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Abstract

Context Langmuir adsorption of gas molecules of NO, NO,, and NH; on the graphitic GaN and GaP sheets has been accom-
plished using density functional theory. The changes of charge density have shown a more important charge transfer for GaN
compared to GaP which acts both as the electron donor while gas molecules act as the stronger electron acceptors through
adsorption on the graphitic-like GaN surface. The adsorption of NO and NO, molecules introduced spin polarization in the
PL-GaN sheet, indicating that it can be employed as a magnetic gas sensor for NO and NO, sensing.

Methods The partial electron density states based on “PDOS” graphs have explained that the NO and NO, states in both
of GaN and GaP nanosheets, respectively, have more of the conduction band between — 5 and — 10 eV, while expanded con-
tribution of phosphorus states is close to gallium states, but nitrogen and oxygen states have minor contributions. GaN and
GaP nanosheets represent having enough capability for adsorbing gases of NO, NO,, and NH; through charge transfer from
nitrogen atom and oxygen atom to the gallium element owing to intra-atomic and interatomic interactions. Ga sites in GaN
and GaP nanosheets have higher interaction energy from Van der Waals’ forces with gas molecules.

Keywords Gas sensor - Gallium nitride (GaN) - Gallium phosphide (GaP) - NO - NO, - NHj; - Sensitivity - DFT - Langmuir

adsorption

Introduction

Generally gas sensors are largely approved with the proper-
ties such as high selectivity and sensitivity, low cost, small
size, long working life, and resistant activity in the differ-
ent 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. Moreover, sensor attributes
can change the resistance of the graphene nanosheet once
the gas molecules act like acceptors or donors of electrons.
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Different usages of carbon nanocompounds, such as
adsorbing of hydrogen, hazardous compounds, and gas
and designing the sensor instruments [7—16]. Recently,
many materials including carbon nanostructures have been
designed and applied as adsorptive removal of environmen-
tal pollutant gases [17-19]. Thus, it is essential to make
high-implement gas detectors for distinguishing hazard-
ous 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 contain-
ing metal oxides have been used to recognize hazardous
pollutant gases having most of gas sensing characteristics
except accurate selectivity [20]. 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
[21, 22]. For example, the reconnaissance of SO, and NO,
molecules is prevented due to cross-interference when dif-
fused in a mixed status from a static origin [23]. Moreover,
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Clark and his co-workers have investigated the noncovalent
interactions due to chemical interpretation and analyses of
bonding interactions by using the Hellmann—Feynman which
connects the gap between quantum mechanics and concep-
tual chemistry [24]. These issued can be interpreted in cou-
lombic terms, polarization and electrostatics, and which
include electronic correlation and dispersion [24].

Recently, two-dimensional nanomaterials with high sur-
face and large like phosphorene and silicene have known
efficient in gas detecting, which can largely transfer the
charge density between gas molecules and the substrates
[25-28].

Semiconductor materials are mainly prepared from the
elements in groups II to VI of the periodic table [29]. The
compound in the groups III-V, each atom of group III is
bonded to four atoms of group V for attaining an octet in
the valence band, when the valence charge from an atom of
group V transfers toward an atom of group III and cultivates
partial ionic bonding to the crystal surface [30].

The GaN structure is one of the most discovered group
III-nitride semiconductors which have been applied in dif-
ferent applications like electronic and optoelectronic devices
and sensor instruments [31-34]. Considering the prominent
electronic properties of gallium nitride (GaN), it can be an
appropriate case for gas sensing [35—41]. For instance, some
studies have exhibited that Ga;,N, nanoclusters are capable
for gas sensing of CO, NO, NO,, and HCN gas molecules
[37, 38]. Moreover, GaN nanostructures suggest firm action
under different radiation and in space conditions at room-
temperature and wide varieties of temperature and humidity
as compared to metal-oxides [42]. 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, the PL-GaN sheet could
be applied as a largely selective magnetic gas detector for
NO and NO, sensing [40, 41]. DFT computations have
accomplished and indicated that GaN wurtzoids as an agent
of GaN nanocrystals are appropriate for hydrogen detect-
ing nanostructures. The nitrogen sites were discovered to
have the function for the hydrogen sensing susceptibility.
It is obvious that wurtzoids are bundles of capped (3, 0)
nanotubes that build the wurtzite phase when they attain
nanocrystal or bulk sizes [43].

Moreover, GaP has been investigated as a sensitive mate-
rial for construction of anodically bonded cells for atomic
detectors because of its properties containing optical trans-
parency in the near “IR” and high thermal conductivity
make it a notable option in sensor devices [44].

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 [45]. Concerning damaging impact
of NO, on human health and environment makes NO, gas
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sensors, and their state-of-the-art characteristics have been
studied [46-48].

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 atmos-
pheric aerosols which remain in the atmosphere for some
days [49-51]. Moreover, “NH;” is very crucial in biology
and medicine as well as in environmental controlling equip-
ment. Recently, GaP epitaxial nanowires have been investi-
gated as efficient adsorption material of NH; detection with
a simple device [52].

Therefore, this research wants to investigate the adsorp-
tion of hazardous gas of NO, NO,, and NH; by using mon-
olayer graphitic GaN and GaP nanosheets with an atomically
flat planar honeycomb hexagonal structure as “PL-GaN”
[53-55] employing density functional theory (DFT) to
discover the adsorbing parameters of the GaN and GaP
nanosheets.

Theoretical Insights, applied material,
and method

In this research, the simulated calculations have been
directed in the GaussView 6.06.16 [56] and calculated by
Gaussian 16, Revision C.01 [57] using the DFT method.
The [Perdew—Burke—Ernzerhof] “PBE” functional with
high-precision generalized gradient approximation “GGA”
has been employed to achieve more authentic results [58].
Every simulated group contains a graphitic-like of length
25 A with bond length of 1.95 A for GaN and 2.28 A for
GaP with a single NO, NO,, or NH; molecule adsorbed onto
it (Scheme 1).

The charge transfer between adsorbates of NO, NO,, and
NHj; and adsorbents of GaN and GaP nanosheets is calcu-
lated due to the Bader charge analysis [59]. 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,=0,—Q,,
where Q, and Q; remark the charge of NO, NO,, and NH;
before and after adoption, respectively. As a matter of fact,
positive AQ, indicates that electrons are transferred from
gas molecules of NO, NO,, and NHj to the surfaces of GaN
and GaP nanosheets, and the adsorbent acts as an electron
acceptor [60, 61].

The adsorbing of NO, NO,, and NH; gases on the sur-
faces of GaN and GaP nanosheets was defined by the theory
“Langmuir” isotherm [62—65], which indicates the chem-
isorption between gas molecules and GaN and GaP sur-
faces. The adsorbates of NO, NO,, and NH; molecules are
maintained on surfaces of GaN and GaP with “Langmuir”
chemisorption (Scheme 1).
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Scheme 1 “Langmuir” adsorp-
tion of NO, NO,, and NH; onto
GaN and GaP nanosheets

NO

NO,

GaN nanosheet

GsaP nanosheet

The changes of charge density analysis in the adsorption
process has illustrated that GaN nanosheet shows the Bader
charge of — 1.382e, before adsorption of NO, NO,, and NH,,
and —0.598 e, — 0.904e, — 0.625e, after adsorption of NO,
NO,, and NHj, respectively. In addition, GaP nanosheet
shows the Bader charge of —0.721e, before adsorption of
NO, NO,, and NH;, and —0.183e, —0.352e, — 0.462e, after
adsorption of NO, NO,, and NHj, respectively.

Therefore, the changes of charge density for “Langmuir”
adsorption of NO, NO,, and NH; on GaN surface alterna-
tively are AQ yo_gan=10.784" A0 yi3gan= +0.757 AQ
NO2—GaN = 0.478.

In addition, the changes of charge density for “Langmuir”
adsorption of NO, NO,, and NH; on GaP surface alterna-
tively are AQ yogap= +0.538"AQ nopgap= +0.3697 AQ
NH3-Gap = 0.259.

The values of changes of charge density have shown a
more important charge transfer for GaN compared to GaP
which acts both as the electron donor while gas molecules
act as the stronger electron acceptors through adsorption on
the graphitic-like GaN surface.

For calculating the adsorption energy, the total energy of
the NO, NO,, and NH; molecules and GaN and GaP surfaces
should be computed. As it has been shown in Scheme 1, we
have built a graphitic-like of length 25 A with bond length

of 1.95 A for GaN and 2.28 A for GaP. Then, we have tai-
lored the spin-polarized DFT calculation with “ONIOM”
model [66] accompanying the same force and energy con-
vergence accuracy to the adsorption systems, with CAM-
B3LYP [67] functional and with 6-311 + G (d,p) [68] basis
set for hydrogen, nitrogen, oxygen, and LANL2DZ for gal-
lium in the adsorption sites for the first layer (high level).
Second layer (medium level) has been considered on some
gallium atoms and nitrogen or phosphorus atoms of GaN or
GaP nanosheets, 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 or phosphorus atoms of GaN or GaP nanosheets
with molecular mechanic force fields (Scheme 2) [66] as
formula: Eqniom=E s+ Eondg + E3pa-

To determine the most sensitive structure of gallium
nitride (GaN) and gallium phosphide (GaP) as the selec-
tive sensor for detecting gas molecules of NO, NO,, and
NH;, the binding energy 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 and GaP surfaces. The simulated distri-
bution functions of NO — GaN/GaP, NO, — GaN/GaP, and
NH; — GaN/GaP have illustrated that the created clusters
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Scheme 2 The mechanism of the “Langmuir” adsorption of NO, NO,, and NH; molecules onto GaN and GaP nanosheets based on optimized
coordination due to three-layered of high, medium, and low levels of “ONIOM” method

lead to the bond lengths of N— Ga in NO — GaN/GaP
(1.41 A GaN, 1.44 A GaP), O — Ga in NO, — GaN/GaP (2.
43 A GaN, 2. 44 A GaP), and N— Ga in NH,; — GaN/GaP
(2.19 A GaN, 2.21 A GaP) (Schemes 1 and 2).

Results and discussion

In this verdict, gallium nitride (GaN) and gallium phosphide
(GaP) nanosheets have been investigated as the efficient sur-
face because of their structural selectivity for adsorption of
nitric oxide (NO), nitrogen dioxide (NO,), and ammonia
(NH;). These experiments have been accomplished using
spectroscopy analysis through some physical and chemical
properties.

Electronic properties

The electronic structures of NO and NO, adsorbed on the
GaN and GaP nanosheets have been analyzed to simplify
subsequent discussion for interfacial electronic properties
using CAM-B3LYP/LANL2DZ, 6-311+ G (d,p) basis sets.
The graph of partial DOS (PDOS) has illustrated that the
p states of the adsorption of N- and O- on the GaN and
GaP nanosheets are dominant through the conduction band
(Fig. 1). A distinct metallic feature can be observed in
GaN and GaP nanosheets because of the strong interaction
between the p states of N and P and the d state of Ga near
the Fermi energy. Moreover, the existence of covalent fea-
tures for these complexes has exhibited the identical energy
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amount and figure of the PDOS for the p orbitals of N, O,
and P and d orbitals of Ga (Fig. 1).

Figure 1a and a’ show that the NO states in both of GaN
and GaP nanosheets, respectively, have more contribution at
the middle of the conduction band between —5 and — 10 eV,
while contribution of gallium and phosphorus states are
expanded and close together, but nitrogen and oxygen states
have minor contributions. In addition, Fig. 1b and b’ illus-
trate the adsorption of NO, onto GaN and GaP nanosheets,
respectively, have more contribution at the middle of the
conduction band between —5 and — 10 eV, while contribu-
tion of gallium and phosphorus states are expanded and
close together, but nitrogen and oxygen states have minor
contributions.

The results also approved by the partial electron density
(PDOS) which have showed a certain charge association
between GaN and GaP nanosheets and gas molecules of
NO and NO,.

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

Nuclear quadrupole resonance (NQR) analysis

NQR method has been carried out for the complexes of NO,
NO,, and NH; adsorption on the graphitic-like GaN and GaP
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Fig. 1 PDOS adsorption of (a) NO— GaN, (a") NO— GaP, (b) NO, — GaN, and (b’) NO, — GaP nanosheets with Fermi level =0
nanosheets. NQR is based on the multipole enlargement in I / @
cartesian harmonies as the following equations: 2z

V(r)= V(@) + [ <ﬂ>
ox,

i

)| 3] ()] s)] - N

Then, after simplification of the equation, there are only
the second derivatives dependent on the same variable for the
potential energy [69, 70]:

where g;; are components of the EFG tensor at the quadru-
pole nucleus determined in the EFG principal axes system;
Q is the nuclear quadrupole moment; e is the proton charge,
and £ is the Planck’s constant [71].

The electric potential (J -C™1 is a continuous function
in space produced by an idealized point charge has 14
potential:v, = ﬁ ¢, where O (measured in coulombs) is the

1 JE; 1 (9E @
=3/ (5 )10)] =3 (5) |0'/ Al

o

There are two parameters which must be gotten from NQR
experiments: the quadrupole coupling constant, 5y, and asym-
metry parameter of the EFG tensor #:

x =%/, 3)

point charge, r is the distance from the charge and ¢ is the
permittivity of vacuum.

Since the electric potential for a system of point charges
is equal to the sum of the point charges’ individual poten-
tials, the calculations are done simply based on summation
of potential fields which is scalar instead of summation of
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the electric fields which is vector and much more difficult
than potential field. So, V() = ! > l:’r_l, where 7 is a

4re

point at which the potential is measured, r; is a point at which
the charge is #0, and ¢; is the charge at the point r;. Finally,
the potential of a continuous charge distribution p(r)

!
1 p(r) 73! ; ;
d’r, where R is a region
4re /R |r—r/| ’ g

including all the points at which the charge density is #0,
is a point inside R, and p(+') is the charge density at the
point [72].

As the EFG at the position of the nucleus in gas adsorbed
on the gallium nitride and gallium phosphide nanosheets as
the gas sensor is assigned by the valence electrons twisted
in the special linkage with close nuclei of GaN and GaP

appears:Vg(r) =

nanosurfaces, the NQR frequency at which transitions hap-
pen is particular for NO — GaN/GaP, NO, — GaN/GaP, and
NH; — GaN/GaP clusters (Tablel).

In addition, in Fig. 2(a—f), it has been plotted the electric
potential of NQR method versus Bader charge for elements
of hydrogen, nitrogen, phosphorus, oxygen, and gallium in
the adsorption process of NO, NO,, and NH; on the GaN
and GaP nanosheets using CAM-B3LYP/EPR-III, LAN-
L2DZ, 6-311+ G (d,p) level of theory.

In Fig. 2(a—f), it has been remarked the changes of elec-
tric potential for hydrogen, nitrogen, phosphorus, oxygen,
and gallium 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 and GaP nanosheets

Table 1 The electric potential -
(Ep) and Bader charge (Q) . . . . . |
for elements involving in the :0 =N:-> GaN :0: =N =0:-> GaN H—N :— GaN
adsorption mechanism of NO, |
NO,, and NH; on the GaN and H
GaP nanosheets using CAM- Atom Q Ep Atom Q Ep Atom Q E,
B3LYP/EPR-III, 6-311+G 01 -0.2246 -22.2691 | N1 -0.2230 -18.2043 | Gal 0.2822 -146.59
(d,p) calculation extracted of N2 -0.2626 -18.2995 | 02 -0.2686  -22.0279 | N2 -0.475  -18.1517
NQR method. 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
Ga5 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
Gag 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 | GalO 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
NI5 -0.4652 -18.2971 | Gal5s 0.5136  -147.016 | HI5 0.2739  -0.89106
NI16 -0.4626 -18.282 | H16 0.2685  -0.89209
H17 0.2676  -0.89065
H
0=N:—> GaP 0:—N =0:> GaP H—Ill = GaP
i
Atom Q E, Atom Q E, Atom Q E,
01 -0.1121 -22.0983 | N1 -0.1672  -18.1325 | Gal -0.1285  -146.762
N2 -0.1830 -18.1953 | 02 -0.2476  -21.9465 | P2 0.0143 -53.3774
Ga3 -0.0542  -146.7837 | O3 -0.2252  -21.9584 | Ga3 -0.0753  -146.745
P4 0.0766 -53.3514 | Ga4 -0.0473  -146.824 | Ga4 -0.114  -146.758
Ga5 -0.0238  -146.8043 | P5 0.1540 -53.306 | P5 0.0757 -53.4317
Gab -0.0337  -146.7962 | Ga6 -0.1367  -146.787 | Ga6 -0.1142  -146.735
P7 0.0826 -53.4215 | Ga7 -0.1310  -146.787 | P7 0.0736  -53.4367
Ga8 -0.0458  -146.7722 | P8 0.1304  -53.4033 | P8 0.0142  -53.3812
P9 0.1161 -53.4000 | Ga9 -0.0419  -146.777 | Ga9 0.0728  -146.808
P10 0.0872 -53.3442 | P10 0.0977 -53.4119 | GalO | -0.0683 -146.752
Gall 0.0255 -146.7736 | P11 0.0535 -53.3514 | P11 0.0086  -53.3811
Gal2 | -0.0543 -146.7907 | Gal2 0.3515 -146.765 | Gal2 | -0.1114 -146.765
P13 0.0681 -53.3499 | Gal3 | -0.0214 -146.816 | P13 0.0671  -53.4423
Gal4 | -0.0469 -146.7863 | P14 0.1766  -53.2955 | N14 -0.4618  -17.9438
P15 0.0977 -53.4117 | Gal5 | -0.0405 -146.766 | H15 0.2514 -0.9245
P16 0.0951 -53.4106 | H16 0.2464 -0.9282
H17 0.2495 -0.9244
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Fig.2 The electric potential versus Bader charge through NQR calculation for adsorption clusters of (a) NO— GaN, (b) NO,— GaN, (c¢)
NH; — GaN, (d) NO— GaP, (e) NO, — GaP, (f) NH; — GaP using CAM-B3LYP/EPR-III, LANL2DZ,6-31 + G(d,p)

during adsorbing NO, NO,, and NH; through resulted
electric potential using NQR analysis (Fig. 2a—f). It is
obvious that the capability of GaN and GaP for detecting
of NO, NO,, and NHj; is fluctuated by their selectivity
and sensitivity which can represent the efficiency of these
surfaces as the promising sensors. Furthermore, the GaP
surface has indicated a large distribution area for electric
potential versus atomic charge compared to GaN surface
through gas adsorption (Fig. 2a—f).

“NMR" spectroscopy

Isotropic (o;,,) and anisotropy (o,,;,) shielding tensors
of “NMR” spectroscopy for certain atoms in the active
site of NO, NO, and NHj; adsorbed on the GaN and GaP
nanosheets through the formation of the binding between
gas molecules and solid surfaces have been calculated
using Gaussian 16, Revision C.01 and reported in Table2
[57].
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Table2 Data of “NMR” shielding tensors for selected atoms of NO, NO,, and NH; through adsorption on GaN and GaP nanosheets using

CAM-B3LYP/EPR-III, 6-311+G (d,p) calculation.

H
:0=N:> GaN :0: =N = 0:—> GaN H—Ill :— GaN
i
Atom O iso G aniso Atom G iso G aniso Atom G iso G aniso
0]} 4821.8747 13220.5719 N1 830.2777 6372.8449 Gal 17626.0171  29573.0338
N2 737.8156 6496.7109 02 1323.1030 6727.1193 N2 251.8641 354.4383
Ga3 2451.1239 29825.8262 03 388.6740 3388.9901 Ga3 20005.1261 34085.0813
N4 1469.7502 3402.7758 Ga4 30814.9219 58182.6146 Ga4 17897.4195 29633.6318
Gas 15553.2422 25607.9058 N5 1442.7706 13067.9649 N5 175.9060 629.9592
Ga6 11515.0022 20178.1529 Ga6b 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
NI10 741.1297 3607.7969 NI10 3879.4503 45938.3647 GalO | 18576.5314 30716.4928
Gall 109.3018 2065.2926 NI11 950.1517 4548.8274 NI1 234.2999 503.8588
Gal2 | 3361.2055 10569.2187 Gal2 | 1439.0401 3651.1223 Gal2 | 19557.5661 33305.4682
NI13 1448.2707 3249.5646 Gal3 | 18631.5643 74813.8800 NI13 129.2701 618.9554
Gal4 | 7061.5546 16864.5428 N14 887.1812 9987.7736 NI14 295.8192 25.3839
NI15 150.5372 3369.7321 Gal5 | 15303.0265 23988.9456 H15 34.4223 13.4819
NI16 159.5638 5975.1969 H16 37.1167 14.4223
H17 37.8487 18.8085
H
:0=N:> GaP :0: =N =0:> GaP H—Ill :— GaP
i
Atom O iso O aniso Atom O iso G aniso Atom O iso G aniso
(0] 4291.3737 18144.2304 N1 963.1386 5073.9512 Gal 9857.8109 15414.6899
N2 1501.5049 7351.6689 02 449.7992 1347.3262 P2 767.7419 379.4713
Ga3 11101.4880 32961.8880 03 240.2882 1770.9646 Ga3 7177.7779 12159.4075
P4 1345.6299 2994.8451 Ga4 250.7804 17847.5451 Ga4 8870.3588 14309.8508
Ga5 4597.8176 13217.0292 P5 7.4632 2349.9993 P5 175.9657 1025.7263
Ga6 8863.2663 27092.9349 Ga6 2265.7391 35940.7712 Gab 8447.8970 14438.1778
P7 2450.3875 8540.9915 Ga7 1778.5600 16061.2490 P7 128.2753 923.3844
Ga8 10528.6575 42599.5393 P8 1540.9587 6540.2528 P8 740.2248 316.9980
P9 2005.8726 12528.0484 Ga9 5545.2324 30081.3134 Ga9 725.8970 320.3635
P10 2001.5489 5508.0432 P10 1832.7918 10443.3200 Galo 6267.2422 10271.4430
Gall | 74.6069 7545.0632 P11 1214.9676 2235.8903 P11 753.2626 173.0349
Gal2 | 2070.4614 10425.6100 Gal2 | 2046.9346 2697.7003 Gal2 9525.8790 13366.4292
P13 1077.9593 1502.2900 Gal3 | 280.8469 10404.0217 P13 113.3957 1260.7633
Gal4d | 12773.7755 21777.8000 P14 581.4133 946.6701 N14 251.9207 60.8834
P15 786.8145 4011.5859 Gal5 | 12061.3717 22237.3411 H15 32.1285 14.8191
P16 2577.7451 6181.6267 H16 30.9170 14.8849
H17 31.4410 14.3654
“Isotropic chemical-shielding” ( o;,,) and “anisotropic chemical-shielding” ( 6,,;,,) [73]: i, .= %ﬂ%mso =033 - @

It was observed the chemical shielding (ppm) of “NMR”
curves versus atom type through adsorption of NO, NO,, and
NH; onto GaN and GaP nanosheets (Fig. 3).

The resulted graphs of “NMR” data in Fig. 3(a-c,
a’'—c') have shown approximately the identical chemi-
cal shielding behavior of isotropic and anisotropy fac-
tors for NO — GaN/GaP nanosheets with several sharp
peaks related to gallium atoms involving the adsorption
site (Ga3, Ga5, Ga6, Ga8, Gal2, Gal4) (Fig. 3a, a'),
NO, — GaN/GaP nanosheets with several sharp peaks
related to gallium atoms involving the adsorption site

@ Springer

(Ga4, Ga6, Ga7, Ga9, Gal3, Gal)5) (Fig. 3b, b’), and
NH; — GaN/GaP nanosheets with several sharp peaks
related to gallium atoms corresponding the adsorption
site (Gal, Ga3, Ga4, Ga6, GalO, Gal2) (Fig. 3c, c').
Although, in the NMR spectroscopy, it has been observed
the remarkable peak around gallium atom in the GaN and
GaP nanosheets through the adsorption procedure of gas
molecules, there are some fluctuations in the chemical
shielding behaviors of isotropic and anisotropy attrib-
utes. Moreover, Fig. 3(a—c, a’—c’) has exhibited that the
magnetic gap between chemical shielding of isotropic and
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(b) NO,— GaN, (b') NO,— GaP, (¢) NH; — GaN, and (¢') NH, — GaP

anisotropy for the GaN surface through gas adsorption is
larger than this parameter for the GaP surface.

“IR” insight and thermodynamic analysis

In this part, the stability of complexes including gas adsorp-
tion on graphitic gallium nitride (GaN) and graphitic gallium
phosphide (GaP) has been investigated through thermody-
namic properties which define the reactions that gas mol-
ecules of nitric oxide (NO), nitrogen dioxide (NO,), and
ammonia (NH;) endure in the gallium coordination sphere.
Concerning adsorption process, the thermodynamic charac-
ters were evaluated for NO, NO,, and NH; on the surfaces of

graphitic gallium nitride (GalN) and graphitic gallium phos-
phide (GaP) as the gas detectors which can be applicable as
the selective sensors for these gases (Table 3).

Furthermore, the “IR” spectrums for adsorption of NO,
NO,, and NH; on the surfaces of GaN and GaP nanosheets
have been reported in Fig. 4.

The graphs of Fig. 4(a, a’) have been observed in the fre-
quency range between 50 and 500 cm™! for the complexes of
NO — GaN and NO — GaP, respectively, with a sharp peak
around 200 cm™!

Figure 4 (b, b’) has shown the several strongest IR
peaks of NO, — GaN and NO, — GaP clusters approxi-
mately between 200 and 1150 cm™'. Besides, it has been

@ Springer
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NH; — GaN, and (c¢") NH; — GaP nanosheets as the selective gas detectors

seen the frequency sharp peaks of 850 cm™!, 1150 cm™!
for NO, — GaN and 265 cm™!, 700 cm™! for NO, — GaP,
respectively (Fig. 4b, b’). Furthermore, the several strong
frequency fluctuations for NH; — GaN and NH; — GaP
nanosheets have been represented between 100 and
1200 cm™! with a sharp peak around 1150 cm™' for both
NH; — GaN and NH; — GaP complexes (Fig. 4c, c').

In addition, the high amounts of the “Langmuir” adsorp-
tion isotherm graphs based on relative adsorption energy
(AE®,4,) have been evaluated for interactions between NO,
NO,, and NH; on the surfaces of GaN and GaP nanosheets
with R?=0.9062 (Fig. 5). The order of AE°, for gas mol-
ecules adsorption on GaP nanosheet has indicated more sta-
bility compared to relative energy changes of gas molecules
adsorption on GaN nanosheet (Fig. 5).

The adsorptive capacity of NO, NO,, and NH; on the
surfaces of GaN and GaP is approved by the AE®,;, amounts
as formula:

AE®45= AE X, GaniGap—(AE x + AE° GanyGap); (X=NO,
NO,, NHj).

Table 3 has shown that the adsorbing of NO, NO,, and
NH; on the surfaces of GaN and GaP nanosheets must have
both "physical" and "chemical" nature. All the measured

@ Springer

relative adsorption energies (AE°,,,) are almost identical,
and exhibit the accord of the estimated data by all methods
and the accuracy of the calculations (Fig. 5). In fact, Ga sites
in GaN and GaP nanosheets have higher interaction energy
from Van der Waals’ forces with gas molecules including
NO, NO,, and NH; that can make them highly stable.

Furthermore, the results of Table 3 have indicated that
NO — GaP, NO, — GaP, NH; — GaP nanosheets have the
largest gap of Gibbs free energy adsorption with which
defines the changes between Gibbs free energy of initial
compounds (AG°yg, AG°No2, AG Ny3)s and (AG°g,p)
and product compounds (AG°yo_Gar AG°NO2Gaps
AG°\m3_cap) through polarizability. However, GaN and
GaP nanosheets seem to possess enough efficiency 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 interatomic interactions.

Analysis of "THOMO, LUMO”

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 computed. In
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fact, broad band gap diagram indicates that there is less con-
ductivity [74-76]. The “LUMO,” “HOMO,” band energy
gap (AE), and other quantity distributions of NO, NO,, and
NH; on the surfaces of GaN and GaP nanosheets as the gas
detector systems denote that the gas adsorption procedure
scatters the electrons of the system (Table 4).

The energy gap between HOMO and LUMO has repre-
sented the transporting of molecular electrical characters
[77]. On the other hand, the difference between HOMO and
LUMO has exhibited that the effect of the adsorption pro-
cess on the electronic behavior of NO, NO,, and NH; on the
surfaces of GaN and GaP nanosheets (Table 4). “p” which
shows chemical potential accompanying negative worth
using B3LYP/ LANL2DZ, 6-311+G (d, p), has an agree-
able yield for capturing NO, NO,, and NH; by GaN and GaP
nanosheets (Table 4).

NO2— GaN

NH3— GaN

NO— GaP NO2— GaP NH3— GaP

R2=10.9062

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 and GaP surfaces through simplified molecu-
lar-level diagram. In fact, the amount of transferred charges
might be considerably small, as in the case of parallel and
perpendicular coordination, which indicate electronic cou-
plings smaller than in co-facial coordination. The results
in Table 4 have indicated the energy level shifts of gas
molecule — surface-HOMO and gas molecule — surface
-LUMO of nanoclusters as a function of their distance d
orbitals from the high symmetry points of each gas mol-
ecule on the GaN and GaP surfaces. Therefore, the HOMO
level of molecule is being lowered as it loses its electron,
whereas the LUMO level of surface is being raised as it
gains partial charge.

Table 3 The thermodynamic Compound AE°x 10~ AE°, x10™ AH°x10* AG°x10™* §° Dipole moment

character of NO, NO,, and NH; (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (Cal/K.mol) (Debye)

adsorbed on the GaN and GaP

nanosheets as the selective gas Ga-N —21.4958 - —21.4957  —21.4998  137.460 0.6307

Sensors Ga-P 32937 - —32936  —3.2964 91.515 0.4347
NO -8.0017 - 80016  —8.0031 48.968 0.2376
NO, —12.6298 - 126298 —12.6315  57.792 0.2323
NH, 35437 - —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 —8593971 —834.3576  —859.3970 —859.4014 145511 5.0153
NO—GaP  —970.6414 —959.3460  —970.6413 —970.6453 131.438 2.3266
NO,—»GaP —975.2858 —959.3623  —975.2858 —975.2897 130.628 2.0852
NH,—>GaP  —966.1167 —959.2793  —966.1167 —966.1202 117.609 4.4479
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Table4 “LUMO” (a.u.), “HOMO” (a.u.), band energy gap (AE/ev), and other quantity (ev) distributions of NO, NO,, and NH; adsorbed on the

surfaces of GaN and GaP nanosheets.

Gas— GaN/GaP LUMO HOMO AE " " M C v
.. ‘.
NO—GaN m “ 3.5783  -0.5733 05733 1.7891  0.2794  0.3888
0.0447 -0.0868
NO,—GaN w “ 3.8496  -1.2235 12235 1.9248 02597  0.0918
0.0257 -0.1157
8 5
NH;—GaN w w 22552 29176 29176 11276 04434  3.7745
-0.0658 -0.1486
%
NO—aaP “ 07910 17893 17893 03955 12642  4.0475
-0.0512 -0.0803
o
NO,—GaP “ 0.8212  -1.6871 1.6871 04106 12177  3.4660
-0.0469 -0.0771
NH;—GaP “ m 1.7156  -1.8165 1.815  0.8578  0.5829  1.9233
-0.0352 -0.0983

Band energy gap: AE=E, ymo -Enomo: Chemical potential: u=(Eyomo+ ELumo)/2; Electronegativity: y=-(Eyomo+ ELumo)/2; Hardness:
n=(E; ymo -Eromo)/2; Softness: {=1/(2n); electrophilicity index: y= ,uz/(217) [74-76].

Conclusion

The current research wanted to remark the illustration of gas
adsorption on GaN and GaP nanosheets. Particularly, the
structural, energetic, and infrared adsorption properties of
linearly “atop” for NO, NO,, and NH; molecules adsorbing
on GaN and GaP nanosheets have been explored by using
DFT calculations.

The values of changes of charge density have shown
a more important charge transfer for GaN compared to
GaP which acts both as the electron donor while gas
molecules act as the stronger electron acceptors 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 adsorption
site can be impacted by the existence of close atoms in the
GaN and GaP surfaces.

In fact, Ga sites in GaN and GaP nanosheets have
higher interaction energy from Van der Waals’ forces

@ Springer

with gas molecules including NO, NO,, and NH; that can
make them highly stable. Finally, our molecular simula-
tion 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
and GaP nanosheets can promise an applicable outlook in
the field of NO, NO,, and NH; gas sensor.
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