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Abstract The thermodynamic and kinetic feasibility of H,
dissociation on the BN, AIN, BP and AIP zigzag nanotubes
has been investigated theoretically by calculating the
dissociation and activation energies. We determined the
BN and AIP tubes to be inert toward H, dissociation, both
thermodynamically and kinetically. The reactions are
endothermic by 5.8 and 3 kcal mol ', exhibiting high
activation energies of 38.8 and 30.6 kcal mol ', respectively.
Our results indicated that H, dissociation is thermodynam-
ically favorable on both PB and AIN nanotubes. However, in
spite of the thermodynamic feasibility of H, dissociation on
PB types, this process is kinetically unfavorable due to partly
high activation energy. Generally, we concluded that among
the four studied tubes, the AIN nanotube may be an
appropriate model for H, dissociation process, from a
thermodynamic and kinetic stand point. We also indicated
that H, dissociation is not homolytic, rather it takes place via
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a heterolytic bond cleavage. In addition, a comparative study
has been performed on the electrical and geometrical
properties of the tubes. Our analysis showed that the
electrical conductivity of tubes is as follows: BP>AIP>B-
N>AIN depending on how to combine the electron rich and
electron poor atoms.

Keywords Aluminum nitride nanotubes - Aluminum
phosphide nanotubes - Boron nitride nanotubes - Boron
phosphide nanotubes - Density functional theory - H,
adsorption

Introduction

The adsorption behavior of gaseous molecules on material
surfaces is a promising research subject in the development
of gas sensors and catalysts. Molecular hydrogen dissoci-
ation to form atomic H species is a crucial step in numerous
technologically important processes which have been
investigated in great detail [1, 2]. On the other hand,
hydrogen storage is one of the most important challenges
for hydrogen fuel cell powered mobile applications. The
conventional hydrogen storage methods such as com-
pressed hydrogen storage system cannot meet the current
and future needs. The promising development of newly
discovered materials is the key to the success of hydrogen
fuel cell technology.

The carbon nanotube (CNT) as a potential hydrogen
storage medium has provoked enormous interests over
recent years due to its light mass density and high surface to
volume ratio [3]. As CNTs can be either semiconductor or
metal, depending on their diameters and helicities, the
experimental results reported from different groups have
been controversial particularly on their capacity of hydro-
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gen storage. Recently, some efforts have been made to
assess inorganic nanotubes such as BN and AIN nanotubes
as potential hydrogen storage mediums [4—6].

BN nanotubes are excellent inorganic nanomaterials due
to their special properties such as high temperature
resistance to oxygen [7], a wide band gap weakly
dependent on the tube diameter, helicity, and the number
of tube walls [8]. Considerably, BN nanotubes are
thermally and chemically more stable than CNTs, which
makes them most important in nanodevices working in
hazardous and high-temperature environments [9].

To date, several studies have been published on the
interaction of hydrogen atoms and molecules with BN
nanotubes [10, 11]. The chemical adsorption of H atoms on
a zigzag BN nanotube is studied using the density
functional theory (DFT), showing that H atoms prefer to
adsorb on the top sites of adjacent B and N atoms to form
an armchair chain along the tube axis [12].

Zhang et al. predicted that AIN nanotubes are energetically
favorable and arrange in a hexagonal network adopting an sp*
hybridization for both N and Al atoms [13]. Tondare et al.
successfully synthesized the AINNTs with diameter ranging
from 30-80 nm [14]. Recently, the other papers have been
reported on the synthesis of AINNTs through different
methods [15, 16]. Recently, Lim and Lin have reported an
ab initio study of the hydrogen chemisorption on single-
walled AIN nanotubes, showing that the calculated energy
barrier and the energy of reaction is about 0.89 and - 0.11 eV,
respectively [4]. In addition, we have shown that the NHj
adsorption capacity of AIN nanotubes is typically more than
that of BN types [17, 18].

Several studies have been focused on the other inorganic
nanotubes including: PB and AIP nanotubes [19-21]. Baei et
al. have studied the behavior of H,O, adsorbed inside a BP
nanotube investigating the nature of this interaction [22]. They
have shown that the binding energies and the dipole moments
of the nanotube depend on the orientation and location of the
H,O, inside the tube. Mirzaei et al. have explored electronic
structures and NMR parameters of pristine and several doped
types of both BP and AIP nanotubes [23-25].

Here, we are interested in a comparative theoretical
study on the H, dissociation on BN, AIN, BP and AIP
nanotubes. We also comparatively will investigate their
structural and electrical properties under identical condi-
tions. We believe that our study can help researchers
working on development of gas sensors, filters, electro-
nanodevices and H, storage materials.

Computational details

We selected four finite-length zigzag (5,0) nanotubes
including: BN, AIN, BP and AIP types, Fig. 1. The atoms
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at the open ends of the tubes were saturated by hydrogen
atoms to avoid the boundary effects. Generally, the
molecular formula of these tubes are X,;Y»;Hio ; X=B,
Al and Y=N, P. Structure optimizations and transition state
(TS) calculations were obtained at uB3LYP/3-21G* level of
theory while natural bond orbital (NBO), density of states
(DOS), molecular electrostatic potential (MEP) analyses
and all energy calculations were performed using uB3LYP/
6-31G** level . We define the dissociation energy (Eg;s) of
H, as follows

Edis=Et(H — tube — H)—Eo (tube) —Eo (Hz),

where E(H-tube-H) is the total energy of a tube after
dissociation of an H, molecule on its surface, and the
E(tube) or E(H,) are the total energies of a bare tube or
an isolated single H, molecule. A negative or positive value
of Eg is referred to as an exothermic or endothermic
process.

The B3LYP/6-31G* is the commonly used level of
theory in investigations of nanotube systems [23-28].
However, we improved it by adding the polarization p-
function to basis sets of hydrogen atoms (the second star) to
get a high-quality description of H, dissociation process.
Harmonic vibrational frequency calculations confirmed the
stationary point as a TS structure with one imaginary
frequency whose normal mode corresponds with the
reaction coordinate. All calculations reported here were
carried out using a locally modified version of the
GAMESS electronic structure program [29].

Results and discussion

At first, the accuracy of the method used in this work has
been tested initially to describe the properties of H,
molecule in gas phase. The bond length and vibrational
frequency of molecular H, calculated from our approach
are 0.746 A and 4416.8 cm ', which are in good
consistency with the experimental values of 0.740 A [30]
and 4401 cm ' [31], respectively.

The optimized structures of the studied nanotubes with
the geometrical parameters for selected X and Y atoms are
summarized in Fig. 1. The results indicate that the
equilibrium bond length of X-Y for BN, AIN, BP and
AIP nanotubes are 1.48, 1.82, 189 and 2.29 A, respectively.
The small size of angles around the P atoms is related to
their hybridization. As shown in Table 1, based on the NBO
analysis the hybridization of electron rich P and N atoms is
nearly sp® and sp?, respectively, while that is sp? for both
electron poor B and Al atoms. Diameters and length of the
optimized BN, AIN, BP and AIP tubes are shown in
Table 2. Diameter is defined as the maximum distance of
two atoms in one layer of tube center.
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Fig. 1 The optimized structures and geometry parameters of BN, AIN, AIP and BP nanotubes

It is clear that the larger size of diameter and length is
related to the larger size of forming atoms. For example,
AIP tube has the largest diameter and length due to the
large covalent radius of P and Al atoms. The Mulliken
charges are transferred from the electropositive atom (X) to
the electronegative one (Y) in surfaces of BN, AIN, BP and
AIP tubes are 0.54, 0.82, 0.13 and 0.25 electrons,
respectively (Table 2). Our calculations show that there is
a linear relation between the charge transferred and the
electronegativity difference between the X and Y atoms
with R-square value of 0.906 (Fig. 2). However, the ionicity
of the AI-N and B-N bonds is significantly more than that
of both B-P and Al-P types.

Our HOMO/LUMO energy gap (E,) analysis (Table 2)
show that the magnitudes of E, (in eV) for the studied tubes
are as follows:

AIN(4.11)> BN(3.37)> AIP(2.62)> BP(1.62).

The BP nanotube has the smallest E, among all types;
therefore, it is the most electrically conductive nanotube.
The AIN case has the most electrical resistivity due to the
largest E,. It seems that there is a definite relation between
the size of consisting atoms and E, of tubes, i.e., the tubes
that consist of the larger electron rich and smaller electron
poor atoms has smaller E,. It can be rationalized by this fact
that the HOMOs of tubes are localized on the electron rich

atoms (P and N) with high polarizability and the LUMOs
on the electron poor ones. It is apparent that the lone pairs
of P atoms can easily be transferred to the LUMO of B or
Al atom, in comparison to those of N ones, justifying the
small E, of P involved tubes compared with that of N
involved ones.

Here, we focused on the H, dissociation on X-Y bond,
parallel with tube axis. Firstly, we assumed that a H,
molecule moving toward the tube surface is broken into
two H atoms, forming two new bonds including: X-H and
Y-H. The TS and final structures with geometrical
parameters are shown in Fig. 3. Secondly, we probed the
thermodynamic and kinetic possibility of these processes,
assessing the energies of activation barrier and reaction.

The calculated Egjs values (Table 2) are positive for BN
and AIP tubes about 5.8 and 3.0 kcal mol ™', indicating that
this process is thermodynamically unfavorable. In addition,
the calculated activation energies are large about 38.8 and
30.6 kcal mol ', respectively. A hydrogen molecule, how-
ever, prefers to dissociate on both AIN and BP tube surface,
with adsorption energies of —9.1 and —13.4 kcal mol *,
respectively. These processes are energetically favorable and

Table 2 The calculated diameter (A), length (A), HOMO/LUMO
energy gap (Ey), and Mulliken charge transfer from Y to X atom of
tube surfaces plus the energies (kcal mol™") of H, dissociation (Eg)
and activation (E,)on the BN, AIN, BP and AIP nanotubes

Table 1 The hybridization of X

(clectropositive atom) and Y Y X Tube Tube  Diameter  Length  Ey(eV) Qr (e) E.ct Egis

(electronegative atom) in surfa-

ces of nanotubes obtained sp!8° sp>! BN BN 426 11.56 3.37 0.54 388  2.60

from NBO analysis sp”*° sp'®? AIN AN 525 1406 4.11 0.82 180 196
sp>2? sp'9° BP BP 5.39 14.64 1.62 0.13 30,6 2.60
sp>?! sp>* AlP AIP 6.63 17.34 2.62 0.25 273 174
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Fig. 2 The linear relation between the charge transferred (the vertical
vector) and the electronegativity difference between the X and Y (the
horizontal vector)

exothermic. The activation barrier is rather low (18 kcal mol ';
0.78 eV) for AIN case, indicating that chemisorption is a

}.05
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Fig. 3 The optimized geometrical parameters of transition states (left
hand) and final structures (right hand) of H, dissociation on AIN, BN,
AIP and BP nanotubes. The bondlengths are in angstrom
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Fig. 4 The energy diagram for H, dissociation on the different
nanotubes including: BN, AIP, BP and AIN. The energy is in
kcal mol ™. The energies of reactants have been taken as the reference
point with energy equal to zero

feasible route for hydrogen storage in this type of nanotube.
The calculated activation energy for AIN tube is essentially the
same as the value obtained in earlier theoretical study by Li et
al. on AIN nanowires, about 0.76 eV [32]. Despite the
thermodynamic feasibility of H, dissociation on PB types, this
process is kinetically unfavorable due to partly high activation
energy about 27.3 kcal mol . Among the all studied tubes,
one can conclude that AIN nanotubes may be the most
appropriate for H, dissociation from a thermodynamic and
kinetic stand point. In Fig. 4, we have sketched energy levels

Fig. 5 The molecular electrostatic surfaces (MEP) for (a) H,
molecule and AIN nanotube far enough apart from each other (b)
transition state (TS) (c) final state. Color range, in a.u.: - 0.02 (red), +
0.02 (blue)
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of the substrate, TS and product for each reaction. The
energies of reactants have been taken as the reference point
with energy equal to zero.

However, as shown in Table 2 and Fig. 4 , the
thermodynamic feasibility of H, dissociation on mentioned
nanotube surfaces are in order of BP>AIN>AIP>BN; the
observed trend is related to the energy of breaking or
weakening and forming new bonds during the dissociation
process. For example in the case of BP the bond length of
B-P (the bond that H, dissociates on it) is about 1.89 and
1.98 A before and after H, dissociation, respectively,
showing a small change of 0.09 A (about 4.8%). However
this change for the case of BN (as thermodynamically the
most unfavorable system toward this process) is about 13.5 %.
We note that to gain a general conclusion one must consider
energies of all breaking and forming bonds, here we
mentioned only an example.

Here, we interpret the mechanism of H, dissociation on
X-Y bond of tubes. To this end, we calculated the MEP
surfaces for the AIN nanotube and its H, adsorbed
transition and final state as a representative model. We
selected the AIN tube due to its thermodynamic and kinetic
possibility toward this process. The MEP at an atomic site
can be defined as follows:

o Zn [ p()dd
Ve =Yt [ 1)

where Z 4 is the charge on nucleus A, located at R,. The sign
of V(r) depends on whether the effects of the nuclei or the
electrons are dominant at any point. The MEP has frequently
been used to explore the chemical properties [33—-36].

As shown in Fig. 5a, when the H, molecule and AIN
nanotube are far enough apart from each other there is no
overlap between their electron densities. Surface of AIN
nanotube shows characteristic patterns of alternating posi-
tive and negative regions and the identical color of the
entire surface of H, confirms its non-polar bond. As shown
in panel B of Fig. 5, when H, molecule approaches the tube
surface (TS configuration) the heteropolar nature of Al-N
bond of tube induces a dipole on it, such that one of the H
atoms which is closer to the Al atom has more electron
density (light red color in the figure).

In the final state (Fig. 5¢) H, completely dissociates into
two H atom (or ions), locating the colors of blue or red on
them. It indicates that this process is not homolytic
dissociation but take places via a heterolytic bond cleavage.
It can be rationalized scrutinizing the MEP of final state
which in blue color (positive charge) is completely located
around the newly formed N-H bond, indicating that an H"
is transferred to this site.

It is noteworthy to say that the heterolytic H, bond
cleavage requires energy to completely separate the negative

and positive charges over H-H bond. It seems that the
electronegativity difference between the atoms in the
different tubes can help this process through inducing a
polarization on the H-H bond. In addition, the energy
required for heterolityc bond cleavage may be reduced
below that for homolytic cleavage in the presence of polar
substrates that stabilize the ions produced.

A similar trend is observed for newly formed Al-H bond,
i.e., a red color (negative charge) is completely located
around the newly formed N-H bond, indicating that an
electron rich H is transferred to this site. In TS the empty
antibonding 10,* orbital of H, becomes partially occupied,
weakening the H-H bond slightly. This phenomenon can
help the shift of H with pair electrons of 10, orbital to the
empty orbital of Al atom.

Finally, chemical dative Al-H and N-H bonds with the
surface start to form, with Wiberg bond indexes (WBI) [37]
of 0.75 and 0.76, respectively. The WBIs of X-H and Y-H
covalent bonds ends of tube are slightly higher with values
of 0.80 and 0.81, respectively.

Conclusions

We theoretically explored the thermodynamic and kinetic
feasibility of H, dissociation on BN, AIN, BP and AIP
nanotubes by calculating dissociation and activation ener-
gies. Our B3LYP calculations reveal that this process is
thermodynamically favorable on PB and AIN nanotubes.
Despite the thermodynamic feasibility of H, dissociation on
PB types, this process is kinetically unfavorable because of
the relatively high activation energy, 27.3 kcal mol . It was
found that the BN and AIP tubes are inert toward H,
dissociation, both thermodynamically and kinetically. The
reactions are endothermic by 5.8 and 3.0 kcal mol ',
exhibiting high activation energies of 38.8 and
30.6 kcal mol ™', respectively. Finally, we concluded that
among the four studied tubes, the AIN nanotube may be an
appropriate model for H, dissociation process from a
thermodynamic and kinetic stand point, with dissociation
and activation energy of —9.1 and 18 kcal mol™'. Addi-
tionally, we performed a comparative study on the electrical
and geometrical properties of the tubes, indicating that the
electrical conductivity of tubes is as follows: BP>AIP>B-
N>AIN depending on the electron rich and electron poor
atoms are combined.
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