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 In this paper, using density functional theory, we studied the adsorption properties of four 
different structures of Pt- and N-doped graphene (Pt/xN-GN, x = 0,1,2,3) for SO2, the main 
decomposition product of SF6. In the Pt/xN-GN structure, with increasing N atom content, the 
adsorption distance of SO2 decreases and the adsorption energy increases. The total density of 
states and the partial density of states of the system before and after gas adsorption were 
compared and analyzed to explore the mechanism of the interaction between SO2 and the Pt/xN-
doped graphene structure. Pt/3N-GN adsorbs SO2 gas molecules, and orbital hybridization 
occurs, which is chemical adsorption. Pt/3N-GN has good adsorption performance for SO2 gas 
molecules, and the adsorption energy is −2.548 eV. The gas sensor based on Pt/xN-doped 
graphene studied in this paper has good application prospects in the field of gas-insulated 
switchgear discharge decomposition component detection and fault diagnosis.

1. Introduction

 SF6 is a strongly electronegative gas with excellent insulation performance, arc extinguishing 
ability, and good chemical stability; thus, it is widely used in gas-insulated switchgear (GIS) in 
power systems.(1) Partial discharge usually occurs when there are latent insulation defects inside 
power equipment. Under the action of partial discharge energy, the insulating gas SF6 inside GIS 
decomposes to produce several low-fluorine sulfides (SFx, x = 1–5) and F atoms.(2) Moisture and 
oxygen in the atmosphere can react with SFx to form a variety of gases, one of which is SO2.(3) 
These compounds can damage insulating materials and thus cause accidents.(4) Therefore, the 
online monitoring of SF6 decomposition products to evaluate the operation status of electrical 
equipment has become the focus of research in this field.(5,6) An urgent task is to find a new gas 
sensor that can be used for online monitoring of the decomposition components of SO2. 
 Graphene, a typical 2D carbon nanomaterial composed of carbon atoms hybridized with sp2 
orbitals, was discovered by researchers in 2004. Graphene has attracted much attention because 
of its low electronic noise, high surface-area-to-volume ratio, and excellent optical and charge 
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transfer properties.(7,8) It has been found that the adsorption of gas molecules changes the 
conductivity of graphene molecules, making it possible for graphene to be used in gas 
detection.(9,10) This is because when graphene interacts with gas molecules, the charge transfer 
changes the conductivity of graphene, and this change can be used as a signal to detect gas 
molecules.(11) However, many studies have shown that intrinsic graphene is almost insensitive to 
most gas molecules owing to its weak interaction with them. To overcome this shortcoming, 
graphene has been modified by doping with other atoms(12–15) to improve its gas sensing 
properties for specific molecules. Girit et al. embedded transition metal atoms into a graphene 
substrate (TM/GN), which improved the active range of the graphene adsorption reaction.(16) Pt 
nanoparticles have excellent sensing ability, catalytic activity, and high specific surface area, 
and have been widely used in catalysis, sensors, fuel cells, optical devices, and other fields. 
Liu et al. studied the capacity of a graphene group embedded with Pt to adsorb CO.(17) Liu et al. 
studied the capacity of a Pt-embedded single vacancy and different pyridinic N-doped graphene 
carriers to adsorb O2.(18) Many studies have shown that Pt-doped graphene has good gas sensing 
properties.(17–19) Doping nonmetallic N atoms into graphene monolayer materials can increase 
their chemical activity and carrier mobility while retaining structural stability similar to that of 
graphene. These outstanding characteristics make Pt- and N-doped graphene the most promising 
graphene functional materials.(20,21) In this study, by first-principles calculation based on density 
functional theory (DFT), we analyze and study the gas sensing characteristics of Pt/N-codoped 
graphene materials for SO2, the main decomposition component of SF6, so as to provide a 
theoretical basis for the development of new gas sensors for SF6. 

2. Calculation Method

 All calculations were conducted in the Dmol3 package.(22) In this study, exchange-related 
generalized gradient approximation (GGA) was used, and the Perdew–Burke–Ernzerhof (PBE) 
functional was used to consider the exchange crosslinking between electrons.(22) The combined 
use of the PBE functional and the Grimme dispersion correction is considered to be the most 
suitable theoretical method for studying the interaction between molecules and graphene.(23) 
Using the Grimme dispersion correction (the C6 and R0 parameters of Pt atoms used for the 
Grimme dispersion correction were obtained by the DFT-D3 query then input into Dmol3), DFT 
semi-core pseudopotential (DSSP) were selected to replace the mononuclear electron effective 
potential.(24) A double numerical basis with polarization functions (DNP) was selected as the 
atomic orbital basis.
 A 5 × 5 × 1 single-layer graphene supercell model, which was composed of 50 carbon atoms, 
was constructed. Its boundary conditions were periodic in the X and Y directions to simulate 
infinite graphene sheets. A vacuum region of 20 Å (1 Å = 10−10 m) was set to prevent the 
interaction between adjacent units. The C–C bond length of graphene after structural 
optimization was 2.47 Å, which is close to the theoretical and experimental values, indicating 
the correctness of the model.
 The energy convergence accuracy, maximum stress, and maximum displacement were 
respectively set to 1 × 10−5 Ha (1 Ha = 27.212 eV), 2 × 10−3 Ha/Å, and 5 × 10−3 Å.(25) During the 
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structural optimization and electronic property calculations, the corresponding k-points were set 
to 5 × 5 × 1 and 9 × 9 × 1, respectively. The convergence accuracy of the self-consistent field was 
set to 1 × 10−6 Ha.(26) The direct inversion in the iterative subspace (DIIS) was set to 6, which 
improves the convergence speed of the self-consistent field charge density, thereby improving 
the efficiency.(27)

 The binding energy Eb formed by the interaction between the Pt dopant and the matrix is 
obtained as

 / -b Pt xN GN sub PtE E E E= − − , (1)

where EPt/xN-GN is the total energy of Pt/xN-GN, Esub is the energy of the xN-doped graphene 
with one C atom defect, and EPt is the energy of a Pt atom.
 The adsorption energy Eads of gas molecules on the surface of doped graphene is

 / - - / -ads Pt xN GN gas Pt xN GN gasE E E E= − − , (2)

where EPt/xN-GN-gas is the total energy of the Pt/xN-GN-adsorbed SO2 gas and Egas is the energy 
of SO2. If the calculated adsorption energy is negative, then the adsorption is exothermic, can 
occur spontaneously, and is stable. The greater the absolute value of the adsorption energy, the 
greater the change in total energy in the adsorption process and the stronger the interaction 
between the sensing material and the adsorbed gas.
 The Hirshfeld charge analysis method(28) is used to calculate and analyze the charge transfer 
(Qt) between gas molecules and the Pt-doped graphene structure:

 t a bQ Q Q= − , (3)

where Qa and Qb represent the total charges of gas molecules after and before adsorption, 
respectively.

3. Results and Analysis

3.1 Adsorption of SO2 by intrinsic graphene

 The optimized SO2 molecular model is shown in Fig. 1. The S–O bond length is 1.465 Å, and 
the O–S–O bond angle is 119.695°. The calculation results are close to the theoretical value for 
SO2 (the S–O bond length is 1.43 Å and the bond angle is 119.536°), which proves the reliability 
of this calculation. To compare the difference in adsorption capacity before and after Pt/N 
doping, the adsorption of SO2 on the surface of intrinsic graphene was studied. Many researchers 
have studied the adsorption of SO2 by intrinsic graphene. Drawing on other research results,(3) 
we only simulate the key adsorption structure, which is shown in Fig. 2.
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Fig. 1. (Color online) Optimized SO2 molecular model.

Fig. 2. (Color online) Adsorption structure of SO2 on intrinsic graphene surface. (a) Top and (b) side views.

Table 1
Adsorption parameters of SO2 on intrinsic graphene.
Sensing material Adsorption energy Eads (eV) Transfer charge Qt (e) Adsorption distance d (Å)
GN −0.442 −0.067 3.165

 The adsorption parameters of SO2 on the surface of intrinsic graphene are shown in Table 1. 
The adsorption distance d is 3.165 Å, the transfer charge Qt is −0.067 e, and the adsorption 
energy Eads is −0.442 eV. After adsorption, the bond length and angle of SO2 change only 
slightly, indicating that the adsorption is mainly physical adsorption and is not strong.

3.2 Pt/N doping on graphene

 To study the adsorption performance of Pt/N-codoped-graphene-based sensing materials for 
SO2, a Pt/GN graphene system loaded with Pt atoms is built. A single Pt atom replaces one 
carbon atom in graphene and is connected with three carbon atoms. The Pt atom is embedded 
into the graphene plane and does not adsorb on a carbon atom. The Pt/GN structure after 
structural optimization is shown in Fig. 3(a), with the top view shown on the left and the side 
view shown on the right. The three carbon atoms connected with Pt can be replaced by N atoms 
to form three sensing material systems, namely, Pt/1N-GN, Pt/2N-GN, and Pt/3N-GN, whose 
optimized structures are shown in Figs. 3(b)–3(d), respectively. 
 The calculated structural parameters such as the distance h from the Pt atom to the plane of 
graphene, the bond lengths between the Pt atom and the connected C and N atoms, dPt–C and 
dPt–N, respectively, and the binding energy Eb between Pt and the substrate are shown in Table 2.
 The calculated results in this paper are basically consistent with those reported in the 
literature.(29) The calculated structural parameters in Table 2 are also basically consistent with 

(a) (b)
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Fig. 3. (Color online) Top and side views of structures of Pt/xN-GN. (a) Pt/GN, (b) Pt/1N-GN, (c) Pt/2N-GN, and 
(d) Pt/3N-GN.

(a)

(b)

(c)

(d)

those in the literature, indicating that they are reasonable and reliable. A Pt atom has a larger 
volume than a C atom. When a Pt atom is embedded into graphene, owing to the steric hindrance 
effect and tension, the Pt atom remains a certain distance from the plane of graphene. For Pt/GN, 
Pt/1N-GN, Pt/2N-GN, and Pt/3N-GN, the distances from the Pt atom to the C atom plane are 
1.56, 1.71, 1.75, and 1.78 Å, respectively. This shows that with increasing concentration of doped 
N atoms, the distance between the Pt atom and the C atom plane also increases. The binding 
energy of Pt/xN-GN decreases with increasing nitrogen doping rates. When there are three N 
atoms, the binding energy is −3.15 eV and the structure has high stability.
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Fig. 4. (Color online) TDOS values of graphene before and after doping Pt/N. (a) Pt/GN TDOS, (b) Pt/1N-GN 
TDOS, (c) Pt/2N-GN TDOS, and (d) Pt/3N-GN TDOS.

Table 2
Structural parameters of Pt- and N-doped graphene.
Sensing material h (Å) dPt–C (Å) dPt–N (Å) Eb (eV)

Pt/GN 1.56 2.01 — −7.75
1.58(29) 1.94(29) — −7.37(29)

Pt/1N-GN 1.71 1.94 2.35 −5.50
1.66(29) 1.94(29) 2.27(29) −5.15(29)

Pt/2N-GN 1.75 1.92 2.20 −4.77
1.68(29) 1.92(29) 2.18(29) −4.58(29)

Pt/3N-GN 1.78 — 2.16 −3.15
1.73(29) — 2.16(29) −2.90(29)

 The total density of states (TDOS) values of the four Pt/xN-GN systems and intrinsic 
graphene are shown in Fig. 4. It is found that after doping Pt/N, the electron distribution near the 
Fermi level of the TDOS is significantly higher than that of the intrinsic graphene, and the 
greater the number of N atoms, the more obvious the change in electron distribution near the 
Fermi level. This shows that the doping of Pt and N atoms enhances the conductivity of the 
graphene structure, which may improve its sensitivity to SO2.

(a) (b)

(c) (d)
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(a) (b)

(c) (d)

Fig. 5. (Color online) Adsorption structures of SO2 on Pt/xN-GN. (a) Pt/GN top view, (b) Pt/GN side view, (c) 
Pt/1N-GN top view, (d) Pt/1N-GN side view, (e) Pt/2N-GN top view, (f) Pt/2N-GN side view, (g) Pt/3N-GN top view, 
and (h) Pt/3N-GN side view.

3.3 SO2 adsorption on Pt/xN-GN

 To obtain the optimal adsorption configuration, we consider the approach of the SO2 gas 
molecules to the Pt/xN-GN system at different angles and positions. After full optimization, the 
most stable structures for gas adsorption with the lowest energy are shown in Fig. 5. The relevant 
structural parameters such as bond angle, bond length, charge transfer, and adsorption energy 
are listed in Table 3.

(e) (f)

(g) (h)
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Table 3
Adsorption parameters of SO2 on Pt/xN-GN.
Sensing material Bond angle of SO2 dS–O1 (Å) dS–O2 (Å) dO–Pt (Å) dS–Pt (Å) Qt (e) Eads (eV)
Pt/GN 114.689 1.549 1.488 2.180 3.382 −0.195 −1.020
Pt/1N-GN 114.985 1.561 1.478 2.155 2.639 −0.175 −1.061
Pt/2N-GN 114.910 1.609 1.480 2.079 2.392 −0.241 −2.087
Pt/3N-GN 115.034 1.610 1.488 2.092 2.316 −0.352 −2.548

 It can be seen from Table 3 that in the Pt/GN structure, the adsorption of SO2 is mainly 
between Pt and O. One O atom in SO2 is adsorbed by a Pt atom with a bond length of 2.180 Å 
(dO–Pt), which means that the adsorption is chemical adsorption. Owing to the strong interaction 
between O and Pt bonds, the bond length (dS–O1) of S–O with the O atom adsorbed by Pt 
increases to 1.549 Å. The bond length (dS–O2) of the other O atom not adsorbed by Pt changes 
negligibly and is 1.488 Å. The charge transfer Qt of this system is 0.195 e, indicating that there is 
charge transfer from the Pt/GN substrate to SO2. The adsorption energy of SO2 for this system is 
−1.020 eV, which is much larger than that of the intrinsic graphene.
 In the Pt/1N-GN system, the O–Pt bond length between the O atom of SO2 and the Pt atom of 
the system is 2.155 Å, which means that the adsorption is chemical adsorption. The bond length 
of S–O formed by the O atom adsorbed by the Pt atom in the SO2 molecule is 1.561 Å. The 
adsorption energy of SO2 molecules in this system is −1.061 eV. Compared with the Pt/GN 
system, the overall adsorption energy shows little change, and this system does not show a 
significant improvement compared with the Pt/GN system.
 In the Pt/2N-GN system, the O–Pt bond length between the O atom of SO2 and the Pt atom of 
the system is 2.079 Å, which means that the adsorption is chemical adsorption. The bond length 
of S–O formed by the O atom adsorbed by the Pt atom in the SO2 molecule is 1.609 Å. The 
adsorption energy of SO2 molecules increases to −2.087 eV. Compared with the above two 
systems, the adsorption energy of SO2 by the Pt/2N-GN system is significantly larger and the 
adsorption capacity is greater.
 In the Pt/3N-GN system, the O–Pt bond length is 2.092 Å, which means that the adsorption is 
chemical adsorption. The bond length of S–O formed by the O atom adsorbed by the Pt atom in 
the SO2 molecule is 1.610 Å. The adsorption energy of SO2 molecules increases to −2.548 eV, 
and the adsorption effect is the strongest among the systems. These calculation results show that 
with increasing number of doped N atoms, the adsorption of SO2 by the Pt/xN-GN system 
gradually increases.
 To further study the adsorption mechanism of the Pt/2N-GN and Pt/3N-GN systems with the 
greatest adsorption capacity for SO2, their adsorption mechanism and the TDOS and partial 
density of states (PDOS) of the main interacting atoms are analyzed in detail, and the results are 
shown in Figs. 6 and 7.
 It can be seen from Fig. 6 that the TDOS of the Pt/2N-GN structure markedly changes at 
−20.5, −11.4, −6.2, and −3 eV. Because the outermost electrons of the atoms contribute the most 
to the adsorption process, the PDOS diagrams of S–3p, Pt–5d, and O–2p are compared and 
analyzed. The PDOS shows peaks at −20.5, −11.4, −7, −5.1, −2.7, and −2 eV and other energy 
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Fig. 6. (Color online) TDOS before and after SO2 adsorption and PDOS of the main interacting atoms in the 
Pt/2N-GN system. (a) TDOS of Pt/2N-GN system and (b) PDOS of Pt/2N-GN system

Fig. 7. (Color online) TDOS before and after SO2 adsorption and PDOS of the main interacting atoms in the 
Pt/3N-GN system. (a) TDOS of Pt/3N-GN system and (b) PDOS of Pt/3N-GN system.

levels at the same time, indicating that orbital hybridization exists in the adsorption structure, 
which means that there is strong chemical adsorption between SO2 gas and Pt/2N-GN.
 It can be seen from Fig. 7 that the TDOS of the Pt/3N-GN structure markedly changes at −22, 
−20.5, −11.4, −6.8, and −2.7 eV. The PDOS shows peaks at −22, −20, −11, −7, −2.7, −2, and 0 eV 
and other energy levels at the same time, indicating that orbital hybridization exists in the 
adsorption structure, which means that the adsorption between SO2 gas and Pt/3N-GN is also 
chemisorption. Compared with the Pt/2N-GN structure, the center of the d-band of the Pt atom 
in the Pt/3N-GN structure shifts to the right to a large extent and is closer to the Fermi level, 
indicating that the orbital hybridization of this structure is stronger and that the adsorption of 
SO2 is greater.

(a) (b)

(a) (b)
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4. Conclusions

 We performed a first-principles calculation to theoretically study the adsorption 
characteristics of graphene sensor materials for SO2 gas, build an adsorption model for SO2 by Pt 
doping on graphene substrates with different N contents, and study the adsorption configuration, 
relevant structural parameters, adsorption energy, and electronic properties of SO2 on Pt/xN-GN. 
The results show that different graphene substrates have markedly different adsorption effects 
on SO2. The adsorption energies of Pt/GN, Pt/1N-GN, and Pt/2N-GN for SO2 gas are −1.020, 
−1.061, and −2.087 eV, respectively. The adsorption energy of Pt/3N-GN for SO2 gas is the 
highest (−2.548 eV), indicating that the doping of N improves the adsorption capacity. The 
interaction between SO2 and Pt/3N-GN is strong, and the adsorption between SO2 and Pt/3N-GN 
is chemical adsorption. The results of this paper provide a new concept for developing a gas 
sensor based on Pt/N-codoped graphene to realize the online fault detection of SF6 insulation 
equipment.
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