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a  b  s  t  r  a  c  t

Electronic  response  of  pristine  and  topologically  defected  boron  nitride  nano-sheets  (h-BN)  toward  nitro-
gen monoxide  (NO)  molecule  was  investigated  using  density  functional  theory  calculations.  It was  found
that  NO  is  weakly  adsorbed  on  the  pristine  sheet,  releasing  an  energy  of  4.0  kcal/mol,  and  the  conduc-
tance  and  gap  of  the sheet  are  slightly  changed.  Although  both  Stone-Wales  and  mono-vacancy  defects
make  the sheet  more  reactive  toward  NO,  mono-vacancy  defect  seems  to be an  inappropriate  strategy
to manufacture  NO chemical  sensors  due  to the  longer  recovery  time.  Our  calculations  show  that  the
HOMO/LUMO  gap  of  the  pristine  and  Stone-Wales  defected  h-BN  sheet  are  significantly  decreased  about
42%  and  35%,  respectively,  upon  NO  adsorption  which  may  increase  the electrical  conductance  of  the
sheet  and  it  might  be  potentially  used  in  NO sensors.

©  2014  Published  by  Elsevier  B.V.

1. Introduction

Since being first discovered in experiments in 2004 [1],
graphene and graphene-like materials have been under investi-
gation theoretically and experimentally because of their novel
physical and chemical properties [2–4]. Boron nitride (BN) is a
wide band gap ceramic with remarkable properties. It forms nano-
tubes just as carbon, and the synthesis and characterization of BN
nanotubes have spawned a great interest in past few years [5,6].
Recently, several groups have reported the experimental prepa-
ration of hexagonal graphitic boron nitride (h-BN) single layers
[7,8]. h-BN formation is reported to be energetically favorable, and
these structures are mechanically and chemically as robust as their
carbon counterparts while they exhibit better thermal conductiv-
ity [9]. In passing one notes that the successful synthesis of h-BN
consistent with theoretical predictions [10] along with other first
principle calculations on similar structures [11] reveals the impor-
tance of computational chemistry in this field.

The adsorption of chemical species affects the electrical proper-
ties of graphene and graphene-like materials and is of fundamental
interest and importance in development of potential electronic
sensors. The charge transfer between graphene and adsorbates
can increase or decrease the carrier density in semiconducting
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graphenes and significantly affect its electrical conductance. Based
on these observations, the application of graphenes as promising
gas sensors has been suggested by several research groups [12,13].
However, several pristine graphenes are not usually able to adsorb
the target molecules and cannot be used for detection of several
toxic gaseous molecules. Therefore, considerable experimental and
theoretical works have been focused on improvement of sensing
performance of the pristine graphenes towards various desired
molecules through doping or defect [14,15]. Schedin et al. [14]
found that graphene is highly sensitive toward NO2, NH3, CO, and
H2O, especially for NO2. Unfortunately, h-BN sheet has remained
much less explored in comparison with graphene which may  be
due to the fact that the well defined synthesis of BN nanostructures
is a more challenging task with respect to the case of carbon coun-
terparts. However, some theoretical studies have scrutinized the
ability of h-BN sheet to adsorb molecules such as CO [16], formalde-
hyde [17], and para-nitrophenol [18], which implies that h-BN sheet
can be used as a proper gas sensor.

Nitrogen monoxide (NO) is one of the most dangerous gases in
human daily life and is extremely toxic because of being colorless
and odorless. Hence, there is an increasing demand to find fast and
simple NO monitoring methods which have stimulated research
activities in sensor technology field [19–21]. In this work, the
adsorption of NO molecule on pristine and defected h-BN sheets
is investigated using density functional theory (DFT) calculations.
There has been focused mainly on configurations corresponding
to the located minima of the NO, adsorption energies, and the
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Table  1
Calculated adsorption energy (Ead in kcal/mol), HOMO energies (EHOMO), LUMO ener-
gies  (ELUMO), HOMO–LUMO energy gap (Eg) of pristine systems in eV.

b�Eg(%) Eg ELUMO EHOMO
aQT (e) Ead System

– 5.93 −0.35 −6.28 – – h-BN
−42 3.44 −2.35 −5.79 0.070 −3.2 (A) NO/h-BN
−42  3.41 −2.37 −5.78 0.029 −4.0 (B) NO/h-BN

a QT is defined as the total NBO charge on the NO molecule.
b The change of HOMO–LUMO gap of pristine sheet after adsorption.

electronic property changes of the sheet caused by the presence of
adsorbate.

2. Computational methods

A BN sheet consisting 36 B and 36 N atoms was  considered, its
end atoms were saturated by hydrogen atoms to avoid the bound-
ary effects. All calculations were performed using B3LYP functional
augmented with an empirical dispersion term (B3LYP-D) with 6-
31G (d) basis set as implemented in the GAMESS suite of program
[22]. GaussSum program [23] has been used to obtain the den-
sity of states (DOS) results. The B3LYP density functional has been
previously shown to reproduce experimental proprieties and has
been commonly used for nanostructures [24–27]. Also, it has been
demonstrated by Tomic et al. that the B3LYP provides an efficient
and robust basis for calculations of III–V semiconductors [28], capa-
ble of reliable prediction of both the ground state energies and the
electronic structure. In a defected h-BN systems in the presence
and absence of an NO molecule, the spin unrestricted calculations
were performed. Vibrational frequencies were also calculated at
the same level to confirm that all the stationary points correspond
to true minima on the potential energy surface. All frequency cal-
culations were performed using numerical second derivatives and
verified that all structures are true minima using frequency analysis
and obtained all positive Hessian eigenvalues. Gaussview program
was applied to get visual animation and also the verification of the
normal modes assignment. The adsorption energy (Ead) of a NO
molecule on the h-BN is obtained using the following equation:

(1)Ead = E(h − BN/NO) − E(h − BN) − E(NO)where E (h-BN/NO) is
the energy of h-BN/NO complex and, E (NO) and E (h-BN) are
referred to the energies of an isolated NO molecule and the h-BN,
respectively. The negative value of Ead indicates the exothermic
character of the adsorption.

3. Results and discussion

3.1. NO adsorption on pristine BN sheet

The optimized structure, geometry parameters, and density of
states (DOS) plot of the h-BN are shown in Fig. 1, in which B–N bond
length is 1.45 Å, in good accordance with experimental and previ-
ous theoretical results [29,8]. The charge analysis using the natural
bond orbital (NBO) analysis indicates that about 0.51 e charges are
transferred from the B atom to its adjacent N atom within the sheet,
indicating partially ionic character of the B–N bonds in the sheet.
For adsorption of single NO on h-BN, different possible adsorp-
tion configurations are considered, including O or N atom of NO
molecule close to either B or N site of BN sheet. Several other con-
figurations with the NO molecule located parallel to the hexagonal
plane and N–O bond perpendicular to the center of the ring or
B–N bond were also tested. After full relax optimization, two  stable
(local minima) NO/h-BN complexes were found, as shown in Fig. 2,
denoted by A and B. More detailed information including values of
Ead, electronic properties and the charge transfers (QT) are listed
in Table 1. In the A configuration, NO molecule was located atop

of B site from its oxygen head with bond length of 2.88 Å and cor-
responding calculated Ead value is about −3.2 kcal/mol. The most
stable configuration is B, in which N atom of NO is close to a B atom
of the sheet by a distance of 2.73 Å with Ead of −4.0 kcal/mol. Here, it
should be noted that stretching mode of N–O  bond in the adsorbed
NO occurs at slight lower frequency of 1947 cm−1 compared to
that of the free molecule (1991 cm−1), confirming weakness of
the interaction. These data indicate that the NO molecule under-
goes physical adsorption on the pristine sheet due to weak van der
Waals interaction between the h-BN and NO.  Moreover, it is obvious
from Table 1 that the calculated deformation energies are nearly
zero, which indicate that h-BN undergoes no distortion while NO
molecule approaches it.

In the following, the effect of NO adsorption on electronic prop-
erties of the sheet has been studied. As shown by the calculated DOS
and the energy gaps (Eg) between the highest occupied molecular
orbitals (HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) in Fig. 1 and Table 1, the pristine h-BN is found to be a
semiconductor with a wide band gap of 5.93 eV. It should be noted
that herein, the Eg also stands for SOMO (singly occupied molecu-
lar orbital)/LUMO energy gaps in open shell systems. According to
Fig. 2, it can be seen that the NO/h-BN complexes attain Eg value
of 3.44–3.41 eV. It is well known that the Eg (or band gap in bulk
materials) is a major factor determining the electrical conductivity
of a material and there is a classic relation between them as follows
[30]

� ∝ exp
(−Eg

2kT

)
(2)

where � is the electrical conductivity and k is the Boltzmann’s
constant. According to the equation (2), a smaller Eg at a given tem-
perature leads to a larger electrical conductivity. For example, in the
configuration B (as the most stable one), the DOS almost remains
constant near the conduction level and valence level has a distinct
change compared to that of the pristine h-BN and the Eg decreases
from 5.93 to 3.41 eV upon the adsorption of NO molecule. The con-
siderable change about 42% in the Eg value demonstrates the high
electronic response of the pristine h-BN toward the NO molecule.
Therefore, the presences of the NO molecules may be monitored
by calculating the conductivity change of h-BN before and after the
adsorption process.

Recently, some theoretical researchers have focused on design
of gas sensor based on the relationship of Eg and with conductivity
of adsorbate. For example, Peyghan and coworkers [31] have theo-
retically investigated the detection of phosgene by BN nanotubes.
They have shown that band gap of pristine BNNT is insensitive
toward phosgene, but band gap of nanotube was dramatically
affected by phosgene molecule when a scandium atom was doped
on nanotube. In another work, Bahrami et al. [32] have shown that
Eg of Ga- Al- and F- doped B80 fullerene were changed in the pres-
ence of NH3 molecule. As a result, Eq. (2) is a promising index for
prediction of sensing behavior of nanostructured system toward
specific gas molecules.

3.2. NO adsorption on SW-defected BN sheet

The typical topological defect in the nanostructures is SW
defect which consists of two pairs of five-membered and seven-
membered rings. Qin et al. conducted DFT  investigations of
formaldehyde adsorption on graphene with SW defects. It was
found that the graphene with SW defect is more sensitive than that
of perfect grapheme toward detecting formaldehyde molecules.
The SW defect is created by rotating a B–N bond 90◦ and the relaxed
geometry of h-BN with SW defect (SW-h-BN) as shown in Fig. 1. A
main change in the atomic structure is that the B–N bonds belonged
to the defect are compressed and stretched. Especially, the rotated
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