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Abstract
Context  In this research, CO2 and NO2 adsorption on doped nanographene (NG) sheets with transition metals (Fe, Ni, Zn) 
and (Mn, Co, Cu), respectively, have been applied for scavenging of these toxic gases as the environmental pollutants. The 
values of changes of atomic charge density have illustrated a more significant charge transfer for Ni-doped C-NG through 
CO2 adsorption and a more remarkable charge transfer for Co-doped C-NG through NO2 adsorption. The data of NMR spec-
troscopy has depicted several fluctuations around the graph of Zn-doped on the nanographene surface. The thermodynamic 
results from IR spectroscopy have indicated that ΔGo

ads,NO2→TM@C−NG
 values are almost similar for doped metal transitions 

of Mn, Co, and Cu on the C-NG nanosheet, while ΔGo

ads, CO2→TM@C−NG
 has the largest gap of Gibbs free energy adsorption 

with dipole moment.
Methods  The Langmuir adsorption model with a three-layered ONIOM using CAM-B3LYP functional accompanying 
LANL2DZ, EPR-III and 6-31 + G (d,p) basis sets due to Gaussian 16 revision C.01 program on the complexes of CO2 → 
(Fe, Ni, Zn) and NO2 → (Mn, Co, Cu) doped on the C-NG has been accomplished. Then, NMR and IR spectroscopy, nuclear 
quadrupole resonance, and natural bond orbital analysis have been accomplished for evaluating chemical shielding tensors, 
thermodynamic properties, electric potential, and occupancy fluctuation through bond orbitals, respectively. In addition, 
frontier orbitals of LUMO, HOMO, and also a series of chemical reactivity parameters have been calculated. Finally, time-
dependent-DFT method due to UV-VIS spectrums has been accomplished to discern the low-lying excited states of CO2 and 
NO2 adsorption on the (Fe, Ni, Zn) and (Mn, Co, Cu), respectively, doped C-NG sheet.

Keywords  (Fe, Ni, Zn) @C-NG · (Mn, Co, Cu) @C-NG · Gas sensor · CO2 · NO2 · ONIOM/CAM · Langmuir adsorption

Introduction

Sensing and grabbing toxic and harmful gases like CO, CO2, 
NO, N2O, CH4, SO2, and H2S can largely help maintain the 
human health and the ecosystem [1–3]. Different usages of 
carbon nanocompounds, such as adsorbing of hydrogen, haz-
ardous compounds, gas, and designing the sensor instru-
ments, have been investigated [4–9].

Nanostructures were applied for various applications 
consisting of sensing drugs [10], environmental gases 
[11], and other compounds. Existence of toxic gas in the 
environment conducts to essential health subjects like 
swelling throats, delayed nervous system responses, and 
other health problems.

Recently, the adsorption performances of various 
metal-doped fullerene surfaces containing C59Au, C59Hf, 
C59Hg, C59Ir, C59Os, C59Pt, C59Re, and C59W on thio-
urea [SC(NH2)2] molecule using first-principles density 
functional theory computation have been done. Louis and 
coworkers have indicated that CH4N2S@C59Pt complex has 
better sensing characteristics than other compounds in the 
interactions between thiourea molecule and transition metal-
doped fullerene surfaces [12].

Moreover, many materials including carbon structures 
have been designed and applied as adsorptive removal of 
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environmental pollutant gases [13–15]. Thus, it is essential 
to make high-implement gas detectors for distinguishing 
these compounds.

Therefore, remarkable surface of carbon nanostructures 
is a privileged factor for gas detecting and adsorbing gas 
devices. In addition, enough implanting of the compounds 
with transition metals might enhance their adsorbing ability 
and adjust their adsorbing selectivity as the excellent dopant 
applicants [16–20].

Because of high emission of greenhouse gases such 
as CO, CO2, H2S, NH3, NO, NO2, and SO2, the study of 
environmental sustainability has been crucial among the 
scientists. Recently, the effect of transition metal doped on 
pristine C24 nanocage for increasing gas sensing properties 
of these structures has been investigated for discovering the 
adsorption attributes including adsorption energy (Eads), 
electronic properties, visual study of weak interactions, 
dipole moment, and recovery time for reusability [21, 22].

Besides, the scientists have approved that nanomaterials 
of two dimensions (2D) with sizes between 0.1 and 100 nm 
diameters are employed in the fabrication of nanodevices 
due to their high surface-to-volume ratio and good compat-
ibility for molecule sensing like hazardous gases [23].

Furthermore, the usage of 3D nano-materials such 
Al12N12, Ca12O12, and Mg12O12-nanostructured materials as 
sensors and detectors for several systems have been unrave-
led by using DFT methods [24].

As a matter of fact, this research wants to investigate 
the adsorption of hazardous gases of CO2 and NO2 on the 
carbon nanographene which has been decorated by transi-
tion metals of iron, nickel, zinc and manganese, cobalt, and 
copper, respectively, using DFT (density functional theory) 
approach to discover the adsorbing parameters of the various 
TM-doped nanographene surface.

Theory, compound and methodology

Toxic gas removal

This study investigates the adsorption of CO2 and NO2 onto 
the transition metal–doped carbon nanographene. This part 
defines the first process of bond formation arising in the 
meanwhile of CO2 and NO2 chemisorption and runs over 
the consequents gained for adsorbing of CO2 and NO2 
onto (Fe, Ni, Zn) and (Mn, Co, Cu), respectively, doping 
of carbon nanographene. The resulted data from transition 
metal–doped graphene surface is measured for two toxic 
gases. Bonding of the CO2 and NO2 molecules to a TM atom 
on the C-NG surface can be observed as first launching by 
the giving the lone pair on the C-atom into unoccupied d 
orbitals of the TM atom. The donor potency of CO2 and 
NO2 in this procedure is recognized to be much tiny, and the 

stability of the TM-C bond is confirmed to be captured by 
back donation of electrons from occupied d orbitals on the 
metal into unoccupied antibonding π* orbitals on CO2 and 
NO2 gas molecules.

Study of Langmuir adsorption & charge distribution

Langmuir adsorbing can be illustrated through the physical 
and chemical interactions on the area of the resembling solid 
state that adsorb compounds without any interactions with 
each other making a monolayer of particles on the solid state 
surface [25, 26].

The Langmuir adsorption is described as follows [27]:

where θA is the fractional occupancy of the adsorbing 
sites, the ratio of V is the volume of adsorbed gas onto the 
solid, and Vm is the volume of a monolayer gas particles 
coating the entire of the solid surface and totally filled by 
the adsorbate particle. A continuing monolayer of adsorb-
ate particles coating a resembling solid surface is the basic 
concept for this adsorbing system [28, 29].

Different studies have concentrated on the gas adsorb-
ing susceptibilities of C-nanosurfaces which denote a good 
accord with the Langmuir adsorbing template. The adsorp-
tion of toxic CO2 and NO2 gases on the TM-doped graphene 
nanosheet has been approved by the most appropriate Lang-
muir isotherm, which indicates the nature of chemisorption 
for the bond distance between ∶ Ö = C = Ö , ∶ Ö ∶ −Ṅ = Ö ∶ 
molecules and TM-doped C-nanographene and the equilib-
rium electron diffusion of the adsorbed particles between 
the solid and gas phases, and a monolayer feature. The gas 
molecules of ∶ Ö = C = Öand ∶ Ö ∶ −Ṅ = Ö ∶ are kept on 
TM-doped C-nanographene with Langmuir chemisorption 
(Scheme 1).

In fact, the mechanism of the gas sensing phenomenon in 
(Fe, Ni, Zn) and (Mn, Co, Cu) doping of C-nanographene 
(adsorbent) would be due to charge transfer between surface 
and adsorbates of CO2 and NO2 molecules, respectively. The 
changes of charge density analysis in the adsorption pro-
cess has illustrated that Fe-doped, Ni-doped, and Zn-doped 
C-nanographene show the atomic charge (coulomb) of 
−1.345, −2.087, and −1.416, respectively, before adsorption 
of carbon dioxide, and −1.898, −1.763, and −3.221, respec-
tively, after adsorption of carbon dioxide (Fig. 1a; Table 1). 
Also, Mn-doped, Co-doped, and Cu-doped C-nanographene 
have exhibited the atomic charge (coulomb) of −1.499, 
−2.241, and −1.570, respectively, before adsorption of nitro-
gen dioxide, and −1.549, −1.794, and −1.708, respectively, 
after adsorption of nitrogen dioxide (Fig. 1b; Table 2).

(1)�A =
V

Vm

=

KA
eq
pA

1 + KA
eq
pA
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Therefore, the changes of charge density for Langmuir 
adsorption of carbon dioxide on Fe-doped, Ni-doped, and 
Zn-doped C-nanographene alternatively are ∆QNi-doped = 
+0.324 ⋙ ∆QFe-doped = −0.553 ≫ ∆QZn-doped = −1.805 
(Fig. 1a; Table 1). The values of changes of charge density 
have illustrated a more significant charge transfer for Ni-
doped C-nanographene. Furthermore, the changes of charge 
density for Langmuir adsorption of nitrogen dioxide on Mn-
doped, Co-doped, and Cu-doped C-nanographene alterna-
tively are ∆QCo-doped = +0.447 ⋙ ∆QMn-doped = −0.05 ≫ 
∆QCu-doped = −0.138. The values of changes of charge den-
sity have denoted a more significant charge transfer for Co-
doped C-nanographene (Fig. 1b; Table 2).

The methodology of ONIOM

N-layered integrated molecular orbital and molecular 
mechanics or ONIOM merges three theoretical levels for 
reducing the sequence of validity as the high, medium, and 
low degrees of theory. In this model, high-degree level has 
been performed using the density functional theory insight 
of CAM-B3LYP wave function with 6-31 + G (d, p) basis set 
for some carbon atoms in nanographene and oxygen atoms 
in the adsorption zone and EPR-III basis set for nitrogen 
and LANL2DZ for some iron, nickel, zinc and manganese, 
cobalt, and copper atoms through adsorbing CO2 and NO2, 
respectively, in the adsorption zone. Medium-degree level 
has been considered on the other carbon atoms of nanog-
raphene in the adsorption zone owing to semi-empirical 

methodologies. At last, a low-degree level has been depicted 
on the other iron, nickel, zinc and manganese, cobalt, and 
copper atoms, through adsorption of CO2 and NO2, respec-
tively, with MM2 force fields of molecular mechanic meth-
ods, EONIOM= EHigh + EMedium + ELow (Scheme 2) [30].

In other words, the three-degree model of ONIOM leads 
to explore a ground order more precisely than the one-degree 
model which might treat a medium size order exactly such 
as a huge order with admissible validity [31].

In this article, the structures have been computed by using 
CAM-DFT method on the mechanisms of adsorption of CO2 
and NO2 by (Fe, Ni, Zn) and (Mn, Co, Cu), respectively, 
doping of C-nanographene through bonding between tran-
sition metals and gas molecule. It has been discovered that 
the surface binding zone preference of O-atom of CO2 and 
N-atom of NO2, respectively, in adsorption zone is greatly 
influenced by the existence of neighboring atoms in the 
C-nanographene. The calculated of pair distribution func-
tions in CO2 → Fe/Ni/Zn and NO2 → Mn/Co/Cu doping of 
C-NG have depicted that the creation of complexes lead to 
shorter bond lengths of O → Fe, O → Ni, and O → Zn and 
N → Mn, N → Co, and N→ Cu, respectively, once balanced 
to the analogous increment (Scheme 2).

Concerning DFT or density functional theory, hybrid 
functional is considered a series of approximations for 
the exchange-correlation energy functional which merges 
a sector of precise exchange from HF or Hartree-Fock 
theory methodology with the remainder of the exchange-
correlation energy from other notifications like empirical 

Scheme 1   IR spectrums of :O ̈=C=O ̈ and :O ̈:-N ̇=O ̈: molecules which adsorb on (Fe, Ni, Zn) and (Mn, Co, Cu), respectively, doping of 
C-nanographene.
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or ab initio approaches. Thus, the precise exchange energy 
functional is represented by the Kohn-Sham orbitals in 
lieu of density, therefore, is located as the indirect density 
functional. This research has employed the impression 
of the hybrid functional of three-parameter basis set of 
Becke, Lee, Yang, Parr (B3LYP) within the skeleton of 
DFT upon theoretical computations [32, 33].

Moreover, the dispersion corrected DFT-D3 energy 
EDFT−D is calculated by adding the empirical correction 
energy Edisp to the DFT energy EDFT as formula [34, 35]:

Therefore, from third-order perturbation theory, one 
gets the Axilrod–Teller–Muto dispersion term for the con-
sideration of the non-additivity of dispersion interaction:

(2)ΔEDFT−D3 = ΔEDFT − ΔEdisp

(3)

D3(ABC) =
∑

ABC

fdamp

CABC
9

(
3 cos

(
�a
)
cos

(
�b
)
cos

(
�c
)
+ 1

)

rABrBCrCA

where CABC
9

 coefficients are the geometric mean of the 
C6-coefficients; θa, θb, and θc are the angles of the triangle, 
which is formed by the three atoms; and fdamp is the damping 
function. The Axilrod–Teller–Muto dispersion terms can be 
ignored for molecular systems [34].

In this work, it has been also carried out the calcula-
tions with the PBE-D3 approach using cutoff energy for the 
plane-wave valence basis and a 3 × 3 × 1 k-point mesh for 
reciprocal-space integration. A preliminary convergence 
investigation has exhibited that these amounts are an opti-
mal compromise between accuracy and computational yield.

Transition metal–doped graphene sheet has been 
made by hard system and Z-matrix format of which 
a blank line has been positioned. The hard potential 
energy surface has been exposed at CAM-B3LYP func-
tional [36], and concerning LANL2DZ/6-31 + G (d,p) 
basis sets to appoint frontier molecular orbital, atomic 
charges, nuclear magnetic resonance properties, dipole 

Fig. 1   The changes of charge 
density analysis in the adsorp-
tion process showing that Fe-
doped, Ni-doped, and Zn-doped 
C-nanographene and Mn-doped, 
Co-doped, and Cu-doped 
C-nanographene have exhibited 
atomic charge
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Table 1   The changes of charge density analysis in the adsorption process

The chemical shielding (CS) tensors in principal axis system evaluate the isotropic chemical-shielding (σiso), anisotropic chemical-shielding 
(σaniso) [39]: σiso=

σ33+σ22+σ11

3
; σaniso= �33 −

σ22+σ11

2

CO2 → Fe @C-NG CO2 → Ni@ C-NG CO2 → Zn@C-NG

Atom σiso σaniso Q Atom σiso σaniso Q Atom σiso σaniso Q

C1 148.52 196.31 0.5999 C1 178.24 145.52 0.5848 C1 123.10 234.73 1.1957
O2 321.65 183.04 −0.2528 O2 398.64 64.18 −0.2501 O2 295.29 190.97 −0.6366
C8 100.76 347.30 −0.4878 C8 296.58 574.94 −0.4852 C8 273.90 3225.40 −0.8329
C10 237.59 173.64 −0.1115 C10 41.45 461.74 −0.0808 C10 292.83 1382.14 −0.3038
C14 240.60 485.27 0.0250 C14 68.33 371.25 0.0338 C14 463.91 927.12 0.0904
C15 237.40 341.12 −0.5742 C15 94.84 252.27 −0.5501 C15 534.07 1981.05 −0.9951
C16 183.26 383.67 −0.5461 C16 25.48 160.68 −0.6144 C16 1163.51 3304.01 −0.9772
Fe 17 21,368.96 19,790.99 1.8981 Ni17 7265.00 43,068.15 1.7629 Zn 17 1374.46 528.33 3.2211
C18 40.19 130.77 −0.0049 C18 304.39 798.78 0.0153 C18 233.95 593.95 −0.2791
C19 739.86 1981.10 −0.0750 C19 1620.91 4749.68 −0.0591 C19 5571.71 12698.28 0.1942
C23 93.25 179.03 −0.0816 C23 68.71 216.09 −0.0767 C23 127.04 228.84 −0.2287
C25 267.56 385.81 0.0005 C25 130.48 138.07 0.0295 C25 630.19 1178.08 0.0828
O33 284.15 153.28 −0.1321 O33 343.76 111.69 −0.1407 O33 293.15 160.22 −0.4784

Table 2   The values of changes 
of charge density of Mn-doped, 
Co-doped, and Cu-doped 
C-nanographene

∶ Ö ∶ −Ṅ = Ö ∶ → Mn@ C-NG ∶ Ö ∶ −Ṅ = Ö ∶ → Co@ C-NG ∶ Ö ∶ −Ṅ = Ö ∶ → Cu @C-NG

Atom type Ep Q Atom type Ep Q Atom type Ep Q

N1 −17.8974 0.0138 N1 −17.9023 0.0001 N1 −17.8793 0.0395
O2 −21.7065 −0.1115 O2 −21.7065 −0.1212 O2 −21.6890 −0.0991
O3 −21.9267 −0.1936 O3 −21.9372 −0.2173 O3 −21.9183 −0.1888
C9 −14.5480 −0.3492 C9 −14.5398 −0.4064 C9 −14.5414 −0.4128
C15 −14.4653 0.0591 C15 −14.4733 0.0599 C15 −14.4885 0.0551
C16 −14.4560 −0.2814 C16 −14.4737 −0.3711 C16 −14.4885 −0.3726
C17 −14.5684 −0.4658 C17 −14.6058 −0.5429 C17 −14.6196 −0.5217
Mn 18 −107.7744 1.5486 Co 18 −120.312 1.7938 Cu 18 −133.3453 1.7077
C19 −14.4372 0.0776 C19 −14.5038 −0.0058 C19 −14.4900 0.0091
C20 −14.6675 −0.0628 C20 −14.6703 −0.0463 C20 −14.6639 −0.0430
C24 −14.4956 −0.0711 C24 −14.5033 −0.0499 C24 −14.5126 −0.0561
C26 −14.4425 0.0725 C26 −14.4941 0.0094 C26 −14.5053 0.0468

Scheme 2   Langmuir adsorbing of CO2 and NO2 as the toxic gas pollutant onto (Fe, Ni, Zn) and (Mn, Co, Cu), respectively, doping of C-nanog-
raphene graphene on optimized structure due to three-degree layered of high, medium and low levels of ONIOM model.
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moment, thermodynamic characteristics, and other quan-
tum attributes [37]. In this research, CO2 and NO2 have 
been adsorbed onto TM-doped C-nanographene toward 

formation of CO2 → Fe/Ni/Zn and NO2 → Mn/Co/Cu, 
respectively, doping of C-NG sheet using Gaussian 16 
revision C.01 program [38].

Fig. 2   The chemical shielding 
(ppm) behavior for CO2 adsorp-
tion on the (Fe, Ni, Zn)-doped 
carbon nanographene
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Fig. 3   The electric poten-
tial of NQR method versus 
atomic charge for elements of 
∶ Ö ∶ −Ṅ = Ö ∶ → (Mn, Co, 
Cu)-doped nanographene
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Results and discussion

In this investigation, transition metals of manganese, iron, 
cobalt, nickel, copper and zinc doped on the nanographene 
have been investigated as the efficient surfaces for adsorption 
toxic gases of carbon dioxide (CO2) and nitrogen dioxide 
(NO2) causing air pollution. These experiments have been 
accomplished using spectroscopy analysis through some 
physico-chemical attributes.

NMR spectroscopy

Concerning nuclear magnetic resonance spectroscopy, 
parameters of isotropic (σiso), and anisotropy (σaniso) shield-
ing tensors of NMR spectroscopy for certain atoms in the 
active site of CO2 adsorption on the (Fe, Ni, Zn)-doped 
carbon nanographene through the creation of the binding 
between gas molecules and solid surface have been evalu-
ated by using Gaussian 16 revision C.01 program and rep-
resented in Table 1 [38, 39].

Considering Fig. 2a–c, it has been depicted the degen-
eracy of NMR graphs via chemical shielding (ppm) for CO2 
adsorption on the (Fe, Ni, Zn)-doped carbon nanographene.

The graphs of NMR spectroscopy in Fig. 2a, b have shown 
approximately the identical chemical shielding behavior of iso-
tropic and anisotropy parameters for CO2 → Fe @C-NG, and 
CO2 → Ni @C-NG with a the sharp peaks close to Fe(17) and 
Ni(17) doping on the surface of nanographene, respectively. 
However, it has been observed several fluctuations around the 
graph of Zn-doped on the nanographene surface and a sharp 

peak near C(19) in the neighbor of junction between atom type 
O(2) from carbon dioxide (CO2) and Zn (17) form Zn-doped 
on the nanographene (Fig. 2c). However, NO2 adsorption on 
the Mn-, Co-, and Cu-doped graphene surface compared to 
CO2 adsorption on the Fe-, Ni-, and Zn-doped graphene surface 
could not exhibit the acceptable chemical shielding behavior of 
isotropic and anisotropy parameters.

Study of NQR

Nuclear quadrupole resonance (NQR) method has been car-
ried out for the complexes of NO2 adsorption on the (Mn, 
Co, Cu)-doped carbon nanographene. NQR is based on the 
multipole enlargement in Cartesian harmonies as the fol-
lowing equations:

Then, after simplification the equation, there are only the 
second derivatives dependent on the same variable for the 
potential energy [40, 41]:

(4)

V(r) = V(0) +

[(
�V

�xi

)
|
0
.xi

)]
+

1

2

[(
�2V

�xixj

)
|
0
.xixj

)]
+…

(5)

U = −
1

2∫ D

d
3
r�

r

[(
�2V

�x2
i

)
|
0
.x
2

i

)]

= −
1

2∫ D

d
3
r�

r

[(
�E

i

�x
i

)
|
0
.x
2

i

)]

= −
1

2

(
�E

i

�x
i

)||||| 0
.∫

D

d
3
r
[
�(r).x2

i

]

Scheme 3   Optimized structures of CO2 adsorbed on the (Fe, Ni, Zn) -doped C-NG and NO2 adsorption on the (Mn, Co, Cu) -doped C-NG.
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There are two parameters which must be gotten from 
NQR experiments: the quadrupole coupling constant, χ, and 
asymmetry parameter of the EFG tensor η:

where qii are components of the EFG tensor at the quad-
rupole nucleus determined in the EFG principal axes system, 
Q is the nuclear quadrupole moment, e is the proton charge, 
and h is the Planck’s constant [42].

(6)� =
e2Qqzz

/
h

(7)� =
qxx − qyy

/
qzz

The electric potential (J·C−1) is a continuous function in 
space produced by an idealized point charge has 1/r poten-
tial:VE =

1

4��0

Q

r
 , where Q (measured in coulombs) is the 

point charge, r is the distance from the charge, and ε0 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 potentials, the calcula-
tions are done simply based on summation of potential fields which 
is scalar instead of summation of the electric fields that is vector and 
much more difficult that potential field. So, VE(r) =

1

4��0

∑
i

qi

�r−ri� , 
where r is a point at which the potential is measured, ri is a point at 
which the charge is ≠0, and qi is the charge at the point ri. Finally, 
the potential of a continuous charge distribution ρ(r) 
appears:VE(r) =

1

4��0
∫

R

�(r�)

|r−r�| d
3r� , where R is a region including 

Table 3   The natural bond orbital (NBO) analysis of CO2 adsorbed on the (Fe, Ni, Zn)-doped carbon nanographene and NO2 adsorption

Gas molecules → TM-doped carbon 
nanographene

Bond orbital Occupancy Hybrids

∶ Ö = C = Ö ∶ → Fe @C-NG BD (1) C1–O2 1.9895 0.6388 (sp1.03) C + 0.7694 (sp3.01) O
BD (1) C1–O3 1.9975 0.6503 (sp0.97) C + 0.7597 (sp2.93) O
BD (1) C8–Fe17 1.9573 0.8077 (sp1.70) C + 0.5895 (sp0.31 d3.23) Fe
BD (1) C15–Fe17 1.9528 0.8178 (sp1.40) C + 0.5756 (sp0.36 d3.29) Fe
BD (1) C16–Fe17 1.9613 0.8196 (sp1.46) C + 0.5730 (sp0.4 d4.24) Fe

∶ Ö = C = Ö ∶ → Ni @C-NG BD (1) C1–O2 1.9894 0.6430 (sp1.02) C + 0.7659 (sp3.25) O
BD (1) C1–O3 1.9974 0.6498 (sp0.98) C + 0.7601 (sp2.91) O
BD (1) C8–Ni17 1.9682 0.8015 (sp1.58) C + 0.5980 (sp0.34 d1.91) Ni
BD (1) C15–Ni17 1.9682 0.8098 (sp1.38) C + 0.5868 (sp0.38 d2.13) Ni
BD (1) C16–Ni17 1.9745 0.8219 (sp1.44) C + 0.5697 (sp0.67 d4.65) Ni

∶ Ö = C = Ö ∶ → Zn @C-NG BD (1) C1–O2 1.9948 0.5712 (sp0.99) C + 0.8208 (sp1.51) O
BD (1) C1–O3 1.9979 0.5802 (sp1.02) C + 0.8145 (sp1.50) O
BD (1) C8–Zn17 1.9643 0.6481 (sp1.39) C + 0.7616 (sp0.37 d2.47) Zn
BD (1) C15–Zn17 1.9592 0.7035 (sp1.19) C + 0.7107 (sp0.33 d3.15) Zn
BD (1) C16–Zn17 1.9287 0.7038 (sp1.25) C + 0.7104 (sp0.62 d4.67) Zn

∶ Ö ∶ −Ṅ = Ö ∶ → Mn @C-NG BD (1) N1–O2 1.9482 0.6446 (sp3.94) N + 0.7645 (sp4.00) O
BD (1) N1–O3 1.9311 0.7591 (sp3.20) N + 0.6509 (sp4.15) O
BD (1) C9–Mn18 1.9329 0.7563 (sp1.75) C + 0.6543 (sp0.20 d4.96) Mn
BD (1) C16–Mn18 1.9103 0.8161 (sp1.69) C + 0.5779 (sp0.80 d2.09) Mn
BD (1) C17–Mn18 1.9496 0.7660 (sp1.55) C + 0.6428 (sp0.33 d4.15) Mn

∶ Ö ∶ −Ṅ = Ö ∶ → Co @C-NG BD (1) N1–O2 1.9443 0.6399 (sp3.97) N + 0.7684 (sp3.54) O
BD (1) N1–O3 1.9248 0.7538 (sp3.17) N + 0.6571 (sp3.69) O
BD (1) C9–Co18 1.9641 0.8409 (sp1.29) C + 0.5412 (sp0.88 d2.85) Co
BD (1) C16–Co18 1.9557 0.8444 (sp1.50) C + 0.5358 (sp1.14 d2.04) Co
BD (1) C17–Co18 1.9734 0.8330 (sp1.30) C + 0.5533 (sp0.79 d4.09) Co

∶ Ö ∶ −Ṅ = Ö ∶ → Cu @C-NG BD (1) N1–O2 1.9460 0.6398 (sp3.96) N + 0.6398 (sp3.45) O
BD (1) N1O3 1.9220 0.7579 (sp3.16) N + .6524 (sp3.60) O
BD (1) C9–Cu18 1.9044 0.8390 (sp1.21) C + 0.5442 (sp2.33 d1.63) Cu
BD (1) C16–Cu18 1.9658 0.8422 (sp1.43) C + 0.5392 (sp0.94 d1.52) Cu
BD (1) C17–Cu18 1.9494 0.8390 (sp0.98) C + 0.5442 (sp1.81d1.30) Cu
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all the points at which the charge density is ≠0, r′ is a point inside 
R, and ρ(r′) is the charge density at the point r′ [43].

As the EFG at the position of the nucleus in gas adsorbed 
on the metal-doped carbon nanographene as the gas sensor is 
assigned by the valence electrons twisted in the special linkage 
with close nuclei of C-nanographene surface, the NQR frequency 
at which transitions happen is particular for ∶ Ö ∶ −Ṅ = Ö ∶ → 
(Mn, Co, Cu)-doped C-nanographene (Table 2).

In addition, in Fig. 3a–c, it has been plotted the electric 
potential of NQR method versus atomic charge for elements of 
∶ Ö ∶ −Ṅ = Ö ∶ → (Mn, Co, Cu)-doped nanographene using 
CAM-B3LYP/EPR-III, LANL2DZ, 6-31 + G (d,p) level of theory.

In Fig. 3a–c, it has been remarked the changes of electric 
potential for nitrogen, oxygen, carbon, manganese, cobalt, 
and copper in the active site of Langmuir adsorption. In fact, 
it has been observed the effect of the substitution of carbon 
atoms in pristine graphene with manganese, cobalt, and cop-
per, during adsorbing NO2 through resulted electric poten-
tial using NQR analysis (Fig. 3a–c). It is obvious that the 
graphs of ∶ Ö ∶ −Ṅ = Ö ∶ → Mn@C-NG with R2 = 0.8725 

(Fig.  3a)∶ Ö ∶ −Ṅ = Ö ∶ → Co@C-NG with R2 = 0.8896 
(Fig. 3b), and ∶ Ö ∶ −Ṅ = Ö ∶ → Cu@C-NG with R2 = 0.8795 
(Fig. 3c), are fluctuated by Mn, Co, and Cu, respectively, which 
represent the efficiency of nitrogen dioxide detectors as the 
promising scavengers. However, CO2 adsorption on the Fe-, 
Ni-, and Zn-doped graphene surface compared to NO2 adsorp-
tion on the Mn-, Co-, and Cu-doped graphene surface could 
not indicate the acceptable values through relation coefficient 
graphs of electric potential versus atomic charge graphs in the 
adsorption site of transitions metal doped graphene surface.

Analysis of NBO

Furthermore, the natural bond orbital (NBO) analysis of CO2 
adsorbed on the (Fe, Ni, Zn)-doped carbon nanographene 
and NO2 adsorption on the (Mn, Co, Cu)-doped carbon 
nanographene (Scheme 3) has illustrated the character of 
electronic conjugation between bonds in the gas molecules 
and TM@C-NG (Table 3; Fig. 4).

In Fig. 4a, it has been observed the fluctuation of occu-
pancy of natural bond orbitals for CO2 → Fe@C-NG, CO2 
→ Ni@C-NG, and CO2 → Zn@C-NG surfaces through the 
Langmuir adsorption process by indicating the active oxygen 
atom in carbon dioxide becoming close to the nanographene. 
Moreover, in Fig. 4b, the complexes of NO2 → Mn@ C-NG, 
NO2 → Co@ C-NG, and NO2 → Cu@ C-NG surfaces have 
exhibited the most fluctuated graphs through the occupancy 
via the natural bond orbitals due to the Langmuir adsorption 
while the active oxygen atoms in nitrogen dioxide becoming 
close to the C-nanographene (Scheme 3).

The values of changes of charge density have shown 
a more important charge transfer from nitrogen of 
∶ Ö ∶ −Ṅ = Ö ∶ molecule and oxygen of ∶ Ö = C = Ö ∶ as 
the electron donors adsorbed onto transition metal doped 
graphene surfaces which act as the electron acceptors (N → 
TM@ C-NG, O → TM@ C-NG). In fact, the sites of Fe-, 
Ni-, Zn-doped carbon graphene and Mn-, Co-, Cu-doped car-
bon graphene surfaces have higher interaction energy from 
Van der Waals’ forces with NO2 and CO2 molecules that can 
make them highly stable toward adsorption information on 
the surface. It has been assumed that the priority for selecting 
the surface binding of N-atom in NO2 and O-atom in CO2 in 
adsorption metal transition sites can be impacted by the exist-
ence of close atoms of carbon in graphene surface through 
co-adsorption phenomenon (Scheme 3) [44, 45].

Thermodynamic properties and IR spectroscopy 
analysis

Thermodynamic parameters have been estimated for adsorp-
tion of toxic carbon dioxide ( ∶ Ö = C = Ö ∶

)
 and nitrogen 

dioxide ( ∶ Ö ∶ −Ṅ = Ö ∶ ) on the surfaces of (Fe, Ni, Zn) and 

Fig. 4   The character of electronic conjugation between bonds in the 
gas molecules and TM@C-NG
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(Mn, Co, Cu), respectively, doping of nanographene as the gas sensors which can be used as the selective detectors for 
environmental hazardous gases (Table 4).

Table 4   Adsorption of toxic carbon dioxide and nitrogen dioxide

Compound ∆E° × 10−4 (kcal/
mol)

∆E°DFT-D3 × 10-4 ∆H° × 10−4 (kcal/
mol)

∆G° × 10−4 (kcal/
mol)

∆G°ads × 
10−4 (kcal/
mol)

S° (Cal/K mol) Dipole 
moment 
(Debye)

∶ Ö = C = Ö ∶ −11.6121 - −11.6121 −11.6136 - 51.378 0.0000

∶ Ö ∶ −Ṅ = Ö ∶ −12.6298 - −12.6298 −12.6315 - 57.792 0.2323
Fe@ C-NG −146.2783 - −146.2782 −146.2816 - 111.175 2.3199
Ni@ C-NG −162.4794 - −162.4793 −162.4828 - 116.150 13.6226
Zn@ C-NG −178.2031 - −178.2030 −178.2066 - 120.533 1.7301
Mn@ C-NG −139.3551 - −139.3551 −139.3588 - 124.779 1.4652
Co@ C-NG −153.7094 - −153.7094 −153.7133 - 128.964 0.9321
Cu@ C-NG −169.6604 - −169.6605 −169.6643 - 129.753 1.0422
∶ Ö = C = Ö ∶ → 

Fe @C-NG
−157.8893 −157.9004 −157.8893 −157.8932 0.002 130.634 14.1988

∶ Ö = C = Ö ∶ → 
Ni @C-NG

−173.0324 −173.0433 −173.0323 −173.0360 1.0604 122.276 12.5830

∶ Ö = C = Ö ∶ → 
Zn @C-NG

−191.0952 −191.1059 −191.0951 −191.0989 −1.2787 127.012 2.0963

∶ Ö ∶ −Ṅ = Ö ∶ → 
Mn @C-NG

−151.9008 −151.9114 −151.9008 −151.9045 0.0858 125.163 10.5640

∶ Ö ∶ −Ṅ = Ö ∶ → 
Co @C-NG

−166.2564 −166.2671 −166.2564 −166.2598 0.0850 116.087 4.6108

∶ Ö ∶ −Ṅ = Ö ∶ → 
Cu @C-NG

−182.2074 −182.2183 −182.2073 −182.2110 0.0848 123.268 4.1641

Fig. 5   The graphs of ∶ Ö = C = Ö ∶ → Fe @C-NG, ∶ Ö = C = Ö ∶ → Ni @C-NG, and ∶ Ö = C = Ö ∶ → Zn @C-NG with frequency range 
around 500–3000 cm−1
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Furthermore, the infrared spectrums for adsorption of 
CO2 by (Fe, Ni, Zn)-doped and NO2 by (Mn, Co, Cu)-doped, 
respectively, onto C-nanographene have been reported in 
Fig. 5a–f.

The graphs of ∶ Ö = C = Ö ∶ → Fe @C-NG, ∶ Ö = C = Ö ∶ → 
Ni @C-NG, and ∶ Ö = C = Ö ∶ → Zn @C-NG have shown the 
frequency range around 500–3000 cm−1 with the strongest peaks 
in IR spectrum around 750 cm−1 and 3000 cm−1 (Fig. 5a–c). In 
addition, the graphs have been observed in the frequency limita-
tion about 500–2000 cm−1 for the complexes of ∶ Ö ∶ −Ṅ = Ö ∶ 
→ Mn @C-NG, ∶ Ö ∶ −Ṅ = Ö ∶ → Co @ C-NG, and 
∶ Ö ∶ −Ṅ = Ö ∶ → Cu @C-NG with the strongest peaks in IR 
spectrum around 1550 cm−1 and 1900 cm−1 (Fig. 5d–f).

From Fig. 6, it could be understood that the maximum of 
the Langmuir adsorbing isotherm plots related to ΔGo

ads
 ver-

sus dipole moment may depend on the interactions between 
the CO2, NO2 and TM-doped C-nanographene. The order 
of Gibbs free energy changes for clusters of gas (donor) → 
TM@ C-NG (acceptor) is ΔG0

CO2→Zn@C
 > ΔG0

CO2→ Ni@C
 

> ΔG0
CO2→Fe@C

 and ΔG0
NO2→Mn@C

 > ΔG0
NO2→Co@C

 > 
ΔG0

NO2→Cu@C
 , respectively (Table 4; Fig. 6).

The adsorptive capacity of CO2 and NO2 on the TM-
doped C-nanographene is approved by the ΔGo

ads
 amount:

On the basis of data in Table 4, it is predicted that the 
adsorption of CO2 and NO2 on the TM-doped graphene 
nanosheet must be physico-chemical attributes. As seen 
in Fig. 6, all the calculated ΔGo

ads,NO2
 values are approxi-

mately identical similar for three metal transitions of Mn, 
Co, and Cu, but ΔGo

ads, CO2
 (−1.2787 × 10−4, kcal/mol) has 

(8)

ΔG
o

ads,CO2
= ΔG

o

CO2→TM@C−NG

−
(
ΔG

o

CO2
+ ΔG

o

TM@C−NG

)
;(TM = Fe, Ni, Zn)

(9)
ΔG

o

ads,NO2
=ΔG

o

NO2→TM@C−NG

−
(
ΔG

o

NO2
+ ΔG

o

TM@C−NG

)
;(TM = Mn,Co, Cu)

the largest gap of Gibbs free energy adsorption with dipole 
moment which defines the alterations between Gibbs free 
energy of initial compounds ( ΔGo

CO2
 and ΔGo

Zn@C−NG
 ) and 

product compound ( ΔGo
CO2→Zn@C−NG

 ) through polarizabil-
ity. In fact, TM-doped C-nanographene can possess enough 
efficiency for adsorption toxic gases of carbon dioxide and 
nitrogen dioxide through charge transfer from nitrogen and 
oxygen atoms, respectively, to transition metals.

Insight of frontier molecular orbital’s of HOMO, 
LUMO, and UV‑VIS

The lowest unoccupied molecular orbital (LUMO) energy is 
generated by ionization, and the highest occupied molecular 
orbital (HOMO) energy is observed by the electron affin-
ity. These parameters have been evaluated for adsorption of 
carbon dioxide and nitrogen dioxide on the (Fe, Ni, Zn) and 
(Mn, Co, Cu), respectively, doping of nanographene as the 
gas detector in Table 5. The HOMO (au), LUMO (au), and 
band energy gap (∆E = ELUMO − EHOMO) (ev) have exhibited 
the pictorial explanation of the frontier molecular orbitals 
and their respective positive and negative areas which are a 
significant parameter for discovering the molecular proper-
ties of efficient compounds in adsorption of CO2 and NO2 on 
the TM-doped nanographene surface. (Table 5).

Moreover, for getting more conclusive approving in 
identifying the compound characteristics of adsorption 
complexes of CO2 on the (Fe, Ni, Zn) and NO2 on the (Mn, 
Co, Cu), respectively, doping of C-nanographene surfaces, 
a series of chemical reactivity parameters such as chemical 
potential (μ), electronegativity (χ), hardness (η), softness (ζ), 
and electrophilicity index (ψ) has been carried out (Table 5) 
[46–48].

Figure 7 shows the chemical potential (μ) for CO2 and 
NO2 adsorption on the (Fe, Ni, Zn) and (Mn, Co, Cu), 
respectively, doping of C-NG surfaces. However, CO2 
adsorption on the surface of zinc doping of carbon-nanog-
raphene has a considerable minimum potential well. The 
negative content of the chemical potential (μ) and the posi-
tive contents of other factors have remarked an admissible 
efficiency of scavenging CO2 by zinc-doped carbon-nanog-
raphene. In fact, the chemical potential defined the increase 
of CO2 molecules to the crystal of Zn@C-NG, while the 
number of other particles and the number of unoccupied 
lattice locations keep constant. As a matter of fact, enhance-
ment of the gas molecules of CO2 thus involves the simul-
taneous increasing a lattice site or unit cell to the crystal of 
Zn@C-NG surface. This procedure heads to an augment in 
surface region and, thereby, energy must be spent in generat-
ing a new surface of nanographene. In addition, the alliance 
of particle alters the mass of the crystal and process is also 
accomplished versus the mechanical powers.

Fig. 6   The maximum of the Langmuir adsorbing isotherm plots 
related to ΔGo

ads
 versus dipole moment
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In this work, energy gap establishes how toxic gases of CO2 
and NO2 can be adsorbed on the (Fe, Ni, Zn) and (Mn, Co, Cu), 
respectively, doping of nanographene as the gas sensors at B3LYP/
LANL2DZ, 6-311 + G (2d, p) quantum approach. In addition, fron-
tier molecular orbitals perform an essential function in the optical 
and electrical factors like ultraviolet and visible spectrums [49].

The energy gap between LUMO and HOMO has recog-
nized the qualifications of molecular electrical transport 
[50]. Through Frank-Condon formula, the most value of 

absorption peak (max) is related to an ultraviolet and vis-
ible spectrum to vertical stimulation.

Furthermore, TD-DFT/ LANL2DZ, 6-31 + G (d,p) cal-
culations have been accomplished to discern the low-lying 
excited states of CO2 and NO2 adsorbed on the (Fe, Ni, 
Zn) and (Mn, Co, Cu), respectively, doping of nanogra-
phene. The consequences contain the vertical stimulation 
energies, oscillator strength, and wavelength which have 
been introduced in Fig. 8a–f.

Table 5   Doping of nanographene as the gas detector

Gas→ TM@C-NG LUMO HOMO ∆E µ χ η ζ ψ

: Ö = C = Ö: → Fe@ C-NG
3.1666 -1.7748 1.7748 1.5833 0.3158 0.9947

: Ö = C = Ö: → Ni @ C-NG 3.6471 -1.9563 1.9563 1.8235 0.2742 1.0494

: Ö = C = Ö: → Zn@ C-NG
4.7952 -5.0463 5.0463 2.3976 0.2085 5.3105

: Ö: −Ṅ = Ö: → Mn@ C-NG 3.7853 -2.1335 2.1335 1.8927 0.2641 1.2024

: Ö: −Ṅ = Ö: → Co@ C-NG 4.0621 -2.2419 2.2419 2.0310 0.2462 1.2373

: Ö: −Ṅ = Ö: → Cu@ C-NG 4.0302 -2.3280 2.3280 2.0151 0.2481 1.3447

-0.0070

-0.1234

-0.1389

-0.0049

-0.0973

-0.2735

-0.1479

-0.0088

-0.1570

-0.0077

-0.1596

-0.0115

∆E = ELUMO-EHOMO; μ = (EHOMO + ELUMO)/2; χ = −(EHOMO + ELUMO)/2; η = (ELUMO − EHOMO)/2; ζ =1/(2η); ψ = μ2/(2η)
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Figure 8 a–f shows the UV-VIS spectrums for CO2 → 
Fe @C-NG, CO2 → Ni @C-NG, and CO2 → Zn @C-NG 
and NO2 → Mn @C-NG, NO2 → Co @ C-NG, and NO2 → 
Cu @C-NG, respectively, with maximum adsorption bands 
between 1000 and 5000 nm. Moreover, it has been observed 
a sharp peak around 2500 nm for CO2 → TM@C-NG and 
NO2 → TM@C-NG surfaces (Fig. 8a–f).

Conclusion

This research aimed to remark the study of polluting gas 
of carbon dioxide and nitrogen dioxide adsorption employ-
ing graphene nanosheet. The graphene sheet reviewed in 
general physically adsorb many of the pollutant gas mol-
ecules considered, and the interaction can usually enhance 
by transition metal doping which ameliorate their detecting 
properties through chemisorption study.

This article has reported the trends for environmen-
tal pollutant gases of carbon dioxide (CO2) and nitrogen 
dioxide (NO2) chemisorption on transition metals of (iron, 
nickel, zinc) and (manganese, cobalt, copper), respec-
tively, doping of carbon-nanographene surface.

In particular, the energetic, structural, and infrared 
adsorption characteristics of linearly (atop) CO2 and NO2 
adsorbed on (Fe, Ni, Zn) and (Mn, Co, Cu), respectively, 
doping of C-NG have been discussed. Spin-unrestricted 
density functional theory (DFT) calculations were applied 
to verdict the tendency of CO2 and NO2 adsorption energy 
of (CO2 → Fe, CO2 → Ni, CO2 → Zn) and (NO2 → Mn, 
NO2 →Co, NO2 →Cu) doped on the nanographene sheet 
and normal mode vibrational frequencies (νCO2 and νNO2) 

Fig. 7   The chemical potential (μ) for CO2 and NO2 adsorption on the 
(Fe, Ni, Zn) and (Mn, Co, Cu), respectively

Fig. 8   The consequences of the TD-DFT/ LANL2DZ, 6-31 + G (d,p) calculations contain the vertical stimulation energies, oscillator strength, 
and wavelength
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of ∶ Ö = C = Ö ∶ and ∶ Ö ∶ −Ṅ = Ö ∶ for clusters com-
posed of Fe, Ni, and Zn and Mn, Co, and Cu, respectively.

The effects of the transition metal electronic structure 
onto the adsorption energy of CO2 and NO2 toxic gases 
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.
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