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Abstract

The adsorption of mercaptans on the pristine, Al-doped, and mono-vacancy and Stone—Wales
defected hexagonal boron nitride (h-BN) nanosheets was studied by density functional theory
method at the wB97X-D/6-311G(d) level of theory. Two types of mercaptans (i.e., methyl and
ethyl mercaptan) were chosen as the adsorbates. No adsorption was observed on the pristine and
defected h-BN nanosheet except for B-vacancy defected h-BN nanosheet which the adsorption
was exothermic. In the case of the Al-doped h-BN nanosheet with substituted boron and nitrogen
defect site not only the adsorption was observed for both methyl and ethyl mercaptan but also
their adsorption were exothermic. It was suggested that Al-doped h-BN nanosheet and B-
vacancy defected h-BN nanosheet be a potential resource for adsorbing mercaptans. The
electronic properties of all kinds of the studied h-BN nanosheets and adsorption configuration of

mercaptans on them were reported.

Keywords: Boron nitride nanosheet, Al doping, Density functional theory, Mercaptans,

Electronic properties
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1. Introduction

Reduced sulfur compounds (RSCs) have a great impact on global atmospheric chemistry and
play a significant role in the formation of atmospheric aerosols and, eventually, in the processes
of global climate change '. Mercaptans or thiol compounds are included in the RSCs. They are
introduced into the atmosphere by natural (originated from the reduction of sulfate existing in
aerobic waters and soils) and anthropogenic sources (originated from fossil fuel burning,
petrochemical industry or municipal sewage systems) >.. Hence, development of an efficient
monitoring method to detect such contaminants is an important topic for environmental
protection.

Boron nitride (BN) is a chemical compound which is isoelectronic and isostructural with carbon
>. BN mainly contains four types of isomers which are respectively: hexagonal boron nitride (h-
BN), trigonal boron nitride (r-BN), cubic boron nitride (c-BN), and wurtzite boron nitride (w-
BN) ®7. h-BN is an interesting substance, which can be synthesized in various forms including
nanosheets, nanotubes, and nanohorns like graphitic materials ®* and h-BN has attracted
considerable attentions due to its wide HOMO-LUMO gap semiconducting property, high
melting point, low density, high mechanical strength, oxidation resistance, outstanding thermal,
and electrical properties °°. Similar to its other morphology, such as nanotube, the pristine h-BN
nanosheet is intrinsically insulators or wide HOMO-LUMO gap semiconductors, which is not
ideal for electronic applications and is almost inert to many gas molecules '*'°. Therefore, it is
very important to overcome this obstacle and increase sensitivity of the BN toward some
important gas molecules in aspects of environmental and medical monitoring. Sensitivity of the
BN can be widened and enhanced substantially through doping technology or defect '**. Neetu
et al. ** established that substitutional C doping of the boron nitride nanotubes (BNNT) is an

effective method for removal and detection of a HF molecule. Moradi et al. 2! showed that
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interaction of mono vacancy defected h-BN with the NO molecule is energetically more
favorable than pristine and Stone—Wales (SW) defected nanosheet. Noorizadeh et al. % found
that formaldehyde can be chemically adsorbed on Al-doped and N-vacancy defected h-BN sheets
with appreciable adsorption energies. Anota et al.'® studied adsorption of monomer of chitosan
on h-BN nanosheet and the results indicate that the interactions between the monomer of
chitosan and the h-BN nanosheet yield chemisorptions. On the other hand N-N and B-N di-
vacancies improved the chemical adsorption of the monomer on the nanosheet surface.
Beheshtian et al.** found that the phosgene molecule interacts with the pristine boron nitride
nanotubes (BNNT) via van der Waals forces, but it presents much higher reactivity toward the
Sc-doped BNNT.

In this study we explored, for the first time, the adsorption of methyl mercaptan (MeSH) and
ethyl mercaptan (EtSH), as significant pollutants, on the pristine, Al doped, and mono-vacancy
and SW defected h-BN nanosheets by density functional theory (DFT) calculations. We report
that the sensitivity of h-BN nanosheet to mercaptans gases could be enhanced to a higher level

based on DFT calculations through B-vacancy defect and Al doping.

2. Computational methods

All calculations were performed using DFT at wB97X-D/6-311G(d) level of theory as
implemented in the GAMESS suite of program »°. The wB97X-D is the latest functional
developed by Head-Gordon and Chai that yields satisfactory accuracy for thermochemistry,
kinetics, and non-covalent interactions °. Density of states (DOS) for structures has been
obtained by GaussSum program >’. In graphs of DOS, E, generally refers to the energy

difference between the valence (HOMO) and the conduction levels (LUMO) in semiconductors.
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For the sake of clarity, the Fermi level has been set to zero. In order to verify the structures,
corresponding frequency calculations were carried out at the same level. The adsorption energy
(E.q) of amolecule adsorbed on a nanosheet is obtained using the following equation:

Eua = E(motecule + nanoshee) = Emolecule Enanosheet (1)

where E(molecule + nanosheer) 15 the total energy of a MeSH or EtSH molecule adsorbed on the
nanosheet, E,cule 18 the energy of the isolated MeSH or EtSH molecule, and E,uosieer 1S the
energy of the isolated nanosheet. Here pristine, some defected types, and Al-doped h-BN
nanosheet were used as nanosheet. Chigo and coworker 2* showed that the HOMO-LUMO gap
for clusters with 19 hexagons differs by only 107 eV/atom from the corresponding value for
bigger clusters (37 and 70 hexagons). Therefore, the h-BN nanosheet consisting 28 hexagons
(39B and 39N atoms) was considered and the end atoms were saturated by hydrogen atoms (24H
atoms). The negative and positive values of E,; indicate the exothermic or endothermic process
of the adsorption, respectively. The net charge transfer (QOr) from the MeSH or EtSH molecule to
the Aly-doped, Alg-doped, and B-vacancy defected h-BN nanosheets is calculated by using
Mulliken population analysis, which is defined as the charge difference between the MeSH or

MeSH molecule adsorbed on the nanosheet and an isolated MeSH or EtSH molecule.

3. Results and discussion

3.1. Adsorption of mercaptans on pristine h-BN nanosheet

In the first step, we started by performing the geometry optimization of h-BN nanosheet and
mercaptans molecules. For h-BN nanosheet this was accomplished by considering a BN
nanosheet consisting 28 hexagons. Optimized geometries of h-BN nanosheet, MeSH and EtSH

are presented in Fig. 1. A B-N length of approximately 1.448 A was obtained for the pristine h-
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BN nanosheet, in accordance with previous theoretical results'” ?'. The free MeSH and EtSH
molecules achieved with a C-S bond length of 1.821 and 1.828 A for MeSH and EtSH,
respectively. Then, we search the best adsorption geometry of MeSH and EtSH on pristine h-BN
nanosheet and hence, various possible adsorbing configurations are investigated. MeSH and
EtSH molecules were initially placed above a B or N atom or the center of the ring, with the
MeSH and EtSH molecules oriented perpendicular (with the C or S atom pointing towards the h-
BN nanosheet) to the h-BN nanosheet. Several other configurations with the MeSH and EtSH
molecules placed parallel to the h-BN nanosheet were also tested. After full relaxation, no
distinct structural change has been found. It is also found that in all configurations distances
between the mercaptans molecules and h-BN nanosheet are too long, about 4 A, and this show
that mercaptans molecules do not undergo physisorption or chemisorption on pristine h-BN
nanosheet. This indicates that the pristine h-BN nanosheet is insensitive to mercaptans

molecules.

3.2. Adsorption of mercaptans on mono-vacancy and Stone—Wales defected h-BN nanosheet

As no interaction between mercaptans and pristine h-BN nanosheet was observed, therefore, in
this section, our intention is to verify whether or not a vacancy-type defect can improve the
adsorption phenomena. Fig. 1 shows optimized geometries of N-vacancy and SW defected h-BN
nanosheets. As can be seen, N-vacancy defect induce a reconstructed structure, which consists of
a pentagonal ring. SW defected h-BN nanosheet also consists of two pairs of five-membered and
seven-membered rings. But, B-vacancy not leads to the formation of a pentagonal structure (Fig.
2a). Similar to pristine h-BN nanosheet, we explore various possible adsorbing configurations of

the mercaptans molecules on the defected h-BN nanosheet. The results indicated that no
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adsorption of mercaptans molecules on defected h-BN nanosheets in all of its configurations is
observed except for B-vacancy defected h-BN nanosheet. In B-vacancy defected h-BN nanosheet
when MeSH or EtSH was placed perpendicular with S atom pointing towards the center of the
defected ring an adsorption between S atom and N atom were observed and its corresponding
calculated E,; values are -43.10 and -44.78 kcal mol™! for MeSH and EtSH, respectively,
indicating that adsorption is exothermic (Fig. 2). After adsorption the mean S-N bond length was
1.820 and 1.822 A for MeSH and EtSH, respectively. The adsorption of MeSH or EtSH molecule
affects on the B-vacancy defected h-BN nanosheet by inducing a small bending of the nanosheet.
The large E,q values of MeSH and EtSH on B-vacancy defected h-BN nanosheet reveals the
chemical nature of the interaction. Mulliken charge analyses were also performed to evaluate the
amount of electron transfer between the studied nanosheets and mercaptans molecules. The
amounts of Ot are given in Table 1. The high amount of the charge transfer (Table 1) between
mercaptans molecules and B-vacancy defected h-BN nanosheet proves the nature of the
interaction. Polarities are also obtained in the most stable geometries and are given in Table 1.
The numerical values showed that the adsorption of mercaptans molecules on B-vacancy
defected h-BN nanosheet cause an increase in value of polarities in comparison with unadsorbed

form.

3.3. Adsorption of mercaptans on Al-doped h-BN nanosheet

In this section we studied the effect of doping of Al atoms in h-BN nanosheet toward mercaptans
molecules. The geometric structures are first optimized for Al at B or N site doped h-BN
nanosheet (denoted by Alg or Aly, respectively) and optimized most stable structures of Al-

doped h-BN nanosheets are shown in Fig. 3. The doping impurity Al atom with larger size into
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h-BN nanosheet induces the deformation of the six membered rings near the doping site of h-BN
nanosheet to relieve stress, and results in the Al atom protruding out of the nanosheet (Fig. 3).
The bond lengths for Alg-N and Alx-B bonds in Al-doped h-BN nanosheet were obtained 1.733
and 2.052 A, respectively, are in agreement with previous report™’. For Al-doped h-BN we also
explore various possible adsorbing configurations of the mercaptans molecules and we find the
most stable configuration is the structures as perpendicular with S atom of MeSH and EtSH
pointing to Al in both of the Aly and Alg-doped h-BN nanosheets. In other configurations
adsorption MeSH and EtSH on the Al-doped h-BN sheet was not observed. For the Alg site
adsorption, the bond lengths between the S and Al atom in the adsorbed configurations were
calculated to be 2.460 and 2.456 A for MeSH and EtSH, respectively, these values for the Aly
site adsorption were calculated to be 2.397 and 2.398 A for MeSH and EtSH, respectively. This
shows that adsorption of mercaptans on Alx-doped h-BN nanosheet is a little stronger than
adsorption of them on Alg-doped h-BN nanosheet.

The calculated E,; values for Aly and Alg-doped h-BN nanosheets are given in Table 1. The
negative values of the E,; indicate that adsorption is exothermic and thermodynamically
favorable. These values also confirm stronger adsorption of the mercaptans molecules on Alx-
doped h-BN nanosheet in comparison with Alg-doped h-BN nanosheet. The obtained E,4 values
for adsorption of mercaptans molecules on Al-doped nanosheets is smaller than obtained values
for B-vacancy defected h-BN nanosheet. The amount of charge transfer between mercaptans
molecules and Al-doped h-BN nanosheet have also been reduced in comparison with B-vacancy
defected h-BN nanosheet (Table 1). However, the values of E,; and charge transfer reveals a
chemical nature of adsorption on Al-doped h-BN nanosheet same as adsorption on B-vacancy

defected h-BN nanosheet. We find the bond lengths of C-S in the adsorbed MeSH and EtSH on
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the Alg-doped h-BN nanosheet are about 1.826 and 1.841 A, respectively, these values for Aly
site adsorption are 1.827 and 1.842 A, respectively. These bond lengths are a little longer than
that of the isolated MeSH (1.821 A) and EtSH (1.828 A) molecules, suggesting that the
adsorption process weakens the S-C bond in compare of unadsorbed molecules.

One of the main purposes of developing sensors is to obtain sensors with lower recovery time.
Therefore, recovery time plays a significant role in the preparation of the sensors. The recovery
time, 7, according to the conventional transition state theory can be expressed as **:

F= vy exp(— ) 3)

where T is temperature, k the Boltzmann’s constant and vy the attempt frequency. As can be
shown in the equation, increase the negative value E,; will augment the recovery time in an
exponential manner. Hence, to achieve reasonable recovery times the adsorption must not be
strong. According to E,; values obtained for MeSH and EtSH it can be concluded that the
adsorption of the studied mercaptans molecules on Al-doped h-BN nanosheet are more favorable
than adsorption on B-vacancy defected h-BN nanosheet.

Polarities are also obtained in the most stable geometries and are given in Table 1. The numerical
values showed that the adsorption of mercaptans on Alg-doped h-BN nanosheet cause an
increase in the value of polarity in comparison with the polarity of the Alg-doped h-BN
nanosheet. In contrast the interaction of Aly-doped h-BN nanosheet with studied mercaptans
molecules cause a decrease in the value of the polarities.

The charge distribution can be explained by molecular electrostatic potential (MEP) calculation.
MEP provides a valuable aid in the understanding of the sensor behavior. For instance, MEPs for

MeSH, EtSH, Aln-doped h-BN nanosheet, Aly-doped h-BN/MeSH and Aly-doped h-BN/EtSH

nanosheet are shown in Fig. 4. As can be seen, the Al atom has a partial positive charge and the



RSC Advances

S atom has a partial negative charge. Therefore, it can be concluded that these sites are reactive
sites based Lewis acid-base reaction. This Fig. also shows a strong hybridization of the S and H

atoms of studied mercaptans with Al atom of Aly-doped h-BN nanosheet.

3.4. Frequency calculations

In order to verify the structures, corresponding frequency calculations were carried out at the
same level. The results of the calculations did not produce any imaginary frequencies,
confirming stability of the structures. The calculated Infrared (IR) spectra of the B-vacancy h-
BN, B-vacancy h-BN/EtSH, Alnx-doped h-BN, and Alyx-doped h-BN/MeSH nanosheet structures
are shown in Fig. 5 as model. The IR spectrum of B-vacancy h-BN nanosheet shows stronger IR
bands correspond to those vibrational modes with frequencies of 875, 979, 992, 1468, 1492,
1503, 1513,1530 and 1555 cm’'. While the IR bands at 875, 979 and 992 cm’! are attributed to
out-of-plane movement, the bands with frequencies of 1468, 1492, 1503, 1513, 1530 and 1555
cm’ are associated with wagging of nanosheet. In the case of B-vacancy h-BN/EtSH nanosheet,
there are some shifts in vibrational modes with respect to the B-vacancy h-BN nanosheet (890,
986, 1002, 1463, 1475, 1503, 1509, 1531, and 1545 cm'l). The calculated IR spectrum of Aly-
doped h-BN nanosheet shows stronger bands with frequencies of 884, 980, 1004, 1262, 1341,
1375, 1425, 1439, 1470, 1496, 1512, 1532, and 1547 cm™. The IR bands at 884, 980 and 1005
cm’! are related to out-of-plane movement and bands at 1262,1341,1375,1425,1439, 1470, 1496,
1512, 1532, and 1547 cm™ are associated with wagging of nanosheet. In comparison with Aly-
doped h-BN nanosheet, Aly-doped h-BN/MeSH nanosheet showed some shifts in vibrational

modes. The IR spectrum of Aly-doped h-BN/MeSH nanosheet shows stronger IR bands

10
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frequencies at 884, 979, 1004, 1258, 1340, 1377, 1428, 1439, 1469, 1500, 1512, 1532, 1574 cm’

1

3.5. Density of states (DOS)

To better understand the effect of having a defect, Al doping, and mercaptans adsorption for the
electronic structure of h-BN nanosheet, the total electronic densities of states (DOS) for the
pristine, defected, and Al-doped h-BN nanosheet with and without mercaptans adsorptions are
plotted and displayed in Figs. 6 and 7 and Table 1. As can be seen, DOS analysis indicates the
pristine h- BN nanosheet is a semiconductor with a wide HOMO-LUMO gap of 9.95 eV.
Calculated DOS plots for defected h-BN nanosheet show a considerable change in Eg value from
9.95 eV in the pristine h-BN nanosheet to 6.59, 6.09, and 7.03 eV for B-vacancy, N-vacancy, and
SW defected h-BN nanosheet, respectively, these decrease in E, values due to defect are
agreement with pervious report™’. As can be seen in Fig. 6 and Table 1, for the adsorbed form of
the MeSH and EtSH on the B-vacancy defected h-BN nanosheet in comparison that of the
unadsorbed form, the £, values a little changed from 6.59 to 6.63 and 6.39 eV, respectively.

The DOS of the Al-doped h-BN and mercaptans adsorbed on the Al-doped h-BN are shown in
Fig. 7. As evident from Fig. 7, in comparison with pristine h-BN nanosheet, Alg-doped h-BN
nanosheet has a little decrease in E, value and it is still a large-gap semiconductor and this is in
good accordance with previous report’. But, Aly-doped h-BN nanosheet has a considerable
change of E, value (see Table 1). The E, value for Aly-doped h-BN nanosheet decreased to 6.02
eV. It is well known that the electrical conductance of a material is related to its £, value

according to the following equation:

-E
o aexp(z kT”’) (4)
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where o is the electrical conductivity and & is the Boltzmann’s constant *. According to the
equation, smaller values of E, at a given temperature lead to larger electric conductivity.
Therefore, electrical conductivity of the Aly-doped h-BN in comparison with Alg-doped h-BN
and pristine h-BN nanosheet is enhanced and it seems that doping Al at N site of h-BN nanosheet
is better than doping Al at B site. The calculated HOMO-LUMO gap of the MeSH and EtSH
adsorbed onAlg-doped h-BN are 9.40 and 9.37 eV, respectively. But these values for Aly-doped
h-BN nanosheets are 6.91 and 6.90 eV, respectively. Therefore, the DOS of Alg-doped h-BN
nanosheet did not show considerable changes due to MeSH and EtSH adsorption in the gap
regions of the DOS plots, which indicates low sensitivity of the Alg-doped h-BN. While in Alx-
doped h-BN nanosheet due to MeSH and EtSH adsorption considerable changes occurred in the
gap regions of the DOS plots. It is revealed from DOS plots that their valence levels in both of
the adsorbed configurations are approximately similar to that of the Aly-doped h-BN nanosheet,
while the conduction levels significantly have been shifted so that the £, value of the Aly-doped
BNNT nanosheet is changed from 6.02 eV to 6.91 and 6.90 eV in adsorbed configurations (see
Table 1). These show higher sensitivity of the Alx-doped BNNT nanosheet toward studied

mercaptans molecules in comparison with Alg-doped BNNT nanosheet.

4. Conclusion

In this research, we have explored the adsorption of MeSH and EtSH molecules on the pristine,
defected and Al-doped h-BN nanosheet by performing DFT calculations. The results indicate
that pristine, N-vacancy, and SW defected h-BN nanosheet do not have sensitivity toward
mercaptans molecules. In comparison, Al-doped and B-vacancy defected h-BN nanosheets

showed high sensitivity for methyl and ethyl mercaptans and mercaptans prefer to be adsorbed

12
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on these nanosheets through S atom. The adsorption energy values and Mulliken charge analyses
showed the chemical nature of the interaction. The DOSs of pristine h-BN nanosheet are
significantly changed due to creating defects, doping Al in N site and adsorbing mercaptans on
B-vacancy defected and Alx-doped h-BN nanosheets, whereas the DOSs of pristine h-BN
nanosheet are slightly changed due to doping Al in B site and adsorbing mercaptans on Alg-

doped h-BN nanosheet.

13
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Legend of figures:

Fig. 1.

Fig. 2.

Fig. 3

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Optimized configurations of (a) MeSH and EtSH, (b) pristine h-BN nanosheet, (c) SW
defected h-BN nanosheet, and (d) N-vacancy defected h-BN nanosheet.
Optimized configurations of (a) B-vacancy defected h-BN, (b) MeSH adsorbed on B-

vacancy defected h-BN, (c) EtSH adsorbed on B-vacancy defected h-BN.

. (a) Optimized configuration of Alg-doped h-BN, (b) adsorbed configuration of MeSH on

Alg-doped h-BN, (c) adsorbed configuration of EtSH on Alg-doped h-BN, (d) optimized
configuration of Aly-doped h-BN, (e) adsorbed configuration of MeSH on Alyx-doped h-
BN, and (f) adsorbed configuration of EtSH on Aly-doped h-BN.

The MEPs of (a) MeSH, (b) EtSH, (c) Alx-doped h-BN, (d) MeSH adsorbed on Aln-
doped h-BN, and (e) EtSH adsorbed on Alx-doped h-BN. Color range: —0.04 to +0.04.
IR spectra of (a) B-vacancy h-BN, (b) B-vacancy h-BN/EtSH, (c) Alx-doped h-BN, and
(d) Alx-doped h-BN/MeSH nanosheet

The DOSs of (a) pristine h-BN, (b) B-vacancy defected h-BN, (¢) N-vacancy defected h-
BN, (d) SW defected h-BN, (e) MeSH adsorbed on B-vacancy defected h-BN, and (f)
EtSH adsorbed on B-vacancy defected h-BN. The Fermi level is set to zero.

The DOSs of (a) Alg-doped h-BN, (b) Aln-doped h-BN, (¢) MeSH adsorbed on Alg-
doped h-BN (d) EtSH adsorbed on Alg-doped h-BN, (e) MeSH adsorbed on Alx-doped h-

BN, and (f) EtSH adsorbed on Alx-doped h-BN. The Fermi level is set to zero.
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energies (ELumo), HOMO-LUMO energy gap (Eg), and net charge transfer QOr.

Calculated adsorption energy (E,4), Dipolar moment (D), HOMO energies (Exomo), LUMO

System Eu D Erumo Enomo E, Qr
(kcal mol™) (Debye) (eV) (eV) (eV) (e)
MeSH - 1.7896 2.34 -8.71 11.05 -
EtSH - 1.8796 2.34 -8.68 11.02
pristine h-BN nanosheet - 5.6904 1.40 -8.55 9.95 -
B-vacancy h-BN - 5.4973 -2.01 -8.6 6.59 -
B-vacancy h-BN/MeSH -43.10 6.8102 -1.27 -7.9 6.63 0.583
B-vacancy h-BN/EtSH -44.78 6.9937 -0.28 -6.67 6.39 0.602
N-vacancy h-BN - 5.4379 -0.06 -6.15 6.09 -
SW-defected H-BN - 5.3534 0.98 -8.01 7.03 -
Alg-doped h-BN - 5.7314 1.02 -8.55 9.57 -
Alg-doped h-BN/MeSH -25.14 8.0456 1.03 -8.37 9.40 0.252
Alg-doped h-BN/EtSH -25.75 6.3208 1.04 -8.33 9.37 0.245
Aly-doped h-BN - 5.7833 -1.22 -7.24 6.02 -
Aly-doped h-BN/MeSH -30.65 5.7407 0.08 -6.83 6.91 0.267
Aly-doped h-BN/EtSH -31.46 5.5425 0.11 -6.79 6.90 0.262
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RSC Advances

Top view

Side view

Fig. 1
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Top view

Side view

Fig. 2
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Alg-doped h-BN

Aly-doped h-BN

Fig. 3
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RSC Advances
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RSC Advances
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We reported Al-doped hexagonal boron nitride nanosheet as a new adsorbent for mercaptans.

Aly-doped h-BN Aly-doped h-BN
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