Theoretical study of ability of boron nitride nanocone to oxidation of sulfur monoxide
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Abstract
In recent years, the discovery of efficient catalyst with low price to sulfur monoxide (SO) oxidation in normal temperature is a major concern in the industry. In present study, in first step the boron nitride nanocone (BNNC) with Ge were adopted and the surface of Ge-adopted BNNC via O2 molecule were activated. In second step the SO oxidation on activated Ge-BNNC surface via Langmuir Hinshelwood (LH) and Eley Rideal (ER) mechanisms was investigated. Results show that O2 activated Ge-BNNC surface can oxide the SO molecule via Ge-BNNC-O-O* + SO → Ge-BNNC-O-O*-SO → Ge-BNNC-O* + SO2 and Ge-BNNC-O* + SO → Ge-BNNC + SO2 reactions. Results show that SO oxidation on activated Ge-BNNC surface via the LH mechanism has lower energy barrier than ER mechanism. Finally, calculated parameters reveal that activated Ge-BNNC is acceptable catalyst with low price and high performance for SO oxidation in normal temperature. 
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Introduction
Refiners, industries, mines and factories product the toxic gases that removing of produced toxic gases by oxidation reactions are important to reduce air pollution.1-3 In recent years, researchers were done various works to oxidation of the toxic gases via catalysts with high performance.4-6
In industry, catalysts containing various metals have great activity, proper performance and high sensitivity and dispersed metal catalysts were used in vital chemical reactions, generally.7-9 Previous works about oxidation of important toxic gases via metal catalysts proved that metal catalysts were expensive and they have great energy barrier and also they needed high temperature to have appropriate efficiency.10-12 
In order to overcome mentioned problems and discover the novel catalyst with low price, high stability and high action in normal temperature; the nano clusters and nanostructures as catalysts of oxidation reactions of important toxic gases were used.13-18
Recently many of nanostructures because of their remarkable properties such as big surface-to-volume relationship, comfort of adopting and functionalization, high efficiency in normal temperature were used as sensor of toxic gases.19-21 Previous studies show that functionalization of nanostructures via organic groups and doping of nanostructures via suitable metal atoms can improve the physical and chemical properties of nanostructures. The functionalization and adoption of nanostructures can improve the response and sensitivity of nanostructures to toxic gases.22-27 
The oxidation of sulfur monoxide (SO) as deadly gas can reduce the environmental complications, signiﬁcantly. Commonly, nanostructures as catalyst can oxide the SO molecule via Langmuir–Hinshelwood (LH) and Eley–Rideal (ER) mechanisms.28-30 In previous studies, oxidation of toxic gases on metal-adopted nanostructure surfaces via LH and ER mechanisms were investigated. Results show that oxidation mechanism of toxic gases depends on the type of nanostructures and adopted metals. Results indicated that adopted-metals on the nanostructure surface can improve the rate and quality of oxidation reaction of toxic gases, significantly.31-33 
In LH mechanism the oxygen molecule (O2) and SO were adsorbed on surface of catalyst and also in surface of catalyst an intermediate state were formed and finally sulfur dioxide (SO2) were separated. In ER mechanism, straightforward reaction between the pre-adsorbed O2 and adsorbed SO were performed.34-36 
In previous studies, the potential of metal-adopted nanostructure as catalysts of toxic gases oxidation via LH and ER mechanisms were investigated. Results proved that metal-adopted nanostructures were acceptable catalysts with high performance and lower energy barrier.37-40 Therefore, metal-adopted nanostructures can propose the novel high performance and low price catalysts for toxic gases oxidation at normal temperature.41-43
In this study, the surface of boron nitride nanocone were adopted by Ge atom and the SO oxidation on Ge-adopted BNNC low price as catalyst via LH and ER mechanisms were investigated by theoretical methods. The main questions that were answered in this work are: (1) How much adoption energy is needed to adoption of Ge on BNNC surface? (2) How much adsorption energy is needed to O2 and SO adsorption on Ge-BNNC surface? (3) Can Ge-BNNC be a low price catalyst for SO oxidation in normal temperature? (4) How much barrier and adsorption energies are needed to SO oxidation on Ge-BNNC surface? (5) Which mechanisms are more appropriate for SO oxidation on Ge-BNNC surface? 
Computational details
In this study the geometry optimization and frequency calculations of studied nanostructures and their complexes with SO and O2 were done by DFT/ M06-2X method and 6-311G (2d, 2p) basis set in GAMESS software.44-48 In this study, the unsaturated border effects by adding the hydrogen atoms to Ge-BNNC and corresponding studied complexes were avoided. The adsorption energy (Ead) values of studied molecules on Ge-BNNC surfaces were equal with difference in energies between of complexes and corresponding monomers.49, 50 
Results and discussions 
The Ge adoption of BNNC and adsorption of SO and O2 on Ge-BNNC surface
In previous studies, results show that adoption of BNNCs with metal atoms can modify their electrical properties, chemical activity and reaction potential, efficiently.22-27 In this study, first the structure of BNNC and Ge-BNNC were optimized and their binding distances were reported in figure 1. 
In figure 1, the Ge atom was adopted to BNNC and Ge atom was formed three bonds by bordering C atoms. Figure 1 show that, average of calculated bond lengths of Ge atom with three bordering N atoms is ca 1.91 Å. Calculated bond length of each N atom with three bordering B atoms is ca 1.40 Å. These growth in the Ge–N rather than B–N were interpreted by forcing of bordering N atoms via the Ge atom and so the locations of the Ge atom and bordering N atoms were perturbed toward out of the main plane. 
Table 1. Obtained parameters for Ge adoption of BNNC and calculated parameters for SO and O2 adsorption on Ge-BNNC surface.
	Nanoparticles
	∆Ead (eV)
	∆Had (eV)
	∆Gad (eV)
	q (e)
	EHLG (eV)

	Ge-BNNC
	-1.22
	-1.18
	-0.75
	0.64
	2.35

	Ge-BNNC-SO
	-0.43
	-0.37
	0.32
	0.11
	2.36

	Ge -BNNC-O2
	-1.32
	-1.28
	-0.64
	0.79
	2.98



The adoption energy (∆Ead), enthalpy (∆Had), Gibes free energy (∆Gad) and energy of HOMO–LUMO gap (EHLG) of Ge-BNNC were calculated. The transferred charge (q) between Ge atom and BNNC surface were calculated and obtained results reported in table 1. Results shown that, the calculated ∆Ead, ∆Had, ∆Gad, EHLG and q values of Ge-BNNC were -1.22, -1.18, -0.75, 2.35 eV and 0.64 electron, respectively. The large energy and charge transfer values were proved that in Ge-BNNC there are three strong covalent bonds between Ge atom and bordering N atoms. 
Figure 1. Structures of BNNC, Ge-BNNC, Ge-BNNC-O2 and Ge-BNNC-SO (bond distances (Å)).
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The study of SO and O2 adsorption on Ge-BNNC surface has high important in order to investigation of SO oxidation. In this step the adsorption ability of SO and O2 on Ge-BNNC surface were investigated and the most stable Ge-BNNC-SO and Ge-BNNC-O2 complexes from the energy viewpoint were shown in figure 1. 
Structure of Ge-BNNC-SO complex in figure 1 show that the distance between SO and Ge-BNNC was 3.53 Å. The adsorption parameters in table 1 show that, the calculated ∆Ead, ∆Had, ∆Gad values of Ge-BNNC-SO were -0.43, -0.37 and 0.32 eV, respectively. The calculated q value for interaction between SO and Ge-BNNC is ca 0.11 electron. Additionally, EHLG parameter in order to determination of changing in electronic properties of Ge-BNNC after SO adsorption was calculated and obtained results reported in table 1.
Results indicated that Ge-BNNC and Ge-BNNC-SO have same EHLG values. The low charge transfer from Ge-BNNC to SO show that SO adsorption on Ge-BNNC surface cannot modify the activity of Ge-BNNC, signiﬁcantly. The low ∆Ead and ∆Had values and positive ∆Gad values of Ge-BNNC-SO show that interactions SO with Ge-BNNC were weakly and SO adsorption on Ge-BNNC surface was impossible from energy viewpoint.  
As seen in figure 1, in Ge-BNNC-O2 the distance between of O2 and Ge-BNNC was 1.87 Å. The adsorption parameters in table 1 show that, the calculated ∆Ead, ∆Had, ∆Gad values of Ge-BNNC-O2 were -1.32, -1.28 and -0.64 eV, respectively. The large calculated ∆Ead, ∆Had and ∆Gad values confirm that O2 and Ge-BNNC have appropriate chemical interactions. 
The O2 bond length in Ge-BNNC-O2 is 1.32 Å that is longer than bond length in single O2 ca 0.11 Å. Results show, when Ge-BNNC-O2 is formed the O2 bond length is elongated and O2 on Ge-BNNC surface is activated. The obtained q value of chemical interaction between O2 and Ge-BNNC is ca 0.79 electron. Calculated EHLG value show that Ge-BNNC-O2 has higher EHLG values rather than Ge-BNNC ca 0.63 eV. Therefore results show that O2 adsorption on Ge-BNNC surface can modify the chemical structure of Ge-BNNC and O2 adsorption improve the chemical activity of Ge- BNNC, efficiently. 
In finally, results in table 1 show that O2 adsorption on Ge-BNNC surface improve the chemical properties of Ge-BNNC because of large q, ∆Ead and ∆Had values. Also results confirm that when the equal amount of SO and O2 molecules were in nearby of Ge-BNNC structure the Ge-BNNC surface covered by adsorbed O2 molecule exactly. So the Ge-BNNC-O2 formation can be considered as first step in SO oxidation process. 
SO oxidation on activated Ge-BNNC surface via ER and LH mechanisms
As illustrious in introduction the ER and LH were possible mechanisms to SO oxidation on surface of nanostructures. In ER mechanism, SO molecule was neared to surface of activated Ge-BNNC, but in LH mechanism first SO and O2 groups adsorbed and then oxidation done on Ge-BNNC surface. In previous studies, the ER and LH mechanisms for toxic gas oxidation on metal-adopted nanostructures were investigated and results show that metal-adopted nanostructures were acceptable catalyst to toxic gas oxidation.28–36 
In this section the potential of Ge-BNNC surface for SO oxidation were investigated and energy path ways for SO oxidation in both ER and LH mechanisms were exanimated. The SO oxidation path ways on Ge-BNNC surface in figures 2 and 3 were shown. The calculated activation energies (Eac) and thermodynamic indexes (∆Ead, ∆Had and ∆Gad) of studied path ways were reported in table 2. 
Results in table 2 show that, energy barrier of SO oxidation on O2 activated Ge-BNNC surface via LH mechanism was lower than corresponding value of ER mechanism. Therefore, the LH mechanism were considered in two following reactions; first reaction is Ge-BNNC-O-O* + SO → Ge-BNNC-O-O-SO → Ge-BNNC-O* + SO2, and second reaction is Ge-BNNC-O* + SO → Ge-BNNC + SO2. The important structures in path way of two above reactions were geometry optimized and corresponding structures involving the initial state (IS), ﬁnal state (P) and transition state (TS) structures were shown in figures 2 and 3.
In first reaction (Ge-BNNC-O-O* + SO → Ge-BNNC-O-O*-SO → Ge-BNNC-O* + SO2) the Ge-BNNC-O-O*-SO, Ge-BNNC-O* and Ge-BNNC-O-O* were TS, P and IS structures, respectively (structures were shown in figure 2). Calculated results in table 2 show that, Eac, ∆Ead, ∆Had and ∆Gad values of first reaction were 0.85, -3.43, -3.37 and -3.28 eV, respectively. 
Figure 2 show that in IS structure the SO was neared to Ge-BNNC-O-O* and the O–O was lengthened from 1.32 to 1.48 Å and in IS structure the distance between SO and O2 was 2.99 Å. Figure 2 indicated that in TS structure the Ge-BNNC-O-O*-SO was designed and the O–O* and O*–S were 1.59 and 1.44 Å, respectively. Therefore results in first reaction show that a SO2 molecule was formed at room temperature because the interaction of Ge-BNNC-O* with SO2 was weakly. 
Figure 2. Plan of Ge-BNNC-O-O* + SO → Ge-BNNC-O + SO2 reaction (Bond distances (Å) and relative energies (eV)).
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In second reaction (Ge-BNNC-O* + SO → Ge-BNNC + SO2) the Ge-BNNC-O*-SO, Ge-BNNC and Ge-BNNC-O* were TS, P and IS structures, respectively (structures were shown in figure 3). Calculated results in table 2 show that, Eac, ∆Ead, ∆Had and ∆Gad values of second reaction were 0.18, -2.99, -2.92 and -2.84 eV, respectively. 
Figure 3 show that in IS structure the SO was neared to Ge-BNNC-O* and the O*–S and Ge–O* bonds were 2.95 and 1.80 Å, respectively. Figure 3 indicated that in TS structure the Ge-BNNC-O*-SO was designed and the Ge–O* and O*–S were 1.84 and 2.15 Å, respectively. Therefore results show that in second reaction a SO2 molecule was formed at room temperature because the interaction of Ge-BNNC with SO2 was weakly. 
Table 2. Obtained parameters for Ge-BNNC-O-O* + SO → Ge-BNNC-O + SO2 and Ge-BNNC-O* + SO → Ge-BNNC + SO2 reactions.
	Reactions
	Eac (eV)
	∆Ead (eV)
	∆Had (eV)
	∆Gad (eV)

	Ge-BNNC-O-O* +  SO →  Ge-BNNC-O + SO2
	0.85
	-3.43
	-3.37
	-3.28

	Ge-BNNC-O* +  SO →  Ge-BNNC +  SO2
	0.18
	-2.99
	-2.92
	-2.84



Figure 3. Plan of Ge-BNNC-O* + SO → Ge-BNNC + SO2 reaction (Bond distances (Å) and relative energies (eV)).
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That is remarkable that two investigated reactions (Ge-BNNC-O-O* + SO → Ge-BNNC-O-O-SO → Ge-BNNC-O* + SO2 and Ge-BNNC-O* + SO → Ge-BNNC + SO2) in figures 2 and 3 were exothermic. The calculated ΔGad in table 2 propose that the two studied reactions were negative in normal temperature and so the SO oxidation via Ge-BNNC-O* and Ge-BNNC-O-O* was favorable from thermodynamic view point. Finally results show that, Ge-BNNC can be remarkable catalyst for SO oxidation via LH mechanism with high efficiency due to low barrier energy in normal temperature. 
Conclusion 
The DFT method used to SO oxidation on activated Ge-BNNC surface via LH and ER mechanisms. Results indicated that Ge-BNNC can be an efficient catalyst to SO oxidation with low cost in normal temperature. Results show that O2 adsorption on Ge-BNNC surface cause greater effects on properties of Ge-BNNC. Results show that ∆Ead and q values of Ge-BNNC-O2 were higher than Ge-BNNC-SO. Results show when the SO and O2 reached to Ge-BNNC the Ge-BNNC surface surround with O2, concurrently. Results show that SO oxidation on Ge-BNNC surface via the LH mechanism has lower energy barrier than ER mechanism. Finally, results propose that O2 activated Ge-BNNC can be a novel catalyst to SO oxidation with high efficient and low price in normal temperature.
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