marked improvement in both the
sensitivity and the response-recovery dynamics of pristine SnS,
for targeted gas detection. The Au doped SnS, proposed by
Zhu et al. was used to fabricate NO, gas sensors. It was found
that because of the spillover effect of Au atom, the response
and recovery times of the gas sensors were accelerated from
393.6 and 451.2 s to 127.6 and 255.2 5.”® Recently, Ag were
proven to be effective in improving the sensin§ performance of
SnS, with certain repeatability and stability.””>" To further
meet the demands for high sensitivity and rapid response in
engineering gas sensing applications, this study will investigate
the adsorption characteristics of Ag doped SnS, toward
decomposition by product of C,F;N, including CF,, C;F,,
and COF,.

In this work, a Ag-doped SnS, monolayer was proposed for
the first time as a sensing material to explore its adsorption and
sensing characteristics for CF,, C;F4, and COF, using density
functional theory (DFT) calculations. The adsorption perform-
ance and mechanisms for these three gas molecules on Ag-SnS,
were revealed by analyzing the structural parameters,
adsorption energy, charge transfer, DOS, band structure,
adsorption stability, and recovery time of each adsorption
system. The findings not only provide insights for online fault
monitoring and diagnosis in novel power systems but also
expand the application scope of SnS, materials.

B THEORETICAL METHODS

The calculations in this work were carried out by first-
principles calculations on the basis of DFT using the Vienna
Ab initio Simulation Package (VASP). For the electron—ion
interaction, the projected augmented wave (PAW) method

with ultrasoft pseudopotentials was employed for descrip-
tion,>** and the electron exchange-correlation interaction was
represented using the Perdew—Burke—Ernzerhof (PBE)
formula within the framework of the generalized gradient
approximation (GGA).** The semiempirical dispersion
correction method, Grimme’s DFT-D2, was utilized to correct
interactions arising from weak van der Waals (vdWs) forces.*
The initial SnS, supercell was constructed by a 4 X 4 X 1
structural expansion of the unit cell For the geometric
optimization and electronic structure calculations, the k-points
were set to 4 X 4 X 1 in the Monkhorst—Pack grid. In the
energy optimization of the system, the cutoff energy and the
self-consistent field convergence threshold were set to 520 and
1075 eV, respectively. The Gaussian smearing of 0.1 eV was
utilized to calculate the electronic structure.”® Interatomic
forces were treated using the block Davidson iterative method,
with the convergence criterion also based on force values;
specifically, optimization was terminated when the force on an
individual atom fell below 0.02 eV/A. To prevent interlayer
interactions from affecting the adsorption of gas molecules, a
20 A vacuum layer was added between adjacent layers of SnS,.
Bader charge analysis was employed to compute the charge
exchange behavior between intrinsic and Ag-doped SnS,
substrates with CF,, C;F, and COF, gas molecules.”” The
cohesion energy (E,)*® of Ag atom doping and the adsorption
energy (E,q) ” between gas molecules and the sensing
substrate were calculated using the following formulas:

Eco = EAg/SnSZ - EAg - ESnSZ (1)

Eads = Egas/substrate - Egas - Esubstrate (2)

where E,g /g5, represents the energy of the Ag doped SnS,
systems, E,; represents the energy of an Ag atom, and Eg,
represents the energy of the SnS, monolayer. Ey,/qubstrater Egas
and E . are the energies of the sensing substrate with gas
molecules adsorbed, gas molecules, and sensing substrates,
respectively. The charge exchanges between the gas molecule
and sensing substrate were denoted as Q.. A positive Q, value
indicates electron loss from the gas molecule, whereas a
negative value signifies electron gain from the sensing
structure.

B RESULT AND DISCUSSION

Geometric Structure and Parameters. Figure 1 presents
the most energy favorable structures of intrinsic SnS, and gas
molecules C;F4, COF,, and CF, after geometry optimization.
In Figure la, SnS, is illustrated in a S—Sn—S sandwich
conformation, where the Sn—S bond length measures 2.590 A,
aligning with values documented in the literature.*”*" Because
of its surface symmetry, preferred adsorption sites for the gas
molecules were identified at the centers of the red dashed
boxes, as indicated in Figure la. As Figure 1b reveals, the
symmetrical properties of COF, and CF, display significant
symmetrical properties. The initial adsorption orientations for
COF, were established with the molecule parallel to the SnS,
plane and either an O atom or two F atoms oriented
perpendicularly downward. For CF,, the proposed approaches
toward the SnS, sensing surface involved configurations with
one, two, or three C—F bonds oriented downward. The
asymmetric structure of C;F, however, complicates the
consideration of all possible adsorption scenarios. Conse-
quently, this study selected initial adsorption orientations, both
perpendicular and parallel to SnS,, based on the plane
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Figure 1. Optimized structures of (a) SnS,, (b) C;F;, COF,, and CF,.

constituted by the central C=C—C functional group of the
molecule. Upon the most stable Ag-SnS, structure, three
potential Ag atom doping sites were taken into account: (a)
atop the S atom (Ty), (b) atop the Sn atom (Tg,), and (c) at
the bridging site between the S and Sn atoms (Bg,_g). Figure 2
displays the optimized structures for these doping sites, with
their respective E_, being —1.929, — 1.717, and —1.785 eV.
Notably, model A, featuring Ag doping atop the S atom,
showcased the highest Eg , suggesting that this site yields the
most stable configuration on the SnS, surface. Accordingly, the
adsorption of gas molecules on Ag-SnS, will be based on
model A, with the adsorption site located atop the Ag atom
and the orientation similar to that considered in the intrinsic
SnS, system.

Based on the Ag-SnS, structure derived from model A,
Figure 3 further presents the DOS and band structure of the
system to investigate the impact of Ag atom doping on the
electronic structure of SnS,. As can be discerned from Figure
3a, the doping of Ag atoms caused a shift of the TDOS toward
a lower energy level by approximately 9.000 X 107" eV and
increased new energy states at several points. These results
indicated that the doping of Ag atoms introduced impurity
levels into the SnS, system, which align closely with the
positions of the 4d atomic orbitals of Ag atoms depicted in
Figure 3b. Moreover, the extensive overlap between the 4d

atomic orbitals of Ag and the 3p atomic orbitals of S atoms in
the —2.021 to —5.673 eV range confirmed the high stability of
the Ag-doped SnS, system. Figure 3c illustrates the band
structure of SnS,, with a corresponding band gap of 1.580 eV,
consistent with existing research.”” Upon the addition of Ag
atoms, both the conduction band minimum (CBM) and
valence band maximum (VBM) of the system underwent a
downward shift, and the band gap was reduced to 1.263 eV.
This indicated that doping SnS, with Ag atoms is likely to
enhance its electrical conductivity to a certain extent.

Adsorption Behavior of the C;F; Molecule. After
structural optimization and calculations of E, g4, the most stable
adsorption configurations of C;F4 gas molecules on SnS, and
Ag-SnS, surfaces are depicted in Figure 4a,b. It was observed
that the C;F4 molecule approaches and adheres to the sensing
substrate surfaces in a parallel orientation, achieving the most
stable adsorption. The corresponding E,4 and Q, values for
these two systems were —1.976 X 107" and —2.299 X 107! eV
and —6.512 X 1072 and —5.070 X 1072 e, respectively. In the
SnS, adsorption system, the shortest atomic distance at the
gas—solid interface is 3.002 A between the S and F atoms, and
no significant structural changes were observed in either the
gas molecule or the substrate. In the Ag-SnS, system, a
stronger interaction reduces the minimum distance between
the C;F4 gas molecule and the sensing plane to 2.622 A (C—
Ag). Concurrently, the C—F bond length increased from 1.369
to 1.371 A, indicating a strong interaction exerted by Ag atoms
on specific atoms within the C;F¢ molecule, primarily deriving
from orbital hybridization between the atoms. As shown in
Figure 4c, in the intrinsic SnS,/C;F¢ adsorption system, the
degree of hybridization between the closest F atom 2p orbitals
and the S atom 3p orbitals is relatively low, occurring only at
energy levels of —3.271, —3.645, and —4.122 eV. This leads to
a weaker overall interaction and lower E; between the
molecule and the sensing substrate. However, in the Ag-SnS,
adsorption system, there is more extensive overlap between the
4d orbitals of Ag atoms and the 2p orbitals of C and F atoms in
the C;F¢ at energy levels such as —7.991, —7.383, — 6.516, —
5.642, —4.541, —3.060 eV, etc., resulting in stronger adsorption
of C4F¢ on the Ag-SnS, surface.

Adsorption Behavior of the CF, Molecule. Figure Sab
presents the energetically optimal structures of CF, adsorbed
on SnS, and Ag-SnS, surfaces, where CF, molecules
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Figure 2. Optimized structures of Ag doped SnS, systems: (a) T; site, (b) Tg, site, and (c) Bg,_g site.
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Figure 4. Optimized structures of C;F¢ on (a) pristine SnS, and (b) Ag-SnS, and (c) PDOS of the C;F4 adsorbed pristine SnS, and Ag-SnS,

systems.

approached the sensing surface with a single F atom and two F
atoms, respectively. Owing to the highly symmetric geometry
and electronic structure of CF,, it is challenging for the gas
molecule to undergo significant geometric deformation or
charge exchange. Additionally, the inherent lack of active sites
on the pristine SnS, surface hindered the adsorption of gas
molecules, resulting in a relatively weak interaction in the
SnS,/CF, adsorption system, with E 4 and Q, values of only
—9.131 X 107> eV and —2.150 X 107> e, respectively.
Meanwhile, the introduction of Ag atoms enhanced the
reactivity of the SnS, surface, increasing the adsorption
strength for CF,. The minimum distance between them was
reduced from 3.146 A in the pristine SnS, system to 2.820 A in
the Ag-doped system, and the E,4 increased to —1.277 X 107"
eV. Concurrently, the C—F bond length in CF, elongated from

23526

1.345 t01.358 A but with a charge transfer of only +3.700 X
107 e. The PDOS presented in Figure Sc suggests an inverse
correlation between the degree of atomic orbital hybridization
and the adsorption strength before and after doping. Prior to
doping with Ag atom, there was noticeable overlap between
the 3p orbitals of S and the 2p orbitals of F at —5.611, —5.110,
and —3.935 eV. Postdoping, the 2p orbitals of F and the 4d
orbitals of Ag were positioned to the left and right of the 5.801
eV energy level, respectively, exhibiting almost no overlap. This
phenomenon reveals the reason for the smaller Q, in the CF,/
Ag-SnS, system compared to the CF,/SnS, system, and the
interactions between the CF, gas molecule and the sensing
substrates were characterized by weak physical adsorptions.
Adsorption Behavior of the COF, Molecule. Figure
6a,b illustrates that on SnS, and Ag-SnS, surfaces, COF,
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molecules predominantly adsorbed via F and O atoms,
respectively. The COF,—SnS, interaction was characterized
by a minimal atomic separation of 3.08 A accompanied by an

23527

E,4 of —1.046 X 107! eV and a Q, of —2.447 X 107 e. This
adsorption strength lay between those observed for CF, and
C,F, without notable alterations in molecular conformation.
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Figure 7. Adsorption stability of (a) C;F, (b) CF,, and (c) COF, molecules on the surface of Ag-SnS,.

In stark contrast, interaction between COF, molecule and Ag
atoms led to a reduced atomic gap of 2.434 A, a marginal Q, of
—5.000 X 10™* ¢, and a nearly tripled E 4, of —3.178 X 107" eV.
Concurrently, the C—O bond length underwent a slight
expansion from 1.182 t01.196 A. These parameters signified
the most minimal gas—solid interfacial distance and the most
pronounced adsorption strength among the six gas adsorption
systems evaluated in this study. The pronounced interaction
between the reactive carbonyl moiety (C=0) in COF, and
the Ag atoms predominantly contributed to this observation.
The PDOS graph in Figure 6¢ suggests that prior to Ag doping,
the 2p orbitals of F atoms in COF, and the 3p orbitals of S
atoms on the SnS, surface demonstrate noticeable overlaps at
energies of —6.652, —3.453, and —2.151 eV. Conversely, in the
Ag-SnS, system, the 4d orbitals of Ag and the 2p orbitals of O
atoms exhibit significant overlap across various energy levels,
namely, at —10.12, —8.001, —7.162, —6.141, and —5.147 €V,
denoting a heightened state of hybridization, albeit not
reaching the hybridization magnitude observed in the C;F4/
Ag-SnS, adsorption system.

Adsorption Stability of Gas Molecules on the Surface
of Ag-SnS,. The presented analysis demonstrated that the
E,4's of the three gas molecules on SnS, surfaces, irrespective
of doping status, were comparatively low and did not achieve
the threshold of chemical adsorption (IE,ql > 0.6 eV). This
phenomenon raised concerns about the potential instability of
gas molecule adsorption during practical sensing operations,
potentially resulting in diminished or erratic sensing responses.
To address this, this work carried out molecular dynamics
simulations on the Ag-SnS, surfaces to evaluate the adsorption
stability of these gas molecules. Based on the NVT ensemble,
we employed the Andersen thermostat method to investigate
the thermal stability across various adsorption scenarios. These
simulations were conducted at a steady temperature of 300 K
(equivalent to room temperature) using a time step of 1 fs and
extending over a total period of 10° fs. Figure 7 illustrates the
energy fluctuations and structural alterations experienced by
the three gas molecules after undergoing molecular dynamics
calculations. Notably, C;Fs and CF, displayed energy
variations of approximately 2.000 eV, whereas COF, exhibited
a more stable energy profile, consistently around —234.5 eV. In
terms of structural changes, postsimulation analyses revealed
that the nearest distances between C;F4 and COF, to the
substrate diminish to 2.571 and 2.373 A, respectively. In
contrast, the distance between CF, and the substrate expanded
to 2.920 A, suggesting a propensity for disassociation.
Consequently, inferring from the kinetic behavior of these
gas molecules under ambient conditions, it appeared that C;F,
and COF, were capable of achieving stable adsorption on the
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Ag-SnS, surface, whereas CF, was likely to disengage in a brief
duration, failing to establish a dependable adsorption.
Furthermore, optimal recovery characteristics are crucial for
preventing sensor degradation and prolonging sensor lifespan.
The recovery efficiency of sensors is generally quantified using
the recovery time 7, which was computed as follows:**

;= gl B/kT

)

where F is the apparent frequency factor and defined as 10'*
s~ ! in this work. kg and T are the Boltzmann constant (eV-K™!)
and operating temperature (K), respectively. E, represents the
desorption energy barrier of the corresponding gas molecule.
Calculated using eq 3, the recovery times for C;F4 CF,, and
COF, gases at ambient temperature are determined to be
1.381 X 1074, 7.172 X 107", and 4.600 X 107'% s, respectively,
suggesting a swift desorption process for each gas from the Ag-
SnS, surface.

Band Structure Analysis. To further analyze the impact
of gas molecule adsorption on the conductivity of sensing
materials, this study additionally computed the band structure
of SnS, and Ag-SnS, before and after gas molecule adsorption.
As evidenced in Figure 8, adsorption of all three gas molecules

() (b) ()
2 2 2

-

nY,

556 eV 1i553 eV 0 1:560 eV

Energy (eV)
o

Bpang = - 2.321x102 eV

Bpang = - 2.631x102 eV Bpang = - 1.950x102 eV

Figure 8. Band structures of pristine SnS, with (a)C;F, (b) CF,, and
(c) COF, molecules adsorbed.

led to a reduction in the band gap of SnS,. This suggests that
the energy barrier for electron excitation from the valence band
to the conduction band will be lowered, resulting in a decrease
in the resistance when these gases are detected in sensing
experiments. Notably, the band gap change was most
significant for CF, at —2.631 X 107> eV followed by C;F
and COF, at —2.321 X 1072 eV and —1.950 X 107* eV,
respectively. However, it is important to note that CF,
exhibited considerably weaker adsorption stability than C;Fq
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and COF,; thus, its actual contribution to changes in material
conductivity might be lower than the theoretical value. In the
Ag-SnS, adsorption systems (Figure 9), the band gap increased

(a) (b) (c)
2 2 2

-

Energy (eV)
(=]

Bpang = 1.200x102 eV

Bpang = 5.300x10°3 eV Bpang = 8.900x103 eV

Figure 9. Band structures of Ag-SnS, with (a) C;F,, (b) CF,, and (c)
COF, molecules adsorbed.

for all three gases postadsorption, indicating a decrease in
conductivity. In this scenario, C;F4 has the most significant
impact on the band gap of Ag-SnS,, increasing it by 1.200 X
107% eV, whereas the increases for COF, and CF, are smaller
at 8.900 X 107> and $.300 X 107> eV, respectively. Therefore,
in the adsorption calculations of SnS, before and after Ag
doping, CF, presented certain issues in adsorption stability,
COF, contributed less to conductivity changes, and C;F4 can
stably adsorb and alter the electronic structure of the sensing
material. Theoretically, C;F¢ exhibited the highest and most
stable response among the three gases, suggesting a high
potential for Ag-SnS, as a sensing material for C;F detection.

B CONCLUSIONS

In this study, the performance and related mechanisms of
intrinsic and Ag-doped SnS, adsorbing C;F4 CF,, and COF,
were comprehensively analyzed through DFT calculations of
geometric and electronic parameters. The main conclusions
drawn can be summarized as follows:

i. Doping SnS, with Ag atoms significantly alters its
electronic structure and enhances its conductivity.

ii. Compared to intrinsic SnS,, the introduction of Ag
atoms improves the interaction strength at the gas—solid
interface, leading to more stable adsorption of target gas
molecules.

ili. The adsorption of all three gas molecules on the
modified SnS, surface does not reach the level of
chemical adsorption, with the adsorption strength
ranking as COF, > C;Fs > CF,. Molecular dynamics
simulations indicate that COF, and C;F4 can stably
adsorb on the Ag-SnS, surface, whereas CF, tends to
detach from the sensor surface;

iv. Combining band gap analysis and recovery capability, it
is found that CF, and COF, are weaker than C;F in
terms of adsorption stability and band gap change
contributions, respectively. Therefore, Ag-SnS, demon-
strates potential for application as a C;F4 sensor.
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