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Abstract—The adsorption of hydrogen peroxide (H2O2) molecule on the outer and inner surfaces of Al12N12
nano-cage in terms of energetic, geometric, and electronic properties has been investigated using the density
functional theory (DFT) calculations by B3LYP-D and M06-2X methods and 6-31G** basis set. It has been
found that H2O2 molecule can be strongly chemisorbed (–3.45 eV) over the outer surface of the Al12N12 nano-
cage, where the adsorption energy depending upon its orientation with the nano-cage. Moreover, the adsorp-
tion of two H2O2 molecules on the outside surface of adsorbent is about –2.05 eV, while the adsorption of the
molecule trapped inside adsorbent is about –1.81 eV. It was found that the H2O2 adsorption on the outer and
inner surfaces of Al12N12 nano-cage leads to slightly lower energy gap and increasing the dipole moment of
adsorbent.
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INTRODUCTION

Targeted physical and chemical properties of the
nanoscale materials, especially fullerene-like cages,
other than C based ones have encouraged scientists to
theoretical and experimental investigations of the
probable structures of this kind. Among which the
group III–V fullerene-like cages and tubular struc-
tures were studied more than the other structures
owing to their low electron affinity, large band gap
affording optical, and electro-optical properties
revealing meaningful prominence in science and tech-
nology with excellent physical and chemical proper-
ties. Yet, theoretical prediction and experimental syn-
thesis of these materials have been reported [1–5].
Recently, reports stand for the high and eye-catching
stability of AlN nanostructures through ab initio cal-
culations among which fullerene-like cages of (AlN)n
(n = 2–41) is energetically considered to be the most
stable cluster in this family that can be a promising
inorganic fullerene-like cage [6]. H2O2, namely
hydrogen peroxide, is a common and widely used
cleaning agent being marked as a selective oxidant in
the chemical industry. The importance of its reaction
mechanism is in biochemistry and chemical pro-
cesses.

The role of H2O2 in different processes such as oxy-
gen reduction reaction and corrosion has resulted in a
wide variety of studies which concluded in a vast range
of reports represented [7, 8]. Soltani and co-workers
reported a theoretical study focusing on the adsorption
phenomena of H2O2 upon BN and SiC nanotube sur-
faces via DFT calculations, representing that SiC
nanotube is more susceptible than BN nanotube for
the H2O2 detection [9]. Additional research by Baei
et al., a host-guest trapping system where the H2O2 is
trapped with different states inside the BPNT, showed
that AT state is the most considerable state among the
considered interaction orientations while this state
slightly reduces the gap energy along with increasing
in electrical conductance of the system [10]. In a sep-
arate work, Baei et al. performed a similar study where
the host is BNNT; again concluding that AT state has
more stability than other applied states [8].

Ramachandran and coworkers carried out a study
upon the H2O2 trapped CNT system, and found that
the role of O–H···π interaction is prominent in declin-
ing the motion of the guest species inside the tube
introducing a promising role in drug delivery systems
[11]. Furthermore, the adsorption of phosgene mole-
cule on the exterior surfaces of Al12N12 nano-cage were
studied [12]. The results show that the electronic
property of the Al12N12 nano-cage is very sensitive to1 The article is published in the original.
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the presence of phosgene molecule. Niu et al. [13]
have studied the electronic and nonlinear optical
properties of the inorganic Al12N12 nano-cage with the
alkali metal atoms (Li, Na, and K) using DFT calcu-
lations. They have shown that doping the alkali atoms
can significantly narrow wide gap between HOMO
and LUMO of adsorbent. At the present work, our
efforts have directed to consider the role of Al12N12
nano-cage as a chemical adsorbent for removal of
hydrogen peroxide via DFT calculations.

COMPUTATIONAL METHODS

Geometry optimizations, molecular electrostatic
potentials (MEP), density of states (DOS), frontier
molecular orbital (FMO), and natural bond orbital
(NBO) analyses were carried out with the GAMESS
quantum chemistry software package [14]. All calcula-
tions are based on the density functional theory (DFT)
at the B3LYP level augmented with an empirical dis-
persion term (B3LYP-D) with the 6-31G** basis set
[15–17]. The B3LYP is indicated to be a dependable
and usually applied functional in the study of different
nanostructures [18–20]. All the stable complexes were
fully relaxed with optimization criteria (Max Force =
0.00045, RMS Force = 0.0003, Max Displacement =
0.0018, and RMS Displacement = 0.0012). The vibra-
tional frequency for H2O2 adsorbed over Al12N12 nano-
cage is calculated. After relaxation, the obtained Al–N
bond length of Al12N12 is about 1.856 and 1.793 Å in
four- and sixmembered rings for Al12N12 nano-cage by
B3LYP-D method, respectively. Subsequently, we
employed the M06-2X/6-31G** level of theory to
optimize the structures; similar to B3LYP, the other
calculations were performed by M06-2X/6-31G**
level of theory. The adsorption energies (Ead) of H2O2
upon the pristine Al12N12 nano-cages are represented by:

Ead =  – (  + ) + EBSSE, (1)

where  is the total energy of the pristine Al12N12

nano-cages,  is the total energy of H2O2

interacted with the pristine Al12N12 and  repre-
senting the energy of an isolated H2O2 molecule. The
negative values of Ead reveal that the adsorption is exo-
thermic. EBSSE is the basis set superposition errors
(BSSE) corrected for all Ead values [21].The quantum
molecular descriptors [22] for Al12N12 nano-cage were
determined as follows:

μ = –(I + A)/2, (2)

χ = –μ, (3)

η = (I – A)/2, (4)

S = 1/2η, (5)

ω = (μ2/2η), (6)

−12 12 2 2Al N H OE
12 12Al NE

2 2H OE

12 12Al NE
−12 12 2 2Al N H OE

2 2H OE

where μ (chemical potential) is defined as the negative
of the electronegativity (χ), as follows:

χ = –μ. 

Similarly, η (global hardness) can be approximated
using the Koopmans’ theorem [23]. The HOMO and
LUMO energies indicate the ionization potential (I)
and electron affinity (A) of the molecule, respectively.
The electrophilicity index (ω) is a measure of the elec-
trophilicity of an electrophile. The higher the electro-
philicity of a molecule the greater is its electrophile
character.

RESULTS AND DISCUSSION
Adsorption of H2O2 toward Al12N12

Four models (A–D) for H2O2 molecule close to the
outside surface of Al12N12 nano-cage have been con-
sidered for optimization including oxygen atom or
hydrogen head of molecule locating over the Al and N
atoms of the nano-cage. As shown in Fig. 1, the initial
orientation of the O–H bonds to the outside surface of
Al12N12 nano-cage is very important. The variability of
the adsorption energies with respect to the dihedral
angle are presented in Fig. 1. In models A and B, Ead
values between the adsorbate and the adsorbent are
‒1.81 and –1.40 eV and the shortest O–H distance with
an Al atom of nano-cage is about 1.987 and 2.003 Å,
respectively. These results clearly indicate that the
adsorption between the two species is an exothermic
process, as seen in Fig. 1. We observe that the interac-
tion energies between H2O2 molecule and Al12N12
nano-cage depends on the orientation of the mole-
cules adsorb over the surface of the nano-cage. The
length of adsorbing Al–N bonds in models A and B are
calculated to be 1.866 and 1.881 Å, respectively, while
the bond length in the pure Al12N12 nano-cage is 1.858 Å.
Aside from, the adsorption of H2O2 molecule reveals a
local structural deformation to both the H2O2 mole-
cule and Al12N12 nano-cage.

As seen in models A and B, for H2O2 attached to the
Al atom of nano-cage charges about 0.147 and 0.154e
are transferred from molecule to nano-cage, respec-
tively. Upon the interaction between H2O2 and
Al12N12, the point charges of Al and N atoms of nano-
cage is 0.854 and –0.913 in model A and 0.864 and
‒0.913 is in model B. While the point charges of Al
and N atoms in pure Al12N12 nano-cage is about 0.745
and –0.746, respectively. As shown in Table 1, the val-
ues of dipole moment in the pure Al12N12 nano-cage is
increased from zero to 1.47 and 1.36 D in models A and
B (B3LYP-D), respectively. As observed the values of
the dipole moment of the H2O2 molecule for different
dihedral angle, the dipole moment of the systems is
significantly changed (see Table 2). Ead value in model
C is about –1.43 eV and a charge transfer of 0.152e is
occurring from the molecule to nano-cage. As
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Fig. 1. Optimized structure of each H2O2 molecule
adsorbed over Al12N12 nano-cage in different views.

(a)

Ead = −1.81 eV Ead = −1.40 eV

Ead = −1.43 eV Ead = −3.45 eV

1.987 Å

1.734 Å

1.935 Å

2.003 Å

2.003 Å

(b)

(c) (d)

observed in model D, Ead value of –3.45 eV stems from
the H2O2/Al12N12 complex with a distance of 1.734 Å
in the position between two hexagonal and 1.935 Å in
the position between a hexagon and a square, respec-
tively, in a strong exothermic process. In this model, a
net charge about 0.373e is transferred from H2O2 to
Al12N12 nano-cage. In this complex, the bond length
of O–H is changed to 0.966 Å in the position between
two hexagonal and 0.973 Å in the position between a
hexagon and a square.

It can be implied from the computation results of
the H2O2 adsorption toward Al12N12 nano-cage that
this nano-cage can be a chemical adsorbent to this
toxic molecule. Koput et al. experimentally observed
that the bond length of O–H of the free H2O2 mole-
cule is about 0.965 Å [24]. Ramachandran and co-
workers theoretically reported that the bond length of
O–H of an H2O2 molecule to be 0.971 Å [11]. Bal-
buena and co-workers theoretically indicated that the
bond lengths of 1.44 Å for the O–O bond and 0.97 Å
for the O–H bond, an H–O–H angle of 100°, and a
dihedral H–O–O–H angle of 117.3° [25, 26]. These
reports agree with our calculations as mentioned pre-
viously. We theoretically studied the interaction of
H2O2 adsorbed on zigzag (5, 0) BNNT and SiCNT at
the B3LYP/6-31G* method. Based on our results, the
adsorption energies of H2O2 interacted with BNNT

and SiCNT are approximately –0.47 and –0.97 eV,
respectively. As a result, the adsorption of H2O2 on
Al12N12 nano-cage is much stronger than BNNT and
SiCNT [8, 9].

Table 1. The optimized structures of representative models for an isolated H2O2 interacted with Al12N12 nano-cages at the 
B3LYP-D method

Value Al12N12 H2O2(0°) H2O2 (90°) H2O2 (180°) Two H2O2 OHOH Trap

RAl–N 1.856 1.925 1.919 1.919 1.920 2.067 1.918
RAl–N–Al 84.32 84.37 84.68 86.20 51.85 89.62 76.53
RN–Al–N 94.83 92.51 92.42 92.40 123.41 82.08 93.30
Ead, eV – –1.81 –1.40 –1.43 –2.05 –3.45 –1.81
QAl, e 0.746 0.854 0.864 0.866 0.991 0.938 0.885
QN, e –0.746 –0.913 –0.913 –0.912 –0.652 –0.560 –0.946

, e – –0.422 –0.419 –0.419 –0.752 –0.732 –0.875

, e – 0.484 0.486 0.485 0.462 0.418 0.345

EHOMO, eV –6.44 –6.36 –6.33 –6.34 –6.36 –6.03 –6.14
ELUM, eV –2.52 –2.42 –2.42 –2.42 –2.79 –2.48 –2.54
Eg, eV 3.92 3.94 3.91 3.92 3.57 3.55 3.60
∆Eg, % – –0.51 0.26 0.0 –8.93 9.44 8.16
EFL, eV –4.48 –4.39 –4.38 –4.38 –4.58 –4.26 –4.34
μ, eV –4.48 –4.39 –4.38 –4.38 –4.58 –4.26 –4.34
η, eV 1.96 1.97 1.96 1.96 1.79 1.78 1.80
ω, eV 5.12 4.89 4.89 4.89 5.86 5.10 5.23
S, eV 0.26 0.25 0.26 0.26 0.28 0.28 0.28
χ, eV 4.48 4.39 4.38 4.38 4.58 4.26 4.34
DM, D 0.0 1.47 1.398 1.36 4.14 3.83 2.30

− 2 2O H OQ

− 2 2H H OQ
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To confirm our results, we further investigated the
adsorption of the second H2O2 molecule close to the

surface of Al12N12 nano-cage. As we can observe from

Fig. 2, the H2O2 dimer outside Al12N12 nano-cage has

the contact values of 1.743 and 1.708 Å with the dis-
tance values of the intermolecular hydrogen band of
1.760 and 1.909 Å. It is overriding to note that the
strong hydrogen bond takes place at a smaller distance
from the outside surface of Al12N12 nano-cage with the

dissociation energy to per molecule about –2.05 eV
(see Table 1). In its chemisorbed configuration, the
Al–N–Al angle of Al12N12 nano-cage is significantly

reduced from 84.93° in the free model to 123.41° in the
H2O2/Al12N12 complex. The Al–N length of the

H2O2/Al12N12 complex is elongated to 1.920 Å, com-

pared to 1.861 Å of the free Al12N12 nano-cage. For the

second H2O2 adsorbed on Al12N12 nano-cage, a local

structural deformation at the adsorption site from sp2

to sp3 hybridization is apparent, which causes the Al
atoms that slightly pulled out of the nano-cage wall.
The value of dipole moment in the second H2O2

adsorbed on Al12N12 complex is increased to 4.14 D

while this value in free Al12N12 is zero. We have also

studied the adsorption of H2O2 molecule trapped in

Al12N12 nano-cage. It was found that the interaction

between the trapped H2O2 molecule and the Al12N12

nano-cage is very strong as the Al atom is somewhat

moved inward and the N atom is slightly pulled out of

the nano-cage. Due to the adsorption of H2O2 mole-

cule trapped in Al12N12 nano-cage, the Al–O and Al–

N lengths are about 1.995 and 1.918 Å, and the O–O

and O–H distances are 1.517 and 1.093 Å, respectively

(see Fig. 3). The adsorption energy of the chemisorbed

H2O2 molecule trapped is calculated to be –1.81 eV. In

the high-frequency region of 3758 cm–1, there is one

band that is associated with the hydroxyl group of

H2O2 molecule. The vibration of O‒H bonds in

OHOH model is 3721 and 3824 cm–1. We observed

that these results are in good agreement with the

results reported by Vener et al. [27].

Table 2. The optimized structures of representative models for an isolated H2O2 interacted with Al12N12 nano-cages at the
M06-2X method

Value Al12N12 H2O2(90°) Two H2O2 OHOH Trap

RAl–N 1.844 1.871 1.905 2.058 1.988

RAl–N–Al 84.03 84.24 125.03 88.75 84.30

RN–Al–N 94.89 92.88 49.99 82.73 76.76

Ead, eV – –1.46 –2.10 –3.18 –2.90

QAl, e 0.728 0.858 0.977 0.957 0.943

QN, e –0.728 –0.888 –0.621 –0.723 –0.959

, e – –0.438 –0.810 –0.767 –0.861

, e – 0.507 0.471 0.482 0.353

EHOMO, eV –6.78 –6.67 –6.65 –6.32 –6.37

ELUMO, eV –2.27 –2.17 –2.32 –2.21 –2.23

Eg, eV 4.51 4.50 4.33 4.11 4.14

∆Eg, % – 0.222 3.991 8.869 8.203

EFL, eV –4.52 –4.42 –4.48 –4.27 –4.30

μ, eV –4.52 –4.42 –4.49 –4.27 –4.30

η, eV 2.26 2.25 2.17 2.06 2.07

ω, eV 4.54 4.34 4.64 4.42 4.47

S, eV 0.22 0.22 0.23 0.24 0.24

χ, eV 4.52 4.42 4.49 4.27 4.30

DM, D 0.0 1.289 4.38 3.89 2.32

− 2 2O H OQ

− 2 2H H OQ
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In Table 1, the calculations revealed that the
adsorption of H2O2 molecule in the positions of 0°
(‒4.39 eV), 90° (–4.38 eV), 180° (–4.38 eV) leads to
slightly higher chemical potential values than that of
the pure Al12N12 nano-cage (–4.60 eV). The global

hardness has a little change over the adsorption of
H2O2 molecule in the positions of 0°, 90°, and 180°.

When two species react with each other, one of them
functions as a nucleophile, while the other one func-
tions as an electrophile. Lower electrophilicity index
indicates lower electrophilicity of a system. For three
systems, electrophilicity index in positions of 0°, 90°,
and 180° is reduced to 4.89 eV compared to the pure
Al12N12 nano-cage (5.16 eV). When two H2O2 mole-

cules react with Al12N12 nano-cage, electrophilicity

index is increased to 5.86 and 5.23 eV for H2O2 trapped

in Al12N12 nano-cage [28–30]. The dipole moment

value of Al12N12 nano-cage in the presence of H2O2

molecule is increased to 2.30 D. Therefore, the H2O2

adsorption inside Al12N12 nano-cage leads to increase

of the polarization of nano-cage.

In 2010, Ramachandran et al. [11] investigated the
adsorption of H2O2 molecule inside the carbon nano-

tube (–0.36 eV) by B3LYP functional. Baei and co-
workers [8, 10] reported the adsorption of H2O2 mole-

cule trapped inside BP and BN nanotubes with the
energy values of –0.26 and –0.24 eV, respectively. As
can be observed in Fig. 4, the HOMO orbital (form A)
is located over the nitrogen atoms of Al12N12 and is also

on the oxygen atom of the H2O2 molecule with a value

of –6.03 eV. While the LUMO orbital is located over
the aluminum and nitrogen atoms of adsorbent and is on
the oxygen atoms of adsorbate with a value of –2.48 eV.
In model B, the HOMO orbital is located toward the
oxygen atoms of adsorbate and the nitrogen atoms of
adsorbent with a value of –6.36 eV while the LUMO
orbital is located on the aluminum and nitrogen atoms

of adsorbent with a value of –2.79 eV. Both the
HOMO and LUMO orbitals can demonstrate kinetic
stability and the chemical reactivity of a molecule [31].
After the adsorption process, MEP plots indicate that
the oxygen atoms of H2O2 molecule are negatively

charged while the hydrogen atoms of the molecule are
positively charged.

According to our results, Al12N12 nano-cage can be

applied as a chemical adsorbent for H2O2 storage. The

plots of density of states (DOSs) of the Al12N12 nano-

cage before and after the adsorption of H2O2 molecule

were calculated in order to better understanding of the
changes of the electronic properties of nano-cage (see
Fig. 5). In the most stable configuration, the results
indicated that the energy gap changes (ΔEg) between

adsorbate and adsorbent in the range from 0.25 to
10%. In contrast with the perfect Al12N12 nano-cage,

the DOS plots of these systems near the Fermi level
have no distinct changes, since no notable changes in
the conductance of the perfect nano-cage can be
expected. It shows that the perfect Al12N12 nano-cage

is not sensitive to detect the presence of H2O2 molecule.

However, in order to investigate the thermody-
namic feasibility of the H2O2 adsorption on the

Al12N12 nano-cage, the changes of enthalpies (ΔHad),

free energies (ΔGad), and entropies (ΔS) of the config-

urations at 298.14 K and 1 atm are calculated from the
frequency calculations and summarized in Table 3.
The harmonic frequencies of the structures are posi-
tive, showing that the structures are stable. Calculated
values of ΔHad and ΔGad for H2O2 molecule interacting

with Al12N12 nano-cage (D) is about –70.78 and

‒60.73 kcal/mol, respectively. Whereas the values of
ΔHad and ΔGad for H2O2 trapped in Al12N12 nano-cage

is about –59.24 and –47.34 kcal/mol, respectively.
The calculated values of ΔHad and ΔGad for the config-

Fig. 2. Optimized structure of two H2O2 molecules
adsorbed over Al12N12 nano-cage.

Ead = −2.05 eV

1.459 Å

1.708 Å1.743

1.760
1.909

Fig. 3. Optimized structure of H2O2 molecules trapped
over Al12N12 nano-cage.

Ead = −1.81 eV

1.843

1.942

1.897

115.6 °
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uration D show a strong interaction between the H2O2

molecule and the Al12N12 nano-cage. However, the

less value of free energy in comparison to that of
enthalpy is owing to the entropic effect.

CONCLUSIONS

The adsorption phenomena and electronic proper-
ties of H2O2 on the pure Al12N12 nano-cages were

investigated via DFT calculations with the B3LYP-D
and M06-2X methods. It was found that the energy

gap of Al12N12 interacted with H2O2 is slightly changed

(about 12%) in comparison with Al12N12 (about

11.30%), as the pure Al12N12 can strongly adsorb the

H2O2 upon adsorption of up to –2.54 eV than that of

the Al12N12 (–2.45 eV). Change in the electronic prop-

erties of the H2O2 interacted with the Al12N12 nano-

cages occurred during the adsorption processes, which

they are predicted to be a remarkable factor in the

change of electrical conductance of the Al12N12 nano-

cage and caused the change in structural parameters.

The reduction of energy gaps, ionization potential,

Fig. 4. HOMO and LUMO orbitals of H2O2 molecules adsorbed over Al12N12 nano-cage.

LUMO (−2.79 eV)

(a)

(b)

HOMO (−6.03 eV)

HOMO (−6.36 eV)

LUMO (−2.48 eV)

Table 3. Calculated thermodynamic properties [ΔH, ΔG (kcal/mol), and ΔS (cal/(mol K))], minimum and maximum
vibratory frequencies (cm–1), and stretching frequency of O–H bond (cm–1) in H2O2 for the considered systems at the
B3LYP method

Structure ΔHad ΔGad ΔSad υmin υmax υO–H

H2O2 – – – – – 3738, 3751

Al12N12 – – – – – –

OHOH –70.78 –60.73 –33.70 101.5 3834.2 3721, 3824

H2O2 90 –31.66 –21.16 –35.23 60.2 3672.2 3724, 3672

Trapped –59.24 –47.34 –39.90 145.9 3758.6 3758

Two H2O2 –88.88 –102.13 44.44 25.0 3839.2 3727, 3639, 3729, 3839
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and global hardness along with increasing of the
chemical reactivity and also lead to decreasing of sta-
bility during the adsorption process of H2O2 upon the

pure Al12N12 nano-cage surface that indicated the

capacity of these materials as promising candidates for
removal of H2O2 molecule.
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