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Abstract:

Hybrid density functional play a vital role in density functional theory (DFT) calculations. CO and CO, gases
are toxic gases in the environment. Using first-principles within DFT, the effects of the hybrid density
functionals MPW1PW91 and B3LYP on the adsorption performance of CO and CO, gases on Si-decorated
Boron-nitride (SiBN) nanosheets are studied. Energy gaps and adsorption energies have been calculated to
know the adsorption performance of CO and CO, by utilizing MPW1PW91 and B3LYP hybrid density
functionals at 6-31G level. The results show that, the adsorption performance changes if the functional is
changed. It was found that, sensing performance improves for CO while degrades for CO, as we change the
functional from MPW1PW91 to B3LYP. The results indicate that for all the complexes, energy gaps decrease as
we move from the functional MPW1PW91 to B3LYP.
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I.  Introduction

The B3LYP technique utilizes Becke’s three-parameter functional and the nonlocal correlation of Lee,
Yang and Parr [1], [2]. The MPW1PWOI technique adopts Barone and Adamo’s Becke-Style one-parameter
functional, the changed Perdew-Wang exchange and the Perdew-Wang 91 correlation [3], [4]. The performance
of hybrid exchange functionals has been studied for presenting the characteristics of cubic and tetragonal
ferroelectric phases of BaTiO; [5].

Resulting from partial oxidation and/or combustion of fuel, carbon monoxide (CO) is a key contributor
for the pollution of the environment [6], [7], [8], [9], [10]. The atmospheric CO coming into the interaction with
the heme of the human body, may result in a reduction in oxygen transfer mechanism and eventually may die.
Carbon dioxide (CO,) is utilized in the beverage production, manufacture of carbonates, CO, carboxylic acids,
petroleum processes, and fertilizer production. Greenhouse effects are the main cause of CO, gas [11].

In this manuscript, we investigated the adsorption mechanism of CO and CO, gas molecules on the
surface of SiBN nanosheet using the well known DFT study. The manuscript is organized as follows: in Section
I, computational methods are discussed, results and discussions are placed in Section Ill, and Section IV
describes the conclusions of the work.

I1. Computational Methods

Adsorption of CO and CO, gas molecules on SiBN nanosheets has been investigated using first
principles within DFT. The optimum structural parameters such as energy of adsorption, HOMO-LUMO energy
gaps etc. are calculated. For the optimizations of the geometry, we use DFT computation at basis set 6-31G with
B3LYP and MPW1PW091 functionals as implemented in Gaussian 09 program [12], [13], [14] [15]. Geometry
optimizations and calculations of the property on Si—doped BN nanostructers with and without X molecule (X =
CO, CO,) are performed. The adsorption energies (E.q4) of X molecules with SiBN were calculated separately,
using the following equation [16]:

Eags sieny = Ex-sien — (Esien + Ex) I

where E,gsign) COrresponds to the energies of interaction of X molecule with SiBN. Ex . gign is total electronic
energy of SiBN complex with analytes X, and Ey is the entire energy of a secluded X molecule. The HOMO
and LUMO energies are used for determining the energy gap (Eg), as follows [17]:
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Figure 1. side and top views of (a): SiBN, (b) SiBN-CO, and (c) SiBN-CO, optimized structures as B3LYP/6-
31G.
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I11. Results And Discussions
Optimized Geometric Structure
Side and top views of the optimized geometric configuration of bare SiBN, SiBN-CO, and SiBN-CO, are
shown in Figure 1 and 2. Figure 1 corresponds to B3LYP/6-31G level and Figure 2 corresponds to corresponds
to MPW1PW91/6-31G level.

Adsorption Energy (Eags)

E.q at B3LYP Functional:

For the functional B3LYP, the pristine SiBN nanosheet interacts with CO and CO, with interaction energies of -
3.344 kdmol™ and -5.731 kJmol™, respectively (Table 1) [15].

E.qs at MPW1PW91 Functional:

For the functional MPW1PW91, the pristine SiBN nanosheet interacts with CO and CO, with interaction

energies of -61.244 kJmol™ and -0.960 kdmol™, respectively (Table 2). Unlike CO,, adsorption performance
improves for CO as we change the basis set from B3LYP to MPW1PW9L1.
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Figure 2. Top and side views of (a): SiBN, (b) SiBN-CO, and (c) SiBN-CO, optimized structures as
MPW1PW91/6-31G

Table 1. HOMO Energy (Eromo), LUMO Energy (ELumo), HOMO-LUMO Energy Gap (E, ), and Adsorption

Energy (E,gs) at B3LYP/6-31G Level [15]

System/ EHomo ELumo Eq =
Properties V) V) eV) kmol ™)
CO -10.108 0.593 9.515 -
CO, -10.067 +0.814 0.254

SiBN +4.871 1.610 3.260 -
SiBN-CO -4.893 2.206 2.687 }3.344
SiBN-CO, -4.872 12.225 .647 5.731

Table 2. HOMO Energy (Enomo), LUMO Energy (ELumo), HOMO-LUMO Energy Gap (Eq ), and Adsorption

Energy (E.gs) at MPW1PW91/6-31G Level
System/ EHomo ELumo E, =
Properties eV) eV) eV) kJmol?)
CO -10.501 0.855 9.646
CO, -10.538 0.206 10.744
SiBN 15.324 +1.153 1.171
SiBN-CO 15.370 1.639 3.731 161.244
SiBN-CO, -5.325 2.387 2.938 0.960

SiBN: HOMO

@

SiBN: LUMO
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Figure 3. Molecular orbitals of HOMO and LUMO for (a) isolated SiBN, (b) SiBN-CO, and (c) SiBN-CO, at
the B3LYP/6-31G level.
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Figure 4. Molecular orbitals of HOMO and LUMO for (a) isolated SiBN, (b) SiBN-CO, and (c) SiBN-CO, at
the MPW1PW91/6-31G level.

HOMO and LUMO Energy Gap (E,)

E, at for functional B3LYP:

HOMO and LUMO energy gaps for all the complexes for the functional B3LYP are shown in Table 1.
The calculated HOMO-LUMO energy gap for SiBN nanosheet is 3.260 eV [15]. The HOMO-LUMO energy
gap for SiBN-CO, complex is 2.647 eV compared to 2.687 eV for SiBN-CO complex [15].
The HOMO and LUMO energy distributions for the men-tioned systems at B3LYP/6-31G level are shown in
Figure 3.

E, at Functional MPW1PW91:

HOMO and LUMO energy gaps for all the complexes for the functional MPW1PW91 are shown in
Table 2. The calculated HOMO-LUMO energy gap SiBN nanosheet is 4.171 eV. The HOMO-LUMO energy
gap for SiBN-CO, complex is 2.938 eV compared to 3.731 eV for SiBN-CO complex. The HOMO and LUMO
energy distributions for the mentioned systems at MPW1PW91/6-31G level are depicted in Figure 4.

The energy gap decreases for all the complexes if the basis set is changed from functional MPW1PW91 to
B3LYP.

IV. Conclusions

By utilizing first-principles within DFT, adsorption of CO and CO, gases on Si-decorated Boron-
nitride nanosheets has been systemically investigated. Ad-sorption energies and HOMO-LUMO energy gaps
are computed by utilizing DFT method at MPW1PW91 and B3LYP hybrid density functionals. The results
indicate that for all the complexes, energy gaps decrease as we move from the functional MPW1PW91 to
B3LYP. It was found that the adsorption performance changes if the functional is changed. However, unlike
CO,, adsorption performance improves for CO as we change the the functional from B3LYP to MPW1PW91.
In our future studies, we will extend the research to other density functionals.
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