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The sensing and diameter-dependent properties of armchair Boron Nitride nanotubes (BNNTSs) were scrutinized
based on density functional theory (DFT) to find out their electronic structure and carbon monoxide (CO) sensing
capability. Our results show that diameter increase causes a rise in the binding energy of BNNT, from 6.44 eV to
6.62 eV. An increasing trend of adsorption energies in the range of -3.25 and -3.47 kcal/mol indicates that
BNNTs act weak physical adsorption upon CO verified by the analysis of the Electron localization function (ELF),
however, more increase in the diameter could enhance the sensing capability of BNNT. The energy gap of the
biggest BNNT is calculated as 6.20 eV wide, i.e., about 0.12 eV smaller than the smallest one which is compatible
with available experimental results. The reactivity properties such as the adiabatic and vertical ionization po-
tentials (IPs), chemical hardness, and electrophilicity index of BNNTs were also analyzed. The BNNTs exhibit
strong absorption peaks ~7.08 eV which can be a promising candidate for the UV light-emitting devices. The

results herein reveal that BNNTs with bigger diameters can be useful for gas sensor applications.

1. Introduction

Carbon nanotubes (CNTs) have widely been used in the recent years
due to their easy synthesis in a laboratory with high quality, however,
some obstacles such as the non-ideal structure bringing about relatively
high resistivity, the large number of thermal defects and chirality-
dependent electronic characteristics, make them difficult to be applied
in semiconductor devices. To make up for these difficulties, recently,
inorganic nanotubes including B, N, Al, Si, Ga, and Ge atoms have been
proposed in both experimental and theoretical studies. Among them,
boron nitride nanotubes (BNNTs) have been a novel class of materials
that have offered outstanding and have unique features for industrial,
technical, electronic, and scientific applications in the past decades.
BNNTs, as a type ofone-dimensional (1D) nanomaterials such as CNTs,
have earned a strong reputation in various fields of electronic and op-
toelectronic devices [1-3] in view of their intriguing chemical, physical,
and mechanical properties [4-6]. BNNTs are composed of B and N atoms
with a bandgap of 6 eV which arises from the high electronegativity of a
nitrogen atom. B and N atoms in a honeycomb lattice are covalently
bonded to each other and are an insulator regardless of the helicity,
nanotube wall numbers and diameters [7,8], while CNTs are
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semimetallic and semiconducting material. However, according to
Zhang and co-workers [9], the energy gaps of small BNNTs with di-
ameters below 4 A are dependent on the chirality and diameters as
indicated by quantum mechanical calculations. They found that the
BNNTs have desirable orbital energies and demonstrate strange distri-
bution of nearly free electron states owing to strong orbital hybridiza-
tion effect. The conflict in electronic properties of BNNTs is related to
the polarity in B—N bond resulting from the difference in electronega-
tivity of B and N [10], thus the bonding electrons of BNNT are mainly
accumulated around N atoms with an asymmetric charge distribution.
Herein, the peculiar electronic structure ensures them to be a good
candidate for applications in electronic, optical, and optoelectronic de-
vices. However, the wide bandgap restricts the field of applications of
BNNTs, therefore, from the technological point of view, it should be
pointed out finding methods for tuning the bandgap of BNNTs and the
claim of tailoring the electronic energy gap of these BNNTs is of great
interest. Moreover, doping the BNNTs with dopants is a method to
reduce its band gap, so that BNNTSs can be used as quantum wires. Much
research has been undertaken in this regard to research the influence of
doping and impurities on the electronic properties of BNNTs. Zhao and
coworkers [11] and Zhukovskii et al. [12] have studied carbon-doped
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Fig. 1. Side and top views of optimized BNNT models with different diameters.

BNNTs and Oxygen dopant BNNTSs, respectively. Bandgap reduction
bringing about changes in the electronic properties of BNNTs are re-
ported in some studies [13-15]. BNNTs as gas sensors, on the other
hand, have been attracted in many studies. In this context, CO, NO,,
HCN, Hj, O3, and HCHO upon BNNTs have been carried out to get
insight into the sensing capability of BNNTSs [16-28]. The main scope of
these studies mentioned above is related to one BNNT model or Si, Ni,
Pd, Pt, Ge-doped BNNTs. When it comes to CO upon BNNT interactions,
zigzag (6,0) and armchair (3,3) [20], Ge-doped (8, 0) [21] and pristine
(5,0) BNNTs [28] have been examined based on quantum mechanical
calculations.

In this study, we conduct a comprehensive study, for the first time, to
predict the diameter-dependent electronic structure of BNNTs and CO
upon BNNTs with different diameters in detail. The studied stable
BNNTs indicate their structural and electronic properties depending on
diameter with the same chirality and exhibit unique electronic structure
like their large-insulated family members. The binding energy, the
Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Mo-
lecular Orbital (LUMO), HOMO-LUMO energy gap, density of states
(DOS), adiabatic ionization potential and vertical ionization potential,
chemical hardness, electrophilicity index are reported. Using time-
dependent density functional theory (TD-DFT) calculations, absor-
bance spectra of BNNTs with different diameters as a function of
wavelength are also studied and predicted values compared with
available experimental and theoretical results.

2. Computational details

In this study, we focus on armchair BNNTs including 3 x 3x3,
4 x 4x3, 5x5x3, 6x6x3, 7x7x3, 8x8x3, 9x9x3 and
10 x 10 x 3 type BNNT, in whose cell there are 48 (B1gN1gH12), 64 (B24
No4Hie), 80 (B3p N3oHzp), 96 (B3eN3gHz4), 112 (BsoNgoHog), 128
(B43N43H32), 144 (B54N54H36) and 160 (B60N60H40) atoms or BNNTs
with various diameters, respectively. Both ends of the BNNTs were
capped with hydrogen atoms to saturate dangling bonds due to fragment
stabilization effect in the system [29]. All of the BNNTs have been
optimized at the B3LYP/6-311G(d,p) level [30] by Gaussian09 [31]
program based on the addition of an empirical dispersion term of
Grimme’s three-parameter [32] and Density Functional Theory (DFT).
The same level of theory was also used for the vibrational frequency
analysis.

The binding energy per atom (E) are calculated as following: E, =
[i x (E(B) + E(N)) +j x E(H) — E(BNNT)]/(2i+ j). The adiabatic ioni-
zation potential (AIP) and vertical ionization potential (VIP) were
calculated using the following expression: [AIP/VIP = Ecaton _ preutral]
AIP is the energy difference between cationic and neutral clusters at
their respective equilibrium geometries. VIP is the energy difference
between the ground state of neutral and cationic clusters, optimized by
the geometry of the neutral clusters. DOS plots were obtained by uti-
lizing GaussSum program [33] in order to evaluate the changes in the
HOMO and LUMO levels of BNNT s. Moreover, using Koopman theorem
[34] by I = -Egomo and A = -Epymo, chemical hardness (1), electro-
philicity index (#) and maximum amount of electronic charge index (A
Niot) were derived for all BNNTs from the following expressions: 7 =
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Table 1

Structural, stability and binding properties of BNNTs. (Symm is point group
symmetry, Er (Hartree) is total energy, f (em™Y) is the lowest vibrational fre-
quency of BNNTs, Ej, (eV) is binding energy, and E,q4s (kcal/mol) is adsorption
energy between BNNTs and CO molecule).

Models Symm Er f Ep Eads
3 x 3x3 Se —1442.2075 110.889 6.44 28.78
4 x 4x3 Sg —1923.1404 66.746 6.52 -3.25
5 x 5x3 S10 —2404.0412 45.919 6.56 —-3.26
6 x 6x3 S12 —2884.9260 32.799 6.58 -3.14
7 x 7x3 Cy —3365.8014 24.627 6.60 -3.39
8 x 8x3 Cg —3846.6706 19.251 6.61 -3.21
9 x 9x3 Co —4327.5354 15.110 6.61 —3.44
10 x 10 x 3 Cio —4808.3970 12.046 6.62 -3.47
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Fig. 2. The adsorption energy (Eq4;) between BNNTs and CO.
(-A)/2, w = y?/2y and ANy = -u/n.

The adsorption energy (Eqqgs) of the CO upon the surface of BNNTs
can be calculated as follows:

BNNT:
Eups = E( o S) — E(BNNTs) — E(CO)

In addition, TD-DFT calculations have been carried out to evaluate
ultraviolet-visible (UV-Vis) absorption spectra. For this part, we have
used the CAM-B3LYP [35] functional because B3LYP functional un-
derestimates exited state energies [36].

3. Results and discussion

The optimized structures of the armchair BNNTs including 3 x 3x3,
4 x4x3, 5x5%x3, 6x6x3, 7x7x3, 8x8x3, 9x9x3 and
10 x 10 x 3 BNNTs with various diameters from the side and top views
are presented in Fig. 1. Structural parameters consisting of point group
symmetry, energy, the lowest frequency, and the predicted value of
energy gaps are listed in Table 1. As can be seen, the total energy (in
Hartree) decreases with further increasing BNNT diameter. Frequency
calculations were carried out for all structures and lower frequencies
were obtained which affirms that all of them were minimum energy
structures.

There are many physical properties based on symmetry such as se-
lection rules, conducting properties, quantum numbers, etc. Further-
more, the symmetry of the BNNTSs is useful for simplifying calculations.
In this perspective, our results show that armchair BNNTs belong to
different rod-group families, in agreement with [37] the point group
symmetries of all BNNTs are calculated in Table 1 and it is seen that for
3 X 3%x3,4 x 4x3,5 x 5x3, 6 x 6x3 BNNTs the point symmetries are
Se, Ss, S10 and Sia, respectively. For other BNNTs, 7 x 7x3, 8 x 8x3,
9 x 9x3 and 10 x 10 x 3, point groups are Cy, Cg, Cg and Cjo.
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Fig. 3. The optimized geometry of side (up) and top (down) views and
adsorption energy (Eqqs) between 10 x 10 x 3 BNNT and CO molecule.
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Fig. 4. The binding energy per atom (Ep) of BNNTSs.

Fig. 2 reports the calculated binding energy per atoms (E;) values as
a function of the BNNTs. The E, rises regularly as the diameter of BNNT
increases. This also indicates that the stability increases with an increase
in the BNNTs diameter. This trend is compatible with the Ej, of carbon
and aluminum nitride nanotubes [38,39]. In addition, the results
showed that armchair BNNTs with even index n are centrosymmetric
materials.

Fig. 3 shows the binding energies for the adsorption of CO on the
surface of BNNTs. The adsorption energy of CO on the surface of
3 x 3x3 BNNT was calculated to be 28.78 kcal/mol, indicating an un-
favorable adsorption process (see Table 1). However, the adsorption
energy for 4 x 4x3 BNNT drops sharply with increasing diameter.
Moreover, the adsorption behavior of CO on various diameters of BNNTs
showed a similar trend: the adsorption energies were found to be in the
range of -3.14 and -3.47 kcal/mol for CO adsorption on BNNT. This
result means that, after CO, the BNNT/CO complexes are more stable
with the negative adsorption energies. Comparing to the obtained trend
of adsorption energies, 10 x 10 x 3 (-3.47) > 9 x 9x3 (-3.44) >
7 x 7x3 (-3.39) > 5 x 5x3 (-3.26) > 4 x 4x3 (-3.25) > 8 x 8x3
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Fig. 5. The HOMO, LUMO and HOMO-LUMO energy gap (E;) of BNNTSs.

(-3.21) > 6 x 6x3 (-3.14) > 3 x 3x3 (28.78), it can be concluded that,
the 10 x 10 x 3 BNNT are more favorable than others, as sensing device
for CO (see Fig. 4). Overall, more increases in the diameter could
enhance the sensing capability of BNNT over CO.

In Fig. 5, the HOMO and LUMO energy levels and corresponding
energy gap versus BNNTs are plotted. This property is important for
chemical stability and chemical reactivity. It is perceived that the energy
gap is linked to the diameters of BNNTs. The parameters of these BNNTSs
show a decreasing trend with an increasing diameter of BNNT from
6.32 eV of 3 x 3x3 to 6.20 eV of 10 x 10 x 3. In other words, the en-
ergy gap shifts in the range of 6.32—6.20 eV going from the smallest to
the largest diameter of BNNTs.

The energy gap can be correlated with the conductivity of the studied
system. It is reported that the armchair BNNT have the energy gap be-
tween 5.0 and 6.2 eV independent of BNNT chirality [40,41] which
provides good electrical insulation. However, CNTs can be metal or
semiconductor. Table 2 presents the energy gap for various BNNTs.
Calculated values for the energy gap are in good agreement with
available theoretical and experimental results [42,43]. Introducing
various diameters of BNNTSs does not change the energy gap significantly
suggesting that the electronic properties of the BNNTs remain the same
upon further increase of diameters. The studies predicted that BNNTs
with diameters smaller than 2 A can exhibit semiconducting property
with the energy gap around 1 eV, while for larger BNNTs, the energy
gaps will be large. The predicted conclusions demonstrate that the
electronic structure of various BNNTs depends on the diameter of
BNNTs, which supplies useful guidance for the possible device appli-
cations of BNNT. Moreover, the change of the level of HOMO and LUMO
orbitals affects the energy gap directly and thus other physiochemical
properties such as chemical hardness or electrophilicity.

To better understand the band structure and electronic structure of
the BNNTs, the density of states (DOS) of the BNNTs were also exam-
ined. Fig. 6 displays the DOS of 3 x 3x3, 4 x 4x3,5 x 5x3, 6 x 6x3,
7 x 7x3, 8 x 8x3, 9 x 9x3 and 10 x 10 x 3 type BNNTs. The distri-
butions of the DOS of BTTNs with smaller diameters are slightly
different near the Fermi level, such as, for the BNNTs with diameter of
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432 A (3 x 3x3) and 8.65 A (6 x 6x3). However, the scenario is
different for larger BNNTS, i.e., for larger BNNTs with larger diameters
DOS distribution is not the same as smaller ones near Fermi level. The
analysis of the DOS demonstrated that the changes in the diameter of
BNNTs have a clear influence on the DOS distribution near the Fermi
level of the BNNTs. The band gaps become narrower as the diameter
increases. It is evident that the diameter augmentation decreases the
energy gap of armchair BNNT. Besides, there is available state, which is
no localization within the energy gap, as it is seen in Fig. 6, representing
insulator attitude of BNNT linked to wide-gap considerations, as
expected.

All studied BNNTSs show a strong insulator characteristic. Herein, the
predictions in this study can provide useful information for the appli-
cation of BNNTs on chemical properties such as catalysis reactivity,
stability, and adsorption [44,45] and physical properties like conduc-
tivity, semiconductor, and superconductivity [46,47].

Adiabatic and vertical ionization potentials (IPs) were examined for
eight armchair BNNTs with diameters ranging from 4.32 to 14.23 A. The
DFT results are presented in Fig. 7. and Table 2. As mentioned above, the
adiabatic IP is described as the minimum amount of energy required to
remove an electron from a neutral molecule. In Fig. 7, the first obser-
vation to be made is that both adiabatic and vertical IPs have started
from either energy. In addition, both adiabatic and vertical IPs, as well
as the energy gap, present a regular decrease in increasing the BNNT
diameter. The curves of adiabatic and vertical IPs do not display
straight-line behavior. For small diameter BNNTSs, the mentioned values
are larger than the larger ones. As it is clear in Fig. 7, the 3 x 3x3 BNNT
possesses the maximum value, then it decreases slightly. Its reduction
trend is the same for other large diameter BNNTs, as well. Furthermore,
vertical IP values of 3 x 3x3 and 4 x 4x3 BNNTs are higher than other
BNNTs and thus a removal electron is relatively difficult for these
BNNTs.

In the literature, there are no available theoretical or experimental
studies on adiabatic and vertical IPs of BNNTs for comparison, while
results are consistent with previous theoretical calculations and exper-
imental studies for CNTs [48].

Fig. 8 depicts the chemical hardness () and maximum amount of
electronic charge index (AN, ) of BNNTs. The calculated # and AN, are
presented in Table 2. The 7 is not resistant to mechanical deformation,
that is, it is defined as the resistance to alter in the electron numbers in
the system, deformation of the electron in molecules, or change in the
one-electron density function [49]. According to Ref. [50], the 7 is just
half the energy gap as defined in computational part. Therefore, it can be
expressed that large energy gap corresponds a hard system and small
one is soft. As it is obvious from the calculation results which are sum-
marized in Fig. 8, the obtained positive values imply that free electron
transfer to the BNNT is desirable for all BNNTs. The value of 5 for
3 x 3x3 BNNT is higher than those of other BNNTs and thus higher
resistance to charge transfer. Herein, the charge transfer values (in units
of e) between BNNT and CO from 3 x 3x3 to 10 x 10 x 3 type BNNTs
are found to be -0.37, 0.32, 0.26, 0.19, 0.24, 0.14, 0.23 and 0.23,
respectively. It is obvious that the n remarkably decreases for larger
BNNTs and a similar decreasing trend is seen for 5 x 5x3 and 6 x 6x3
BNNTs, while the 7 is identical for 7 x 7x3 and larger BNNTs. It should

Table 2

The electronic properties and reactivity parameters (in eV) of BNNTs.
Models HOMO LUMO Eg AIP VIP n ® ANyor
3 x 3x3 —6.63 —0.31 6.32 7.86 7.94 3.16 0.00 0.05
4 x 4x3 —6.59 -0.37 6.22 7.71 7.77 3.11 0.01 0.06
5 x 5x3 —6.60 —0.39 6.22 7.62 7.66 3.11 0.01 0.06
6 x 6x3 —6.61 -0.39 6.23 7.55 7.58 3.11 0.01 0.06
7 X 7x3 —6.62 -0.39 6.23 7.49 7.51 3.12 0.01 0.06
8 x 8x3 —6.62 —0.38 6.24 7.43 7.45 3.12 0.01 0.06
9 x 9x3 —6.63 —0.38 6.25 7.38 7.40 3.12 0.01 0.06
10 x 10 x 3 —6.60 —0.40 6.20 7.34 7.36 3.10 0.01 0.06
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Fig. 6. The density of states (DOS) of BNNTs.

be mentioned that higher 5 values eventuate in the harder structure, thus
the smaller electron affinity as well as larger ionization potential and
large energy gap. The maximum amount of electronic charge index
(AN,,) is a measure of the electron accepting ability of the system. From
the results of Fig. 8, it can be perceived that the diameter rise of the
BNNTs is associated with an increase in the ANy,. A similar trend has
been achieved for carbon and aluminum nitride nanotubes with
different diameters in the literature [38,39].

Absorbance spectra of BNNTs with different diameters as a function
of wavelength were demonstrated in Fig. 9. The BNNTs exhibit strong
absorption peaks ~7.08 eV corresponds to the far-ultraviolet (UV) re-
gion. The other band at ~6.52 eV is due to the intrinsic dark exciton
absorption. The predicted optical band gap (~7.08 eV) is larger than an
experimental value (~5.9 eV) [51]. The one reason of this difference

probably results from quantum confinement effects [52,53] because the
diameter of experimental BNNTs is in the range of 10-100 nm, but we
have carried out only up to ~14 nm. The other reason is that the mea-
surement was performed in a solvent environment which gives rise to a
shift in the wavelength when compared to the gas environment [54].
To understand the nature of bonding behavior between the BNNTs
and CO, we have performed a topological analysis of the electron
localization function (ELF) using the Multiwfn program [55]. Fig. 10
shows the ELF for adsorption behavior of 3 x 3x3, 5 x 5x3, 8 x 8x3
and 10 x 10 x 3 BNNTs upon CO. ELF value of the bond between CO
and 3 x 3x3 BNNT is slightly more than these of 5 x 5x3, 8 x 8x3 and
10 x 10 x 3 BNNTs. However, the ELF values demonstrate notable
changes by increasing the radius of BNNTs when compared with the
3 x 3x3 BNNT. The blue regions exist between CO and BNNT, which
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means that there is no chemical interaction between BNNT and CO. This
indicates that CO is physically adsorbed on BNNTs (except 3 x 3x3
BNNT) by the weak van der Waals (vdW) interaction, which provides
good desorption efficiency for gas molecule and re-use of a biosensor.

4. Conclusion
In summary, the diameter-dependent electronic structure of BNNTs

and CO-BNNTs interactions with different diameters have been inves-
tigated based on DFT calculations. Firstly, the HOMO, LUMO, HOMO-

LUMO energy gap, binding energy, DOS, adiabatic and vertical ioniza-
tion potentials, chemical hardness, and electrophilicity index are studied
to get a better insight into the role of the diameter of BNNTs. Our results
reveal that an increment in the diameter of BNNTSs causes a rise in the
binding energy from 6.44 eV to 6.62 eV. The gap energy gap of BNNT
with the biggest diameter is calculated as 6.20 eV wide, i.e., about
0.12 eV smaller than the smallest one. Secondly, the adsorption energy
of CO upon BNNTs was examined. A considerable increase in the
diameter of BNNTs could enhance the sensing capability of BNNT over
CO. Finally, we have performed the TD-DFT method to study the
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Fig. 10. Electron localization function (ELF) for optimized structures of CO molecule upon the surface of (a) 3 x 3x3 (b) 5 x 5x3 (¢) 8 x 8x3 and (d)

10 x 10 x 3 BNNTs.

absorption spectra. The BNNTs exhibit strong absorption peaks of
~7.08 eV which can be hopeful for the UV light-emitting devices. In
addition, ELF analyses indicate that BNNTs can be a potential tool for
detecting CO. We expect that the obtained results in this study provide
useful information diameter-dependent and the sensing capability of
BNNTs with different diameters for gas sensor devices.
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