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Abstract 

Doping of nanotubes can be a useful way not only to tune their electronic, optical and 

magnetic properties, but also to enhance its chemical reactivity and designing nanoelectronic 

devices. In this work, a first principle exploration was performed to investigate the electronic 

and structural properties of C-doped Stone-Wales (SW) defective (6,0) single-walled boron 

nitride nanotubes (BNNTs) at B3LYP/6-31+G(d) and M06-2X/6-31+G(d) levels of theory as 

well as their chemical sensitivity toward NO gas at ONIOM(M06-2X/6–31++G(d,p):M06-

2X/STO-6G) level. The different situations and concentrations of C dopant atoms were 

explored. The interaction energies and global reactivity descriptors were used to predict the 

overall reactivity of the studied C-doped SW-BNNTs. The results show that the doping of C 

at the neighboring B and N sites located in the 7-7 ring fusion (CNB and CNBB) leads to lower 

defect formation energies. In addition, we find that C impurity is more possible to substitute 

the boron site due to the low formation energy. Owing to formation of the mid-gap states 

induced by substituting 3C atoms for three B atoms, a transformation from electrical insulator 

(band gap of 4.27 eV) to an electrical conductor (band gap of 1.65 eV) is predicted. 

Therefore, from these results it can be predicted that the 3CB-doped SW-BNNTs can be used 

to improve solar cell efficiency. The Results obtained at M06-2X/6-31++G(d,p) level reveal 

that the NO adsorptions on the surface of C-doped SW-BNNTs are energetically favorable 
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and are stronger than pristine and undoped SW-BNNTs. It is expected that the present results 

provide a useful guidance to develop novel C-doped BNNTs based sensors for the detection 

of toxic NO molecule. 

Key words: BNNT; Stone-Wales defect (SW); C-doping; Electronic properties; DFT; 

Adsorption; NO gas.  

Introduction 

BN nanotubes (BNNTs) have the same atomic structure as their carbon nanotubes (CNTs). 

CNTs with small band gaps (Eg) in the range 0.2–2.0 eV might be either metallic or 

semiconductor. BNNTs have profound chemical and thermal stabilities and with much wider 

band gaps of about 5.5 eV are electrically insulating.1–5 Due to the thermal issues related to 

CNTs based devices, it was speculated that BNNTs could be better candidates for 

nanoelectronic engineering. The large band gap makes the BNNTs as promising materials for 

a number of potential applications in polymeric composites,6 sensors,7 catalysts,8 molecule 

based logic gates, nanoelectronics and optoelectronic9 devices. Thus, it is especially 

important to find a way to tune BNNT electronic properties in order to widen the application 

field. Although some methods have been predicted to be useful for BNNT band gap 

engineering using theoretical calculations,5 in practice, such methods are very difficult to 

realize due to the extreme conditions involved, such as very high electric field or pressure. 

The electronic properties of BN nanotubes e.g. their band gaps can be controlled through 

a regular mechanism, their ranges of application would be greatly extended, particularly in 

sensors and nanoelectronics. Various methods including physical methods (such as applying 

electric field10 and strain11,12) and chemical methods13-15 have been used to tune the 

electronic properties of BNNTs. The physical methods change directly the band gap while the 

chemical methods tune the band gap by introducing localized energy level inside the gap16. 
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The tuning the electronic properties of NTs can be achieved by doping the nanotube as 

predicted in theoretical calculations17-22 and found in experimental studies.23-29  

A very important topological defect in BNNTs is Stone–Wales (SW) one, which is 

comprised of two pairs of five-membered and seven-membered rings (5-7-7-5) formed by 

rotating one bond of the traditional six-membered ring by 90º.30 Atomistic simulations12,31 

and experiments32,33 have shown that the topological defects (5-7-7-5) in BNNTs generate 

two unfavorable homoelemental B-B and N-N bonds that increase the total energy of the 

system. However, formation of these bonds can be prohibited if there is a C–C defect in 

BNNT. Kim et al.34 have studied physical properties of SW-BNNT with the substitutional C 

pair defect. Jalili et al. investigated effect of Stone–Wales defects on structural and electronic 

properties of zigzag C3N nanotubes.35 The effect of carbon doping on Stone–Wales defective 

sites in the armchair BNNTs have been studied by Anafcheh et al.36 

Nitric oxide (NO) is a toxic free radical gas that is a known bioproduct in almost all 

types of organisms, ranging from bacteria to plants, fungi, and animal cells.37 Selective 

reduction of NO in oxidizing atmospheres has recently received much attention because it has 

potential as a practical measure to remove NOx emitted from diesel and lean burn engines.38 

A very different area, where NO sensing is also required, is in the medical industry, 

specifically in breath analysis for diagnosis of respiratory ailments.39 Although it has been 

infamous for its harmful impact on the environment, it’s removing and sensing is still a 

challenging problem. Therefore, reliable and low-cost NO sensors with high selectivity and 

sensitivity have been required for humans health and environmental safety. Recently great 

advances have been made in demonstrating the capability of using nanotubes to detect of NO 

gas. Defected SWCNTs, if embedded in physiological systems, can serve as a sensor for 

biological NO.40 Yates et al.41 have studied the physical adsorption of NO on purified single-

walled carbon nanotubes at low temperatures by means of transmission infrared 
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spectroscopy. The adsorption of NO molecule on CNTs42 and BNNTs43 were theoretically 

investigated. Rafati et al.42 found that a NO molecule can be physisorbed on the surface of 

CNTs endothermically. Adsorption of CO and NO on the boron site (CB) and at a nitrogen 

site (CN) in the 1C-doped BNNT using local density approach (LDA) has been studied by 

Baierle et al.44 They have shown that a chemical bond between the tube and the adsorbed 

molecule is observed when a carbon substitution impurity is inserted in the tube wall. The 

chemisorptions of NO and NNO molecules on SiCNTs, CNTs and BNNTs were investigated 

by Kang et al.45 They found that NO and NNO molecules can be chemisorbed on SiCNTs 

with an appreciable binding energy and that this is not the case for either CNTs or BNNTs. 

Recently, Chen et al.46 investigated the adsorption and reduction of NO molecule on the 

silicon Si-doped graphene. They found that NO can be easily converted into N2O through a 

dimer mechanism on Si-doped graphene. 

According to our knowledge, there are no theoretical studies on the adsorption of NO 

molecule on C-doped Stone–Wales defected BNNTs. Recently, we investigated adsorption 

sensitivity of the perfect and Stone−Wales defective BNNTs towards NO gas by means of 

DFT method.47 Our results showed that the NO adsorptions on the outer and inner surface 

sites of pristine and SW-BNNTs were energetically favorable and unfavorable, respectively. 

Besides, NO adsorption on the PS-BNNTs was stronger than that of SW ones. We previously 

studied the effect of CH3CO functional group on the molecular and electronic properties of 

BNNT.48 Besides, recently, we have investigated the response of (6,0) BNNT and (6,0) SW-

BNNT to axial tension and compression49,11 and green chemical functionalization of CNTs 

with ionic liquids50 as well as chemical functionalization of boron nitride nanotube via the 

1,3-dipolar cycloaddition reaction of azomethine ylide.51 In this paper, the effects of C1-3-

doping located in different atomic situations of SW defect region on electronic and structural 

properties of the SW-BNNT are investigated. Moreover, the second part of present work is 
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devoted to a first-principle investigation of using C-doped SW-BNNT as a sensor and 

adsorbent of NO molecule. The C-doped SW-BNNTs CB, CN, C2B, C2N, CNB, C3N, C3B, C2N1B 

and C1N2B are considered. The CB and CN symbols denote doping of C atom at the B and N 

sites, respectively. The C atoms substituting for two N atoms and one B atom is abbreviated 

by C2N1B. The structural parameters, defect formation energy, HOMO–LUMO gap, dipole 

moment, global reactivity descriptors including chemical potential, chemical hardness, 

softness, electrophilicity index and density of states (DOS) are calculated.  

These results may be useful not only to understand adsorption capability of BNNTs, but 

also to develop BNNT-based sensors in environment. Calculated data for the electronic 

density of states and the electronic charge densities indicate that the doping of C atom not 

only improves the electronic transport property of the BNNT but also induces magnetism in 

the odd carbon doped SW-BNNTs. In addition, doping SW-BNNTs with C is expected to be 

an available strategy for improving the properties of BNNTs, and C doped SW-BNNT is 

expected to be a potential resource for detecting the presence of NO and, in turn, to develop 

BNNT-based sensors in environment. 

Computational details 

All geometry optimization calculations were performed using the B3LYP hybrid functional 

52,53 and 6-31+G(d) basis set as implemented in the computational program packages.54,55 

Furthermore, single-point energies have been obtained at the M06-2X/6-31+G(d) level . 

We have investigated the effects of SW defect and C-doping in different sites of SW 

defect region on the electronic and structural properties of (6, 0) zigzag single-walled BNNT. 

For this purpose a single-walled BNNT with 36 B and 36 N atoms and the average length 

about 11.39 Å was used to model the (6,0) BNNTs. Both ends of the BNNT segment were 

capped with H atoms to saturate dangling bonds. The formation energies of the C-doped SW 

defective BNNTs were estimated using equation (1) given below: 

                                                           (1) 
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where Ed is the calculated total energy of BNNT containing defects, EB or N is the total energy 

of host boron or nitrogen atoms removed from the nanotube, EC is the total energy calculated 

for the atomic carbon, EP stands for the total energy calculated for the pristine BNNT and a, 

b, and m are the number of B, N, and C atoms, respectively. The band gap is obtained from 

the difference between the orbital energies of the LUMO (conduction band minimum) and 

the HOMO (valence band maximum). To plot the density of states (DOS), we were used the 

Multiwfn software.56 

Global reactivity descriptors measure the overall reactivity of a molecule. They are 

associated with the overall reactivity of the molecule and do not contain any information 

about regioselectivity. Some of descriptors are chemical potential, chemical hardness, global 

softness etc. Chemical potential plays an especial important role in semiconductor physics57 

and their reactivity in chemistry. The DFT-based reactivity descriptors are good prediction 

tools for studying reactivity especially in probing the regiochemistry of different types of 

chemical reactions.58-60 

The relation of chemical potential (µ) and the electronegativity (χ)61,62 can be written as 

follows: 

                                                                                                     (2) 

The global chemical hardness (ɳ) is defined as 63 

                                                                                                                      (3) 

Where I and A are the first ionization energy and electron affinity, respectively. The chemical 

meaning of the word “hardness” is resistance of the chemical potential to change in the 

number of electrons.  

In the finite different approximation, the ionization energy and electron affinity can be 

replaced by the EHOMO and ELUMO, respectively, using Koopmans’ theorem.64 
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                                                                                         (4) 

                                                                                                    (5) 

The electrophilicity index (ω),65which measures the capacity of an electrophile to accept the 

maximal number of electrons in a neighboring reservoir of electron sea, is defined according 

to the following equation 

                                                                                                                            (6) 

The chemical softness (S) is defined as following equation 

                                                                                                                          (7) 

An ONIOM methodology66 is used to study the adsorption of NO gas on the C-doped SW-

BNNTs. ONIOM approach has clear advantages for modeling interactions involving 

nanostructures.67-69 In this approach, the full system is divided into a reactive part, which is 

treated at an appropriately high level of theory, while the remainder of the system is included 

at a less expensive lower level of theory. This ensures an appropriately high level of accuracy 

for the reactive part of the system, while reducing the computational cost by only calculating 

this smaller part with the expensive method.  Atoms in a lower level bound to an atom in a 

higher level are replaced by hydrogen atoms during the higher-level part of the ONIOM 

calculation. In the ONIOM methodology used in this work, small part of the nanotube 

including the NO molecule and the atoms of SW region was treated using the M06–2X 

functional together with the 6–31++G(d,p) basis set, while rest of the system (low theoretical 

level) was treated using the same method and STO-6G basis set. In addition, single point 

calculations were performed on the optimized structures at the M06-2X/6–31++G(d,p) level 

of theory to obtain the most reliable energies. To confirm the results of the ONIOM model, 

we also carried out the full optimization at M06-2X/6–31++G(d,p) level of theory and in turn  

calculation of adsorption energy for 2C-doped SW-BNNT complexes.  
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3. Results and discussions 

The nine kinds of C-doped SW-BNNT are investigated. The calculated models are shown in 

Fig. 1. The studied BNNTs are pristine B36N36H12 (D), SW-BNNT B36N36H12 (E) and C-

doped SW-B36N35CH12 (FN), SW-B35N36CH12 (GB), SW-B35N35C2H12 (H13), SW-

B36N34C2H12 (I34), SW-B34N36C2H12 (J45), SW-B36N33C3H12 (K123), SW-B35N34C3H12 (L134), 

SW-B34N35C3H12 (M345) and SW-B33N36C3H12 (N456). We have used symbols GB, FN, H13, 

I34, J45, K123, L134, M345 and N456 for C-doped SW-BNNTs CB, CN, C2N, CNB, C2B, C3N, C2N1B, 

C1N2B and C3B, respectively.  

3. 1.  1C-doped (6,0) SW defective BNNTs 

In the one C-doped SW–BNNTs, one N or B atom of the vertical B–N bond in the SW defect 

region was substituted by one carbon atom (denoted as FN and GB, respectively). The bond 

length values of L1 to L11 bonds are listed in Table 1. Due to the presence of unfavorable 

electronic interactions N–N and B–B, stability of SW–BNNTs decreases with respect to the 

pristine BNNT. The homonuclear N–N (1.469 Å) and B–B (1.711 Å) bonds are longer than 

corresponding bonds in C-doped SW–BNNTs (1.419 Å in FN and 1.533 Å in GB). The L6 

bond length is 1.438 Å, 1.540 Å and 1.427 Å in the SW–BNNT (E), FN and GB models, 

respectively, indicating that vertical B–C bond is longer than vertical B–N and C–N bonds. 

Therefore, substitution of C atom increases and decreases L6 bond in FN and GB models, 

respectively. Since the atomic radius of C atom is larger than N and smaller than B atom, 

substitution of N by C in the vertical B–N bond increases L6 bond. The two other bond 

lengths between N3 atom and neighbouring atoms (L1 and L5) in SW–BNNT is 1.469 and 

1.495 Å that change to 1.419 and 1.595 Å in FN nanotube, respectively. Besides, L7 (1.711 Å) 

and L11 (1.468 Å) bonds around the B4 atom decrease to 1.553 and 1.431 Å upon substitution 

of B by C atom in GB nanostructure, respectively. This reduction can be attributed to lower 
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atomic radius of C atom with respect to the B one. In general, the change in bond lengths 

upon C doping into the N atom in FN nanostructure is greater than B atom in GB one.  

Table 2, presents the sum of three bond angles around the six situations of structures 

given in Fig. 1. Sum of the three bond angles is 342.6° around the third situation in E model 

and 345.8° and 336.0° in FN and GB models, respectively. Moreover, it is 351.8° and 353.3° 

around the fourth site in E and GB models, respectively. These changes show that the C 

doped atoms increase the sum of three mentioned bond angles. The presence of lone pair in N 

atom decreases the bond angle between the bonding pair of electrons and the sum of three 

bond angles. There is a simple interpretation; the carbon atom in F model is a radical that has 

unpaired valence electrons or an open electron shell, therefore radical carbon decrease bond 

angles less than lone pair of nitrogen.  

Li et al. reported that the defect formation energies of SW- BNNTs depend on the tube 

radii70. They have calculated defect formation energies in a series of zigzag (n,0) (n = 7, 8, 

10, 12) SW-BNNTs. They have shown that defect formation energy increases with increasing 

tube diameters. The calculated defect formation energies of BNNTs are given in Table 3. The 

formation energy of SW–BNNT (E) is greater than pristine BNNT (D) by 3.95 eV, indicating 

that the formation of SW defect destabilize BNNT. Our calculated defect formation energy 

(3.95 eV using B3LYP and 4.21 eV using M06-2X) is in good agreement with that of 

reported by Li et al.70 for (7,0) SW-BNNT (4.5 eV). The presence of pentagon and heptagon 

rings having B–B and N–N bonds violates the [4n + 2] aromatic rule and causes the undoped 

SW–BNNTs to be less stable electronically compared with the perfect hexagonal structures 

with six π electrons. The calculated formation energies of FN and GB models are 4.06 eV and 

3.41 eV, respectively, indicating a greater probability for the C atom to replace the boron 

atom than the nitrogen atom. Formation energy of GB is approximately 0.5 eV and 0.6 eV 

lower than undoped SW-BNNT and FN, respectively. Therefore, GB model is appeared to be 

Page 9 of 48 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

more energetically stable than E and FN models, in good agreement with the calculated 

structural parameters. However, the higher positive values of formation energies in the C 

substitution also show the low probability of finding B and N defects in the SW-BNNT. 

These computational results are consistent with the observations which were obtained from 

formation energy of native defects in BN nanotubes.71  

The defect formation energies calculated using highly parameterized empirical M06-2X 

functional, that implicitly accounts for “medium-range” electron correlation, are greater than 

B3LYP one. In spite of the greater formation energies calculated using M06-2X functional; 

the order of the stability of BNNTs is same using both methods.  

The electronic energies of NTs are studied for further investigation of effect of one 

carbon-doping in (6,0) SW-BNNTs. The energies of the highest occupied molecular orbital 

(HOMO), the lowest unoccupied molecular orbital (LUMO) and the energy gap between 

LUMO and HOMO are tabulated in Table 3. The role of doping atom C (as impurity) can be 

explained from comparison of HOMO energies. As can be seen in Table 3, HOMO energy of 

undoped E NT is -6.52 eV that increases to -5.71 and -4.46 eV in C-doped FN and GB NTs, 

respectively. This makes the GB NT a good electron donor than undoped BNNT and FN NT. 

In addition, C-doping slightly increases LUMO energy in FN and decreases in GB as 

compared with that of E NT. The greater increase in HOMO energy level makes the donor 

level near the conducting band and in turn decreases the band gap.  

The band gaps of CNTs are small (from 0.2 to 2.0 eV), so CNTs are either metallic or 

semi-conductive, while band gaps of pure BNNTs are much bigger (of 5.0–6.0 eV width), so 

they are wide-gap semiconductor or insulator. The number of electrons excited thermally is 

proportional to e(-Egap/2RT). Increasing the temperature or decreasing the band gap energy leads 

to higher conductivity for an intrinsic semiconductor. According to our calculations, the band 

gap energy of the D and E NTs are 4.3 and 4.5 eV, respectively. The calculated band gap 
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energy of the FN and GB is 3.5 and 2.2 eV, respectively, indicating the band gap is decreased 

on going from pristine and SW-BNNTs to one carbon doped SW–BNNT. The substituting C 

for B atom decreases band gap more than that of substituting F for N atom. This makes GB a 

wide-gap semiconductor. There is a simple interpretation for lower band gap of GB (C 

substitution for B atom): The C atom (donor impurity atom) without the donor electron 

(fourth valence electron) is positively charged. At very low temperatures, the donor electron 

is bound to the C atom. However, by intuition, it should seem clear that the energy required 

to elevate the donor electron into the conduction band is considerably less than that for the 

electrons involved in the covalent bonding. 

Calculated results show that one C-doped BNNTs are intermediate in energy band gap 

between CNTs and BNNTs, and present characters of semiconductor. In this way, BNNTs 

can also be transformed from insulators to semiconductor through intentional C doping. 

These results are in complete agreement with the early experimental and theoretical 

results.29,72 The band gaps of all models obtained using M06-2X are qualitatively similar to 

those calculated by using B3LYP approach.  

To gain deeper insights into the electronic structure of the C-doped SW-BNNTs, we 

further calculated their density of states (DOS). The DOS for D, E, FN, and GB 

nanostructures are shown in Fig. 2. The energy difference between HOMO and LUMO 

orbitals makes the D model an insulator with a wide band gap. The HOMO-LUMO gap of 

the E model compared with the D model is slightly narrowed because of the SW defect.73 

The DOS curves are changed by the B or N substitutions for C in vertical B–N bond of SW-

BNNT. Carbon atom has one less (or more) electron than B (or N) atom. Therefore, when a B 

(or N) atom is substituted by a carbon atom, an electron (or hole) is introduced into the 

relevant structure. This extra valence electron (or hole) provides defect levels within the 

HOMO–LUMO gap of (6,0) SW-BNNT.74,75,76 Accordingly, the band gap of FN model on 
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top of valence band (VB) consists of acceptor level and the GB model at the bottom of 

conduction band (CB) consists of donor level. As can be seen in Fig. 4, DOS curves of C-

doped NTs are different from the undoped NTs (D and E). It is clear that C impurity has a 

significant contribution to the DOS appeared in band gap. For the GB model, there is a peak 

in the middle of band gap, and the DOS at Fermi level is non-zero indicating that electrons 

will be able to transfer from donor level to conducting band. The C doping in FN NT provides 

an empty level to the band gap. For FN model, there is a peak near the valence band and the 

DOS is also non-zero at Fermi level. Electrons in FN model can be more easily excited from 

filled band to acceptor level than to the conducting band, so that excitation from filled band 

to acceptor level yields an electron hole. This formed hole leads to the conductivity of P-type 

semiconductor.13,76,77 

As we know, the boron or nitrogen atoms in un-doped BNNTs are connected to three 

neighbor atoms by three single bonds, therefore all electrons in a BN hexagonal structure 

should be paired and the structure should not present spin polarization. Therefore, ground 

states of the pure (6,0) SW-BNNT is nonmagnetic while the isolated NO has clear magnetism 

for the unpaired electron. However, present of a carbon atom in the FN and GB structures and 

three C atoms in K123, L134, M345 and N456, ones causes the appearing of an unpaired electron 

and therefore a net spin polarization. The pz orbital is isolated with one electron occupation 

leads to a spin moment. Therefore, C doping results in the spin polarization and induces 

spontaneous magnetization. It is possible to deduce that a C-doped SW-BNNT with odd 

numbers of carbon atoms will always present unpaired spins while, for even numbers, it 

would display paired spins. To explore whether C doping can induce the spin polarization, 

the spin DOSs of the most stable FN and GB C-doped SW-BNNTs are calculated and shown 

in Fig. 2b. From this figure, it can be found that new local states are appeared and spin-up 

and spin-down DOSs are different in band gap region, indicating that C-doping results in the 
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spin polarization and induces spontaneous magnetization. Carbon atom has one less (or more) 

electron than N (or B) atom. Therefore, when a B (or N) atoms is substituted by a carbon 

atom, an electron (or hole) is introduced into related structures, accompanied by the 

formation of defect levels within the HOMO–LUMO gap. 

As the computational results revealed, the band gap energy of C-doping SW-BNNTs was 

smaller than undoping one. Therefore the conductivity of SW-BNNTs may easily be 

modified by introducing C doping into their structures and can be converted to 

semiconductors. This defect affects the global descriptors and electric dipole moments. The 

calculated amounts of µ, ɳ, S, ω and dipole moment (Q) are tabulated in Table 4. It can be 

observed that hard molecules have a large Eg and soft molecules have a small one. It should 

be mentioned that the soft molecules with a small gap will be more polarizable than the hard 

ones. Chemical potential of the electrons has much the same significance as the chemical 

potential in the classical thermodynamics of macroscopic systems. In the Hohenberg-Kohn 

density functional theory of the ground state, chemical potential is defined as the partial 

derivative of the systems energy with respect to the number of electrons at constant external 

potential v:
v









∂
∂

=
N

E
µ . The physical meaning of chemical potential in DFT is to measure the 

escaping tendency of an electron cloud. It is constant in three dimensional space for the 

ground state of an atom, molecule or solid and equals the slope of E versus N curve at 

constant external potential.41 As can be seen, µ for all NTs is negative. The absolute values of 

chemical potential, |µ|, of E and GB models are smaller than their own corresponding models 

(D and FN), respectively. For D to GB models, the lowest absolute value of chemical potential 

belongs to GB model (3.36 eV). Thus, D and, E and FN NTs have much steeper slope than 

GB. The lowest |µ| means that there is a little accepting tendency of an electron for GB. The 

hardness index, ɳ, is positive for All NTs, indicating that the charge transfer is an 
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energetically favorable process. D and E NTs have a larger hardness than the FN and GB 

doped NTs, indicating that in gas phase the D and E NTs should be more stable than the FN 

and GB. There is a correlation between chemical potential and hardness index. Among the 

mentioned NTs, the lowest ɳ and |µ|, is corresponds to doped GB NT. Therefore, GB with 

lowest ɳ is less stable than others. In contrast to ɳ, as expected, the softness index S increases 

on going from D (0.44 eV-1) to GB (0.91 eV-1). Softness index is proportional to the 

polarizability of the system. The hardness can be thought of as a resistance to charge transfer, 

while the softness measures the ease of transfer. The thermodynamic aspect of ω helps to 

explain, qualitatively, favorable product formation, because ω is positive for all NTs, charge 

transfer is an energetically favorable process. The greater electrophilicity index of GB doped 

NT shows that the energy lowering of NT (stabilization energy) due to maximal electron flow 

between donor and acceptor is bigger than others. Since GB doped NT possesses a bigger 

electrophilicity index, it has better capability to accept electrons than the others. The rate of 

the reaction can be associated with the global electrophilicity value. If the substrate is an 

electron acceptor then higher ω value will favor the reaction and for electron donor substrate 

naturally the lower ω value will favor the reaction leading to the lower activation energy. The 

maximum value of dipole moment, Q, is related to FN model (7.20 Debye). 

3. 2. Tow carbon-doping in (6,0) SW defective BNNTs 

As mentioned above, the presence of homoelemental N-N and B-B bonds unstable the SW-

BNNT. Two substitutional carbon atoms in C–C doping of SW-BNNTs prohibit the 

formation of N-N and B-B bonds. The vertical N-B bond as well as N-N and B-B bonds was 

chosen in SW-BNNT for substitution of C–C pair atoms. The C–C doped nanostructures H13, 

I34 and J45 are shown in Fig. 1. The calculated C–C bond lengths are 1.380, 1.370 and 1.382 

Å in the H13, I34 and J45 models, respectively, indicating that the vertical C–C bond is shorter 

than two slanted ones. The C-C bond length in all H13, I34 and J45 structures is shorter than 
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C–N, B–N and B–C bond lengths; all the B–C bond lengths are longer than the C–N and B–N 

bond lengths. Wan et al.72 have reported similar results on (3,2) BNNTs. After C-C bonds, 

the heteroatom C-N bond in I34 (1.446 Å) and J45 (1.428 Å) and heteroatom B-N bond in H13 

(1.470 Å) are smallest bonds. The B-B (1.721Å) and N-N (1.488 Å) bonds in H13 and J45 are 

longer than that of undoped SW-BNNT (1.711 Å and 1.469 Å). The longest bond in defective 

region of H13 and J45 models is L7 (B-B) and L5 (B-N), respectively. The change in bond 

lengths upon substitution of C atoms are due to the order of covalent radius of anions is B > 

C > N. Sum of three bond angles around 1 to 6 sites of the H13, I34 and J45 models given in 

Fig. 1 are listed in Table 2. After C atoms doped, the difference between the maximum and 

the minimum of bond angles increases. This difference for undoped SW-BNNT, H13, I34 and 

J45 models is 17.5, 21.0, 20.2 and 38.2°, respectively. The sum of three bond angels around 

the C atom in central 7-7 ring fusion (vertical L6 bond) of H13, I34 and J45 NTs is 347.2, 350.2 

and 359.3°, respectively. Therefore, when BNNTs have an impurity in SW defect region, the 

local geometry will change around the impurity. 

The stability of 2C-doped structures is evaluated through calculating the defect formation 

energy given in Table 3. As can be seen, the defect formation energy for H13, I34 and J45 NTs 

is 4.33, 0.71 and 2.27 eV, respectively, indicating that its value for NT including vertical C-C 

bond is smallest. Defect formation energy of I34 is approximately 3.2 eV, 3.6 eV and 1.36 eV 

lower than undoped SW-BNNT, H13, and J45, respectively, in good agreement with the 

results given in.34 Consequently, substitution of vertical B-N bond in defect region by C-C 

bond leads to a nanostructure that is more stable than other 2C-dopped SW-BNNTs. The 

smallest defect formation energy is observed for I34 NT in which has smallest C-C bond. It 

should be mentioned that unfavored B-B and N-N bonds is removed upon substitution of C-C 

bond in I34 NT. Therefore, I34 model is most favorable among all of the 2C-doped models. 
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The high defect formation energy in H13 and J45 NTs is due to the presence of one unstable 

B-B and N-N bond.  

We have also used the high parameterized functional M06-2X for calculation of defect 

formation energy. The results in Table 3 show that defect formation energies calculated using 

M06-2X functional are greater than B3LYP functional.    

The electronic properties of 2C-doped (6,0) SW-BNNT are calculated. Moreover the 

HOMO-LUMO gaps for H13, I34 and J45 models are calculated that the results are shown in 

Table 3. According to the results, the band gap of the 2C-doped SW-BNNTs changes from 

2.9 eV to 3.6 eV at B3LYP/6-31+G(d) level. These values are smaller than that of pristine 

BNNT (4.50 eV) and SW-BNNT (4.27 eV). The results show that the energy gap depends on 

the 2C-doped positions.49 In comparison with the band gap of H13 (3.58 eV) and J45 (2.86 eV) 

models, the energy gap in the most stable NT I34 is greater (3.86 eV). For pristine BNNT, 

SW-BNNT and 2C-doped SW-BNNTs, the order of energy gap is pristine > SW-BNNT > I34 

> H13 > J45. The presence of carbon atoms in 2C-doped SW-BNNTs leads to decrease of 

band gap. The decrease in the band gap is 0.69, 0.41 and 1.41 eV for H13, I34 and J45 models, 

respectively. The band gaps values calculated using M06-2X functional are noticeably 

overestimated as compared to those of obtained using the B3LYP one.  

The total and partial DOS of H13, I34 and J45 models are shown in Fig. 3. According to 

these curves, the band gaps of 2C-doped SW-BNNTs depend on situations where carbon 

atoms are replaced. In H13 NT, two N atoms are substituted with two C atoms so that each 

carbon atom is connected to one C atom and two B atoms. In contrast to E NT, DOS curve of 

H13 has one impurity state in which is close to the unoccupied molecular orbital as shown in 

Fig. 3. The Fermi level in I34 moves toward more positive energy compared with Fermi level 

of E model. DOS curve of J45 shows a bulge near the valence bond in HOMO-LUMO gap 

that is created by carbon impurity. 
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The calculated values of µ, ɳ, S, ω, and Q for H13, I34 and J45 models are reported 

in Table 4. As can be seen, the µ for J45 model is (-3.70 eV) greater than those of H13 and I34 

models. In addition, the hardest structure corresponds to I model, so this model with a large ɳ 

is less polarizable than I34 and J45 models. The values of S, ω and Q for I34 model are 

smaller than those of H13 and J45 ones. The electrophilicity index ω determines what 

extent partial electron transfer contributes to the lowering of the total binding energy 

by maximal flow of electrons. As a result, tendency of I34 doped NT to react with a 

nucleophile is smaller than others. In other words, low value of ω for I34 compared with 

H13 and J45 makes it little more likely for I34 to react with a nucleophile than others. 

3. 3. Three carbon-doping in (6,0) SW defective BNNTs. 

Different boron and nitrogen atoms of the pentagon pair of SW-BNNTs are doped with three 

carbon atoms. The defective nanostructures are modeled by using K123, L134, M345 and N, as 

it is shown in Fig. 1. The K123 and N456 models have an unfavorable homoelemental N-N and 

B-B bond, respectively. In addition, four C-B bonds and one C-C bond in structure of K123 

and four C-N bonds and one C-C bond in structure of N456 is observed. In L134, one B and 

two N atoms in SW defect region are substituted by three C atoms so that two neighbouring 

C–C bonds are formed between them. In M345, one N and two B atoms in SW defect region 

are replaced by three C atoms so that two C–C bonds are formed between them. However, 

3C-doped L134 and M345 have no unfavorable homoelemental B–B and N–N bonds. 

The bond length values for these models are also shown in Table 1. The only C–C bond 

in K123 (1.393 Å) and N456 (1.375 Å) is shorter than other bonds. Besides, L7 (B-B) bond 

length in K123 model and L5 (N3–B) bond length in N456 model are longer than other bonds. 

There is two C–C bonds in L134 (L1 = 1.430 Å and L6 = 1.405 Å) and M345 (L6 = 1.409 Å and 

L7 = 1.439 Å) models so that their bond lengths are shorter than other bonds in SW defect 
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region. The C–C bond at the 7-7 ring fusion (L6) is shorter than C–C bond at the 5-7 ring 

fusion (L7 in M345 and L1 in L134). Besides, L1 in L134 is shorter than L7 in M345. 

According to the results given in Table 2, the sum of three bond angles around the C 

atom in K123, L234, M345, and N456 models change compared to those of similar positions in E 

model. These changes are more sensible when only either N–N bond or B–B bond is replaced 

by one C–C bond. For example, the sum of three bond angles around the 4, 5 and 6 positions 

in the N456 model are 359.6°, 360°, and 339.5° respectively, whereas the sum of three bond 

angles around these points in E model are 351.8°, 356.3°, and 357.1° respectively. For L134 

and M345 models, sum of the bond angles around the C atom at the 5-7 ring fusion (i.e. 3 and 

4 in L134 and 4 and 5 in M345) are greater than those of the 7-7 ring fusion.  

Based on results given in Table 3, the maximum value of defect formation energy 

belongs to the K123 model in which the three nitrogen atoms in 1, 2, and 3 sites are replaced 

by three carbon atoms. After K123, defect formation energy for N456 model, in which B atoms 

are substituted with C atoms, is greater than others. The minimum value of defect formation 

energy corresponds to the M345 model in which one nitrogen atom and two boron atoms are 

replaced by three carbon atoms in third, fourth, and fifth sites. Hence, M345 model is the most 

stable structure. The stability of 3C-doped SW-BNNTs is arranged as K123 < N456 < L134 < 

M345. From these results, it can be proposed that the pairs of neighbouring C−C defects lead 

to lower formation energies than configurations where these defects are spatially separated, 

due to the charge compensation between them. As can be seen in Table 3, defect formation 

energies obtained by M06-2X functional are greater than B3LYP one. 

The effects of three carbon doping of SW-BNNT on the electronic properties of (6,0) 

SW-BNNTs are also investigated. The results are shown in Table 3. The electrical 

conductivity of a semiconductor can be greatly increased by doping with impurities. The 

value of band gap energy of 3C-doped SW-BNNTs is arranged as L134 > K123 > M345 > N456. 
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The maximum value of band gap energy belongs to the L134 model in which two N and one B 

atoms are replaced with three C atoms and the minimum value belongs to the N456 model that 

three B atoms are substituted with three C atoms. From the difference in band gaps, it can be 

concluded that the C substituting B are narrow-gap semiconductor, while C substituting N are 

wide-gap semiconductor. In other words, decrease in B atoms of SW defect region is 

accompanied with decrease in band gap energy. These results lead us to suggest that the SW-

BNNTs can be transformed from electrical insulators or wide band gap semiconductors to 

narrow-band gap semiconductors or a conductor. Also, such nanostructures exhibit tunable 

semiconductivity. In addition, minimizing band gap energy in nanostructures so as to harvest 

more sunlight is one of the critical factors towards enabling high-efficiency solar cells. 

Therefore, from these results it can be predicted that the CB-doped SW-BNNTs with lower 

band gap energy can be used to improve solar cell efficiency. 

The effect of 3C-doping on electronic properties of SW-BNNT can be explained from 

comparison of HOMO and LUMO energies. The results show that the value of HOMO 

energy depends on location of carbon impurity. As can be seen in Table 3, HOMO energy of 

N456 NT (-3.98 eV) (three B atoms are replaced by three C atoms) is greater than others and 

for K123 (-6.39 eV) (three N atoms are replaced by three C atoms) is smaller than others. The 

HOMO energy values of L134 and M345 lie between N456 and K123. Therefore, doped BNNTs 

including two neighboring C atoms and one separated C atom have greatest and lowest 

HOMO energy. The LUMO energy of 3C-doped NTs is ordered as L134 ~ M345 > N456 > K123. 

The greater increase in HOMO energy level of N456 makes the donor level moves near the 

conducting band and in turn decreases the band gap. The results show that the presence of 

three neighboring C atoms causes the energy of LUMO in M345 and N456 to be greater than 

others.  
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DOS curves of 3C-doped BNNTs are shown in Fig. 4. As illustrated in this figure, the 

DOS curves are sensitive to the position of dopant atoms. As expected, DOS curve in K123 

model (as a P-type semiconductor) and L134 models has one bulge near the conducting and 

valence band, respectively. In addition, position and electron density of Fermi level are 

different in these two models. Compared with the K123, the Fermi level in L134 model is 

closer to the middle of band gap. The electron density in Fermi level is greater for K123 than 

L134. The formation of new peaks and presence of Fermi level at the middle of the band gap 

of M345 and N456 SW-BNNTs is predicted to be the main doping effect on the greater 

conductivity of these NTs. The mid gap states positioned inside the band gap of 3C-doping 

NTs make them attractive for band gap engineering in, for example, photocatalytic 

applications. 

The global quantities µ, ɳ, S, ω, and Q for 3C-doped BNNTs are given in Table 4. The 

greatest value µ is (-3.15 eV) which it belongs to the N456 doped NT in which three B atoms 

are replaced by three C atoms. Therefore, escaping tendency of an electron cloud in N456 is 

greater than others 3C-doped BNNTs. The µ value of M345 with lowest defect formation 

energy is greater than those of L134 and K123 and smaller than N456. Therefore, after N456 

tendency of electron to escape from 3C-doped NT is greater in M345 than others. From values 

of ɳ and S, it can be estimated that the resistance to charge transfer in N456 and M345 is smaller 

than others 3C-doped NTs. Among the 3C-doped NTs, greatest ω values correspond to the 

K123 (7.23 eV) and N456 (6.05 eV) including the two neighboring C atoms and one separated 

C atom. Since K123 and N456 doped NT possesses a bigger electrophilicity index, they have 

better capability to accept electrons than the others. The results show that the dipole moment 

of N456 is smaller than others. 

3. 4 General comparison or General review 
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Comparison of structural parameters in C-doped NTs shows that all the C–C bond lengths are 

shorter than the C–N, B–N and B–C bond lengths. The B–C bond lengths at the different 

situations of the SW-BNNTs are longer than the C–N and B–N bond lengths. These results 

are in good agreement with the previous work.35,50
  

According to the obtained results, defect formation energies obtained using two B3LYP 

and M06-2X functionals are arranged as: I34 < M345 < L134 < J45 < N456 < GB < E < FN < H13 

< K123. As can be seen, defect formation energy for doped SW-BNNTs in which two B and 

one N atom at the central 7-7 ring fusion (vertical bond) are substituted with C (I34, M345 and 

L134) is smaller than others. Therefore, formation of these types doped NTs are energetically 

most favorable. In contrast, doped NTs in which is formed by substitution of N atom by C 

atom (FN, H13 and K123) have greatest formation energy. Among the C-doped NTs, the lowest 

defect formation energy belongs to the I34 (0.71 eV) and M345 (0.75 eV) and greatest value 

corresponds to K123 (6.92 eV) which is formed by substitution of three carbon atoms with 

three nitrogen atoms in pentagon ring of SW defect region.  

The band gap energies of FN to N456 models depends on the number of B or N atoms 

which are substituted by C atoms as well as the positions in which they are stayed. Generally, 

decrease in band gap is more evident when the boron atoms are replaced by carbon atoms 

(GB, N456 and M345). Accordingly, band gap energies of studied NTs are ordered as: N456 < 

M345 < GB < J45 < K123 < L134 < FN < H13 < I34 < E < D. As a result, N456 NT that is formed 

by substitution of three B atoms with three C atoms has smallest band gap energy and in turn 

more conductivity.  

Comparison of global descriptors shows that the N456 BNNTs with a narrow band gap 

have greatest value of µ, S and ω and smallest value of ɳ, indicating that the reactivity and 

conductivity properties of this NT is greater than others. Based on the Pearson’s maximum 

hardness principle,78 which states that the minimum energy structure has the maximum 
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chemical hardness and the energy gap, the I34 C-doped SW-BNNT is the most stable 

structure among the C-doped nanostructures. There is a correlation between S and band gap 

energy of studied BNNTs. As can be seen in Tables 3 and 4, increase in S index is 

accompanied with decrease in band gap. According to the DOS curves of D to N456 models, 

the energy of Fermi levels increases (decreases) when B (N) atoms are substituted with the 

carbon atoms in the (6,0) SW-BNNT.  

3.5. Adsorption of a single NO molecule on C-doped SW-BNNT 

The various possibilities of NO adsorption on the outer surface of C-, 2C- and 3C-doped SW-

BNNTs were explored to achieve the intuitive understanding of the adsorption process. The 

NO monomer can be attached to BNNT through the N-atom (Nad), O-atom (Oad), and N-O 

(NadOad) bond.  

For 1C-doped SW-BNNTs, four chemisorbed FON, FNO, GON and GNO complexes were 

found on potential energy surface and selected structural parameters are given in Fig. 5. The 

ON (N-down) and NO (O-down) symbols represent the different direction of NO toward the 

tube axis. As can be observed, NO molecule is located on top of the NT and interacts with the 

C atom of NT via both O and N atoms (in FNO), O atom (in GON) and N atom ( in GNO and 

FNO). 

The HOMO (EH), LUMO (EL), and band gap energies (Eg) of free H–N nanotubes 

calculated at M06-2X/6-31++(d,p) level are given in Table 5. Besides, electronic adsorption 

energies (AEs), HOMO, LUMO and band gap energies obtained at M06-2X/6-31++(d,p) 

level for complexed BNNTs are given in Table 6. 

The calculated AEs of FON, FNO, GON and GNO, are -9.963, -31.29, 6.96 and -33.62  

kcal/mol, respectively. The results indicate that the adsorption process of NO on 1C-doped 

SW-BNNTs (FON, FNO and GNO) is energetically favorable. Comparison of AEs shows that 

the FNO and GNO complexes, in which N atom of NO is bonded to C one, are most stable 
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ones. Thus, the best adsorption site for NO gas molecule in 1C-doped SW-BNNTs found to 

be above the C substitution for B site. After FNO and GNO complexes, FON complex is 

energetically favorable to be formed. The AE is positive for GON complex in which O atom 

of NO is connected to C one, indicating that this site is not energetically suitable for 

adsorption. 

For 2C-doped SW-BNNTs, eight chemisorbed HON, HNO, ION, INO, INO(N), INO(O), 

JON and JNO NO–SW-BNNT complexes were optimized at ONIOM(M06-2X/6-

31++(d,p):M06-2X/STO-6G) level and selected structural parameters are given in Fig. 5. As 

can be seen, NO molecule in most complexes is located on top of the NT and interacts with 

the C–C bond of NT via both O and N atoms, resulting in the formation of a four–membered 

ring. In complexes LNO-1, LNO-2, MNO-2, INO(N) and INO(O), NO molecules are connected 

with the C atoms through the N and or O atoms. 

The AEs calculated for HON, HNO, ION, INO, INO(N), INO(O), JON, JNO, KON, KNO, LNO-1, 

LNO-2, LON-1, LON-2, MNO-1, MNO-2, MON-1, MON-2, NON, NNO complexes are 4.55, 5.11, -

0.46, -0.47, 2.05, 62.10, -0.35, -10.35, -11.53, -29.59, -5.01, -29.36, 17.98, 24.53, -24.29, -

29.39, 1.16, 11.78, -25.15, -31.72 and -5.61 kcal/mol, respectively. The results indicate that 

the adsorption process of NO on 2C-doped SW-BNNTs ION, INO, JON and JNO is energetically 

favorable. Comparison of AEs shows that the JON and JNO complexes, in which two B atoms 

in SW-BNNTs are replaced by two C atoms, are most stable ones. Thus, the best adsorption 

site for NO gas molecule in 2C-doped SW-BNNTs found to be above the slanted C–C bond 

located between pentagon and heptagon rings. After JON and JNO complexes, ION and INO 

complexes (in which vertical C–C bond between two pentagon rings is involved in 

interaction) are energetically favorable. From calculated AEs, the stability order of NadOad 

complexes is J > I > H.  
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To confirm the results obtained using ONIOM model, adsorption energies of 2C-doped 

SW-BNNT complexes were calculated after full optimization of complexes. The AEs 

resulted using this approach for H and J complexes are 5.1 and -11.5 kcal/mol, respectively 

that are nearly close to the AEs found using ONIOM model.    

Adsorptions of NO molecule on (8,0) CNTs and BNNTs as well as SiCNT have been 

investigated by Gao et al.45 They have shown that in contrast to CNTs and BNNTs, the 

SiCNTs exhibit highly exothermic binding to NO (-14.3 kcal/mol). The AE calculated47 for 

the most stable NO–undoped SW-BNNT complex is ≈ −3.5 kcal/mol that smaller than those 

of found in this work for 2C-doped SW-BNNTs (-11.53 kcal/mol for JON and -10.35 for JNO 

kcal/mol). Therefore, although adsorption of NO molecule on some sites of 2C-doped SW-

BNNT is energetically unfavorable, our findings imply that the 2C-doped SW-BNNTs can be 

practically useful for the removal of NO molecule and as a sensor for detection of NO 

molecule.   

When NO molecule is adsorbed on the NT, structural parameters of adsorbent and 

adsorbate species change. These structural deformations in NT are attributed to the change 

from sp2 to sp3 hybridization of the C atoms. The selected structural parameters are given in 

Fig. 5. The results obtained for 1C-doped SW-BNNTs show that the NO molecule prefers to 

lies on top of C atom. The N–O bond (1.147 Å in free molecule) is elongated upon adsorption 

so that its bond length in most stable FNO and GNO is 1.205 Å and 1.193 Å, respectively. The 

results show that the N–C bond in FNO is shorter than O–C bond in FON, in good agreement 

with the greater AE obtained for FNO. A similar situation is observed for G model. There is a 

direct correlation between NT–NO distance and AEs. Also it is interesting to notes that the 

NO–NT distance is significantly reduced when compared with the molecule on the un-doped 

SW-BNNT47 in which NO molecule is perpendicular to tube surface. 
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For 2C-doped SW-BNNTs, results show that the NO molecule prefers to lies on top of 

C–C bonds and parallels to the surface of NT. Accordingly, NO molecule in most stable 

complexes adopts the parallel pattern on C–C sites. The N–O bond (1.147 Å in free 

molecule) is elongated upon adsorption so that its bond length in most stable JON and JNO 

complexes (1.375 Å) is smaller than other ones. In addition, C–C bonds involved in 

interactions are weakened after adsorption of NO molecule. As can be seen, in contrast to 

NO–NT distance, elongation of C–C bond in most stable complexes is greater than other 

ones. The results show that the N–C bond in all 2C-doped complexes is longer than O–C 

bond. As observed for NO-SiCNT complexes,45 there is no a direct correlation between NT–

NO distance and AEs. The results show that the bond lengths of N–C and O–C in most stable 

J complexes are greater than other ones. Also it is interesting to notes that the NO–NT 

distance is significantly reduced when compared with the molecule on the undopd SW-

BNNT47 in which NO molecule is perpendicular to tube surface. Due to NO adsorption, the C 

atoms are slightly detached from the BNNT surface and, in turn, corresponding C–N or C–B 

bonds of NT are slightly elongated. The results of full optimization given in Fig. 6 are in 

good agreement with those of obtained using ONIOM approach.  

Upon adsorption of NO on the nanotube surface, some charge is transferred from the 

HOMO of C-doped NT to the 2π* orbital of NO, resulting in the changes in electronic 

properties of NT. To determine the amount of charge transferred between NO and NT, the 

charge transfer values were calculated through the NBO79 charge difference between the 

adsorbed molecule on the NT surface and an isolated NO molecule. The CT values calculated 

at M06-2X/6-31++G(d,p) level of theory are given in Table 5. The negative value of CT 

(with exception of that found in INO-O) indicates that the charge is transferred from NT to 

NO molecule. The charge transferred from NT to NO molecule in most stable complexes JON 

and JNO is 0.427 and 0.429 au, respectively. It is clear that CT values for the most stable 
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configurations are maximum, in good agreement with the greatest AEs found for these 

complexes. The less stable complexes have small CT and AE values.  

The HOMO, LUMO and band gap energies (Egap) of H–N complexes are also given in 

Table 6. Comparison of Egap given in Table 5 (calculated at M06-2X/6-31+G(d) level) and 

those of listed in Table 6 (calculated at M06-2X/6-31++G(d,p) level), shows that the Egap 

decreases as the basis set is improved. The results reveal that there is no definite trend in the 

change of the band gap as a function of AE of adsorbed molecule. It is clear that Egap for most 

stable complexes is greater than others. The similar results have been observed for adsorption 

of NO molecule on the SiCNT45. To confirm the Egap values calculated using ONIOM 

method, Egap in HNO and JON were calculated using full optimized geometry obtained at M06-

2X/6-31++G(d,p) level of theory. As can be seen in Table 6, Egap values for HON and GNO are 

5.19 and 6.37 eV that are very close to those found using ONIOM geometry (5.36 and 6.56 

eV).   

In order to investigate the impact of number of doping sites on the adsorption properties 

of C-doped SW-BNNTs, 3C-doped nanotubes were also examined. For 3C-doped SW-

BNNTs, twelve chemisorbed species were found in four groups K, L, M and N. The 

optimized structures are given in Fig. 5. The adsorption energies (AEs), HOMO, LUMO and 

band gap energies CT values are given in Table 5. The calculated AEs range from -5.0 to –

29.6 kcal/mol for K, 24.6 to -29.4 kcal/mol for L, 11.78 to -29.4 kcal/mol for M, and -5.8 to -

31.7 kcal/mol for N configurations. Comparison of AEs shows that the KON in K group, LNO-

1 in L group, MNO-1 in M group and NON in N group are most stable complexes. Among the 

NO–3C-doped SW-BNNTs, NON chemisorbed complex with AE of -31.7 kcal/mol is most 

stable one. As mentioned previously, three B atoms in N nanotube are replaced by three C 

atoms. Comparison of AE in 2C-doped and 3C-doped NTs reveals that the best adsorption 

site for NO gas molecule in 3C-doped and 2C-doped SW-BNNTs is above the slanted C–C 
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bond located between pentagon and heptagon rings. In both most stable complexes NON and 

JON, only B atoms are replaced by C atoms, indicating that the doping structures are similar 

in both adsorbed complexes.  

The ONIOM(M06-2X/6-31++(d,p):M06-2X/STO-6G) optimized structures of 3C-

doped SW-BNNTs are also listed in Fig. 5.  The N–O bond length in different complexes is 

greater than that of isolated one (1.147 Å). Increase in N–O bond length upon adsorption for 

most stable complex of each series is greater than others. In addition, the C–C bond length of 

doped NT involved in interaction shows a significant increase upon adsorption of NO 

molecule. In 3C-doped NTs, There is no a correlation between AEs and C–C as well as NO–

NT distances. Also it is interesting to compare the distance between the NO and NT in most 

stable configurations of 2C- and 3C-doped NTs. As can be seen in Table 5, N–C and O–C 

distances in 3C-doped NT is smaller than that of 2C-doped one, although AEs of complexes 

have no significant difference.  

The NBO results show that both N and O atoms have negative charges. The CT value 

calculates from sum of negative charges of N and O atoms are given in Table 5. As shown in 

this table, the charge transferred from NT to NO molecule in complexes having negative AE 

is considerable. In some less stable complexes, for example in MNO-1, owing to stretching the 

C–C bond (bond length is 2.573 Å) and position of N and O atoms on top of C–C bond, 

charge transferred from NT to N and O atoms is greater than those of found in most stable 

complexes. Thus, NBO population analysis confirms that greater elongation of C–C bond in 

MNO-1 complex.  

The band gap energies for 3C-doped SW-BNNT–NO complexes are given in Table 5. 

Similar to 2C-doped NTs, there is no a definite trend in change of band gap. However, Egap 

for most stable complex NON is greatest.    

4. Conclusions 
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By means of DFT methods, the effects of C-doping on the structural and electronic properties 

of SW-BNNTs as well as adsorption sensitivity of C-doped SW-BNNTs toward NO gas are 

explored. The results indicate that C substitution for B is favored over C substitution for N. 

The maximum value defect formation energy corresponds to the replacement of three carbon 

atoms with three nitrogen atoms that there are in pentagon rings of SW defect. It is predicted 

that increase in conductivity of CB complexes is greater than CN ones. The substituting C for 

B atom can modify the electronic structures of the SW-defective BNNTs by introducing C 

states into their band gaps and can thus make these nanotubes more reactive. The Fermi 

levels move to a high energy region when boron atoms are substituted with the carbon atoms 

in (6,0) SW-BNNT. The results show that the adsorption of NO on the some configurations 

of 2C- and 3C-doped SW-BNNTs is energetically favorable.   
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Fig. 1. (a) Pristine (6,0) BNNT (D) and (b) Schematic representation to SW defective (6,0) 

BNNT (E). 1C doped SW-BNNTs that one carbon atom substituted in 3 and 4 positions  

named as FN and GB, two carbon atoms substituted in three different situations (1,3), (3,4) 

and (4,5) denoted as H13, I34 and J45 and three carbon atoms substituted in four different 

situations (1,2,3), (1,3,4), (3,4,5) and (4,5,6) symbolized as K123, L134, M345 and N456, 

respectively. Blue and pink spheres represent N and B atoms, respectively. 
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Fig. 2. (a) Density of states (DOS) of D, E, FN, and GB models. Black and green curves 

indicate the total DOS and, whereas red, blue, and yellow curves indicate DOS of N, B, and 

C and partial DOS, respectively. Black vertical dashed lines mark the Fermi levels. (b) 

Calculated total spin DOSs for the FN and GB 1C-doped SW-BNNTs. 

(a) 

(b) 
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Fig. 3. Plotted density of states (DOS) of H13, I34, and J45 models. Black and green curves 

indicate, respectively, the total DOS and overlap population density of states (OPDOS), 

whereas red, blue and yellow curves indicate partial DOS of N, B and C, respectively. Black 

vertical dashed lines mark the Fermi levels. 
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Fig. 4 Plotted total and projected density of states (DOS) of K123, L134, M345, and N456 

models. Black and green curves indicate, respectively, the total DOS and overlap population 

density of states (OPDOS), whereas red, blue and yellow curves indicate partial DOS of N, B 

and C, respectively. Black vertical dashed lines mark the Fermi levels. 
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Fig. 5. Selected structural parameters of C-doped SW-BNNT complexes calculated at 

ONIOM(M06-2X/6-31++(d,p):M06-2X/STO-6G) level. Distances are given in Å. 
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Fig. 5. Continued. 
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Fig. 6. Selected structural parameters of 2C-doped SW-BNNT complexes obtained using full 

optimization at the M06-2X/6-31++G(d,p) level. Distances are given in Å. 
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Table 1. The bond lengths (Å) calculated at B3LYP/6-31+G(d) level for C1-3-doped SW-BNNTs 

BNNTs L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 

E 1.469 1.449 1.421 1.451 1.495 1.438 1.711 1.458 1.442 1.464 1.468 

FN 1.419 1.474 1.426 1.463 1.595 1.540 1.714 1.464 1.441 1.468 1.469 

GB 1.467 1.446 1.419 1.444 1.512 1.427 1.553 1.468 1.422 1.466 1.431 

H13 1.380 1.565 1.436 1.469 1.625 1.568 1.721 1.458 1.444 1.473 1.470 

I34 1.587 1.457 1.430 1.461 1.446 1.370 1.446 1.461 1.430 1.457 1.587 

J45 1.488 1.444 1.418 1.441 1.516 1.449 1.382 1.443 1.413 1.451 1.428 

K123 1.393 1.569 1.519 1.555 1.629 1.575 1.722 1.459 1.443 1.474 1.467 

L134 1.430 1.548 1.439 1.463 1.611 1.405 1.591 1.453 1.431 1.470 1.441 

M345 1.460 1.463 1.430 1.457 1.561 1.409 1.439 1.428 1.423 1.447 1.437 

N456 1.482 1.443 1.419 1.441 1.512 1.442 1.375 1.440 1.396 1.441 1.419 
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Table 2. Sum of the angles around 1 to 6 sites of C-doped SW-BNNTs computed at B3LYP/6-

31+G(d) level  

BNNTs 1 2 3 4 5 6 

E 355.2 339.7 342.6 351.8 356.3 357.1 

FN 355.1 338.5 345.8 347.0 356.6 356.9 

GB 357.3 339.3 336.0 353.3 358.8 356.5 

H13 353.6 336.0 347.2 347.6 356.5 357.0 

I34 354.5 337.9 350.2 350.3 358.1 356.5 

J45 357.3 338.5 321.8 359.3 360.0 354.5 

K123 353.6 330.7 350.0 349.2 356.7 356.9 

L134 352.4 337.0 350.7 350.7 358.3 356.4 

M345 354.8 336.0 342.2 356.0 359.1 355.1 

N456 357.4 338.0 323.1 359.6 360.0 339.5 
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Table 3. Defect formation energy (Eform), HOMO (EH), LUMO (EL) and band gap (Eg) energies 

for D–N structures calculated using B3LYP and M06-2X methods  

 B3LYP M06-2X 
BNNTs Eform/eV EHOMO/eV ELUMO/eV Eg/eV Eform/eV EHOMO/eV ELUMO/eV Eg/eV 

D 0.00 -6.83 -2.32 4.50 0.00 -8.30 -1.41 6.89 

E 3.95 -6.52 -2.25 4.27 4.21 -7.94 -1.34 6.60 

FN 4.06 -5.71 -2.18 3.53 4.33 -6.92 -0.91 6.02 

GB 3.41 -4.46 -2.26 2.20 3.86 -5.67 -1.44 4.23 

H13 4.33 -6.75 -3.16 3.58 4.56 -8.18 -2.28 5.90 

I34 0.71 -6.12 -2.26 3.86 1.01 -7.38 -1.36 6.02 

J45 2.27 -5.12 -2.27 2.86 2.75 -6.36 -1.37 4.99 

K123 6.92 -6.39 -3.21 3.18 7.28 -7.74 -2.29 5.45 

L134 1.87 -5.56 -2.26 3.31 2.29 -6.71 -1.36 5.34 

M345 0.75 -4.35 -2.27 2.08 1.32 -5.37 -1.40 3.97 

N456 2.83 -3.98 -2.33 1.65 3.58 -5.17 -1.43 3.74 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 45 of 48 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Table 4. The values of electronic chemical potential (µ), hardness (η), softness (S), 

electrophilicity index (ω), and dipole moment (Q) for D to N models 

SW-BNNTs µ/eV ɳ/eV S/eV-1 ω/eV Q/Debye 

D -4.58 2.25 0.44 4.65 6.54 

E -4.39 2.13 0.47 4.51 6.21 

FN -3.94 1.76 0.57 4.41 7.20 

GB -3.36 1.10 0.91 5.13 6.43 

H13 -4.95 1.79 0.56 6.85 7.17 

I34 -4.19 1.93 0.52 4.55 6.13 

J45 -3.70 1.43 0.70 4.78 6.23 

K123 -4.80 1.59 0.63 7.23 7.44 

L134 -3.91 1.65 0.60 4.62 6.23 

M345 -3.31 1.04 0.96 5.28 6.00 

N456 -3.15 0.82 1.22 6.05 5.52 
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Table 5.  HOMO (EH), LUMO (EL), and band gap energies (Eg) of (FN-N) models in eV 

calculated at M062X/6-31++G(d,p) level  

  EHOMO/eV ELUMO/eV Eg/eV 
FN -6.99 -1.15 5.84 
GB -5.69 -1.27 4.42 
H13 -8.16 -2.33 5.83 
I34 -7.46 -1.23 6.23 
J45 -6.41 -1.25 5.16 
K123 -7.78 -1.10 6.67 
L134 -6.79 -1.23 5.56 
M345 -5.41 -1.28 4.13 
N456 -5.33 -1.31 4.02 
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Table 6. Adsorption energies (Eads), HOMO (EHOMO), LUMO (ELUMO), band gap energies (Eg) 

the charges on the N and O atoms (qN, qO), and the total NBO charge on the NO molecule 

(CTNBO) of various configurations of C-doped SW-BNNT-NO complexes in eV calculated after 

single point calculations using ONIOM approach. The data in parenthesis corresponds to full 

optimized models 

  Eads/kcal mol-1  EHOMO/eV ELUMO/eV Eg/eV qN/a.u qO/a.u CTNBO 

FON -9.63  -8.03 -2.55 5.48 0.067 -0.214 -0.147 

FNO -31.29  -7.91 -1.65 6.26 0.166 -0.312 -0.146 

GON 6.96  -6.75 -1.31 5.44 -0.261 -0.039 -0.300 

GNO -33.62  -7.70 -1.32 6.37 0.139 -0.261 -0.123 

HON 4.55 (5.11)  -6.99 (-6.90) -1.64 (-1.71) 5.36 (5.18) -0.039 -0.357 -0.396 

HNO 5.11  -7.04 -1.8 5.23 -0.039 -0.354 -0.393 

ION -0.46  -7.78 -1.36 6.42 -0.043 -0.370 -0.413 

INO -0.47  -7.79 -1.37 6.42 -0.044 -0.370 -0.414 

INO(O) 62.10  -7.46 -3.43 4.05 0.283 -0.276 0.007 

INO(N) 2.05  -7.75 -1.31 6.44 -0.021 -0.325 -0.346 

JON -10.35  -8.01 -1.29 6.72 -0.045 -0.382 -0.427 

JNO -11.53 (-11.5)  -7.88 (-7.83) -1.32 (-1.46) 6.56 (6.37) -0.043 -0.386 -0.429 

KON -29.59  -7.13 -2.48 4.65 -0.226 -0.332 -0.558 

KNO -5.01  -7.26 -2.5 4.76 -0.244 -0.158 -0.086 

LNO-1 -29.36  -7.75 -1.34 6.41 -0.302 0.153 -0.149 

LNO-2 17.98  -6.94 -2.66 4.28 0.172 -0.284 -0.112 

LON-1 24.63  -7.81 -1.33 6.49 -0.128 -0.373 -0.501 

LON-2 -24.29  -7.99 -1.9 6.09 0.170 -0.291 -0.121 

MNO-1 -29.39  -6.69 -1.37 5.32 -0.149 -0.410 -0.559 

MNO-2 1.16  -5.9 -1.68 4.23 0.134 -0.320 -0.186 

MON-1 11.78  -5.59 -2.01 3.57 -0.477 -0.422 -0.899 

MON-2 -25.15  -7.59 -1.42 6.17 0.145 -0.258 -0.113 

NON -31.72  -7.98 -1.29 6.69 -0.093 -0.438 -0.531 

NNO -5.61  -5.34 -1.35 3.99 0.088 -0.331 -0.243 
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