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Abstract: DFT calculations were employed to investigate the adsorption of 

gases produced from SF6 decomposition (SO2 and SO2F2) 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, SO2F2 and 

SO2 adsorptions on its surface. The electronic properties of (8,0) SWCNT were 

altered from semiconductor to metallic upon decoration with Ti, as demon-

strated by the calculated band structures and the density of states (DOS). SO2F2 

and SO2 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 μB in (8,0) SWCNT, which disappeared 

after gas adsorption. 

Keywords: gas adsorption; carbon nanotube; modified nanotube; electronic pro-

perties; charge transfer. 

INTRODUCTION 

Sulphur hexafluoride (SF6) has been widely used in gas-insulated equip-

ment, but it can decompose into SO2F2, SO2 and other compounds1 under partial 

discharge over time. Various methods, such as gas chromatography and detector 

tubes,2 have been used to identify SF6 decomposition products. Since the carbon 

nanotube discovery in 1991,3 it has been widely used in nanotechnology, energy 

storage materials, gas adsorption properties4 and hydrogen storage.5 In addition 
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to their essential applications, numerous studies have focused on 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 suggested, including 

decorating or doping them with metal atoms to enhance their functionality in 

identifying a wide range of gases.6 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.7 Zhao et al. have studied the 

adsorption of N2 gas and various gas molecules on (5,5) SWCNTs and bundles 

using DFT. They observed weak interactions between SWCNTs and gas mole-

cules, which did not significantly influence the electronic structures of carbon 

nanotubes.8 In another study, Zhou et al. have investigated the adsorption of 

SO2, CH3OH 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 the detection of these gas molecules.9 Ozekmekci et al. investigated 

the adsorption of hydrogen sulphide onto gallium, germanium and boron doped 

(4,0) single-walled carbon nanotubes (SWCNTs) using DFT. Their results 

showed that all doped SWCNT structures have negative Gibbs energy change 

and adsorption energy values, indicating their potential for H2S removal via ads-

orption.10 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 deform-

ation of the nanotube curvature in the direction of the adsorbed molecule. Their 

research demonstrated that decorating SWCNTs with transition metals (Sc, Cr, 

Fe and Ni) enhances both molecule adsorption and sensing performance.11 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.12 Furthermore, an increase in the tube diameter results in a 

smaller broken symmetry factor (larger n), thereby enhancing the adsorption cap-

ability of the SWCNT.13 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, the charge transfer occurs from the ligands highest occu-

pied orbital to the empty orbital in Ti. This is followed by a reverse charge don-

ation from the d orbital back to the ligand's lowest unoccupied orbital. This int-

ricate charge transfer process, along with the covalent bonding with Ti, leads to 

the formation of a stable Ti–C bond.14 It's noteworthy that there is a lack of rep-

orts concerning the application of Ti-decorated carbon nanotubes for detecting 

SF6 decomposition products in gas insulation equipment. Thus, this study holds 

significant importance as it offers fresh insights into the development of gas sen-

sors through the use of Ti-decorated SWCNTs for this specific purpose. In this 

study, we investigated the gas sensing properties of (8,0) SWCNT and Ti-décor-
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ated (8,0) SWCNT for SF6 decomposed gases (SO2F2 and SO2), using DFT 

calculations. We analysed the structural parameters, adsorption energies, density 

of states (DOS), band structures and partial density of states (PDOS) in order to 

describe the interaction between the gases and SWCNTs. 

COMPUTATIONAL METHOD 

The adsorption of SO2 and SO2F2 molecules to the surfaces of both pristine and Ti-dec-

orated (8,0) SWCNTs was calculated using the Quantum-Espresso software package.15 The 

GGA-PBE functional was used to account for exchange-correlation effects.16 A typical (8,0) 

SWCNT was created in a supercell with lattice constants a = 26.46 Å and c = 4.26 Å. The 

Monkhorst-Pack scheme with a 1×1×10 k-point grid was used to sample the Brillouin-zone.17 

An energy cut-off of 60 Ry was set for the wave function in all structures. The VdW-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, SO2 and SO2F2 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, 

the magnetization was assessed through spin-polarized calculations. To investigate the stab-

ility of (Ti-(8,0) SWCNT) structure, the formation energy for Ti adsorbed on the surface of 

(8,0) SWCNT is defined as: 

 f Ti/swcnt swcnt TiE E E E= − −  (1) 

where ETi/swcnt, Eswcnt and ETi 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:18 

 ads surface/gas surface gasE E E E= − −  (2) 

where the parameter Esurface/gas represents the total energy of adsorbed structures, Esurface and 

Egas are the energies of optimized pristine or Ti decorated (8,0) SWCNT and the isolated gas 

molecules, respectively. Based on Eq. (2), the negative values with greater absolute values of 

adsorption energy indicate favourable adsorptions. We utilized Bader charge analysis19,20 for 

a comprehensive understanding of the gas adsorption mechanism. Charge transfer between Ti 

and SWCNT is determined by the equation: 

 t Ti/swcnt TiQ Q Q= −  (3) 

where QTi/swcnt and QTi represent the charge transfer for the Ti decorated on SWCNT and iso-

lated Ti, respectively. The charge transfer for each gas adsorption process is calculated as: 

 a gas/surface gasQ Q Q= −  (4) 

Here, Qgas/surface and Qgas denote the charge transfer amount after adsorption by the gas and 

isolated gas, respectively. A negative value of charge transfer indicates the acceptance of elec-

trons by the gas molecules. 
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RESULTS AND DISCUSSION 

Adsorption of SO2 to pristine (8,0) SWCNT 

The optimized structure of the pristine (8,0) SWCNT with the number of 

carbon atoms is depicted in Fig. 1. As shown in Fig. 1, after optimization, the 

C1–C2 and C1–C3 bond lengths of the (8,0) SWCNT are approximately 1.43 and 

1.42 Å, respectively, which are consistent with previous findings.21 

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

The SO2 molecule was added in front of the C1 atom of the nanotube from 

both S and O sides. To distinguish between them, SO2–S–CNT is used when SO2 

is adsorbed from the S side, and SO2–O–CNT is applied when SO2 is adsorbed 

from the O side. Fig. 2 shows the optimized configurations of SO2–S–CNT and 

SO2–O–CNT. 

 
Fig. 2. The optimized configurations of SO2–S–CNT (a) and SO2–O–CNT (b). 

From Fig. 2, it is apparent that the SO2 molecule is situated at a considerable 

distance from the (8,0) SWCNT in SO2–S–CNT and SO2–O–CNT configurat-

ions, with distances of 3.04 and 3.28 Å, respectively. The adsorption energies of 

SO2 in SO2–S–CNT and SO2–O–CNT configurations are –0.24 and –0.23 eV, 

respectively. Table Ӏ presents the nearest bonding distances (D) and adsorption 

energies of all structures. Low adsorption energy values and long distances sug-

gest weak adsorption of SO2 to the (8,0) SWCNT in both configurations. Band 

structures and DOSs of each structure are illustrated later on. The results confirm 

that (8,0) SWCNT is a semiconductor with a band gap of 0.59 eV, consistent 

with previous studies.22 Upon the SO2 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 SO2 molecule. However, the band gaps do 

not change significantly after adsorption, as seen in Table Ӏ. All structures exhibit 

overlapping of spin up and spin down bands, indicating no induced magnetiz-
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ation after SO2 adsorption from both sides. To gain further insight into the nature 

of adsorption, the partial densities of states (PDOSs) are presented later on. It 

was observed that p orbitals of S and O atoms in SO2 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 SO2 does not 

significantly alter the magnetic or electronic properties of (8,0) SWCNT, which 

is in consistent with previous findings.22 For visualizing electronic distribution, 

the 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 Ӏ and ӀӀ. As indicated in Table 

Ӏ, no significant electron transfers were observed between SO2 gas and (8,0) 

SWCNT in SO2–S–CNT and SO2–O–CNTconfigurations. 

TABLE Ӏ. Nearest atoms and their distances (D), adsorption energies (Eads), band gaps (Eg) 

and magnetization (µ) of (8,0) SWCNT before and after gas adsorption and Bader charge 

analysis for all configurations (Qg) 

Configuration To D Eads / eV Eg / eV µ Qg 

SWCNT – – – 0.59 0 – 

SO2–S–CNT C–S 3.04 –0.24 0.56 0 –0.05 

SO2–O–CNT C–S 3.28 –0.23 0.57 0 –0.07 

SO2F2–F–CNT C–F 3.22 –0.79 0.58 0 –0.01 

SO2F2–O–CNT C–O 3.19 –0.78 0.58 0 –0.01 

TABLE ӀӀ. Formation energies (Ef), nearest atoms and their distances (D), adsorption energies 

(Eads), band gaps (Eg) and magnetization (µ) of (Ti-(8,0) SWCNT) before and after gas 

adsorption and Bader charge analysis for all configurations (Qg) 

Configuration Ef / eV to D Eads / eV Eg / eV µ Qg 

Ti–SWCNT –1.65 Ti–C 2.19   2.61  

SO2–S–Ti–CNT  Ti–O 1.90 –4.77 0.43 0 –1.02 

SO2–O–Ti–CNT  Ti–O 1.93 –3.58 0.52 0 –0.95 

SO2F2–F–Ti–CNT  Ti–F 1.77 –6.74 0.30 0 –1.29 

SO2F2–O–Ti–CNT  Ti–O 1.68 –5.39 0.50 0 –1.18 

Adsorption of SO2F2 to (8,0) SWCNT 

The optimized configurations of SO2F2–F–CNT and SO2F2–O–CNT, which 

represent the adsorption of the SO2F2 molecule to the SWCNT from F and O 

sides, respectively, are shown in Figs. 3 and 4. 

The results show that, after optimization, the SO2F2 molecule is located at a 

distance of 3.22 and 3.19 Å from the CNT in SO2F2–F–CNT and SO2F2–O– 

–CNT configurations, respectively. Table Ӏ displays the adsorption energies and 

the nearest distance (D) between SO2F2 and the C atom of (8,0) SWCNT. The 

results reveal that the adsorption energy of SO2F2 is more negative than that of SO2,  
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Fig. 3. The optimized configurations of (8,0) SWCNT after SO2F2 adsorption: a) from F side 

(SO2F2–F–CNT) and b) from O side (SO2F2–O–CNT). 

         

 

Fig. 4. Band structure and DOS of: a) (8,0) 

SWCNT before adsorption, b) after SO2 ads-

orption from S side (SO2–S–CNT), c) after SO2 

adsorption from O side (SO2–O–CNT), d) after 

SO2F2 adsorption from F side (SO2F2–F–CNT) 

and e) after SO2F2 adsorption from O side 

(SO2F2–O–CNT). Black and red lines show 

spin up and spin down bands, respectively. Red 

dash line shows the Fermi level. 



 GAS ADSORPTION ON MODIFIED SWCNT 7 

 

favouring SO2F2 adsorption over SO2 onto SWCNT. Nevertheless, the con-

junction of extended distances and low adsorption energies suggests a weak ads-

orption. Fig. 4 shows the band structure and DOS results of SO2F2 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 nat-

ure of these structures. Our PDOS findings demonstrate that p orbitals of O and F 

atoms of SO2F2 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 Fermi level. This reinforces the conclusion that SO2F2 adsorption is weak, as 

suggested by our electronic calculations. the Charge analyses given in Table Ӏ 

reveal minimal charge transfer from SO2F2 gas to the surface of (8,0) SWCNT in 

both SO2F2–F–CNT and SO2F2–O–CNT configurations. Thus, the electronic cal-

culations substantiate the notion that SO2F2 adsorption onto (8,0) SWCNT is weak. 

 

 
Fig. 5. PDOS of: a) (8,0) SWCNT before adsorption, b) after SO2 adsorption from S side 

(SO2–S–CNT), c) after SO2 adsorption from O side (SO2–O–CNT), d) after SO2F2 adsorption 

from F side (SO2F2–F–CNT) and e) after SO2F2 adsorption from O side (SO2F2–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. 



8 KOHAN, MANESH and FOTOOH 

 

Adsorption of SO2 to Ti-(8,0) SWCNT 

The Fig. 6a shows the optimized structure of a 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.23 The nearest 

distance between C atom of the nanotube and Ti atom after optimization is 

approximately 2.19 Å. The formation energy, calculated using Eq. (1), is about 

–1.65 eV, confirming the stability of this modified nanotube. The SO2 molecule 

was then adsorbed to this modified nanotube from the S and O sides, resulting in 

SO2–S–Ti–CNT and SO2–O–Ti–CNT configurations, respectively. 

 
Fig. 6. The optimized configurations of: a) Ti–CNT before adsorption, b) after SO2 adsorption 

from S side (SO2–S–Ti–CNT) and c) after SO2 adsorption from O side (SO2–O–Ti–CNT). 

Adsorption of SO2F2 to Ti-(8,0) SWCNT 

SO2F2 molecule was adsorbed to Ti-modified nanotube from F and O sides, 

referred to as SO2F2–F–Ti–CNT and SO2F2–O–Ti–CNT, respectively. The opti-

mized configurations of the (Ti-(8,0) SWCNT) after the adsorption of SO2F2 

from both sides are depicted in Fig. 7. 

 
Fig. 7. The optimized configurations of Ti-decorated (8,0) SWCNT after SO2F2 adsorption: 

a) from F side (SO2F2–F–Ti–CNT) and b) from O side (SO2F2–O–Ti–CNT). 

The band structures and DOSs of the (Ti-(8,0) SWCNT) structure are pre-

sented 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 find-

ings.24 The splitting of spin up and spin down bands near the Fermi level induces a  
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Fig. 8. Band structure and DOS of: a) Ti–SWCNT before adsorption, b) after SO2 adsorption 

from S side (SO2–Ti–S–CNT), c) after SO2 adsorption from O side (SO2–O–Ti–CNT), 

d) after SO2F2 adsorption from F side (SO2F2–F–Ti–CNT) and e) after SO2F2 adsorption 

from O side (SO2F2–O–Ti–CNT). Black and red lines show spin up and spin down bands, 

respectively. Red dash line shows the Fermi level. 

magnetization of about 2.61 μB in (Ti-(8,0) SWCNT). By calculating both the 

magnetization and conductivity of this structure, it is possible to identify the 
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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 unsym-

metrical 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, lead-

ing to a partially filled molecular orbital, as reported previously.23 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 find-

ings support the concept of charge transfer from the bonded Ti atom to the 

SWCNT, consistent with earlier investigations.23,24 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 site than other atoms for gas adsorption. The 

optimized structures of (Ti-(8,0) SWCNT) after the adsorption of SO2 from both 

sides are shown in Fig. 6, and the corresponding parameters and adsorption 

energies are illustrated in Table ӀӀ. As depicted in Fig. 6b, after SO2 adsorption 

from S side in SO2–S–Ti–CNT configuration, Ti atom moves to the centre of the 

C1–C2 bond, and the C1–C2 bond length increases from 1.46 Å in Ti-(8,0) 

SWCNT to 1.54 Å. The results reveal that after adsorption, one O atom disso-

ciates from the adsorbed molecule. The distance between the Ti and separated O 

atom of SO2 is approximately 1.93 Å, while the Ti atom is bonded to both O and 

S of OS at distances of 1.90 and 2.35 Å, respectively. In SO2–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 SO2 molecule. The nearest distance between the Ti atom of (Ti-(8,0) 

SWCNT) and the O atom of SO2 is 1.93 Å. 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 agreement with previous reports.25 Due to the strong inter-

action between the Ti atom and the dissociated O atom of SO2 in SO2–S–Ti– 

–CNT configuration, it can be concluded that more electrons transfer from (Ti- 

-(8,0) SWCNT) to the SO2 molecule in this configuration than in SO2–O–Ti– 

–CNT configuration, which is consistent with previous works.26 Table ӀӀ displays 

the adsorption energies of SO2 in SO2–S–Ti–CNT and SO2–O–Ti–CNT 

configurations as –4.77 and –3.58 eV, respectively. The results suggest that SO2 

adsorption from S side is energetically more favoured in SO2–S–Ti–CNT config-

uration compared to SO2–O–Ti–CNT configuration. These adsorption energies 

are more negative than those in pristine SWCNT. The band structures and DOSs 

of SO2 adsorption to (Ti-(8,0) SWCNT) are illustrated in Fig. 8. After SO2 

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 SO2 mole- 
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Fig. 9. PDOS of: a) Ti–SWCNT before adsorption, b) after SO2 adsorption from S side 

(SO2–S–Ti–CNT), c) after SO2 adsorption from O side (SO2–O–Ti–CNT), d) after SO2F2 

adsorption from F side (SO2F2–F–Ti–CNT) and e) after SO2F2 adsorption from O side 

(SO2F2–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. 

cule. The band gap of (Ti-(8,0) SWCNT) is increased to 0.43 and 0.52 eV in 

SO2–S–Ti–CNT and SO2–O–Ti–CNT configurations, respectively. The spin up 

and spin down levels overlap, indicating no magnetic character in these config-

urations. For further comparison, the PDOSs of SO2 adsorption in SO2–S–Ti– 

–CNT and SO2–O–Ti–CNT configurations are presented in Fig. 9b and c, res-

pectively. In SO2–S–Ti–CNT configuration, the d orbitals of the dissociated O 

atom of the SO2 molecule have a high density at the Fermi level, confirming 

more electron transfer in SO2–S–Ti–CNT configuration than in SO2–O–Ti–CNT 

configuration. After the SO2 adsorption, the d orbitals of the Ti atom are pre-

sented at the Fermi level and are hybridized with p orbitals of O and S atoms of 

the SO2 molecule, which leads to the chemical adsorption in both configurations. 
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The comparison of Fig. 9b and c with Fig. 9a shows that the polarization of Ti 

orbitals is removed, confirming the electron transfer from Ti atom to the SO2 

molecule. Therefore, SO2 adsorption alters both the electronic properties and 

magnetism of (Ti-(8,0) SWCNT). The Bader charge analysis results are pre-

sented in Table ӀӀ. The analysis reveals more substantial electron transfer in the 

SO2–S–Ti–CNT configuration compared to the SO2–O–Ti–CNT configuration. 

The negative value of Qg for SO2 adsorption in both configurations signifies the 

electron transfer from the (Ti-(8,0) SWCNT) to SO2 molecule.  

In SO2F2–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 Å in the (Ti-(8,0) SWCNT) to 2.09 Å. The results indicate 

that after the adsorption, one F atom dissociates from the adsorbed molecule. 

This dissociative adsorption is similar to the adsorption of SO2F2 to the PtN3– 

–CNT surface.27 The distance between the Ti atom and the separated F atom of 

SO2F2 is approximately 1.77 Å. The Ti atom forms a bond with O atom of SO2F 

at a distance of 1.85 Å. In SO2F2–O–Ti–CNT configuration, after adsorption of 

SO2F2 from O side, Ti atom moves to the centre of the C1–C2 bond, as depicted 

in Fig.7b. This causes an increase in the C1–C2 bond length from 1.46 Å in (Ti- 

-(8,0) SWCNT) to 1.52 Å, thereby increasing the orbital overlap after adsorption. 

The results indicate that after adsorption, one O atom dissociates from the ads-

orbed molecule. Therefore, a strong bond is formed. The distance between the Ti 

atom and separated O atom of SO2F2 is approximately 1.68 Å. The Ti atom 

forms a bond with the O atom of SO2F at a distance of 2.08 Å. The adsorption 

energies in both configurations and the nearest distance between SO2F2 and the 

Ti atom of (Ti-(8,0) SWCNT) (D) are presented in Table ӀӀ. The high adsorption 

energies and the dissociation of SO2F2 post-adsorption in both configurations 

imply robust adsorption, aligning with prior reports.24 The results demonstrate 

that the SO2F2 adsorption energy in SO2F2–F–Ti–CNT configuration is more 

negative than in SO2F2–O–Ti–CNT configuration, which can be attributed to the 

dissociated F atom and its higher electronegativity in SO2F2–F–Ti–CNT config-

uration. Fig. 8 shows the DOS and band structures of SO2F2 adsorption on (Ti- 

-(8,0) SWCNT). As depicted in Fig. 8d, when SO2F2 is adsorbed to (Ti-(8,0) 

SWCNT) from F side in SO2F2–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 SO2F2 is ads-

orbed to (Ti-(8,0) SWCNT) from O side in SO2F2–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 SO2F2 adsorption in 

SO2F2–F–Ti–CNT and SO2F2–O–Ti–CNT configurations are illustrated in Fig. 
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9d and e, respectively. Comparison of Fig. 9d and e reveals that the p orbitals of 

the dissociated F atom in SO2F2–F–Ti–CNT configuration have high density at 

the Fermi level, whereas the valence orbitals of the dissociated O atom in 

SO2F2–O–Ti–CNT configuration have low density at the Fermi level. This con-

firms the stronger interaction between (Ti-(8,0) SWCNT) and SO2F2 gas in 

SO2F2–F–Ti–CNT configuration. The spin up and spin down electronic states 

overlap in both configurations of SO2F2, and no magnetization can be observed 

in these configurations. The valence orbitals of all atoms of the SO2F2 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. The 

bader charge analysis reveals greater charge transfer in the SO2F2–F–Ti–CNT 

configuration compared to SO2F2–O–Ti–CNT, as shown in Table ӀӀ. The negat-

ive charge transfer value for SO2F2 adsorption in both configurations indicates 

electron donation from the (Ti-(8,0) SWCNT) to the gas molecule.  

CONCLUSION 

In this study, we examined the adsorption of gases resulting from the decom-

position of SF6 (SO2 and SO2F2) on the surface of pristine and Ti-decorated (8,0) 

SWCNTs from different sides using DFT calculations. The formation energy rev-

ealed that Ti-decorated (8,0) SWCNT is thermodynamically stable. To inves-

tigate the interaction between gases and SWCNTs, we calculated the adsorption 

energy, the band structures, the density of states, the partial density of states, the 

magnetic behaviour, the charge transfer and the conductivity. The principal 

conclusions are as follows: 

1. SO2 and SO2F2 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 SF6 decomposed gas 

adsorption. 

3. The strong adsorption of SO2 and SO2F2 on Ti-(8,0) SWCNT changes the 

system conductivity from metallic to semiconductor. 

4. The conductivity order after SO2 and SO2F2 adsorption on (Ti-(8,0) 

SWCNT) from different sides is as follows: SO2F2–F–Ti–CNT < SO2–S–Ti– 

–CNT < SO2F2–O–Ti–CNT < SO2–O–Ti–CNT. 

5. The negative charge transfer values for SO2F2 and SO2 adsorptions indi-

cates the 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 the detection of SF6 decomposed products (SO2 

and SO2F2) in SF6 insulated equipment.  

Acknowledgement. The authors would like to acknowledge the support of Yazd Uni-

versity in Iran for providing the computing resources necessary to carry out this research. 



14 KOHAN, MANESH and FOTOOH 

 

И З В О Д  

ИСПИТИВАЊЕ ОСОБИНА АДСОРПЦИЈЕ ГАСОВА НАСТАЛИХ РАЗГРАДЊОМ SF6 
(SO2 И SO2F2) НА НЕДИРНУТИМ И Ti-УКРАШЕНИМ SWCNT ПОВРШИНАМА: 

DFT СТУДИЈА 

ELHAM GHOLAMREZAI KOHAN1, HOSSEIN MOHAMMADI-MANESH1 и FOROUGH KALANTARI FOTOOH2 

1Department of Chemistry, Faculty of Science, Yazd University, Yazd, Iran и 2Department of Chemistry, Yazd 

Branch, Islamic Azad University, Yazd, Iran 

DFT израчунавања су искоришћена за истраживање адсорпцију гасова прозве-
дених разградњом SF6 (SO2 и SO2F2) на недирнутим и Ti-украшеним једнозидним 
угљеничним наноцевима (Ti-(8,0) SWCNT). Све структуре су релаксиране и њихове 
структурне и електронске особине истражене пре и после адсорпције гаса на повр -
шини наноцеви. За (Ti-(8,0) SWCNT) је нађено да има  високу хемисорпцијску 
осетљивост на Ti, SO2F2 и SO2 адсорпције на својој површини. Електронске особине 
(8,0) SWCNT су се промениле од полупроводничких на металне додавањем Ti, како 
је показано израчунатим структурама трака и густинама стања (DOS). SO 2F2 и SO2 
адсорпција на површини (Ti-(8,0) SWCNT) са различитих страна преводи проводну 
(Ti-(80) SWCNT) у полопроводну наноцев. Да би пажљиво испитали природу ад -
сорпције, урађена су и израчунавања парцијалних густина стања (PDOS). Додатно, 
додавање Ti индукује магнетизацију од приближно 2.61 μB у (8,0) SWCNT, која 
нестаје након адсорпције гаса. 

(Примљено 2. фебруара, ревидирано 1. марта, прихваћено 17. априла 2024) 
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