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We investigated the electronic sensitivity of a BC2N nanotube to a HF molecule by density functional cal-
culations at B3LYP (augmented with an empirical dispersion term) level of theory. It was found that the
HF molecule prefers to be weakly adsorbed on the tube with the adsorption energy of 23.1 kcal/mol and
without significant effect on its electronic properties. Al and Si dopings into the wall of the tube increase
the reactivity of the tube toward the HF molecule, so that calculated adsorption energies are about 92.8
and 73.0 kcal/mol, respectively. Contrary to the Al doping, the Si doping significantly enhances the elec-
tronic sensitivity of the tube to the HF molecule. We believe that Si-doped BC2N nanotube can convert the
presence of HF molecules to an electrical signal which will be useful in the detection process.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Carbon exists in several forms in nature and one of the carbon
allotropes is carbon nanotubes (CNTs) with cylindrical form that
discovered in 1991 by Iijima [1]. CNTs have novel properties, mak-
ing them potentially useful in many applications in nanotechnol-
ogy, nanoelectronics, optics, and other fields of materials science
[2,3]. Nanotube-based electronic devices, such as diodes, transis-
tors, or field emitters, rely on modifications of the electronic prop-
erties of CNTs caused by mechanical deformations, doping or
topological defects. Substituting CNTs with other elements like B,
N can tune their electronic properties efficiently and lead to novel
applications [4]. The BC2N stoichiometry is believed to be one of
the most stable forms of the ternary BCN layers and nanotubes
[5]. Bariele et al. have investigated theoretically stability and
hydrogen adsorption properties of BC2NNT [6,7]. Considerable
experimental and theoretical efforts have been devoted to the syn-
thesis of BC2NNTs, and they have been successfully obtained by
electrical pyrolysis, laser ablation, hot-filament chemical vapor
deposition, and the template route [8–11].

Nowadays, it is essential to be able to quickly analyze and con-
trol the surrounding atmosphere in order to prevent the possible
risks of pollution. With this in mind, many groups decided to work
on the development of gas sensors for measuring toxic chemical
compounds. Nanotubes exhibit potential applications in this field
because of their unique properties such as high surface to volume
ratio. Basically, it is expected that the adsorption of gas molecules
on the sensors is stable and conductivity changes should be obser-
vable. However, most of gases are found physisorbed on suspended
intrinsic nanotubes [12–14]. On the contrary, the dopants and de-
fects in nanotubes can strongly enhance the adsorption of mole-
cules [15,16], indicating that doped atoms and defects play
important roles in their applications. Peyghan et al. [17] have
investigated adsorption mechanisms of hydrogen cyanide on mod-
ified BC2NNT, including aluminum doping and double anti-site de-
fect using density functional theory (DFT). It was found that the
BC2NNT with double anti-site defect is more sensitive than perfect
tube for detecting hydrogen cyanide.

In the present work, within the DFT framework, the interaction
of hydrogen fluoride (HF) with BC2NNTs will be investigated based
on analyses of structure, energies, electronic properties, etc.
Among the dangerous chemical compounds for both human and
the environment, one can distinguish HF. HF is involved in a very
specific chemical process and it can be released in the atmosphere
[18]. In this case, it is essential to be able to quickly analyze this
molecule in order to prevent the possible risks of pollution. It is
also a degradation product from fire suppression systems that
use Halon 1301 (bromotrifluoromethane) and Halon 1211 (bromo-
chlorodifluoromethane) as fire suppression agents [18]. We are
interested in whether there is a possibility of BC2NNTs serving as
a chemical sensor to HF molecule, and if not, can we find a method
to improve the sensitivity of BC2NNTs to HF?
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2. Computational methods

We selected a (8,0) BC2NNT consisted of 32 B, 32 N and 64 C
atoms, in which the end atoms have been saturated with hydrogen
atoms to reduce the boundary effects. Geometry optimizations, en-
ergy calculations, natural bond analysis (NBO) and density of states
(DOS) analysis have been performed on BC2NNT and different HF/
BC2NNT complexes using B3LYP functional augmented with an
empirical dispersion term (B3LYP-D) with 6-31G (d) basis set as
implemented in GAMESS suite of program [19]. GaussSum pro-
gram has been used to obtain the DOS results [20]. The B3LYP
has been demonstrated to be a reliable and commonly used func-
tional in the study of different nanostructures [21–25]. We have
defined the adsorption energy in the way as:

Ead ¼ E ðHFÞ þ E ðBC2NNTÞ � E ðHF=BC2NNTÞ þ EBSSE ð1Þ

where E (HF/BC2NNT) corresponds to the energy of the BC2NNT, in
which HF has been adsorbed on the surface, E (BC2NNT) is the en-
ergy of the isolated tube, E (HF) is the energy of a single HF mole-
cule, and EBSSE is the energy of the basis set superposition error
(Tables 1 and 2).

3. Results and discussion

3.1. Pristine BC2NNT

In Fig. 1a, we have shown the optimized structure of BC2NNT,
where four types of bonds, namely B–N, B–CI, N–CII and CI–CII,
can be identified, with corresponding lengths of 1.46, 1.52, 1.44
and 1.36 Å, respectively. CI is a carbon atom that is bonded to
two B atoms and one C atom, while CII is bonded to two N atoms
and one C atom. Buckling of B–N and C–C bonds was found in
the wall of the tube. After optimization, this buckling moves N
atoms slightly inward and B atoms outward of the nanotube sur-
face in the B–N bonds. On the other hand, for C–C bonds, the CI

atoms are relaxed outward, while the CII atom is relaxed inward
of the nanotube surface. Buckling of atoms from perfect cylindrical
model is a solution to minimize the total energy and strain energy.

In order to find the most stable site for HF adsorption on the
tube, the HF molecule was initially located on different sites; the
hydrogen or flour atom of HF was located on the top of a tube’s
Table 1
Calculated adsorption energy of a HF (Ead, kcal/mol), energy of basis set superposition error
energy gap (Eg) for pristine BC2NNT in eV.

System Ead EBSSE QT (e)a EHOMO

BC2NNT – – – �5.16
HF/BC2NNT 23.1 1.2 0.113 �5.11

a Q is defined as the average of total NBO charge on the molecule.
b The change of HOMO–LUMO gap of BC2NNT after HF adsorption.
c H–F bond distance for adsorbed molecule (the bond for isolated molecule is 0.93 Å)

Table 2
Calculated adsorption energy of HF (Ead, kcal/mol), energy of basis set superposition error
energy gap (Eg) for doped BC2NNT in eV.

System Ead EBSSE QT (e)a EHO

Al-BC2NNT – – �5.2
HF/Al-BC2NNT 92.8 3.3 �0.121 �5.1

Si-BC2NNT – – �5.2
HF/Si-BC2NNT 73.0 2.7 0.119 �3.8

a Q is defined as the average of total NBO charge on the molecule.
b The change of HOMO–LUMO gap of doped BC2NNT after HF adsorption.
c H–F bond distance for adsorbed molecule (the bond for isolated molecule is 0.93 Å)
atom, the center of different hexagonal ring of BC2NNT and also
the bridge site of B–N, B–CI, N–CII and CI–CII bonds. To ensure that
the most stable configuration is achieved, the initial distance be-
tween the molecule and the tube was adjusted several times from
1.0 to 3.0 Å. Without any constrain, full structural relaxation was
then performed on each initial configuration. However, only one
local minimum structure was obtained after the relaxation process
(Fig. 1b). In this configuration, HF molecule was located on the top
of B–CI bond, so that two new bonds, namely F–B and H–CI, with
lengths of 2.09 and 2.06 Å were formed, respectively. More de-
tailed information from the simulation of the HF/BC2NNT systems,
including values of Ead, electronic properties and the charge trans-
fer (QT) for these configurations is listed in Table 1. The calculated
molecular electrostatic plot of HF shows that the exothermic nat-
ure of this interaction (Ead = 23.1 kcal/mol) is because of the partial
negative charge on the F atom which makes it reactive toward the
Lewis acid sites of B atoms. Based on NBO charge analysis, a 0.113e
was transferred from the molecule to the nanotube. It is worth say-
ing that other initial configurations re-oriented to this stable
configuration.

To investigate the effect of adsorption process on the electronic
properties of pristine BC2NNT, the DOS plots were calculated for
the tube and HF/tube complex. As shown by the calculated DOS
and the energy gaps (Eg) between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) in Fig. 1a and Table 1, the pristine BC2NNT is found to be
a semiconductor with the Eg of 1.95 eV. By referring to Fig. 1b, both
conduction and valence levels slightly move to higher energies, so
that Eg of the tube slightly decreased to 1.92 eV for HF/BC2NNT
complex because of the charge transfer to the tube. This change
in electronic properties is negligible indicating that BC2NNT is still
a semiconductor after HF adsorption. Thus, we conjecture that the
electronic properties of pristine BC2NNT are insensitive to the HF
molecule.
3.2. Al-doped BC2NNT

To overcome the insensitivity of the BC2NNT to the HF, the
adsorbing B atom was replaced by an Al atom. By substituting
the B atom using the impurity of Al, the geometric structure of
the BC2NNT is dramatically distorted (Fig. 2a). In the optimized
(EBSSE, kcal/mol), HOMO energies (EHOMO), LUMO energies (ELUMO), and HOMO–LUMO

ELUMO Eg DEg (%)b DH-F (Å)c

�3.21 1.95 – –
�3.19 1.92 1.5 0.98

.

(EBSSE, kcal/mol), HOMO energies (EHOMO), LUMO energies (ELUMO), and HOMO-LUMO

MO ELUMO Eg DEg (%)b DH-F (Å)c

0 �3.25 1.95 – –
6 �2.45 1.71 12.3 1.23

2 �3.42 1.80 – –
3 �3.21 0.62 65.5 1.47

.



Fig. 1. Optimized structure (partial) of (a) BC2NNT, (b) HF/BC2NNT and their density of states (DOS). Distances are in Å.
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Al-doped BC2NNT, the Al atom impurity is projected out of the sur-
face to reduce the stress because of its larger size compared to the
B atom. The calculated bond lengths are 1.78 Å for the neighboring
Al–N bond in the doped tube which is much longer than the corre-
sponding B–C bonds in the pure tube. Also, the CI–Al–CI angle in
the doped tube is 109.2� which is smaller than CI–B–CI in the pure
one (117.1�), which NBO analysis suggests that it can be attributed
to the change of doped site hybridization from sp2 to nearly sp3.
Calculated DOS of Al-doped BC2NNT is shown in Fig. 2a, indicating
that its Eg value is 1.95 eV, which is similar to pristine tube.

Subsequently, we have explored HF adsorption on the Al-doped
tube by locating the molecule above the Al atom with different ini-
tial orientations including an F or H atom of the molecule which is
close to Al. After relax optimization of initial structures, only one
final stable structure was obtained which is shown in Fig. 2b. Dur-
ing the optimization, the HF reoriented in such a way that its F
atom has got closer to the Al site with Ead of 92.8 kcal/mol. Also,
the corresponding interaction distance between the Al atom of
doped tube and the HF is about 1.66 Å. Smaller bond length of
F. . .Al and larger Ead between the Al-doped BC2NNT and HF indicate
that the doping of Al in the BC2NNT can improve the reactivity of
the sheet toward the molecule. The HF binds to the exposed Al
atom which is electron-deficient and can receive electrons from
the lone pair orbital of flour. In Table 2, we have summarized the
results for Ead, charge transfer, and Eg for HF adsorption on the
Al-doped tube. DOS plot of the HF/Al-doped BC2NNT shows a
change, indicating that the electronic properties of the Al-doped
tube are sensitive to the HF adsorption compared to pristine tube.
By refereeing to Fig. 2b, the Eg value of the doped tube is decreased
from 1.95 to 1.71 eV in the adsorbed form.

Previously, Zhu et al. have shown that the Ead of HF adsorbed on
the graphene was dramatically increased from 2.3 to 11.3 kcal/mol
after Ti doping within the generalized-gradient approximation
functional with the Perdew–Burke–Ernzerhof correction [23]. They
found that Ti doping can also improve the sensitivity of graphene
toward HF, so that Eg of Ti-doped sheet decreases from 0.44 to
0.40 eV (by about 9.1% reduction). Although, based on our calcula-
tions, aluminum doping can improve the sensitivity of BC2NNT to
HF adsorption by about 12.3% change in Eg, we still think that it
is not a promising way for monitoring the trace concentration of
HF using BC2NNT.

3.3. Si-doped BC2NNT

Thus, in the next step, we studied the doping of BC2NNT with
other elements. Furthermore, the effects of substituting adsorbing
boron atom of the tube by a Si atom on the geometrical structure,
electronic properties of the tube, and also on the adsorption behav-
iors were investigated. Also, we have observed that the silicon
atom projects out of the sheet and creates local deformation be-
cause of larger covalent radius of silicon atom (1.11 Å) in compar-
ison with boron atom (0.90 Å). The deformation at silicon site
shows that both (Si–CI) bonds are of the same length (1.83 Å)
and Si–N bond (1.76 Å) is larger than B–CI and Bi–N bonds
(Fig. 3a). The bond angles between CI–Si–CI and CI–Si–N bonds
are 99.3� and 101.1�, respectively, which indicate the tetrahedral
structure of bonding that prefers sp3 hybridization. This structural
deformation results in a significant change in properties such as
Ead, Eg and charge transfer. Baierle et al. results have shown that
the Si impurity has lower formation energy for the BC2NNT as com-
pared with Si-doped CNTs and BNNTs [26].

Mulliken population analysis shows that silicon atom acquires
positive charge with the magnitude of 0.514e compared to
0.231e of boron atom in pristine BC2NNT. This reveals that the
charge is transferred from the silicon atom to the vicinal carbon
and nitrogen atoms. Thus, the dopant site (silicon atom) acts as
an affinity center for the adsorption of HF molecule. We have per-
formed calculations to predict the interaction of HF with Si-doped
tube and found the most stable configuration. As shown in Fig. 3b,
the molecule binds to the silicon and nitrogen atoms by forming



Fig. 2. Optimized structure (partial) of (a) Al-doped BC2NNT, (b) HF/Al-doped BC2NNT and their density of states (DOS). Distances are in Å.

Fig. 3. Optimized structure (partial) of (a) Si-doped BC2NNT, (b) HF/Si-doped BC2NNT and their density of states (DOS). Distances are in Å. The studied systems are open shell
with an unpaired electron. Red, green and blue curves designate alpha, beta and total DOS spectrums, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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two bonds of Si–F and N–H with lengths of 1.60 and 1.14 Å, respec-
tively, and corresponding Ead of 73.0 kcal/mol. The larger value of
Ead indicates that the interaction of HF molecule with Si-doped
BC2NNT is enhanced in comparison with the pure tube.

To better understand the effects of HF adsorption on electrical
conductivity, the DOS plots of Si-doped BC2NNT with and without
the adsorption is calculated. Calculated DOS of Si-doped tube is
shown in Fig. 3a, indicating that its Eg value is 1.80 eV compared
to the pristine BC2NNT. However, the Si-doping forms a donor-like
state, revealing that doping semiconducting BC2NNT with Si atom
will create n-type semiconductor, resulting in an increased con-
ductivity. It should be noted that an impurity peak appears at
�3.83 eV in DOS of HF/Si-doped tube, thereby reducing the Eg of
BC2NNT from 1.80 to 0.62 eV (Fig. 3b). Appearance of this peak
indicates that after adsorbing the HF molecule, the Si-doped tube
becomes more semiconductor-like, with a drop in the DOS near
the Fermi level, and thus a significant increase in conductance is
expected compared to the non-adsorbed sheet. The phenomenon
can be explained by the following relation [27]:

r / exp
�Eg

2kT

� �
: ð2Þ

where r is the conductance and k is the Boltzmann’s constant.
According to the equation, smaller Eg values lead to the higher con-
ductance at a given temperature. The considerable change of about
65.5% (Table 2) in the Eg value demonstrates the high sensitivity of
the electronic properties of Si-doped tube to the HF. By detecting
the conductivity change of the Si-doped BC2NNT system before
and after the adsorption of HF, the presence of this toxic molecule
can be detected sensitively and therefore could be potentially used
in HF sensors.

4. Conclusion

The adsorption of a HF molecule on the pure, Al- and Si-doped
BC2NNTs was investigated using DFT calculations. It is found that
HF molecule is adsorbed on the boron atom of pristine nanotube
from its F head with Ead of 23.1 kcal/mol. The electronic properties
of the pristine BC2NNT induce a very limited change after the
adsorption of HF molecule. However, the HF molecule shows
strong interactions with the Al- and Si-doped tubes. The larger
adsorption energies and charge transfers of HF on the modified
BC2NNTs are expected to induce significant changes in the electri-
cal conductivity of the tube, especially in the case of Si-doped one.
The results may help to seek appropriate chemical modification
methods to widen the application fields of the BC2NNT.
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