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Abstract 
 
In this report, a density functional theory (DFT) computational approach was 
used to investigate the structural and electronic properties of molecular 
hydrogens adsorbed on single-walled boron nitride nanotubes (BNNTs) 
with/without doped by group IV elements, such as carbon (C), silicon (Si), and 
germanium (Ge) atom. The twelve hydrogen molecules (H2) were added to 
the outer surfaces of BNNT frameworks. Geometry optimization calculations 
were performed to find the local energy minima of the BNNTs nanostructures 
with the molecular hydrogens at the DFT/B3LYP/6-31G level of theory. By 
employing single-point calculations at the B3LYP/6-31G* level of theory, the 
equilibrium geometric structures were then utilized to find the electronic 
structures of hydrogen molecules adsorbed on the surfaces of BNNT 
frameworks. The results showed that the bond lengths of B-N are in the range 
of1.44 Å – 1.48 Å. The optimized distances of hydrogen molecules from the 
surfaces of BNNTs were predicted to be 3.1 Å – 3.2 Å. Moreover, the computed 
HOMO-LUMO energies of molecular hydrogens adsorbed on the surface of 
BNNTs are about 2.2 eV – 4.3 eV. For the surface map of HOMO, the electron 
density distribution of hydrogen molecules adsorbed on the surface of pristine 
BNNT was localized in the N-tip. While in the case of doped BNNTs, the electron 
densities of HOMOs were focused on the group IV elements. The B-tips on the 
pristine and doped BNNTs possess the major contribution to the LUMO. For the 
spin density distributions, the major spin densities of doped BNNTs were 
localized on the group IV elements.  
 
Keywords: Density functional theory, hydrogen storage system, boron nitride 
nanotubes, electronic structures, HOMO-LUMO energies 
 
 
Abstrak 
 
Dalam laporan ini, teori fungsi ketumpatan (DFT) yang digunakan untuk 
menyiasat struktur dan sifat elektronik bagi hidrogen molekul yang terjerap ke 
atas permukaan tiub nano boron nitrida boron (BNNT) dengan/tanpa didop 
oleh unsur kumpulan IV, seperti atom karbon (C), silikon (Si), dan germanium 
(Ge). Selain itu, dua belas molekul hidrogen (H2) ditambahkan ke atas 
permukaan rangka kerja BNNT. Pengiraan pengoptimuman geometri yang 
dilakukan untuk mencari minima tenaga tempatan bagi struktur nano BNNT 
dengan hidrogen molekul pada tahap teori DFT/B3LYP/6-31G. Dengan 
menggunakan pengiraan titik tunggal pada tahap teori B3LYP/6-31G*, struktur 
geometri keseimbangan rangka kerja yang digunakan untuk mencari struktur 
elektronik bagi hidrogen molekul yang terjerap ke atas permukaan rangka 
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1.0 INTRODUCTION 
 
Boron nitride nanomaterials have attracted 
considerable attention with the developments of 
nanoscience and nanotechnology nowadays. For 
example, Joy et al., in 2020 reviewed the 
nanostructure of boron nitride (BN) [1]. The BN is a 
crystalline compound, which consists of equal 
numbers of boron (B) and nitrogen (N) atoms. In the 
report, there have six crystalline forms of BNs, i.e. 
hexagonal, cubic, wurtzite, rhombohedral, 
amorphous, and turbostratic BNs. Among these BNs, 
the hexagonal form of boron nitride (h-BN) has 
attracted the highest attention recently due to the 
form of h-BN being similar to that of graphene. In 
addition, Angizi et al., in 2022 also reviewed the 
fundamental properties (i.e. band structures and 
optoelectronic properties) of h-BN nanostructures 
and their applications due to h-BNs possessing 
excellent thermal and chemical stability in the 
literature studies [2]. 

To realize the progress of nanoscience and 
nanotechnology, many experimental and theoretical 
studies of hexagonal boron nitride (h-BN) 
nanomaterials have been undertaken in recent 
years. For example, Zhao et al., in 2011 studied the 
adsorption of benzene molecule on the outer surface 
of a zigzag single-walled boron nitride nanotube 
(BNNT) at the ωB97X-D/6-31G** level of theory [3]. 
The computed nearest distance between the 
benzene ring and BNNT is about 3.07 A in the density 
functional theory (DFT) calculation. Moreover, the 
highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) surface 
plots of benzene-modified BNNT were mainly 
localized on the BNNT framework, respectively. In the 
same year, Ju et al. investigated the electronic 
structures of (8, 0) zigzag and (5, 5) armchair models 
of BNNTs [4]. The findings noted that the B-N bond 
distances of armchair BNNT are about 1.454 Å – 1.460 
Å, whereas the B-N bond lengths of zigzag BNNT were 
examined to be about 1.455 Å – 1.457 Å in the report. 
These bond distances of B-N obtained are close to 

those of literature studies. In 2014, Seyed-Talebi and 
Neek-Amal reported hexagonal boron nitride (B48N48) 
nanosheet terminated with 25 hydrogen (H) atoms 
[5]. The optimized B-N distances obtained are 1.420 Å 
– 1.447 Å at the B3LYP/6-31G*, X3LYP/6-31G*, and 
M06/6-31G* levels of theories. The HOMO-LUMO 
energy values were calculated to be 6.38 eV – 6.82 
eV in the report. In the case of Frontier molecular 
orbital (FMO) diagrams, the computed findings 
showed that both electronic densities of HOMO and 
LUMO were localized at the N- and B-edges of the h-
BN nanostructure. Moreover, by employing the 
scheme of Mulliken population analysis (MPA), the 
DFT charge distribution results presented that all 
boron atoms hold the positive charges, and the 
negative charges fall on the nitrogen atoms. While 
there have two different types of charge values 
(positive and negative charges) for the hydrogen (H) 
atoms used in the h-BN framework. In the same year, 
Chua Abdullah et al. studied the presence of h-BN 
and alumina (Al2O3) nanoparticles in engine oil [6]. In 
the case of h-BN nanoparticle additives in the engine 
oil, the results found that the wear rate and 
coefficient of friction for the ball are slightly lower 
than those of h-BN with and without Al2O3. Javan et 
al., in 2017 studied the Soman and Chlorosoman 
adsorbed on the external surface of BNNTs [7]. In the 
study, the bond lengths of B-N were calculated to be 
1.447 Å – 1.449 Å at the B3LYP/6-311G** and M06-
2X/6-311G** levels of calculations. The computed DFT 
findings noted that most electron densities of the 
HOMO and LUMO have occurred at the N- and B-tips 
of BNNTs with Soman and Chlorosoman molecules. 
Furthermore, the molecular electrostatic potential 
(MEP) surface maps noted that the positive 
electrostatic potentials fall in the regions of N-tips. The 
B-tips of studied BNNT frameworks showed the 
negative electrostatic potentials in the work. In 2022, 
Guo et al. studied the flexoelectric effect in h-BN 
nanosheet using the first principle DFT investigation 
[8]. The findings showed that the flexoelectric 
coefficient of h-BN is higher than that of graphene in 
the work. To enhance the flexoelectricity of h-BNs, 

kerja BNNT dalam kajian ini. Keputusan yang dikira menunjukkan bahawa 
panjang ikatan B-N yang diperoleh adalah kira-kira dalam julat 1.44 Å – 1.48 Å. 
Jarak optimum molekul hidrogen dari permukaan BNNTs ialah 3.1 Å - 3.2 Å. 
Selain itu, tenaga HOMO-LUMO yang dikira bagi hidrogen molekul yang 
terjerap ke atas permukaan BNNT adalah kira-kira 2.2 eV – 4.3 eV. Bagi plot 
HOMO, taburan ketumpatan elektron dalam BNNT yang tulen telah 
disetempatkan di hujung N, manakala ketumpatan elektron HOMO di BNNT 
yang didop adalah tertumpu pada unsur kumpulan IV. Untuk plot LUMO, 
semua keputusan yang dikira adalah sama, iaitu hujung B bagi semua BNNT 
mempunyai sumbangan yang paling besar. Dalam kes taburan ketumpatan 
putaran, ketumpatan putaran utama bagi kes BNNT yang didop telah 
disetempatkan pada elemen kumpulan IV.   
 
Kata kunci: Teori fungsi ketumpatan, sistem penyimpanan hidrogen, tiub nano 
boron nitrida, struktur elektronik, tenaga HOMO-LUMO 
 

© 2022 Penerbit UTM Press. All rights reserved 
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the configurations of B and N atoms were arranged 
into two coaxially curved surfaces. Moreover, the 
results found that the flexoelectric coefficient of h-BN 
can increase the band gap of double-walled BNNT in 
the work. 

In this respect, BN nanomaterials have been 
proven to be promising materials in the applications 
of energy storage, electronic, optoelectronic, 
biomedical, and others. For example, Anota et al., in 
2013 investigated the interaction between oxygen 
(O) atoms and h-BN monolayers [9]. There have six 
studied configurations, such as O atom bonded to 
two N atoms, O atom bonded to two B atoms, O 
atom added on the top of N atom, O atom added 
on the top of B atom, O atom bonded to B-N dimer, 
and O atom added within the hexagonal. The BN 
nanosheet, in which the O bonded to the B-N dimer 
possesses the lowest local energy minima among all 
six studied configurations of BN frameworks. All 
computed bond distances of B-N are determined to 
be 1.43 A - 1.45 A. Due to the dipole moments of 
studied BN configurations being 0.0134 debye - 
15.8400 debye, the finding of high polarity obtained 
in the work shows the good potential used in 
semiconductors. In 2018, Merlo et al. studied the 
biocompatibility properties of BN nanomaterials in 
the application of the medical field [10]. In 2020, Bilal 
et al. discussed the optoelectronic properties of h-BN, 
which can be used in electronic and optoelectronic 
applications [11]. In 2021, Shah-Naqvi et al. 
investigated the adsorption of hydrogen molecules 
on pure and doped BN monolayers [12]. The DFT 
calculation results show that the distances between 
hydrogen molecules and nitrogen atoms in the 
middle of BN nanosheets are about 3.2 Å – 3.3 Å. 
While the hydrogen molecules at the B- and N-edges 
are predicted to be about 2.9 Å – 3.0 Å in the 
investigation. Kamali et al., in 2022 investigated the 
adsorption of metformin (MF) on the BN (i.e. B24N24), 
aluminum nitride (i.e. Al24N24), and other frameworks 
using density functional theory at B3PW91/6-311G** 
level of theory [13]. Among all studied cases, the 
results found that the HOMO-LUMO energy of the 
B24N24 cluster can only be increased by doping with 
other elements, i.e. aluminum and phosphorus atoms 
in the study. Therefore, this B24N24 framework could be 
used as a drug delivery system in the future. 

In the development of hydrogen energy, the BN 
nano-structural materials have been considered a 
promising candidate material for hydrogen storage. 
In recent years, numerous hydrogen energy storage 
research works have been carried out. For example, 
Baierle et al., in 2006 reported the adsorptions of 
atomic and molecular hydrogens on C-doped BNNTs 
using DFT calculations [14]. The binding energies of 
atomic and molecular hydrogens adsorbed on the 
C-doped BNNTs showed significantly changed from 
those of pure BNNTs. When the hydrogen atom 
adsorbed on the top of nitrogen atom, the weak 
binding energy (0.009 eV) was obtained in the work. 
Moreover, the electron densities of HOMO were 
localized on the CN and CB atoms of doped BNNT 

frameworks in the report. In 2011, Krishnan, et al. 
studied the hydrogen molecules adsorbed on the 
zigzag graphene and h-BN monolayers [15]. The 
edges of the studied frameworks were terminated 
with hydrogen atoms in the report. There have 
several positions of molecular hydrogens on the 
studied nanosheets. For h-BN nanostructures, the 
hydrogen molecules were placed on the top of the B 
atom, top of the N atom, hallow, and bridge in the 
work. The computed binding energies obtained are 
about from -0.04 eV to -0.01 eV. In addition, the 
hydrogen molecules adsorbed on the external 
surfaces of zigzag BNNTs and carbon nanotubes 
(CNTs) were also carried out in the report. In the case 
of BNNT frameworks, the binding energies obtained in 
the report are close to those of BN sheets. These 
binding energies obtained from DFT calculations are 
still well below the desired experimental values. In 
2006, Wu et al. studied the adsorption of molecular 
hydrogens on the external surfaces of platinum-
doped BNNT frameworks using the DFT method [16]. 
In the study, the calculation results presented that 
the binding energy of hydrogen molecule in the 
doped BNNT is smaller than that of pristine BNNT. 
Moreover, the decrease of the hydrogen molecule 
adsorption energy in the Pt-doped BNNT was 
obtained by increasing the number of H2 molecule 
from one to two in the study. In the same year, 
Cabria et al. reported the adsorption of hydrogen 
molecule (H2) on the outer surface of carbon 
nanotube (CNT) using a DFT technique [17]. The 
computed DFT results noted that the binding energy 
(BE) obtained is about 0.1 eV/H2 molecule in the 
report. Moreover, the distances between two 
neighbor hydrogen molecules are about 2.5 Å - 4.1 
Å, due to the H2-H2 showing strong intermolecular 
repulsion when the distance between two hydrogen 
molecules is less than 2.5 A. The results obtained are 
consistent with the finding presented by Diep and 
Jahson in 2000 [18]. Diep and Jahson reported the 
lowest potential energy minimum range for two 
neighbor molecular hydrogens were placed at the 
separation distances of 2.7 Å - 4.5 Å. In 2021, 
Sunnardianto et al. studied the H2 molecule 
adsorption and desorption on the hydrogenated 
defective graphene nanosheet [19]. The computed 
results noted that the hydrogenated defective 
graphene nanostructure possesses a better hydrogen 
molecule storage environment as compared to that 
of pristine graphene in the work. 

Recently, BNNT among BN nanostructures 
materials has attracted a lot of research attention 
due to its possessing a similar tubular nanostructure to 
carbon nanotube (CNT). For example, Ghosh et al., 
in 2010 reported the electronic and magnetic 
properties of the transition metals adsorbed on the 
inner and outer surfaces of BNNTs [20]. Regardless of 
the diameter size of the nanotube, the magnetic 
characteristics of all studied BNNTs are almost the 
same in the investigation. In the same year, Mirzaei 
and his co-worker also presented the BNNT 
frameworks using DFT/B3LYP/6-31G* level of theory 



150                                     Pek-Lan Toh et al. / Jurnal Teknologi (Sciences & Engineering) 84:6 (2022) 147–156 
 

 

[21, 22]. The structures of BNNT (6,0) were terminated 
with oxygen and sulfur atoms in the work, 
respectively. The DFT calculations found that the B-N 
bond lengths obtained from the BNNT with oxygen 
and oxygen and sulfur termination are the same with 
that of hydrogen termination. In 2012, Moradi et al. 
used DFT method to determine the electronic 
properties (i.e. binding energies, Frontier molecular 
orbitals, and others) of thiazole molecule adsorbed 
on the outer surface of BNNT (6,0) framework [23]. 
The computational results noted that the HOMO-
LUMO energy of thiazole molecule adsorbed on the 
BNNT model is smaller than that of pure BNNT. This is 
because of a decrease in the stability with an 
increase of thiazole molecule adsorbed on the BNNT 
framework. In 2015, Kaur et al. studied the adsorption 
of drugs (i.e. oxazole and isoxazole) on the surfaces 
of zigzag BNNT (6,0) and armchair BNNT (5,5), 
respectively [24]. The results noted the structural 
changes in the adsorption site of BNNT (6,0), while for 
armchair BNNT, there is no change in the adsorption 
site. In 2020, Sotudeh et al. studied the optical 
properties and electronic structures of BNNT (6,0) 
using DFT technique [25]. The results found that the 
optical parameters (i.e. dielectric constants, energy 
loss function, optical conductivity constant, and 
others) are in good agreement with the experiment. 
In addition, they also mentioned that the energy 
band gap of BNNT does not depend on the diameter 
and chirality of the tube. Motivated by the recent 
experimental/theoretical progress in hydrogen 
storage, and the balance between the 
computational cost/accuracy considerations, we 
have employed the first-principles DFT method to 
investigate the interaction of molecular hydrogens 
with the pristine and group IV doped BNNTs. Since 
most the previous literature studies have focused on 
the (6,0) single-walled BNNT, the structural and 
electronic properties of hydrogen molecules 
adsorbed on the outer surface of pure and doped 
(6,0) BNNTs are determined in this work. The details of 
the computational methodology, results, discussion, 
and conclusion are reported in the following sections. 
 
 

2.0 METHODOLOGY 
 
To investigate the effect of molecular hydrogen 
absorbed on the outer surface of pristine and 
C/Si/Ge-doped BNNTs, the method of DFT was 
conducted to find the geometric and electronic 
structures of hydrogen molecules adsorbed on BNNT 
(6,0) frameworks (i.e. B36N36H12·12H2, B35CN36H12·12H2, 
B36N35CH12·12H2, B35SiN36H12·12H2, B36N35SiH12·12H2, 
B35GeN36H12·12H2, and B36N35GeH12·12H2). In this study, 
both N- and B-tips of pure and doped BNNT 
frameworks were terminated with twelve hydrogen 
atoms in this study, which was reported by Krishnan, 
et al. (in 2011) and Xiang et al. (in 2019) [15, 26]. All 
DFT calculations were performed using Gaussian 09 
program package [27].  
 
 

B36N36H12·12H2  

 

 
B35CN36H12·12H2  

  
B36N35CH12·12H2  

  
B35SiN36H12·12H2  

  
B36N35SiH12·12H2  

  
B35GeN36H12·12H2  

 
 

 

B36N35GeH12·12H2  

  
 
Figure 1 Optimized geometric structures of molecular 
hydrogens absorbed on the external surfaces of pristine and 
group IV doped BNNTs, where N (blue ball), B (pink ball), H 
(white ball), C (grey ball), Si (blue-grey ball), and Ge (green-
grey ball) 

B atom 

N atom 

H atom 

H2 molecule 

Ge atom 

Si atom 

C atom 
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At the B3LYP/6-31G level of theory, geometry 
optimization calculations were performed to find the 
equilibrium structures of twelve hydrogen molecules 
absorbed on the external surfaces of pure and 
doped BNNTs. Figure 1 illustrates the optimized 
hydrogen molecules adsorbed on the surface of 
pristine and doped BNNTs. By employing single-point 
calculations, the optimized geometric structures of 
title frameworks were then used to determine the 
electronic structures (i.e. binding energies, Frontier 
molecular orbitals, and others) of hydrogen 
molecules adsorbed on the external surfaces of pure 
and group IV doped BNNTs at the B3LYP/6-31+G* 
level of theory. 
 
 
3.0 RESULTS AND DISCUSSION 
 
To understand the fundamental interactions 
between molecular hydrogens and BNNTs, our DFT 
calculation results note that the optimized B-N bond 
lengths are examined to be in the range of 4.4 Å – 
4.7 Å in this study. These bond distances are 
consistent with those of literature studies reported by 
Ju et al. (in 2011), Seyed-Talebi, and Neek-Amal (in  
2014) [4, 5]. Moreover, the hydrogen molecules 
placed on the outer surface of pure and doped 
BNNT frameworks are about 3.1 Å – 3.2 Å. 

These computed distances obtained in this study 
are slightly shorter than those of BN nanosheets (3.2 Å 
– 3.3 Å) presented by Shah-Naqvi et al. in 2021 [12]. In 
Table 1, the computed binding energies of hydrogen 
molecules adsorbed on pristine and group IV doped 
BNNTs are about 0.005 eV – 0.008 eV per molecular 
hydrogen. The results found that the binding energies 
of molecular hydrogen adsorbed on group IV doped 
BNNTs are slightly increased than that of pure BNNT. 
Moreover, the binding energies increase from carbon 
to silicon, and then to germanium. Overall, these 
binding energy values obtained in this work are still 
smaller than those of literature values [9, 11, 16]. In 
the table, the values of BSSE energies are determined 
to be from 0.187 eV to 0.240 eV. The computed 
dipole moments do not show many significant 
changes for pure and doped BNNTs.  
In this study, the corresponding dipole moments fall in 
the range of 5.172 Debye – 5.6499 Debye. In 
addition, the HOMO-LUMO energies of hydrogen 
molecules adsorbed on pure and doped BNNTs are 
also reported in Table 1. The computed results note 
that the corresponding HOMO-LUMO energies are in 
the range of 2.166 eV - 4.312 eV. When one of the B 
atoms is substituted by group IV elements (i.e. 
carbon, silicon, and germanium atoms) in the studied 
BNNT frameworks, the HOMO-LUMO energies 
obtained from DFT calculations are increased from 
carbon to germanium (2.166 eV, 3.903 eV, and 4.052 
eV). The opposite results are found when one of the 
N atoms is substituted by group IV elements. The 
HOMO-LUMO energy values are decreased from 
carbon to germanium (4.198 eV, 3.939 eV, and 3.760 

eV) in this study. However, the HOMO-LUMO energies 
of doped BNNTs showed significant changes with 
that of pristine BNNT obtained in the study. The 
surface diagrams of Frontier molecular orbitals 
(FMOs) of studied BNNTs are illustrated in Figure 2. For 
the pure BNNT, the electron density distribution of 
HOMO is focused in the region of the N-tip, whereas 
the B-tip holds the major electron densities in LUMO 
of pristine BNNT. In the case of doped BNNT 
frameworks, the electron densities of HOMOs are 
mainly localized in the region around the group IV 
elements, such as C, Si, or Ge atoms. While the 
electron density distributions of LUMOs are 
contributed from pz-orbitals at B-tips, which is close to 
that of pure BNNT in this work. In addition, these 
Frontier molecular orbital results are also close to 
those of BN nanostructures in the literature studies [3, 
5, 7, 15]. 
 
Table 1 Computed binding energies (eV), BSSE energies 
(eV), Frontier molecular orbital energies (eV), and dipole 
moments (debye) of hydrogen molecules adsorbed on the 
outer surfaces of pristine and doped BNNTs 

 
 B36N36H12·12H2 B35CN36H12·12H2 
Binding 
energy 0.0048 0.0046 

BSSE energy 0.1925 0.1919 
HOMO -6.6034 -4.4205 
LUMO -2.2912 -2.2545 
HOMO-LUMO 
Energy 4.3122 2.1660 

Dipole 
moment 5.2405 5.1719 

 B36N35CH12·12H2 B35SiN36H12·12H2 
Binding 
energy 0.0050 0.0053 

BSSE energy 0.1905 0.1937 
HOMO -6.4638 -6.1430 
LUMO -2.2662 -2.2403 
HOMO-LUMO 
Energy 4.1976 3.9027 

Dipole 
moment 5.4651 5.4797 

 B36N35SiH12·12H2 B35GeN36H12·12H2 
Binding 
energy 0.0049 0.0069 

BSSE energy 0.1866 0.2401 
HOMO -6.2203 -6.2736 
LUMO -2.2811 -2.2221 
HOMO-LUMO 
Energy 3.9391 4.0515 

Dipole 
moment 5.5874 5.6499 

 B36N35GeH12·12H2  
Binding 
energy 0.0078  

BSSE energy 0.2403  
HOMO -6.0436  
LUMO -2.2841  
HOMO-LUMO 
Energy 3.7595  

Dipole 
moment 5.6181  
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B36N35CH12·12H2  
HOMO  

  
LUMO  

  
B35SiN36H12·12H2  
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B36N35SiH12·12H2  
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B35GeN36H12·12H2  
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LUMO  

  

Figure 2 Surface plots of Frontier molecular orbitals of 
molecular hydrogens adsorbed on the surfaces of pure and 
doped BNNTs 
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Figure 3 Computed Mulliken atomic charges of hydrogen 
molecules adsorbed on the outer surfaces of pure and 
doped BNNTs 
 

B36N36H12·12H2  

  
B35CN36H12·12H2  

  
B36N35CH12·12H2  

  
B35SiN36H12·12H2  

  

B36N35SiH12·12H2  

  

B35GeN36H12·12H2  

  

B36N35GeH12·12H2  

  

 
Figure 4 Optimized molecular electrostatic potentials of 
hydrogen molecules adsorbed on the outer surfaces of 
pure and doped BNNTs 



154                                     Pek-Lan Toh et al. / Jurnal Teknologi (Sciences & Engineering) 84:6 (2022) 147–156 
 

 

Using the scheme of Mulliken atomic population 
(MAP), Figure 3 shows the electronic atomic charge 
distributions of molecular hydrogens adsorbed on the 
external surfaces of pristine and doped BNNT 
frameworks. The computed DFT results note that all B 
atoms show positive charges (0.321 a.u. – 1.638 a.u.), 
and the negative charges (between -1.233 a.u. and -
0.479 a.u.) are localized on the N atoms. Moreover, 
the group IV elements (i.e. C, Si, and Ge atoms) have 
positive and negative charges in the investigation. 
For example, when one of the B atoms localized in 
the middle of BNNTs is substituted by C, Si, or Ge 
atom, the charges of group IV elements are 
obtained, with the corresponding charges of -1.070 
a.u. – 2.695 a.u. in this report. When one of the N 
atoms located in the middle of BNNTs is substituted 
by C, Si, or Ge atom, the charge values of group IV 
elements are predicted to be between -1.051 a.u. 
and -0.319 a.u. in this study. In addition, the 
calculated findings also note that the positive charge 
values of B atoms located in N-tips are slightly higher 
than those of B-tips in all studied BNNT frameworks. 
While the negative charge values of N atoms 
focused on B-tips are slightly smaller than those of N-
tips due to the strong bonds between the N and H-
terminating atoms are found in this work. These 
Mulliken atomic charges (MACs) obtained are 
consistent with those of results reported by Seyed- 
Talebi and Neek-Amal in 2014 [5]. In addition, the 
surface plots of molecular electrostatic potentials 
(MEPs) are also illustrated in Figure 4. The results of 
MEPs obtained are similar to those of MACs. The color 
code of MEP surface plot used in this work is between 
−2.5×10−2 (red) to 2.5×10−2 (blue). The blue color 
surface maps in these diagrams represent the 
positive electrostatic potentials in the studied BNNT 
frameworks, whereas the negative electrostatic 
potentials possess yellow/red color surface plots. The 
N-tips of studied BNNT frameworks are surrounded by 
the greater positive electrostatic potentials. While the 
regions near B-tips possess the negative electrostatic 
potentials in this study. The results of MEPs reported 
are in good agreement with the findings presented 
by Javan et al. in 2017 [7]. 

The computed spin density distributions of 
hydrogen molecules adsorbed on the outer surfaces 
of group IV doped BNNTs are presented in Figure 5. 
The blue color surfaces in the diagrams represent the 
positive spin densities in the studied frameworks, 
whereas the negative spin density distribution is 
presented using green color surface plots. The DFT 
results note that the spin density distributions are 
concentrated mostly in the group IV elements, such 
as C, Si, and Ge atoms in the studied BNNT 
frameworks. The corresponding calculated spin 
density values of C, Si, and Ge atoms are found to be 
about 0.725 – 1.090 in this report. In addition, the 
computed findings also report that when one of the 
B atoms is substituted by group IV elements in the 
studied BNNT frameworks, the spin density values 
(0.725 – 1.014) of C, Si, and Ge atoms are calculated 
to be slightly smaller than those of nitrogen atoms 

substituted by group IV elements in the BNNTs (0.801 – 
1.090). This is because some spin density distributions 
are transferred to N atoms of the studied BNNT 
systems to adsorb the molecular hydrogens in this 
work. Moreover, the computed spin densities of 
hydrogen molecules in the studied BNNT 
nanostructures are predicted to be very small. 
 
B35CN36H12·12H2  

  
B36N35CH12·12H2  

  
B35SiN36H12·12H2  

  

B36N35SiH12·12H2  

  

B35GeN36H12·12H2  

  

B36N35GeH12·12H2  

  

 
Figure 5 Calculated spin densities of molecular hydrogens 
absorbed on the external surfaces of group IV doped BNNTs 
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4.0 CONCLUSION 
 
Using DFT method, the adsorption of hydrogen 
molecules on the outer surfaces of pristine and group 
IV doped BNNTs were investigated. In this study, 
twelve hydrogen molecules can be adsorbed on the 
outer surface of the tubes. The DFT calculations found 
the weak hydrogen molecule binding energies 
obtained in this work. The HOMO-LUMO energies are 
about 2.2 eV – 4.3 eV, which are close to those of 
literature studies. Using the scheme of MAP, all B and 
N atoms showed positive and negative charges, 
respectively. The group IV elements (i.e. C, Si, and Ge 
atoms) possess the positive and negative charge 
values in this study. For the surface maps of MEPs, the 
computed results are consistent with those of MACs. 
In this report, the B-tips of BNNTs hold the negative 
electrostatic potentials, while the highest positive 
electrostatic potentials fall in the region of N-tips. 
Therefore, our computation study takes insight on the 
electronic properties of pristine and doped BNNTs as 
function of hydrogen molecular. 
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