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Abstract

The adsorption abilities, structural and electronic properties of nitrogen dioxide (NOz) molecule
adsorbed on pristine, and C—, Si—, and Ge—doped boron nitride nanosheets (BNNS) and nanotubes (BNNT) were
investigated using the density functional theory method. The binding energies of doping reveal that the C atom
doping exhibits the strongest binding ability with both BNNS and BNNT. In addition, the NO2 molecule weakly
interacts with the pristine BNNS and BNNT, whereas it has a strong adsorption ability with C—, Si—, and Ge—
doped BNNSs and BNNTSs. The electronic properties such as the energy gap and partial charge transfer of all
atomic doped—-BNNSs and BNNTS are significantly modified after NO2 adsorptions. Thus, the C—, Si—, and Ge—

doped BNNSs and BNNTSs can be used as NO2 gas storage and sensing.
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1. Introduction

Boron nitride (BN) nanomaterials included
nanotubes and nanosheets are chemical compound,
consisting of equal numbers of boron (B) and nitrogen
(N) atoms, which are not found in nature and is
therefore produced synthetically. One-dimensional
(1D) boron nitride nanotube (BNNT) was successfully
synthesized in 1995 (1) and two-dimensional (2D)
hexagonal boron nitride sheet (BNNS) was peeled off
from a boron nitride crystal in 2005 (2). These
nanomaterials are electrically insulator with a wide
band gap, high thermal conductivity and interesting
magnetic features (3). These properties cause that the
boron nitride nanomaterials display great potential in
many fields, such as nanodevices especially the
chemical sensors. However, it was found that the
modified BN is more sensitive sensing than that of
pristine BN, therefore the defects in BN behave some
interesting characteristics. In the process of
preparations or modifications, various types of defects
on BN can be formed, such as adatoms (4), vacancies
or doping (5). The atom (AT) doped BNNTs and
BNNSs further enlarge the application in gas chemical
sensor, such as NO (6, 7), CO (7), O2 (8), H2 (9), NH3
(10), SO2 (11-13) and NOz (13).

Nitrogen dioxide (NO2) is one of the toxic
gases with pungent smell. It can be produced during
combustion in factories and thermal power plants
(14). The NOz2 gas displays highly toxic to nervous
system and respiratory organs of human, consequently
the detection of NO2 plays a significant role, therefore
the sensitive sensor design for NO: detection is
essential (15, 16).

In the present work, group 1V atoms (C, Si,
Ge) have been selected for doping due to they have
nearly the same atomic radius of B and N atoms and
place between group Il of B and group V of N. The
geometrical structures, adsorption energies, and
electronic properties of NO2 adsorption on the pristine
and AT-doped BNNSs and BNNTs have been
investigated.

2. Computational details

The adsorptions of NOz on pristine BNNS,
pristine (5,5) armchair BNNT and their doping with
C, Si, or Ge atom were investigated in terms of
geometric and electronic properties in which both
ends of all nanomaterials were saturated by hydrogen
atoms to avoid the boundary effects. Then the doping
of C, Si, or Ge atom onto the BNNS and BNNT was
modeled so that one of boron or nitrogen atom at the
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middle site of the BNNS and BNNT was replaced by
the C, Si, or Ge atom. In this work, replacing of B or
N atom of the BNNS and BNNT with C, Si, or Ge
atom was referred to be the B (Cs—BNNS, Sis—BNNS,
Ges—BNNS, Cs—BNNT, Sis—BNNT, Ges—BNNT) or
N (Cn—BNNS, Sin—BNNS, Gen—BNNS, Cn—BNNT,
Sin-BNNT, Gen—BNNT) sites, respectively. The
adsorbed NO2 gas was set by placing this molecule
over the C, Si, or Ge atom. All calculations were
performed using the GAUSSIAN 09 software package
(17) at the DFT level with the Lee-Yang-Parr
correlation functional (B3LYP) (18-20) and the
intensive Los Alamos LanL2DZ split-valence basis
set (21-23). The intensive B3LYP/LanL2DZ
theoretical method was used because this method was
successfully utilized for many works (6, 8, 10, 24-26).

Electronic properties, including the highest
occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO), the HOMO
and LUMO energy gap (Eg), and the partial charge
transfer (PCT) upon pristine and C—, Si—, or Ge—doped
BNNS and BNNT and their NO2 adsorptions were
also studied at the same theoretical level. The energy
gap was obtained from the difference between HOMO
and LUMO energies. The partial charge transfer
(PCT) during gas adsorptions was defined as a change
in gas charge between the adsorption processes using
the natural bond orbital (NBO) analysis (27). The
molecular graphics of all optimized structures were
generated using the MOLEKEL 4.3 program (28). The
binding energies (Ep) of C-, Si—, and Ge-doped
BNNS and BNNT were calculated by the following
equation:

Eb = Eat-Bnns — (Esnns + Ear)

Eb = Eat-BnNT — (EBNNT + EAT)
where Eat-snns and Eat-snnt were the total energies
of C—, Si—, or Ge—doped BNNS and BNNT. The Esnns
and Esnnt were the total energy of monovacant BNNS
and BNNT, and Ear was the total energy of free C, Si,
or Ge atom.

The adsorption energies (Eads) of NO2 on the
pristine and C—, Si—, or Ge—doped BNNS and BNNT
were determined through the following equation:

Eads = Egas/ BNNS — (EBNNS + Egas)

Eads = Egas BNNT — (EBNNT + Egas)
where Egas enns and Egas ennt were the total energy of
NO: adsorbed on pristine or C—, Si—, or Ge—doped
BNNS and BNNT. The Esnns and Esnnt were the
total energy of the pristine or C—, Si—, or Ge—doped
BNNS and BNNT, and the Egas was the total energy of
the isolated NO2 molecule. A negative value of Eads
referred to exothermic process.

3. Results and Discussion
3.1 Geometrical structures of pristine, C—, Si—,
and Ge—doped BNNSs and BNNTSs and their NO2
adsorptions

The B3LYP/LanL2DZ optimized structure
of pristine BNNS is displayed in Figure 1(a). The B1—
N1, B1-N2, and B1-N3 bond lengths are estimated to
be 1.454,1.452, and 1.452 A, respectively. These data

are in good agreement with the previous experiment
(29) and theoretical results (30), which support the
validity of this model and method. While the N1-B1—
N2, N2-B1-N3, and N3-B1-N1 bond angles are
estimated to be 119.7, 120.5, and 119.7°, respectively.
The geometrical structure of BNNT is displayed in
Figure 1(b). The B1-N1, B1-N2, and B1-N3 bond
lengths are estimated to be 1.453, 1.454, and 1.454 A,
respectively, which are consistent with theoretical (31,
32) and experimental values (33). While the N1-B1-
N2, N2-B1-N3, and N3-B1-N1 bond angles are
estimated to be 119.2, 119.8, and 119.2°, respectively.
The optimized structures of the doping of C, Si, or Ge
atom onto the BNNS and BNNT are displayed in
Figures 2 and 3, respectively. After replacing of B or
N atom on the BNNS and BNNT with C, Si, or Ge
atom, it is found that these atoms form three bonds
with the nearest B or N atom. The bond lengths
between the replacing atom and its neighboring three
N or B atom of BNNS and BNNT are found in the
range of 1.435-2.020 and 1.443-2.079 A,
respectively. Furthermore, the bond angles of all
BNNS and BNNT replacing B or N atom with C, Si,
or Ge atom are narrower than those of the N-B—N or
B-N-B of pristine BNNS and BNNT.

The binding energies (Ev) of AT and BNNS
and BNNT are displayed Table 1. The Ep values of
AT—doped BNNSs and BNNTSs are found in the range
of -103.50 to —-332.63 and -118.67 to -320.44
kcal/mol, respectively. The negative values of Ep
imply that the interaction for doping atoms with
BNNS and BNNT surfaces corresponds to the
exothermic reaction. Furthermore, the BNNS and
BNNT doping with C, Si, or Ge atom on B site shows
strong interaction in comparison with the doping on N
site, which is the result of having the larger Ep value.
In addition, the C atom doping exhibits the strongest
binding ability with both BNNS and BNNT. This may
be due to atomic radius of C is nearly the same size
atomic radius of B and N atoms and placed between
them while atomic radius of Si and G atoms is bigger
than those of atomic radius of Si and G atoms.

The optimized structures of the NO:2
adsorbed on pristine and C-, Si—, and Ge-doped
BNNSs and BNNTSs are displayed in Figures 4 and 5,
respectively. The computed BDs between the
adsorbed NO2 and pristine BNNS and BNNT are
3.110 and 3.027 A, respectively. The BDs between the
adsorbed NO2 and AT—doped BNNS and BNNT are
found in the range of 1.581-2.296 and 2.514-2.921 A,
respectively. The short BDs confirm that the NO2
molecule shows stronger adsorption with AT—doped
BNNS and BNNT than that of pristine BNNS and
BNNT.
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Figure 1 The B3LYP/LanL2DZ optimized structures
of pristine (a) BNNS and (b) BNNT.

Figure 3 The B3LYP/LanL2DZ optimized structures
of (2) Ce-BNNT, (b) Cn—BNNT, (c) Sie—BNNT,
(d) Sin—BNNT, () Ges—BNNT, and (f) Gen—BNNT.

Table 1 The binding energies (Eb) of AT and BNNS

and BNNT
Species Ep?
. - Cs + BNNS —» Cg-BNNS -332.63
Figure 2 The B3LYP/LanL2DZ optlmlzgd structures Cn + BNNS - CnBNNS 595,99
of (_a) Cs-BNNS, (b) Cn—BNNS, (¢) Sis—BNNS, Sie = BNNS Sie_BNNS 7073
(d) Sin-BNNS, (€) Ges-BNNS, and (f) Gen-BNNS. 1o — ol -
Sin + BNNS —» Sin—BNNS -132.88
Ges + BNNS —» Ges—BNNS —235.67
Gen + BNNS —» Gen—BNNS -103.50
Cs + BNNT —» Cs—BNNT -320.44
Cn + BNNT —» Cn—BNNT —283.54
Sig + BNNT —» Sis—BNNT —274.64
Sin + BNNT — Sin—BNNT -146.19
Ges + BNNT —» Ges—BNNT -243.14
Gen + BNNT —» Gen—BNNT -118.67

2In kilocalories/mol (kcal/mol)
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3.2 Adsorption energies of NO2 molecule adsorbed
on pristine, C—, Si—, and Ge—-doped BNNSs and
BNNTSs

The adsorption energies of the NO:2
adsorbed on the pristine, C—, Si—, and Ge-doped
BNNSs and BNNTs are listed in Table 3. The
absorption energies of the NO: adsorbed on the
pristine BNNS and BNNT are —-2.31 and -3.52
kcal/mol, respectively. These indicate that the pristine
BNNS and BNNT display a weak sensitivity to the
adsorption. The adsorption abilities of the NO:2
adsorbed on the AT doped-BNNSs are in the order:
NO2/Sis—BNNS (-78.62 kcal/mol) > NO2/Ges—
BNNS (-67.17 kcal/mol) > NO2/Sin—BNNS (-63.48
kcal/mol) > NO2/Gen—BNNS (-58.51 kcal/mol) >
NO2/Cs-BNNS (-48.57 kcal/mol) > NO2/Cn—BNNS
(—33.88 kcal/mol). The adsorption abilities of the NO2
adsorbed on the AT doped—BNNTSs are in the order:
NO2/Sis—BNNT (-69.38 kcal/mol) > NO2/Sin—BNNT
(-64.33 kcal/mol) > NO2/Gen—BNNT (-57.90
kcal/mol) > NO2/Csg-BNNT (-52.30 kcal/mol) >
NO2/Ges—-BNNT (-47.45 kcal/mol) > NO2/Cn—
BNNT (—46.95 kcal/mol). The results show that the
NO: adsorptions on the C-, Si—, and Ge-doped
BNNSs and BNNTSs are stronger than the pristine
BNNS and BNNT in which replacing of B atom of the
BNNS and BNNT with Si atom displays the strongest
interaction with the NO2 molecule.

3.3 Electronic properties of pristine, C—, Si—, and
Ge-doped BNNS and BNNT and their NO2
adsorptions

For the most stable configuration of pristine,
C—-, Si—, and Ge-doped BNNSs and BNNTs, we
examined the highest occupied molecular orbital
energies (Exomo), the lowest unoccupied molecular
orbital energies (ELumo), and the energy gaps (Eg).
The results of which are listed in Table 2. It is found
that the calculated Eg for AT-doped BNNSs and
BNNTSs are found in the range of 2.449-3.973 and
2.585-3.619 eV, respectively. Which are significant
smaller than the Eq of pristine BNNS (5.823 eV) and
BNNT (6.014). Thus, the C, Si, and Ge atom doping
can induce dramatically decrease in the Eq of BNNS
and BNNT, in which the chemical reactivities of C—,
Si—, and Ge-doped BNNSs and BNNTs are also
increased.

The electronic properties of NO2 adsorbed
on pristine, C—-, Si—, and Ge-doped BNNSs and
BNNTSs in terms of energy gap and partial charge
transfers computed at B3LYP/LanL2DZ theoretical
level are listed in Table 3. When NO2 adsorbed on the
pristine BNNS and BNNT, the energy gaps of BNNS
and BNNT are changed. The energy gaps of the NO2
adsorbed on the AT doped-BNNSs and BNNTSs are
found in the range of 3.37-3.81 and 2.78-3.92 eV,
respectively. That means, after NO2 adsorptions, the
energy gaps of all AT doped—BNNSs and BNNTSs are
significant changed. These results indicate that
electronic properties of C-, Si—, and Ge-doped
BNNSs and BNNTSs are modified by NO2 adsorptions.

This means that the sensitivity of BNNS and BNNT
based gas sensor for NOz could be improved by
introducing appropriate atomic doping.

Table 2 The highest occupied molecular orbitals
(Enomo), the lowest unoccupied molecular orbitals
(ELumo), and energy gaps (Eg) of pristine, C-, Si-,
and Ge-doped BNNS and BNNT

Species? Eromo®  ELumo® Egap?
BNNS (1) -6.504  —0.680 5.823
Cs—BNNs (2) -3.265 —0.680 2.585
Cn—BNNS (2) -6.585 -3.891 2.694
Sis—BNNS (2) -6.531  -2.558 3.973
Sin—BNNS (2) -6.259 3537 2.721
Ges-BNNS (2) 6504 -3.265 3.238
Gen-BNNS (2)  -5.987  -3.537 2.449
BNNT (1) -6.612  —0.599 6.014
Cs—BNNT (2) -4.163  —0.599 3.565
CnBNNT (2) 6721 3946 2.776
Sis—BNNT (2) -6.612  —2.993 3.619
Sin—-BNNT (2) —6.422  -3.565 2.857
Ges—BNNT (2) -6.585 -3.619 2.966
Gen—BNNT (2)  -6.150 —3.565 2.585

@ Spin multiplicities are in parenthesis.
®IneV.

N Natural bond orbital (NBO) analysis was
performed to evaluate electron transfer before and
after NO: adsorption. The partial charge transfer
(PCTs) was defined as Qgasenns — Qgas, and Qgas/BNNT
— Qgas for BNNS and BNNT systems, respectively,
where Qgasienns and Qgas/annT Were the total charge of
NO2 adsorbed on pristine or AT doped-BNNS and
BNNT, respectively, and the Qgas was the total charge
of NOz in free case.

Figure 4 The B3LYP/LanL2DZ optimized structures
of (a) NO2/BNNS, (b) NO2/Cs—BNNS, (¢) NO2/Cn—
BNNS, (d) NO2/Sie—-BNNS, () NO2/Sin—-BNNS,
(f) NO2/Ges—BNNS and (g) NO2/Gen—BNNS.
The adsorption distances are in A.
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Figure 5 The B3LYP/LanL2DZ optimized structures
of (a) NO2/BNNT, (b) NO2/Cs—BNNT, (c) NO2/Cn—
BNNT, (d) NO2/Sie—BNNT, (e) NO2/Sin—BNNT,
(f) NO2/Ges—BNNT and (g) NO2/Gen—BNNT.
The adsorption distances are in A.

Table 3 Adsorption energies (Eads), adsorption
distances (ADs), energy gaps (Eg), and partial charge
transfers (PCT) of NO2 adsorbed on pristine, C-, Si-,
and Ge-doped BNNS and BNNT

Species Eass® ADP ES PCTH
NO,/BNNS (2) 231 3110 185  0.024
NO,/Ce—BNNS (1) 4857 2296 3.37 -0.726
NO,/Cy—BNNS (1) 3388 1581 3.70 -0.270
NO,/Sig—BNNS (1) 7862 1791 3.59 -0.606
NO,/Sin-BNNS (1) 6348 1808 3.81 -0.548
NO,/Geg—BNNS (1) —67.17 1881 354 -0.594
NO,/Gexn-—BNNS (1) 5851 1901 3.76 —0.545

NO,/BNNT (2) —-3.52 3.027 128 0.022

NO,/Cc BNNT (1) 5230 2613 3.92 0.357
NO,/Cy BNNT (1) 4695 2514 3.73 —0.251
NO,/Siz BNNT (1) 69.38 2.880 359 0.563
NO,/Sin-BNNT (1) —64.33 2.806  3.86 —0.545
NO,/Ges BNNT (1) 4745 2678 2.78 0522
NO,/Gex BNNT (1) 57.00 20921 381 0.544

2 Spin multiplicities are in parenthesis.
® In keal/mol.

¢in A.

dInev.

€lne.

The PCTs between NO2 molecule with
pristine BNNS and BNNT are 0.024 and 0.022 e,
respectively. The small PCT values occurred during
NO:2 adsorption on pristine BNNS and BNNT confirm
aweak interaction between the BNNS and BNNT with
NO2 molecule. The PCTs between the NO2 and AT
doped-BNNS and BNNT are found in the range of
—0.726 t0—-0.270 and —0.565 to —0.251 e, respectively.
the PCT analysis indicates that partial charges are
transferred from C—, Si—, or Ge-doped BNNS and
BNNT to the NO2 molecule. In addition, the PCTs of
NO:2 adsorption on AT doped—BNNS and BNNT are
found to be larger than that of the pristine BNNS and
BNNT. This supports that the doping of C, Si, and Ge
atom on BNNS and BNNT affects in the electronic
properties of the pristine BNNS and BNNT after
adsorption.

4. Conclusions

The adsorption of NO2 molecule adsorbed
on the pristine and C—, Si—, and Ge—doped BNNSs and
BNNTSs at B or N sites were investigated using the
DFT method. The binding energies of doped—-BBNSs
and BNNTs are found in the range of —103.50 to
—332.63 and —118.67 to —320.44 kcal/mol, respectively.
The binding energies reveal that the C atom doping
exhibits the strongest binding ability with BNNS and
BNNT. The AT doped—BNNSs and BNNTs display
higher adsorption strength to NO2 molecule than the
pristine BNNS and BNNT. The significant increase in
adsorption energy and charge transfer is probable to
induce significant changes in the electrical
conductivity of the AT doped—BNNS and BNNT.
Therefore, C—, Si—, and Ge-doped BNNS and BNNT
cab be used as advancing material for reliable and
efficient NO2 storage and sensing.
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