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Abstract

Progress of largely selective and sensitive compounds is essential for removing two toxic gases of hydrogen sulfide (H,S)
and sulfur dioxide (SO,).The effect of Iron (Fe), Nickel (Ni), and Zinc (Zn) doping of graphene (Gr) nanosheet (NS) on their
adsorption for both H,S and SO, gases has been investigated in this work using first-principles density-functional theory
(DFT) computations. In this research, it has been investigated the ability of transition metals of iron, nickel, and zinc doping
of Gr@NS for adsorption toxic gas of Sulfur Dioxide and Hydrogen Sulfide Removal. The Langmuir adsorption model with
a three-layered ONIOM used CAM-B3LYP functional accompanying LANL2DZ and 6-31+ G (d,p) basis sets due to Gauss-
ian 16 revision C.01 program on the complexes of H,S and SO, — TM(Fe, Ni, Zn) doping of Gr nanosheet. The changes of
charge density have shown the values of AQp jopeq == 0.566 >> AQyz, 4opea=+0.387 >>> AQy; gopea=+0.605 for H,S
adsorption and AQpc_gopea=— 0.336 >> AQy_jopeqa= +0.376 >>> AQy;_gopea =+ 0.618 for SO, adsorption. Based on these
amount of changes of charge density, H,S and SO, have exhibited a significant charge transfer for Fe doping of graphene
nanosheet compared to Ni- and Zn-doped Gr@NS. Based on NMR spectroscopy, it has been illustrated that the sharp peaks
in the adsorption site are due to the Fe, Ni, and Zn doping on the surface of graphene nanosheet through H,S and SO, adsorp-
tion. However, it has represented some fluctuations in the chemical shielding of isotropic and anisotropy behaviors around
Zn-doped on the H,S/ SO, — Zn-doped/Gr@NS. Moreover, it has exhibited the fluctuation of occupancy of NBO for H,S/
SO, — Fe-doped, H,S/SO, — Ni-doped, and H,S/SO, — Zn-doped graphene nanosheet through the Langmuir adsorption
process by indicating the active sulfur atom in hydrogen sulfide (H,S) and sulfur dioxide (SO,) becoming close to the
nanosheet. The amounts of AG}, through IR computations based on polarizability have exhibited that AG; 5,502 Fe_c and
AG; ds.H2S —Fe—C have exhibited the most energy gap because of charge density transfer from sulfur atom in hydrogen sulfide

(H,S) and sulfur dioxide (SO,) to Fe doping of Gr@NS, although, AGY,, /50270 AG) /S02Ni-C AG), /502Fo—C"

Frontier molecular orbitals of HOMO, LUMO, and band energy gap accompanying some chemical reactivity parameters
have represented the attributes of molecular electrical transport of TM (Fe, Ni, Zn) doping of Gr nanosheet for adsorption
of H,S and SO, gases. Our results have provided a favorable understanding of the interaction between TM doping of Gr@
NS nanosheet and H,S and SO, molecules. A high performance of TM doping of Gr@NS as gas sensor is demonstrated by
modeling the material’s transport characteristics by means of the Langmuir adsorption and three-layered ONIOM/DFT
method. Furthermore, the results of partial electron density of states (PDOS) have confirmed an obvious charge accumula-
tion between the graphene nanosheet and doped atoms of Fe, Ni, and Zn through adsorption of H,S and SO, molecules on
the surface due to the recognition of the conduction band region. Finally, this research can build up our knowledge about the
electronic structure, relative stability, and surface bonding of various metal-doped graphene nanosheets, metal alloy surfaces,
and other dependent mechanisms, like heterogeneous catalysis, friction lubrication, and biological systems.
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1 Introduction

There are different practical applications of carbon nano-
structures, such as hydrogen adsorption, pollutant mol-
ecules adsorption, and gas sensor devices [1-9].

Sensing and grabbing toxic and harmful gases like
CO, CO,, NO, N,0O, CH,, SO,, and H,S can largely help
maintain the human health and the ecosystem [10-12].
These days many materials like carbon-based materials
have been investigated and applied for adsorptive removal
of toxic gases [13—17]. Therefore, it is essential to make
high-implement gas sensors for detecting the toxic gases.

Therefore, remarkable surface of carbon nanostructures
is a privileged factor for gas sensing and gas adsorption
devices. In addition, the enough doping of these com-
pounds with transition metals might enhance their adsorp-
tion ability and adjust their selective adsorption as the
excellent dopant applicants [18-22].

Moreover, the recent researches have shown that
vacancy defects on the metal surface have an important
effect on the incidence of hydrogen breaking. So, the
adsorption and dissociation mechanism of H,S and the
diffusion action of hydrogen atoms can gently enhance the
reactivity of the vacancy defective metal surface [23-25].
Besides, the study on the surface has depicted that the
different dissociation behaviors of H,S on the different
surfaces depend not only on the electronic properties of
the surfaces, but also on the adsorption configurations of
the transition states [26, 27].

Thus, this research wants to investigate the adsorption
of hazardous gases such as H,S and SO, using carbon
nanostructures decorated by transition metals of iron,
nickel, and zinc based on the density-functional theory
(DFT) to discover the adsorption parameters of the various
TM doping of Gr@NS.

2 Materials, Theoretical Background,
and Computational Method

2.1 Adsorptive Removal of Toxic Gases

This article discusses Sulfur Dioxide and Hydrogen
Sulfide adsorption on the transition metals. The chapter
illustrates the principal mechanisms of bonding occur-
ring during H,S and SO, chemisorption and reviews the
results obtained for H,S and SO, adsorption on tung-
sten. The data on tungsten surfaces are compared with
the few results available for H,S and SO, adsorption on
molybdenum and chromium. Bonding of the H,S and SO,
molecules to a transition metal atom, either in a carbonyl
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complex or possibly on a metal surface, can be visualized
first proceeding by the donation of the lone pair on the
carbon atom into vacant d orbitals of the metal atom. The
donor ability of H,S and SO, in this manner is known
to be extremely small and stabilization of the metal—car-
bon bond is believed to be obtained by back-donation of
electrons from filled d orbitals on the metal into vacant
antibonding n* orbitals on the H,S and SO, molecule. It
is thought that the two mechanisms, donation and back-
donation, tend to enhance each other in a synergic manner.

2.2 Langmuir Adsorption Model and Charge
Density Analysis

It can be defined the Langmuir adsorption through a phys-
ico-chemical interaction on the area of the homogeneous
solid state that adsorb compounds without any interactions
with each other making a monolayer of molecules on the
surface of the solid state. The Langmuir adsorption equation
is as the following [28]:

0 _1_ K?qu
ATV, LKA

where 8, is the fractional occupancy of the adsorption sites;
the ratio ofV, the volume of gas adsorbed onto the solid,
toV,,, the volume of a gas molecules monolayer coating the
entire surface of the solid and totally filled by the adsorb-
ate. A continuous monolayer of adsorbate molecules coat-
ing a homogeneous solid surface is the conceptual basis
for this adsorption system [29, 30]. Different studies have
concentrated on the gas adsorption susceptibilities of car-
bon nanosurfaces which denote a good agreement with the
Langmuir adsorption model. The adsorption of toxic H,S
and SO, gases on the Fe, Ni, and Zn doping of Gr@NS
has been assigned by the most suitable Langmuir isotherm,
which exhibits the chemisorptive nature of the bond between
H-S : —Hand: O =S = O :molecules and TM doping of
Gr@NS, the equilibrium electron distribution of the adsorb-
ing compound between the solid and gas phases, and a mon-
olayer attribute. The adsorbed H,S and SO, molecules are
kept on TM doping of Gr@NS with Langmuir chemisorp-
tion (Scheme 1).

In fact, the nature of the gas sensing mechanism in TM
(Fe, Ni, Zn) doping of Gr@NS would be due to charge trans-
fer between surface and H,S-and SO,-adsorbed molecules.
The changes of charge density analysis in the adsorption
process have illustrated that Fe, Ni, and Zn doping of Gr@
NS shows the Mulliken charge of — 1.345, — 2.087, and
— 1.416, respectively, before adsorption of hydrogen sulfide
(H,S) and — 1.911, — 1.482, and — 1.029, respectively, after
adsorption of H,S. In addition, Fe, Ni, and Zn doping of
Gr@NS shows the Mulliken charge of — 1.681, — 1.469,
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Scheme 1 Langmuir adsorption of H,S and SO, as the toxic gas pollutant onto TM (Fe, Ni, Zn) doping of Gr@NS

and — 1.040, respectively, after adsorption of sulfur dioxide
(SOy).

Therefore, the changes of charge density for Lang-
muir adsorption of H,S on Fe, Ni, and Zn dop-
ing of Gr@NS alternatively are AEy; 4opeq =+ 0.605
>> AE7, gopea =+ 0.387 >>> AEg, g5p.q=— 0.566. The
values of changes of charge density have shown a more sig-
nificant charge transfer for Fe doping of Gr@NS,while H,S
is adsorbed by the metal-doped graphene surface. Further-
more, the changes of charge density for Langmuir adsorp-
tion of SO, on Fe, Ni, and Zn doping of Gr@NS alterna-
tively are AEy; jopea=+0.618 >> AEy, 4500q=+0.376 >>>
AEg, gopea=— 0.336. In fact, the values of changes of charge
density have also indicated a more distinct charge transfer for
Fe doping of Gr@NSthrough SO, adsorption.

2.3 ONIOM/DFT Method

The combination of three levels in decreasing order of
accuracy has been defined, including high, medium, and
low levels of theory. High level has been done using the
DFT method of Cam-B3LYP with 6-31+ G (d,p) basis set
for oxygen, sulfur, and LANL2DZ for transition metals

of iron, nickel, and zinc in the adsorption sites. Medium
level has been done on some carbon atoms of graphene
in the adsorption site due to semi-empirical methods.
Finally, a low level has been performed on the other car-
bon atoms of graphene with MM2 force fields, Epjou=
Etion + Entedivm + Epoy» (Scheme 2) [31].

On the other hand, the three-layered method of ONIOM
lets us to discover a larger system more exactly than the
one-layered model which could behave a medium-size sys-
tem precisely like a ground system with acceptable accu-
racy [32, 33]. In this article, the structures have been cal-
culated using the density-functional theory (DFT) on the
mechanisms of adsorption of H,S and SO, by TM (Fe, Ni,
Zn) doping of Gr@NS through bonding between transition
metals (Fe, Ni, Zn) and gas molecules of H — S : —Hand
:'0 =8 = O':. It has been found that the surface binding
site preference of S-atom of H,S and SO, in adsorption site
is largely affected by the presence of neighboring atoms in
the graphene sheet. The calculated H,S/SO, — Fe-doped/
Gr, H,S/ SO, — Ni-doped/Gr, and H,S/SO, — Zn-doped/
Gr pair distribution functions have indicated that the for-
mation of clusters directs to shorter S — Fe, S — Ni, and
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Scheme 2 The mechanism of the Langmuir adsorption of H,S and SO, as the toxic gas pollutant onto TM (Fe, Ni, Zn) doping of Gr@NS based
on optimized coordination due to three layers of high, medium, and low levels of ONIOM method

S — Zn bond lengths when compared to the homogeneous
growth (Scheme 2).

Hybrid functional is a group of approximations for the
exchange—correlation energy functional in DFT (Den-
sity-Functional Theory) which combines a part of exact
exchange from HF (Hartree—Fock theory) method with the
rest of the exchange—correlation energy from other informa-
tion such as empirical or ab initio methodologies. Therefore,
the exact exchange energy functional is illustrated by the
Kohn—Sham orbitals instead of the density, so is placed as
the indirect density functional. This study has applied the
influence of the hybrid functional of three-parameter basis
set of B3LYP (Becke, Lee, Yang, Parr) within the frame-
work of DFT upon theoretical calculations [34, 35]. Transi-
tion metal doping of Gr@NS has been built by rigid system
and Z-Matrix format of which a blank line has been placed
and after that the following information has been illustrated.
The rigid PES has been performed at CAM-B3LYP func-
tional [36] and employing LANL2DZ /6-31+ G (d,p) basis
sets to assign HOMO, LUMO, Mulliken charges, nuclear
magnetic resonance properties, dipole moment, thermo-
dynamic characteristics, and other quantum properties for
this study [37] for H,S and SO, adsorbed onto TM doping
of Gr@NS, including H,S/SO, — Fe-doped/Gr, NO — Ni-
doped/Gr, and H,S/ SO, — Zn-doped/Gr using Gaussian 16
program package [38].

@ Springer

2.4 PDOS Graphs and Electronic Properties Analysis

To further study the influence of the adsorbed transition
metal atoms on the electronic properties of the TM (Fe,
Ni, Zn)-doped graphene nanosheet, the projected den-
sity of states (PDOS) have been calculated and plotted in
Scheme 3a—f. A distinct metallic feature can be observed
in the TM (Fe, Ni, Zn)-doped graphene nanosheet because
of the strong interaction between the p states of C in gra-
phene sheet and the d state of Fe, Ni, and Zn near the
Fermi energy. Moreover, the existence of covalent features
for these alloys has exhibited the identical energy amount
and figure of the PDOS for the p orbitals of C and d orbit-
als of Fe, Ni, and Zn (Scheme3a-f).

Scheme 3a—c shows that the Fe, Ni, and Zn states dop-
ing of the graphene nanosheet through H,S adsorption
have more contributions at the middle of the conduc-
tion band between — 5 eV and — 15 eV, while contri-
butions of Fe states are expanded (Scheme 3a), but Ni
states (Scheme 3b) and Zn states (Scheme 3¢) have minor
contributions.

Besides, Fig. 3d—f indicates that the Fe, Ni, and Zn states
doping of the graphene nanosheet through SO, adsorption
have more contributions at the middle of the conduction
band between — 5 eV and — 15 eV, while contribution of Fe
states (Scheme 3d), but Ni states (Scheme 3e) and Zn states
(Scheme 3f) have major contributions.
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Scheme 3 The projected density of states of a Fe-doped, b Ni-doped, and ¢ Zn-doped graphene nanosheet through H,S adsorption and d Fe-
doped, e Ni-doped, and f Zn-doped graphene nanosheet through SO, adsorption

Moreover, the results of the projected density of states
(PDOS) have showed a certain charge association between
the graphene nanosheet and doped elements of Fe, Ni, and
Zn. In other words, the Fe states have large contributions
in the valence band, while Ni and Zn states have fewer
contributions. Thus, the cluster dominant of non-metallic
and metallic features and a certain degree of covalent fea-
tures can illustrate the increasing of the semiconducting
direct band gap of (Fe, Ni, Zn)-doped graphene nanosheet.

3 Results and Discussion

In this investigation, transition metals such as iron,
nickel, and zinc doped on the graphene nanosheet have
been investigated as the efficient surface for adsorption
of toxic gases H,S and SO, causing air pollution. These
experiments have been conducted by spectroscopy analysis
through some physical and chemical properties.

@ Springer
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3.1 NMR Spectroscopy and NBO Analysis
Isotropic (o;,,) and anisotropy (o,,;,) shielding tensors
of NMR spectroscopy for certain atoms in the active site
of H,S and SO, adsorbed by the Fe, Ni, and Zn doping
of Gr@NS through the formation of the binding between
gas molecule and solid surface have been calculated using
Gaussian 16 program software and reported in Tables 1
and 2 [38, 39].

In Fig. 1, it has been indicated the chemical shield-
ing (ppm) of NMR graphs versus atom type through

aniso

adsorption of H,S and SO, onto the Fe-doped/Gr, Ni-
doped/Gr, and Zn-doped/Gr nanosheet.

The graphs of NMR spectroscopy in Fig. la—c and a'—'
have shown approximately the identical chemical shielding
behavior of isotropic and anisotropy parameters for H,S/
SO, — Fe-doped/Gr@NS (Fig. 1a, a') and H,S/SO, — Ni-
doped/Gr@NS (Fig. 1b, b’), with a sharp peak close to link-
age of Fe-doped and Ni-doped on the surface of graphene
with sulfur atom of H,S and SO,, respectively. Although, in
the NMR spectroscopy, it has been observed the sharp peak
around Zn-doped on the H,S/SO, — Zn-doped/Gr@NS, there

Table 1 Calculated NMR chemical shielding tensors for some atoms in the active site of H,S gas adsorption on the TM (Fe, Ni, Zn) doping of

Gr@NS

H-S§ : -H— Fe-C

H-S§ : -H— Ni-C

H-S: -H— Zn-C

Atom Q Ciso Cniso Atom QO Ciso O niso Atom  Q Ciso Cniso

S1 0.086 1357.60 1669.10  S1 0.1389  1460.88 30455 Sl 0.1980 1219.99  1427.20
C2 —0.072 922.98 2519.02 C2 0.0911 911.05 1713.03 C2 0.0887 452.78  2527.32
C3 —0.1038 1006.58 5038.25 C3 —0.0598 141.01 171583  C3 —0.0689 935.13  2307.05
c4 0.0009 730.93 4018.72 C4 —0.0348  1628.87 7917.32  C4 —0.0375 195401 8118.54
C5 0.0135 47.97 29899 C5 —0.0373 38.99 33774 CS —0.0436 189.51 762.66
Co6 —0.084 1108.77 3771.01 C6 —0.0691 664.22 1677.11 Co —0.0538 117196  3159.05
Cc7 —0.4958 386.62 64154 C7 — 04734 3.33 858.47  C7 —0.3035 537.08 561.22
C8 —0.1313 73.40 79834  C8 —0.0731 418.46 685.87 C8 —0.0736 67.43 880.75
c9 —0.1274 84.75 84755 C9 —0.0748 15.35 37539 €9 —0.0694 68.78 936.87
C10 —0.0709 1301.33 2541.68  C10 0.0919 758.10 247030  Cl10 0.0882 52547  2948.73
Cl1 —0.0442 398.94 428.76  Cl1 —0.0336 40.08 201.76  Cl11 —0.0383 251.60 677.60
C12 0.0039 1613.65 311452  Cl12 —0.0538 970.38 7626.75  Cl12 —0.0514 1881.83  8159.34
C13 0.0026 439.23 677.69 Cl13 0.0138 11.98 469.69  C13 0.0129 194.59 719.04
Cl4 —0.5473 710.11 1293.81 Cl4 —0.4920 39.11 72224  Cl4 —0.3300 191.40  1403.72
C15 —0.5586 714.16 129289  CI15 —0.4810 6.14 91536  Cl15 —0.3475 136.60 864.70
Fel6 1.9106 37,028.84  63,893.30  Nil6 1.4824 3654.86  18,290.63  Znl6 1.0288 689.66  6082.44
C17 0.0168 65.19 269.10 C17 —0.0225 30.71 282.68 Cl17 —0.0389 141.13 593.43
C18 —0.0824 1144.40 3733.05 C18 —0.0971 468.77 349469 C18 —0.0515 128441  3351.30
C19 —0.0507 109.39 175.84  C19 —0.0556 68.37 21069 C19 —0.0581 1696  1159.31
C20 —0.0319 2427.00 5879.40  C20 —0.0382 789.29 329429  C20 —0.0404 174724  5216.77
C21 0.0653 307.27 67499 C21 0.0501 40.84 168.63 C21 0.0480 174.67 454.76
C22 —0.0824 5.96 329.86 C22 —0.0673 196.51 46.15 C22 —0.0665 0.5622 312.02
C23 — 0.0466 402.85 436.87 C23 —0.0352 11.65 25949  C23 —0.0398 247.07 620.98
C24 — 0.0004 326.81 76471  C24 0.0323 163.16 54322 C24 0.0108 164.27 537.33
C25 0.0038 1433.10 2959.34  C25 —0.0440 906.61 554493  C25 —0.0475 161321  6064.71
C26 —0.0003 637.07 368542  C26 —0.0309 845.45 534431  C26 —0.0369 133442  6433.95
c27 —0.0159 2149.02 3098.26  C27 —0.0312 75.33 113823  C27 —0.0365 1031.24  2717.39
C28 0.1550 1099.63 522132 C28 0.1369 26.69 555.78  C28 0.1328 562.52 451743
C29 0.1548 930.34 502246  C29 0.1356 4431 653.74  C29 0.1323 791.12  5000.39
C30 —0.0510 120.46 34095  C30 —0.0558 104.43 23741  C30 —0.0579 12.71  1048.38
C31 —0.0330 2347.04 6376.77  C31 —0.0400 796.46 2973.31  C31 —0.0434 167142 454391
H32 0.1166 64.43 95.12 H32 0.1190 37.32 28.74  H32 0.0979 36.02 31.11
H33 0.1004 81.71 9574  H33 0.1087 38.99 2742  H33 0.0969 37.43 26.47
Chemical shielding (CS) tensors in principal axes system evaluate the isotropic chemical shielding (o;,,) and anisotropic chemical shielding
(Cuni) [40]: = ST 6, = 033 — S
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Table2 Calculated NMR chemical shielding tensors for some atoms in the active site of SO, gas adsorption on the TM (Fe, Ni, Zn) doping of

Gr@NS
:0=8=0":>Fe-C :0=8=0":>Ni-C :0=8=0":>7Zn-C

Atom  Q 0 iso Caniso Atom  Q iso Ganiso Atom @ O iso Caniso

S1 02183  6842.87 14,501.72 Sl 03176  6872.46 9461.32 Sl 0.4539  9099.97  26,843.78
02 —02528 762227 17,54749 02 —0.2638 660459 1043469 02 —0.2404 342195 30,612.79
03 —0.3061  6273.17 9827.58 03 —0.2836 652034 12,77795 03 —0.2466 994521  17,272.88
Cc4 0.0964  9827.57 9827.57 C4 0.1495  1038.95 4066.74 C4 0.1435 49348  6741.62
C5 —0.0569  3208.04 1038043 C5 -0.0197  2219.87 422171 C5 —0.0383 6741.62  6523.36
c6 0.0047 884.67 3006.66  C6 —-0.0178 198.38 324934  C6 —0.0235 53520  5504.00
Cc7 0.0046 172.11 52405 C7 —-0.0138 84.96 34270  C7 —-0.0219 474 1020.67
C8 —0.0512  1333.72 3989.11 C8 —0.0652 707.13 198476  C8 —0.0482 6618.09 24,895.19
9 —0.4104 2.99 364124 €9 - 04627  1168.16 1796.86  C9 —0.3041 42178 1893.52
Cl10 —-0.1027 489.70 949.02 C10 —0.0410 182.19 1416.55 CI10 —0.0425 20840  2958.02
Cl11 —0.1063 229.92 1219.09 Cl11 - 0.0452 348.66 1180.622 Cl1 —0.0473  369.93 2834.03
C12 0.0943 311830 4660.09 Cl12 0.1470 514.85 3858.48 ClI2 0.1420 171878  5325.34
Cl13 —0.0301 464.76 828.07 CI3 - 0.0207 183.64 489.80 C13 —0.0345  116.67 632.68
Cl4 0.0076 720.51 207228 Cl4 - 0.0265 907.21 2418.86 Cl4 —0.0180 145134  5479.92
Cl15 0.0193 391.60 1006.48  Cl15 0.0446 12.04 23727 CI5 0.03621 247.44 723.60
Cl16 —0.4938 44770 126772 Cl16 - 0.4637 373.21 786.04 Cl16 —0.3599  430.56 1063.43
C17 —-0.5104 651.31 138721  C17 - 0.4781 221.72 2172  Cl17 —0.3532 47495 2127.96
Fel8 1.6806 22,673.89  90,625.53  Nil8 14692 24,551.86 25,71021 Znl8 1.04039 1403.82  10,646.56
C19 0.0223 67.70 34329 C19 —0.0092 305.77 811.18 CI19 —0.0299 15.47 1861.02
20 - 0.0451 622.55 3843.05 C20 —0.0603 559.20 1792.03 €20 —0.0508 912124  36,956.95
C21 —-0.0472 234.80 565.89  C21 —0.0479 127.04 958.14 (21 —0.0514  149.67 1028.17
Cc22 —0.0248  3472.00 9946.48  C22 —0.0333 789.75 3063.75 C22 —0.0409 52.02  8909.97
C23 0.0734 302.03 667.93  C23 0.0574 120.93 404.66 €23 0.0551  100.15 694.65
C24 - 0.0620 16.60 32529 C24 —0.0458 74.50 41638 C24 - 0.0531 1.19 565.11
C25 - 0.0330 382.26 1006.68 €25 —-0.0178 248.51 816.57 (25 -0.03 40.20 828.71
C26 0.0365 400.05 1301.46 €26 0.0472 192.08 49275  C26 0.0422 6.07 1017.77
C27 0.0219 662.32 153638  C27 —-0.0178 73193  11,396.09 C27 —0.0285 1918.88  9669.13
28 0.0086 941.78 2703.11 €28 —0.0113  3763.64 9104.71  C28 —0.0266 1448.02  9230.94
C29 —0.0118  2134.49 3109.21 €29 —-0.0176 737.74 2377.10  C29 -0.0269 689.14  2828.80
C30 0.1634  1984.09 6570.17  C30 0.1543 810.69 3850.66  C30 0.1447 42160  5007.96
C31 0.1633 2.51 3822.05 (€31 0.1533 80.97 44279  C31 0.1453  868.94  4125.14
C32 —0.0463 566.73 1234.85 C32 —0.0462 79.65 1002.59 €32 —0.0517 23892 1342.82
C33 —0.0242  5055.42 8544.17  C33 —0.0309  1766.33 734041  C33 —0.0346 202822  6488.28

Chemical shielding (CS) tensors in principal axes system evaluate the isotropic chemical shielding (o,
622+5l1

633+0622+011

( dl’IlSO) [40] 0-180_ 3 633

> Oaniso

are some fluctuations in the chemical shielding behaviors of
isotropic and anisotropy parameters (Fig. lc, c’).

Furthermore, the Natural Bond Orbital (NBO) analysis
of H,S and SO, adsorbed on the TM (Fe, Ni, Zn) doping of
Gr@NS has illustrated the character of electronic conjuga-
tion between bonds in the gas molecules and TM doping of
Gr@NS (Table3; Fig. 2).

In Fig. 2, it has been observed the fluctuation of occu-
pancy of natural bond orbitals for H,S/SO, — Fe-doped,
H,S/SO, — Ni-doped, and H,S/SO, — Zn-doped graphene
nanosheet through the Langmuir adsorption process by

.so) and anisotropic chemical shielding

indicating the active sulfur atom in hydrogen sulfide (H,S)
and sulfur dioxide (SO,) becoming close to the nanosheet.
Bond orbitals of C14—Ni 16 and C9—Ni in the adsorption of
H,S and SO,, respectively, in the Ni doping of Gr@NS have
shown the maximum occupancy.

3.2 Thermodynamic Properties and IR Spectroscopy
Analysis

Thermodynamic parameters have been estimated for adsorp-
tion of Sulfur Dioxide (: O =S =0 :) and Hydrogen

@ Springer
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Table 3 NBO analysis for H,S and SO, on the TM (Fe, Ni, Zn) doping of Gr@NS
NO — TM-doped/Gr nanosheet Bond orbital Occupancy Hybrids
H-S:—H—Fe-C BD (1) C7—Fel6 1.96225 0.8099 (sp"%*) C+0.5866 (sp*** d*4%) Fe
BD (1) C14—Fel6 1.96398 0.8201 (sp'*") C+0.5722 (sp**7 d*3%) Fe
BD (1) C15—Fel6 1.96295 0.8211 (sp'*) C+0.5708 (sp®* °d*3%) Fe
H-S§: -H— Ni-C BD (1) C7—Nil6 1.93134 0.8263 (sp'?%) C+0.5633 (sp>?7 d>*8) Ni
BD (1) C14—Nil6 1.96992 0.8142 (sp'**) C+0.5805 (sp'** d*®)Ni
BD (1) C15—Nil6 1.91797 0.8325 (sp™%%) C+0.5540 (sp>* d>%°) Ni
H-§ : —-H— Zn-C BD (1) C7—Znl6 1.94341 0.8147 (sp"9) C+0.5798 (sp>?2 d*%2) Zn
BD (1) C14—Zn16 1.94172 0.8098 (sp'12) C+0.5867 (sp>* d*"1)Zn
BD (1) C15—Zn16 1.93933 0.8082 (sp'14) C+0.5889 (sp>? d*"8) Zn
BD (1) C9—Fel8 1.95918 0.8206 (sp'*?) C+0.5715 (sp*36 d>4%) Fe
0=8=0'> Fe-C BD (1) C16—Fel8 1.95380 0.8118 (sp"4%) C+0.5840 (sp®” d**7) Fe
BD (1) C17—Fel8 1.95431 0.8101 (sp"*%) C+0.5863 (sp*% d*%%) Fe
BD (1) C9—Nil8 1.97205 0.8057 (sp"*') C+0.5923 (sp®7> d*!7) Ni
0=8=0"'= Ni-C BD (1) C16—Nil8 1.93258 0.7842 (sp'*!) C+0.6205 (sp**® d>*%) Ni
BD (1) C17—Nil8 1.94565 0.7871 (sp'*?) C+0.6168 (sp**2 d**?) Ni
BD (1) C9—Zn18 1.94453 0.8135 (sp"%%) C+0.5815 (sp>*7 d*%8) Zn
:0=8=0":>7Zn-C BD (1) C16 -Zn18 1.93721 0.7783 (sp'4?) C+0.6279 (sp'** d'"™*) Zn
BD (1) C17—Zn18 1.95268 0.7894 (sp'3%) C+0.6138 (sp"** d'*!) Zn
Sulfide (H— S : —H) on the surfaces of (Fe, Ni, Zn) dop- Moreover, the infrared spectra for adsorption of H,S and
ing of Gr@NS as the gas sensors which can be used as the SO, by (Fe, Ni, Zn) doping of Gr@NS have been reported in
selective detectors for toxic gases (Table 4). Fig. 3a—c and a’—c'. Each of these graphs has been seen in the
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Fig.2 Occupancy fluctuation 1.98
extracted of NBO method for
bond orbitals of C—Fe, C-Ni,
and C—Zn in Table 3 through 1.96
adsorption of H,S and SO, on
the TM (Fe, Ni, Zn) doping of
Gr@NS

1.97

1.95
1.94
1.93

Occupancy

1.92
1.91
1.9

1.89

§ §
PRI
AR

frequency range around 500-2000 cm™! for the complexes of
H-S:-H->Fe-C,H-S: -H> Ni-C,H-S : -H—
Zn-Cand: 0=8=0:—Fe-C,: 0=8=0:— Ni-C,
and: 0 =8 =0 :— Zn-C.

Figure 3a and a’ shows the strongest IR peaks for
H-S: -H— Fe-C and: O =S = O :— Fe—C approxi-
mately between 800 and 1000 cm™!. Besides, it has seen the
frequencies of 1600 cm™' and 700 cm™! for strongest peaks of
H-S : -H—Ni-Cand: O = S = O :— Ni—C, respectively
(Fig. 3b, b). Furthermore, the most frequencies of sharp peak
for H—S : =-H— Zn-C (two peaks) and: 0 =S =0 :—
Zn-C have been represented around 750 cm™!, 1600 cm™!,
and 750 cm™!, respectively (Fig. 3c, ¢').

From Fig. 4, it could be found that the maximum of the
Langmuir adsorption isotherm plots based on AG}, versus
dipole moment may depend on the interactions between the
H,S and SO, and the TM doping of Gr@NS. The order of
Gibbs free energy changes of SO, adsorption on TM-doped

S 9 Q@\% & é‘\% & m“% A
C?’ Q\ C\ Qq Q\ C/\(\

Bond orbital

also the order of Gibbs free energy changes of the clus-
ters of H,S — TM doping of Gr@NS is AG) o ., >
AGYs ic > DGy g (Fig. 4).

The adsorptlve capacity of H,S and SO, on the
TM doping of Gr@NS is approved by the AGY,
amounts.  AGY, = AGY e — (AGY, + AGH ():
TM = Fe, Ni, Zn.

On the basis of data in Table 4, it is predicted that the
adsorption of H,S and SO, on the TM doping of Gr@NS
must be physical and chemical nature. As shown in Fig. 4,
all the computed AG? , amounts are very close, which exhib-
its the agreement of the evaluated data by all methods and
the validity of the computations.

Fig. 4 indicates that AGyy g pe_c and AGYy 56y pe_c
have the largest gap of Gibbs free energy adsorption with
dipole moment which defines the changes between Gibbs
free energy of initial compounds (AG},/AGy, ) and

(AGg,,/AGE, ) and product compounds (AGy g r._) and

Gr@Ns is AG(S)O2 Tn_c > AGgoz Ni—C > AGSOZ—»FE cand  (AGg,, . o) through polarizability. In fact, TM-doped/Gr

Table4 The physico-chemical Compound AEX10™  AH°x 10 (keal/mol) AG°x 10 §° (Cal/K.mol) Dipole

properties of H,S and _SOZ (kcal/mol) (kcal/mol) moment

adsorbt?d by the Fe, Ni, and (Debye)

Zn doping of Gr@NS as the

selective gas sensor Fe-C —146.2783 — 146.2782 —146.2816 111.175 2.3199
Ni-C —162.4794 —162.4793 —162.4828 116.150 13.6226
Zn—-C —178.2031 - 178.2030 — 178.2066 120.533 1.7301
H-S: - —24.7417 —24.7417 —24.7432  50.421 1.0267
H-S : —-H— Fe-C —-171.0112 —-171.0111 — 171.0149 125.858 14.8980
H-S: -H— Ni-C — 186.1527 — 186.1526 — 186.1561 118.420 7.2222
H-S: -H- Zn-C —202.9333 —202.9332 —202.9368 121.125 5.7742
:0=§=0": —33.9252 —33.9251 —33.9269 60.100 2.1632
:0=8§S=0:—>Fe-C —180.1926 - 180.1925 — 180.1965 134.972 8.6680
:0=8§=0:=Ni-C —195.3362 - 195.3361 —195.3401 133.549 3.8136
:0=8S=0:>7Zn-C -212.1156 -212.1156 —212.1194 128.542 2.2208
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Fig.3 Changes of Frequency (cm™') through the IR spectra for a H,S — Fe-, a’ SO,— Fe-, b H,S —Ni-, b’ SO, —Ni-, ¢ H,S —Zn-, and ¢’
SO, — Zn-doped graphene nanosheet as the selective gas detector
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Table 5 The HOMO (a.u.), LUMO (a.u.), band energy gap (AE /ev), and other quantities (ev) for adsorption of H,S and SO, as the toxic gases
on the TM (Fe, Ni, Zn) doping of Gr@NS using CAM-B3LYP/ LANL2DZ, 6-31+G (2d,p)

Gas—TM-doped LUMO HOMO AE u 7 n ¢ W
Gr@NS
H-S:-H— -0.00735 ] 29723 —1.6861 1.6861 1.4861 0.3364 0.9565
Fe-C . Qe
|
-0.11658
H-S:-H— 0.01708 1 4.1679 —1.6192 1.6192 2.0839 0.2399  0.6290
Ni—C " )
* + &89
@
-0.13609
H-S:-H— 0.02368 @ 4.9464 — 1.8288 1.8288 24732  0.2021 0.6761
Zn-C
«1‘{‘ &%
-0.15810
c0=85=0"'— -0.00805 4.0169 —2.2275 22275 2.0084 0.2489 1.2352
Fe-C
% -0
e o
i
PR g I £ -0.15567
:'0=5=0— -0.00141 4.3249 —2.2008 2.2008 2.1624  0.2312 1.1199
Ni-C
gmzh
c0=85=0"'— 0.00058 4.6169 —2.2927 2.2927 2.3084 0.2166 1.1385
Zn—-C

J&M

-0.16909

AE=E;yvo = Exomos 4= Exomo + ELumo)2: == (Exomo + ELomo)/2: 1= Erumo — Enomo)/2; ¢ = 1/Q2n); and y=42/(2n)

can possess enough efficiency for adsorption toxic gases of
hydrogen sulfide and sulfur dioxide through charge transfer
from sulfur to the transition metal.

3.3 Frontier Molecular Orbitals of HOMO, LUMO,
and UV-VIS Analysis

The highest occupied molecular orbital (HOMO) energy
is generated by ionization and the lowest unoccupied

molecular orbital (LUMO) energy is observed by the elec-
tron affinity. These parameters have been evaluated for
adsorption of hydrogen sulfide and sulfur dioxide on the
TM (Fe, Ni, Zn) doping of Gr@NS as the gas detector in
Table 5. The HOMO (au), LUMO (au), and band energy
gap (AE=E; ymo — Enomo) (ev) have exhibited the picto-
rial explanation of the frontier molecular orbitals and their
respective positive and negative areas which are a signifi-
cant parameter for discovering the molecular properties of
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Fig.5 (continued)
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efficient compounds in the adsorption of H,S and SO, on the
TM doping of Gr@NS (Table 5).

Moreover, for getting more conclusive approval in identi-
fying the compound characteristics of adsorption complexes
of H,S/ SO, —TM (Fe, Ni, Zn) doping of Gr@NS, a series
of chemical reactivity parameters such as chemical potential
(u), electronegativity (y), hardness (), softness (¢), and elec-
trophilicity index () have been carried out (Table 5) [41-43].

On the other hand, the HOMO shows the capability for
giving an electron, while the LUMO as an electron acceptor
exhibits the capability for achieving an electron. Therefore,
the energy gap (AE=E| ymo — Egomo) indicates the energy
difference between frontier HOMO and LUMO orbital
introducing the stability for the structure and unravels the
chemical activity of the molecule. In this work, energy gap
establishes how toxic gas of H,S and SO, can be adsorbed
on the TM (Fe, Ni, Zn) doping of Gr@NS as the gas sensor
at BBLYP/LANL2DZ, 6-311+G (2d, p) quantum method.
Besides, frontier molecular orbitals play an important func-
tion in the optical and electrical properties, like in UV-VIS
spectra [44].

The energy gap between HOMO and LUMO has distin-
guished the attributes of molecular electrical transport [45].
Through Frank—Condon principle, the maximum absorption
peak (max) depends on an UV-visible spectrum to vertical
excitation.

The negative values of the chemical potential (u) ver-
sus the positive values of other amounts have displayed an
appropriate efficiency of scavenging H,S and SO, by TM
(Fe, Ni, Zn) doping of Gr@NS.

In addition, TD-DFT/ LANL2DZ, 6-31+G (2d, p) com-
putations have been done to identify the low-lying excited
states of H,S and SO, adsorbed on the TM (Fe, Ni, Zn)
doping of Gr@NS. The results consist of the vertical excita-
tion energies, oscillator strength, and wavelength which have
been introduced in Fig. 5a—c and a'—c'.

Figure Sa—c and a'—c’ have shown UV-VIS spectra for
H,S — Fe-doped, H,S — Ni-doped, and H,S — Zn-doped
graphene sheet with maximum adsorption bands between
2000 and 5000 nm. Moreover, it has observed the maxi-
mum adsorption around 2000 and 10000 nm for SO, — Fe-
doped, SO, — Ni-doped, and SO, — Zn-doped graphene
sheet (Fig. Sa—c, a'—’).
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4 Conclusion

This research aimed to remark the study of polluting
gases such as hydrogen sulfide and sulfur dioxide adsorp-
tion employing graphene nanosheet. The graphene sheet
reviewed in general physically adsorb many of the pol-
lutant gas molecules considered and the interaction can
usually enhance by transition metal doping which ame-
liorates their detecting properties through chemisorption
study. This article has reported the trends for H,S and SO,
chemisorption on transition metal (iron, nickel, and zinc)
doping of Gr@NS. In particular, the energetic, structural,
and infrared adsorption characteristics of linearly (atop)
H,S and SO, adsorbed on (Fe, Ni, Zn)-doped graphene
nanosheet have been discovered. Spin-unrestricted den-
sity-functional theory (DFT) calculations were applied to
verdict the tendency of H,S and SO, adsorption energy
(H,S/SO, — Fe-doped, H,S/SO,— Ni-doped, and H,S/
SO, — Zn-doped on the Gr nanosheet) and N-O vibra-
tional frequency (vy) for clusters composed of Fe, Ni, and
Zn. The effects of the transition metal electronic structure
on the adsorption energy of H,S and SO,, and how these
chemical factors might be related to the catalytic activity
of transition-supported metal catalysts that deal with the
adsorption, and surface diffusion, have been investigated.
Therefore, the cluster dominant of non-metallic and metal-
lic features and a certain degree of covalent features can
indicate the enhancement of the semiconducting direct
band gap of transition metal doping of graphene nanosheet
which can conduct us toward the electronic structure, rela-
tive stability, and surface bonding of various metal-doped
graphene nanosheet, metal alloy surfaces, and other related
mechanisms of friction lubrication and biological systems.
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