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Abstract

:

Mo2C is a two-dimensional material with high electrical conductivity, low power consumption, and catalytic effect, which has promising applications in the field of microfluidic gas detection. First principles were used to study the adsorption characteristics of Mo2C monolayer on four typical decomposition gases of SF6 (H2S, SO2, SOF2, and SO2F2), and to explore the feasibility of its application in the detection of SF6 decomposition components. The results showed that Mo2C chemisorbed all four gases, and the adsorption capacity was H2S < SO2 < SOF2 < SO2F2. The adsorption mechanism of Mo2C as a microfluidic sensor was analyzed in combination with its charge-density difference and density of states. On the other hand, the different work-function change trends after adsorbing gases provide the possibility for Mo2C to selectively detect gases as a low-power field-effect transistor sensor. All content can be used as theoretical guidance in the realization of Mo2C as a gas-sensitive material for the detection of SF6 decomposition components.
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1. Introduction


SF6, as a gas medium with excellent insulation and arc extinguishing properties, plays an important role in reducing the footprint of high-voltage equipment and optimizing the installation design, etc. [1,2,3]. Because of the excellent chemical properties of SF6 insulating gas, it is more and more widely used in the field of electric power. During its long-term operation, SF6 will be decomposed due to partial discharge and partial overheating, and the generated series of products will react with the moisture and oxygen present in the equipment to produce a stable mixture of gas components, represented by H2S, SO2, SOF2, and SO2F2 [4,5]. The presence of these gases will reduce the insulation performance of SF6, and eventually lead to equipment failure. Studies have shown that the type and content of these gases can be used to determine the type, size, and cause of partial discharges and to provide reliable information for assessing the insulation status of the equipment [6,7]. Therefore, it is necessary to test these gases to ensure the insulation status of electrical equipment.



A microfluidic gas-sensing-and-detection method based on nano gas-sensitive materials has received wide attention for its high sensitivity, high selectivity, high reliability and long-term stability, and it is the future development direction of built-in sensing and online monitoring of gas insulation equipment due to its high integration and small size. With nanogas-sensitive materials as its core working part, many scholars have done a lot of research work from theory to experiment on the gas-sensitive properties of these materials: transition metal sulfides represented by MoS2 [8,9], transition metal carbides represented by GaN, InN [10,11,12], metal oxides represented by SnO2, ZnO [13,14], etc. More and more gas-sensitive materials are being developed and utilized. Mo2C, as one of the transition metal carbide nanomaterials, has been used in various application studies because of its superior physical, chemical, and mechanical properties. Soo-Yeon Cho et al. [15] used molybdenum carbide to fabricate solid-state gas sensors with high sensitivity and stability. Wang Tao et al. [16] theoretically investigated the relationship between the stability of different Mo2C surfaces and CO adsorption. In particular, Mo2C has a high conductivity similar to that of pure metals [17], which offers the possibility to be used as low-power device development.



Two-dimensional Mo2C planes were selected as gas adsorption surfaces for the study, and firstly, various adsorption structures of four typical SF6 decomposition components, SO2, SOF2, SO2F2, and H2S, were constructed on the Mo2C surface, respectively. The optimal adsorption configuration of each adsorption system is derived from the adsorption energy, and then the chemical interaction between the gas molecule and the surface and the electronic structure of the system are investigated for each adsorption structure, and the Charge Density Difference (CDD) and Density of States (DOS) are calculated to analyze the bonding between the atoms and the surface within the adsorbed molecule in detail. In order to further explore and broaden the possibility of the application of Mo2C-based microfluidic devices in practical engineering, the theoretical desorption time of each adsorption system and the possibility of application in field-effect transistor sensors were calculated in this paper. The interaction behavior of the Mo2C surface and SF6 decomposition components is discussed in depth in theoretical calculations, which provides a theoretical basis for developing Mo2C-based microfluidic gas sensors with better adsorption performance for SF6 decomposition component detection [18,19,20,21].




2. Computational Details and Models


All models were constructed under the Materials Studio software and all calculations were performed under the Dmol3 module [22]. The Perdew–Burke–Ernzerhof (PBE) generalized function of the Generalized Gradient Approximation (GGA) method was adopted to handle the exchange correlations of the electron parts [23]. The p-polarized double numerical polarization (DNP) is adopted as the basis set function of the atomic orbital. Since Mo is a transition metal element, the dispersion-corrected density functional theory (DFT-D) method developed by Tkachenko and Scheffler and the TS method are used to understand the weak interaction and van der Waals force, instead of using Grimme’s empirical diffusion-corrected DFT-D [24]. The orbital truncation radius was set to 5.0 Å (1 Å = 1 × 10−10 m) [25]. For the geometry-optimized relaxation of all structures, the convergence criteria were set as follows: the difference in energy between the two geometry optimizations was less than 1.0 × 10−5 Ha (1 Ha = 27.21 eV), the force per atom was less than 0.002 Ha/Å, and the maximum displacement distance per atom was less than 0.005 Å [26]. For the electron step iteration in each geometry optimization step, the energy difference between the two calculations is less than 1.0 × 10−6 Ha.



A 4 × 4 × 1 monolayer of Mo2C contains 16 C atoms and 32 Mo atoms, and a 15 Å vacuum layer is set up to eliminate the effect of interlayer interactions.



The four gas molecules approach the Mo2C surface in different orientations to finally obtain multiple adsorption structures with minimum total local energy. Among them, the adsorption energy (Eads) of a single gas molecule on the Mo2C surface is calculated as [27]:


   E ads  =  E monolayer  + g a s −  E monolayer  −  E gas   



(1)




where    E monolayer  + g a s   is the total energy of the system after adsorption of gas molecules on the Mo2C surface,    E monolayer    is the energy of Mo2C, and    E gas    is the energy of gas molecules; if Eads is negative, it indicates that this is a spontaneous and stable exothermic reaction [28].



Mulliken’s method was used to analyze the charge transfer between the gas molecules and the adsorbed substrate, and the corresponding calculation equation is shown below:


  Δ Q =  Q 1  −  Q 2   



(2)




where Q1 represents the charge of the gas molecule after adsorption, and Q2 represents the charge of the gas molecule before adsorption, and define ΔQ to quantify the charge change; if ΔQ is positive, it indicates that the gas molecule loses electrons and the crystal surface gains electrons during the adsorption process, and the opposite if ΔQ is negative [29].




3. Results and Discussion


A model of the most stable two-dimensional Mo2C is shown in Figure 1a. The structure is derived from the 111 surface of the cubic Mo2C with the original lattice parameter of a = 4.155 Å. Mo2C is a typical three-layer interlayer material with a top view demonstrating a graphene-like six-membered ring structure, a configuration similar to other reported two-dimensional transition metal sulfides typified by MoS2 [30]. The band structure of two-dimensional Mo2C is shown in Figure 1b, and the calculated results show a band gap of 0, confirming its high conductivity with a metallic nature [17]. Figure 1c shows the structures of the four gas molecules, from which it can be seen that the structures of the four gas molecules are basically symmetrical. Combining the setting scheme of the adsorption sites and the structural characteristics of the gas molecules in the relevant adsorption studies, three different adsorption configurations were constructed for H2S, SO2 gas molecules, while four different adsorption configurations were constructed for SOF2 and SO2F2 gases. The data such as adsorption energy for the best adsorption configuration of the four gas molecules are shown in Table 1. The adsorption energy of MoS2 (Pt-doped) [31] for SO2F2, SOF2 is −1.39 eV and −2.65 eV, respectively, while the adsorption energy of GaN (Cr-doped) [4] for H2S and SO2 is −1.02 eV and −2.84 eV, respectively, which is significantly larger than that of Mo2C. In order to better analyze the adsorption behavior of Mo2C on these four gases, the HOMO (Highest Occupied Molecular Orbital)-LUMO (Lowest Unoccupied Molecular Orbital) energies of these four gases were calculated, and the specific values are shown in Table 2. SO2F2 has the largest energy gap, followed by SOF2, SO2 and H2S, which indicates that the SO2F2 molecule is the most stable. In terms of HOMO energies, SO2F2 is the largest, which means that it is the least bound, so it is the most active and the most variable, which is verified by the adsorption energy. In the next section, the adsorption behavior of the four gas molecules will be discussed in depth in terms of the band structure, DOS, and charge transfer.



3.1. Adsorption Characteristic of Mo2C


Based on the obtained most stable Mo2C configuration, for the H2S adsorption system, three different adsorption models: H2S molecules parallel to the Mo2C surface, two H atoms facing downward perpendicular to the Mo2C surface, and S atoms facing downward perpendicular to the Mo2C surface were constructed respectively to perform adsorption calculations, and the most stable configuration of H2S gas molecules adsorbed on the Mo2C surface was obtained according to the adsorption energy calculation formula (Equation (1)), as shown in Figure 2a. It is obvious from the figure that H2S interacts with Mo2C in a form slightly parallel to the Mo2C surface as a whole, with an adsorption energy of −1.560 eV, which is less than −0.800 eV, and it is easy to conclude that the adsorption of H2S is chemisorption [32]. Further analysis shows that the adsorption distance of H2S is 2.543 Å and there is no significant deformation of the H2S molecular structure after adsorption, and from the Mulliken aspect, Mo2C gets 0.125 e after the adsorption is completed. As seen in the corresponding CDD of Figure 3c, there is a more obvious overlap of electron dissipation and accumulation between the downward-facing F atom and the two O atoms and the Mo atom below it, explaining the interaction between them [33]. Similar to the H2S adsorption system, three different adsorption models: SO2 molecules parallel to the Mo2C surface, two O atoms facing downward perpendicular to the Mo2C surface, and S atoms facing downward perpendicular to the Mo2C surface were constructed to perform adsorption calculations. The most stable configuration of SO2 gas molecules adsorbed on the Mo2C surface was obtained, as shown in Figure 2b. It is obvious from the figure that SO2 is adsorbed on the Mo2C surface in the form of two O atoms facing downward and S atoms facing upward, with an adsorption energy of −2.538 eV, it is easier to conclude that the adsorption of SO2 is chemisorption. Upon further analysis, the adsorption distance of SO2 is 2.152 Å, and there is no significant deformation of the SO2 molecular structure after adsorption, and from the Mulliken aspect, Mo2C loses 0.224 e after the adsorption is completed. The electron transfer process of SO2 adsorption on the Mo2C surface can be directly seen in the corresponding CDD of Figure 3b. A large amount of blue charge accumulation is wrapped around the whole SO2 molecule, while the Mo atom directly below is surrounded by a yellow charge dissipation region, verifying the electron gaining behavior of SO2 during the adsorption. The interaction between the O atom and the Mo atom below it is explained by the presence of a certain overlap of electron dissipation and accumulation.



For the SOF2 adsorption system, four different adsorption models were constructed with S atoms facing the Mo2C surface and other atoms facing up, S atoms facing up and other atoms facing the Mo2C surface, O atoms facing the Mo2C surface and other atoms facing up and F atoms facing the Mo2C surface and other atoms facing up, respectively. The most stable configuration of SOF2 gas molecules adsorbed on the Mo2C surface was obtained, as shown in Figure 2c. It is obvious from the figure that SOF2 is adsorbed on the Mo2C surface in the form of two F atoms and one O atom facing downward and sulfur atoms facing upward, with an adsorption energy of −3.458 eV, which is a more obvious chemisorption. Further analysis shows that the adsorption distance of SOF2 is 1.888 Å. After adsorption, the two F atoms of the SOF2 molecule are obviously far away from the molecular body and finally located directly above the Mo atom, respectively. Mo2C loses 0.634 e after the adsorption is completed. As seen in the corresponding CDD of Figure 3c, there is a more pronounced overlap of electron dissipation and accumulation between the downward-facing O atom and the two F atoms and the Mo atom below them, explaining the stronger interaction between them. For the SO2F2 adsorption system, four different adsorption models were constructed with S atoms facing the Mo2C surface and other atoms facing upward, F atoms facing the Mo2C surface and other atoms facing upward, two O atoms facing the Mo2C surface and other atoms facing upward and two F atoms facing the Mo2C surface and other atoms facing upward. The most stable configuration of SO2F2 gas molecules adsorbed on the Mo2C surface was obtained as shown in Figure 2d. It is obvious from the figure that SO2F2 is adsorbed on the Mo2C surface in the form of one F-atom facing upward, two O atoms facing slightly downward, and another F atom facing downward, with an adsorption energy of −4.944 eV, which is a more obvious chemisorption as well. Further analysis shows that the adsorption distance of SO2F2 is 1.511 Å. After adsorption, one F atom of the SO2F2 molecule is far away from the molecular body and finally located directly above the C atom. From the Mulliken aspect, Mo2C loses 0.488 e after the adsorption is completed. From the corresponding CDD in Figure 3d, it can be intuitively seen that the electron dissipation and accumulation with large overlap between SO2F2 and its underlying Mo atoms explain the strong interaction between them.




3.2. Electronic Behavior


The band structure of the most stable adsorption configuration of H2S is shown in Figure 4a. Compared with the band structure of the Mo2C substrate before adsorption, the band gap value remains zero, but the band near the Fermi level increases. To further analyze the adsorption mechanism, the DOS is plotted as shown in Figure 5(a1,a2). There is no change in the total DOS at the Fermi level after the adsorption of H2S by Mo2C, while the partial overlap of the S 3p orbitals and their nearest Mo 4d orbitals can be seen from the partial density of states map, but the overlap region is small due to the small percentage of the Mo 4d orbital region. This means that there is a certain orbital hybridization between H2S and Mo2C, which means that there is some interaction between them [34]. The band structure of the most stable adsorption configuration of SO2 is shown in Figure 4c, compared with the band structure of the Mo2C substrate before adsorption, the band gap value remains 0 without change, but the energy band near the Fermi level increases further compared to the H2S adsorption system. The DOS is plotted for further analysis of the adsorption mechanism, as shown in Figure 5(b1,b2), the trend of the total density of states changes is unchanged after the adsorption of SO2 by Mo2C, but the peak at −0.4 eV increases compared to that before the adsorption, and the change of this peak is known from the corresponding partial density of states plots contributed by the Mo 4d orbital. Similarly, the peak around −4.4 eV is contributed by the O 2p orbital. In terms of the degree of the partial density of states crossover, the O 2p orbitals and Mo 4p orbitals are more crossed at −3 eV to −5 eV and less crossed at −2 eV−1 eV. Overall, the orbital hybridization existing between SO2 and Mo2C is stronger than that of the H2S adsorption system, which is also verified in the adsorption energy.



The band structure of the most stable adsorption configuration of SOF2 is shown in Figure 4c, and its band gap value is the same as that of the Mo2C substrate before adsorption, but the energy band near the Fermi level is further increased compared with that of the SO2 adsorption system. The peak at −0.4 eV is lower than that before adsorption, but the DOS in the region to the left of −3.5 eV is higher than that before adsorption. Overall, the orbital hybridization existing between SOF2 and Mo2C is stronger than that of the SO2 adsorption system. Figure 4d shows the band structure of the most stable adsorption configuration of SO2F2, where the band gap value is the same as that of the Mo2C substrate before adsorption, but the energy band near the Fermi level is further increased compared to the other three adsorption systems. The corresponding partial density of states plots shows that the F 2p orbitals, Mo 4d orbitals, and C 2p orbitals in the corresponding range have different degrees of crossover, and the degree of crossover at the Fermi level is relatively small. In general, the orbital hybridization between SO2F2 and Mo2C is the strongest among the four adsorption systems, which is also verified in the adsorption energy.



Through the analysis of the above four adsorption systems, it was found that Mo2C is in contact with the four SF6 decomposition component gas, the adsorption energy is larger, more easily captured by the Mo2C surface, and its surface electron transfer, resulting in an increasing in the energy band, but the band structure shows that it still shows metallic, which increases the possibility of Mo2C as low-power gas-sensitive sensing materials for industrial applications. The next section will explore other applications in terms of low-power material properties. The feasibility of industrial applications of Mo2C will be further explored in the next section in terms of the theoretical sensing response and recovery time of gas-sensitive sensors.




3.3. Resistance-Type Sensor Exploration


In theoretical analysis, calculation formulas are usually used to directly reflect the sensitivity of gas-sensing materials to gases, but for Mo2C, which has no band gap, it cannot be calculated and directly reflected by this method. The good adsorption characteristics of Mo2C for all four gas molecules are indirectly known through the detailed analysis in the previous section, and this section intuitively reflects it from the theoretical recovery time.



The recovery time is the process of gas detachment from the sensor surface and its duration can be used to determine whether the material can be used as a basis for multiple gas detection over a long period of time. The recovery time (τ) can be calculated from the Van’t Hoff Arrhenius formula [17].


  τ =  A  − 1    e  (    E a     k B  T   )    



(3)




where A is the attempt frequency factor, whose magnitude is defined as 1012 (s−1) [35], Ea (eV) is the potential barrier to be overcome for desorption, which here is equivalent to the opposite of the adsorption energy. kB is the Boltzmann constant, and T is the operating temperature. Equation (3) shows that the larger the potential barrier to be overcome for desorption at the same temperature, the longer the desorption time; in other words, the smaller the adsorption energy and the more difficult it is to desorb. In addition, for the same material, the time for the gas to come off the surface of the gas-sensitive material can be shortened by increasing the working temperature. The desorption times of these four gases at 298 K, 398 K, 498 K and 598 K were calculated by Equation (3). For H2S gas, when the temperature rises to 598 K, the desorption time is an ideal 13.9 s. For the other three gas molecules with smaller adsorption energy, the sensor recovery characteristics are not ideal when there is no external interference; it is necessary to increase the external conditions to enhance the recovery performance, and increase the life of the sensor. For example, when the sensor ends a service cycle, by adding high-power ultraviolet irradiation or high heat in an oxygen-rich environment, the desorption of the adsorbed gas is accelerated, increasing the repeatability of the sensor. In general, Mo2C gas-sensitive materials are not suitable for resistive gas sensors. The next section will explore other applications in terms of low-power material properties.




3.4. Work Function (WF) Analysis


WF represents the minimum energy required for the transfer of electrons from the surface of the adsorbed substrate material to the vacuum [36]. This minimum energy determines the contact potential of the band arrangement between the gas molecules and the gas-sensitive material during the whole gas adsorption process [37]. This section will discuss the possibility of Mo2C as a field-effect transistor sensor.



Figure 6 shows the WF of Mo2C and the four adsorption systems, from which it can be seen that the trend of the work function changes differently for the adsorption of different gases [38]. In more detail, the WF of Mo2C decreases to 4.56 eV after the adsorption of H2S, and the WF of the system decreases to 4.71 after the adsorption of SO2, indicating that it is easier for electrons to escape from the Mo2C surface to the vacuum layer after the adsorption of these two gases [39]. In contrast, the WF of the system increases to 4.96 eV and 5.04 eV after the adsorption of SOF2 and SO2F2, respectively, which increases the difficulty of electron escape from the Mo2C surface. The change in WF caused by gas adsorption shows that Mo2C has the possibility of gas detection using Kelvin probe microscopy [40]. Since Mo2C has two different WF trends for the four gases, this provides the possibility to explore Mo2C as a field-effect transistor sensor for selective detection of SF6 decomposition gases [41,42].





4. Conclusions


First principles were employed to investigate the adsorption behavior of Mo2C on H2S, SO2, SOF2, and SO2F2 for sensing applications in the detection of SF6 decomposition products. The whole research work is divided into three parts: firstly, the structure and properties of Mo2C material are introduced; secondly, the adsorption behavior of four gas molecules on the Mo2C surface is investigated; and finally, the sensing performance of Mo2C for these four gases is comprehensively analyzed considering industrial applications. The results showed that H2S, SO2, SOF2, and SO2F2 were successfully adsorbed on the Mo2C surface with adsorption energies of −1.560 eV, −2.538 eV, −3.548 eV, and −4.944 eV, respectively, and their adsorption properties were determined by combining CDD and DOS analyses. The possibility of Mo2C as a field-effect transistor sensor with good selectivity was found from WF calculations. Overall, the whole research work provides data to support the industrial application of Mo2C as a microfluidic gas-sensitive sensor.
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Figure 1. (a) most stable conformation, (b) band structure of Mo2C and (c) four molecular models. 
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Figure 2. Most stable conformation of H2S (a), SO2 (b), SOF2 (c) and SO2F2 (d) systems. 
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Figure 3. CDD of H2S (a), SO2 (b), SOF2 (c) and SO2F2 (d) systems. In CDD, the blue area is electron accumulation and the yellow area is electron depletion, with an isosurface of 0.05 e/Å3. 
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Figure 4. Band structures of H2S (a), SO2 (b), SOF2 (c) and SO2F2 (d) systems. The dash line is the Fermi level. 
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Figure 5. DOS of H2S (a1,a2), SO2 (b1,b2), SOF2 (c1,c2) and SO2F2 (d1,d2) systems. The dash line is the Fermi level. 
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Figure 6. WF of adsorption systems. 
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Table 1. Adsorption energy (Ead), adsorption distance (D), and transferred charge (Q) for the best adsorption configuration of four gas molecules on Mo2C. D (Å) is the distance between the gas molecule and the nearest atom of the adsorption substrate; Q (e) is the charge transfer between the gas molecule and the adsorption substrate.






Table 1. Adsorption energy (Ead), adsorption distance (D), and transferred charge (Q) for the best adsorption configuration of four gas molecules on Mo2C. D (Å) is the distance between the gas molecule and the nearest atom of the adsorption substrate; Q (e) is the charge transfer between the gas molecule and the adsorption substrate.





	Molecule
	Ead (eV)
	D (Å)
	Q (e)





	    H 2  S   
	−1.560
	2.543
	0.125



	     SO  2    
	−2.538
	2.152
	−0.224



	     SOF  2    
	−3.458
	1.888
	−0.643



	     SO  2   F 2    
	−4.944
	1.511
	−0.488
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Table 2. HOMO/LUMO energies of the four gas molecules.
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	Molecule
	HOMO (eV)
	LUMO (eV)
	Energy Gap





	    H 2  S   
	−0.226
	−0.069
	0.157



	     SO  2    
	−0.301
	−0.180
	0.121



	     SOF  2    
	−0.319
	−0.121
	0.198



	     SO  2   F 2    
	−0.342
	−0.108
	0.234
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