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Abstract Using density functional theory, we studied the
adsorption of an N2O molecule onto pristine and Si-doped
AlN nanotubes in terms of energetic, geometric, and electron-
ic properties. The N2O is weakly adsorbed onto the pristine
tube, releasing energies in the range of −1.1 to −5.7 kcal mol-1.
The electronic properties of the pristine tube are not influ-
enced by the adsorption process. The N2O molecule is pre-
dicted to strongly interact with the Si-doped tube in such a
way that its oxygen atom diffuses into the tube wall, releasing
an N2 molecule. The energy of this reaction is calculated to be
about −103.6 kcal mol-1, and the electronic properties of the
Si-doped tube are slightly altered.

Keywords Doping . Nanostructures . DFT . Computational
study . Nanotube

Introduction

Until recently, nitrous oxide (N2O) was regarded as a relative-
ly harmless substance. Although N2O does not belong to the
category of pollutants known as NOx, it has recently been
found to contribute to the destruction of the ozone layer in the
stratosphere, and is now a recognized greenhouse gas [1, 2].
N2O is emitted from natural sources and through human
activities, such as the production of adipic acid and nylon.
N2O is thermodynamically unstable, but the homogeneous
thermal decomposition reaction does not occur until 625 °C.
The decomposition reaction of N2O over various catalysts,
and in particular over inorganic surfaces, has been studied
quite intensively because of the environmental problems
connected with the release of this molecule into the atmo-
sphere during industrial processes such as the production of
fertilizers and polymer fibers, or from car exhausts [3, 4].

Carbon nanotubes (CNTs) were identified for the first
time by Iijima in 1991 as by-products of arc discharge
experiments [5]. They are light and flexible, have a high
elastic modulus, and show electronic properties that are
dependent on their diameters and chiralities [6]. These un-
usual features mean that CNTs are candidates for various
applications in nanoengineering [7–9], and they led to the
discovery of new physical properties associated with quasi-
one-dimensional structures. For instance, tubular structures
of group III–V compounds have been theoretically predicted
[10] and experimentally synthesized [11], with promising
applications being envisioned in many different areas.
Zhang et al. predicted that AlN nanotubes (AlNNTs) are
energetically favorable and that they take the form of a
hexagonal network with sp2 hybridization for both N and
Al atoms [12]. Tondare et al. successfully synthesized
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AlNNTs with diameters ranging from 30 to 80 nm [13].
Recently, other papers have reported the synthesis of
AlNNTs through different methods [14–16].

Gas adsorption on CNTs and nanotube bundles is an
important issue in both pure research and that relating to
nanotube applications. The adsorption characteristics of
nanotubes in the gas phase have prompted their utilization
in gas sensors, fuel storage, and the reduction of hazardous
pollutants from gas streams [17–19]. To this end, in the
work described in the present paper, we tried to answer the
following questions: (1) can AlNNTs provide a suitable
surface for N2O dissociation, and (2) if not, what strategy
can be applied to improve the applicability of AlNNTs to
N2O dissociation?

Computational methods

Geometry optimizations, natural bond orbital (NBO), and
density of states (DOS) analyses were performed on a (5,
0) zigzag AlNNT (constructed from 30 Al and 30 N
atoms) and different N2O/AlNNT complex configurations
at the B3LYP/6-31G(d) level of theory as implemented in
the GAMESS software suite [20]. This level of theory is
a popular approach that has been commonly used for
nanotube structures [21–23]. The geometric conformation
of the AlNNT was obtained using the program TubeGen
[24]. The length and the diameter of the optimized pure
AlNNT were computed to be about 16.45 and 5.27 Å,
respectively. Avoiding boundary effects, atoms at the
open ends of the tube were saturated with hydrogen
atoms. The adsorption energy (Ead) of the N2O molecule
was defined as follows:

Ead ¼ E N2O AlNNT=ð Þ � E AlNNTð Þ � E N2Oð Þ; ð1Þ

where E(C2H2/N2O) is the total energy of the adsorbed
N2O molecule on the AlNNT surface, and E(AlNNT)
and E(C2H2) are the total energies of the pristine
AlNNT and the N2O molecule, respectively. The basis
set superposition error (BSSE) was corrected for in all
interactions. A negative value of Ead indicates exother-
mic adsorption.

Results and discussion

Part of the structure of the optimized AlNNT is shown in
Fig. 1. It has previously been demonstrated by Tomic et al.
[25] that B3LYP provides an efficient and robust basis for
calculations of III–V semiconductors, capable of reliably
predicting both the ground-state energies and the electronic
structure. After structural optimization, the Al atoms relax
inwardly while N atoms relax outwardly with respect to the
tube surface. Thus, the relaxed zigzag AlNNTs can be
characterized as consisting of two coaxial cylindrical tubes:
an outer N cylinder and an inner Al cylinder. The optimized
AlNNT has an average Al–N bond length of 1.82 Å. The
difference in energy between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), Eg, was calculated from the DOS results.
From the DOS plot of the bare AlNNT in Fig. 1, it can be
concluded that this material is a semi-insulator, with a wide
Eg of 4.09 eV.

N2O adsorption on pristine AlNNT

In order to obtain stable configurations (local minima) of a
single N2O adsorbed on the tube, various possible initial
adsorption geometries were verified, including single (nitro-
gen or oxygen), double (N–N or N–O), and triple (N–N–O)
bonded atoms that are close to the Al and N atoms of the
AlNNT. For simplicity, we considered the three most stable
adsorption configurations (Fig. 2): the N2Omolecule is bound
via one of its nitrogen atoms and its oxygen atom to the tube
surface (A); the N2O molecule is bound via one of its nitrogen
atoms to an Al atom on the tube surface (B); the N2Omolecule
is bound via its oxygen atom to an Al atom on the tube (C).
More detailed information, including values of Ead, Eg, and
the charge transfer (QT) are listed in Table 1.

As shown in the table, Ead ranges from −1.1 to −5.7 kcal
mol-1. The Ead value obtained from these calculations depends
on the orientation and location of the N2O outside the AlNNT.
In configurationA, the lengths of the newly formed Al–O and
N–N bonds are about 1.93 and 1.53 Å, respectively. An
isolated N2O molecule has completely planar geometry with
an N–N–O angle of 180.0 °. When the N2O is attached to the
AlNNT, significant displacement of the central N atom is

Fig. 1 Partial structural model
and density of states (DOS) of
the studied zigzag AlN nano-
tube. Distances are in Å
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Fig. 2 Optimized structures for
N2O adsorbed onto the pristine
AlN nanotube and their density
of states (DOS) plots. Distances
are in Å

Table 1 Calculated adsorption energies of N2O/AlNNT complexes
(Ead, kcal mol-1), as well as the HOMO energies (EHOMO), LUMO
energies (ELUMO), and HOMO–LUMO energy gaps (Eg) of the sys-
tems in eV

System Ead QT (e) a EHOMO ELUMO Eg ΔEg (%)b

AlNNT – – −6.31 −2.22 4.09 –

Ac −1.1 −0.430 −6.10 −2.41 3.69 9.7

B −3.6 0.057 −6.22 −2.08 4.14 1.2

C −5.7 0.093 −6.23 −2.14 4.09 0.0

aQ is defined as the average of the total Mulliken charge on the
adsorbed N2O molecule
b The change in the HOMO–LUMO gap of AlNNT after the adsorption
of N2O
c See Fig. 2

Fig. 3 Computed electrostatic potential on the molecular surface of a
single N2O molecule. Color ranges, in a.u.: blue, more positive than
0.010; green, between 0.010 and 0; yellow, between 0 and −0.015; red,
more negative than −0.015
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predicted that reduces the N–N–O angle to 118.0 °, so the
molecule is bent due to intramolecular steric repulsion. We
believe that the relatively small value of Ead for this configu-
ration may be due to the large deformation of N2O and the
tube during the adsorption process.

The vibrational frequency of the N–O bond in the N2O-
adsorbed AlNNT is centered on 901 cm−1. The calculated
frequency for the N–O mode of the free molecule is about
2,371 cm−1, indicating that the length of the N–O bond must
increase during the adsorption process, and the hybridization
of the central N atom of N2O changes from sp to sp2. Our
calculations show that the N–O bond length increases from
1.19 to 1.32 Å after the adsorption process, which is consistent
with the change in frequency. Also, NBO analysis shows that
the hybridization of the central N atom changes to sp1.86 in the
complex state. As indicated in Table 1, configurationsB andC
are both energetically stable, with negative Ead values of −3.6
and −5.7 kcal mol-1 and molecule–tube distances of 2.24 and
2.26 Å, respectively. The calculated molecular electrostatic
surface (Fig. 3) for the N2O shows that the relatively small Ead

when N2O is adsorbed through N is due to the partial positive
charge on the N atoms, which means that these atoms are not
attracted to the Lewis acid sites of Al atoms in the nanotube.

To gain a deeper understanding of the effects of N2O ad-
sorption on the electronic properties of AlNNT, DOS plots were
also constructed for the N2O/AlNNT systems. As shown in
Fig. 2, in the N2O/AlNNT complexes, the DOS near the Fermi
level and even in other places is not significantly affected by the
adsorption process, and the Eg of the tube is nearly preserved
(Table 1). This indicates that the interaction between the N2O

molecule and the pristine AlNNT is very weak and the process
is electronically harmless. This may be interesting from a gas-
sensing standpoint. It was recently revealed that the pristine
zigzag AlNNT is not sensitive to NH3 [26], CO [27], N2 [28],
CO2 [28], H2S [29], and H2O [30] molecules, while it may be
used to detect formaldehyde [30], SO2 [31], O2 [32], and NO2

[33]. Moreover, it can be concluded that gas detection may be
feasible in the presence of N2O gaseous molecules.

N2O adsorption on Si-doped AlNNT

Furthermore, the effects of replacing an N atom in the tube
wall (which effectively does not participate in the interaction)
with a Si atom on the geometric and electronic properties of
the AlNNT as well as on the adsorption behavior were inves-
tigated. Upon replacing an N atom with an Si impurity, the
geometric structure of the AlNNT is dramatically distorted
(Fig. 4). The Si atom is projected out of the tube surface in
order to reduce stress due to its larger size than the N atom in
the optimized Si-doped tube. The calculated bond lengths are
2.38 and 2.43 Å for the Si–Al bonds in the Si-doped AlNNT,
much longer than the corresponding Al–N bonds in the pris-
tine tube. Also, the Al–Si–Al angles in the Si-doped tube are
86.9 ° and 98.8 °, which are smaller than Al–N–Al angles in
the pristine tube (109.9 ° and 116.1 °). This geometric distor-
tion results in a marked change in the electronic properties of
the AlNNT. As shown by the calculated DOSs and the Eg in
Fig. 4 and Table 2, for the electron-deficient Si-doped AlNNT
system, the Eg value decreases to 2.33 eV, and a new local
energy level appears at the top of the valence level at −3.56 eV,

Fig. 4 Partial structural model
and density of state (DOS) of
the Si-doped AlNNT. Distances
are in Å. Calculations were
performed using the unrestrict-
ed formalism of DFT, and the
beta, alpha, and total DOS
spectrums are shown by green,
red, and blue lines, respectively

Table 2 Calculated adsorption energies of N2O/Si-doped AlNNT complexes (Ead, kcal mol-1), as well as the SOMO energies (ESOMO), LUMO
energies (ELUMO), and HOMO–LUMO energy gaps (Eg) of the systems in eV

System Ead QT (e) a ESOMO ELUMO Eg ΔEg (%) b

Si-doped AlNNT – – −5.89 −3.56 2.33 –

Pc −4.8 0.082 −5.68 −3.36 2.32 0.4

Q −25.3 −0.574 −5.78 −3.68 2.10 9.4

R −103.6 – −5.15 −2.83 2.32 0.4

aQ is defined as the average of the total Mulliken charge on the adsorbed N2O molecule
b The change in the SOMO–LUMO gap of AlNNT after the adsorption of N2O
c See Fig. 5
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which may act as a capture center for atoms or molecules that
cannot be trapped by the pristine AlNNT. In this situation, the
doping of the Si atom results in an electronic hole, thereby
increasing the conductivity of the AlNNT. This fact suggests
that the Si-doped AlNNT is a typical p-type semiconductor.
From the above results, it is understandable that the Si impu-
rity introduces local states inside the Eg, which may improve
the reactivity of AlNNT. It should be noted that we also use Eg

to symbolize the SOMO (singly occupied molecular orbital)/
LUMO energy gap for open-shell systems here.

Subsequently, we explored N2O adsorption on the Si-
doped tube by placing the molecule in different initial
orientations above the Si atom: with with either the O
or an N atom of the molecule close to Si. After careful
relaxation to optimize the initial structures, three differ-
ent final minima structures were obtained, which are
shown in Fig. 5. The interactions can be categorized
into three types: (i) physisorption (configuration P), (ii)
chemisorption (configuration Q), and (iii) dissociation of
N2O (configuration R). In Table 2 we have summarized

Fig. 5 Optimized structures for
N2O adsorbed onto the Si-
doped AlNNT and their density
of states (DOS) plots. Distances
are in Å. Calculations were
performed using the unrestrict-
ed formalism of DFT, and the
beta, alpha, and total DOS
spectrums are shown by green,
red, and blue lines, respectively
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the results for Ead, charge transfer, and Eg for N2O
adsorption onto Si-doped AlNNT.

In the physisorption case (P), during the optimization, the
N2O reoriented in such a way that its O atom got close to the
Al site (the nearest Al atom to the Si impurity), with an Ead

of −4.8 kcal mol-1. Also, the corresponding interaction
distance between the Al atom of AlNNT and the O atom
of N2O was about 2.33 Å. This small Ead value and large
interaction distance indicate that the N2O molecule under-
goes weak physical adsorption onto the AlNNT due to van
der Waals forces.

As shown in Fig. 5, in configuration Q, the distances
between the N and O atoms of N2O and the Si and Al atoms
of the tube are about 1.79 and 1.86 Å, respectively. The Ead

value for this configuration is about −25.3 kcal mol-1, with a
charge transfer of about 0.574 e from the tube to the N2O
(Table 2). Furthermore, the adsorption of the molecule
induces slight structural deformations of both the adsorbed
molecule and the AlNNT (Fig. 5Q). The angles Al–Si–Al
and N–Al–N of the nanotube change to 92.9 ° and 105.1 ° in
the adsorbed form, and the N2O-adsorbed Al–Si bond is
pulled outward from the tube surface, increasing the bond
length from 2.38 to 2.54 Å. These results indicate that the
adsorption process may be chemical.

The most interesting case, however, is the dissociation of
the N2O molecule on the Si-doped AlNNT through config-
uration R. In this case, the N–O bond of the molecule is
initially vertically above and close to the Si atom, and then a
full relaxation to achieve optimization was performed
(Fig. 5R). Based on the NBO results and geometry analysis,
the Si–Al bond of the tube is broken after the adsorption
process, the oxygen atom of the molecule diffuses into the
tube surface, and two new bonds are formed: Si–O and O–
Al, with corresponding lengths of 1.66 and 1.73 Å, respec-
tively. Interestingly, in this configuration, an N2 molecule
escapes from the wall of the tube, leaving an O atom
attached to the Si atom of AlNNT. This configuration is
the most stable of all the obtained adsorption configurations,
with an Ead of −103.6 kcal mol-1. This suggests that N2O
molecules could be reduced to N2 molecules on Si-doped
tubes. To determine the influence of N2O adsorption on the
electronic properties of the tube, we constructed the DOS
plots of the complexes, as shown in Fig. 5. The Eg values of
all the configurations ranged between 2.32 and 2.10 eV,
indicating that the Eg of the tube is not significantly changed
by the adsorption process (it is 2.32, 2.32, and 2.10 eV for
the P, R, and Q configurations, respectively).

We also calculated the energy barriers for probable trans-
formations of the P and Q configurations to the R one using
the synchronous transit-guided quasi-Newton (STQN)
method [34]. It was found that the P configuration has to
overcome an energy barrier of 20.4 kcal mol-1 to transform
to the configuration R. Also, the configuration Q needs to

overcome an energy barrier of 23.7 kcal mol-1 to convert to
a configuration similar to the R one in which the N2 mole-
cule released is located on the Si atom. These energy bar-
riers appear to be small enough for these transformations to
be likely to occur at room temperature.

Conclusions

The geometric structures and electronic properties of pristine
and Si-doped AlNNTs in the presence and absence of an N2O
molecule were explored using density functional theory. It
was found that the N2O molecule interacts with the pristine
AlNNT via van der Waals forces, but it presents much higher
reactivity toward the Si-doped AlNNT such that the oxygen
atom of the molecule is diffused into the tube wall. The
adsorption energies corresponding to the adsorption of N2O
on the pristine and Si-doped AlNNTs were calculated to be in
the range +7.1 to −5.7 kcal mol-1 and −4.8 to −103.6 kcal mol-1,
respectively. The results indicated that the N2O molecule
could be reduced to N2 on the Si-doped tube.
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