The Cl functionalized aluminum nitride (AlN) and aluminum phosphide (AlP) nanocone sheets as hydrogen selenide (H2Se) sensor: A density functional investigation
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Abstract
The adsorption of H2Se gas on AlN-NCS and AlP-NCS surfaces were investigated using DFT calculations. The effects of Cl functionalization on the adsorption of H2Se gas on AlN-NCS and AlP-NCS surfaces were investigated. The adsorptions of H2Se on studied nanocone sheets were exothermic. The Ead value of H2Se on AlP-NCS surface were more negative than corresponding values of AlN-NCS. Cl functionalization increase the absolute Ead values of H2Se on studied nanocone sheets. Results show that, there are good linearity dependencies between Ead and orbital energy values of studied nanocone sheets. Therefore it can be concluded the Ead and orbital energy values of studied nanocone sheets can consider as important parameters to propose suitable nanocone sheets with enhanced H2Se adsorption potential.
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Abbreviations
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital), HLG (HOMO–LUMO gap), DFT (density functional theory), B3LYP (Becke 3-parameter Lee, Yang and Parr), AlN-NCS (aluminum nitride nanocone sheet), AlP-NCS (aluminum phosphide nanocone sheet) and BSSE (basis set superposition error).
1 Introduction 
Hydrogen selenide (H2Se) is a colorless, flammable gas under standard conditions. Industrially, it is produced by treating elemental selenium with hydrogen gas. A number of routes to H2Se have been reported, which are suitable for both large and small scale preparations.1,2 H2Se is a gas with a disagreeable odor at room temperature. It has a density higher than air and is formed by the reaction of acids or water with metal selenides.3 In light of the 1989-1993 data which appears to result from a well conducted study with modern techniques, the previous acute inhalation work, conducted about 50 years earlier, may have overestimated the acute inhalation toxicity of hydrogen selenide. The whole body exposures, with the presence of animal excreta in the chambers, could have resulted in an underestimation of the H2Se chamber concentrations. In addition, the presence of selenium or selenium compounds on the fur of the exposed animals would have resulted in relatively high oral doses occurring through preening and perhaps skin permeation.3 
H2Se is the most toxic selenium compound with an exposure limit of 0.05 ppm (ppm is given as a time-weighted average (TWA) based on Occupational Safety and Health Administration (OSHA)) over an 8 hour period. Even at extremely low concentrations (ca 0.01 ppm), H2Se compound has a very irritating smell resembling that of decayed horseradish or leaking gas.1,2 
The H2Se is a key intermediate in the methylation process of inorganic and organic selenium compounds. Accumulation of H2Se resulting from inhibition of the Se methylation metabolism, the detoxification pathway of selenium, is found in animals following repeated oral administration of a toxic dose of selenocystine.4 In animal experiments with rats and mice, chronic symptoms of hepatic damage such as yellow liver atrophy and anemia are recognized significantly following repeated oral administration of H2Se.5,6 
In previous study, different aluminum nitride nanocone sheet (AlN-NCS) have been widely synthesized and, have led to a great deal of studies both experimentally and theoretically. AlN-NCS, with a wide band gap (1.6 eV) have been attracted rising attention due to their applications in optics, electronics and photoelectronics.7 In addition to AlN-NCS, there are other nanocone sheets which are found experimentally such as aluminum phosphide nanocone sheet (AlP-NCS). 
The examinations of the transmission electron microscopy and scanning electron microscopy showed that the fabricated AlN-NCS and AlP-NCS were uniform and smooth.8 Unlike in its bulk structure, the Al, P and N atoms on the surface of as synthesized AlN-NCS and AlP-NCS are 3-fold coordinated. So creation of unsaturated sites on Al, P and N atoms may play a key role in gas adsorption and might identify them as promising gas sensors.9-12
The study of adsorption of toxic gas on the solid surface in order to identify the suitable sensor to adsorption of toxic gas are important in environmental issue. In previous studies, nanostructure materials due to their superior sensitivity have been used in chemical gas detection, widely. Chemical functionalization of nanostructure is a commonly used method to improvement the physical and chemical properties of nanostructures as gas toxic sensor.13-16
In the present study, the interactions of H2Se gas with AlN-NCS and AlP-NCS with disclination angles of 300° exploring its potential application as H2Se gas sensor will be theoretically investigated. In previous studies, no prior theoretical investigations have been reported on potential application of AlN-NCS and AlP-NCS as an H2Se gas sensor. 
The Cl functionalization of nanostructures is very important and it can effectively change the electronic structures of nanostructures.17 So in this study, the effect of functionalization of AlN-NCS and AlP-NCS by Cl group on the H2Se gas adsorption were investigated. Therefore obtained results in this paper can be useful for further studies related to the functionalization of the AlN-NCS and AlP-NCS for adsorption of H2Se
In previous papers the adsorption of various gases such as SO2, H2S, CO2 and CO on surface of nanostructures were investigated.18-34
Zaboli and et al.35 adsorption behavior of the H2S, H2Se and SO2 gas molecules on the surface of Fullerene studied by the density functional theory. Obtained results show that, the adsorption nergy values of gas molecule were short, so, the sensor will possess short recovery times.35 Also results show that among of studied gas molecules the H2Se molecule with adsorption energy of about -11.28 kJ/mol has the strongest adsorption on the surface of Fullerene.35
The initial points of this study are: (1) to investigate the H2Se adsorption on AlN-NCS and AlP-NCS surfaces; (2) to compare the H2Se adsorption ability of AlN-NCSs and AlP-NCSs; (3) to identify the effect of Cl functionalization of studied AlN-NCSs and AlP-NCSs on adsorption of H2Se; (4) to find the relation between adsorption energy and band gap of studied nanocone sheet; (5) To find the AlN-NCS and AlP-NCS with highly effective detection of H2Se.
2 Computational details
In this study, structure of AlN-NCS (constructed of 42 Al and 42 N atoms) and AlP-NCS (constructed of 42 Al and 42 P atoms) with disclination angles of 300° and their Cl functionalized derivatives were geometry optimized. Also the structure of the complexes of studied AlN-NCSs and AlP-NCSs with H2Se molecule were geometry optimized (structures were shown in figure 1). The end atoms of studied AlN-NCSs and AlP-NCSs were saturated by hydrogen atoms to avoid the boundary effects. All the calculations were performed using the DFT/B3LYP method and 6-311G(d,p) basis set within the GAMESS package.36,37
All frequency calculations were performed using numerical second derivatives and verified that all of the structures are true minima by frequency analysis and obtained all positive Hessian eigenvalues. The B3LYP has been demonstrated to be reliable and commonly used in the study of different nanostructures.38-41 
Figure 1. Complexes of H2Se with AlN-NCS, AlP-NCS, Cl-AlN-NCS and Cl-AlP-NCS. 

The adsorption energy (Ead) of H2Se molecule is deﬁned as follows:
Ead = E (nanocone sheet/H2Se) – E (nanocone sheet) – E (H2Se) + EBSSE                                                   (1)
where E(nanocone sheet/H2Se) is the total energy of the adsorbed H2Se molecule on the AlN-NCS or AlP-NCS surface, and E(nanocone sheet) and E(H2Se) are the total energies of the AlN-NCS or AlP-NCS, and the H2Se molecule, respectively. Basis set superposition error (BSSE) was corrected for interactions.42 Also in according to equation 2, the adsorption Gibbs free energy (Gad) for studied AlN-NCS and AlP-NCS were calculated. 
Gad = G (nanocone sheet/H2Se) – G (nanocone sheet) – G (H2Se)                                                             (2)
where G(nanocone sheet/H2Se) is the Gibbs free energy of the adsorbed H2Se molecule on the AlN-NCS or AlP-NCS surface, and G(nanocone sheet) and G(H2Se) are the Gibbs free energies of the AlN-NCS or AlP-NCS. By the definition, a negative value of Ead and Gad corresponds to exothermic adsorption.
In this study the Ead and Gad values of H2Se gas on AlN-NCS and AlP-NCS surfaces were investigated. The effects of Cl functionalization on the adsorption of H2Se gas on AlN-NCS and AlP-NCS surfaces were investigated. The EHOMO, ELUMO and EHLG (energy difference between HOMO and LUMO is termed the HOMO–LUMO gap (HLG)) of studied nanocone sheets were calculated. Also the dependences of between Ead values of H2Se on studied nanocone sheet surfaces and corresponding values of EHLG of studied nanocone sheets were investigated.
3 Results and discussion
3.1 Obtained Ead values of H2Se gas on studied nanocone sheet surfaces 
The calculated Ead and Gad values of H2Se gas on AlN-NCS and AlP-NCS and their Cl functionalized derivatives (Cl-AlN-NCS and Cl-AlP-NCS) are reported in the table 1 (in kJ/mol). Results indicated that, AlP-NCS increase the absolute Ead and Gad values of H2Se in comparison to AlN-NCS ca 41.5 kJ/mol and 43.4 kJ/mol, respectively. Results reveal that, Cl functionalization of AlN-NCS increase the absolute Ead and Gad values of H2Se in comparison to AlN-NCS ca 18.3 kJ/mol. Also Cl functionalization of AlP-NCS increase the absolute Ead and Gad values of H2Se in comparison to AlP-NCS ca 21.2 kJ/mol and 20.3 kJ/mol, respectively. 
Results reveal that Ead and Gad values of H2Se on studied nanocone sheets and their Cl functionalized derivatives are negative. These results can be propose that adsorptions of H2Se on studied nanocone sheets are exothermic. 
Results indicate that the absolute Ead and Gad values of the H2Se on studied nanocone sheets decreased in the following order: AlN-NCS < Cl-AlN-NCS < AlP-NCS < Cl-AlP-NCS. In according to obtained Ead values of H2Se on studied nanocone sheet surfaces, it can be concluded that Cl-AlP-NCS and AlN-NCS have higher and lower ability to adsorption of H2Se, respectively. 
These results in this section can be interpreted with a known fact that P atoms in studied AlP-NCS stabilize the AlP-NCS and their H2Se-AlP-NCS complexes; hence, these results in increased absolute Ead in comparison to studied AlN-NCS.43 Therefore the Cl functionalized nanocone sheets have the more negative Ead and Gad values.
Table 1. Calculated Ead (kJ/mol) and Gad (kJ/mol) of H2Se on AlN-NCS, AlP-NCS, Cl-AlN-NCS and Cl-AlP-NCS surfaces.
	Gad
	Ead
	Nanostructure

	-368.6
	-377.3
	AlN-NCS

	-412.0
	-418.8
	AlP-NCS

	-386.9
	-395.6
	Cl-AlN-NCS

	-432.3
	-440.0
	Cl-AlP-NCS




3.2 Obtained EHOMO and ELUMO of studied nanocone sheets
In this work the EHOMO, ELUMO and EHLG values of AlN-NCS and AlP-NCS and their Cl functionalized derivatives were calculated and reported in table 2. In this section the dependences of between Ead corresponding EHOMO, ELUMO and EHLG values of studied nanocone sheets were investigated.
As the maximum and minimum absolute value of the EHOMO value within studied nanocone sheets are for AlN-NCS and Cl-AlP-NCS, respectively. Therefore obtained absolute EHOMO values of studied nanocone sheets show that the Cl-AlP-NCS and AlN-NCS have higher and lower tendency to lose electron, respectively.
Among the studied nanocone sheets the ELUMO values decrease in this order: AlN-NCS < Cl-AlN-NCS < AlP-NCS < Cl-AlP-NCS. As the maximum and minimum ELUMO value within the studied nanocone sheets are for Cl-AlP-NCS and AlN-NCS, respectively. Therefore obtained ELUMO values of studied nanocone sheets show that the Cl-AlP-NCS and AlN-NCS have higher and lower capacity to accept electrons, respectively.
The obtained EHLG values of studied nanocone sheets decrease in this order: AlN-NCS > Cl-AlN-NCS > AlP-NCS > Cl-AlP-NCS. As the minimum and maximum of the EHLG value within the studied nanocone sheets are for Cl-AlP-NCS and AlN-NCS, respectively. Therefore EHLG values of studied nanocone sheets show that the Cl-AlP-NCS have lower stability and higher reactivity and AlN-NCS have lower reactivity. 
Results in table 2 indicated that AlP-NCS have higher absolute ELUMO and EHLG and lower absolute EHOMO in comparison to AlN-NCS. In according to obtained results in table 2, it can be concluded that Cl functionalization of AlN-NCS and AlP-NCS increase the absolute ELUMO values and decrease the absolute EHOMO and EHLG values in comparison to AlN-NCS and AlP-NCS. Therefore Cl functionalization cause an increase in the H2Se adsorption ability of AlN-NCS and AlP-NCS.  
In present paper the dependences between Ead values of H2Se on studied nanocone sheet surfaces and corresponding EHOMO, ELUMO and EHLG values of studied nanocone sheets were investigated. The computed Ead values of H2Se on studied nanocone sheet surfaces are corrected against corresponding calculated EHOMO, ELUMO and EHLG values of studied nanocone sheets. Equations obtained from the linear regression are as follows:
Ead = – 1.09 × (EHOMO) – 1032 		                                                                            (3)
Ead = 1.43 × (EHOMO) + 152	                 	                                                                            (4)
Ead = 0.63 × (EHLG) – 523     	                      	                                                                            (5)
The correlation coefficients of equations 2, 3 and 4 reached ca 0.994, 0.997 and 0.994, respectively. These correlation coefficients that they are near 1 show that, there are linearity dependencies between Ead and orbital energy (EHOMO, ELUMO and EHLG) values of studied nanocone sheets. 
As mentioned in tables 1 and 2, this can be concluded the calculated Ead and orbital energy scales have same trends for averment H2Se adsorption potential of studied nanocone sheets. Results indicate that H2Se adsorption potential of suitable nanocone sheets in according to Ead and orbital energy scales decreased in the following order: AlN-NCS < Cl-AlN-NCS < AlP-NCS < Cl-AlP-NCS. Therefore results in this study, reveal that Cl-AlP-NCS has highest and AlN-NCS has lowest H2Se adsorption potential among studied nanocone sheets.
It can be concluded the Ead, EHOMO, ELUMO and EHLG values of studied nanocone sheets can consider as important parameters to predicate and propose suitable nanocone sheets with enhanced H2Se adsorption potential.
Table 2. Calculated EHOMO (kJ/mol), ELUMO (kJ/mol) and EHLG (kJ/mol) of AlN-NCS, AlP-NCS, Cl-AlN-NCS and Cl-AlP-NCS.
 
	EHLG
	ELUMO
	EHOMO
	Nanostructure

	222.0
	-378.3
	-600.2
	AlN-NCS

	193.0
	-384.1
	-577.1
	AlP-NCS

	173.7
	-396.6
	-570.3
	Cl-AlN-NCS

	136.1
	-410.1
	-546.2
	Cl-AlP-NCS



Conclusion
In this study the Ead values of H2Se gas on AlN-NCS and AlP-NCS surfaces were investigated using density functional theory calculations. The effects of Cl functionalization on the adsorption of H2Se gas on AlN-NCS and AlP-NCS surfaces were investigated. Results reveal that adsorptions of H2Se on studied nanocone sheets were exothermic and experimentally possible from the energetic viewpoint. Results show that, Ead value of H2Se on AlP-NCS surface were more negative than corresponding values of AlN-NCS. Results reveal that, Cl functionalization causing an increase the absolute Ead values of H2Se on studied nanocone sheets. Results show that, there are good linearity dependencies between Ead and orbital energy values of studied nanocone sheets. Therefore it can be concluded the Ead and orbital energy values of studied nanocone sheets can consider as important parameters to propose suitable nanocone sheets with enhanced H2Se adsorption potential.
References
1. L. M. Dorozhkin, I. A. Rozanov, J. Anal. Chem. 2001, 56, 399–416. 
2. T. Hübert, L. Boon-Brett, G. Black, U. Banach, Sens. Actu. B: Chem. 2011, 157, 329–352.
3. M. Ibrahima, E. Koglin, Acta Chim. Slov. 2005, 52, 159–163.
4. K. Nakamuro, T. Okuno, T. Hasegawa. J. Heal Scie. 2000, 46, 418-421. 
5. J. F. Currie, A. Essalik, and J. C. Marusic, Sen. Actu. B: Chem. 1999, 59, 235–241.
6. K. Ho, W. Hung, Sen. Actu. B: Chem. 2001, 79, 11–16.
7. M. Ari, M. L. Cohen, Phys. Review B 1997, 56, 6737-6741.
8. A. Aquila, Opt. Express. 2012, 20, 2706–2716.
9. J. C. Yang and P. K. Dutta, Sen. Actu. B: Chem. 2010, 143, 459–463. 
10. Y. Yan, N. Miura, and N. Yamazoe, Sen. Actu. B: Chem. 1995, 24, 287–290.
11. A. Khodadadi, A. M. Miri, Sen. Actu. B: Chem. 2001, 80, 267–271. 
12. G. Korotcenkov, Sen. Actu. B: Chem. 2007, 121, 664–678. 
13. M. Machado, R. Mota, P. Piquini, Microelectron. J. 2003, 34, 545–547.
14. J.B. Halpern, A. Bello, J. Gilcrease, G.L. Harris, Microelectron. J. 2009, 40, 316–318.
15. J. Beheshtian, M. Kamﬁroozi, A. Ahmadi, Chin. J. Chem. Phys. 2012, 25, 60–64.
16. A. Ahmadi, J. Beheshtian, M. Kamﬁroozi, J. Mol. Model. 2012, 18, 1729–1734.
17. J. Beheshtian, M. Kamﬁroozi, Z. Bagheri, A. Ahmadi, Comp. Mater. Sci. 2012, 54, 115–118. 
18. M. Zaboli, H. Raissi and F. Farzad, Intern. J. Adva. Biotech. Rese. 2016, 7, 1227-1232. 
19. W.G. Liu, G.H. Chen, X.C. Huang, J. Phys. Chem. C 2012, 116, 4957–4964.
20. K. Rezouali, M.A. Belkhir, A. Houari, J. Bai, Comput. Mater. Sci. 2009, 45, 305–309.
21. D. Zhang, R.Q. Zhang, Chem. Phys. Letters 2003, 371, 426–432.
22. Y.F. Zhukovskii, N. Pugno, A.I. Popov, J. Phys. Cond. Matter 2007, 19, 395021–395038.
23. M. Zhao, Y. Xia, Z. Tan, X. Liu, F. Li, Chem. Phys. Letters 2004, 389, 160–164.
24. R. Thapa, B. Saha, N.S. Das, U.N. Maiti, Appl. Sur. Sci. 2010, 256, 3988-3992.
25. F. Li, C. Zhang, P. Wang, P. Li, Appl. Sur. Sci. 2012, 258, 6621-6626.
26. D. Tasis, N. Tagmatarchis, A. Bianco, M. Parto, Chem. Rev. 2006, 106, 1105-1136.
27. S.Y. Xie, W. Wang, K.A.S. Fernando, Chem. Commun. 2005, 29, 3670–3672.
28. C. Y. Zhi, Y. Bando, C. C. Tang, Angew. Chem. Int. Edit. 2005, 44, 7929–7932.
29. M. T. Baei, A.A. Peyghan, Z. Bagheri, Superlattice Microst. 2012, 53, 9–15.
30. J. Andzelm, C. Kolmel, J. Chem. Phys. 1995, 103, 9312–9320.
31. A. Warshel, Israel J. Chem. 1973, 11, 709–717.
32. T. Ikuno, T. Sainsbury, Solid State Commun. 2007, 142, 643–646.
33. A. Ahmadi, J. Beheshtian, N.L. Hadipour, Physica E 2011, 43, 1717–1719.
34. A. Ahmadi, M. Kamﬁroozi, J. Beheshtian, N. Hadipour, Struct. Chem. 2011, 22, 1261–1265.
35. Y. Jiao, A. Du, Z. Zhu, V. Rudolph, S.C. Smith, J. Mater. Chem. 2010, 20, 10426–10430.
36. M. Schmidt, T. Windus, M. Dupuis, J. Comput. Chem. 1993, 14, 1347–1363.
37. S. Grimme, J. Comput. Chem. 2004, 25, 1463-1471.
38. J. Andzelm, C. Kolmel, J. Chem. Phys. 1995, 103, 9312–9320.
39. L. H. Gan, J. Q. Zhao, Physica E 2009, 41, 1249–1252.
[bookmark: _GoBack]40. J. Beheshtian, A.A. Peyghan, Z. Bagheri, Surf. Sci. 2012, 258, 8171–8176.
41. T. C. Dinadayalane, J.S. Murray, J. Chem. Theory Comp. 2010, 6, 1351–1357.
42. S. F. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553–566.
43. O. Olumide, J. Barry, J. Phys. Chem. C, 2011, 115, 24528–24533.

[bookmark: OLE_LINK6][bookmark: OLE_LINK5]




		


10

image2.tiff




image3.tiff




image4.tiff
'




image5.png




image6.png




image7.png




image8.png
'




image1.tiff




