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ABSTRACT
Na-ion batteries (NIBs) appear to be a replacement for Li-ion batteries due to the nontoxicity, low
cost and wide availability of sodium. Here, we explored the Na and Na+ adsorptions on the AlN nan-
ocluster, nanotube and nanosheet to study their potential application as an anode in NIBs, using
density functional theory calculations. Based on our results, we can infer that both atomic and
cationic sodium are preferentially adsorbed on a hexagon of the AlN nanostructures so that the
Na+ adsorption is very stronger than Na adsorption. By decreasing the surface curvature, the Na
andNa+ adsorptions are weakened and strengthened, respectively, and the cell voltage is increased
as follows: Nanosheet (∼ 1.48 V) > Nanotube (∼ 1.06 V) > Nanocluster (∼ 0.86 V). The calculated
value for carbon nanotube (from literature) is about 1.45 V based on the same method. The charge
separation in Al–N bonds of nanostructures has the main role in the value of cell voltage. It was pre-
dicted that by decreasing the curvature, the charge separation is increased because of decreasing
the length of Al–N bonds. Based on the results, we can conclude that AlN nanosheet may be a likely
applicant in NIB anode, compared to the AlN nanotube and nanocluster.
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1. Introduction

Li-ion batteries (LIB) are used in many portable power
and electronics devices and light vehicles [1]. They dis-
play an outstanding performance in comparison to the
other kinds of rechargeable batteries [2–5]. Nevertheless,
there exists a worry about the low-temperature perfor-
mance, cost, lifetime and safety of LIBs [6–11]. However,
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it seems that Na-ion batteries (NIBs) may be a replace-
ment for LIBs due to the wide availability, low cost
and nontoxicity of sodium [12,13]. Recently, synthesis
of different nanostructures speeds up the development
of electronic, optic and storage materials [14–24]. To
date, several papers have been published on the poten-
tial application of some nanostructures in different ion
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batteries [25–30]. Previously, different types of fullerenes,
nanosheets and nanotubes have been introduced as an
anode electrode for ion batteries [31–34].

Carbon nanotubes display an upper Li capacity and
energy storage in comparison to the graphite [33]. The
performance of graphene-based LIBs is improved by
substituting a few C atoms of graphene with N and
B atoms [35–38]. Moreover, several inorganic nanos-
tructures (including MgO, BN, ZnO, AlN and SiC)
were explored as an anode for different ion batter-
ies [39–43]. An important class of nanostructures are
based on the AlN units such as nanotubes, nanoclus-
ters and nanosheets, which have been widely studied as
sensors, hydrogen storages, field emitters, etc. [44–53].
The AlN nanostructures have a large band gap, pre-
senting high thermal conductivity, stability and hardness
[44–55]. These features of AlN nanomaterials make them
a promising candidate for use in different conditions.
To date, numerous efforts have been devoted to synthe-
sis, potential applications and characterisation of AlN
nanosheets, nanocones, nanobelts, nanotubes, nanoclus-
ters, nanowires, etc. [50–55].

The AlN nanotubes have been widely considered as
chemical sensors using density functional theory (DFT)
calculations. Pristine AlN nanotubes have been intro-
duced as a chemical sensor for H2CO gas, which can-
not be detected by carbon nanotubes [56]. Anaraki has
indicated that AlN nanotube is a better candidate than
carbon nanotubes for application in LIBs because of
producing a larger cell voltage [57]. The ammonia and
nitrogen dioxide adsorption have been examined on the
AlN nanosheet, demonstrating that nitrogen dioxide can
be selectively detected [58]. AlN nanoclusters may be
applied to sense nitric oxide gas in the presence of carbon
monoxide gas [59]. Here, we investigated the potential
application of three kinds of AlN nanostructures, namely
nanocluster (zero dimensional, 0D), nanotube (1D) and
nanosheet (2D) as an anode in NIBs by means of DFT
calculations.

2. Computational methods

Density of states (DOS), frontier molecular orbital
(FMO) analyses, energy calculations and optimisation
of structures were performed using B3LYP/6-31G(d)
method. To predict the weak interactions adequately, the
dispersion term of Grimme ‘D’ was applied [60]. The
B3LYP functional has been constantly applied to scruti-
nise the different behaviour of nanostructures [61–69].
We applied GAMESS program to execute all calculations
[70]. TheNa orNa+ adsorption energy (Ead) is computed
as follows:

Ead = E(complex)–E(AlN)–E(Na/Na+) + EBSSE (1)

where E (AlN) is the energy of the AlN nanostructure; E
(complex) is the energy of eachAlN nanostructure which
an Na or Na+ is adsorbed on its surface; EBSSE is the basis
set superposition error energy computed by the counter-
poise method [71]. The HOMO–LUMO energy gap (Eg)
can be calculated using the following formula:

Eg = ELUMO − EHOMO (2)

where EHOMO and ELUMO correspond to the LUMO and
HOMO energies, respectively. The GaussSum program
was applied to obtain the DOS plots [72]. The change of
Eg as a sensitivity index of the AlN nanostructures to the
Na+ ion or Na atom is predicted as follows:

�Eg = [(Eg2 − Eg1)/Eg1] ∗ 100 (3)

where Eg1 and Eg2 are the initial value of the Eg and the
value after the Na or Na+ adsorption, respectively.

3. Results and discussion

At the first, the adsorption of Na+ ion, and Na atom on
the AlN nanostructures will be investigated, and then
their potential application as an anode in NIBs will be
considered. Finally, we will compare the results.

3.1. Adsorption of Na/Na+ on the Al12N12
nanocluster

The optimised structure of Al12N12 nanocluster is dis-
played in Figure 1, representing that it is constructed
from 6 tetragonal, and 8 hexagonal rings with 36 Al–N
bonds. The Al–N bonds are two types, including [4, 6]
and [6, 6] bondswith an average length of 1.851 and 1.803
Å, respectively. The [4, 6] Al–N bonds are longer than
the [6, 6] bonds because of a big strain in the tetragonal
rings. The DOS plot in Figure 1 displays that the ener-
gies of HOMO and LUMO of the Al12N12 nanocluster
are about −6.48 and −2.52 eV, generating an Eg value
of about 3.96 eV (Table 1). At the first, we explored the
adsorption of an Na+ ion or Na atom on the wall of
Al12N12 at different initial locations such as the bridge
of the Al–N bonds, above the centre of the hexagons and
tetragons, and above the Al and N atoms. Finally, we pre-
dicted that both of Na+ and Na are adsorbed above the
centre of tetragonal or hexagonal rings.

The calculated adsorption energies for Na+ are about
−25.3 and −22.1 kcal/mol on the hexagonal and tetrag-
onal rings, respectively, and those of the Na atom are
about −5.9 and −4.8 kcal/mol. This indicates that the
favourable site for both Na and Na+ species is the centre
of the hexagonal ring, as shown in Figure 1. This phe-
nomenon can be understood by the fact that in the case
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Figure 1. Optimised structures of bare AlN nanocluster and its Na+ and Na adsorbed forms plus their DOS plots. Distances are in Å.

of adsorption on the hexagonal ring, each species inter-
acts with three Al or N atoms but in the case of tetragonal
ring, the interactions are with two atoms. In this work,
we just considered the adsorption on the hexagonal ring
as the most stable structures and the corresponding data
are summarised in Table 1. Here, we explain why the
adsorption of Na+ is significantly stronger than that of

the Na atom on the hexagonal ring of AlN nanocluster.
The Na atom tends to share its valence electron with the
electron deficient Al atoms of the cluster. But the N atoms
adjacent to the Al sites have lone pairs, which hinder the
Na atom to approach the Al sites and share its valence
electron. But the Na+ easily captures the lone pairs of N
atoms of AlN nanocluster with no hindrance. Thus, the
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Table 1. The adsorption energies of atomic Na and Na+ (Ead,
kcal/mol) on different AlN nanostructures.

Structure Ead EHOMO ELUMO Eg %�Eg �Ecell Vcell

Cage – −6.48 −2.52 3.96 – −20.0 0.86
Na+/Cage −25.3 −9.41 −5.72 3.69 −6.9 – –
Na/Cage −5.9 −3.45 −2.63 0.82 −79.3 – –
Tube – −6.28 −2.18 4.11 – −25.2 1.09
Na+/Tube −30.6 −8.28 −4.90 3.38 −17.8 – –
Na/Tube −4.4 −3.61 −2.47 1.14 −72.3 – –
Sheet – −6.25 −1.51 4.74 – −34.1 1.48
Na+/Sheet −37.9 −8.04 −4.68 3.36 −29.1 – –
Na/Sheet −3.8 −3.02 −2.07 0.95 −79.9 – –

Notes: Energies of HOMO, LUMO and HOMO–LUMO gap (Eg) in eV. �Eg indi-
cates the change of Eg of AlN nanostructures after the Na/Na+ adsorption.
The internal energy change (�Ecell , kcal/mol) and cell voltage (Vcell , V) of the
AlN nanostructures-based Na-ion battery.

interaction of Na+ is much stronger than that of Na atom
with the AlN nanocluster.

Table 1 indicates that the adsorption of Na+ sta-
bilises the HOMO and LUMO levels. The HOMO is
meaningfully stabilised from −6.48 to −9.41 eV, and
the LUMO from −2.52 to 5.72 eV, leading to a reduc-
tion in the Eg (approximately −6.9%). The influence of
adsorption of Na atom on the electronic properties of
the AlN nanocluster is different from that of the adsorp-
tion of Na+. The Na adsorption significantly makes the
HOMO unstable because of an unpaired electron exist-
ing in the HOMO level of the Na/Al12N12 complex. The
HOMO level shifts from −6.48 to −3.45 eV and is singly
occupied. A partial DOS plot of Na/Al12N12 complex
in Figure 2 demonstrates that the Na atom mainly con-
tributes in the construction of HOMO level and in a
good agreement with the severe energy change, the shape
of HOMO is meaningfully changed, shifting on the Na
atom. The energy of the LUMO level is slightly changed
(Table 1) and Figure 2 displays that it still remains on the

AlN nanocluster. As a result, the Eg is meaningfully nar-
rowed by about 79.3%, representing that the influence of
Na adsorption on the Eg of AlN nanocluster is greater
than the effect of the Na+ adsorption.

3.2. Adsorption of Na/Na+ on the AlN nanotube

A side view of the optimised AlN nanotube is shown
in Figure 3, representing that two kinds of Al–N bonds
can be recognised, in which one is diagonal to the AlN
tube axis and the other is parallel. All end atoms are
saturated with hydrogen to reduce the boundary effects.
The diameter and length of the studied AlN tube are
about 5.462 and 12.371Å, respectively. The HOMO and
LUMO energies of AlN nanotube are about −6.28 and
−2.18 eV, respectively. Thus, itsEg is about 4.11 eV,which
is somewhat larger than that of the AlN nanocluster. In
order to find the most favourable adsorption sites for
Na atom or Na+ cation on the surfaces of AlN tube, the
species are located at different initial sites, including the
top of N or Al atom, above the centre of the hexagon,
and atop the bridge site of Al–N bonds. After careful
optimisation with no constraint, both of the species pref-
erentially are adsorbed on a hexagonal ring, as shown in
Figure 3.

The adsorption energies of atomic Na and Na+ are
about −30.6 and −4.4 kcal/mol, respectively, indicating
that the tube surface is much more favourable for Na+
adsorption in comparison to the adsorption of atomic
Na. Also, it was found that the adsorption of cationic
Na+ on the surface of AlN nanotube is more favourable
than that on the surface of AlN nanocluster by about
5.3 kcal/mol. To understand this phenomenon, we cal-
culated the average Mulliken charge on the N and Al

Figure 2. Partials density of states (DOS) plot of Na/AlN nanocluster. Also, the LUMO and HOMO profiles of this complex are depicted.
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Figure 3. Optimised structures of bare AlN nanotube and its Na+ and Na adsorbed forms plus their DOS plots. Distances are in Å.

atoms of the adsorbing hexagon of the AlN tube and
nanocluster. The results show that the charge transfer
from the Al atom to the N atom in the hexagon of AlN
tube and nanocluster is about 0.824 and 0.743 e, respec-
tively. This is due to the smaller average bond length
of six Al–N bonds in the hexagonal rings of AlN nan-
otube (∼1.816Å) compared to that of the AlN nanoclus-
ter (∼1.823Å). More negative charge on the N atoms
makes the adsorption of Na+ cation more favourable
and also, that of Na atom unfavourable. The results of
Table 1 confirm that the adsorption of Na atom is more
favourable on the AlN nanocluster compared to the AlN
nanotube.

The DOS plots in Figure 3 and the summarised results
in Table 1 demonstrate that similar to the case of AlN

nanocluster, the electronic properties of AlN nanotube
are largely affected by adsorption of Na and Na+. In
the Na/AlN tube complex, the HOMO level meaning-
fully destabilised by shifting from −6.48 to −3.68 eV.
The LUMO level of AlN nanotube is somewhat slightly
influenced by the Na adsorption. As a result, the Eg of
AlN nanotube is largely reduced from 4.11 to 1.14 eV
in the Na/AlN nanotube complex. This decrease in
Eg will significantly increase the electrical conductiv-
ity of the AlN nanotube. These findings show that the
electronic properties of the AlN nanotube are largely
sensitive to the Na adsorption. Unlike the Na adsorp-
tion, after the Na+ adsorption, both the LUMO and
HOMO levels are shifted to lower energies. As a result,
the Eg of AlN nanotubes is reduced after the Na+



6 M. NOEI ET AL.

Figure 4. Optimised structures of bare AlN nanosheet and its Na+ and Na adsorbed forms plus their DOS plots. Distances are in Å.

adsorption but its decrease is lesser than that of Na
adsorption.

3.3. Adsorption of Na/Na+ on the AlN nanosheet

We have shown the structure of AlN nanosheet in
Figure 4, demonstrating that the average bond length of
Al–N is about 1.805Å, being smaller than those of AlN
nanotube and nanocluster. The sheet is constructed from
33 N and 33 Al atoms, which, with its end atoms, are
saturated with 22 hydrogen atoms to reduce the bound-
ary effects. The calculated Eg for AlN nanosheet is about
4.74 eV, which is larger than that of AlN nanotube and

nanocluster. Overall, by increasing the curvature of the
AlN nanostructures, the Eg is decreased. Similar to the
AlN nanotube, we have predicted that the Na and Na+
are relaxed above a hexagonal ring of the AlN nanosheet,
in agreement with previous results [73], as shown in
Figure 4.

The adsorption energies of Na and Na+ are predicted
to be about −37.9 and −3.8 kcal/mol, respectively, rep-
resenting that the adsorption of Na+ is much more
favourable than Na as discussed for AlN nanotube and
nanocluster. Also, it was found that by decreasing the cur-
vature of AlN nanostructures, the adsorption of cationic
Na+ is strengthened, and that of atomic Na is weakened.
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As mentioned before, this is due to increasing the charge
separation in Al–N bonds by decreasing the curvature,
which is due to the reduction of the length of these bonds.
The charge transfer from Al atom to the N atom in the
hexagon of AlN nanosheet is about 0.851 e and the aver-
age bond length of six Al–N bonds in the hexagonal
ring is about 1.805Å. The transferred charge is larger
than that in the AlN nanotube and nanocluster. The
DOS plots in Figure 4 and the summarised results in
Table 1 exhibit that in the Na/AlN nanosheet complex,
the HOMO level shifts from −6.25 to −3.02 eV and the
LUMO from −1.51 to −2.07 eV. Thus, the Eg is signif-
icantly decreased from 4.74 to 0.95 eV, which increases
the electrical conductivity of the AlN nanosheet. Also,
by Na+ adsorption, both of the LUMO and HOMO lev-
els shift to lower energies, and the Eg reduces slightly
compared to the adsorption of Na.

3.4. Application of the AlN nanostructures in NIBs

If one assumes an AlN nanostructure as an anode in NIB,
the reactions in the cathode and anode are simplified as
follows [74–76]:

Cathode: Na+ + e− ↔ Na (4)

Anode: Na/AlN ↔ Na+/AlN + e− (5)

The total reaction of the cell will be as below:

Na+ + Na/AlN ↔ Na+/AlN + Na + �Gcell (6)

We use the Nernst equation to compute the cell voltage
(Vcell) as follows:

Vcell = −�Gcell/zF (7)

where F and z are the Faraday constant (96,500C/mol)
and the charge of Na+, respectively, and the �Gcell is
Gibbs free energy change for the reaction of the cell. For
DFT calculations at 0 K, we can write:

�Gcell = �Ecell + P�V–T�S (8)

It has been previously revealed that the volume and
entropy contributions are very small (<0.01V) to the
cell voltage [77]. Therefore, the cell voltage for Na+/ or
Na/AlN can be predicted from Equations (6) and (8), as
follows:

�Ecell ∼ �Gcell = E (Na) + E
(
Na+/AlN

)

− E
(
Na+

) − E (Na/ AlN) (9)

Based on Equation 9, the strong interaction of atomic Na
with the surface of AlN nanostructures is not favourable

Figure 5. The plot of the cell voltage, adsorption energies for Na
and Na+ in different AlN nanostructures as an anode of Na-ion
batteries.

for the �Ecell and cell voltage. As shown in Table 1,
the adsorption of Na+ on all AlN nanostructures is
much more favourable than that of Na, making them a
promising candidate for application in the NIB anodes.
The �Ecell and cell voltage were calculated for these
AlN nanostructures and the results were summarised in
Table 1 and plotted in Figure 5. The largest�Ecell and cell
voltage are predicted to belong to theAlNnanosheet with
values about−34.1 kcal/mol and 1.48V, respectively. Gao
et al. [75] have revealed that a carbon nanotube anode
has a cell voltage of about 1.45V for LIB based on the
B3LYP/6-31G(d) method. The calculated �Ecell and cell
voltage for AlN nanotube are about −25.2 kcal/mol and
1.09V, respectively, which are significantly smaller than
the corresponding values of AlN nanosheets.

Because of the stronger and weaker interactions of
Na and Na+ with AlN nanocluster, respectively, it gives
less negative �Ecell and therefore, smaller cell volt-
age (∼0.86V) compared to the AlN nanosheet and
nanotube. As a conclusion, our calculations suggest
that the magnitude order of the cell voltage of the
AlN nanostructures as an anode in NIBs is as follows:
Nanosheet > nanotube > Nanocluster. This shows that
by decreasing the curvature of AlN nanostructures, the
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cell voltage is increased. The larger cell voltage increases
the time of discharge and is very beneficial for a battery
storage performance.

4. Conclusions

Weexamined theNa andNa+ adsorptions on the 2DAlN
nanosheet, 1D nanotube and 0D nanocluster to explore
their potential application as an anode in the NIBs. It was
found that the charge separation in Al–N bonds of AlN
nanostructures plays the main role in generating differ-
ent cell voltage. The large charge on the N atoms weakens
the Na adsorption and strengthens that of Na+, thereby
increasing the cell voltage. The adsorption energy of Na+
on theAlNnanosheet, nanotube and nanocluster is about
−37.9, 30.6 and −25.3 kcal/mol and that of Na is about
−3.8, −4.4 and −5.9 kcal/mol, respectively. The order of
cell voltagemagnitude ofAlNnanostructures as an anode
in NIBs is as follows: Nanosheet (∼1.48V) > Nanotube
(∼1.06V) > Nanocluster (∼0.86V). This indicates
that by decreasing the structural curvature, the cell
voltage is increased. Our results suggest that the AlN
nanosheet ismore appropriate for application in theNIBs
compared to the AlN nanotube and nanocluster.
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