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ABSTRACT

The influence of mechanical bending to tuning the hydrogen storage of Ni-functionalized of zigzag type of
boron nitride nanotubes (BNNTSs) has been investigated using density functional theory (DFT) with reference
to the ultimate targets of the US Department of Energy (DOE). Single Ni atoms prefer to bind strongly at the
axial bridge site of BN nanotube, and each Ni atom bound on BNNT may adsorb up to five, H, molecules, with
average adsorption energies per hydrogen molecule of (-1.622,-0.527 eV) for the undeformed B4oNao-¢ = 0, (
-1.62,0 -0.308 eV) for the deformed B4oNao-@ = 15, ( -1.589, -0.310 eV) for the deformed B4oNaio-¢ = 30, and (
-1.368 - -0.323 eV) for the deformed BoN4o-¢ = 45 nanotubes respectively. with the H-H bonds between H;
molecules significantly elongated. The curvature attributed to the bending angle has effect on average
adsorption energies per H, molecule. With no metal clustering, the system gravimetric capacities are expected
to be as large as 5.691 wt % for 5H, Ni BaoNao-¢ = 0, 15, 30, 45. While the desorption activation barriers of the
complexes nHz + Ni B4oNao-¢ = 0 (n = 1-4) are outside the (DOE) domain (-0.2 to -0.6 eV), the complexes nH;
+ Ni- B4oNao-¢ = 0 (n = 5) is inside this domain. For nHz + Ni- B4oN4o-¢ = 15, 30, 45 with (n = 1-2) are outside
the (DOE) domain, the complexes nH, + Ni- BsoNao-¢ = 15, 30, 45 with (n = 3-5) are inside this domain. The
hydrogen storage of the irreversible 4Hx+ Ni- BsoN4o-¢ = 0, 2Hz2+ Ni- B4oNso-¢p = 15, 30, 45 and reversible
5H2+ Ni- BsoNao-¢ = 0, 3H2+ Ni- BsoNao-¢ = 15, 30, 45 interactions are characterized in terms of density of
states, pairwise and non-pairwise additivity, infrared, Raman, electrophilicity and molecular electrostatic
potentials. Our calculations expect that 5Hz- Ni- B4oNao-¢ = 0, 15, 30, 45 complexes are promising hydrogen
storage candidates.
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1. Introduction

Carbon nanotubes (CNT) and boron nitride nanotubes (BNNT) have attracted much attention as candidates for
a hydrogen storage media [1,2]. During the past decade, the carbon-based materials have been considered as
promising media for hydrogen storage [3, 4]. However, due to the very weak physical adsorption of H, for
most materials including carbon-based materials, attention has been directed at non-carbon nanosystems
composed of light elements such as B and N [2]. Boron nitride nanotubes (BNNTSs) are inorganic analogues of
carbon nanotubes (CNTs) [5]and possess physical properties suitable for a broad variety of applications [6].
Since theoretically predicted [7] and then successfully synthesized in 1995 [8], BNNTs have attracted
considerable attention due to the undisputed fact that in contrast to metallic or semi-conducting CNTs:
BNNTs are wide-gap semiconductors with almost same band gaps of 5.5 eV, independent of the tube
diameter, helicity, and the number of tube walls [9], and they are chemically and thermally more stable [7,10-
12]. Furthermore, the interaction of hydrogen molecules with material surfaces can be enhanced by
heteropolar bonds at surfaces, a feature that is present in BNNTs but absent in CNTs. Given give these unique
properties, as one of the most interesting non-carbon nanotubes [13], BNNT has high potential practical
application in hydrogen storage.

The hydrogen storage attracted much attention in recent years, especially. Ma et al. [1] measured the
hydrogen storage ability of BN nanotubes and found that multiwall BN nanotubes can uptake 1.8-2.6 wt %
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hydrogen under about 10 MPa at room temperature and 70% of adsorbed hydrogen is chemisorbed. In
theoretical studies, Cheng et al.[15]obtained that capability of hydrogen storage in single-walled boron nitride
nanotube arrays (SWBNNTA) can be increased with the increase of distance between BNNTs. Zhao and Ding
[16] indicated that several gas molecules (Hz, O, and H;0) dissociate and chemisorbs on BNNT edges, and
the adsorption of these molecules induce a charge transfer. Yuan and Liew [17] reported that boron nitride
impurities would cause a decrease in Young's moduli of SWCNTs. Moreover, the effect of these impurities in
zigzag SWCNTs is more significant because of the linking characteristics of an increase in electrons.
Mpourmpakis and Froudakis [18] discovered that BNNTs are preferable to CNTs for hydrogen storage
because of the ionic character of BNNTs bonds, which can increase the binding energy of hydrogen. Also,
some methods have been shown to improve the efficiency of storage. An increase in the diameter of BNNT
can increase the efficiency of hydrogen storage [19]. Thus far, several hydrogen storage methods have been
suggested. Further, Tang et al. [20] improved the concentration of hydrogen storage to 4.6 wt% by bending
the BNNTs. BNNTSs also have many great physical and chemical properties. Wu et al. [21] found that the radial
deformation of BNNT significantly affects the H, adsorption energy on BNNT. They presented the relationship
between the H, adsorption energy at different adsorption sites and the extent of radial deformation of BNNT.
Ju et al.[22] have investigated the effect of uni-axial strain on the electronic properties of (8,0) zigzag and (5,5)
armchair BNNT. They have found that the two different types of BNNTs show very similar mechanical
properties and variations in HOMO-LUMO gaps at different strains.

Metal-functionalization has been found to be a beneficial scheme to improve or induce some unique
properties of nanotubes[23]. Both experimental [24-27]and theoretical [28,29]studies were reported on the
interaction of transition metal atoms with “perfect” BNNTs (BNNTs without intrinsic defects). The defective [30
- 33], carbon-doped [34,35], Si-doped [32], Ti-doped [36], Ni-doped [37]. The adsorption of Ni onto single-
walled BNNTs with intrinsic defects has been studied using DFT calculations, and the results of that study were
reported by Zhao and coworkers [38]. Zhang et al. [39] investigated Ni-functionalised single-walled boron
nitride (BN) nanotubes and their applications for hydrogen storage by using DFT. They found that single Ni
atoms prefer to bind strongly at the axial bridge site of BN nanotube (BNNT) and each Ni atom may adsorb up
to three H> molecules. They also reported that the nature of the interaction between hydrogen and Ni-doped
BNNT is due to the hybridisation of the metal d orbital with the hydrogen s orbital. W. Lei et al. [40] measured
the hydrogen storage ability of oxygen doped boron nitride (BN) nanosheets with 2-6 atomic layers,
synthesized by a facile sol-gel method and found that a storage capacity of 5.7 wt% under 5 MPa at room
temperature and 89% of the stored hydrogen can be released when the hydrogen pressure is reduced to
ambient conditions. Y. Liu et al. [41] investigated the hydrogen storage of Na-decorated single- and double-
sided graphyne and their BN analogues. They found that the Na decorated double-sided graphyne and BN
analogue the hydrogen storage capacities could reach to 5.98 and 5.84 wt%, with the average adsorption
energies of 0.25 and 0.17 eV/H,, respectively.

The main objective of the present work is to investigate the interactions between Ni and undeformed (¢ =
0) and bending-deformed (¢ = 15, 30 ,45) decorated single-walled zigzag (8,0) BNNT as well as between nH>
and Ni- undeformed and bending-deformed (8,0) BNNT in terms of several structural and energetic properties
such as bond lengths, natural bond orbital (NBO) charges, density of states (DOS), adsorption energies (Eads.)
and energy gaps (highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)).
With reference to the ultimate targets of DOE for physisorption and gravimetric density, we have considered
two types of reactions, namely reversible and irreversible, which were characterized in terms of NBO analysis
of charges, densities of states (DOS), pairwise and non-pairwise additivities, infrared (IR), Raman (R), formation
energy (g), ionisation potential (l), electron affinity (A), chemical hardness (n), electronegativity (X),
electrophilicity (w) and MEPs.

2. Computational methods

In this study, DFT methods are adopted to study the mechanical bending effects on hydrogen storage of Ni
decorated single-walled zigzag BNNT. This method has been widely used in theoretical calculations of
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nanotube systems, including structural and electronic properties. The DFT calculations were performed by
using Becke's three-parameter exchange functional (B3) with Lee-Young—-Parr (LYP) correlation functional [42-
45]. The B3LYP hybrid functional has been chosen since it provides a rather accurate description of metal
interactions. Hybrid functional such as B3LYP provides a fair indication of the relative energies, and in some
cases, the resulting differences between the experimental values and the calculated ones can be considered a
systematic error [46]. B3LYP correctly reproduces the thermochemistry of many compounds, including TM
atoms [47- 49]. The advantages of employing DFT calculations for hydrogen storage materials research may
be summarized as the accuracy of computed thermodynamic quantities, the efficiency relative to experiment,
and thermodynamic predictions of new functionalized nanostructures [50]. We chose the finite cluster (8,0)
zigzag BNNT with the length of 12 A an including totally 40 boron, 40 nitrogen as the studied systems. Full
geometry optimizations were carried out by using the larger B3LYP/6-31G(d,p) level of theory. The thresholds
of geometry optimizations are: maximum force: 0.002500, root-mean-square (RMS) force: 0.001667; maximum
displacements: 0.010000, RMS displacements: 0.006667. The convergence criteria of single point self
consistent field (SCF) energy calculations are: RMS density matrix = 1.00E-07, MAX density matrix = 1.00E-05,
and energy = 1.00E-05. The HOMO, the LUMO, and the energy gaps referred to as the energy difference
between HOMO and LUMO AE (HOMO -LUMO) was also investigated at the same level of theory. Also, NBO
analysis implemented in Gaussian 09 program [51] was applied to a series of intermolecular interactions
under the above system to evaluate the NBO charges. All calculations were carried out by using the Gaussian
09 system [51]. The density of states (DOS) and Fermi levels were calculated by using Gauss Sum 2.2.5, which
is a post-processing of Gaussian 09 code [52]. The optimal geometries were visualized by using the
corresponding Gauss View 5.0 software.

3. Results and discussion
3.1. Interaction between Ni and BNNT-¢ =0, 15, 30, 45
We constructed a zigzag BNNTs (8,0) with length 12 A, B-N bond length 1.45 A, consisting of 40 B and 40 N

atoms and defined the bending angle in degrees (¢ = 0) for the undeformed BNNT, and (¢ = 15, 30, and 45)
for the deformed BNNT. The frozen geometries of BNNT-¢ = 0, BNNT-¢ =15, 30, and 45 are shown in Figure

N4oB4o-¢ =0° Na4oBso-¢ =15°
S ) S
@ ) )
S b 4
N4oB4o-(.P =30° N4oB4o-(.p =45°

Figure 1. The geometries of N4oBso-¢p = 0, 15, 30, 45, BNNT = 0, 15, 30, 45 frozen cores. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

First, we analyzed the interaction between Ni atoms and (8, 0) BNNTs -¢ = 0, 15, 30, and 45. Several various
adsorption positions were selected for the Ni atom on the BNNTSs as presented in Figure 2: (1) directly above
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a boron atom (B), (2) above a nitrogen atom (N), (3) over an axial BN bond (A), (4) above a center of a hexagon

(H), and over an zigzag BN bond (2).

:
0_. .
- &

Figure 2. The optimized geometries of Ni- NaoBso-¢ = 0, BNNT = O frozen cores. In the figure and
bellow figures, boron, nitrogen, and nickel are represented in gold, blue, and light blue color
respectively. For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

It is found that the four adsorption configurations are stable. In order to evaluate the stability of the four
configurations the binding energy is calculated, which is given by the following expression:

E, = E[BNNT + Ni] — E[BNNT] — [Ni]
Where E[BNNT+Ni] is the total energy of the fully relaxed Ni-BNNT, and E[BNNT] and E[Ni] are the energies of

the isolated systems. By definition, a negative value of E;, Corresponds to exothermic adsorption. For these
sites in Figure 3, our calculations show that the adsorption of Ni is all exothermic.

(%

3IE Gl

Ni-N4oB4o-(p =0° Ni- N4oB4o -p = =15°
“—&‘ 2 ‘&‘
| % & & S
Ni-N4oBso-¢p =30° Ni-N4oBso-¢p =45°

Figure 3. The optimized geometries of Ni- N4oBao, -¢p = 0, 15, 30, 45. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article).

The binding energies for the most stable configurations BNNT-¢ =0, 15, 30, 45 structures are summarized in
Table 1. For the case of a Ni-BNNT- ¢ = 0 system, the adsorption energy at the A site is -4.81 eV with a bond
length of B-Ni and N-Ni are 2.085 and 1.776 A, respectively. This bond length is consistent with the results
suggested by Zhao et al. [28,38,53] and the value predicted by Auwarter et al.[54]. For the Ni-BNNT- ¢ = 15
system, the adsorption energy at the N site is -6.041 eV with a bond length of B-Ni and N-Ni are 2.020 and
1.777 A, respectively. The adsorption energy of the Ni-BNNT- ¢ = 30 at the H site is -4.693 eV with a bond
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length of B-Ni and N-Ni are 1.907 and 1.765 A, respectively. While for the Ni-BNNT- ¢ = 45 system, the
adsorption energy at the Z site is -6.980 eV with bond lengths of Ni-B and Ni-N being 1.867 and 1.750 A
respectively. These optimized Nickel doped on BNNT- ¢ = 0,15,30,45 is taken as our model system, and the
hydrogen molecules were added one by one to the doped Ni. The adsorption energy of Ni is significantly
larger than the average adsorption energies of H, molecule (-0.61 and -0.21 eV) ensuring the stability of the
BNNT- ¢ = 0,15,30,45 complexes in the event of H, molecule released, Table 1.

Table 1. Calculated binding energies (E,, in eV), the Bond Lengths (in A) of Ni-B and Ni-N Bonds,
(total electronic energy, HOMO, LUMO, and energy gap (E,) in eV), dipole moment (p) in Debye
and charge transferred ( in a.u) from the Ni Atom to the BNNT at -¢ = 0, 15, 30 and 45 complexes.

Structure E, d(Ni-B) d(Ni-N) E (a.u.) HOMO LUMO E, n Qni
Ni-B4oN4o-§Q = 0

A-site -4.810 2.085 1.776 -4694.15736469 -5.634 -5.318 0.316 6.431 0.496
Ni-BaoNaso-tp = 15

N-site -6.041 2.0198 1.777 -4693.68995546 -5.673 -5.357 0.316 84.788 0.345
Ni-BsoNaso-¢ = 30

H-site -4.693 1.907 1.765 -4693.28803241 -5.741 -5.447 0.294 23.120 0.593
Ni-B4oN4o-(p =45

Z-site -6.980 1.867 1.750 -4692.00397200 -5.680 -5.390 0.290 24.762 0.611

According to the Mulliken charge analysis of single Ni atom adsorbed on BNNT-¢ = 0,15,30,45, Ni atom
donates electrons to the neighboring boron and nitrogen atoms on the BNNT- ¢ = 0,15,30,45, and this charge
transfer decreases form boron and nitrogen atoms far away from the metal atom. The d orbital's of Ni atom
overlaps with the sp and sp3orbitals of the Ni-B and Ni-N bonds to form mixed (spd and sp3d)hybridization.
This charge transfer behavior leads to Ni atom in cationic form and renders extensive heteropolar bonding
between the Ni atom and the nearest boron and nitrogen atoms (Figure 4).

HOMO

Nao-Bao-¢@ =

N4o-Bao-¢p =45

Figure 4. Frontier orbital isosurface plots of N4o-B4o-¢p =0, 15, 30, 45 complexes.
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As a consequence, extra dipole moments are formed, thus resulting in an increase in the H> molecule uptake.

It is well known that the frontier orbitals, the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), play an important role in a chemical reaction to the reactant
molecules, thus the frontier orbital analysis of the BNNT- ¢ = 0,15,30,45 is necessary. In Table 2, we
summarize the HOMO and LUMO energy levels of the BNNT- ¢ = 0,15,30,45. It can be seen that HOMO
levels of the BNNT- ¢ = 15, 30, 45 are all increased compared with that of pure BNNT- ¢ =0. As for LUMO
levels of the BNNT- ¢ = 15, 30, 45 are all decreased compared with that of pure BNNT- ¢ =0.

Table 2. The obtained HOMO, LUMO, and energy gap (E,).

Structure HOMO LUMO Ey
BaoN4o-¢ = 0 -5.616 -5.591 0.025
BaoN4o-¢p = 15 -5.801 -5.534 0.267
BaoNao-¢p = 30 -5.848 -5.563 0.285
BaoNao-¢p = 45 -5.777 -5.511 0.266

Figure 4 shows the distributions of HOMO and LUMO for the BNNT- ¢ =0 and BNNT- ¢ = 15, 30, 45 studied
in this paper. It can be seen that the frontier orbitals for undeformed BNNT-¢ = 0 and deformed BNNT-¢
=15 systems there is strong localization of the HOMOs on boron end of the BNNT and strong localization of
the LUMOs on nitrogen end of the BNNT. While for deformed BNNT-¢ = 30 there is strong localization of
the HOMOs on nitrogen end of the BNNT and strong localization of the LUMOs on the Boron end of the
BNNT. For the deformed BNNT-¢ = 45 system, there is strong localization of the HOMOs and LUMOs on the
two ends of the BNNT.

In Table 1, we summarize the HOMO and LUMO energy levels of the Ni-BNNT- ¢ = 0,15,30,45. It can be seen
that HOMO levels of the Ni-BNNT- ¢ = 15, 30, 45 are all increased compared with that of pure BNNT- ¢ =0.
While for LUMO levels of the Ni-BNNT- ¢ = 15, 30, 45 are all decreased compared with that of pure Ni-BNNT-
¢ =0. Figure 5 shows the distributions of HOMO and LUMO for the Ni-BNNT- ¢ =0, 15, 30, 45 studied in this
paper. It can be seen that the frontier orbitals for undeformed Ni-BNNT-¢ = 0 system there is strong
localization of the HOMOs on the two ends of the Ni-BNNT and strong delocalization of the Ni atom. While
for LUMO levels there is strong localization on both Ni atom and BNNT- ¢ =0 tube. For deformed BNNT-¢ =
15 system, there is strong localization of the HOMOs on both Ni atom and nitrogen end of the BNNT -¢ = 15.
While for LUMO levels there is strong localization on boron end of the BNNT -¢ = 15 only. For deformed
BNNT-¢ = 30, 45 systems there is strong localization of the HOMOs, LUMO on Ni atom and the two ends of
the BNNT-¢ = 30, 45. The density of states analysis of BNNT and Ni atom-doped BNNT-¢ = 0, 15, 30, 45
shows that electrons are transferred to BNNT-¢ = 0,15,30,45 . BNNT-¢ = 0,15,30,45 has ‘p’ orbitals alone,
which are due to boron and, nitrogen atoms.

The reason for doping a transition element is that charges are transferred to BNNT-¢ = 0,15,30,45 and this
charge transfer makes the doping a positively charged ion. According to our NBO analysis, the charge on Ni is
0.496 (BNNT-¢ = 0), 0.345(BNNT-¢ = 15), 0.593 (BNNT-¢ = 30), and 0.611 (BNNT-¢ = 45) while on the
nearest neighbour B around from 0.780 to 0.921, and for N from -1.170 to -1.213. This indicates that the Ni
atom donates electrons to the neighboring N and B atom on BNNT-¢ = 0,15,30,45. Where the d-orbitals of
the Ni atom overlap with the (B sp and N sp3) orbitals of the Ni-Ni—-B and Ni-N bonds, respectively.

This charges to transfer behavior leads to the Ni atom in cationic form and renders extensive heteropolar
bonding with Ni atom and the nearest B and N atoms, resulting in an increase in the H, molecule uptake.
Moreover, the BNNT-¢ = 0,15,30,45 approaching the positively charged Ni cation leads to the loss of d-orbital
degeneracy as the electrons of the BNNT-¢ = 0,15,30,45 will be closer to some of the d-orbitals while farther
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away from others. Thus, d-orbitals closer to the BNNT-¢ = 0,15,30,45 has higher energy than those farther
away.

Ni-N4o-B4o-(p =45

Figure 5. Frontier orbital isosurface plots of Ni-N4o-Bso-¢p =0, 15, 30, 45 complexes.

3.2. Interactions between nH; and Ni - BNNT-¢ = 0,15,30,45

The adsorption of hydrogen molecule on the stable configuration of Ni doped BNNT-¢ = 0,15,30,45 system
was studied (axial BN bond (A) for BNNT-¢ = 0, (N) site for BNNT-¢ = 15, (H) site for BNNT-¢ = 30 and (2)
site for BNNT-¢ = 45). The optimized nH, Ni BNNT-¢ = 0,15,30,45 complexes are shown in Figures (6).

The average adsorption energy of H, over the Ni-BNNT is defined as

AE,45(H,) = [EmH, — Ni — BNNT) — E(Ni — BNNT) —nE(H;)]/n (1)

where E(nH, — Ni — BNNT) is the total energy of the fully relaxed nH, — Ni fragment deposited on frozen
BNNT, E(H,) is the energy of an isolated relaxed hydrogen molecules, E(Ni — BNNT) Is the total energy of the
fully relaxed Ni atom deposited on frozen BNNT and (n) is the number of hydrogen molecules. By definition,
negative adsorption energy corresponds to an exothermic adsorption.
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Figure 6. The optimized geometries of nHz-Ni-N4oBao-¢ =0,15, 30, 45 (n = 1-5) complexes.
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3.2.1. Undeformed nH>-Ni- BNNT-¢p = 0

As shown in Table 3, the first, second , third and fourth H, molecule are adsorbed over an axial BN bond (A
site) with adsorption energies of -1.622, -1.296 , -1.043 and -0.663 eV respectively, are larger than DOE
requirement (-0.20 to -0.60 eV) and H. bond length in the four complexes (0.875A, (0.826, 0.917 A), (0.836,
0.839, 0.865 A), (0.742, 0.743, 0.810, 0.941 A) increased relative to the experimental bond length of 0.74 A
[55]. The corresponding distance between Ni to the nearest boron is (2.125, 2.248, 2.438 and 2.257 A) and to
the nearest nitrogen are (1.839, 1.939, 1.950 and 2.059 A) respectively. Compared with the Ni- BNNT-¢ = 0 in
the absence of H, molecule, the adsorption of H, molecule weakens the interaction between Ni- BNNT-¢ = 0.
The sp3d hybridization of the Ni-B and Ni-N bonds, respectively seems to have repulsive effects on the
adsorbed H: leading to the elongation of the H-H distance between 0.810 and 0.941 A. Furthermore, Ni-
doped BNNT-¢ = 0 is not suitable for first, second, third, and fourth hydrogen molecules adsorption. When
more H, molecule is adsorbed on Ni-BNNT-¢ = 0, Table 3, the adsorption energy for H, molecules decreases
to -0.527 eV upon adsorption of the fifth H,.

The Ni atom may, therefore, bind up to five H, molecules. While the average adsorption energies are
decreasing functions of the H, coordination number, the charges of Ni atoms display an oscillatory behavior.

3.2.2. Deformed nH:>-Ni- BNNT-¢p = 15, 30, 45
a) nH>-Ni- BNNT-¢p = 15

For the deformed nH>-Ni- BNNT-¢ = 15, Table 4, the first, and the second H> molecule are adsorbed on the
stable configuration of Ni-doped BNNT-¢ = 15 (N site )
with adsorption energies of -1.620, and -1.222 eV respectively, is larger than DOE requirement (-0.20 to -0.60
eV), and H, bond length in the two complexes (0.872, and (0.903,0.834) A) increased relative to the original
one (0.74 A). The corresponding distance between Ni to the nearest boron and nitrogen is (2.198, 1.995), and
(1.907, 1.844) A respectively. Compared with the Ni- BNNT-¢ = 15 in the absence of H. molecule, the
adsorption of H, molecule weakens the interaction between Ni- BNNT-¢@ = 15. When more than one H;
molecule is adsorbed on Ni- BNNT-¢ = 15, the average adsorption energies for each H, molecule decrease in
-0.542, -0.409 and -0.308 eV upon adsorption of the third, fourth and fifth H, molecule respectively. The Ni
atom may, therefore, bind up to five H, molecules. The average adsorption energies per H> molecule (-0.542, -
0.409 and -0.308 eV) meets the ultimate targets of DOE for physisorption (-0.20 to —0.60 eV) and nominate
Ni- BNNT-¢ = 15 as potential hydrogen storage materials.

b) nH>-Ni- BNNT-¢ = 30

For the deformed nH,-Ni- BNNT-¢ = 30, Table 5, the first, and the second H, molecule are adsorbed on the
stable configuration of Ni-doped BNNT-¢ = 30 (H site )

with adsorption energies of -1.589, and -0.800 eV respectively, is larger than DOE requirement (-0.20 to -0.60
eV), and Hz bond length in the two complexes (0.864, and 0.861 A) increased relative to the original one (0.74
A). The corresponding distance between Ni to the nearest boron and nitrogen is (1.908, 1.837), and (1.906,
1.838) A respectively. Compared with the Ni- BNNT-¢ = 30 in the absence of H, molecule, the adsorption of
H> molecule weakens the interaction between Ni- BNNT-¢ = 30. When more than one H, molecule is
adsorbed on Ni- BNNT-¢ = 30, the average adsorption energies for each H, molecule decrease in -0.530, -
0.401 and -0.249 eV upon adsorption of the third, fourth and fifth H> molecule respectively. The Ni atom may,
therefore, bind up to five H, molecules. The average adsorption energies per H, molecule (-0.530, -0.401 and -
0.249 eV) meets the ultimate targets of DOE for physisorption (-0.20 to —0.60 eV) and nominate Ni- BNNT-¢
= 30 as potential hydrogen storage materials.
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Table 3. Structural and energetic parameters of the optimized nH; Ni-N4oBso-¢ = 0 systems (n=1-5). All distances (d) are given in A, energies (E.is, HOMO,
LUMO, and E.G) in eV, natural bond order charges (Q) in au, and dipole moment (p) in Debye. The average adsorption energy E.q4s. per hydrogen
molecule in eV.

Systems AE,;s.  d(Ni-B) d(Ni-N) d(Ni-H) d(H-H) Qn; Qs Qn Qu-n HOMO LUmo E.G 1
. -4.810 2.085 1.776 1.588,1.569 0.840 0.251 0.338 -0.57 -—-- -5.634 -5.318 0.316 18.471
NI-N4oB4o-(p =0
TH2 Ni-N4oBso-¢ = 0 -1.622 2.125 1.839 1.492, 1.540 0.875 0.474 0.951 -1.196 -0.0241 ,-.0563 -5.709 -5.436 0.273 18.165
. 1.525, 1.518 0.917 - 0.0007, 0.0203
2H2 Ni-N4oBao-p = 0 - ' - ' - -
2 Ni-NygoBao-¢ 1.296 2.248 1.939 1.603 . 1.591 0.826 0.321 0.969 1.177 - 0.0199.- 0.0168 5.725 5.450 0.275 17.844
1.583, 1.562 0.865 0.0419, 0.0277
3H2 Ni-N4oBso-¢p = 0 -1.043 2.438 2.059 1.608, 1.608 0.839 -0.010 1.051 -1.168 0.0419, 0.0277 -5.728 -5.457 0.271 18.613
1.613, 1.613 0.836 0.0148, 0.0459
1.514, 1.503 0.941 - 0.0343,- 0.0298
. 1.621, 1.618 0.810 0.0150, 0.0134
4H:2 Ni-N4oBao-¢p = 0 -0.663 2.257 1.950 4.070 , 3.729 0.743 0.336 0.968 -1.182 0.0081,- 0.0063 -5.726 -5.453 0.273 18.283
4.057,3.718 0.742 0.0076,- 0.0059
1.524,1.517 0.920 -0.0245, -0.0197
1.604, 1.590 0.827 0.0166, -0.0176
5H2 Ni-N4oBso-¢p = 0 -0.527 2.250 1.941 4132, 3.412 0.744 0.334 0.968 -1.180 0.0109, -0.0119 -5.721 -5.451 0.270 18.552
4.417 , 3.675 0.743 -0.0099, 0.0094
4,553, 3.852 0.743 -0.0045, 0.0166
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Table 4. Structural and energetic parameters of the optimized nHz Ni-N4oB4o-¢ = 15 systems (n=1-5). All distances (d) are given in A, energies (Eads.
HOMO, LUMO and e.g.) in eV, natural bond order charges (Q) in au, and dipole moment (p) in Debye. The average adsorption energy E.qds. per
hydrogen molecule in eV.

Systems AE.qs d(Ni-B)  d(Ni-N) d(Ni-H) d(H-H) Qni Qs Qn Qu-n HOMO  LUMO E.G u
Ni-N4oBao-¢p = 15 -6.041 2098  1.777 - - 0.279 0.372 -0.675 - -5.673 5357  0.316  20.213
1H2 Ni-NsoBso-@ = 15 -1.620  1.995 1.844 1.516, 1.513 0.872 0.481 0.911 -1.238  -0.0358,-0.0353  -5.777 -5.499  0.278  21.034
. 1.534,1.518 0.834 -0.0077 , 0.0079
2H; Ni-NgoBao-p = 15 - ' ) ' . ]
2 Ni-NaoBao- 1222 2.198 1.907 1,605 . 1.590 0.903 0.324 0.956 1216 ") 0025 0.0144 5.786 5510  0.276  20.579
1.518, 1.521 0.742 0.0058 , -0.0001
3H; Ni-N4oBso- = 15 -0.542  1.992 1.845 3.678,3.578 0.744 0.485 0.911 -1.242  -0.0075,0.0085  -5.771 -5.494  0.277  20.549
3.834,4.210 0.871 -0.0402, -0.0411
1.518, 1.521 0.744 -0.0381, -0.0384
) 3.871, 4.481 0.744 -0.0078 , 0.0093
4H; Ni-NgoBso-9 = 15 -0.409  1.990 1.843 2194 4.465 0.744 0.488 0.910 1241 T 0ot o00s2 5776 -5.495  0.281  20.109
4.653,4.815 0.867 -0.0042 , 0.0047
1.520, 1.516 0.732 -0.0376, -0.0315
4.137,4.677 0.742 0.0181, -0.0065
5H; Ni-NsoBso-@ = 15  -0.308  1.979 1.833 4.191, 4.350 0.757 0.483 0.908 -1.239  -0.0084,0.0081  -5.775 -5.498  0.276  21.161
4.803 ,4.942 0.751 -0.0043 , 0.0047
4.988,4.614 0.856 0.0073 , -0.0092
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Table 5. Structural and energetic parameters of the optimized nH; Ni-N4oBao-¢ = 30 systems(n=1-5). All distances (d) are given in A, energies (E.ss, HOMO,

LUMO and, e.g.) in eV, natural bond order charges (Q) in au, and dipole moment (p) in Debye. The average adsorption energy E.4s. Per hydrogen

molecule in eV.

Systems AEqs — d(Ni-B)  d(Ni-N) d(Ni-H) d(H-H) Qui Qs Qn Qu-n HOMO LUMO  EG Iz
Ni-N4oBso-ip = 30 -4.693  1.907 1.765 - - 0310 0360  -0.715 - -5.741  -5.447 0294  23.855
1TH2 Ni-NaoBao-p = 30 -1.589  1.908 1.837  1525,1522 0864 0507  0.871  -1.247 -0.0261,-0.0230  -5.804  -5520 0283  23.096
. 1.523,1526  0.743 -0.0014, 0.0024
2H; Ni-N4oBao-¢ = 30 - ' - ' ; ;
2 Ni-NaoBao-¢p 0.800  1.906 1838 0y 4204 0861 0509  0.871 1247 036 00266 580! 5519 0282  23.329
1.525,1.526  0.743 -0.0255 , -0.0264
3H; Ni-NaoBao-¢ = 30 -0.530  1.907 1.840  4.006,4.170 0743 0509  0.871  -1.248  -0.0012,0.0064  -5799  -5516  0.283  23.362
4.849,5.094  0.861 -0.0049 , 0.0014
1.522,1.525  0.743 -0.0253 , -0.0277
. 4.064,4.037 0743 -0.0011, 0.0048
4H2 Ni-N4oBao-¢ = 30 -0.401  1.905 1840 o i3s3 o743 OS5V 0871 1249 ot o1 5797 5515 0282 22713
4.975,5.238  0.861 -0.0009 , 0.0029
1.521,1.527 0743 -0.0277 , -0.0302
3.783,4344  0.744 -0.0038, 0.0055
5H; Ni-N4oBao-p = 30 -0.249  1.909 1.837  3.978,4.038 0745 0517  0.869  -1.251  -0.0040,0.0033  -5798  -5498  0.300  46.066
4.105,4300  0.746 -0.0024 , 0.0047
4.437,4.857  0.862 -0.0054 , 0.0046
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Table 6. Structural and energetic parameters of the optimized nHz Ni-N4oBso-¢p = 45 systems (n=1-5). All distances (d) are given in A, energies (Eags.,
HOMO, LUMO, and e.g.) in eV, natural bond order charges (Q) in au, and dipole moment (i) in Debye. The average adsorption energy E.4s. Per
hydrogen molecule in eV.

Systems AE.4 d(Ni-B)  d(Ni-N) d(Ni-H) dH-H)  Qu Qp Qn Qu-n HOMO LUMO  EG [l
Ni-N4oBao-¢p = 45 -6.980  1.867 1.750 - - 0296 0398  -0.715 - -5.680  -5390  0.290  25.531
THz Ni-NaoBao-¢p = 45 -1.368 1919 1784  1524,1570  0.841 0501 0843  -1.244  0.0136,-0.0287 -5.741 -5.454 0286  23.702
. 1.534,1.535  0.750 -0.0122, -0.0132
2H; Ni-NaoBao-ip = 45 - ' - - . ;
2 Ni-NaoBao-¢p 0.800  1.904 1827 00 208 ogs2 0483 0849 1256 ") 0ac> oosoe 5737 5454 0283 24.087
1.533,1.533  0.745 -0.0179 ,-0.0140
3Hz Ni-NaoBso-¢p = 45 -0.528  1.902 1.827  2.194,2918 0748 0485  0.849  -1.259  -0.0771,0.0747 -5.738  -5.455  0.283  24.635
2.869,3.611  0.851 0.0267, -0.0312
1.534,1.535  0.743 -0.0152, -0.0142
: 2.091,2.809  0.743 -0.0849 , 0.0815
4H; Ni-NaoBao-g = 45 -0.404  1.905 1830 oco'aa30 o749 0487 0848 1258 T o0t fole 5738 5455 0283 24592
4.067,4.458  0.853 0.0075 , -0.0064
1.535,1.535  0.743 -0.0152 , -0.0127
2.088,2.794  0.743 -0.0836 , 0.0811
5Hz Ni-N4oBao-¢p = 45 -0.323  1.903 1.829  4.094,4.487 0744 0486  0.847  -1.258  -0.0021,0.0011 -5737  -5452  0.284  24.341
4.045,4.445  0.750 0.0081, -0.0070
4.966, 4981  0.851 0.0019 , -0.0016
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¢) nHz-Ni- BNNT-¢ = 45

For the deformed nH2-Ni- BNNT-¢ = 45, Table 6, the first, and the second H> molecule are adsorbed on the
stable configuration of Ni-doped BNNT-¢ = 45 (Z site)

With adsorption energies of -1.368, and -0.800 eV respectively, is larger than DOE requirement (-0.20 to -0.60
eV), and Hz bond length in the two complexes (0.852, and 0.841 A) increased relative to the original one (0.74
A). The corresponding distance between Ni to the nearest boron and nitrogen is (1.904, 1.902), and (1.827,
1.822) A respectively. Compared with the Ni- BNNT-¢ = 45 in the absence of H, molecule, the adsorption of
H> molecule weakens the interaction between Ni- BNNT-¢ = 45. When more than one H, molecule is
adsorbed on Ni- BNNT-¢ = 45, the average adsorption energies for each H, molecule decrease in -0.528, -
0.404 and -0.323 eV upon adsorption of the third, fourth and fifth H, molecule respectively. The Ni atom may,
therefore, bind up to five H, molecules. The average adsorption energies per H, molecule (-0.528, -0.404 and -
0.323 eV) meets the ultimate targets of DOE for physisorption (-0.20 to —0.60 eV) and nominate Ni- BNNT-¢
= 30 as potential hydrogen storage materials.

Our calculation results show that the average adsorption energies per H; of the undeformed 5H,-Ni-BNNT-@=
0 (-0.527 eV) are greater than the deformed 5H>-Ni-BNNT-¢ =15, 30 and 45(-0.308, -0.249, -0.323 eV)
respectively. The adsorption energies of the deformed 5H,-Ni-BNNT-¢ = 45 are greater than those with the
deformed 5H,-Ni-BNNT-¢ =15, and 30). This implies that the adsorption property of the deformed 5H,-Ni-
BNNT is either correlated with the values of the bending angle, which increases to the direction @ =0 <@ =45
< @ =15 <@ =30. Also, our calculation results show that the curvature effects are affected on the adsorption
energies, and these effects are cannot negligible. The adsorption energies of Ni atom deposited on BNNT-¢ =
0 and BNNT-¢ = 15, 30, 45 (-4.810, -6.041, -4.693, and -6.980 eV) are significantly greater than the average
adsorption energies per H, molecule (-0.527, -0.308, -0.249, -0.323 eV) ensuring the stability of the Ni-BNNT
complex in the event of H, molecule release. The average adsorption energies per H, molecule meets the
ultimate targets of DOE for physisorption (-0.20 to -0.60 eV). The mechanical bending effects of the BNNT
have significantly affected the distances between Ni and the nearest neighbour B and N atoms of the frozen
BNNT.

The positive charges on Ni atoms are (0.334, 0.483, 0.517, 0.486), while the negative charges on the nearest
neighbour N are (-1.180,-1.239,-1.251,-1.258) and the positive charges on the nearest neighbor B (0.968, 0.908,
0.869 and 0.847) for (¢ = 0, 15, 30, 45) respectively obtained from natural bond orbital (NBO) analysis ensures
charge transfer of Ni to the BNNT, Tables 4-6. This indicates that the Ni atom donates electrons to the
neighbor N and B atoms on BNNT, Where the highest d orbital energy levels are given between round
brackets, Table 7. These d orbitals are therefore the most probable d orbitals involved in the mixed (spd) and
(sp3d) hybridization between B sp, N sp3, and Ni d. This charge transfer behavior leads to Ni atom in cationic
form and renders extensive heteropolar bonding between Ni atom and the nearest neighbour N and B atoms,
resulting in an increase in the H, molecule uptake. NBO analysis also suggested that interaction of H, over Ni-
- =0, 15, 30, 45 are almost free of charge transfer interaction.

Table 7. Ni d-orbital energy (au) in the complexes nHz-Ni- N4oBso -¢ = 0, 15, 30 and 45, (n=1-5).

Systems 1H2-Ni- N4oB4o ZHz-Ni- N4oB4o 3H2-Ni- N4oBao 4H2-Ni- N4oB4o 5H2'Ni' N4OB40
Purep =0

dyy 1.669 1.684 1.767 1.709 1.692

dy, (1.950) 1.895 1.829 1.825 1.891

dy, 1.936 (1.911) (1.914) (1.920) (1.904)

dy2_2 1.610 1.555 1.695 1.577 1.555

2 1.694 1.786 1.569 1.799 1.790

@=15

dyy 1.541 1.607 1.546 1.544 1.518

d,, (1.871) 1.914 1.856 1.858 1.847

dy, 1.795 (1.914) 1.787 1.788 1.802
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dy_y2 1.858 1.585 (1.870) (1.866) (1.893)
d,. 1.788 1.789 1.796 1.797 1.797
@ =30
dy 1.441 1.444 1.445 1.455 1.451
d,, 1.856 1.859 1.861 1.863 1.867
dy, 1.803 1.805 1.804 1.800 1.803
dy_y2 (1.911) (1.914) (1.905) (1.897) (1.899)
d, 1.826 1.816 1.823 1.823 1.815
@=45
dyy 1.443 1.404 1.406 1.405 1.392
d,, (1.958) 1.848 1.846 1.849 1.839
dy, 1.932 1.815 1.815 1.815 1.826
de_2 1.717 (1.928) (1.927) (1.926) (1.938)
d, 1.770 1.838 1.838 1.839 1.838

To improve the hydrogen storage capacity, metal clustering should be avoided. We have examined systems
containing two Ni atoms per cell. The metal atoms are placed using the energetically most favorable location
obtained from the optimization of a single atom adsorbed on BNNT, namely, the A site (over an axial BN
bond) for BNNT-¢ = 0. Full geometry optimizations at the B3LYP/6-31g (d,p) level of theory were performed
for the complexes nHaNi> BNNT-¢ =0 (n = 2,4, 6, 8,10).

The gravimetric hydrogen storage capacity defined as the amount of hydrogen stored per unit mass of

material was calculated from the relation
nlMHz

nlMHZ + IMNi + m(MB + MN)
where n is the number of H, molecules adsorbed on each Ni atom, | is the number of Ni atoms and m is the
number of boron or nitrogen atoms, and M is the atomic or molecular weight. The average adsorption
energies of 2, 4, 6, 8, and 10 hydrogen molecules, geometric parameters, and the expected hydrogen storage
capacities are collected in Table 8. For the complexes, nH> + (Niz —=BNNT) (n = 10), the hydrogen storage
capacities are expected to be as large as 5.691 wt %. However, it must be mentioned that metal atoms may
tend to aggregate into clusters when their concentration is large. Hence, the hydrogen storage capacities
achieved in these ideal circumstances might be reduced once metal clustering occurs.

Wt% = x 100 2)

Table 8. Average adsorption energies per H: (E.ds), Ni - Ni distance d(Ni - Ni) and the expected
hydrogen storage capacity (wt %) of the complex nHz- Ni>-N4oB4o (n=2,4,6,8,10), Energies are
given in eV and lengths in A.

Systems AE 46 d(Ni-Ni) wt %
2H3- Ni2-N4oBao -1.636 4.67374 1.193
4H;- Ni2-N4oBao -0.859 4.67966 2.357
6H2- Ni2-N4oBao -0.574 4.68604 3.494
8H:z- Ni2-N4oBa4o -0.433 4.67904 4.605
10H:z- Ni2-N4oBao -0.349 4.67973 5.691

3.3. The characterization of nH: interactions with BNNT-¢ =0, 15, 30, 45

Two types of interactions between nH, and BNNT-¢ =0,15,30,45 could be identified from Tables (3-6) :(i)
irreversible interactions between nH; (n=4) and Ni-BNNT-¢@ =0, nH, (n=2) and Ni-BNNT-¢ =15,30,45 (ii)
reversible interactions between nH, (n=5) and Ni-BNNT-¢ =0 , nH, (n=3-5) and Ni-BNNT-¢ =15,30,45.
Irreversible interactions are outside the desirable energy window (-0.2 to - 0.6 eV) recommended by DOE for
practical applications, while the reversible interactions are inside. To characterize the nature of the two types
of interactions, we considered the following theoretical descriptors (1) density of states DOS and frontier
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orbitals, (2) pairwise and nonpairwise additivity (3) infrared and proton magnetic resonance spectra (4)
electrophilicity (5) Molecular Electrostatic Potentials MEPs for the interactions of 4H, and 5H; with Ni-BNNT-¢
=0, and for the interactions of 2H, and 3H; with Ni-BNNT-¢ =15, 30, 45.

3.3.1. DOS and frontier molecular orbitals (FMOs)

The energy difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) can be considered a good indicator of changes in electronic properties and chemical
reactivity [56]. In general, band gaps are governed by molecular structure, and the theoretical size of the
bandgap defines the transition (excitation) energy from the ground state to the first dipole-allowed excited
state [57]. However, the crudest estimates albeit the one most widely used due to its low computational costs
based on the energy difference between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).

An understanding of the distribution of frontier orbitals around BNNTs would be valuable as it could be used
to guide the design and characterization of new functionalized BNNTs for hydrogen storage. Frontier orbital
isosurface plots of the present complexes are presented in Figures (7-8). For undeformed and deformed
BNNT-¢ =0,15,30,45 system, there is strong localization of the HOMOs and LUMOs on the two ends of the
BNNT, while there is strong delocalization of the HOMOs and LUMOs on Ni and H, fragments. This implies a
significant flow of electronic charge across the interface between the Ni fragment and the BNNTs BNNT-¢ = 0,
15, 30, 45.

The total DOS of a system describes the number of states per interval of energy at each energy level that is
available to be occupied by electrons. A high DOS at a specific energy level means that there are many states
available for occupation at that level. The density of states (DOS) is presented in Figures (9, 10). A significant
reduction in the energy gap is observed when the NiH;, fragment is adsorbed onto the BNNTSs. This reduction
would be explained by a higher density of states near the Fermi level, which arises from the overlap between
the 3d electrons of Ni and the nearest of B sp, N sp3 of the BNNTs Figures (9, 10).

Puregp =0 LUMO
p %
Purep =0

Pure @ = 15 LUMO

giF s

*>-4

$23

HOMO

f/l

g=° ‘:—:’«:f
-
» :2—. -

Figure 7. Frontier orbital isosurface plots of nHz-Ni-Nao-Bso-¢p =0 & 15 (n = 1- 5) complexes.
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Figure 9. Density of states (DOS) of nHz-Ni-N4oBaso-¢p =0, 15 (n = 1) complexes.
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Continue Figure 10. Density of states (DOS) of nHz-Ni-N4oB4o-¢p =30, 45 complexes.

3.3.2. Pairwise and non-pairwise additivities
While the concept of non-additivity has been studied for atom clusters, insulators, and SWCNTs [58, 59], it
seems to be overlooked for BNNT. We define the interaction energy E(i)(BNNT — Ni — nH,) among three
subsystems, the BNNT (N4oBao), the metal (Ni), and the (nHz) molecules as

E(i))(BNNT — Ni —nH,) = E(BNNT — Ni —nH,) — E(BNNT) — E(Ni) — E(nH,), 3)

where every energy on the right-hand side of Equation (3) is calculated using geometrical parameters
corresponding to the equilibrium geometry of BNNT — Ni —nH,and E(i)(BNNT — Ni —nH,)ls the energy
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required to separate three subsystems without changing their geometrical parameters. This energy can be
decomposed into three pairwise components and a non-additive term€™49; and no geometrical relaxation is
allowed within a subsystem

Ej(BNNT — Ni —nH;) = E;))(BNNT — Ni) + E;(BNNT — nH;) + E;(Ni — nH;) + gnadd) (4)

where

E(A..B) = E(A..B) — E(A) — E(B)(A # B) = BNNT,Ni,nH, (5
The non-additivity €4 tarm [60] is a measure of cooperative interactions among the subsystems, where

E(BNNT — Ni) = E(BNNT — Ni) — E(BNNT) — E(Ni) (6)
E(BNNT —nH;) = E(BNNT —nH;) — E(BNNT) — E(nH;) (7)
E(Ni..nH;) = E(Ni..nH;) — E(Ni) — E(nH) (8
€madd) — E, (BNNT — Ni — nH,) — E(;)(BNNT — Ni) — (BNNT — nH;) — E(;(Ni — nH,) (9)

In Table 9 we present total interaction energies of nH - Ni-BNNT-¢ =0, (n =4, 5) and for the interactions of
nHz - Ni-BNNT-¢ =15, 30, 45, (n =2,3) complexes, pairwise additive components, and non-pairwise additive
term as defined in Equations (3)-(9). In Table (9), the total interaction energies of E;(BNNT — Ni —
nH,) complexes are seen to be dominated by the pairwise additive component E;(BNNT — Ni). An
important issue in any study of a support-metal system is the extent to which the support (BNNT) influences
the interaction of an adsorbate (nH) with the metal (Ni). The E(;)(BNNT — Ni) terms are always greater than
theE;)(Ni — nH,) term. This implies that the binding of nH: is mostly dominated by the support-metal
contributionE;)(BNNT — Ni), followed by the pairwise metal-dihydrogen additive contributionE;(Ni — nH,).
We may, therefore, conclude that the BNNT support has a considerable effect on the interaction of nH, with
Ni, and its role is not restricted to supporting the metal. In other words, the adsorption energy of nH, depends
on the bending effects and the amount of charge transfer of the metal Ni, which in turn depends on the
electronegativity of the BNNT support.

Table 9. Interaction energy components of nHz-Ni- N4oB4o -¢p = 0 (n=4.5) and nHz-Ni- N4oB4o -¢p = 15,
30, 45 (n=2,3) complexes, total interaction energies E;,""2"N"N40B40 pajrwise components
E ;)N NP0, | nH2~NaoBao g nH2=NL and non-additivity term €299, All energies are given in eV.

H2 —Ni—NyoB Ni—NyoB Hy—NyoB H,—Ni dd
E(i)n 2 1 40DP40 E(l) 1 40P40 E(i)n 2 40940 E(i)n 2 1 €na

(p=0)
4H:-Ni- N4oBao -6.139 -3.488 0.113 -3.587 0.822
5H,-Ni- N2oBao -6.140 -3.505 0.127 -3.573 0.811
(p = 15)
2H:-Ni- N4oBao -6.234 -3.789 0.093 -3.482 0.944
3H,-Ni- NaoBao -10.719 -9.092 -4.879 -1.805 5.057
(¢ =30)
2H:-Ni- N4oBao -6.220 -4.621 0.026 -1.778 0.153
3H,-Ni- N4oBao -6.215 -4.625 0.023 -1.774 0.160
(p = 45)
2H:-Ni- N4oBao -6.436 -4.836 0.024 -1.868 0.243
3H3-Ni- N4oBao -6.436 -4.852 0.028 -1.949 0.336

318



Journal of Advances in Physics vol 16 (2019) ISSN: 2347-3487 https://rajpub.com/index.php/jap

3.3.3. MEPs

Molecular electrostatic potential (MEP) contours or surfaces have been established extensively as a guide to
the interpretation and prediction of molecular behavior [61]. It has been shown to be a useful tool for
studying both electrophilic and nucleophilic processes, in particular, the ‘recognition’ of one molecule by
another [62,63]. Electrostatic interactions play an important role in SWCNT sensor investigations [64, 65].
Despite using different theoretical methodologies, several studies indicate that defect sites on SWCNTs are
chemically more reactive than defect-free sites [66—-68]. MEPs are either negative, low potentials that are
characterized by an abundance of electrons and reactive with electrophiles, or positive, high potentials that are
characterized by an absence of electrons and reactive with nucleophiles. We denote the former by deep red
colour and the later with a deep blue colour.

The MEP contours of Ni-BNNT and nHz-Ni/BNNT at ¢ =0, 15, 30, 45 are given in Figure 11. As shown, the
intensity of the contours increases noticeably with introducing the Ni and the adsorption of nH, molecules.
The positivity and negativity MEP contours of the BNNT- ¢ = 0, 15, 30, 45 are mostly different. However, the
MEP contours grow up around the Ni and the nH, molecules. The MEPs of the irreversible 4H>-Ni-BNNT- ¢
=0, 2H,-Ni-BNNT- ¢ =15, 30, 45 are different from those of reversible 5H,-Ni-BNNT- ¢ =0, 3H»-Ni-BNNT- ¢
=15, 30, 45. On the other hand, the results indicate that molecular electrostatic potential is capable of
characterizing the complexes 4H,-Ni-BNNT- ¢ =0 (n = 4,5) and nH>-Ni-BNNT- ¢ =15,30,45(n=2,3) which are
representatives of the irreversible and reversible hydrogen storage reactions. In short, the MEP distributions
indicate that the 5H,-Ni-BNNT- ¢ =0 and 3H,-Ni-BNNT- ¢ =15,30,45 are the most suitable configurations for
hydrogen storage, based on the recommended adsorption energy range.

s == e
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Figure 11. Side views of molecular electrostatic potential surface contours of the Ni-N4o-Bso-¢p =0,15,30,45
and nH:z-Ni-Nao-B4o-¢ =0 (n = 4, 5) complexes and nH,-Ni-Ny-Bw-¢ =15, 30, 45 (n = 2, 3) complexes.
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3.3.4. Electrophilicity

The ionisation potential (IP) and electron affinity (EA) can be calculated from the highest occupied
(HOMO) and the lowest unoccupied (LUMO) molecular orbital energies using Koopmans' approximation [69]
where I[P = —HOMO and EA = —LUMO. The chemical potential 4 and (x) are defined as [69]

IP+EA
h=—x=-— (10).

Pearson [70] introduced two parameters ‘chemical hardness (n)' and ‘chemical softness (S) ' to account for
the stability of a molecule. Hardness(n) can also be expressed in terms of HOMO and LUMO, implying a finite
difference approach [69], as follows:

n=IP+EA=Eymo — Egomo (11)
The softness can be defined as [71]
1
S=— 12
o (12)
The electrophilicity [72-74]( w) is defined as
/,12 ¥?
=—=— 13
©= o= 2 (13)

Which measures the energy stabilization when the molecule accepts an additional electrical charge from the
environment. It is noted that a lower energy gap (Eg) between the LUMO and HOMO of a compound implies a
greater and easier possibility of the electron transition between these energy levels. Additionally, a small value
of Eg for the compound is an indicator of lower chemical stability. In other words, the respective chemical
hardness () should be low and electrophilicity (w), which is a parameter indicating reactivity, should be high.

The ionization potential(IP/eV), electron affinity(EA/eV), chemical hardness (n/eV), electronegativity(x/
eV), softness(S/eV), and electrophilicity (w/eV) of nH, - Ni-BNNT-¢ =0, (n =4, 5) and for the interactions of
nHz - Ni-BNNT-¢ =15, 30, 45, (n =2,3) complexes are collected in Table 10.

Table 10. The ionisation potential (I/eV), electron affinity (A/eV), chemical hardness (n/ eV), electronegativity
(x/eV), softness(S/eV), and electrophilicity (w/eV) of nH>-Ni- NaoBso -¢ = 0 (n=4.5) and nH>-Ni- NaoBso -¢ =
15,30,45 (n=2.3) complexes.

I A n X S w
p=0
4H2 Ni-N4oBso-¢p = 0 5.726 5.453 0.273 5.590 1.832 57.221
5H; Ni-N4oBaso-¢ = 0 5.721 5.451 0.270 5.586 1.852 57.784
p=15
2H2 Ni-N4oBaso-¢p = 15 5.786 5.51 0.276 5.648 1.812 57.790
3H2 Ni-N4oBaso-¢p = 15 5.771 5.494 0.277 5.633 1.805 27.265
@ =30
2H2 Ni-N4oBaso-¢p = 30 5.801 5.519 0.282 5.66 1.773 56.801
3H2z Ni-N4oBaso-¢p = 30 5.799 5.516 0.283 5.658 1.767 56.550
@ =45
2H2 Ni-N4oBaso-¢p = 45 5.737 5.454 0.283 5.596 1.767 55.317
3H2 Ni-N4oBaso-¢p = 45 5.738 5.455 0.283 5.597 1.767 55.337

The 4H; - Ni-BNNT-¢ =0 is characterized by a high value of ionization potential(IP/eV), electron affinity(EA/
eV), chemical hardness (n/eV), electronegativity(x/eV) relative to the 5H,-Ni- BNNT-¢ = 0. The softness(S/
eV), and electrophilicity (w/eV)of 4Hz - Ni-BNNT-¢ =0 is slightly smaller than that of the complex 5H2- Ni-
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BNNT-¢ =0. But the 2H; - Ni-BNNT-¢ =15,30 is characterized by a high value of ionization potential(IP/eV),
electron affinity(EA/eV), electronegativity(x/eV), softness(S/eV), and electrophilicity (w/eV)relative to the
3H,-Ni- BNNT-¢@ = 0. The chemical hardness (n/eV) of 2H, - Ni-BNNT-¢ =15,30 are slightly smaller than that
of the complex 3H,- Ni-BNNT-¢ =15,30. The ionization potential(IP/eV), electron affinity(EA/eV), chemical
hardness (n/eV), electronegativity(x/eV) of the nH, - Ni-BNNT-¢ =0 (n=4,5) complex is characterized by
slightly smaller than that of the nH> - Ni-BNNT-¢ =15,30 (n=2,3)complex. But the nHz - Ni-BNNT-¢ =0 (n=4,5)
complex is characterized by high value softness(S/eV), and electrophilicity (w/eV)relative to the nHz-Ni-
BNNT-¢ = 15,30 (n=2,3) complex. A good electrophile will be characterized by a high value of electrophilicity
(w). It is, therefore, evident that while the complex nH,-Ni- BNNT-¢ = 0 is a better electrophile than nH,-Ni-
BNNT-¢ = 15,30, it is slightly more stable and less reactive than nH>-Ni- BNNT-¢ = 15,30 complex.

3.3.5. Spectral analysis

The numerical harmonic vibrational analysis of the simulated IR spectrum was carried out to find the strongest
vibrational modes of molecular hydrogen interactions with Ni-BNNT. The modes that are mixed with H,
vibrations were not taken into account, and the calculated IR bands, force constants, and dipole strength for
4H3-Ni- BNNT-¢ = 0,15,30,45 complexes are collected in Table 11.

Table 11. Infrared(IR),Raman(R),P-and U-depolarization spectra of Hx(H(82)-H(83) , H(84)-H(85) , H(86)-H(87),
H (88)-H (89)) of nH2-Ni- N4oBao -¢ = 0 (n=4.5) and nHz-Ni- N4oBao -¢ = 15,30,45 (n=2,3) complexes
in the gas phase calculated at the B3LYP/6-31g(d,p) level of theory.

Infrared Raman
Frequency Force Dipole strength Scattering P-depol. U-depol.
(Cm™) constant (1074° esu? Cm?) activity
mDyne/A) (A*/AMU)
¢=0
H(82)-H(83) 2281.227 3.123 502.077 1014.033 0.349 0.518
. _ H(84)-H(85) 4460.407  11.814 2.745 60.661 0.202 0.336
4H2 Ni-NaoBao-¢p = 0 H(86)-H(87) 4471328  11.872 2.788 65.573 0.212 0.349
H(88)-H(89) 3384.600 6.807 165.784 681.562 0.356 0.525
H(82)-H(83) 2377.714 3.384 412.831 493.024 0.373 0.544
H(84)-H(85) 4445562  11.735 0.342 451.924 0.350 0.518
5H, Ni-N4oBao-¢ = 0 H(86)-H(87) 4460.581 11.815 0.374 283.338 0.371 0.541
H(88)-H(89) 4463.595  11.831 0.304 259.614 0.351 0.520
H(90)-H(91) 3176.925 6.001 232.533 427.231 0.340 0.508
p=15
2H> Ni-NaoBaoto = 15 H(82)-H(83) 2477.799 3.668 318.262 374.409 0.382 0.553
2 40840 = H(84)-H(85) 3096.560 5.702 402.816 923.837 0.345 0.513
H(82)-H(83) 2694.194 4327 1660.53 19788.175 0.338 0.506
3H2 Ni-N4oBso- = 15 H(84)-H(85) 4474.404  11.888 8.073 89.131 0.140 0.246
H(86)-H(87) 4444900  11.732 2.004 149.154 0.249 0.399
@ =30
0.245 0.394
. _ H(82)-H(83)  4452.179 11.770 2.847 108.603
2Hz Ni-NaoBao-p =30 0/ is5)  2798.866 4.666 964.208 3842.028 0.348 0.516
H(82)-H(83)  2800.830 4.672 968.464 4091.223 0.347 0.516
3H; Ni-NsoBso-@ = 30 H(84)-H(87)  4455.538 11.788 0.678 104.133 0.283 0.441
H(85)-H(86)  4453.121 11.775 2.716 48.725 0.142 0.248
@ =45
. _ H(82)-H(83)  2892.167 5.013 896.97 3354.281 0.361 0.531
2H: Ni-NaoBao-p = 45 H(84)-H(85)  4294.885 10.953 42.178 1488.146 0.352 0.520
H(82)-H(83)  2902.922 5.022 873.646 3505.145 0.361 0.530
3H; Ni-NaoBao- = 45  H(84)-H(85)  4323.478 11.100 25.037 1223.409 0.356 0.525
H(86)-H(87)  4419.649 11.599 7.806 817.249 0.388 0.559
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Inspection of (IR) frequencies shows that all the bands undergo changes in position and intensities following
the bending deformation effects. An upshift of the band of frequency (2281.227 - 2377.714 cm™") assigned to
Hz in 4H,-Ni- BNNT-¢@ = 0 with force constant (3.123 m Dyne A") and dipole strength (502.077x 104° esu?
Cm?) is observed under the effect of the addition of one extra hydrogen molecule in 5H,-Ni- BNNT-¢ = 0. This
is followed by down shift of Raman (R) scattering activity (1014.033 - 493.024 A* AMU"), and upshifts of P-
depolarization (0.349 - 0.373), and U-depolarization (0.518 - 0.544). While for 2H,-Ni- BNNT-¢ = 15 and
upshift of the band of frequency (2477.799 - 2694.194 cm™") assigned to H, with force constant (3.668 m Dyne
A" and dipole strength (318.262x10*%esu® Cm?) is observed under the effect of the addition of one extra
hydrogen molecule in 3H,-Ni- BNNT-¢@ = 15. This is followed by upshift of Raman (R) scattering activity
(374.409 - 19788.175 A* AMU™") and downshifts of P-depolarization (0.382 - 0.338), and U-depolarization
(0.553 - 0.506). While for 2H>-Ni- BNNT-¢ = 30 a downed shift of the band of frequency (4452.179 -
2800.830 cm™") assigned to H with force constant (11.770 m Dyne A™") and dipole strength (2.847 x1074° esu?
Cm?) is observed under the effect of the addition of one extra hydrogen molecule in 3H,-Ni- BNNT-¢ = 30.
This is followed by upshift of Raman (R) scattering activity (108.603 - 4091.223 A* AMU""), P-depolarization
(0.245 - 0.347), and U-depolarization (0.394- 0.516). While for 2H,-Ni- BNNT-¢ = 45 and upshift of the band
at frequency (2892.167- 2902.922 cm~") assigned to H, with force constant (5.013 m Dyne A™") and dipole
strength (896.97x104° esu® Cm?) is observed under the effect of the addition of one extra hydrogen molecule
in 3H>-Ni- BNNT-@ = 45. This is followed by upshift of Raman (R) scattering activity (3354.281- 3505.145 A*
AMU"). The deformed 4H,-Ni-BNNT-¢ =30 structure exhibits higher infrared frequency and force constant,
than those of the un-deformed and deformed 4H,-Ni-BNNT-¢ =0, 15, 45. However, the deformed structure ¢
=30 exhibits lower scattering activity and higher P- and U depolarization than those of the un-deformed and
deformed 4H>-Ni-BNNT-¢ =0, 15, 45. This indicates that IR and R spectral parameters characterize the
deformed structure ¢ =30 structure for which H; binding energy (-0.249 eV) is in the recommended energy
range for hydrogen storage, to be energetically more preferable than the deformed structure ¢ =15, 45. These
effects are attributed to the interaction between H, molecules and the Ni atom deposited on the BNNT-¢ =
0,15,30,45. On the other hand, the results indicate that (IR) and (R) spectral parameters are capable of
characterizing the complexes 4H>-Ni- BNNT-¢@ = 0 and 2H>-Ni- BNNT-¢ = 15, 30, 45 which are
representatives of the irreversible and 5H>-Ni- BNNT-¢ = 0 and 3H>-Ni- BNNT-¢ = 15, 30, 45 are
representatives of reversible hydrogen storage reactions.

4. Conclusion

In summary, we have performed DFT calculations to investigate the mechanical bending effects on hydrogen
storage of Ni decorated (8, 0) BNNTs under different bending angles. Based on the current results,
physisorption, gravimetric capacity properties of hydrogen storage reactions meet the ultimate targets of DOE
for practical applications. Two types of reactions, namely reversible and irreversible, were characterized in
terms of DOS, pairwise and non-pairwise additivities, IR, R, electrophilicity, and MEPs. All of the adsorption
reactions are exothermic. In the ideal circumstances, there is no evidence for metal clustering and the
hydrogen storage capacity is, therefore, expected to be as large as 5.691 wt%. While the desorption activation
barriers of the complexes nH>-Ni-BNNT-¢ =0 (n = 1-4) and nH>-Ni-BNNT-¢ =15,30,45 (n = 1-2) ) are outside
the Department of Energy domain (-0.2 to -0.6 eV), the complexes nH>-Ni-BNNT-¢ =0 (n = 5) and nH,-Ni-
BNNT-¢ =15,30,45 (n = 3-5). We hope that the present calculations suggest an approach to characterize and
engineer new nanostructured materials for hydrogen storage.
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