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Abstract: Based on the first-principles of density functional theory, the SFy decomposition products
including single molecule (SO, F,, SOF,, SO;), double homogenous molecules (250,F,, 2S0OF;, 2505)
and double hetero molecules (SO, and SOF;, SO, and SO,F,, SOF, and SO,F;) adsorbed on Pt doped
graphene were discussed. The adsorption parameters, electron transfer, electronic properties and
energy gap was investigated. The adsorption of SO, SOF; and SO,F; on the surface of Pt-doped
graphene was a strong chemisorption process. The intensity of chemical interactions between the
molecule and the Pt-graphene for the above three molecules was SO,F; > SOF; > SO;. The change of
energy gap was also studied and according to the value of energy gap, the conductivity of Pt-graphene
before and after adsorbing different gas molecules can be evaluated.

Keywords: SFs decomposition components; Pt modified graphene; gas adsorption; density
functional theory

1. Introduction

SF¢ gas has been widely used in gas insulated switch-gear (GIS) because of its excellent insulation
and arc extinguishing performance but long-term operation experience shows that different degrees of
partial discharge (PD) will occur in GIS equipment due to inherent defects or some new insulation
problems [1-4]. With the increase of running time, these defects develop further, which may eventually
lead to serious insulation problems of GIS equipment, resulting in irreparable losses. The energy
produced by the discharge causes SFg to decompose into SF,;, SF3;, SF, and other low-fluorine
sulfides when the discharge continues. Some of the low-fluorine sulfides react with trace amounts
of water and oxygen in GIS equipment to form SO,F,, SOF,, H,S and SO, [5,6]. Many scholars have
shown that by detecting the content of these characteristic decomposition products, the severity of
insulation defects in GIS can be judged to a certain extent, and insulation accidents can be prevented.
Therefore, the detection of SFs decomposition component content has important research significance
and application value.

Graphene, a typical two-dimensional carbon nanomaterial composed of sp? hybrid orbital carbon
atoms, was first discovered in 2004. Due to its excellent mechanical, electrical, optical and thermal
properties, it has led extensive research in many fields such as electronics, energy, biological and
chemical sensors [7-9]. In 2007, graphene was first used as a sensing material and showed selectivity
for typical small molecule gases [10]. Since then, its excellent sensing performance has attracted a lot
of attention. The micro gas sensor made of graphene has the advantages of low operating temperature,
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high sensitivity and small size. In recent years, some scholars have made great progress in this field,
using graphene as a sensitive material to detect Hy, NH3z, NO; and other gases. This provides a new
idea for the detection of SFq decomposition products. Gas sensors based on intrinsic graphene have
less response to various SFs decomposition products and poor recovery and selectivity. In order to
improve the gas sensitivity of graphene, the preparation of graphene-based composites can significantly
improve the gas sensitivity of SFs decomposition products, including sensitivity, response speed and
recovery characteristics [11].

Nowadays, theoretical evaluation of 2D materials based on ab initial study has been widely
developed. The gas sensing properties evaluated by first-principles method was an effective way
to exploit high selectivity new gas sensing materials or new modified method to the surface of
materials, especially for 2D graphene like materials [12,13]. To obtain the 2D material with global
minimum total energy or to get the adsorption structure with the global minimum total energy
rather than the local minimum, several initial structures should be considered and several optimized
structures were obtained. By comparing the final total energy or other physical properties, the final
structure of materials or adsorption structure can be obtained [14,15]. It has been proved that
single-layer graphene without any defects has very week chemical interactions with most of the
gas molecules [16]. To enhance the interactions between the adsorbed gas molecule and the surface of
graphene, introducing transition metal or noble metal was proved to be an effective way by theoretical
evaluation. Doping Fe atom or Pt atom can obviously enhance the chemical interactions between single
and double layered graphene with CO, NO, SO, and HCN [17]. Especially for Pt atom or nanoclusters,
they can bring many active sites on the surface of graphene as well as provide many adsorption sites
for gas molecules. As a result, the structure, electronic properties and gas adsorption behavior of Pt
decorated or doped graphene has been systematically studied using quantum chemistry methods.
The decoration of Pt adatom on graphene surface can apparently elevate the adsorption energy and
electron transfer with not only inorganic small molecules (such as SO,, O3, NO, H,S), but also organic
molecule (such as C;H,, CoHy, CH30H and Co;H;OH) [18-23]. Because of the excellent adsorption and
gas sensing properties of Pt-graphene, in this work, we discussed the adsorption behavior of several
kinds of SFs decomposition products on the surface of Pt doped graphene, we carried out the ab
initial study with the density functional theory calculation including the adsorption energy, adsorption
distance, electron transfer and electronic properties. Considering the probable appearance of several
kinds of gas molecules on the surface, we further discussed the co-adsorption of two gas molecules
with the same type or different type. The study can provide a guiding effect for Pt doped graphene
based gas sensor used in field of detecting SFg decomposition products in electrical engineering.

2. Method

The adsorption of three kinds of SFs decomposition products (5O,, SOF, and SO,F;) on the
surface of Pt-graphene was all carried out in Dmol® package [24,25]. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof function (PBE) was used in considering of the
exchange-correlation functional [26]. The basis set chosen for this study was the double numerical plus
polarization (DNP) and considering that Pt is a heavy element, the DFT semi-core pseudopotential
(DSSP) was selected. To make a good description of long range vdW force, the DFT-D method was
chosen force [27]. The cutoff radius for all atom in all structures was set as 5 A. All the geometric
optimizations were set of 1 x 10> Ha energy convergence, 0.002 Ha/A force convergence, and 0.005 A
displacement convergence between the two iteration steps. The k-point sample of Monkhorst-Pack
grid was set as 6 x 6 x 1 when carrying out geometric optimization as well as the calculations of
electronic properties [28]. The Gaussian smearing was 0.005 Ha.

A 6 x 6 x 1 graphene supercell including 72 C atoms was first built with height of 15 A vacuum
region. To build the structure of Pt doped graphene, one C atom was substituted by one Pt atom and
then the geometric optimization using the convergence criteria above. Finally, the structure of one Pt
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doped graphene was obtained. For gas adsorption on the surface, one or two gas molecules were placed
above the Pt atom and then the final structures were also obtained by fully geometric optimization.
The adsorption energy of one or two gas molecules on the surface of Pt-graphene is:

AEqs = E(molecule—Pt—gmphene) - E(Pt—gruphene) - E(molecule) @D

where  Eyoiecute-pt-graphenes  Ept-graphene  and  Epolecyle are the calculated total energy of gas
molecules/Pt-graphene adsorption structure, Pt-graphene surface before adsorption and gas molecules
before adsorption. The charge transfer was based on Mulliken method [29]. The electron transfer is
calculated as:

Qr=Q1—Qo @)
where Q; and Qg represent the carried charge of adsorbed gas molecules and isolated gas molecules.
The carried charge of isolated gas molecule is zero and when Qr is negative, gas molecule obtains
electrons and when Qr is positive, gas molecule acts as electron donor.

The energy gap of the structure reflects the difficulty level of electron transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The smaller
value indicates the easier process of electron transferring from the valence band to the conduction
band resulting in large conductance. The value of energy gap E, is defined as:

E¢ =|Exomo — Erumo| 3)
We also calculated the density of states of adsorption structures in this study.

3. Results and Discussion

3.1. Structure of SF5 Decomposition Products and Pt-Graphene

At the Materials Visualizer module, three kinds of SFs decomposition gas molecule models were
constructed and after fully geometric structure optimization, three energetically stable structures were
obtained. The stable structures of SO,, SOF; and SO, F; gas molecules are shown in Figure 1a—c the
geometric parameters of these three gas molecules are listed in Table S1. The parameters obtained by
this model are in good agreement with those obtained by other researchers [30].

(a) (b) (c)

Figure 1. Geometric structures after optimization: (a) SO, molecule; (b) SOF, molecule; (c) SO,F;
molecule. (Yellow = Sulfur; Red = Oxygen; Cyan = Fluorine, the labels are also applied to the
following figures.).

The Pt atom does not change the overall two-dimensional planar structure of graphene, but forms
a local sp? hybridization near the Pt atom and protrudes to the plane of the C atom, as shown in
Figure 2. The Pt atom forms covalent bonds with three adjacent C atoms. The length of the covalent
bonds of C-Pt atoms is 1.956 A. Therefore, the formation of local sp> configuration of Pt atoms can
be further determined. Similar doping configurations have been demonstrated in graphene doped
with other metal elements (Pd, Mn, Au, etc.) [31,32]. At present, there is basically a consensus that the
local sp® hybridization is the correct configuration for the theoretical study of metal doped graphene.
The detailed geometric parameters of Pt-graphene are listed in Table S2.
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Figure 2. Geometric structures after optimization: (a) Int-graphene; (b) Top view of Pt-graphene;
(c) Side view of Pt-graphene. (Grey = Carbon; Dark blue = Platinum, the labels are also applied to the
following figures.).

3.2. Adsorption of Single Molecule, Double Molecules on Pt-Graphene

In this section, based on the first-principles density functional theory, the adsorption properties of
SO,, SOF,; and SO,F; on Pt-doped graphene were studied systematically. The adsorption structure,
adsorption energy and charge transfer were calculated and analyzed in detail. The modification
mechanism of Pt-doped graphene and the gas-sensing response mechanism of SO, SOF; and SO,F;
were evaluated. We have obtained several adsorption structures with the local minimum total energy.
By comparing the adsorption energy, we only chose the structure with the maximum adsorption
energy for further analysis including structure parameters and electronic properties. All the adsorption
structures with the local minimum adsorption energy are shown in Figures S1-S3.

3.2.1. Analysis of Adsorption Structures and Electronic Properties

After optimizing the adsorption structures, the gas molecules were relaxed to various positions
on the Pt-graphene surface. The adsorption of single and multiple gas molecules were both studied.
In order to obtain the most stable adsorption structure of each gas molecule, we simulated the
adsorption structure at different adsorption angles and distances. The most stable structures are
shown in Figures 3-5. In order to analyze the adsorption properties, as shown in Table 1, the binding
energies E,;, charge transfer Qr and adsorption distance D for different gas adsorption structures are
shown. D represents the closest distance between the gas molecules and the surface of the Pt-graphene,
where D; and D; represent the distances of the different gas molecules from the Pt nanoparticles,
respectively. Similarly, Qr1 and Qr; represent charge transfer between two different gas molecules and
the surface, respectively. E 4, is the adsorption energy, and negative values indicate that the adsorption
is exothermic and the reaction can occur spontaneously.
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Figure 3. The adsorption structures for single SO,, SOF, and SO,F, adsorption on Pt-graphene. (a)
SO;,; (b) SOF,; (c) SO, F,.

The adsorption parameters and structures of single SO,, SOF, and SO,F; molecules adsorbed on
graphene are shown in Table 1 and Table 53 and Figure 3a—c. The O atom of SO, is the closest to the Pt
atom. Since the electronegativity of O atom is strong, the adsorption distance is 2.261 A. The S atom is
far from the surface of Pt doped graphene because it establishes a stable covalent bond with O atom
and it is difficult to interact with Pt atoms. The structure of SO, remains almost unchanged during
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the adsorption process, and the S-O bond length of SO, itself is gradually extended from 1.480 A to
1.581 A, indicating that a new Pt-O bond may be formed during the interaction between SO, and
Pt-doped graphene, resulting in the stretching of S-O bond of SO; itself. When a SOF, gas molecule or
a SO, F, molecule is close to Pt-graphene, the length of the S-F; bond of the adsorbed SOF, molecule
is extended to 2.966 A, and the length of the S-F, bond of the SO,F, molecule is extended to 3.434 A,
indicating that the S-F bond may have been broken. According to Figure 3b,c, the broken F atom tends
to form a new bond with the Pt atom. The distance between the two atoms is 2.012 A and 2.029 A.
At the same time, the S atom tends to form a Pt-S bond with the Pt atom. In order to explore the
strength of adsorption, the adsorption energies under various conditions were discussed. It can be
seen from Table 1 that the adsorption of SO,F, gas molecules is the strongest, because the adsorption
energy is —2.429 eV. The adsorption of SO, on the Pt-doped graphene surface is lower than that of the
SO,F;. The adsorption of SOF, and Pt doped graphene is the weakest because the adsorption energy is
—1.254 eV. The charge transfer quantities of SO, SOF, and SO,F, molecules with Pt-doped graphene
surface as shown in Table 1 are —0.412 ¢, —0.679 e and —0.981 e. The charge transfer quantities Q in
all three cases are negative. It is shown that electrons transfer from Pt doped graphene surface to
gas molecule during the adsorption process. The gas molecules SO,F,, SO, and SOF; all show the
characteristics of electron acceptor.
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%Q @000 % % © %0 © .
?s :% e 0%,:‘:9‘{6% S .s{‘?""o s %%G%“k“ﬁ%%
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Figure 4. The adsorption structures for double SO,, SOF, and SO,F, adsorption on Pt-graphene.
(a) 250,; (b) 2SOFy; (c) 2SO, F,.

The adsorption results for double gas molecules are shown in Table 1 and Table S4 and Figure 4a—c.
Similar to the adsorption of a single SO, molecule, the SO bond length in two SO, gas molecules is
extended from 1.480 A to 1.498 A (0;-S), 1.561 A (0,-S), 1.565 A (03-S), 1.561. A (O4-S). Referring
to Figure 4, the interaction between the Pt-doped graphene and the double-SO, gas molecules
may respectively form a new Pt-O bond, which leads to the stretching of the S-O bond of SO;.
During the adsorption of double SOF, molecules, the bond length of one SOF, gas molecule is
unchanged, while the S-F bond length of another SOF; molecule is extended to 3.027 (S-F;), 1.801 (S-Fy).
This indicates that an S-F bond has broken during the adsorption process. It is also shown that only one
SOF, gas molecule in the double SOF, gas molecule interacts with the surface of Pt-doped graphene,
and the adsorption distances are 2.008 A and 3.806 A, respectively. Similarly, according to SO,F,
adsorption, one SO,F, molecule is deformed into one SO, and two fluorine atoms are adsorbed on the
Pt atom, and the S-F bond length is extended to 2.343 (S-F;), 3.384 (S-F,). The bond length of another
SO,F, gas molecule is unchanged, and the adsorption distance from the Pt atom is 3.422 A. That is to
say, Pt doped graphene adsorbs one of the double SO,F, molecules on the surface, and the two S-F
bonds were broken during the adsorption process. It can be seen from Table 1 that the adsorption
energies of two-gas molecules 250;, 250F,, 250,F, and Pt-doped graphene are —2.223 eV, —0.934 eV
and —2.159 eV, respectively. Compared with adsorbing a single gas molecule, the adsorption properties
of two gas molecules have not changed, and both belong to chemical adsorption. Since a Pt atomic
site can interact with two SO, gas molecules, the adsorption energy is increased and nearly doubled.
Charge transfer Qr of 250,, 250OF;, 250, F, with Pt doped graphene surfaces are —0.665 ¢, —0.662 e
and —1.088 e, respectively. Similar to the charge transfer amount of single molecule adsorption,
the charge transfer amount Q7 of all three cases is negative. It indicates that during the adsorption
process, electrons are transferred from the Pt-doped graphene surface to the gas molecules, and the
gas molecules SO,, SOF; and SO,F, shows the characteristics of the electron acceptor.
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Table 1. Adsorption energy (E,;;), charge transfer (Qr) and binding distance (D) from adsorbed gas molecules to Pt-graphene.

System Euis (eV) Qr1 (V) Q12 (V) D1 Q) D; (A) Bond Length (&)
S0, —1.358 —0.412 2.261 1.581 (04-S), 1.582 (0,-9)
SOF, —1.254 —0.679 2.012 2.966 (5-F1), 1.688 (S-Fy), 1.550 (O-S)
SO,F, —2.429 —0.981 2.029 3.434 (S-F,), 1.727 (S-Fy), 1.542 (0,-S), 1.542 (0;-9)
250, —2.223 —0.665 2.303 (Pt-O(front SO,)) 2.256 (Pt-O(second SO,))  1.498 (04-S), 1.561 (O,-S), 1.565 (O3-S), 1.561 (O4-S)
s § 1.675 (S-F1), 1.670 (S-F,), 1.460 (O-S),
2SOF, —0.934 —0.622 2.008 (Pt-F(right SOF,)) 3.806 (Pt-F(left SOF,)) 3,027 (S.F1), 1.801 (S-Fa), 1.503 (O-S)
) 2.343 (S-F;), 3.384 (S-Fy), 1.492 (0;-9), 1.486 (O,-S
2S0,F, —2.159 —1.088 2.009 (Pt-F(left SO, F,) 3.422 (P-F(right SOF2) 1" ESF;; 1610 ESFE; Ll Eo;-s; e EOZ—S;
- . } 1.501 (01-S), 1.589 (O,-S)
S0, &SOF, —1.431 0.321 (SO,) 0.127 (SOF5) 2.246 (Pt-O(SO)) 2.486 (Pt-S(SOF,)) 1643 (S.F1), 1,661 (S-Fy), 1.455 (O-5)
1.480 (O;-S), 1.486 (O,-S
SO,&SO,F,  —2.198 —0.039 (SO5) —0.544 (SO,F) 3.983 (Pt-5(50,)) 2.011 (Pt-F(SO,F5)) 2,975 (5-Fy), 1.763 ES—%)) 1586 ((022-5)) 1.483 (01-5)
SOF,&S0,F, —2.306 —0.047 (SOF,)  —0.994 (SO, Fy) 4.143 (Pt-S(SOF,)) 2.031 (Pt-F(SO,Fy)) 1.662 (S-Fy), 1.688 (S-F), 1.465 (O-S)

3.143 (S-F,), 1.764 (S-Fy), 1.585 (O,-S), 1.482 (04-S)
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In Table 1 and Table S5 and Figure 5a—c are the adsorption parameters and adsorption structures
of Pt-graphene adsorbed double hetero-gas molecules. When the mixed gas SO, and SOF; is adsorbed
on Pt-graphene, the S-O bond length in the SO, gas molecule is extended from 1.480 A to 1.501 A
(01-S) and 1.589 A (O,-9), respectively. Similar to the adsorption of single and double SO, processes in
Figures 3a and 4a, the interaction of Pt-doped graphene with SO, gas molecules may form a new Pt-O
bond that leads to the stretching of the S-O. However, the molecular structure of SOF, did not change,
and the adsorption distance was 2.486 A. Conversely, for the adsorption of SO, and SO,F, mixed gas
on Pt-graphene in Figure 5b, the molecular structure of SO, gas is unchanged, the S atom is close to
the Pt metal atom, the adsorption distance is 3.983 A, and the S-F bond length of SO,F, was extended
to 2.975 A. Therefore, SO,F, gas molecules breaks into a F atom and a SO, F piece adsorbed on the
Pt-graphene surface. In the case of adsorbing SOF, and SO,F; in Figure 5c, a F atom is decomposed
and adsorbed on the Pt atom. The SOF, molecule is far from Pt-graphene and is 4.143 A away from
the surface. The adsorption energies of the three mixed gases, SO, and SOF;, SO, and SO;F; and
SOF; and SO,F; are —1.431 eV, —2.198 eV and —2.306 eV. The charge transfer amount Qr of SO,
and SO,F; and SOF, and SO,F, with Pt-doped graphene surface is —0.039 ¢, —0.544 ¢ and —0.047 e,
—0.994 e for every gas molecule. It is shown that in the adsorption process, electrons are transferred
from the surface of Pt-doped graphene to gas molecules, and the gas molecules SO,, SOF,; and SO, F;
all exhibit the characteristics of electron acceptors. The amount of charge transfer after adsorption of
SO, and SOF, mixed gas is —0.321 ¢, 0.127 ¢, indicating that electrons are transferred from the surface
of Pt-doped graphene to SOF; to SO, gas molecules, and SO, is an electron acceptor but the SOF, is an
electron donor.
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Figure 5. The adsorption structures for double foreign SO,, SOF,; and SO, F, adsorption on Pt-graphene.
(a) SO, and SOF;; (b) SO, and SO,Fj; (¢) SOF, and SO,F,.

3.2.2. Analysis of Electronic Density of States

In this section, we analyze the electronic density of states (DOS) of individual gas molecules SO,,
SOF; and SO, F,. The DOS diagrams of Pt-graphene are shown in Figures 6-8, which confirms that the
system modified by Pt atom has good conductivity. Comparing with Figure 6a, b the DOS at Fermi
level increased significantly after SO, adsorption, which is attributed to the increase of the carrier
number after SO, adsorption. As shown in Figure 6¢, the DOS of the system adsorbed SOF, increases
slightly below the Fermi level, but the DOS above the Fermi level is unchanged. The DOS at the Fermi
level also increase. For a single SO,F, adsorption (Figure 6d), DOS on the left side of Fermi level
increases, but DOS on the right-side decreases, and there is no significant change at Fermi level.

In fact, the decomposition products present in the SFq insulating device is a mixed gas.
Therefore, the adsorption of multiple gas molecules was considered in this study. Due to the limited
adsorption capacity of a single Pt-doped graphene, the adsorption of two gas molecules is sufficient to
analyze the adsorption of multiple gas molecules.
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20 -
204 Total
—Total e Pt
-oPt 802
15 (@)Ptgraphene 15 (b)Pt-graphene/2s0,
I~ =
3 101 g
@ : a
2 = 8
54 :
] i J\
-20 -16 12 8 0 4 -20 15 -10 5 0 5
Energy(eV) Energy(eV)
(a) (b)
25 25 -
Total Total
e’ --- Pt
204 ——SOF, 204 —SO,F,
(c)Pt-graphene/2SOF, (d)Pt-graphene/2SO,F,
154 154
d 3
@ =
o) @
10 O 104
a Q1o
N /\/\JM\‘ ]
1) /ANP S VW A VA AL A N LY
20 -15 -10 5 0 5 20 15 -10 E

Energy(eV)

(©)

Energy(eV)

(d)
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Figure 8. The change of DOS (a) before and after (b) SO, & SOF,, (c) SO, & SO,F, and (d) SOF, &
SO, F, adsorption on Pt-graphene.

Firstly, the adsorption characteristics of adsorbed double gas molecules are discussed.
The comparison of DOS before and after adsorbing gas molecules is shown in Figure 7. Two SO,
adsorbed on Pt-graphene active sites at the same time enhances the molecular movement between
Pt-graphene and adsorbing gas. Comparing with Figure 7a, b DOS has been improved in all energy
distribution regions. Although the DOS curve lower than Fermi level changes little, the DOS higher
than Fermi level increases. When two identical SOF; and SO,F, molecules interact with Pt-graphene,
the DOS near the Fermi level increases. As can be seen in Figure 7c, the DOS after adsorption of SOF;
is significantly increased at the Fermi level, and as shown in Figure 7d, the DOS at the Fermi level is
increased after the adsorption of SO, F;.

In the case of a mixed gas decomposed in the SF4 insulation equipment, in addition to the
above-mentioned double gas adsorption, the Pt-graphene surface also adsorbs different gas molecules.
According to the DOS shown in Figure 8, compared with the adsorption of single and double gas
molecules, the change of DOS is significantly different, and all DOS diagrams close to the Fermi level
are increased, and the overall DOS obviously moves to the right which is attributed to the change of
Fermi-level compared to the bare Pt-graphene. It means that the conductivity decreases significantly.
When SO, and SOF,; interact with Pt-graphene, the SOF, molecule leaves the Pt-graphene surface
according to the structure discussed above. Comparing SO, and SOF, adsorbed DOS (Figure 8b)
compared with DOS single SO, adsorption, we found that DOS changes showed the same growth trend
due to the key role of SO, adsorption. For the adsorption of SOF, and SO;F; as the structure shown
in Figure 8d, only the fractured fluorine atom and one SOF; contribute to the change of conductivity.
In the process of adsorption, SO,F, molecules are away from the surface of graphene, and only one F
atom forms a chemical bond with Pt atoms. The increase of DOS below the Fermi level mainly comes
from the contribution of F atoms adsorption.
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3.2.3. Analysis of Frontier Molecular Orbital

The HOMO, LUMO and the value of E¢ of the system after adsorbing a single gas molecule are
shown in Table 2. It was found that E¢ increased to some extent during all the adsorption processes.
Before Pt-graphene adsorbed gas molecules, HOMO and LUMO were mainly distributed at Pt atoms
and their opposite sides (Figure 9a). The corresponding energy gap width E; was 0.28 eV. As shown
in Figure 9b, after adsorption of SO,, the HOMO and LUMO were slightly transferred to the SO,
adsorption site, and more uniformly distributed on the surface of Pt-graphene. E, increases to 0.601 eV.
We estimate that with the increase of Eg leads to the slightly decreased conductivity of the system.
When a single SOF, molecule is adsorbed on Pt-graphene, it is not much different from the adsorption
of SO,, and the E, is increased to 0.667 eV. There was almost no change in HOMO. The SOF piece
causes change in LUMO. For SO,F, adsorption, the E¢ value is 0.716 eV, and HOMO and LUMO were
significantly reduced. The HOMO and LUMO adsorption configurations of Pt-graphene adsorbed
SO, F; are shown in Figure 9d. There are few orbits around the adsorbed SO,F,.

Table 2. Highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
E¢ before and after adsorption of single SO, SOF,, SO,F, by Pt-graphene.

System LUMO (eV) HOMO (eV) Eg (eV)
Pt-graphene —3.798 —4.229 0.489
Pt-graphene /SO, —4.105 —4.706 0.601
Pt-graphene/SOF, —4.218 —4.884 0.667
Pt-graphene /SO, F, —4.330 —5.046 0.716

(©) (d)

Figure 9. Distribution of HOMO (red-green) and LUMO (blue-yellow) (a) before and after (b) single
503, (¢) single SOF, and (d) single SO,F, adsorption on Pt-graphene.

The HOMO, LUMO and E; of the system after adsorption of mixed gas molecules are shown in
Table 3. The HOMO and LUMO distribution (Figure 10b) has been extended to the adsorbed SO, and
SOF, molecule, and the Eq is broadened to 0.564 eV. Therefore, we evaluate that the effect of SO, and
SOF; adsorption slightly increases the conductivity of Pt-graphene. Although the SO,F, molecule
is too far away to affect the frontier molecular orbital (Figure 10c), the adsorbed SO, increasing the
HOMO and LUMO distribution to change the system conductivity. For the HOMO and LUMO



Appl. Sci. 2018, 8, 2010 110f13

distributions of SOF,-SO,F; adsorption shown in Figure 10d, part of the HOMO is distributed on
the bonded F surface and one SOF, molecule, and LUMO is uniformly distributed on the C atom as
compared with before adsorption. In addition, with E rising to 0.706 eV, HOMO and LUMO mainly
distribute around F-Pt bond and SOF, molecule.

Table 3. HOMO, LUMO, E; before and after adsorption of double foreign SO,, SOF,, SO,F,
by Pt-graphene.

System LUMO HOMO Eg (eV)
graphene —3.798 —4.229 0.489
Pt-graphene /SO, & SOF, —4.279 —4.843 0.564
Pt-graphene/SO,& SO, Fy —4.645 —5.349 0.704
Pt-graphene /SOF, &S0, F, —4.607 —5.314 0.706

Figure 10. Distribution of HOMO (red-green) and LUMO (blue-yellow) (a) before and after (b) SO, &
SOF,, (¢) SO, & SO,F; and (d) SOF, & SO,F, adsorption on Pt-graphene.

4. Conclusions

For the adsorption of a single gas molecule, Pt-doped graphene has strong interactions with
SO,, SOF, and SO,F,. For SO, adsorption, the energy gap width E; decrease, which may result in
the decrease of conductivity of the system. Compared with SO,, the E 4, for single SOF, adsorption
was slightly smaller, but the Qr was slightly larger and the E; was also slightly higher, which proved
that SOF; brings the smallest chemical interactions but still leads to the decrease of the conductivity.
The adsorption of SO,F; is a strong chemisorption process and moreover, the bonds in gas molecule
tend to be broken. The adsorption of SO,F, also brings conductivity decrease. For the adsorption
of double gas molecules, the increase in the number of molecules does not obviously change the
chemical interactions to some gas molecule but may have very small interactions with the second
adsorbed molecule. When adsorbing double SO,, the adsorption energy and charge transfer amount
are significantly increased compared with single gas molecules, but those of the adsorption of 250F;
and 250,F; had not change. For the adsorption of two different gas molecules, the interactions are
quite different with one molecule adsorption and the conductivity decreases to varying degrees and
the distribution of HOMO, LUMO orbitals transfer around the gas molecule with different degrees
and the value of Eg experience different changes.
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