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Abstract: In this research, the ability of transition metals (TM)-doped graphene nanosheets to adsorb
the toxic gas CO has been investigated. The Langmuir adsorption model was used, with a three-
layered ONIOM, using the CAM-B3LYP functional accompanying the LANL2DZ and 6-31+G (d,p)
basis sets, and using the Gaussian 16 revision C.01 program, on the complexes of CO adsorbed
on (Fe, Ni, Zn)-doped graphene nanosheets. The order of the changes of charge density for the
Langmuir adsorption of CO on Fe-doped, Ni-doped, and Zn-doped graphene nanosheets has been
investigated. This shows the greatest change of charge density for the Ni-doped graphene nanosheet.
However, based on NMR spectroscopy, sharp peaks around the Ni-doped area on the surface of the
graphene nanosheet have been observed. In addition, the Ni-doped graphene nanosheet has a large
effect on the bond orbitals of C-Ni in the adsorption of CO, having the maximum occupancy. The
values of AG?

ads’
because of a charge density transfer from the oxygen atom in carbon monoxide to the Fe-doped

calculated through IR, showed that AG? ;. CO— Fe—doped GR has the highest value,

graphene nanosheet. The frontier molecular orbitals, HOMO and LUMO, and the band energy gap
accompanying some chemical reactivity parameters, have revealed the attributes of the molecular
electrical transport of (Fe, Ni, Zn)-doped graphene nanosheets for the adsorption of CO. As a result,
since a CO molecule interacts simultaneously with a Fe, Ni, or Zn atom and the C-C nanosheet, at
first it might be separated, as in this state a CO atom constructs a physical bond with the Fe, Ni, or
Zn atom, and then the other could be adsorbed chemically on the C-C nanosheet surface. Finally, our
results have shown that a considerable amount of charge transfer occurs between CO molecules and
TM-doped graphene nanosheets after adsorption, which suggests that TM-doped graphene is more
sensitive and selective to the adsorption of CO than a pristine graphene surface.

Keywords: (Fe, Ni, Zn)-doped/GSs; CO; toxic gases; ONIOM/DFT; NMR; IR; UV-VIS; HOMO; LUMO

1. Introduction

Discovering and controlling air polluting gases like carbon monoxide (CO) is essential,
because this gas is toxic and damages the environment and the health of people [1-3].

Graphene-based materials which have been doped with transition metals can be used
as toxic gas sensors [4-9].

There are different practical applications of carbon nanostructures, such as hydrogen
adsorption, pollutant molecules adsorption, gas sensor devices, etc. [10-18]

The most significant and newest research in this field relates to the adsorption of
pollutants or hazardous gases by applying carbon nanostructures [19-22].

Among the most studied pollutant gases are carbon monoxide, carbon dioxide,
methanol, methane, nitrogen monoxide, nitrogen dioxide, ozone, and formaldehyde, etc.
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Sensing and sampling toxic and harmful gases like CO, CO,, NO, N,O, CHy, SO,, and H,S
can largely help to maintain human health and ecosystems [23-26].

Recently, the development of catalysts with a high resistance to chlorine, for volatile
organic compound (VOC) degradation, has been considered for removing air pollution [27].
Moreover, researchers have used DFT calculations to show that alkali metals and H,O
are appropriate for the adsorption of benzyl alcohol, benzaldehyde, benzoic acid, toluene,
and O, gases, which represent new opinions for increasing the yields of system and water
promotion in manganese-based compounds of for VOC monitoring [28]. Another investi-
gation has illustrated the efficiency of a meso-Pt/CeO, catalyst, derived from a synthesized
Pt/Ce-MOF, for adsorbing O, and CO; in the air, and other principal intermediate prod-
ucts containing toluene, benzyl alcohol, benzoic acid, benzoate, maleic anhydride, and
water [29].

These days, many materials, such as carbon based materials, have been investigated
and applied for the adsorptive removal of toxic gases [30-32]. Therefore, it is essential
to make highly sensitive gas sensors for detecting toxic gases. Therefore, the remarkable
surfaces of carbon nanostructures can be an important factor for gas sensing and gas
adsorption devices. In addition, the doping of these compounds with transition metals
might enhance their adsorption ability, and adjust their selective adsorption as the excellent
dopant applicants. It seems that donor or acceptor molecules on graphene can considerably
alter the electronic properties through first-principles methods [33].

Carbon monoxide (CO), as a hazardous gas, is an essential compound in environmental
pollutants, which has been investigated in several studies through adsorption on graphene
(GR), consisting of pristine graphene, nitrogen-doped graphene, and metal-doped graphene
by first-principles studies [34].

Thus, for improving the sensitivity toward adsorbing the gases by graphene, doping
can be a good method. In this article, we have applied a first-principles simulation of the
interactions between carbon monoxide molecules and graphene nanosheets doped with
various transition metals (Fe, Ni, Zn).

2. Materials, Modeling and Computational Details
2.1. Adsorptive Removal of Toxic Gases

A range of experimental investigations have concentrated on the gas adsorption
susceptibilities of single-walled carbon nanotubes (SWCNTs) and multiple walled carbon
nanotubes (MWCNTs), showing a good accord with the Langmuir adsorption system. The
key factor making nanostructures suitable for use as gas sensors is the charge transfer
between the adsorbent (nanosurface) and the adsorbate (gas molecule), due to the effects
of the carbon nanostructure network [35]. Graphene has been frequently applied as an
absorptive surface for the adsorption of CO, CO,, NO, NO;, NH3, and H,O, as prospected
through density functional theory calculations. The impressive capture of damaging
chemicals is of major importance both for the conservation of the environment and for
those who are at danger of being exposed to such materials. The application of graphene
nanosheets with an adequate size and shape is not enough for the efficient capture of toxic
gases, and other more specific substances between the hazardous adsorbates and the host
are required. The existence of metal sites on the pure surface might increase the adsorption
selectivity /efficiency of graphene towards certain toxic compounds via coordination bonds
or mi-complex interactions. TM-doped graphene has been noted as a possible applicant to
distinguish various polluting gases which interact poorly with pure graphene [36-39].

2.2. Langmuir Adsorption Model & Charge Density Analysis

Langmuir adsorption can be defined as a physico-chemical interaction on the surface
of a homogeneous solid material that adsorbs compounds without any interactions with
each other, making a mono layer of molecules on the surface of the solid state.



C 2023, 9,20

30f17

Degeneracy
=] =1 =] (=] -
= b e B o o= b

The Langmuir adsorption equation is the following [40]:
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where 04 is the fractional occupancy of the adsorption sites; the ratio of V, the volume of
gas adsorbed onto the solid, to V};;, the volume of the gas molecules monolayer coating the
entire surface of the solid and totally filled by the adsorbate. A continuous monolayer of
adsorbate molecules coating a homogeneous solid surface is the conceptual basis for this
adsorption system [41,42].

Different studies have concentrated on the gas adsorption susceptibilities of carbon
nanosurfaces which show a good agreement with the Langmuir adsorption model. The
adsorption of toxic CO gas on Fe-doped, Ni-doped, and Zn-doped graphene nanosheets has
been assigned by the most suitable Langmuir isotherm, which exhibits the chemisorptive
nature of the bond between :C=0: molecules and a TM-doped graphene nanosheet, the
equilibrium electron distribution of the adsorbing compound between the solid and gas
phases, and a monolayer attribute. The adsorbed :C=O: molecules are kept on the TM-
doped graphene nanosheet by Langmuir chemisorption (Scheme 1).

2-C 1-0
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16 48 50 52 54 36 58 60
Shielding (ppm)
JAdsorption

Fe dopped to C-C Ni dopped to C-C Zn dopped to C-C

Scheme 1. NMR spectrum of :C=0: gas molecules which are adsorbed on Fe-doped, Ni-doped, and
Zn-doped graphene nanosheets.

In fact, the nature of the gas sensing mechanism in the TM (Fe, Ni, Zn)-doped
graphene nanosheets is due to charge transfer between the surface and the adsorbed
CO molecules. An analysis of the changes of charge density during the adsorption pro-
cess has illustrated that Fe-doped, Ni-doped, and Zn-doped graphene nanosheets show
Mulliken charges of —1.345, —2.087, —1.416, respectively, before the adsorption of car-
bon monoxide, and —1.833, —1.726, —1.424, respectively, after the adsorption of carbon
monoxide. Therefore, the changes of charge density for the Langmuir adsorption of carbon
monoxide on Fe-doped, Ni-doped, and Zn-doped graphene nanosheets, respectively, are



C 2023, 9,20

40f17

AQ Ni-doped = +2.087(e) >>> AQ Zn-doped = —0.008(e) >> AQ Fe-doped = —0.488(e). The
values of the changes of charge density illustrate an appropriate selectivity for the Ni-doped
graphene nanosheet compared to the Fe-doped and Zn-doped graphene nanosheets, due
to a more significant charge transfer.

2.3. ONIOM by Density Functional Theory

The combination of three levels of theory, in decreasing order of accuracy, has been
defined including high, medium, and low levels, using the ONIOM method (Scheme 2).
The high-level has been performed using the DFT method of CAM-B3LYP LANL2DZ for
iron, nickel, zinc-doped graphene nanosheets, and using 6-31+G (d,p) for the adsorbate
molecule. The medium-level has used semi-empirical methods in the adsorption site.

High level

Medium level

Low level

Scheme 2. The mechanism of the Langmuir adsorption of CO onto TM (Fe, Ni, Zn)-doped graphene
nanosheets based on optimized coordination using the three-layered ONIOM method.

The applied semi-empirical method in the medium-level is PM3, which was proposed
by Stewart in 1989 [43]. The PM3 method employs two Gaussian functions for the core
repulsion function, and the numerical values of the various factors. Moreover, it takes some
of the parameters’ values from optimization.

Finally, a low-level has been performed on the graphene nanosheet (adsorbent) with
MM2 force fields, Eoniom = EHigh + Eptedivm + Erow, (Scheme 2) [44].

On the other hand, the three-layered method of ONIOM allows us to discover a larger
system, more exactly than the one-layered model, which could treat a medium-sized system
precisely like a ground system with an acceptable accuracy [45].

In this article, the structures have been calculated, using density functional theory
(DFT), on the mechanisms of adsorption of CO by TM (Fe, Ni, Zn)-doped graphene
nanosheets through bonding between the transition metals Fe, Ni, and Zn, and the gas
molecule (:C=0:). It has been found that the surface binding site preference of the O-atom
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of CO is largely affected by the presence of neighboring atoms in the graphene sheet.
The calculated CO— Fe-doped/Gr, CO— Ni-doped/Gr, and CO— Zn-doped/Gr pair
distribution functions have indicated that the formation of clusters directs to shorter O—Fe,
O—Ni and O—Zn bond lengths when compared to homogeneous growth (Scheme 2).

DFT, or density functional theory, approaches are the standard and the most em-
ployed theoretical methods for electronic structure calculations [46-50]. The appearance
of the generalized gradient approximation (GGA) for the exchange-correlation functional
increased the DFT accuracy [51], and the predicted molecular structures, relative energies,
and frequencies are nearly analogous to the second order Mgller—Plesset perturbation
theory (MP2) method, with notable success in predicting the behavior of transition metal
clusters [52]. The Hohenberg-Kohn (HK) functions have made the electronic density ad-
missible as a basic variable for electronic and structure calculations. On the other hand,
progress on practical DFT approaches only became remarkable after W. Kohn and L. J.
Sham published their famous set of equations, which are represented as the Kohn-Sham
(KS) equations [53,54].

Hybrid functional is a group of approximations for the exchange-correlation energy
functional in DFT (Density Functional Theory), which combines a part of the exact exchange
from the HF (Hartree-Fock theory) method with the rest of the exchange-correlation energy
from other information, 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 the three-parameter basis set of B3LYP (Becke, Lee, Yang, Parr),
within the framework of DFT, upon theoretical calculations [55,56]. Using the electronic
density within the KS figure allows for a significant decrease of the computational request
of quantum calculations. Therefore, the KS approach simplifies the path for investigating
systems that cannot be studied by conventional ab initio systems. Kohn and Sham presented
a solution which used mono-electronic orbitals to estimate the kinetic energy in a simple
and approximately precise way, by leaving a residual correction that can be calculated
separately. Therefore, one begins with a reference system of M non-interacting electrons
subjected to the external potential v5 and with a Hamiltonian [53,54]:

. ) M Mz 12 -
He=-}. Evi—'_Zi vs(ri) =) hs; hs = —5 Vi +0s(r3) @)

By introducing the single particle orbitals ;, all electronic densities physically accept-
able for the system of non-interacting electrons can be written in the form:

2

— M —
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Finally, the total energy can be calculated by the KS method through the following
equation:
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So, 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 the three-parameter basis set of B3LYP (Becke, Lee,
Yang, Parr) within the framework of DFT upon theoretical calculations [55,56]. The popular
B3LYP (Becke, three-parameter, Lee—Yang-Parr) exchange-correlation functional is [57-59]:

ERT = (1— ) EPPA + aEYT + DAED + (1 — ¢) ECPA 4 cEXT ®)
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where & = 0.20, b = 0.72, ¢ = 0.81 is a generalized gradient approximation: the Becke
exchange functional [55] and the correlation functional of Lee, Yang and Parr [56] for B3LYP
and ELSPA is the VWN local spin density approximation to the correlation functional [60].

Transition metal-doped graphene sheets have been built by a rigid system and Z-
Matrix format, of which a blank line has been placed, and after that the following informa-
tion has been illustrated. The rigid PES has been performed at the CAM-B3LYP functional
level [61], and employing the LANL2DZ/6-31+G (d,p) basis sets to assign HOMO, LUMO,
Mulliken charges, nuclear magnetic resonance properties, dipole moment, thermodynamic
characteristics, and other quantum properties, for this study [62] of CO adsorbed onto
TM-doped graphene nanosheets including CO — Fe-doped /Gr, CO — Ni-doped/Gr, and
CO — Zn-doped/Gr using the Gaussian 16 program package [63].

3. Results

In this investigation, the transition metals, iron, nickel, and zinc, doped on the
graphene nanosheets, have been investigated as efficient surfaces for the adsorption of
the toxic gas, carbon monoxide, which causes air pollution. These experiments have been
accomplished using spectroscopy analysis of some physical and chemical properties.

3.1. NMR Spectroscopy & NBO Analysis

Isotropic (0js0) and anisotropy (oaniso) shielding tensors of NMR spectroscopy for
certain atoms in the active site of CO adsorption on the Fe, Ni, Zn -doped graphene (Gr)
nanosheets, through the formation of the bindings between the gas molecules and the solid
surface, have been calculated using the Gaussian 16 program software [63] and are reported
in Table 1.

Table 1. Calculated NMR chemical shielding tensors for some atoms in the active site of CO gas
adsorption on the TM (Fe, Ni, Zn)-doped/Gr nanosheets.

CO—Fe-Doped/Gr CO—Ni-Doped/Gr CO—Zn-Doped/Gr

Atom

O iso

O aniso Atom O iso O aniso Atom O iso O aniso

C1

02

C8
C10
Cl14
C15
C16
Fel7
C18
C19
C23
C25

233.4257
394.9638
29.2897
204.8650
235.1941
247.1604
166.2217
20,464.6572
38.1089
752.6628
89.6758
269.0681

968.2802 C1 382.6002 844.5628 C1 817.8193 1200.6025
1463.9175 02 495.3022 1809.7355 02 788.7503 2796.0869
240.5192 C8 260.1665 501.7185 C8 11.2789 1596.7923
198.5053 C10 48.3307 404.4537 C10 48.7486 342.4682
480.5288 Cl14 113.4488 438.0594 C14 780.6997 1754.9402
421.2191 C15 111.3020 348.6676 C15 562.6576 1162.1428
406.5082 C16 104.6419 310.2320 Cl16 576.8997 1196.7425
23,260.8181 Nil7 10,207.7265  10,207.7265 Znl7 79747632  28,112.8322
134.3989 C18 362.1582 967.9775 C18 244.7286 749.2167
2028.2108 C19 2042.4580 6083.9999 C19 1100.1399 2780.5764
183.7640 C23 58.0015 232.5619 C23 177.0834 302.6073
379.3128 C25 3.1888 359.3453 C25 834.3115 1785.4044

Chemical shielding (CS) tensors in principal axes system evaluate the isotropic chemical-shielding (0jg,), anisotropic

chemical-shielding (Ganiso) [64]: Tiso= T3> ; Oaniso= 033 —

033+ 022+ oll 022+ oll
2

In Figure 1, the degeneracy of NMR graphs versus chemical shielding (ppm) is shown
for CO adsorbed onto the Fe-doped /Gr, Ni-doped/Gr, Zn-doped /Gr nanosheets.
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Figure 1. NMR spectroscopy for the adsorption of CO on the (a) Fe-doped/Gr, (b) Ni-doped/Gr, and
(c) Zn-doped /Gr nanosheets.

The graphs of NMR spectroscopy in Figure 1a,b show approximately identical chemi-
cal shielding behaviors of the isotropic and anisotropy parameters for the Fe-doped/Gr,
and Zn-doped/Gr nanosheets, with a sharp peak close to the Fe-doped and Zn-doped
areas on the surface of graphene, respectively. However, two sharp peaks are observed
around the Ni-doped surface of graphene and C19, in the region of the junction between
O, and Nil7 (Figure 1c).

Furthermore, a Natural Bond Orbital (NBO) analysis of carbon monoxide (CO) ad-
sorbed on the TM (Fe, Ni, Zn)-doped graphene (Gr) nanosheets has illustrated the character
of electronic conjugation between bonds in the gas molecules and TM-doped /Gr nanosheets
(Table 2 and Figure 2).



C 2023, 9,20

8 of 17

Table 2. NBO analysis for CO on the TM (Fe, Ni, Zn)-doped /Gr nanosheets.

CO — TM-Doped/Gr Nanosheet Bond Orbital Occupancy Hybrids
BD (1) C8-Fel7 1.95721 0.8066 (sp®°) C + 0.5910 (sp®3! d3%7) Fe
CO — Fe-doped/Gr BD (1) C15-Fel7 1.95267 0.8154 (sp4%) C + 0.5789 (sp®3* d>2%) Fe
BD (1) C16-Fel7 1.96117 0.8180 (sp'*®) C + 0.5753 (sp*40 d*3%) Fe
BD (1) C8-Nil7 1.96844 0.8015 (sp'*°) C + 0.5980 (sp®3* d20%) Nii
CO — Ni-doped/Gr BD (1) C15-Ni17 1.96893 0.8094 (sp'¥°) C + 0.5872 (sp®38 d?24) Ni
BD (1) C16-Ni17 1.97360 0.8191 (sp'%) C + 0.5737 (sp®38 d*28) Ni
BD (1) C8-Zn17 1.95595 0.8224 (sp'*®) C + 0.5689 (sp>?? d®4%) Zn
CO — Zn-doped/Gr BD (1) C15-Zn17 1.95624 0.8055 (sp'2%) C + 0.5926 (sp'° d1%8) Zn
BD (1) C16-Zn17 1.95929 0.8052 (sp'%) C + 0.5930 (sp'#* d1?7) Zn
1.98
1.975
197
)
9
d 1965
=
6’ .
S 19
O
1.955
1.95
1.945
1.94

C8 - Fel7

Cl15-Fel7 Cl6-Fel7 C8-Nil7 C15-Nil7 Cl6-Nil7 C8-Znl7 Cl15-Znl7 Cl6-Znl7

Bond Length

Figure 2. Occupancy fluctuation extracted from the NBO method for bond lengths of C-Fe, C-Ni and
C-Zn through adsorption of CO on the TM (Fe, Ni, Zn)-doped /Gr nanosheets.

In Figure 2, fluctuations are observed in the occupancies of the natural bond orbitals
for the CO — Fe-doped, CO — Fe-doped, and CO — Fe-doped graphene nanosheets
through the Langmuir adsorption process, indicating that the active oxygen atom in carbon
monoxide is close to the nanosheet’s surface. The bond orbitals of C8-Nil7, C15-Nil7, and
C16-Nil7 in the adsorption of CO in the Ni-doped/Gr, show the maximum occupancy.

3.2. Thermodynamic Properties & IR Spectroscopy Analysis

Thermodynamic parameters have been estimated for the adsorption of toxic carbon
monoxide (:C=0:) on the surfaces of (Fe, Ni, Zn)-doped graphene nanosheets as gas sensors
which can be used as selective detectors for toxic gases (Table 3).

Table 3. The physico-chemical properties of CO adsorbed on Fe-, Ni-, and Zn-doped graphene
nanosheets as selective gas sensors.

Compound AH® x 10—4 AG® x 10—4 s° Dipole Moment
(kcal/mol) (kcal/mol) (Cal/K.mol) (Debye)
Fe-C —146.2782 —146.2816 111.175 2.3199
Ni-C —162.4793 —162.4828 116.150 13.6226
Zn-C —178.2030 —178.2066 120.533 1.7301
:C=0: —69.784 —69.798 47.100 0.2373
:C=0:—Fe-C —153.2461 —153.2501 131.502 14.2253
:C=0:—Ni-C —168.3894 —168.3930 119.303 12.8804

:C=0:—Zn-C —185.1696 —185.1733 123.534 8.6863
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Moreover, the infrared spectra for the adsorption of CO by Fe-doped, Ni-doped, and
Zn-doped graphene nanosheets are shown in Figure 3a—c. Each of these spectra cover
the approximate frequency range 5002000 cm~!, with the complexes of :C=0: — Fe-C,
:C=0: — Ni-C, :C=0: — Zn-C having the strongest peaks approximately at 750 cm~!.
Figure 3a shows the strongest peaks for the :C=0: — Fe-C graphene nanosheet at 600 cm ™!,
750 cm !, 875 cm ™!, 1050 cm !, 1375 em ™!, 1725 cm !, 1850 em ™!, and 2000 cm L. Tt is
seen in Figure 3b,c that the strongest peak in the IR spectra for the :C=0: — Ni-C and
:C=0: — Zn-C graphene nanosheets is at roughly 750 cm 1.

(@)
2.500 — — 3500
— 3,000
2,000 — =
E - 2,500 =
5 1.500 — | 2000 2
‘émuu— - 1,500 =
" - 1,000 g
500 U H
- 500
0 - — 0
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 300 1.000 1,300 2,000 2,300
Frequency (c:m.l)
(b)
4,500 — 7.000
4,000 | — 6,000
3,500 | =
—,;‘ 3,000 - [0 =
5 2,500 L 1000 &
%1_.000 - " 5.000 EM
w 13009 L2000 §
1,000 - S
500 — - 1000
0 - Lo
IR R R L L L R R R LR RN LR LR L LN LR LN LR LR LR LR
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency (cm1)
(©)
4,000 — — 7,000
3.500 | B
: - 6,000
. 3.000 — — 3.000 "g
"= 2,500 | - ;
£ 2.3 - 4000 3
7 20 L 3000 £
1,500 L SR
. s}
= 1,000 — - 2,000 =
~ [%]
500 ) - 1,000
0 - Lo
P e e e e e
0 200 400 600 800 1000 1200 1400 1600 1800  2.000

Frequency (cml)

Figure 3. Changes of frequency (em™1) in the IR spectra for (a) Fe-, (b) Ni-, (c) Zn-doped graphene
nanosheets as selective gas sensors.
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In Figure 4, it is seen that the maximum of the Langmuir adsorption isotherm plots
based on AG? . versus dipole moment may depend on the interactions between the CO and
the TM-doped graphene nanosheets. The order of the Gibbs free energy changes for show-
ing the selectivity of the TM-doped graphene nanosheets is AGY , .« >AG2o , ni_c
> AG%O_> re_c (Figure 4).

Dipole moment(debye)
4 6 8 10 12 14 16
R?=0.9759
Fe-C—CO
Ni-C

Zn-C—CO
Ni-C—CO

Figure 4. The changes of Gibbs free energy for the adsorption of CO as a toxic gas on TM (Fe, Ni,
Zn)-doped graphene nanosheets.

For calculating the adsorption’s Gibbs free energy, the total energy of an isolated
CO molecule should be measured. Therefore, a graphene nanosheet doped with Fe, Ni,
and Zn was modeled with a single CO molecule adsorbed on it, and then the CAM-DFT
calculation was implemented with the same force and energy convergence precision as the
adsorption systems. The adsorptive capacity of CO on the TM-doped graphene nanosheets
is described by the AG?,  amounts.

ads
AGoys = AGeo ¢ — (AGEo +AGTy ¢); TM = Fe, Ni, Zn (6)

On the basis of the data in Table 3, it is predicted that the adsorption of CO on the
TM-doped graphene nanosheets might be physical and chemical in nature. As shown
in Figure 4, all the computed AG, amounts are very similar, which demonstrates the
agreement of the evaluated data by all methods, and the validity of the calculations.

3.3. Frontier Molecular Orbital Analyis and Ultravoilet & Viible Spectroscopy

The frontier molecular orbital of HOMO energy is created using ionization, and the
frontier molecular orbital of LUMO energy is seen due to the electron cohesion. These
factors were estimated and reported for the adsorption of the pollutant gas on the TM
(Fe, Ni, Zn)-doped graphene nanosheets, in Table 4. The band energy gap accompanying
HOMO and LUMO energies indicates the pictorial illustration of the frontier molecular
orbital and their related total values that are magnificent factors for exploring the molecular
characteristics of capable structures in adsorption of CO on the TM-doped graphene
nanosheet (Table 4).
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Table 4. The LUMO (a.u.), HOMO (a.u.), band energy gap (AE/eV) and other parameters (eV) for adsorption of CO as a toxic gas on TM (Fe, Ni, Zn)-doped

graphene nanosheets, using CAM-B3LYP/LANL2DZ, 6-31+G (d,p).

Gas—TM-Doped

GrONS LUMO HOMO AE " X n C ¥
; ®
CO— Fe-C w a‘am 3.1878 —1.7245 1.7245 1.5939 0.3137 0.9329
—0.00480 —0.12195
° ®
° ®
CO— Ni-C A & ”m 3.6272 —1.8991 1.8991 1.8136 0.2757 0.9943
—0.00314 o136a4
e ®
: ,
CO— Zn-C M& W 39135 —2.2035 2.2035 1.9567 0.2555 12407
—0.00907 —0.15289

AE = ELymo — Enomos 1= (Enomo + ELumo)/2; X = —(Enomo + ELumo)/2; 1 = (ELumo — Enomo)/2; ¢ =1/(2n); b = u2/(2n)
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Furthermore, for achieving a more efficient approving in distinguishing the struc-
tural properties of the adsorption complexes of CO — TM (Fe, Ni, Zn)-doped graphene
nanosheets, a group of chemical reaction factors (Table 4) [65-67].

In fact, the HOMO represents the ability to donate an electron, and the LUMO as an
electron acceptor, indicates the susceptibility of accepting an electron. So, the energy gap
(AE = E Lumo — Enomo) exhibits the diversity of energy between the LUMO and HOMO
orbitals, representing the strength of the compound, and introduce the chemical function
of the structure. In this investigation, the energy gap shows how the toxic gas CO can be
adsorbed on the TM (Fe, Ni, Zn)-doped graphene nanosheets, using the B3LYP/LANL2DZ,
6-311+G (2d, p) computational approach. In addition, the frontier orbitals manage a crucial
step in the optical and electrical parameters, such as the ultraviolet-visible spectrum [68].
The energy gap between the LUMO and HOMO determines the likelihood of molecular
electrical transfer [69]. Using Frank—Condon theory, the most value of absorption relates to
an ultraviolet-visible spectrum to vertical stimulus. The negative amounts of the chemical
potential (i) and the positive amounts of other parameters have observed a proper efficiency
of TM (Fe, Ni, Zn)-doped graphene nanosheet for adsorption of CO.

Furthermore, TD-DFT/LANL2DZ, 6-31+G (d,p) calculations have been performed to
assess the low lying stimulus states of CO adsorbed on the TM (Fe, Ni, Zn)-doped graphene
nanosheets. The results contain the vertical stimulus energies, oscillator wavelengths, and
strengths, which are shown in Figure 5a—c.

(a)
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Figure 5. Cont.
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Figure 5. UV-Vis spectra for (a) CO— Fe-doped, (b) CO— Ni-doped, and (¢) CO— Zn-doped on the
graphene nanosheets.

Figure 5a—c show the UV-Vis spectra for CO— Fe-doped, CO— Ni-doped,
CO— Zn-doped graphene nanosheets, respectively, with maximum adsorption bands
observed between 1000-5000 nm. Moreover, a sharp peak is observed around 4500 nm for
CO— Fe-doped, CO— Fe-doped, and CO— Fe-doped graphene nanosheets (Figure 5a—c).
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4. Conclusions

This article aimed to represent the study of the adsorption of the polluting gas carbon
monoxide employing graphene nanosheets. The graphene nanosheets reviewed, in general
physically adsorb many of the pollutant gas molecules considered, and these interactions
can usually be enhanced by transition metal doping, which improves their detecting
properties through chemisorption.

This work has reported the trends for carbon monoxide (CO) chemisorption on transi-
tion metal (iron, nickel, and zinc) doped graphene nanosheets.

In particular, the energetic, structural, and infrared adsorption characteristics of lin-
early (i.e., atop) adsorbed CO on (Fe, Ni, Zn)-doped graphene nanosheets have been
discovered. Spin-unrestricted density functional theory (DFT) calculations were applied
to predict the tendency of the CO adsorption energies (CO— Fe-doped, CO— Ni-doped,
and CO— Zn-doped on the Gr nanosheets) and the C-O vibrational frequencies (v¢cp) for
clusters composed of Fe, Ni, and Zn.

The effects of the transition metals” electronic structure on the adsorption energy of
CO, and how these chemical factors might be related to the catalytic activity of transition
metal catalysts that deal with the adsorption, and surface diffusion, have been investigated.

Finally, our research recommends that pristine graphene nanosheets can show physical
adsorption of CO molecules, but after doping of GR nanosheets with the transitions metals
Fe, Ni, and Zn, the interaction between CO and the TM-doped graphene nanosheets has
been directed toward a type of chemical adsorption. As a matter of fact, the sensitivity
of TM-doped graphene nanosheets can be enhanced, making them good candidates for
sensing CO gas.
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