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Abstract: Through Density Functional Theory (DFT), we have unveiled the atomic structures, adsorption
characteristics and electronic structures of the poisonous and explosive vapor, m-dinitrobenzene
(m-DNB), on pure, defective and various doped AIN nanosheets from a physical perspective. It is
found that the adsorption energy, band gap change and sensitivity to the vapor are significantly
increased through atomic-scale modification of the nanosheet. The AIN monolayer with Al-N divacancy
has the largest adsorption energy and has potential to be utilized as adsorption or filtration materials for
m-DNB vapor. The Si-doped AIN nanosheet possesses a much larger band gap change (—0.691 eV) than
the pure nanosheet (—0.092 eV) after adsorption and has a moderate adsorption energy, which could
be candidate material for explosive vapor sensing. This theoretical work is proposed to provide
guidance and clue for experimentalists to develop more effective two-dimensional materials for
environmental safety and sustainability.
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1. Introduction

In recent years, two-dimensional materials have been developing rapidly. A large number
of materials, such as graphene [1,2], silicene [3,4], phosphorene [5], boron nitride [6,7] and metal
dichalcogenides [8], are widely studied in various fields in terms of their unique electronic structures and
physical properties. Due to the high specific surface area and designability of some two-dimensional
materials, they have great potential in the field of molecular sensing and gas adsorption [9-13].
In the early days, a lot of research works studied graphene-based materials using experiments or
theory, but they had certain limitations due to the lack of band gap [14-19]. In order to obtain more
ideal sensing or filtering systems, the adsorption properties of other two-dimensional materials have
been explored.

The aluminum nitride (AIN) nanosheet is a kind of two-dimensional material with a wide
indirect band gap. Zhang et al. used aluminum powder and ammonia to prepare smooth, uniform,
and high-yield single crystal AIN nanosheets on the silicon substrate by a vapor transmission method [20].
Some researchers have theoretically studied the properties of pure AIN nanosheets, including geometric
structure [21], electronic structure [22], optical [23] and magnetic [24] properties. It is also found that
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AIN nanosheets have good sensing performance for toxic gases such as CO, NO, SO, and NO, [25-28].
Like other two-dimensional materials, the properties of the AIN nanosheet can be greatly changed
through modification, such as doping, decoration or vacancy-making [29-31]. Ouyang et al. has found
that the single-layer AIN with vacancy defects has strong interaction with SO, and NO, molecules,
and it is a promising candidate for adsorption or filtration materials [32].

M-Dinitrobenzene (m-DNB) is a kind of organic compound usually used as a raw material for
synthetic dyes, pesticides and explosives, as well as analytical reagents in chemical industry [33-36].
However, the matter is volatile and the vapor can easily explode. The vapor is also highly toxic
when inhaled and in contact with the skin, which brings danger to human health and environment.
Thus, it is crucial to detect the trace level of this vapor evolved from the explosive material and the
sensitive detection of this trace vapor is particularly important. Besides the traditional methods and
sensing materials, such as metal oxides, microcantilevers and polymer materials, some low-dimensional
materials, especially 2D nanomaterials with large specific surface areas, and rich active sites are opening
the inroads for their possible application in explosive detection [37]. For example, R. Chandiramouli et al.
used a pure single-layer antimony sheet to study the detection of explosive vapors, which had fast
response and selectivity. In addition, a few other researchers explored the adsorption behavior of the
poisonous and explosive m-DNB vapor on 2D nanosheets. In this work, we used Density Functional
Theory (DFT) to explore the adsorption and sensing capabilities of m-DNB molecules on various pure,
vacancy-defective (Al, N or Al-N dual vacancies) and M-doped (M = C, Mg, Si, P, Ti) AIN monolayers,
revealing the potential of these nanomaterials from their electronic origin. It is not only significant to
help screen potential candidate nanomaterials for next-generation chemical sensors towards explosive
volatiles, but also meaningful to provide theoretical guidance for experimental researchers to develop
more efficient two-dimensional sensing materials in general in the future.

2. Methods

The Density Functional Theory (DFT) calculations of various AIN nanosheets adsorbing m-DNB
molecule were performed with Vienna Ab initio Simulation Package [38—42]. The generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) [43] for exchange-correlation functional
and the projector augmented wave (PAW) [44] method for electron—ion interactions with 520 eV
cutoff energy were utilized. The integration of the Brillouin-zone was performed by using 5 x 5 x 1
Monkhorst-Pack mesh during geometry optimizations and 15 X 15 x 1 mesh for electronic structure
calculations [45]. In order to avoid the interaction between adjacent layers due to periodicity, a vacuum
space of 20A was set in the z-axis direction. The van der Waals interactions were described using the
Grimme’s DFT-D2 approach [46]. For all calculations, the energy and force convergence criteria were
set to 10~ eV and 0.02 eV/A, respectively. The adsorption energy (E,q) of the m-DNB molecule on
various AIN nanosheets was calculated by:

Ead = E(aiN+m-DNB) — EAIN — Em-DNB 1)

where EAN+m-DNB is the total energy of the optimized AIN nanosheets adsorbing m-DNB molecule,
Ean and Ep, pnp are the energies of bare AIN nanosheets and isolated m-DNB molecule, respectively.

3. Results and Discussion

3.1. Interaction of m-DNB Molecule with Pure AIN Nanosheet

Firstly, we have studied the adsorption behavior of m-Dinitrobenzene on the surface of pure
AIN nanosheet to explore their physical interaction and figure out whether the pure substrate can
effectively adsorb or sense this poisonous and explosive vapor. We have made an optimized 5 x5 x 1
supercell as the base material and the average Al-N bond length is 1.799 A, which is consistent
with the results of other theoretical work [47]. Next, the most stable adsorption configuration(s) of
m-DNB on the surface of pristine AIN nanosheet have been explored. The m-DNB vapor molecule is
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placed at various positions of the substrate in Figure 1. Considering that the different directions of
the benzene ring will affect the interaction between the surrounding nitro group and AIN monolayer,
there are two different parallel placement methods: direction of the benzene ring and hexagon of the
matrix are the same (Figure 1la—c) or vertical (Figure 1d—f). Complete structural optimizations were
carried out to evaluate their relative stability by calculating the adsorption energy. The optimized
geometric structures, the corresponding energy and adsorption parameter results are shown in Table 1.
The adsorption distance represents the minimum distance between the atom in the m-DNB molecule
and the Al or N atom of the AIN nanosheet. The results show that, when m-DNB is placed in parallel
on a pure AIN nanosheet, the adsorption energy is larger. Among them, when the Al-N bond is in the
center of the benzene ring and the benzene ring is in the vertical direction with the AIN nanosheet’s
hexagon, the adsorption energy is the largest (—0.903 eV) with the most stable adsorption configuration
shown in Figure 1f.

Figure 1. Optimized structures of different adsorption positions of m-DNB molecule on pure AIN
nanosheet. (a—f) m-DNB is placed in parallel on pure AIN nanosheet; (g-i) m-DNB is perpendicular
to pure AIN nanosheet. The purple, blue, gray, red and white balls denote the Al, N, C, O and
H atoms, respectively.
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Table 1. The adsorption energy and adsorption distance of m-DNB molecule on pure AIN nanosheet at
different adsorption positions.

Configuration a b c d e f g h i
E.q (eV) -0.806 -0.799 -0.742 -0.717 -0.901 -0.903 -0.649 -0.646 —0.829
d (A) 3.270 3.212 3.254 3.340 3.029 2.924 2.602 2.962 2.083

From Table 1, it can be seen that the absolute value of adsorption energy of the most stable
configuration is less than 1.0 eV. The corresponding adsorption distance is about 2.92 A, which is
the shortest among all parallel configurations. The change in m-DNB molecule is also not obvious.
The pristine length of the N-O bond is 1.239 A, which is stretched to 1.246 A after being adsorbed on
pure AIN nanosheet and the adjacent C-N bond is shortened from pristine 1.488 A to 1.474 A.

To further understand the adsorption properties of m-DNB on AIN nanosheet, the electronic
structures have been calculated. In the differential charge density, shown in Figure 2, the charge
transfer between the m-DNB molecule and pure AIN nanosheet is mainly concentrated in the nitro
part; especially, there is a large amount of charge accumulation around the oxygen atom, and only
a small part exists near the benzene ring. The Bader charge analysis accurately calculates that only
0.129 e~ charges are transferred to the m-DNB molecule. Figure 3 depicts the TDOS and PDOS of the
pure AIN nanosheet before and after the adsorption of the m-DNB vapor molecule. The positions of
the valence band and conduction band after adsorption are nearly unchanged, but the deep energy
level is occupied in the forbidden band. It is calculated that the band gap change before and after
adsorption is very small: the values are 2.704 eV and 2.612 eV, respectively. In PDOS, there is no
obvious hybridization between the Al-p orbital of AIN nanosheet and the C-p and O-p orbitals of
the m-DNB molecule, which also proves that the interaction between the molecule and the pure AIN
substrate is not strong.

Figure 2. Differential charge density of m-DNB molecule adsorbed on pure AIN nanosheet. The isovalue
of charge density is 0.0006 e/A3 (yellow: charge accumulation; cyan: charge depletion).
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Figure 3. Electronic density of states of pure AIN nanosheet before and after m-DNB adsorption.
(a) TDOS of pure AIN monolayer; (b) TDOS of monolayer after m-DNB molecule is adsorbed; (¢) PDOS
of O and C atom in m-DNB and the neighboring Al atom in AIN. The Fermi energy is set to zero.

In general, the adsorption of the m-DNB molecule on the pure AIN nanosheet is between physical
adsorption and weak chemical adsorption. While, it is even worse that the small change in band gap
before and after molecule adsorption will make the pure AIN nanosheet extremely insensitive to m-DNB
and is not sufficient to be a sensing substrate for this poisonous and explosive vapor. Thus followingly,
we have modified the AIN nanosheet by designing vacancies or doping to improve its adsorption and
sensing performance towards m-DNB. Figure 4 shows the schematic band gap change and adsorption
energy comparison of various modified AIN nanosheets for m-DNB adsorption and Table 2 gives
the quantitative values. It is found that the AIN nanosheet with Al-N dual vacancies has the largest
adsorption energy and the Si-doped AIN nanosheet has the largest band gap change and advantageous
adsorption energy. As would be discussed in the following section, the nanosheet with Al-N-vacancies
could greatly enhance the interaction between m-DNB and substrate due to the existence of dual
vacancies and the adsorption energy is much larger than other configurations. However, for sensing
application, the molecule is not easy to desorb from this substrate after adsorption and it could poison
the surface of the material; thus, this system is more suitable as a kind of adsorption or filtration
material. The relatively moderate adsorption energy brought by the Si-doped AIN nanosheet, as well as
its largest band gap change after m-DNB adsorption, could make the system very likely to be used as
a candidate for the vapor sensing application. It is true that the Al-vacancy or C-doped system also has
medium binding energy, but for gas sensing application it is proposed that the band gap change should
be as large as possible after molecule adsorption in order to obtain the electronic signal as optimally
as possible. For this, it is not be hard to understand why the Ti-doped system with the band gap change
of only —0.180eV will not be considered in the following detailed study. In the following two sections,
we will focus on the Al-N-vacancies system (for adsorption or filtration application) and the Si-doped
system (for sensing application) and investigate their atomic and electronic structures, respectively.
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Figure 4. The band gap change range and adsorption energy curve of various modified AIN nanosheets
for m-DNB adsorption. The band gap change uses the left ordinate, the blue bar represents the band
gap decrease after m-DNB adsorption and the red bar represents the band gap increase. The adsorption
energy uses the right ordinate, and the curve is marked with a red polyline.

Table 2. The adsorption energy (E,q), adsorption distance and band gap change in various modified
AIN nanosheets before and after m-DNB adsorption.

Systems E.q (eV) Adsorption Distance (A) Band Gap Change (eV)
Pure —-0.903 2.924 —-0.092
Al-vacancy —2.693 1.463 —-0.420
N-vacancy -3.790 1.870 0.210
Al-N-vacancies —6.957 1.495 —-0.690
C-doped —2.623 1.895 —-0.452
Mg-doped -1.083 2.399 —-0.151
P-doped —-2.633 2.590 0.690
Si-doped —-3.360 2.019 —-0.691
Ti-doped -3.310 2.012 —-0.180

3.2. Adsorption of m-DNB Molecule on AIN Nanosheet with Al-N Vacancies

First, we constructed a model of dual-vacancy AIN nanosheet. After the structure was relaxed,
it was found that the N atoms near Al-vacancy contracted away from the vacancy and the adjacent AI-N
bond length was shortened by 0.01 ~ 0.02 A. The result near the N-vacancy is the opposite. The whole
system was not significantly deformed and all the atoms remained in the same plane. The atomic
structure and bond length are shown in Figure 5a. As is the case in the pure AIN nanosheet, the m-DNB
molecule is placed at nine different initial sites and are all optimized. It was found that the most
stable configuration was the m-DNB molecule adsorbed on the substrate obliquely. The atoms near
the vacancies were obviously deformed and the nanosheet was bent upward as a whole. The O atom
of the nitro group and the C atom of the benzene ring formed bonds with the Al and N atoms of the
nanosheet, respectively. Three Al-O bonds and two C-N bonds were formed and the bond lengths
have been marked in Figure 5b.
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Figure 5. The optimized (a) AIN nanosheet with Al-N dual vacancies and (b) the most stable
configuration after adsorption of m-DNB molecule.

The adsorption energy of m-DNB molecule on the above Al-N vacancy AIN nanosheet is —6.957 eV,
which is 7.7 times than the value of pure AIN nanosheet. In order to understand the strong chemical
interaction between m-DNB molecule and Al-N vacancy nanosheet, we studied the charge transfer
between them as shown in Figure 6. A large number of charges agglomerate at the Al-O bond between
the nitro group and the substrate. The nitro group also plays a role in promoting charge transfer and
the charge exchange between the nitro group and the benzene ring is increased. The Bader charge
analysis and PDOS in Figure 7 also confirmed this. The overall m-DNB molecule gets 1.397 e~ charges
from the Al-N-vacancy AIN nanosheet, and the Al-p and O-p, C-p and N-p orbitals are obviously
hybridized, respectively. According to the electronic density of states of Al-N-vacancy AIN nanosheet,
it can be found that there is a new occupied state at the top of the valence band. Compared with pure
AIN nanosheet, the band gap is reduced by about 0.3 eV. After adsorbing the m-DNB molecule, the top
of the valence band and the bottom of the conduction band move down simultaneously, and the band
gap value is sharply decreased from 2.372 eV to 1.682 eV. Unlike the case of pure AIN nanosheet,
the band gap change is very significant in this system, which will affect the material’s conductivity
greatly and do good to the sensitivity of the signal in molecule sensing.

Figure 6. Differential charge density of m-DNB molecule adsorbed on AIN nanosheet with Al-N vacancies.
The isovalue of charge density is 0.007 e/A3 (yellow: charge accumulation; cyan: charge depletion).
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Figure 7. Electronic density of states of Al-N-vacancies AIN nanosheet before and after adsorption of
m-DNB. (a) TDOS of Al-N-vacancy AIN nanosheet; (b) TDOS of Al-N-vacancy AIN nanosheet after
the m-DNB molecule is adsorbed; (c) PDOS of O, C atom in m-DNB and neighboring Al, N atom in
nanosheet. The Fermi energy is set to zero.

3.3. Interaction of m-DNB Molecule with Si-doped AIN Nanosheet

In order to evaluate the adsorption performance of Si-doped AIN nanosheet, firstly the model
was relaxed. After geometric optimization, the structure of Si-doped AIN nanosheet was locally
deformed near the Si atom, as shown in Figure 8. The introduction of Si atom causes the surrounding
atoms to shrink toward the doping site, and the newly formed Si-N bond length is 1.69 A which is
smaller than the original Al-N bond length. When m-DNB molecule is adsorbed on the Si-doped
nanosheet, the molecule is almost parallel to the substrate. The deformation only exists in a small
part of the substrate. The O atom of the nitro group and the Al atom of the substrate form three
approximately perpendicular Al-O bonds and bond lengths are 2.02 A, 2.02 A and 2.12 A, respectively.
The adsorption energy and adsorption distance are —3.360 eV and 2.02 A, respectively, which are
between the values of Al-N-vacancy nanosheet and pure AIN nanosheet, showing relatively moderate
adsorption strength. It can be seen from the differential charge density in Figure 9 that the charge
transfer is completely concentrated between the nitro group and the AIN nanosheet, and a large amount
of charge is concentrated on the Al-O bond between m-DNB and Si-doped nanosheet. Meanwhile,
the charge of the N-O bond is lost and the bond is weakened on the m-DNB molecule. The charge of
1.097 e~ was transferred from the Si-doped AIN nanosheet to the m-DNB molecule.

Figure 8. The optimized (a) Si-doped AIN nanosheet and (b) the most stable configuration after adsorption
of m-DNB molecule.
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Figure 9. Differential charge density of m-DNB adsorbed on Si-doped AIN nanosheet. The isovalue of
charge density is 0.003 /A3 (yellow: charge accumulation; cyan: charge depletion).

In order to further understand the effect of Si-doping on the adsorption physics of m-DNB on
AIN nanosheet, we have calculated the electronic density of states (DOS) before and after adsorption
as shown in Figure 10. Due to the introduction of the Si atom, a potential energy level appears at
the bottom of the conduction band and the AIN nanosheet transforms from the p-type to the n-type
semiconductor. After adsorbing m-DNB molecule, the Fermi level returns from the bottom of the
conduction band to the top of the valence band. The band gaps before and after molecular adsorption
are 2.583 and 1.892 eV, which are the most obviously changed system among all modified nanosheets in
this work. It would be very beneficial for m-DNB vapor sensing applications. It can also be seen that the
O atom of the nitro group is hybridized with the Al atom of the surrounding substrate, which implies
the good bond strength and corresponds well with the above charge transfer physics.
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Figure 10. Electronic density of states of Si-doped AIN nanosheet before and after adsorption of m-DNB
molecule. (a) TDOS of Si-doped AIN nanosheet; (b) TDOS of Si-doped AIN nanosheet after m-DNB
adsorption; (c) PDOS of O atom in m-DNB and the neighboring Al, N atom in Si-doped AIN nanosheet.
The Fermi level is set to zero.
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4. Summary

In this work, we investigated the adsorption capability of pure, vacancy-containing and doped
AIN nanosheets towards poisonous and explosive m-DNB for environmental safety applications
from the perspective of DFT physics. Valuable results in terms of atomic structure, adsorption energy,
differential charge density, charge transfer analysis and electronic density of states have been obtained
to understand and predict the properties of materials. The AIN nanosheet with Al-N-vacancies is found
to have large adsorption energy and the Si-doped AIN nanosheet has very obvious band gap change
after m-DNB adsorption. The strong chemical interaction between Al-N-vacancies AIN nanosheet
and m-DNB molecule, which makes the sheet more suitable as an adsorption or filtration material.
The Si-doped AIN nanosheet with moderate adsorption energy and large change in band gap after
m-DNB adsorption is a good candidate for this poisonous vapor sensing application.
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