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Abstract: DFT calculations were employed to investigate the adsorption of gases
produced from SF¢ decomposition (S§O5 and SOF) on pristine and Ti-decorated
single-walled carbon nanotubes (Ti-(8, 0) SWCNT). All structures were relaxed
and their structural and electronic properties were investigated before and after
gas adsorption on the surface of the nanotubes. (Ti-(8, 0) SWCNT) was found
to have high chemisorption sensitivity to Ti, SO,F,, and SO, adsorptions on its
surface. The electronic' properties of (8, 0) SWCNT were altered from
semiconductor to metallic upon decoration with Ti, as demonstrated by
calculated band structures and density of states (DOS). SO,F, and SO,
adsorption on the surface of (Ti-(8, 0) SWCNT) from different sides transformed
the conductor (Ti-(8, 0) SWCNT) into a semiconductor nanotube. To more
carefully study the nature of adsorption, partial density of states (PDOS)
calculations were also made. Additionally, Ti decoration induced a
magnetization of approximately 2.61 uB in (8, 0) SWCNT, which disappeared
after gas adsorption.

Keywords: gas adsorption; carbon nanotube; modified nanotube; electronic
properties; charge transfer.

INTRODUCTION

Sulfur hexafluoride (SFe) has been widely used in gas-insulated equipment,
but it can decompose into SO.F,, SO, and other compounds' under partial
discharge over time. Various methods, such as gas chromatography and detector
tubes,? have been used to identify SFs decomposition products. Since carbon
nanotube discovery in 1991,% it has been been widely used in nanotechnology,
energy storage materials, gas adsorption properties,® and hydrogen storage.’ In
addition to their essential applications, numerous studies have focused on
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preparing CNTs for gas detection due to their excellent properties, including higher
sensitivity, faster response, and the ability to detect a wider variety of gases. To
improve the detection properties of CNTs, various methods have been proposed,
including decorating or doping them with metal atoms to enhance their
functionality in identifying a wide range of gases.® Kong et al. have reported the
gas sensing properties of single-walled CNTs, laying the groundwork for the
application of one-dimensional nanomaterials in gas detection.” Zhao et al. have
studied the adsorption of N> gas and various gas molecules on (5, 5) SWCNTs and
bundles using DFT. They observed weak interactions between SWCNTs and gas
molecules, which did not significantly influence the electronic structures of carbon
nanotubes.® In another study, Zhou et al. have investigated the adsorption of SO,
CH30H, and CH4 on Pd-decorated (5, 5) CNTs. The strong binding energies and
significant electron charge transfers indicated the promising potential of Pd-CNTs
for detecting these gas molecules.” Ozekmekei et al. investigated the adsorption of
hydrogen sulfide onto gallium (Ga), germanium (Ge) and boron (B) doped (4, 0)
single-walled carbon nanotubes (SWCNTs) using DFT. Their results showed that
all doped SWCNT structures have negative Gibbs free energy and adsorption
energy values, indicating their potential for H,S removal via adsorption.'
patrignani et al. studied the adsorption of NO and CO on pristine and metal-
decorated (8, 0) SWCNT using DFT. Both gases caused a slight deformation of
the nanotube curvature in the direction of the adsorbed molecule. Their research
demonstrated that decorating SWCNTSs with transition metals (Sc, Cr, Fe, and Ni)
enhances both molecule adsorption and sensing performance.!! The selection of
the (8, 0) zigzag SWCNT is driven by its semiconducting properties and
heightened sensitivity to conductivity changes, making it a preferred choice for gas
detection.'? Furthermore, an increase in the tube diameter results in a smaller
broken symmetry factor (larger n), thereby enhancing the adsorption capability of
the SWCNT.!® Recently experimental and theoretical simulations have indicated
the potential for uniform coating of carbon nanotubes with Ti atoms. The nearly
empty d orbitals of Ti facilitate interactions with ligands such as gases.
Consequently, charge transfer occurs from the ligands highest occupied orbital to
the empty orbital in Ti. This is followed by a reverse charge donation from the d
orbital back to the ligand's lowest unoccupied orbital. This intricate charge transfer
process, along with covalent bonding with Ti, leads to the formation of a stable Ti-
C bond.'* It's noteworthy that there is a dearth of reports concerning the utilization
of Ti-decorated carbon nanotubes for detecting SFs decomposition products in gas
insulation equipment. Thus, this study holds significant importance as it offers
fresh insights into the development of gas sensors through the utilization of Ti-
decorated SWCNTs for this specific purpose. In this study, we investigate the gas
sensing properties of (8, 0) SWCNT and Ti-decorated (8, 0) SWCNT for SFs
decomposed gases (SO.F, and SO;) using DFT calculations. We analyze the
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structural parameters, adsorption energies, density of states (DOS), band
structures, and partial density of states (PDOS) to describe the interaction between
the gases and SWCNTs.

COMPUTATIONAL METHOD

The adsorption of SO, and SO,F, molecules to the surfaces of both pristine and Ti-
decorated (8, 0) SWCNTSs was calculated using the Quantum-Espresso softwarée package.'> The
GGA-PBE functional was used to account for exchange-correlation effects.'® A typical (8, 0)
SWCNT was created in a supercell with lattice constants a = 26.46 A and c = 4.26 A. The
Monkhorst-Pack scheme with a 1 x 1 x 10 k-point grid was used to sample the Brillouin-zone."”
An energy cutoff of 60 Ry was set for the wave function in all structures. The VAW -Grimme-
D2 approach was used to correct van-der Waals interactions in the calculations. The Xcrysden
software was used to display the geometries obtained from DFT calculations. In this study, SO,
and SO>F, molecules were adsorbed on different sides of the (8, 0) SWCNT and Ti-decorated
(8, 0) SWCNT. The structural and electronic properties, such as band structures, density of
states (DOS), and partial density of states (PDOS), were calculated. Furthermore, magnetization
was assessed through spin-polarized calculations. To investigate the stability of (Ti-(8, 0)
SWCNT) structure, the formation energy for Ti adsorb.d on the surface of (8, 0) SWCNT is
defined as:

Ef S ETi/swcnt — Eswene — Eri (1)
Where Eriswen, Eri, and Ey; are total energies of the Ti-SWCNT, isolated SWCNT, and

isolated Ti atom, respectively. The adsorption energy is computed to describe the gas-surface
interaction:'®

Eads = Esurface/gas — Esurface - Egas (2)

Where the parameter Eg,fuceeqs Tepresents the total energy of adsorbed structures, Egface
and Eg, are the energies of optimized pristine or Ti decorated (8, 0) SWCNT and the isolated
gas molecules, respectively. Based on Eq. (2), negative values with greater absolute values of
adsorption energy indicate favorable adsorptions. We utilized Bader charge analysis'>? for a
comprehensive understanding of the gas adsorption mechanism. Charge transfer between Ti and
SWCNT is determined by the equation:

Q¢ = QTi/swcnt — Qi (3)
Where Oriswen: and QOr represent the charge transfer for the Ti decorated on SWCNT and
isolated Ti, respectively. The charge transfer for each gas adsorption process is calculated as:
Qg = ans/surface - ans (4)
Here Qgugsurfuce and QOgas denote the charge transfer amount after adsorption by the gas and
isolated gas, respectively. A negative value of charge transfer indicates the acceptance of
electrons by the gas molecules.
RESULTS AND DISCUSSION
Adsorption of SO:to pristine (8, 0) SWCNT
The optimized structure of the pristine (8, 0) SWCNT with the number of
carbon atoms is depicted in Figure 1. As shown in Figure 1, after optimization, the
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C1-C2 and C1-C3 bond lengths of the (8, 0) SWCNT are approximately 1.43 and
1.42 A, respectively, which are consistent with previous findings.?'

Fig. 1. The optimized structure of pristine (8, 0) SWCNT.

The SO, molecule was added in front of the C1 atom of the nanotube from
both S and O sides. To distinguish between them; SO>-S-CNT is used when SO,
1s adsorbed from the S side, and SO,-O-CNT is utilized when SO, is adsorbed from
the O side. Fig. 2 shows the optimized configurations of SO,-S-CNT and SO,-O-
CNT.
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Fig. 2. The optimized configurations of SO,-S-CNT a) and SO,-O-CNT b).

From Fig. 2, it is apparent that the SO, molecule is situated at a considerable
distance from the (8, 0) SWCNT in SO,-S-CNT and SO,-O-CNT configurations,
with distances of 3.04 and 3.28 A, respectively. The adsorption energies of SO in
SO3-S-CNT and SO,-O-CNT configurations are -0.24 and -0.23 eV, respectively.
Table I presents the nearest bonding distances (D) and adsorption energies of all
structures. Low adsorption energy values and long distances suggest weak
adsorption of SO; to the (8, 0) SWCNT in both configurations. Band structures
and DOSs of each structure are illustrated in Fig. 4. Black and red lines in Fig. 4
indicate spin up and spin down bands, respectively. The results confirm that (8, 0)
SWCNT is a semiconductor with a band gap of 0.59 eV, consistent with previous
studies.?? Upon SO, adsorption, a new band emerges above the Fermi level in the
conduction band of both configurations which can be attributed to p orbitals of S
and O atoms of the SO, molecule (Figs. 4b and 4¢). However, the band gaps do not
change significantly after adsorption, as seen in Table I. All structures exhibit
overlapping of spin up and spin down bands, indicating no induced magnetization
after SO, adsorption from both sides. To gain further insight into the nature of
adsorption, the partial densities of states (PDOSs) are presented in Fig. 5. The left
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and right sides of each graph show the spin up and spin down PDOSs, respectively.
From Figs. 5b and Sc, it is observed that p orbitals of S and O atoms in SO, have
high density at about -7 eV and are hybridized with p orbitals of the carbon atom
in (8, 0) SWCNT. However, this hybridization is far from the Fermi level and does
not result in bond formation in either configuration. Therefore, the adsorption of
SO, does not significantly alter the magnetic or electronic properties of (8, 0)
SWCNT, which is in consistent with previous findings.?* For visualizing electronic
distribution, Bader charge analyses calculated the charge difference before and
after gas adsorption on nanotube surfaces. The charge transfer for all
configurations was computed using Eq. (4) and is presented in Tables I and II. As
indicated in Table I, no significant electron transfers were observed between SO,
gas and (8, 0) SWCNT in SO,-S-CNT and SO,-O-CNT configurations.
Adsorption of SOF to (8, 0) SWCNT

The optimized configurations of SOyF,-F-CNT and SO,F,-O-CNT, which

represent the adsorption of the SO,F> molecule to the SWCNT from F and O sides,
respectively, are shown in Fig. 3.
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Fig. 3. The optimized configurations of (8, 0) SWCNT after SO,F, adsorption a) from F side
(SO,F,-F-CNT) b) from O side (SO,F»,-O-CNT).

The results show that, after optimization, the SO,F, molecule is located at a
distance of 3.22 and 3.19 A from the CNT in SO,F>-F-CNT and SO,F,-O-CNT
configurations, respectively. Table I displays the adsorption energies and the
nearest distance (D) between SO:F, and the C atom of (8, 0) SWCNT. The results
reveal that the adsorption energy of SO,F, is more negative than that of SO,
favoring SO,F» adsorption over SO; onto SWCNT. Nevertheless, the conjunction
of extended distances and low adsorption energies suggests a weak adsorption. Fig.
4 shows the band structure and DOS results of SO,F, adsorption on SWCNT. The
conduction band of the system displays new energy levels that are far from the
Fermi level and do not significantly affect the band gap. The PDOS of these
structures are also illustrated in Fig. 5. Spin up and spin down peaks for both
configurations are symmetric which can be attributed to non-magnetic nature of
these structures. Our PDOS findings demonstrate that p orbitals of O and F atoms
of SO,F; in both configurations are located far from the Fermi level, and cannot
hybridize with p orbital of carbon atom in the (8, 0) SWCNT, located near the
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Fermi level. This reinforces the conclusion that SO,F, adsorption is weak, as
suggested by our electronic calculations. Charge analyses in Table I reveal
minimal charge transfer from SOF, gas to the surface of (8, 0) SWCNT.in both
SO,F>-F-CNT and SO,F,-O-CNT configurations. Thus, electronic calculations
substantiate the notion that SO,F» adsorption onto (8, 0) SWCNT is weak.
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Fig. 4. Band structure and DOS of a) (8, 0) SWCNT before adsorption b) after SO, adsorption
from S side (SO,-S-CNT) ¢) after SO, adsorption from O side (SO,-O-CNT) d) after SO,F»
adsorption from F side (SO,F,-F-CNT) and e) after SO,F, adsorption from O side (SO,F,-O-
CNT). Black and red lines show spin up and spin down bands, respectively. Red dash line
shows the Fermi level.
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Fig. 5. PDOS of a) (8, 0) SWCNT before adsorption b) after SO, adsorption from S side (SO»-
S-CNT) c¢) after SO, adsorption from O side (SO,-O-CNT) d) after SO,F, adsorption from F
side (SO,F,-F-CNT) and e) after SO,F, adsorption from O side (SO,F,-O-CNT). Left and
right side of each graph show the spin up and spin down bands, respectively. Red dash line
shows the Fermi level.
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TABLE I. Nearest atoms and their distances (D), adsorption energies (E.q4), band gaps (£),
magnetization (u) of (8, 0) SWCNT before and after gas adsorption and Bader charge analysis
for all configurations (Qg)

Configuration  to D Ewu/eV E;/eV u Qg
SWCNT 059 0
SO,-S-CNT C-S 3.04 -0.24 0.56 0. -0.05
SO,-O-CNT C-S 328  -0.23 0.57 0 -0.07
SO.F»-F-CNT C-F 322  -0.79 058 0 -0.01
SO,F,-O-CNT C-O  3.19  -0.78 058 0 -0.01

Adsorption of SO>to Ti-(8, 0) SWCNT

Fig. 6a shows the optimized structure of @ Ti-decorated (8, 0) SWCNT.
Initially, the Ti atom was located in front of the C1 atom of the nanotube at the
equilibrium C-Ti distance. As seen in Fig. 6a, the Ti atom moves to the hollow part
of the CNT after optimization, in agreement with prior studies.”® The nearest
distance between C atom of the nanotube and Ti atom after optimization is
approximately 2.19 A. The formation energy, calculated using Eq. (1), is about -
1.65 eV, confirming the stability of this modified nanotube. The SO, molecule was
then adsorbed to this modified nanotube from the S and O sides, resulting in SO»-
S-Ti-CNT and SO»-O-Ti-CNT configurations, respectively.

Fig. 6. The optimized configurations of a) Ti-CNT before adsorption b) after SO, adsorption
from S side (SO,-S-Ti-CNT) and c) after SO, adsorption from O side (SO,-O-Ti-CNT).

The band structures and DOSs of the (Ti-(8, 0) SWCNT) structure are
presented in Fig. 8a. The results indicate that the decoration of titanium on the
surface of (8, 0) SWCNT results in the appearance of new bands near the Fermi
level, leading to a transition from a semiconductor to a metallic carbon nanotube.
The density of states increase near the Fermi level, consistent with earlier
findings.>* The splitting of spin up and spin down bands near the Fermi level
induces a magnetization of about 2.61 pB in (Ti-(8, 0) SWCNT). By calculating
both the magnetization and conductivity of this structure, it is possible to identify
the adsorption of Ti on the surface of (8, 0) SWCNT. Fig. 9a displays the PDOS
of (Ti-(8, 0) SWCNT), showing that the s and d orbitals of the Ti atom are
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unsymmetrical and lead to the magnetization of the Ti-decorated (8, 0) SWCNT.
These orbitals are hybridized with p orbitals of C atom of (8, 0) SWCNT at the
Fermi level, resulting in the formation of a Ti-C bond. Since the carbon atom is
more electronegative than titanium, the electrons move towards the carbon atom,
leading to a partially filled molecular orbital, as reported previously.”* Bader
charge analysis, for Ti and SWCNT charge transfer (calculated using Eq. 3),
reveals a significant positive excess charge of +0.86e on the bonded Ti atom. These
findings substantiate the concept of charge transfer from the bonded Ti atom to the
SWCNT, consistent with earlier investigations.?»** Therefore, Ti atom creates
active sites that promote surface chemical reactions and support faster sensing. All
molecules are bonded to the surface through the Ti atom of (Ti-(8, 0) SWCNT),
which is a more suitable adsorption site than other atoms for gas adsorption. The
optimized structures of (Ti-(8, 0) SWCNT) after the adsorption of SO from both
sides are shown in Fig. 6, and the corresponding parameters and adsorption
energies are illustrated in Table II. As depicted in Fig. 6b, after SO, adsorption
from S side in SO,-S-Ti-CNT configuration, Ti atom moves to the center of the
C1-C2 bond, and the C1-C2 bond length increases from 1.46 A in Ti-(8, 0)
SWCNT to 1.54 A. The results reveal that after adsorption, one O atom dissociates
from the adsorbed molecule. The distance between the Ti and separated O atom of
SO, is approximately 1.93 A, while the Ti atom is bonded to both O and S of OS
at distances of 1.90 and 2.35 A, respectively. In SO,-O-Ti-CNT configuration, the
Ti atom remains above the hollow site of (8, 0) SWCNT. The results show that in
this configuration, the Ti atom is bonded to all three atoms of the SO» molecule.
The nearest distance between the Ti atom of (Ti-(8, 0) SWCNT) and the O atom
of SO, is'1.93 A. In both configurations, the O atoms are close to the Ti atom,
which can be attributed to the strong electronegativity of the oxygen atom, in
agréement with previous reports.”> Due to the strong interaction between the Ti
atom and the dissociated O atom of SO» in SO,-S-Ti-CNT configuration, it can be
concluded that more electrons transfer from (Ti-(8, 0) SWCNT) to the SO,
molecule in this configuration than in SO,-O-Ti-CNT configuration, consistent
with previous works.?® Table II displays the adsorption energies of SO, in SO,-S-
Ti-CNT and SO»-O-Ti-CNT configurations as -4.77 and -3.58 eV, respectively.
The results suggest that SO, adsorption from S side is energetically more favored
in SO,-S-Ti-CNT configuration compared to SO,-O-Ti-CNT configuration. These
adsorption energies are more negative than those in pristine SWCNT. The band
structures and DOSs of SO, adsorption to (Ti-(8, 0) SWCNT) are illustrated in Fig.
8. After SO, adsorption, it appears that the half-occupied levels of (Ti-(8, 0)
SWCNT) shift up to the conduction band due to electron transfers from the Ti atom
to the SO, molecule. The band gap of (Ti-(8, 0) SWCNT) is increased to 0.43 and
0.52 eV in SO,-S-Ti-CNT and SO»-O-Ti-CNT configurations, respectively. The
spin up and spin down levels overlap, indicating no magnetic character in these
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configurations. For further comparison, the PDOSs of SO, adsorption in SO»-S-
Ti-CNT and SO,-O-Ti-CNT configurations are presented in Figs. 9b and 9c,
respectively. In SO»-S-Ti-CNT configuration, the d orbitals of the dissociated O
atom of the SO, molecule have a high density at the Fermi level, confirming more
electron transfer in SO,-S-Ti-CNT configuration than in SO,-O-Ti-CNT
configuration. After SO, adsorption, the d orbitals of the Ti atom are presented at
the Fermi level and are hybridized with p orbitals of O and S atoms of the SO,
molecule, which leads to chemical adsorption in both configurations. The
comparison of Figs. 9b and 9¢ with 9a shows that the polarization of Ti orbitals is
removed, confirming the electron transfer from Ti atom to the SO, molecule.
Therefore, SO, adsorption alters both the electronic properties and magnetism of
(Ti-(8, 0) SWCNT). The Bader charge analysis results are presented in Table II.
The analysis reveals more substantial electron transfer in the SO,-S-Ti-CNT
configuration compared to the SO,-O-Ti-CNT configuration. The negative value
of O, for SO, adsorption in both configurations signifies electron transfer from the
(Ti-(8, 0) SWCNT) to SO, molecule.
Adsorption of SO>F to Ti-(8, 0) SWCNT

SO,F; molecule was adsorbed to Ti-modified nanotube from F and O sides,
referred to as SO,F,-F-Ti-CNT and SO,F,-O-Ti-CNT, respectively. The optimized
configurations of the (Ti=(8, 0) SWCNT) after the adsorption of SO,F; from both
sides are depicted in Fig. 7.

Fig. 7. The optimized configurations of Ti-decorated (8, 0) SWCNT after SO,F, adsorption a)
from F side (SO,F,-F-Ti-CNT) b) from O side (SO,F,-O-Ti-CNT).

In SO,F,-F-Ti-CNT configuration, the Ti atom remains above the hollow site
of the (Ti-(8, 0) SWCNT), as shown in Fig. 7a. The C-Ti bond length decreases
from 2.19 A in the (Ti~(8, 0) SWCNT) to 2.09 A. The results indicate that after
adsorption, one F atom dissociates from the adsorbed molecule. This dissociative
adsorption is similar to the adsorption of SO2F; to the PtN3;-CNT surface.?’ The
distance between the Ti atom and the separated F atom of SO,F> is approximately
1.77 A. The Ti atom forms a bond with O atom of SO,F at a distance of 1.85 A. In
SO,F,-O-Ti-CNT configuration, after adsorption of SO,F, from O side, Ti atom
moves to the center of the C1-C2 bond, as depicted in Fig.7b. This causes an
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increase in the C1-C2 bond length from 1.46 A in (Ti-(8, 0) SWCNT) to 1.52 A,
thereby increasing the orbital overlap after adsorption. The results indicate that
after adsorption, one O atom dissociates from the adsorbed molecule. Therefore, a
strong bond is formed. The distance between the Ti atom and separated O atom of
SO,F; is approximately 1.68 A. The Ti atom forms a bond with the O atom of SO,F
at a distance of 2.08 A. The adsorption energies in both configuirations and the
nearest distance between SO,F, and the Ti atom of (Ti-(8, 0) SWCNT) (D) are
presented in Table II High adsorption energies and dissociation of SO»F, post-
adsorption in both configurations imply robust adsorption, aligning with prior
reports.?* The results demonstrate that the SO>F, adsorption energy in SO,F,-F-Ti-
CNT configuration is more negative than in SO:F>-O-Ti-CNT configuration,
which can be attributed to the dissociated F atom and its higher electronegativity
in SO,F>-F-Ti-CNT configuration. Fig. 8 shows the DOS and band structures of
SO,F; adsorption on (Ti-(8, 0) SWCNT): As depicted in Fig. 8d, when SO,F; is
adsorbed to (Ti-(8, 0) SWCNT) from Eside in SO,F»-F-Ti-CNT configuration, the
Fermi level shifts down, and two bands near the Fermi level shift up to the
conduction band, which can be attributed to the d orbitals of the Ti atom. The
conductor Ti-decorated nanotube changes to a semiconductor nanotube with a
band gap of 0.30 eV and no magnetic property after adsorption. On the other hand,
when SO»F; is adsorbed to (Ti<(8, 0) SWCNT) from O side in SO,F>-O-Ti-CNT
configuration, the DOS at the Fermi level approaches zero, and the band gap
increases to 0.50 eV (refer to Fig. 8e for band structure and DOS). The PDOSs of
SO,F, adsorption in SO,F>-F-Ti-CNT and SO:F»-O-Ti-CNT configurations are
illustrated in Figs. 9d and 9e, respectively. Comparison of Figs. 9d and 9e reveals
that the p-orbitals of the dissociated F atom in SO,F,-F-Ti-CNT configuration have
high density at the Fermi level, whereas the valence orbitals of the dissociated O
atom in SO,F;-O-Ti-CNT configuration have low density at the Fermi level. This
confirms the stronger interaction between (Ti-(8, 0) SWCNT) and SO,F, gas in
SO,F>-F-Ti-CNT configuration. The spin up and spin down electronic states
overlap in both configurations of SO,F», and no magnetization can be observed in
these configurations. The valence orbitals of all atoms of the SO,F, molecule also
appear at the Fermi level and are hybridized with the high-intensity peaks of the
Ti atom, which leads to chemical bond formation in these configurations. Bader
charge analysis reveals greater charge transfer in the SO,F,-F-Ti-CNT
configuration compared to SO,F»-O-Ti-CNT, as shown in Table II. The negative
charge transfer value for SOF, adsorption in both configurations indicates electron
donation from the (Ti-(8, 0) SWCNT) to gas molecule.
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Fig. 8. Band structure and DOS of a) Ti-SWCNT before adsorption b) after SO, adsorption
from S side (SO,-Ti-S-CNT) c) after SO, adsorption from O side (SO,-O-Ti-CNT) d) after
SO,F; adsorption from F side (SO,F,-F-Ti-CNT) and e) after SO,F, adsorption from O side

(SO2F,-O-Ti-CNT). Black and red lines show spin up and spin down bands, respectively. Red

dash line shows the Fermi level.
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F side (SO>F,-F-Ti-CNT) and e) after SO,F, adsorption from O side (SO,F,-O-Ti-CNT). Left
and right side of each graph show the spin up and spin down bands, respectively. Red dash
line shows the Fermi level.

TABLE II. Formation energies (Ey), nearest atoms and their distances (D), adsorption energies
(Eqas), band gaps (E,), magnetization (u) of (Ti-(8, 0) SWCNT) before and after gas adsorption
and Bader charge analysis for all configurations (Qy)

Configuration E//eV  to D FEu/eV E;/eV  u 0O,
Ti-SWCNT -1.65 Ti-C 2.19 2.61
SO,-S-Ti-CNT Ti-O 190 -4.77 0.43 0 -1.02
S0O,-O-Ti-CNT Ti-O 193 -3.58 0.52 0 -095
SO,F,-F-Ti-CNT Ti-F  1.77  -6.74 0.30 0 -1.29
SO,F»-O-Ti-CNT Ti-O 1.68 -5.39 0.50 0 -1.18
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CONCLUSION

In this study, we examined the adsorption of gases resulting from the
decomposition of SFs (SO» and SO,F>) on the surface of pristine and Ti-decorated
(8,0) SWCNTs from different sides using DFT calculations. The formation energy
revealed that Ti-decorated (8, 0) SWCNT is thermodynamically stable. To
investigate the interaction between gases and SWCNTs, we calculated the
adsorption energy, band structures, density of states, partial density of states
(PDOS), magnetic behavior, charge transfer and conductivity. The principal
conclusions are as follows:

1. SO, and SO.F, weakly adsorb on (8, 0) SWCNT without altering its
electronic properties.

2. Decorating (8, 0) SWCNT with titanium shifts electronic properties from
semiconducting to metallic, acting as an active site for SF¢ decomposed gas
adsorption.

3. Strong adsorption of SO, and SO,F; on Ti-(8, 0) SWCNT changes system
conductivity from metallic to semiconductor.

4. The conductivity order after SO, and SO.F, adsorption on (Ti-(8, 0)
SWCNT) from different sides is as follows: SO,F,-F-Ti-CNT < SO,-S-Ti-CNT <
SO,F>-O-Ti-CNT < SO,-O-Ti-CNT.

5. The negative charge transfer values for SO.F, and SO, adsorptions indicates
electron donation from the (Ti-(8, 0) SWCNT) to gas molecules.

Based on the sensing mechanism, (Ti-(8, 0) SWCNT) can be used to prepare
a gas chemiresistor sensor for detecting SFs decomposed products (SO, and SO1F,)
in SF¢ insulated equipment.

Acknowledgements: The authors would like to acknowledge the support of Yazd
University in Iran for providing the computing resources necessary to carry out this research.

H3BOJ

HCITUTUBAKE OCOBMHA AICOPIILIMJE TACOBA HACTAJIUX PA3I'PAZIIbOM SFs (SO U
SO:F2) HA HEJUPHYTUM U Ti-YKPAIIEHUM SWCNT ITOBPIIMHAMA: DFT CTYIUJA

ELHAM GHOLAMREZAI KOHAN', HOSSEIN MOHAMMADI-MANESH!, FOROUGH KALANTARI FOTOOH?

!Department of Chemistry, Faculty of Science, Yazd University, Yazd, Iran, u *Department of Chemistry, Yazd
Branch, Islamic Azad University, Yazd, Iran

DFT u3pauyHaBawa Cy McKopulrheHa 3a UCTpaKUBame afCOPILHUjy racoBa NpO3BeAeHUX
pasrpagwom SFs (SO2 u SO2F2) Ha HegupHyTUM U Ti-yKpall€HUM jeJHO3UIHUM YIJbEHUYHUM
HaHonieBuma (Ti-(8, 0) SWCNT). CBe cTpyKType Cy pelakCHpaHe U HHXOBE CTPYKTypHEe U
e/IeKTPOHCKEe 0COOMHE UCTPaKeHe Npe U NocjIe afCopILHje raca Ha NOBPIIMHY HaHoLeBU. 3a (Ti-
(8, 0) SWCNT) je maheHo ma MMa BHCOKY XeMHUCOPHUHUjCKY ocembrBOCT Ha Ti, SO2F2, u SO:
afcoprudje Ha CBOjoj mMoBpIIMHHU. EnexktpoHcke ocodune (8, 0) SWCNT cy mpomemeHe of
NOJTYITPOBOJHUYKHMX Ha MeTajHe NpH ykpallaBawy ca Ti, Kako je Moka3aHO H3padyyHaTHM
CTpyKTypama Tpaka U rycTuHama crama (DOS). SO:F2 u SO apgcopnuyja Ha nospiuuny (Ti-(8, 0)
SWCNT) ca pa3nuuuTux cTpaHa TpaHcdopmuile nposogHy (Ti-(8, 0) SWCNT) y mononpoBogHy
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HaHoueB. Jla OM TMa)XpMBO HCNHUTAIM IPUPONY azcopruuje, ypaheHa cy ¥ H3padyHaBaimba
napudjasHux ryctuHa crawa (PDOS). JonatHo, ykpaluiaBamwe ca Ti HHOyKyje MarHeTH3alujy on
npudnmwkHo 2.61 uB y (8, 0) SWCNT, koja HecTaje HaKkOH afiCOpILIHje raca.
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11.

12.

13.

14.

15.

(ITpumbeHo 2. dpedpyapa; peBunupaHo 1. mapTta; npruxsaheno 17. ampuna 2024.)
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