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Abstract In this work, density functional theory (DFT) calculations were conducted to study the 

structural and electronic properties of pure, vacancy, and group IV [i.e. carbon (C), silicon (Si), and 

germanium (Ge) atoms] doped boron nitride nanotubes (BNNTs). The DFT computational results 

obtained agree well with the literature results. The calculated B−N bond distances obtained in this 

study are about 1.44 Å – 1.47 Å. Among seven BNNTs, the optimized B35GeN36H12 holds the lowest 

local energy minimum value in this study Moreover, the structure of B35CN36H12 possesses the 

smallest HOMO−LUMO energy (2.17 eV) among nine BNNT models considered. The boron (B) 

atoms hold the positive charges, and the negative charges fall on the nitrogen (N) atoms in this 

work. Similar results are reported to the molecular electrostatic potentials (MEPs) of studied BNNTs. 

The distributions of positive and negative electrostatic potentials fall on the regions of N− and B−tips 

of BNNT frameworks, respectively in this report. The DFT calculations reported that the spin 

densities were mainly concentrated in the regions around group IV elements, such as C, Si, and Ge 

atoms. Therefore, we believe that these computed results will provide useful information on the 

adsorption of hydrogen molecules on the BNNT frameworks in the future. 
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Introduction 
 

Many experimental studies have been focused on the structure of on boron nitride (BN) over the years. 
In 1953, Pease studied the crystal structure of boron nitride (BN), with the corresponding lattice constants 
of a = b = 2.50399 Å and c = 6.66120 Å, respectively [1]. The hexagonal form of BN possesses two 
angles of 90° and another angle of 120° in the study. Mukasyan, in 2017 presented BN as an inorganic 
compound with equal numbers of N and B atoms [2]. The hexagonal boron nitride (h−BN) system is 
mainly used in electronic and optoelectronic devices due to its high dielectric breakdown and high 
resistivity. In 2020, Cahill et al. mentioned two crystallographic forms of BNs, i.e. cubic or hexagonal 
phases [3]. At the temperature of about 1560 °C – 1660 °C, the transformation of BN from cubic phase 
to hexagonal phase was investigated using scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and X−ray diffraction (XRD) analyses, respectively.  

 

In addition, numerous theoretical investigations have also been carried out. In 2010, Tang and Cao 
reported the electronic structures of BN nanosheet and two hydrogenated BN frameworks, i.e. zigzag 
and armchair [4]. The calculations show that the hydrogenated zigzag boron nitride frameworks possess 
ferromagnetic metallic characteristics in the ground state. While the hydrogenated armchair BN 
nanostructures have wide direct band gap values, which can be used in nonmagnetic semiconductors. 
In addition, the computational DFT findings also noted that the electronic properties of these two zigzag 
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and armchair BN frameworks showed a remarkable size and structural dependence in the work. In the 
same year, Maryam−Mirzaei and Mahmoud−Mirzaei discussed the electronic structures of hydrogen and 
sulfur terminated of zigzag BNNTs at the DFT/B3LYP/6−31G* level of theory [5]. The computed bond 
distances of B−N are about 1.44 Å− 1.48 Å in the work. These results of B−N bond lengths obtained in 
the work are in good agreement with those of literature studies (1.45 Å). The HOMO−LUMO energy 
values were determined to be 1.94 eV − 3.14 eV. Moreover, the dipole moments obtained in this work 
are about 6.21 debye − 8.15 debye. Among four studied frameworks (i.e. H−termination of zigzag BNNT, 
SB− termination of zigzag BNNT, SN− termination of zigzag BNNT, and SBN− termination of zigzag 
BNNT), the SN− termination of zigzag BNNT possesses the smallest dipole moment value. Ang et al., in 
2012 studied the spin density distributions of graphene cluster frameworks using Hartree–Fock (HF) and 
DFT methods [6]. To saturate the dangling bonds, the studied graphene cluster frameworks with the 
zigzag and armchair edges of graphene frameworks were terminated by hydrogen atoms in the work. 
Moreover, the computed findings noted the B3LYP functional is the most suitable method used to study 
the spin densities of pristine graphene. In 2013, Beheshtian et al. investigated the geometric and 
electronic properties of h−BN with five different organo−azo derivatives (PC−X), where PC is phenyl 
carbamate, X is OCH3, CH3, NH2, NO2, and CN [7]. Using B3LYP/6−31G calculations, the optimized 
B−N bond lengths obtained in the works are about 1.45 Å, which is in good accordance with the previous 
experimental and computational findings. The computed HOMO−LUMO energy values are about 4.05 
eV − 5.89 eV in this report. In addition, the surface plots of Frontier molecular orbitals were also studied. 
The DFT results found that both HOMOs and LUMOs have shifted in the functional groups, respectively.  

 

In the past years, many research studies have been focused on the interactions and adsorption 
mechanisms of BN nanostructures with other molecules due to BNs have great potential for usage in 
nanoscience, nanotechnology, and other applications. For example, Ponce–Pérez and Cocoletzi, in 
2017 presented the hydrogenated BN nanosheets with trichloroethylene (TCE) molecules using the DFT 
technique [8]. There are two possible adsorption sites, such as on the top of the B atom and the top of 
the N atom in the report. The overall optimized bond lengths of B−N, B−H, and N−H are 1.532 Å − 1.590 
Å, 1.190 Å − 1.194 Å, and 1.035 Å − 1.036 Å, respectively. In 2018, Xu et al. studied the geometric and 
electronic structures of armchair BNNTs with carmustine (CMT) and temozolomide (TMZ) using DFT 
calculations [9]. From the calculations, the findings noted that the closest distances of CMT/TMZ bind on 
the surfaces of BNNTs are determined to be 2.54 Å− 3.21 Å. Moreover, the electrostatic potential surface 
plots found that the outer surfaces of tubes possess negative charges, while the inner surfaces of tubes 
show positive charges in the work. Tang et al., in 2019 studied the BN characterizations [10]. The 
physical and chemical results showed that the BN nanomaterials ca be used as nanofillers in the future. 
In 2021, Chettri et al. reported the hydrogen storage capacity of h−BN monolayers using the DFT method 
[11]. The computational DFT results are similar to the literature studies. For example, the optimized bond 
lengths of B−N and N−N(B−B) are determined to be 1.45 Å and 2.50 Å, respectively. There have four 
possible molecular hydrogen adsorption sites, i.e. center, bridge, B−top, and N−top, with the 
corresponding binding energy of 0.175 eV − 0.212 eV per hydrogen molecule obtained in the study. 
Moreover, the computed hydrogen storage capacity of the BN framework is about 6.7 wt%, which is 
close to the value of 6.0 wt% obtained from literature surveys. Shah−Naqvi et al., in 2022 presented the 
structural and electronic properties of BN monolayers with/without doped by group IV elements [12]. The 
computational findings noted that the optimized B−N bond lengths are about 1.42 Å – 1.46 Å. In the case 
of the molecular electrostatic potential surface maps (MEPs), the DFT findings noted that the N–edges 
of BN sheets show the negative electrostatic potentials, while the positive electrostatic potential surfaces 
fall in the regions near B–edges in the study.  

 

Therefore, it is of great interest to carry out a computational DFT study on the local energy minima and 
other electronic structures of boron nitride nanotubes (BNNTs) with/without doped by group IV elements. 
Moreover, the details of the computational methodology, results, discussion, and conclusions are 
provided in the following sections. 

 
Materials and Methods 
 

To study the effects of surface curvature on BNNTs, the DFT technique was performed to study 
geometric and electronic structures of pristine, vacancy, and group IV doped BNNT frameworks. Using 
Gaussian 09 computational chemistry software package [13], geometry optimization calculations were 
carried out to find the equilibrium structures of BNNTs at the B3LYP/6−31G level of theory. Figure 1 
shows the optimized geometries of BNNTs (i.e. B36N36H12, B35N36H12, B36N35H12, B35CN36H12, 
B36N35CH12, B35SiN36H12, B36N35SiH12, B35GeN36H12, and B36N35GeH12). In the side views of the 
diagrams, both B− and N−tips were terminated with the hydrogen atoms [5, 7]. In this study, the electronic 
structures (i.e. total energies, Frontier molecular orbitals (FMOs), Mulliken atomic charges, and others) 
of BNNTs were then determined using single−point calculations at B3LYP/6−31G* level of theory. 
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Figure 1. Optimized structures of pristine, vacancy, group IV doped BNNTs, such as B36N36H12, 
B35N36H12, B36N35H12, B35CN36H12, B36N35CH12, B35SiN36H12, B36N35SiH12, B35GeN36H12, and 
B36N35GeH12 

 
Results and Discussion 
 
In this work, all optimized bond lengths of B−N for all studied BNNTs except B36N35H12 are about 1.44 Å 
– 1.47 Å, which is in good agreement with the literature studies [5, 6, 11, 12]. In B36N35H12, the computed 
B−N bond distances found around the N vacancy defect are considered to be slightly different with those 
of other studied BNNTs. The corresponding B−N bond lengths near N vacancy defect in B36N35H12 are 
about 1.42 Å – 1.49 Å in this work. In Table 1, the computed total energies of pure, vacancy, and group 
IV doped BNNTs (i.e. B36N36H12, B35N36H12, B36N35H12, B35CN36H12, B36N35CH12, B35SiN36H12, 
B36N35SiH12, B35GeN36H12, and B36N35GeH12) are listed. The total energy values of pristine, vacancy, and 
group IV BNNTs are between −134063.205 eV and −76781.621 eV in this work. Moreover, the 
HOMO−LUMO (highest occupied molecular orbital – lowest unoccupied molecular orbital) energies of 
pristine, vacancy, and group IV doped BNNTs are presented in the table. The corresponding values of 
HOMO−LUMO energies obtained fall in the range of 2.174 eV – 4.327 eV. These calculated 
HOMO−LUMO energies are close to those data reported by Maryam−Mirzaei and Mahmoud−Mirzaei 
[5], and slightly smaller than those of pure and group IV doped BN nanosheets presented by Shah−Naqvi 
et al. [12]. In addition, the calculated dipole moments of pure, vacancy, group IV doped BNNTs are also 
summarized in Table 1. The dipole moment values obtained are about 6.5364 debye – 7.0492 debye in 
this report. Moreover, the N-vacancy and Group IV doped on the N sites are presented to be more dipole 
moments if compared with B-vacancy and Group IV doped on the B sites, respectively. These dipole 
moments obtained from the DFT calculations are similar to the findings studied by Maryam−Mirzaei and 
Mahmoud−Mirzaei [5].  
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Table 1. Computed total energies (eV), Frontier molecular orbital energies (eV), and dipole moments 
(debye) of pristine, vacancy, group IV doped BNNTs 
 

 B36N36H12 B35N36H12 

Total energy −78278.312 −77593.805 
HOMO −6.243 −5.574 
LUMO −1.916 −1.946 
HOMO-LUMO 4.327 3.628 
Dipole moment 6.6216 6.6827 

 

 B36N35H12 B35CN36H12 

Total energy −76781.621 −78634.583 
HOMO −4.842 −4.047 
LUMO −1.857 −1.873 
HOMO-LUMO 2.985 2.174 
Dipole moment 7.0492 6.5364 

 

 B36N35CH12 B35SiN36H12 

Total energy −77821.553 −85477.535 
HOMO −6.101 −5.830 
LUMO −1.890 −1.869 
HOMO-LUMO 4.212 3.961 
Dipole moment 6.8339 6.7845 

 

 B36N35SiH12 B35GeN36H12 

Total energy −84660.591 −134063.205 
HOMO −5.937 −5.975 
LUMO −1.923 −1.852 
HOMO-LUMO 4.015 4.123 
Dipole moment 6.9537 6.9328 

 

 B36N35GeH12 

Total energy −133247.243 
HOMO −5.820 
LUMO −1.930 
HOMO-LUMO 3.890 
Dipole moment 7.0021 

 
Figure 2 shows the diagrams of Frontier molecular orbitals (FMOs) of pure, vacancy, and group IV doped 
BNNTs. The computed DFT findings in the diagrams note that the HOMO of pure BNNT is mostly 

constructed from the 𝑝𝑧 −orbitals of N−tip saturated with six hydrogen atoms in the study, while the 
electron densities for LUMO are focused significantly on the B−tips saturated with 6 hydrogen atoms. As 
can be seen from the diagrams, the 𝛼 −spin HOMOs of the B and N vacancy BNNTs are different with 

that of pristine BNNT. For both B and N vacancy BNNTs, the 𝛼 −spin HOMOs are mainly located on the 
regions surrounding the B and N vacancy defects, respectively in this work. Moreover, the electron 
densities of 𝛼 −spin HOMO on the case of N-vacancy are more focused in the small region surrounding 

N vacancy defect if compared with the B-vacancy model. Therefore, 𝛼 −spin HOMO−LUMO energy of 
N-vacancy obtained is much smaller than that of B-vacancy. In the cases of group IV doped BNNTs, the 
electron density distributions of 𝛼 −spin HOMOs are majority contributed from pz−orbitals of carbon, 

silicon, and germanium atoms. From the 𝛼 −spin HOMO diagrams, the electron density distribution of 

B35CN36H12 is more concentrated than that of B36N35CH12. Therefore, the 𝛼 −spin HOMO-LUMO energy 
of B35CN36H12 is calculated to be smaller than B36N35CH12. By contrast, the distributions of electron 
densities for B35SiN36H12 and B36N35SiH12 are quite close to each other. Similarly, for B35GeN36H12 and 
B36N35GeH12, both electron density distributions are not significantly different. Therefore, the computed  
𝛼 −spin HOMO-LUMO of B35SiN36H12, B36N35SiH12, B35GeN36H12, and B36N35GeH12 are quite close to 

each other. For the 𝛼 −spin LUMO of vacancy and group IV doped BNNTs, the electron density 

distributions are similar to that of pure BNNT framework. The electron densities of 𝛼 −spin LUMOs are 

mainly contributed by the 𝑝𝑧 −orbitals of B−tips for the vacancy and group IV doped BNNTs. In addition, 
these computed observations are close to those of pristine and group IV doped BN nanosheets reported 
by Shah−Naqvi et al. [12]. 
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Figure 2. Frontier molecular orbital surface maps of pure, vacancy, and group IV doped BNNTs 
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Using a scheme of Mulliken population analysis, the computed electronic atomic charge distributions of 
pure, vacancy, and group IV doped BNNTs are determined. The diagrams of Mulliken atomic charge 
(MAC) distributions of pristine, vacancy, and group IV doped BNNTs are illustrated in Figure 3. The DFT 
findings note that the group IV elements (i.e. carbon, silicon, and germanium atoms) show positive and 
negative charges in the study. When the boron atom placed in the center of BNNT is substituted by 
carbon, silicon, or germanium atom, the positive charge values of group IV elements are calculated to 
be 0.4321 a.u. – 0.07664 a.u. in this work. While the negative charges between −0.4838 a.u. and −0.1334 
a.u. are obtained from DFT calculations when the nitrogen atom located in the center of the tube is 
substituted by group IV elements. In this paper, all the boron atoms possess the positive charges, 
whereas the negative charges are found on the nitrogen atoms. In addition, the computational results 
also note that when boron or nitrogen atoms are placed in the center of tubes substituted by group IV 
element, the positive charge values of boron atoms located in N−tips are higher than those of B−tips in 
the studied BNNT models. While the negative charge values of nitrogen atoms located in B−tips are 
slightly smaller than those of N−tips. These calculated findings obtained from pristine, vacancy, and 
group IV doped BNNTs are close to those of pure and group IV doped BN monolayers discussed by 
Shah−Naqvi et al. [12]. Moreover, the surface maps of molecular electrostatic potentials (MEPs) of pure, 
vacancy, and group IV doped BNNTs are presented in Figure 3. For all studied BNNTs, the MEP map 
plots obtained are quite consistent to that of MAC result discussed in this study. In addition, these surface 
plots of MEPs are also found to be close to those of pure and group IV BN frameworks reported by 
Shah−Naqvi et al. [12]. In this report, the tips of BNNTs are saturated by twelve hydrogen atoms (i.e. 
B−tip is only saturated by six hydrogen atoms, and N−tip is saturated by six hydrogen atoms, 
respectively). From these surface plots of MEPs, the DFT results note that the regions of N−tips saturated 
with six hydrogen atoms show blue color surfaces in the diagrams, which means to hold the most positive 
electrostatic potentials contributed from the nitrogen atoms. While B−tips saturated with six hydrogen 
atoms possess the negative electrostatic potentials in this study. 
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Figure 3. Molecular electrostatic potentials and Mulliken atomic charges of pure, vacancy, and group IV 
doped BNNTs 

 
The spin density distributions of vacancy and group IV doped BNNTs are examined in this work. Our 
computed DFT findings note the spin density spin density distributions of B and N vacancy BNNTs are 
mainly focused on the regions surrounding the B and N vacancy defects, respectively. For example, the 
highest spin density distribution of B vacancy BNNT is located on the N atom, which is close to B vacancy 
defect in this study. The corresponding spin density of N atom is about 0.9505. While for N vacancy 
BNNT, the greatest spin density of B is about 0.9085. In the cases of group IV doped BNNTs, the highest 
spin density distributions are localized on the group IV elements, i.e. C, Si, and Ge atoms of studied 
BNNT frameworks. These findings are agreed well with those of BN nanosheets doped with C, Si, or Ge 
atom investigated by Shah−Naqvi et al. [12]. When one of the B atoms placed in the center of BNNTs is 
substituted by group IV element, the spin density values of C, Si, and Ge atoms are predicted to be 
0.7113, 0.7291, and 0.6179, respectively in this study. When one of the N atoms located in the center of 
the nanotube is substituted by C, Si, or Ge atom, the spin densities of group IV elements are calculated 
to be between 0.7589 and 0.8615. These computed spin density diagrams of BNTs doped by group IV 
elements are presented in Figure 4. The blue color surface plots represent the positive spin densities of 
BNNTs doped by group IV elements, whereas the negative spin density distribution possesses the green 
color surface map in this work. 
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Figure 4. Computed spin density distributions of pure, vacancy, and group IV doped BNNTs 

 
Conclusions 
 

In this report, we apply the first−principles DFT calculations to study the total energies, FMOs, MACs, 
MEPs, and dipole moments of pure, vacancy, and group IV doped BNNTs. The computed results 
obtained are in excellent agreement with those of literature studies. For example, all optimized B−N bond 
distances of BNNT models are about 1.42 Å – 1.49 Å. The local energy minima of pristine, vacancy, and 
group IV doped BNNTs were calculated to be from −134063.205 eV to −76781.621 eV in this work. 
Moreover, the HOMO−LUMO energies of BNNT frameworks are about 2.174 eV – 4.327 eV. For the 
surface plots of FMOs, the HOMO of pristine BNNT framework has mostly pz orbitals contributed from 
N−tips saturated with six hydrogen atoms. For vacancy and group IV doped BNNTs, the electron density 
distributions were mainly localized on the regions surrounding the vacancy defects and group IV 
elements of the tubes. While the LUMOs of pure, vacancy, and group IV BNNTs were composed mostly 
of pz orbitals localized on the B−tips saturated with six hydrogen atoms in this study. In addition, the 
calculated findings also presented that all B atoms possess the positive charge values, whereas the 
negative charges fall on the N atoms of BNNT models. The computed charges on C, Si, Ge, and H atoms 
were found to be either positive or negative in this work. Similar results were investigated on the map 
plots of MEPs. The region near N−tips saturated with six hydrogen atoms showed the highest positive 
electrostatic potentials, while the negative electrostatic potentials fall on the regions near B−tips 
saturated with six hydrogen atoms. In the case of spin density distribution, the highest spin densities of 
B and N vacancy BNNTs fall on the regions surrounding the B and N vacancy defects, respectively. 
While the spin densities of group IV doped BNNTs were localized mostly on the group IV elements, i.e. 
C, Si, and Ge in this study. In general, our computational DFT results obtained noted that the studied 
BNNTs can be used as potential candidates for hydrogen storage nanomaterials in the future. Our further 
investigations are currently being carried out to study the molecular hydrogens adsorption on the outer 
surfaces of BNNT frameworks. 
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