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Abstract—This article aims to study the adsorption of hazardous gases of nitric oxide (NO), nitrogen dioxide
(NO,) and ammonia (N'H3) by using monolayer graphitic GaN nanosheet with the employing density func-
tional theory (DFT). The changes of charge density have shown a more important charge transfer for hexag-
onal honeycomb nanosheet of gallium nitride (GaN) which acts as the electron acceptor while gas molecules
act as the stronger electron donors through adsorption on the graphitic-like GaN surface. The adsorption of
NO and NO, molecules introduced spin polarization in the GaN sheet, indicating that it can be employed as
a magnetic gas sensor for NO and NO, sensing. The partial density of states (PDOS) graphs have explained
that the NO and NO, states in GaN nanosheet, respectively, have more of the conduction band between —5
to —10 eV, while nitrogen and oxygen states have minor contributions. Ga sites in GaN nanosheet have higher
interaction energy from Van der Waals’ forces with gas molecules. GaN nanosheet represents having enough
capability for adsorbing gases of NO, NO, and NHj; through charge transfer from nitrogen atom and oxygen

atom to the gallium element owing to intra-atomic and interatomic interactions.
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INTRODUCTION

Sensor attributes can change the resistance of the
graphene nanosheet once the gas molecules act like
acceptors or donors of electrons. Generally gas sensors
are largely approved with the properties such as high
selectivity and sensitivity, low cost, small size, long
working life, and resistant activity in the different
environmental status [1—3]. Based on application of
graphene as gas sensor in some works [4—6], it has
been confirmed that the charge transfer diffused by
adsorbing of gas molecules on the graphene surface
might be considered to produce sensitive detectors.

Different usages of carbon nanocompunds, such as
adsorbing of hydrogen, hazardous compounds, gas
and designing the sensor instruments have been inves-
tigated [7—12]. Recently, many materials including
carbon nanostructures have been designed and
applied as adsorptive removal of environmental pol-
lutant gases [ 13—15]. Thus, it is essential to make high-
implement gas detectors for distinguishing hazardous
gases. In addition, enough implanting of the carbon
nanostructures with transition metals might enhance
their adsorbing ability and adjust their adsorbing

selectivity as the excellent dopant applicants. The gas
sensors containing metal oxides have been used to rec-
ognize hazardous pollutant gases having most of gas
sensing characteristics except accurate selectivity [16].
Their detecting mechanism usually deals with the
chemical interaction between the gas molecule and
the oxygen molecule adsorbed on the surface, because
cross sensitivity among various analyte gas com-
pounds is obvious in a metal oxide-based sensor
instrument [17, 18]. For example, the reconnaissance
of SO, and NO, molecules is prevented due to cross-
interference when diffused in a mixed status from a
static origin [19].

Recently, two-dimensional nanomaterials with
high surface and large like phosphorene, and silicene
and have known efficient in gas detecting which can
largely transfer the charge density between gas mole-
cules and the substrates [20—23].

Semiconductor materials are mainly prepared from
the elements in groups II to VI of the Periodic table
[24]. The compound in the groups 11—V, each atom
of group III is bonded to four atoms of group V for
attaining an octet in the valence band, when the
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valence charge from an atom of group V transfers
toward an atom of group 111 and cultivates partial ionic
bonding to the crystal surface [25].

The GaN structure is one of the most discovered
group III-nitride semiconductors which have been
applied in different applications like electronic and
optoelectronic devices, and sensor instruments [26—
29]. Considering the prominent electronic properties
of gallium nitride (GaN), it can be an appropriate case
for gas sensing [30—36]. For instance, some studies
have exhibited that Ga;,N, nanoclusters are capable
for gas sensing of CO, NO, NO,, and HCN gas mole-
cules [37, 38]. Moreover, GaN nanostructures suggest
firm action under different radiation and in space con-
ditions at room-temperature and wide varieties of
temperature and humidity as compared to metal-
oxides [39]. In addition, it has been investigated that
magnetic properties instead of electrical properties
owing to the interaction between gas molecule and
surface in the active compound, a graphitic-like GaN
nanosheet could be applied as a largely selective mag-
netic gas detector for NO and NO, sensing [35, 36].
DFT computations have accomplished and indicated
that GaN wurtzoids as an agent of GaN nanocrystals
are appropriate for hydrogen detecting nanostruc-
tures. The nitrogen sites were discovered to have the
function for the hydrogen sensing susceptibility. It’s
obvious that wurtzoids are bundles of capped (3, 0)
nanotubes that build the wurtzite phase when they
attain nanocrystal or bulk sizes [40].

Moreover, GaP has been investigated as a sensitive
material for construction of anodically bonded cells
for atomic detectors because of its properties contain-
ing optical transparency in the near “IR” and high
thermal conductivity make it a notable option in sen-
sor devices [41].

One-dimensional semiconductor nanowires often
consist of polytypic structures, due to the coexistence
of various crystal GaAs as the semiconductors by
using the chemical vapor transport approach [42].
Concerning damaging impact of NO,on human
health and environment makes NO, gas sensors and
their state-of-the-art characteristics have been studied
[43—45].

Ammonia “NH;” which is an important ingredient
of reactive nitrogen, participates in prevalent harmful
impacts on health. Nitrogen atom in NH; helps to
form the atmospheric aerosols which remain in the
atmosphere for some days [46—48]. Moreover, “NH;”
is very crucial in biology and medicine as well as in
environmental controlling equipment. Recently, GaP
epitaxial nanowires have been investigated as efficient
adsorption material of NH; detection with a simple
device [49].
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Therefore, this research wants to investigate the
adsorption of hazardous gases of NO, NO, and NH;
on the monolayer graphitic-like GaN nanosheet [50—
52] employing density functional theory (DFT) to dis-
cover the adsorbing parameters of the GaN surface.

MATERIALS AND METHOD

In this work, the optimized calculations have been
guided in the GaussView 6.06.16 [53] and computed
by Gaussian 16, Revision C.01 [54] using the DFT
method. The Perdew—Burke—Ernzerhof (PBE) func-
tional with high-precision generalized gradient
approximation (GGA) has been employed to achieve
more authentic results [55]. Every simulated group
contains a graphitic—like of length 25 A with bond
length of 1.95 A for GaN with a single NO, NO, or
NH; molecule adsorbed onto it (Fig. 1).

The charge transfer between adsorbates of NO,
NO, and NH; and adsorbent of GaN nanosheet is cal-
culated due to the Bader charge analysis [56]. This
method can measure charge accumulation from the
charge of each atom in the complex model. Finally,
the total adsorption charge transfer can be obtained as
formula: AQ, = O, — Q,, where O, and Q, remark the
charge of GaN and GaP after and before adoption of
NO, NO, and NH;. As a matter of fact, positive AQ,
indicates that electrons are transferred from gas mole-
cules of NO, NO, and NHj; to the surfaces of GaN and
nanosheet, and the adsorbent acts as an electron
acceptor [57, 58].

The adsorbing of NO, NO, and NH; gases on the
surfaces of GalN nanosheet was defined by the theory
“Langmuir” isotherm [59—61], which indicates the
chemisorption between gas molecules and GaN sur-
face. The adsorbates of NO, NO, and NH; molecules
are maintained on the surface of GaN with “Lang-
muir” chemisorption (Fig. 1).

The changes of charge density analysis in the
adsorption process has illustrated that GaN nanosheet
shows the Bader charge of —1.382¢, before adsorption
of NO, NO, and NH;, and —0.598e, —0.904e,
—0.625¢e, after adsorption of NO, NO, and NH;,
respectively.

Therefore, the changes of charge density for
“Langmuir” adsorption of NO, NO, and NH; on
GaN surface alternatively are AQng _, gan = 70.784 >

AOnn,56an = T0.757 > AOno,56an = 0.478.

The values of changes of charge density have shown
a more important charge transfer for GaN which acts
as the electron acceptor while gas molecules act as the
stronger electron donors through adsorption on the
graphitic-like GaN surface.
Vol. 17
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Fig. 1. “Langmuir” adsorption of NO, NO, and NH; onto GaN nanosheet.

For calculating the adsorption energy, the total
energy of the NO, NO,, NH; molecules and GaN sur-
face should be computed. As it has been shown in Fig. 1,
we have built a graphitic-like of length 25 A with bond
length of 1.95 A for GaN. Then, we have tailored the
spin-polarized DFT calculation with “ONIOM”
model [62] accompanying the same force and energy
convergence accuracy to the adsorption systems, with
CAM-B3LYP [63] functional and with 6-311+G(d, p)
[64] basis set for hydrogen, nitrogen, oxygen, and
LANL2DZ for gallium in the adsorption sites for the
first layer (high level). Second layer (medium level)
has been considered on some gallium atoms and nitro-
gen atoms of GaN nanosheet, respectively, in the
adsorption site due to semi-empirical methods. The
third layer (low level) has been saved on the remained
gallium atoms and also remained nitrogen atoms of
GaN nanosheet with molecular mechanic force fields
[62] as formula:

Eoniom = Eig + Eyyy + Espye

To determine the most sensitive structure of gal-
lium nitride (GaN) as the selective sensor for detecting
gas molecules of NO, NO,, NH;, the binding energy

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 17

of each system has been calculated. Therefore, we have
found that the priority for selecting the surface binding
of N-atom of NO, NH; and O-atom of NO, in
adsorption site can be impacted by the existence of
close atoms in the GaN surface. The simulated distri-
bution functions of NO — GaN, NO, — GaN and
NH; — GaN have illustrated that the created clusters
lead to the bond lengths of N — Ga in NO — GaN
(1.41 A), O - Gain NO, - GaN (2.43 A) and N —
Gain NH; — GaN (2.19 A) (Fig. 1).

Nuclear quadrupole resonance (NQR) method has
been carried out for the complexes of NO, NO, and
NH; adsorption on the graphitic-like GaN nanosheet.
NQR method is based on the multipole enlargement
in cartesian harmonies as the following equations:

V(r)=V(0)

2 1
+ 4 X; +l IV XX ||+ =
ox; )|, 211 9xx; ),
Then, after simplification the equation, there are

only the second derivatives dependent on the same
variable for the potential energy [65, 66]:
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There are two parameters which must be gotten
from NQR method experiments; the quadrupole cou-
pling constant, %, and asymmetry parameter of the
electric field gradient (EFG) tensor n:

x=€’0q../h, 3)

N =G —4yy/ 4z 4
where g; are components of the EFG tensor at the
quadrupole nucleus determined in the EFG principal
axes system, Q the nuclear quadrupole moment, e the
proton charge and 4 is the Planck’s constant [67].

The electric potential (JC!) is a continuous func-
tion in space produced by an idealized point charge
has 1/r potential:

d

()

VE :_1 Q N
4dme, r

where Q (measured in coulombs) is the point charge,
r is the distance from the charge and g is the permit-
tivity of vacuum. Since the electric potential for a sys-
tem of point charges is equal to the sum of the point
charges' individual potentials, the calculations are
done simply based on summation of potential fields
which is scalar instead of summation of the electric
fields which is vector and much more difficult that
potential field. So,

41t80

where r is a point at which the potentlal is measured,
r is a point at which the charge is #0, and g; is the
charge at the point #. Finally, the potential of a con-
tinuous charge distribution p (r) appears:

_4n£0-[|r —r |

where R is a region including all the points at which
the charge density is #0, r' is a point inside R, and
p(r") is the charge density at the point r' [68].

RESULTS AND DISCUSSION

In this investigation, gallium nitride (GaN)
nanosheet have been investigated as the efficient sur-
face because of their structural selectivity for adsorp-
tion of nitric oxide (NO), nitrogen dioxide (NO,) and
ammonia (NH;). These experiments have been
accomplished using spectroscopy analysis through
some physical and chemical properties.
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The electronic structures of NO and NO, adsorbed
on the GaN nanosheet have been analyzed to simplify
subsequent discussion for interfacial electronic prop-
erties using CAM-B3LYP/LANL2DZ, 6-311+G(d, p)
basis sets. The graph of partial DOS (PDOS) has illus-
trated that the p states of N- and O-atoms during
adsorption on the GaN nanosheet are dominant
through the conduction band (Fig. 2). A distinct
metallic feature can be observed in GaN nanosheet
because of the strong interaction between the p states
of N and the d state of Ga near the Fermi energy.
Moreover, the existence of covalent features for these
complexes has exhibited the identical energy amount
and figure of the PDOS for the p orbitals of N, O and
d orbitals of Ga (Fig. 2).

Figure 2a shows that the N O states in both of GaN
nanosheet, respectively, have more contribution at the
middle of the conduction band between —5 to —10 eV,
while contribution of gallium sates are expanded, but
nitrogen and oxygen states have minor contributions.
In addition, Fig. 2b illustrates that the adsorption of
NO, on GaN nanosheet has more contribution at the
middle of the conduction band between —5 to —10 eV,
while contribution of gallium are expanded, but nitro-
gen and oxygen states have minor contributions.

The results also approved by the partial density of
states (PDOS) which have showed a certain charge
association between GaN nanosheet and gas mole-
cules of NO and NO.,.

In other words, N states in GaN nanosheet have
less contribution. Thus, the above results exhibit that
the cluster dominant of non-metallic and metallic fea-
tures and a certain degree of covalent features can
illustrate the increasing of the semiconducting direct
band gap of gas molecules adsorbing on the GaN
nanosheet.

As the EFG at the position of the nucleus in gas
adsorbed on the gallium nitride nanosheet as the gas
sensor is assigned by the valence electrons twisted in
the special linkage with close nuclei of GaN nanosur-
face, the NQR method frequency at which transitions
happen is particular for NO— GaN, NO, — GaN,
and NH; — GaN complexes (Table 1, Fig. 1).

In addition, in Fig. 3, it has been plotted the elec-
tric potential of NQR method versus Bader charge for
elements of hydrogen, nitrogen, oxygen and gallium in
the adsorption process of NO, NO,, NH; on the GaN
nanosheet using CAM-B3LYP/EPR-III, LANL2DZ,
6-311+G(d, p) level of theory.

In Fig. 3, it has been remarked the changes of elec-
tric potential for hydrogen, nitrogen, oxygen and gal-
lium in the active site of Langmuir adsorption. In fact,
it has been observed the effect of the binding between
H, N, and O with gallium in the GaN nanosheet
Vol. 17
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Fig. 2. PDOS adsorption of (a) NO — GaN and (b) NO, — GaN nanosheets.

during adsorbing NO, NO,, NH; through resulted
electric potential using NQR analysis (Fig. 3). It’s
obvious that the capability of GaN for detecting of
NO, NO,, NH; is fluctuated by their selectivity and
sensitivity which can represent the efficiency of these
surfaces as the promising sensors.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 17

Isotropic (0, and anisotropy (C,,;,) shielding
tensors of nuclear magnetic resonance (NMR) spec-
troscopy for certain atoms in the active site of NO,
NO, and NH; adsorbed on the GaN nanosheet (Fig. 1)
through the formation of the binding between gas
molecules and solid surfaces have been calculated

No.5 2023
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Table 1. The electric potential (£,) and Bader charge (Q) for elements involving in the adsorption mechanism of NO, NO,,
NHj; on the GaN nanosheet using CAM-B3LYP/EPR-III, 6-311+G(d, p) calculation extracted of NQR method

|
:0 = N:> GaN :0: -N = O:> GaN H-N: —» GaN
II{
Atom 0 E, Atom (0] E, Atom (0] E,

(0] —0.2246 —22.2691 || N1 —0.2230 —18.2043 || Gal 0.2822 —146.59
N2 —0.2626 —18.2995 || O2 —0.2686 —22.0279 || N2 —0.475 —18.1517
Ga3 0.5194 —147.0664 || O3 —0.2213 —21.9945 || Ga3 0.2250 —146.608
N4 —0.5262 —18.2340 || Ga4 0.34732 | —147.21 Ga4 0.2448 | —146.605
Ga5s 0.4550 —147.089 N5 —0.4432 —18.1789 || N5 —0.3370 —18.2079
Gab 0.4560 —147.0976 || Ga6 0.42893 | —147.054 || Ga6 0.2829 —146.589
N7 —0.4657 —18.2970 || Ga7 0.35341 | —147.183 || N7 —0.3291 —18.1879
Ga8 0.5163 —147.0630 || N8 —0.4313 —18.2753 || N8 —0.4778 —18.1569
N9 —0.4684 —18.2961 Ga9 0.38506 | —147.067 || Ga9 0.6245 —146.646
N10 —0.5317 —18.2336 || N10 —0.4326 —18.2994 || Gal0 0.2323 —146.608
Gall 0.5978 —147.2992 || N11 —0.5487 —18.2298 || N11 —0.4627 —18.1606
Gal2 0.4672 —147.0987 || Gal2 0.9045 —147.234 || Gal2 0.1992 —146.611
NI13 —0.5280 —18.2393 || Gal3 0.5788 —147.098 || N13 —0.3379 —18.2106
Gal4 0.4607 —147.0861 N14 —0.4801 —18.1804 || N14 —0.4815 —17.8981
NI15 —0.4652 —18.2971 Gal5 0.5136 —147.016 || HI5 0.2739 —0.89106

N16 —0.4626 —18.282 || H16 0.2685 —0.89209

H17 0.2676 —0.89065

using Gaussian 16, Revision C.01 and reported in
Table 2 [54, 69].

It was observed the chemical shielding (ppm) of
“NMR” curves versus atom type through adsorption
of NO, NO,, NH; onto GaN nanosheet (Figs. 1—4).
The resulted graphs of “NMR” data in Fig. 4 have
shown approximately the identical chemical shielding
behavior of isotropic and anisotropy factors for NO —
GaN nanosheet with several sharp peaks related to
gallium atoms involving the adsorption site (Ga3,
Ga$, Gab, Ga8, Gal2, Gal4) (Fig. 4), NO, —» GaN
nanosheet with several sharp peaks related to gallium
atoms involving the adsorption site (Ga4, Ga6, Ga7,
Ga8, Ga9, Gal3, Gal)) (Fig. 4b), and NH; — GaN
nanosheet with several sharp peaks related to gallium
atoms corresponding the adsorption site (Gal, Ga3,
Ga4, Gab6, Ga9,Gal0, Gal2) (Fig. 4c). Although, in
the “NMR” spectroscopy, it has been observed the
remarkable peak around gallium atom in the GaN
nanosheet through the adsorption procedure of gas
molecules, there are some fluctuations in the chemi-
cal shielding behaviors of isotropic and anisotropy
attributes.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

Furthermore, the stability of complexes including
gas adsorption on graphitic gallium nitride (GaN)
nanosheet has been investigated through thermody-
namic properties which define the reactions that gas
molecules of (NO), nitrogen dioxide (NO,), and
ammonia (NH;) endure in the gallium coordination
sphere. Concerning adsorption process, the thermo-
dynamic characters were evaluated for NO, NO,, and
NH; on the surfaces of graphitic gallium nitride
(GaN) as the gas detectors which can be applicable as
the selective sensors for these gases (Table 3).

The “IR” spectrums for adsorption of NO, NO,,
and NH; on the surfaces of GaN nanosheet have been
reported in Fig. 5. The graphs of Fig. 5a has been
observed in the frequency range between 50—500 cm™!
for the complexes of NO — GaN with a sharp peak
around 200 cm™'.

Figure 5b has shown the several strongest IR peaks
of NO, — GaN cluster approximately between 200—
1150 cm~!. Besides, it has been seen the frequency
sharp peaks of 850, 1150 cm™! for NO, — GaN (Fig. 5b).
Furthermore, the several strong frequency fluctua-
tions for NH; — GaN nanosheet have been repre-
Vol. 17
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sented between 100—1200 cm~! with a sharp peak
around 1150 cm~! for NH; — GaN complex (Fig. 5¢).

In addition, the high amounts of the “Langmuir”
adsorption isotherm graphs based on relative adsorp-

tion energy (AE fdx) has been evaluated for interactions
between NO, NO,, and NH; on the surfaces of GaN

nanosheet with R? = 0.9343 (Fig. 6).
The adsorptive capacity of NO, NO,, and NH; on

the surfaces of GaN is approved by the A E fds amounts
as formula:

AEu, = AEy Gan — (AE>0< + AEgvaN)’

where X is NO, NO, or NH;.

Table 3 has shown that the adsorbing of NO, NO,,
and NHj; on the surfaces of GaN nanosheet must have
both “physical” and “chemical” nature. All the mea-

sured relative adsorption energies (AE,?[,S) are almost
identical, and exhibit the accord of the estimated data
by all methods and the accuracy of the calculations
(Fig. 6). In fact, Ga sites in GaN nanosheet have
higher interaction energy from Van der Waals’ forces
with gas molecules including NO, NO, and NH; that
can make them highly stable.

In the case of adsorption, the area of the adsorbent
becomes an additional thermodynamic variable. A
similar situation arises for the equilibria of gas phase,
where a specification of gas molecule (NO, NO,, and
NH;, is necessary to define the thermodynamic sys-
tem. The pertinent additional intensive variable for the
equilibria of gas molecule of NO, NO,, and NHj is
surface tension; similarly, the spreading pressure
becomes an additional intensive variable for adsorp-
tion equilibria (Table 3 and Fig. 6).

From Fig. 6, AES,,S may depend on the interactions
between the gas molecules of NO, NO,, and NH; and

the GaN surfaces. In fact, comparison to AEL,, it is
allocated a good accord (R? = 0.9343) among calcu-
lated results, and validity of the picked isotherm for
the adsorption which produce the NO — GaN,
NO, — GaN, and NH; — GaN complexes.

In fact, GaN nanosheet seems possess enough effi-
ciency for adsorption toxic gases of NO, NO, and NH;
through charge transfer from nitrogen and oxygen to
the gallium element due to intra-atomic and inter-
atomic interactions.

In other words, the adsorbent is assumed to be
thermodynamically inert; that is the change in a ther-
modynamic property of the adsorbent, such as internal
energy, during an adsorption process at constant tem-
perature is assumed to be negligible compared with the
change in the same property for the adsorbing gas.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 17
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Fig. 3. The electric potential versus Bader charge through NQR
calculation for adsorption clusters of (a) NO — GaN,
(b) NO, — GaN, and (c) NH3; — GaN using CAM-B3LYP/
EPR-11{, LANL2DZ,6-31+G(d, p).

Based on frontier molecular orbital (FMO) theory,
the LUMO and HOMO and the energy between them
is the band gap of the adsorption system were com-
puted. In fact, broad band gap diagram indicates that
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Table 2. Data of nuclear magnetic resonance shielding tensors of isotropic (0;,,) and anisotropy (G,,,,) for selected atoms
of NO, NO,, NH; through adsorption on GaN nanosheet using CAM-B3LYP/EPR-III, 6-311+G (d, p) calculation

|
:0=N: > GaN :0: -N = 0: - GaN H-N: - GaN
}'I

Atom Giso Caniso Atom Ciso G aniso Atom Ciso O uniso
Ol 4821.8747 13220.5719 || N1 830.2777 6372.8449 || Gal 17626.0171 | 29573.0338
N2 737.8156 6496.7109 || 02 1323.1030 67271193 || N2 251.8641 354.4383
Ga3 2451.1239 | 29825.8262 || O3 388.6740 3388.9901 || Ga3 20005.1261 | 34085.0813
N4 1469.7502 3402.7758 || Ga4 30814.9219 58182.6146 || Ga4 17897.4195 | 29633.6318
Ga5 15553.2422 | 25607.9058 || N5 1442.7706 13067.9649 || N5 175.9060 629.9592
Gab 11515.0022 20178.1529 || Gab 4010.8252 49917.8649 || Gab 17239.2677 | 29092.0179
N7 4314.9928 14492.9754 || Ga7 26441.6944 | 114676.7699 || N7 187.6651 394.6117
Ga8 2696.7458 | 37790.2395 || N8 2338.2041 36057.6300 || N8 232.8229 258.9451
N9 775.1003 2658.5011 Ga9 7173.4867 80927.3080 || Ga9 16327.1187 | 23810.0447
N10 741.1297 3607.7969 || N10 3879.4503 | 45938.3647 || Gal0 18576.5314 | 30716.4928
Gall 109.3018 2065.2926 || N11 950.1517 4548.8274 || N11 234.2999 503.8588
Gal2 3361.2055 10569.2187 || Gal2 1439.0401 3651.1223 || Gal2 19557.5661 | 33305.4682
N13 1448.2707 3249.5646 || Gal3 18631.5643 74813.8800 || N13 129.2701 618.9554
Gal4 7061.5546 | 16864.5428 || N14 887.1812 9987.7736 || N14 295.8192 25.3839
N15 150.5372 3369.7321 || Gal5 15303.0265 23988.9456 || H15 34.4223 13.4819
N16 159.5638 5975.1969 || H16 37.1167 14.4223
H17 37.8487 18.8085

O,5o—isotropic chemical-shielding, 6,,,,;;,—anisotropic chemical-shielding: ¢;5, = 033+ 022 + oll 5 Ogniso = 033 — 022+ oll

3

Table 3. The thermodynamic character of NO, NO, and NH; adsorbed on the GaN nanosheet as the selective gas sensors

Compound | AE X 1074 1 AEG x 1074, | AHYx 1074, | AG"x 1074, s?, Dipole moment,
kcal/mol keal/mol kcal/mol kcal/mol cal/K mol D
Ga—N —21.4958 — —21.4957 —21.4998 137.460 0.6307
NO —8.0017 — —8.0016 —8.0031 48.968 0.2376
NO, —12.6298 — —12.6298 —12.6315 57.792 0.2323
NH; —3.5437 — —3.5436 —3.5450 48.176 2.1281
NO — GaN —863.1604 —833.6629 —863.1604 —863.1644 133.724 4.8379
NO, - GaN —867.7891 —833.6635 —867.7890 —867.7931 135.598 4.4976
NH; — GaN —859.3971 —834.3576 —859.3970 —859.4014 145.511 5.0153

there is less conductivity [70—72]. The LUMO,
HOMO, band energy gap (AE) and other quantities
distributions of NO, NO,, and NHj; on the surfaces of
GaN nanosheets as the gas detector systems denote
that the gas adsorption procedure scatters the elec-
trons of the system (Table 4).

The energy gap between HOMO and LUMO has
represented the transporting of molecular electrical
characters [73—76]. On the other hand, the difference
between HOMO and LUMO has exhibited that the
effect of the adsorption process on the electronic
behavior of NO, NO,, and NH; on the surfaces of

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 17 No.5 2023
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Fig. 4. “NMR” adsorbing of NO, NO,, NH; on the GaN nanosheet (Fig. 1) through production of clusters of (a) NO — GaN,

(b) NO, = GaN, and (c) NH; — GaN.
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Fig. 5. The frequency (cm_l) changes through the “IR” spectrums for (a) NO — GaN, (b) NO, = GaN, and (c) NH; — GaN

nanosheets as the selective gas detectors.

GaN nanosheet (Table 4). In fact, it has been declared
that “u” shows chemical potential accompanying neg-
ative worth using B3LYP/LANL2DZ, 6-311+G(d, p),
has an agreeable yield for capturing NO, NO,, and
NH; by GaN nanosheet (Table 4).

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

The illustration of donor—acceptor molecules
depends on the relative frontier molecular levels. The
HOMO-LUMO gap defines the charge transfer in gas
molecules adsorbed on the GaN surface through sim-
plified molecular-level diagram. In fact, the amount

Vol. 17 No. 5 2023



IN SITU PHYSICOCHEMICAL ASSESSMENT OF GALLIUM NITRIDE NANOSHEET

AE? , kcal mol™!
200 ¥

1079

—200

—400

—600

—800

—1000

* N
GaN N N02 NH3 NO — GaN N02—>GaN NH3—>GaN
Compounds

Fig. 6. The alterations of relative adsorption energy (AEgds) for NO, NO,, and NH 3 adsorbed on the surfaces of GaN nanosheet.

of transferred charges might be considerably small, as nanoclusters as a function of their distance d orbitals
in the case of parallel and perpendicular coordination, from the high symmetry points of each gas molecule
which indicate electronic couplings smaller than in on the GaN surface. Therefore, the HOMO level of
co-facial coordination. The results in Table 4 have molecule is being lowered as it loses its electron,
indicated the energy level shifts of gas molecule — sur-  whereas the LUMO level of surface is being raised as it

face-HOMO and gas molecule — surface-LUMO of gains partial charge.

Table4. LUMO (a.u.), HOMO (a.u.), band energy gap (A E (eV)) and other quantities (V) distributions of NO, NO,, and

NH; adsorbed on the surface of GaN nanosheet

Gas — GaN LUMO HOMO AE u X n ¢ v
Oo 8‘

NO — GaN m 3.5783 | —0.5733 | 0.5733| 1.7891| 0.2794 | 0.3888
0.0447 —0.0868

NO, — GaN W “ 3.8496 | —1.2235 | 1.2235| 1.9248| 0.2597 | 0.0918
0.0257 —0.1157
> 3

NH; — GaN w w 22552 | —2.9176 | 29176 | 11276 | 0.4434 | 3.7745

—0.0658 —0.1486

Band energy gap: AE = Eyymo — Exomos chemical potential: w = (Egomo + ELumo)/2; electronegatwlty X = —(Egomo T

E1uMmo)/2; hardness: 1 = (EL umo — Enomo)/2; softness: { = 1/(2n); electrophilicity index: y = p /(211)
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CONCLUSIONS

The current research wanted to remark the illustra-
tion of gas adsorption on GaN nanosheet. Particu-
larly, the structural, energetic, and infrared adsorption
properties of linearly “atop” for NO, NO, and NH;
molecules adsorbing on GaN nanosheet has been
explored by using DFT calculations.

The values of changes of charge density have shown
a more important charge transfer for GaN which acts
as the electron acceptor while gas molecules act as the
stronger electron donors through adsorption on the
graphitic-like GaN surface. It has been assumed that
the priority for selecting the surface binding of
N-atom of NO, NH; and O-atom of NO, in adsorp-
tion site can be impacted by the existence of close
atoms in the GaN surface.

In fact, Ga sites in GaN nanosheet have higher
interaction energy from Van der Waals’ forces with gas
molecules including NO, NO, and NH; that can make
them highly stable. Finally, our molecular simulation
consequences have exhibited the existence of orbital
hybridization between gallium sites and gas molecules
of NO, NO, and NH; that also approves the recovery
of adsorption susceptibility of graphene sheet. In fact,
GaN nanosheet can promise an applicable outlook in
the field of NO, NO, and NH; gas sensor.

Moreover, a thermodynamic formalism describing
adsorption processes of gas molecules of NO, NO,
and NH; on the solid adsorbent of GaN nanosheet has
been developed. Besides, this process being treated as
internal process of the adsorbent—adsorbate system.
Thermodynamic parameters have constructed a
detailed molecular model for atom—atom interactions
and a distribution of point charges is used to reproduce
the polarity of the solid material and the adsorbing
molecules.
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