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Highlights


The healing of N-vacancy boron carbonitride nanosheet (NV-BC2NNS) and
nanotube (NV-BC2NNT) by NO molecule are obtained with very low barrier
energies.
It should be noted that the obtained energy barriers of both healing and oxidizing
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processes are significantly lower than those of graphene, carbon nanotubes or
boron nitride nanostructures.


At the end of the oxidation process, the pure BC2NNS or BC2NNT is obtained
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without any additional defects.

This study could be very helpful in both purifying the defective BC2NNS and
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BC2NNT while in the same effort removing toxic NO and CO gases.
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Abstract

In this study, the healing of N-vacancy boron carbonitride nanosheet (NV-BC2NNS) and nanotube (NV-BC2NNT) by
NO molecule is studied by means of density functional theory calculations. Two different N-vacancies are considered in each of
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these structures in which the vacancy site is surrounded by either three B-atoms (NB) or by two B- and one C-atom (NBC). By
means of the healed BC2NNS and BC2NNT as a support, the removal of two toxic gas molecules (NO and CO) are applicable. It
should be noted that the obtained energy barriers of both healing and oxidizing processes are significantly lower than those of
graphene, carbon nanotubes or boron nitride nanostructures. Also, at the end of the oxidation process, the pure BC2NNS or
BC2NNT is obtained without any additional defects. Therefore, by using this method, we can considerably purify the defective
BC2NNS/BC2NNT. Moreover, according to the thermochemistry calculations we can further conﬁrm that the healing process of

M

the NV-BC2NNS and NV-BC2NNT by NO are feasible at room temperature. So, we can claim that this study could be very
helpful in both purifying the defective BC2NNS/BC2NNT while in the same effort removing toxic NO and CO gases.
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Introduction
Carbon nanotubes (CNTs) continue to attract scientific interest thanks to their unique properties, reactivity
and potential applications in various areas, such as biosensors, molecular devices, and medicinal chemistry [1-3]. In
particular the tunable electronic properties of CNTs have led to a significant number of studies investigating their
application in nanoelectronic devices [4-7]. Contrary to CNTs whose electronic properties are strongly dependent on
their radii and chiralities [8, 9], boron nitride nanotubes (BNNTs) in contrast are semiconductors characterized by a
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wide band-gap of about 5.5 eV, almost independent of their diameter, chirality and morphology [9-12].
Motivated by these differences, ternary boron carbonitride materials (BCN) in different forms such as cubic,
layered and tubular shapes have also attracted increasing scientific interest due to their unique electronic properties
and are naturally considered as ideal candidates for various applications in nanotechnology [13-17]. These ternary
B‒C‒N materials are good semiconductors whose properties can be controlled by suitable changes in their
stoichiometry [18-20]. Moreover, they have high surface area and exhibit remarkable adsorption properties [21, 22].
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It is already acknowledged that, similar to graphite and hexagonal boron nitride (h-BN), hexagonal boron
carbonitride (BxCyNz) can form nanostructures, such as thin films [23, 24], composite sheets, nanofibers and
nanotubes [25-27]. In a theoretical study performed by Kan et al. [28] on BCN nanoribons, it was proposed that
these nanostructures can have semi-metallic properties. In homogeneously structured BxCyNz compounds in which
carbon atoms of graphite are partially substituted by boron and nitrogen atoms, the electronic behavior of pure C and
BN nanomaterials are appropriate for miniaturization of electronic devices, lightweight electrical conductors,
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transistors, light emission diodes, and lasers [29, 30].

Among the various ternary BCN systems, some of Cx(BN)y nanotubes and nanosheets such as BCxN (1 < x
< 5) [26, 31, 32], have been synthesized experimentally. It should be mentioned that the band gaps and other
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electronic properties of these new synthesized compounds are intermediate between those of pure carbon and BN
[26, 33]. Hexagonal BC2N is believed to be the most stable form of the ternary layers [34]. BC2N thin films have
been synthesized by means of chemical vapor deposition with BCl3 and CH3CN as the starting materials and the

PT

atomic arrangement and electronic structure of the monolayer structures have been studied extensively [35, 36]. It is
found that the stability and electronic properties of BC2N nanosheets (BC2NNSs) are intermediate between those of

CE

semi-metallic graphite and insulating BN sheets. Graphene-like BC2NNS is a semiconductor with an indirect band
gap [37, 38] and similar in structure to graphene [39]. This has attracted scientific interest for possible future
applications. For instance, in a theoretical study, Guo et al. [40] investigated the hydrogen storage properties of
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BC2NNSs. Hydrogen adsorption energies of up to 0.11 eV were found, which was found to be slightly dependent on
the adsorption site. It is noteworthy that although the binding energy of H 2 molecules on BC2N materials is slightly
higher than that on carbon nanomaterials, it is still lower than the desired adsorption energy of 0.2-0.4 eV [41, 42].
Moreover, metal decorated monolayer BC2N was demonstrated as a high-capacity hydrogen storage medium by
Wang et al. [43]. In particular, Li and Ca decorated BC2N were systematically investigated as metal decorated BC2N
and these materials were found to be feasible for hydrogen storage without metal clustering.
BCN nanotubes have been synthesized by various methods such as electrical arc discharge [44, 45],
pyrolysis [27], laser ablation [46] and more recently by laser vaporization [30]. These studies induced a large
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number of theoretical investigations [47-49]. According to the studies of Miyamoto et al. [50], BCN nanotubes can
be grown in three stable structures, known as type-I, type-II and type-III from which type-II should be the most
stable one. Their calculations also indicated that the type-II BC2N nanotube (BC2NNT) has a semiconductor
behavior with a band gap of about 1.6 eV. Similar to BCN nanosheets, it is expected that BC2NNTs have electronic
properties between BNNTs as a semiconductor material and CNTs whose properties depend on the tube’s chirality
and diameter [51]. BC2NNTs were first synthesized by Weng-Sieh et al. [52] in 1995 by means of an arc discharge.
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Subsequently, other studies have been carried out to investigate e.g. the optical and elastic properties of singlewalled BC2NNTs [53, 54]. For example, Pan et al. [55] studied the electronic properties of BC2NNTs theoretically.
They found that the strain energy of BC2NNTs shows a direct relationship with the diameter of the tube, but
independent of the chirality of the tube. Moreover, the adsorption of atomic and molecular hydrogen on BC2NNTs
depends on the ionic nature of the tube surface, which may be employed in energy storage applications or molecular
sensors. Wang et al. [56] investigated the structure, stability and electronic properties of ultra-thin BC2NNTs. They
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indicated that the stability of BC2NNTs is sensitive to both the number of B-N bonds and the relative ordering of the
CNT and BNNT segments. All (2,2) BC2NNTs were found to be semiconducting with tunable energy gap, whereas
(4,0) BC2NNTs can be either conducting or semiconducting depending on the configuration of the CNT and BNNT
segments. Also, Guo et al. [57] studied the structural and electronic properties of armchair Cx(BN)y nanotubes,
showing that such tubes have similar stabilities.

It is known that doping is an eﬃcient approach to enhance the optical, chemical, electronic, and magnetic
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properties of materials such as graphene [58-60], CNTs [61, 62], BNNSs [63, 64] or BNNTs [65, 66]. This can in
turn be used in gas storage, catalysts and sensing platforms. There are various investigations on decorated and doped
BC2N nanostructures [43, 67, 68]. For example Qiu et al. [69] studied the effects of Ca decoration of BC2NNS on
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hydrogen storage. They found that Ca decorated BC2NS have strong donation and back-donation of Ca with the
sheets, which is responsible for enhanced binding, thus eliminating the clustering problem. In another study, Rupp et
al. [70] studied the equilibrium geometry, energetic stability, and electronic properties of substitutional silicon

PT

impurities in the zigzag (5,0) and armchair (3,3) BC2NNTs based on spin polarized density functional theory. They
indicated that the Si impurities in BC2NNTs have lower formation energy compared to Si in carbon and boron

CE

nitride nanotubes.

In the present work, we employ density functional theory (DFT) calculations to investigate the healing of Nvacancy BC2NNS (NV-BC2NNS) and armchair (4,4) BC2NNT (NV-BC2NNT) by means of NO molecule.

AC

Moreover, the removal of extra atomic O from the healed BC2NNS and BC2NNT by another NO or CO molecule is
also investigated in detail. To the best of our knowledge, there are no previous reports on healing single vacancies in
defective BC2NNS and BC2NNT by using NO, which is the focus of this paper. These results have practical
implications for the development of novel BC2N based nanodevices acting as gas sensor or metal-free catalysts.

Method
All calculations were performed with DFT as implemented in the Gaussian 09 package [71]. Full geometry
optimization of all structures are performed at the M06-2X/6-31G* level of theory. The M06-2X density functional
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is a global hybrid meta-GGA functional, with 54% HF exchange, which is widely used for studying both covalent
and non-covalent interactions. In order to recognize that the optimized complexes correspond to a true local
minimum or not, all the relative frequency calculations were performed at the same level of theory. We selected a
BC2NNS consisting of 44 carbon, 11 boron and 11 nitrogen atoms and the armchair (4,4) BC2NNT containing 44
carbon, 22 boron and 22 nitrogen atoms. To avoid the unsaturated boundary effect, hydrogen atoms are added to both
ends of BC2NNT and to the edges of the BC2NNS. The adsorption energy (Eads) of the NO molecule over the NV-
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BC2N nanostructures is evaluated as follows:
Eads(NO) = ENO-sub – Esub – ENO

(1)

where ENO-sub, ESub and ENO are the total energies of the adsorbed NO molecule over NV-BC2NNS or NV-BC2NNT,
the pure BC2NNS or BC2NNT, and the NO molecule, respectively. In addition, all transition state structures were
characterized by both a frequency analysis and intrinsic reaction coordinate (IRC) calculations.
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Results and dissections
Geometry of NV-BC2NNS

The partial structure of the optimized pure BC2NNS, with three types of bonds, namely N-B, N-C and B-C,
with corresponding lengths of 1.44 Å, 1.40 Å and 1.55 Å, respectively, is shown in Figure 1 (configuration A). In
this configuration, two different kinds of N-vacancies can be considered, involving the hollow center between three
B-atoms (NB) (configuration B) and between two B-atoms and one C-atom (NBC) (configuration C). In

M

configuration B, a 12-membered ring is produced by the removal of one N atom. In this case, the B1‒B2, B2‒B3 and
B1‒B3 bond distances are modified, i.e., from 2.50, 2.52 and 2.50 Å in configuration B to 2.44, 2.35 and 2.51 Å in
configuration A, respectively. The average bond length of the three boron atoms surrounding the vacancy increased

ED

from 1.44 Å in pure BC2NNS to 2.43 Å in configuration B.
As is apparent from Figure 1, in configuration C, the three nearest atoms to the vacancy site are two B-atoms

PT

and one C-atom. The B1-C1, C1-B3 and B1-B3 bond lengths are modified from 2.25, 2.25 and 2.59 Å in pure
BC2NNS to 2.47, 2.46 and 2.50 Å in configuration C. Also, according to previous studies, the average distance
between the B atoms at the vacancy site in NV-BC2NNS (≈ 2.43 Å) is longer than that in the NV-BN nanosheets (≈
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2.33 Å) [72].

Figure 1. Optimized structures of BC2NNS (configuration A) and two different NV-BC2NNSs (configurations B (NB-vacancy)
and C (NBC-vacancy)). All distances are in Å.
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Healing of NV-BC2NNS by NO
In the healing process of configurations B and C by the NO molecule, firstly, the NO molecule either
physically or chemically adsorbs at the vacancy site, and then fills the vacancy. The formed N-doped BC2NNS has an
extra atomic oxygen (Oads) (see Figure 2a) which by introducing the second molecule (NO or CO) to the system, can be
eliminated from the surface. The corresponding structures of the healed NO molecule on configurations B and C along
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with their minimum energy pathway (MEP) and optimized structures for the initial state (IS), the transition state (TS)
and the final state (FS) are depicted in Figure 2. Additionally, the relevant adsorption energy (Eads), activation energy
(Eact) and thermodynamic parameters for each reaction pathway such as change of Gibbs free energy (ΔG298), reaction
energy (ΔE), and the reaction enthalpy (ΔH298) are given in Table 1.

In configuration B, when the NO molecule adsorbs on the boron atom of the vacancy site N-B = 2.84 Å
with Eads = -7.45 eV, IS-1 is formed (see Figure 2a). In TS-1, the NO molecule approaches the other B atoms of the
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vacancy site, causing a reduction in the N-B bond length from 2.84 Å in IS-1 to 1.69 Å in TS-1. In the next step (FS-1),
the NO molecule is doped into the N-vacancy site. In this structure, the N atom binds with three B-atoms while the
O atom makes a three-membered ring (3MR) connecting to the dangling bonds of B-atoms around the vacancy site.
The obtained complex is termed D in the further discussion. Furthermore, it can be concluded from Table 1 that the
energy barrier of vacancy healing in configuration B is very low, Eact = 0.10 eV, and it is a strongly exothermic
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process with ΔH298 = -5.23 eV. Also, this reaction proceeds spontaneously at room temperature (ΔG298 = -4.96 eV).

AC

Figure 2. The optimized geometry and energy profile of the N-vacancy BC2NNS recombination process by NO molecule
adsorption onto configurations B (a) and C (b). All energy values and distances are in eV and Å, respectively. Color code for
each optimized structure: Blue ball: N; red bull: O, pink ball: B and gray ball: C.

By introducing the NO molecule to configuration C, the vertically oriented NO molecule is positioned above

the B atom of the vacancy with a bond length B-N = 2.43 Å (see Figure 2b). The adsorption energy Eads = -7.35 eV,
which shows the strong binding of the NO molecule to the vacancy site. In TS-2, the NO molecule approaches to C
atom of the vacancy site, with bond length N‒C = 1.89 Å, while the B-N bond length is reduced to 1.64 Å. The
activation energy of this step is almost negligible (Eact ≈ 0.04 eV). In the next step, the NO molecule is doped into the
vacancy site and forms FS-2, which we indicate as complex E in the further discussion. Analogous with complex D,
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a 3MR is formed with three B‒O, N‒O and B‒N bond lengths of 1.45, 1.48 and 1.58 Å, respectively. It can be seen
from Table 1 that the reaction pathway IS-2 → FS-2 is an exothermic process with ΔH298 = -2.72 eV. Also, this
reaction is spontaneous at room temperature (ΔG298 = -2.07 eV). According to our results, the healing energy
barriers of configurations B and C are lower than those in previous studies. For instance, Feng et al. [73] reported
the energy barrier of 0.25 eV for healing of N vacancy by NO2 molecule.

Eads (eV)
-7.45
-7.35

ΔE (eV)
-5.23
-2.73

Eact (eV)
0.10
0.04

Oxygen removal of the healed BC2NNS by NO

ΔG298 (eV)
-4.96
-2.07

ΔH298 (eV)
-5.23
-2.72

AN
US

Pathways
IS-1 → FS-1
IS-2 → FS-2
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Table 1. Calculated adsorption energy (Eads) of adsorbed NO molecule over NV-BC2NNS, along with their corresponding
activation energy (Eact), reaction energy (ΔE), change of Gibbs free energy (ΔG298) and change of enthalpy (ΔH298) for the
healing process of NV-BC2NNS by NO molecule

It was previously found that the adsorbed atomic oxygen atom over CNTs or SiCNTs can be eliminated from
the surface by introducing a second CO [66, 74], N2O [75, 76] or second NO molecule [77]. So, here, the removal of
extra atomic O by introducing the second NO molecule to the system is investigated in detail. In order to better
understand this process, all the IS, TS and FS configurations along with their MEP diagrams, are depicted in Figure
3. In addition, the corresponding activation energy and thermodynamic properties (∆G298, ∆H298, ∆E) are listed in

M

Table 2. By introducing the NO molecule to complex D, IS-3 is formed in which the NO molecule is placed in a
tilted position above the 3MR with bond length N-Oads = 2.94 Å (see Figure 3a). Then, by passing via TS-3 with
energy barrier of 0.8 eV the NO2 molecule can be formed. In this structure, the NO molecule approaches to Oads,

ED

with bond length O‒N = 1.89 Å. In FS-3, the physically adsorbed NO2 molecule over the BC2NNS with bond length
B-O = 3.05 Å is produced in a parallel position to the surface. Finally, the NO2 molecule can easily desorb from the

PT

BC2NNS due to the small adsorption energy Eads = -0.25 eV. In addition, according to Table 2, the formation of NO2
molecule is exothermic with ΔH298 = -1.47 eV and is thermodynamically favorable at room temperature (ΔG298 = -
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1.50 eV).

Figure 3. The optimized geometry and reaction profiles of NO oxidation reaction over the healed BC 2NNS surface by NO
molecule. All distances are in Å
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Similarly, when the NO molecule is added to complex E, the same reaction occurs: in IS-4, the NO
molecule approaches the attached O atom, with bond length N-Oads = 2.95 Å (see Figure 3b). TS-4 is characterized
by an activation energy Eact = 0.73 eV, indicating that the B-O and N-O bonds can easily break, which facilitates the
interaction of the Oads with the second NO molecule. In this configuration, the N atom of the NO molecule
approaches the Oads in order to form the NO2 molecule. The formed NO2 molecule lies almost parallel to the surface,
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at a distance of N-O = 3.11 Å. In FS-4, the N=O bond length of the physisorbed NO2 molecule increases from 1.15
Å in IS-4 to 1.19 Å in the NO2 gas form. This gas molecule can then be easily released from the BC2NNS surface
due to its low adsorption energy, Eads = -0.30 eV. Also, upon desorption of NO2, the pure defect-free BC2NNS is
obtained. The reaction pathway IS-4  FS-4 is also exothermic, with ∆H298 = -1.41 eV, and is thermodynamically
spontaneous at ambient conditions (∆G298 = -1.51 eV). The obtained energy barrier values are lower than those
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reported in Wang et al. [78] investigation.

Table 2. Calculated activation energy (Eact), reaction energy (ΔE), change of Gibbs free energy (ΔG298) and change of enthalpy
(ΔH298) for the NO oxidation over the healed BC2NNS by NO molecule

Pathways
IS-3 → FS-3
IS-4 → FS-4

ΔE (eV)
-1.47
-1.41

Eact (eV)
0.80
0.73

ΔH298 (eV)
-1.47
-1.41

M

Geometry of NV-BC2NNT

ΔG298 (eV)
-1.50
-1.51

We also studied the healing of the N-vacancy by an NO molecule over the armchair (4,4) BC2NNT. In order
to achieve this, a tubular armchair (4,4) BC2NNT is used as shown in Figure 4 (configuration F). There are three

ED

different bonds: C‒N, C‒B and B‒N with bond lengths of 1.38, 153 and 1.45 Å, respectively. Analogous with
BC2NNS, removing one N atom from two different positions in the middle of BC2NNT, two ideal single N-vacancy
defects are produced: NB and NBC. These two possible defect sites for the N-vacancy BC2NNT are depicted as

PT

configurations G and H (see Figure 4).

In complex G, the N-vacancy defective BC2NNT is produced by removing one N atom which is surrounded by

CE

three closest B atoms (B1, B2 and B3): NB. Upon the removal of the N atom, the two B atoms near the vacancy site
(B2 and B3) move so close to each other that their binding distance (≈ 1.77 Å) becomes smaller than that in pristine
BC2NNT (2.49 Å), thereby forming a 5-membered ring (5MR). In this configuration, the binding distances of the B

AC

atoms (B1‒B3 and B2‒B3) in the remaining 9-membered ring decrease from 2.38 Å in pristine BC2NNT to 2.02 and
2.31 Å in the defected tube, respectively (see Figure 4). These data are also close to other studies in related BN
structures [79]. For instance, Xiao et al. [77] reported theoretically that the B2-B3 bond length in the N vacancy BNNT
is about 1.78 Å and these two-coordinated B atoms in the defect protrudes from the circumference of the tube.
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Figure 4. Optimized structures of BC2NNT (configuration F) and two different NV-BC2NNTs (configurations G (NB-vacancy)
and H (NBC-vacancy)). All distances are in Å

Configuration H is the same structural configuration as complex G, but in this case the vacancy is surrounded
by two B-atoms (B1, B3) and one C-atom (C1): NBC. Analogous to configuration G, the two nearest B1 and C1
atoms at the vacancy site approach each other and form a 5MR upon removal of the N atom. Again the two B2 and
C1 atoms bind together with a bond distance B2‒C1 = 1.66 Å, which is smaller than that in complex G (1.77 Å) and in
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pristine BC2NNT (2.42 Å). Also, the other binding distances of B1‒B2 and B1‒C1 in the remaining 9-membered ring
increase from 2.49 and 2.42 Å in pure BC2NNT to 2.53 and 2.72 Å in the defected tube, respectively (see Figure 4).
Healing of NV-BC2NNT by NO

In the case of BC2NNT, the healing process of NV-BC2NNT by an NO molecule proceeds similar to NVBC2NNS via two main steps: (1) the physical or chemical adsorption of the NO molecule at the vacancy site and (2)

M

removing the Oads by another NO molecule. The optimized structures of the NO molecule over configurations G and H
along with their MEP diagram and their corresponding stationary points (IS, TS and FS) are shown in Figure 5.

ED

Moreover, the geometric and thermodynamic properties of these reaction pathways are listed in Table 3. By adding a
NO molecule to the complex G, IS-5 is obtained. In this structure, the NO molecule is chemically attached to the B
atom of the vacancy site. As a result, the B atom protrudes somewhat out of the tube surface with bond lengths B‒O

PT

= 1.52 Å and N=O = 1.12 Å. The distance between the N atom and the other two B atoms of the vacancy is 3.28 and
2.60 Å, respectively. In addition, the high adsorption energy Eads = -8.17 eV indicates that there is a great tendency

CE

for NO molecule to react with the NB vacancy site of BC2NNT. In TS-5 the NO molecule approaches both B atoms
of the vacancy site via its N and O atoms. In this structure, the N-B and O-B bond lengths are 2.55 and 2.10 Å,
respectively, which causes the elongation and also activation of the N-O bond from 1.22 Å in IS-5 to 1.25 Å in this

AC

state. By overcoming a low energy barrier of 0.65 eV, the NO molecule heals the N-vacancy site of BC2NNT,
yielding the FS-5 configuration in which the NO molecule forms a three-membered ring with B-O, N-O and B-N
bond lengths of 1.40, 1.44 and 2.08 Å, respectively. It can be concluded from the high values for the thermodynamic
properties that the healing of the N-vacancy in BC2NNT by NO is exothermic (∆H298 = -5.95 eV) and occurs at room
temperature (∆G298 = -5.82 eV).

9
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Figure 5. The optimized geometry and energy profile of the N-vacancy BC2NNT recombination process by NO molecule
adsorption onto configurations G (a) and H (b) along with their relative energy profile. All energy values and distances are in eV
and Å, respectively. Color code for each optimized structure: Blue ball: N; red bull: O, pink ball: B and gray ball: C.

As shown in Figure 5b, upon introducing the second NO molecule to configuration H, IS-6 is formed where
the NO molecule is positioned right in the middle of the vacancy site and binds with two B-atoms with average bond
lengths of 1.57 Å and an adsorption energy Eads = -5.75 eV, while it is somewhat far from the C atom, N-C = 2.40 Å.
In TS-6, the N atom approaches the C atom to make a chemical bond. In FS-6, a stable three-membered ring is
formed in which the O atom is placed between two B-atoms and a N-atom with B-O, N-O and B-N bond lengths of
1.46, 1.47 and 1.57 Å, respectively (see Figure 5b). In this structure, the formed N-C bond is 1.48 Å and the N-O

M

bond is elongated from 1.20 Å in IS-6 to 1.29 Å. +The activation energy of this path IS-6  FS-6, is calculated as
Eact = 1.37 eV, which is higher than that in IS-5  FS-5. Again, the reaction is exothermic and spontaneous at room

ED

temperature (see Table 3). The healing process of N-vacancy BC2NNT by No molecule has lower energy barrier
than that in BNNT studied by Xiao et al. [77]. Experimental results show that the synthesized BNNTs have
nanoscaled diameters, in the range of several to several tens of nanometers (0.95 nanometers in (12, 0) BNNT).

PT

Therefore, the healing energy barrier of the N-vacancy in BNNT by NO will be within the range from 0.41 to 0.54
eV in the real cases. This is almost near to the obtained theoretical value of the healing of N-vacancy BC2NNT by

CE

NO molecule (see Figure 5, configuration G).
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Table 3. Calculated adsorption energy (Eads) of adsorbed NO molecule over NV-BC2NNT, along with their corresponding
activation energy (Eact), reaction energy (ΔE), change of Gibbs free energy (ΔG298) and change of enthalpy (ΔH298) for the
healing of process of NV-BC2NNT by NO molecule

Pathways
IS-5 → FS-5
IS-6 → FS-6

Eads (eV)
-8.17
-5.75

Eact (eV)
0.65
1.37

ΔE (eV)
-5.95
-2.65

ΔG298 (eV)
-5.82
-2.56

ΔH298 (eV)
-5.95
-2.65

Oxygen removal of the healed BC2NNT by NO
Finally, we studied the removal of Oads from BC2NNT using the second NO molecule. The geometries of
the related IS, TS and FS configurations are shown in Figure 6. Also, the related activation energy and
thermodynamic properties are listed in Table 4. The oxidation reaction starts by introducing the NO molecule to
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complex I, named IS-7. After relaxation, the NO molecule is placed horizontally on top of the tube surface with NOads = 2.89 Å. Then, it approaches the Oads in order to make a chemical bond with it (TS-7). In this state, the N-Oads
bond length decreases to 1.83 Å while the N=O bond length decreases from 1.15 Å in IS-7 to 1.13 Å. The energy
barrier of this step is 1.61 eV which eventually results in the formation of an NO2 molecule in FS-7. In this stage, the
NO2 molecule is physically adsorbed over the BC2NNT (O-B = 2.85 Å), and can easily desorbs from the surface
(Eads = -0.18 eV). The formed NO2 molecule has bond lengths for N=O = 1.19 Å which is the same as that in the gas

CR
IP
T

phase. In contrast to all previous pathways, this reaction IS-7 → FS-7 is endothermic with the reaction enthalpy of

AN
US

∆H298 = 0.64 eV (Table 4) and the positive value of ∆G298 indicates that it is not favorable thermodynamically.

ED

M

Figure 6. The optimized geometry and reaction profiles of NO oxidation reaction over the healed BC 2NNT surface by NO
molecule. All distances are in Å

Next, we investigate the same reaction starting with complex J. Introduction of the second NO results in IS8. After optimization, the NO molecule is positioned on top of the O ads, with distance N-Oads = 3.03 Å (see Figure

PT

6b). When the NO molecule approaches the Oads to a distance of 2.06 Å in TS-8, the NO2 molecule can produce. The
activation energy of this step is 0.69 eV which is in close agreement with Liu et al. [72] study. Finally, the NO2
molecule is formed in FS-8 and released from the BC2NNT surface because of the low adsorption energy, Eads = -

CE

0.29 eV. According to obtained results listed in Table 4, the pathway is exothermic and the reaction proceeds
spontaneously at room temperature (∆G298 = -1.28 eV). The obtained energy barriers of O-removal by NO molecule

AC

over BC2NNT are lower than those in BNNT [77].
Table 4. Calculated activation energy (Eact), reaction energy (ΔE), change of Gibbs free energy (ΔG298) and change of enthalpy
(ΔH298) for the NO oxidation over the healed BC2NNT by NO molecule

Pathways
IS-7 → FS-7
IS-8 → FS-8

Eact (eV)
1.61
0.69

ΔE (eV)
0.64
-1.25

ΔG298 (eV)
0.51
-1.28

ΔH298 (eV)
0.64
-1.25
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Oxygen removal of the healed BC2NNS and BC2NNT by CO
We also studied the removal of the adsorbed atomic oxygen over the BC2NNS and BC2NNT by introducing
a CO molecule as another toxic gas present in the air in order to form the CO2 molecule. All the geometric structures
of IS, TS and FS along with their MEP diagram, are depicted in Figures S1 and S2 (Supporting Information).
Additionally, the corresponding energy barrier and thermodynamic parameters (∆G298, ∆H298, ∆E) are listed in
Tables S1 and S2 (Supporting Information). All the detailed steps are the same as those found for NO oxidation.

CR
IP
T

Starting with configuration D, the CO molecule is positioned over the Oads with C-Oads = 3.02 Å yielding IS-9. As is
apparent from Figure S1, in FS-9 the CO2 gas molecule can be released from the surface due to the small adsorption
energy, Eads = -0.23 eV. The Eact of pathway IS-9  FS-9 is 1.03 eV and it is an exothermic reaction with ∆H298 = 3.98 eV. Moreover, it is thermodynamically favorable at ambient conditions (see Table S1).

Addition of CO molecule to configuration E forms IS-10 in which the CO molecule is located at a distance
of 2.52 Å from Oads (see Figure S1b). In approaching the adsorbed O atom in order to produce the CO2 gas
molecule, only a small activation barrier Eact = 0.07 eV is encountered .Overall, the reaction pathway IS-10 → FS-

AN
US

10 is exothermic with ∆H298 = -4.38 eV and is thermodynamically feasible (∆G298 = -4.27 eV) at room temperature.
Similar to NO2, the CO2 molecule can easily desorb from the BC2NNS surface (Eads= -0.25 eV).
For studying the O removal by CO on BC2NNT surface, we start with configurations I and J (Figure S2a). It
is noteworthy that because of the strong interaction between the O atom and the BC2NNT, there are high energy
barriers for the direct removal of atomic O in both configurations. Introducing a CO molecule to configuration I lead

M

to the formation of IS-11. Passing via TS-11 with an energy barrier of 1.85 eV results in FS-11 in which the CO2
molecule is formed. In this stage, the CO2 molecule is parallel to the surface, and is physically adsorbed over the
BC2NNT (Eads = -0.16 eV). The reaction pathway IS-11 → FS-11 is exothermic with ∆H298 = -1.99 eV (Table S2).

ED

When the CO molecule is introduced to configuration J at a distance of 3.00 Å from Oads, IS-12 is formed
(Figure S2b). The CO2 molecule is then produced passing via TS-12 with a significant energy barrier of 2.74 eV. In
FS-12, the CO2 molecule with a weak adsorption energy Eads = -0.29 eV is produced and desorbs from the BC2NNT

PT

surface. This reaction is also exothermic and favorable at room temperature (∆H298 = -2.05 eV and ∆G298 = -1.99
eV).

CE

According to experimental investigations, single X-vacancy nanostructures can be easily introduced through
electron or ion-irradiation [80, 81]. They contain unsaturated atoms and therefore, they are highly reactive.
Accordingly, healing of these single X-vacancy nanostructures by certain foreign molecules, especially gas

AC

molecules containing an X atom (here the NO molecule) or atoms with a similar size and reactivity as X, are
favored, typically making the reaction pathway exothermic and spontaneous at room temperature. In this study, the
NBC vacancy in both BC2NNS and BC2NNT shows lower activation energy toward the NO healing. Also, removal
of the adsorbed oxygen atom by introducing the second NO or CO molecule in NBC vacancy proceeds via lower
activation energy than that in NB vacancy. Generally, it is found that reactions with a barrier of less than 0.5 eV are
expected to occur at room temperature; correspondingly, we here find that the energy barrier for O-removal by NO
molecule is low on NBC vacancy BC2NNS and BC2NNT and these reactions can easily occur at room temperature.
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Conclusion
We have investigated the healing of the NV-BC2NNS and NV-BC2NNT by using NO molecule using
detailed DFT calculations. Two different vacancies are chosen for each nanostructure: NB and NBC. We found that
the defect formation energy in NV-BNC2NNT is smaller than NV-BC2NNS. This can be due to the covalent B-B
interaction which leads to the formation of a 5MR in the nanotube surface, which favors the formation of a Nvacancy in this system. For both NV-nanostructures, the defect site is the most active area for the healing process by

CR
IP
T

NO molecule. Thus, addition of a second NO molecule to the N-vacancy site can be expected to be a favorable
reaction and can be viewed as the first step of the healing of NV-BC2NNS and NV-BC2NNT surfaces. The
adsorption energy of NO molecule over NB and NBC vacancies of BC2NNS is calculated as -7.45 eV and -7.35 eV
while it was -8.17 eV and -5.75 eV in BC2NNT, respectively. This indicates the strong interaction between NO and
NV-BC2N nanostructures. But, in comparison to NV-BC2NNT, the healing of both N-vacancies (NB and NBC) of
BC2NNS proceeds via a lower activation energy.

AN
US

Subsequently, the introduction of a second NO or CO molecule can remove the Oads on the BC2NNS and
BC2NNT. In O-removal by a second NO molecule, the NBC vacancy of BC2NNS and BC2NNT shows moderate
activation energies (0.73 eV and 0.69 eV), which are lower than those of NB vacancies. In the O-removal by a CO
molecule, the NBC vacancy of BC2NNS shows lower barrier energy (0.07 eV) than that of NBC vacancy BC2NNT
(2.74 eV). Thus, we can conclude that the NO molecule could be a promising candidate to heal the N-vacancy
defects in BC2NNS and BC2NNT. Moreover, although both NB and NBC vacancy BC2NNS showed a better

M

reactivity toward the removal of Oads with NO and CO molecule, NBC vacancy BC2NNS has lower energy barrier
than NB vacancy in O-removal by a second NO molecule. According to these results we can claim that this study

and CO gases.
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