
 

Article 1 

Using Pd Doped γ-Graphyne to Detect Dissolved 2 

Gases in Transformer Oil: A Density Functional 3 

Theory Investigation 4 

Xiaoxing Zhang 1,3, Rongxing Fang1, Dachang Chen 2,* and Guozhi Zhang 1 5 

1 Hubei Key Laboratory for High-efficiency Utilization of Solar Energy and Operation Control of Energy 6 
Storage System, Hubei University of Technology, Wuhan, 430068, China; xiaoxing.zhang@outlook.com 7 
(X.Z.); 1508912621@qq.com (R.F.); 980064212@qq.com (G.Z.); 8 

2 School of Electrical Engineering and Automation, Wuhan University, Wuhan 400044, China; 9 
chendachang@163.com (D.C.);  10 

3 State Key Laboratory of Power Transmission Equipment & System Security and New Technology, 11 
Chongqing University, Chongqing 400044, China. 12 

* Correspondence: chendachang@163.com 13 

 14 

Abstract: To realize high response and selectivity gas sensor in detecting dissolved gases in 15 
transformer oil, in this study, the adsorption of four kinds of gases (H2, CO, C2H2 and CH4) on Pd-16 
graphyne as well as the gas sensing properties evaluation were investigated. The energetically 17 
favorable structure of Pd doped γ-Graphyne was first studied, including the comparison of different 18 
adsorption sites and discussion of electronic properties. Then, the adsorption of these four 19 
molecules on Pd-graphyne was explored. The adsorption structure, adsorption energy, electron 20 
transfer and electron distribution, the band structure and density of states were calculated and 21 
analyzed. The results show that the Pd atom prefers to be adsorbed on the middle of three C≡C 22 
bonds and the band gap is smaller. The CO adsorption exhibits the largest adsorption energy and 23 
electron transfer and brings obvious change to the structure and electron properties to Pd-graphyne. 24 
Because of the conductance decrease after adsorption CO and acceptable recovery time at high 25 
temperature, the Pd-graphyne can be promising gas sensing materials to detect CO with high 26 
selectivity. This work offers theoretical support for the design of nanomaterials based gas sensor 27 
using novel structure for industrial application. 28 

Keywords: Pd doped graphyne; Dissolved gases; adsorption; density functional theory (DFT) 29 
 30 

1. Introduction 31 

These years, 2D materials have attracted much attentions after the successfully synthesis of 32 
graphene by micromechanical exfoliation in 2004 [1]. Because of the excellent physical and chemical 33 
properties of graphene obtained by a large number of researches, including high surface area and 34 
surface activity, high thermal conductivity and good heat dissipation, sensitive light response and 35 
gas/ion response, graphene has broad application value and development space [2-4]. Because of the 36 
zero value of band gap, the difficulty operating the band gap restricts the wide use in industrial 37 
process. Based on this, several emerging 2D materials have been exploited, including transition metal 38 
dichalcogenides (TMDs) [5,6], isomer of graphene [7], metal carbides and nitrides [8], 2D metal-39 
organic framework [9] etc. Because of the more flexible band structure, these materials could have 40 
more promising application in fields of optical and electronical devices. 41 

Among numerous 2D carbon allotropy, graphyne (GY) remains one of the most popular 42 
monolayer material [10-12]. Two most popular structures, the γ-graphyne (γ-GY)/ graphdiyne (GDY) 43 
both have sp2 and sp hybridized carbon atoms. The difference is that, in γ-GY, only one C-C triple 44 
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bond is between two hexagonal carbon rings while two triple bonds locate between two rings in GDY 45 
[10-12]. Former studies have proved that several structure of graphyne is physically and chemically 46 
stable using theoretical method, such as α-graphyne (α-GY), β-graphyne (β-GY), 6,6,12-graphye [11] 47 
etc. And graphdiyne (GDY) was the first one reported to be synthesized in experiment [13]. However, 48 
although γ-GY has not been prepared practically, several theoretical studies have shown that it has 49 
promising usage in field of catalysis, energy storage, gas/ion sensor and electronic/optical devices.γ-50 
GY can be a promising catalyst for oxygen reduction reaction (ORR), nitrogen reaction reduction 51 
(NRR) etc. After the doping of metal atom or non-metal atom, the modified graphyne has excellent 52 
catalytic performance and can be used as single-atom catalytic material in the future [14,15]. As to the 53 
adjustment of physical properties of γ-GY such as electronic and magnetic properties, the 54 
introduction of impurity atom and surface defect is also an effective way [16-19]. The doping of metal 55 
atom cluster is also a feasible method to adjust the surface activity and electronic properties [20-22]. 56 
The GY can also be a promising gas sensing material in many fields. Pristine GY has been proved that 57 
it has weak chemical interactions with most of the common gas molecules such as CO, CH4, CO2, NH3, 58 
and NO etc [23,24]. and the doping of Mn atom can obviously strengthen the chemical interactions 59 
between these molecules and γ-GY surface [24]. For gas detection of CO molecule, to improve 60 
the weak response, the substitution doping of B and N atom makes GY more sensitive to CO [25]. For 61 
detection of NH3, doping main group atom such as Si can significantly reduce the recovery time [26]. 62 
The substitution doping of B atom can also enhance the gas sensing properties to several inorganic 63 
small molecules such as NO, NO2 and organic molecules including [27,28]. The doping of noble atom 64 
is also proved to obviously enhance the chemical interactions between CO and γ-GY [29]. Based on 65 
the several theoretical study of GYe as gas sensing materials, the pristine GY exhibits weak chemical 66 
interactions with most of the small gas molecules and to enhance the gas sensing properties, doping 67 
impurity atom or introducing adatom on the surface is advisable and choosing appropriate doping 68 
is essential for selectivity of GY based sensing materials. 69 

High voltage equipment has been widely used in power station, transformer substation and 70 
power distribution station etc. To guarantee the operation status of these equipments such as 71 
transformers using oil-paper insulation and gas-insulated-switchgear (GIS) using SF6 gas as 72 
insulating medium, detecting impurity gases in these equipments using gas sensor has been widely 73 
studied. For the detection of SF6 decompositions, several 2D materials have been explored and surface 74 
modification including doping transition metal atom or metal oxide are feasible for enhance the 75 
chemical interactions between the SF6 decompositions and sensing materials [30-39]. And several 76 
impurity gases will emerge and dissolve in the oil in transformer after insulation fault happen, such 77 
as CO, H2, C2H2, CH4, C2H6, and C2H4 etc. So, dissolved gas analysis (DGA) method is essential for 78 
equipment inspection. In view of this, several sensing materials have been studied to detect these 79 
kinds of molecules and evaluated the gas sensing properties, including metal oxide [40-43], TMDs 80 
[44-46]. However, the selectivity, the enhancement of the sensitivity should be further considered. In 81 
this regard, due to the high surface activity of γ-GY, and the emerge active sites caused by the 82 
introduction of Pd atom [40,41,43], in this study, we proposed a DFT study of four typical dissolved 83 
gases in transformer oil (H2, CO, C2H2, CH4) adsorbed on Pd doped γ-GY. Firstly, the adsorption of 84 
one Pd atom on γ-GY was discussed and the most energetically favorable structure of Pd-GY was 85 
found. Then, the adsorption of gas molecules on the Pd-GY was investigated and the adsorption 86 
energy, electron transfer and electronic properties were discussed in detail. Finally, the different 87 
responses to these gases were evaluated. We believe this study can provide theoretical basis for 88 
graphyne based nanomaterials to detect dissolved gases in oil and guidance for future development 89 
of nanomaterial-based gas sensor in many fields. 90 

2. Methods  91 

All the adsorption of Pd atom and gas molecule on γ-GY are calculated in Dmol3 module [47]. 92 
The Perdew-Burke-Ernzerhof function (PBE) approached by generalized gradient approximation 93 
(GGA) was chosen for correction of the exchange-correlation functional [48,49]. The total energy, 94 
band structure and density of states (DOS) were also calculated using GGA-PBE approximation 95 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 September 2019                   doi:10.20944/preprints201909.0286.v1

Peer-reviewed version available at Nanomaterials 2019, 9, 1490; doi:10.3390/nano9101490

https://doi.org/10.20944/preprints201909.0286.v1
https://doi.org/10.3390/nano9101490


 3 of 12 

 

method. The double numerical plus polarization (DNP) was considered as the basis set for all the 96 
calculations and the DFT semi-core pseudopotential (DSSP) was selected to handle the electrons, that 97 
is, the norm-conserving pseudopotential was applied for calculating the core electrons to improve 98 
the calculation efficiency. The long-range interactions derived from the Van der Walls force was 99 
calculated using the DFT-D2 method, proposed by Grimme [50]. A large enough cutoff radius of 4.5 100 
Å  was set and this value remained unchanged in this study. All the geometric optimizations between 101 
the two steps were carried out using a convergence criterion of 1×10−5 Ha for energy convergence, 102 
0.002 Ha/Å  for force convergence, and 0.005 Å  for displacement convergence. A k-point sample in 103 
Monkhorst-Pack grid of 4×4×1 was used for geometric optimization while a more accurate k-point 104 
was considered in electronic properties with a Gaussian smearing of 0.005 Ha [51]. The binding 105 
energy (Eads) was calculated using the following equation: 106 

 bind Pd graphyne graphyne Pd atomE E E E−= − −  (1) 

where EPd-graphyne, Egraphyne and EPd atom are the total energy of Pd-graphene, pristine graphyne monolayer 107 
and isolated Pd atom. After the adsorption of one Pd atom, the electron transfer was obtained using 108 
the Hirshfeld analysis method [52]: 109 
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where ρ(r) is the total electron density of the selected structure and ρ0(r) represents the electron 110 
density of every atom if separated respectively. ∑ρ0’(r) is the sum of ρ0(r). 111 

 The adsorption sites of Pd atom were shown in Figure 1 and considering all the structure of 112 
different adsorption sites, the structure with the largest binding energy was chosen for gas adsorption. 113 
The adsorption energy of one gas molecule on Pd-graphyne is defined as: 114 

/ads Pd graphyne gas Pd graphyne gasE E E E− −= − −  (3) 

where EPd-graphyne/gas, EPd-graphyne and Egas are the total energy of the structure of gas molecule adsorbed on 115 
Pd-graphene, Pd-graphyne before adsorption and isolated gas molecule. All the electron transfers 116 
between the gas molecule and Pd-graphyne are also obtained based on the Hirshfeld analysis method. 117 
When the electron transfer QT is negative, it demonstrates that the gas molecule extract electrons from 118 
Pd-graphyne and if QT is positive, the gas molecule transfers electrons to Pd-graphyne. To make a 119 
deeper learning of the electron transfer, the electron density difference between the molecule and Pd-120 
graphyne can be obtained after calculating the electron density as follow: 121 

( )/ +Pd graphyne gas Pd graphyne gas   − − = −  (4) 

where ρPd-graphyne/gas, ρPd-graphyne and ρgas are the total electron density of Pd-graphyne after adsorbing 122 
molecule, Pd-graphyne before adsorption and isolated molecule, respectively. The purple region and 123 
red region are the electron accumulation region while the green region and blue region represent the 124 
electron depletion. 125 
    The band structure, the total density of states (TDOS) and the partial density of states (PDOS) 126 
were also compared before and after gas adsorption 127 

3. Results and discussion 128 

3.1. The structure of Pd-graphyne and dissolved gas in transformer oil 129 

The calculated lattice parameter of γ-GY in this study is 6.89 Å ×6.89 Å , which highly matches the 130 
former results [27,53]. We built a 2×2 super cell and put one Pd atom on the surface with different 131 
adsorption sites. The stoichiometric proportion of Pd and C is 1:48. The adsorption sites of Pd on the 132 
γ-GY surface is shown in Figure 1, including two hollow sites (H1, H2) and three bridge sites (B1, B2 133 
and B3). The initial five structures of Pd-graphyne are fully geometric optimized. The optimized 134 
structures are shown in Figure 2 and the summary of binding energy and electron transfer are listed 135 
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in Table 1. According to the comparison of binding energy, it can be seen that the adsorption on H1 136 
site exhibits the largest adsorption energy indicating the most energetically favorable structure of one 137 
Pd atom on γ-GY. In Figure 2(a), the Pd atom locates in the middle of three C≡C bonds. The distance 138 
between Pd and one sp hybridized C atom is about 2.10 Å . Another point should be noted that the 139 
Pd atom is not totally in the plane of γ-GY, but it extrudes from the surface by about 0.057 Å . The 140 
binding energy of the Pd on H1 site is −2.45 eV with an electron transfer from Pd atom to γ-GY of 141 
+0.363 e. The adsorbed Pd atom is positively charged. The adsorption on B3 site exhibits the second 142 
largest adsorption energy while other adsorption energies are smaller. Based on the comparison of 143 
binding energy, we only chose the structure with the largest binding energy for further discussion of 144 
electronic properties and gas adsorption. 145 

 146 

Figure 1. Geometric structures of: (a) pristine graphyne with different adsorption sites; (b) H2; (c) CO; 147 
(d) C2H2; (e) CH4. 148 

Table 1. Binding energy and electron transfer of one Pd atom on graphyne monolayer. 149 

Adsorption site Ebind (eV) QT (e) 

H1 site −2.45 +0.363 

H2 site −1.08 +0.323 

B1 site −1.59 +0.344 

B2 site −1.52 +0.315 

B3 site −1.76 +0.273 

The band stricture and DOS of pristine γ-GY and Pd-graphyne obtained by PBE method are 150 
shown in Figure 3. The pristine γ-GY has a direct band structure with 0.42 eV band gap at Gamma 151 
point. This value is very similar with other studies (0.43 eV in ref. [21] and 0.435 eV in ref. [54]). The 152 
TDOS also shows a gap near 0 eV. It should be noted that the Fermi-level (0 eV) in Dmol3 module is 153 
set at the highest occupied state and thus the imaginary line is at the middle of the highest occupied 154 
peak in Figure 3(a). So, the non-zero value at 0 eV is mainly because of the peak broaden. After the 155 
doping of Pd atom, the band structure also shows direct band gap and the value decreases to 0.33 eV. 156 
The Pd atom mainly introduces several impurity states near −2.5 eV to 0 eV. The Pd atom also slightly 157 
changes the band distribution near 0 eV and thus decrease the band gap. We only consider the 158 
adsorption of gas molecule on the structure in Figure 2(a) in the next section. 159 

The structure of four kinds of gas molecule are shown in Figure 1(b) to (e). The H2 and CO are 160 
diatomic molecules and the C atoms in C2H2 are sp hybridized while the C atom in CH4 is sp3 161 
hybridized. The structures well conform to our previous study [44-46]. For the initial adsorption 162 
structure, we considered two adsorption directions of H2 over the Pd atom (H2 parallel to the surface 163 
and H2 vertical to the surface), two adsorption directions of CO over the Pd atom (C atom downward 164 
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and O atom downward), one adsorption directions of C2H2 (the C≡C bond right above the Pd atom), 165 
two adsorption directions of CH4 (one H atom downward and three H atoms downward). Only the 166 
structures with the largest adsorption energy of each gas molecule were chosen for exploration of 167 
electronic properties. 168 

 169 

Figure 2. Optimized geometric structures of one Pd atom adsorbed on graphyne: (a) H1 site; (b) H2 170 
site; (c) B1 site; (d) B2 site; (e) B3 site. 171 

 172 
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Figure 3. (a) Band structure and (b) TDOS of pristine graphyne; (c) Band structure and (d) TDOS of 173 
Pd-graphyne and PDOS of adsorbed Pd atom. 174 

 175 

3.2. Adsorption of gas molecule on Pd-graphyne 176 

 177 

Figure 4. Optimized geometric structures of four kinds of molecule adsorbed on Pd-graphyne: (a) H2 178 
adsorption; (b) CO adsorption; (c) C2H2 adsorption; (d) CH4 adsorption. 179 

Table 2. Adsorption energy and electron transfer of H2, CO, C2H2 or CH4 adsorbed on Pd-graphyne. 180 

Structure Eads (eV) QT (e) 

Pd-graphyne/H2 −0.08 −0.059 

Pd-graphyne/CO −1.11 −0.080 

Pd-graphyne/C2H2 −0.16 −0.015 

Pd-graphyne/CH4 −0.13 −0.063 

The most energetically favorable adsorption structure of gas molecule on Pd-graphyne are 181 
shown in Figure 4, and the adsorption energy and electron transfer are listed in Table 2. The H2 182 
molecule prefers to be adsorbed vertically to the surface right above the Pd atom. The adsorption 183 
brings only −0.08 eV adsorption energy and −0.059 e electron transfer. The adsorption distance is 2.58 184 
Å . The Pd atom nearly stays its former position. For the adsorption of CO, the circumstance has some 185 
differences. The C atom in CO prefers to be right above the Pd atom and the Pd atom moves from H1 186 
site to B3 site (between one C≡C bond). The CO obtains −0.080 e from Pd-graphyne indicating the role 187 
of electron acceptor. The adsorption energy of CO on Pd-graphyne reaches −1.11 eV, which is the 188 
largest among these four molecules. The adsorption of C2H2 exhibits only −0.16 eV adsorption energy 189 
with very small electron transfer (−0.015 e) compared to other adsorptions. And one sp hybridized C 190 
atom is right above the Pd atom. The CH4 adsorption has −0.13 eV adsorption energy and −0.063 e 191 
electron transfer. For the adsorption of C2H2 and CH4, the adsorption distance is much larger 192 
compared to the adsorption of H2 and CO and the position of Pd atom is unchanged. To sum up, only 193 
CO adsorption brings significant change of the structure of Pd-graphyne with much larger 194 
adsorption energy.  195 

To make a more advanced analysis of the interactions, the electron density difference (EDD) was 196 
calculated and the results are shown in Figure 5. For the adsorption of H2, obvious electron 197 
accumulation happens near the above H atom and between the H2 and Pd atom while depletion 198 
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region is between two H atoms. However, the Pd-graphyne does not show obviously electron density 199 
change. The CO adsorption results in obvious change of electron distribution. Apparent electron 200 
accumulation is between the molecule and Pd atom and depletion is around Pd and between C and 201 
O atom. The electrons prefer to move between the molecule and Pd atom rather than beneath the Pd. 202 
The adsorption of C2H2 brings obvious electron depletion around Pd and change the electron 203 
distribution of Pd-graphyne to some extent. As to the CH4 adsorption, only slight depletion region 204 
can be found around Pd atom. Given the different isosurface in Figure 5(b), the CO adsorption makes 205 
the largest electron redistribution and the C2H2 adsorption also brings the considerable change of 206 
electron density in Pd-graphyne. But other two adsorptions only result in smaller effect. The 207 
relationship of electron transfer and electronic properties after adsorption will be discussed in the 208 
next section. 209 

 210 

Figure 5. Electron density difference (EDD) of four kinds of molecule adsorbed on Pd-graphyne: (a) 211 
H2 adsorption; (b) CO adsorption; (c) C2H2 adsorption; (d) CH4 adsorption. The purple region denotes 212 
the electron accumulation region and the green region represents the electron depletion (the 213 
isosurface of (a), (c) and (d) is 0.005 eÅ -3; the isosurface of (b) is 0.002 eÅ -3). 214 

3.3. Electronic properties of Pd-graphyne and gas sensing evaluation 215 

 216 

Figure 6. Band structure of (a) Pd-graphyne/H2; (b) Pd-graphyne/CO; (c) Pd-graphyne/C2H2 and (d) 217 
Pd-graphyne/CH4. 218 

To investigate the effect to the electronic properties of Pd-graphyne, the band structure and DOS 219 
before and after adsorption were compared. The band structures of Pd-graphyne after adsorbing gas 220 
molecule are shown in Figure 6. All the band structures still show a direct band gap, but the gap 221 
values have some differences. The H2 adsorption and CH4 adsorption do not exhibit obvious change 222 
of the band structure. However, the CO adsorption increases the band gap while the C2H2 decreases 223 
it. Considering the electron distribution in Figure 5, only the CO and C2H2 adsorption bring obvious 224 
change in electron distribution and change the electronic properties of Pd-graphyne. As a result, the 225 
band gap changes only when CO and C2H2 adsorption. 226 

To further investigate the electronic properties, the TDOS of Pd-graphyne after adsorption and 227 
PDOS of the adsorbed molecule are shown in Figure 7. For the adsorption of H2 and CH4, the states 228 
near Fermi-level do not exhibit obvious change. However, the adsorbed CO and C2H2 molecule 229 
introduce several impurity states just below The Fermi-level, and thus, these states change the 230 
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electronic properties of Pd-graphyne near 0 eV and also the new band gap has some differences 231 
compared to the Pd-graphyne before adsorption. Because the CO adsorption has much shorter 232 
adsorption distance, larger adsorption energy and significant change of the structure and electron 233 
distribution, the chemical interactions between Pd atom and CO are explored using the PDOS of 234 
atomic orbitals of Pd and C atom in CO, as shown in Figure 7(e). The states between −7 eV to −6 eV 235 
consist of Pd 5s, Pd 4d and C 2p orbitals. The states between −3 eV to 0 eV are mainly Pd 4d and 5s 236 
orbitals. As to the antibonding orbitals above 0 eV, the states are composed of Pd 4d, 5p and C 2p 237 
orbitals. The obvious hybridizations of peaks near −6 eV and +3 eV between Pd and C atomic orbitals 238 
show significant chemical interactions between these two atoms. In summary, the largest adsorption 239 
energy (−1.11 eV), largest electron transfer (−0.080 e) of CO compared to other adsorptions, the 240 
significant state hybridization between Pd and C atom indicate the strong interactions between CO 241 
and Pd-graphyne. 242 

 243 

Figure 7. TDOS and PDOS of (a) Pd-graphyne/H2; (b) Pd-graphyne/CO; (c) Pd-graphyne/C2H2; (d) 244 
Pd-graphyne/CH4 and (e) atomic orbitals of CO adsorption. 245 

For the gas sensing properties, the resistance type gas sensor has attracted much attention. The 246 
electrical conductivity is high affected by the band structure of the sensing materials, the change of 247 
the resistance can be evaluated by the band gap [55]: 248 

( )/2g BE k T
e

−
  (5) 
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where σ represents the evaluated conductance of the gas sensor, kB is Boltzmann constant and T is 249 
the working temperature of the gas sensor. It can be seen that, in a fixed working temperature, the 250 
smaller band gap brings the larger conductance and vice versa. In this study, the band gap of Pd-251 
graphyne is 0.33 eV and increases to 0.37 eV when adsorbing CO while decreases to 0.31 eV after 252 
C2H2 adsorption. As a result, the conductance experiences risen when detecting C2H2 and fallen when 253 
adsorbing CO. However, another point should be also considered. The recovery time of the sensor is 254 
an important aspect to evaluate the sensing properties. A very short recovery time can promote the 255 
desorption process, but the fast desorption may lead to the higher limit of detection. So the recovery 256 
time should be controlled to an acceptable range. The recovery time can be evaluated as follow [56]: 257 

( )/1= bar BE k T
A e

−−
 (6) 

where A denotes the apparent frequency factor, kB is the Boltzmann’s constant and T is the working 258 
temperature, respectively. Ebar is the energy barrier of the molecule desorption from the surface. 259 
Because the desorption can be seen as the inverse process of the adsorption, the absolute value of Ebar 260 
and Eads is the same. The value of A can be evaluated as 1012 s−1, which has the consistency with other 261 
study [57]. According to the above precondition, the desorption time of H2, C2H2 and CH4 is 2.25×10−11 262 
s, 5.08×10−10 s, 1.58×10−10 s, which is much smaller than that of CO, reaching 5.92×10−6 s at 298K. It can 263 
be seen that, at room temperature, CO is hard to desorb from the surface but the much faster 264 
desorption of C2H2 may result in much higher detection limit. But if the working temperature reaches 265 
498K, the desorption time of CO decreases to about 0.171 s, this much shorter time is suitable for CO 266 
sensing. As a result, the Pd-graphyne based gas sensor may have very good selectivity to CO at higher 267 
temperature. 268 

4. Conclusions 269 

This study discussed the structure and electronic properties of Pd-graphyne as well as its 270 
adsorption properties toward four typical kinds of dissolved gases in transformer oil (H2, CO, C2H2 271 
and CH4). Pd atom prefers to be adsorbed on the H1 site with the largest binding energy (−2.45 eV) 272 
and electron transfer (+0.363 e). The introduction of Pd atom decreases the band gap and brings in 273 
impurity states just below 0 eV. Among the four types of gases, the CO adsorption brings the largest 274 
adsorption energy and electron transfer, and moreover, the Pd atom moves from H1 site to B3 site 275 
resulting in the obvious change of geometric structure and electronic properties of Pd-graphyne. The 276 
band gap becomes larger after CO adsorption while smaller after C2H2 adsorption. The strong 277 
chemical interactions between the Pd-graphyne and adsorbed CO are mainly attributed to the 278 
hybridizations of atomic orbitals of Pd atom and C atom in CO. The recovery properties of Pd-279 
graphyne based gas sensor show that the recovery time is about 0.171 s for CO desorption at 498K 280 
which indicating the acceptable recovery properties of Pd-graphyne to CO at this temperature and 281 
may realize high selectivity gas sensor for CO detection.   282 
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