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The adsorption of some monatomic and polyatomic gases on the surface of graphene nanoflakes was investigated. The surface of graphene

nanoflakes was modeled, and a suitable model was found among a set of 2, 4, 7, and 19 hexagonal rings. State-of-the-art density functional

theory calculations were used in the present work. The adsorption energies and equilibrium distances were calculated for a variety of

monatomic and polyatomic gases, such as Ar, Oz, CO2, and CS, for all possible orientations. In this study, the following three highly

symmetric adsorption sites on the surface were studied: atom-site, hollow-site, and bridge-site. The hollow-site for monatomic gases and the

bridge-site for polyatomic gases (i.e., CO2 and CSz) were found to be more favorable than other sites. The best orientation for the studied

polyatomic gases was found to be parallel. The results are compared with the available experimental data.
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INTRODUCTION

Graphene, a single-atom-thick two-dimensional (2D)
honeycomb structure composed of carbon atoms [1], has
attracted enormous attention due to its mechanical flexibility
[2], electronic and thermal conductivity [3-9], and optical
transparency [10]. These remarkable properties of graphene
sheets could facilitate their application in a wide range of
fields, such as sensing [11], electronics [12-15], energy
storage [16-23], biomedicine [24-25], and catalysis [26]. In
particular, graphene shows considerable potential for
adsorption due to its mechanical property, easy-to-be-
modified nature, and large surface area [27-28]; thus,
external atoms or molecules can be easily adsorbed on its
surface [29-38].

Noble gases, also known as rare gases, are widely used in
industries and laboratories; accordingly, their adsorption and
storage are of great importance and need to be fully
understood. Oxygen (O-) is the second most abundant gas in
the atmosphere, and carbon dioxide (CO,) and carbon

disulfide (CS,) are two common atmospheric pollutants. CO,
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is considered one of the most important greenhouse gases and
the main cause of global warming. Similarly, CS, can react
with other volatile organic substances in the air and harm the
environment.

A number of theoretical studies have focused on the
adsorption of gases on pristine and functionalized graphene
nanoflakes. For example, regarding the adsorption of noble
gases, Sheng et al. studied the adsorption of Xe at three high-
symmetry sites on the surface of graphene [39]. Moreover,
Ambrosetti et al. used DFT/vdW-WF method to study the
adsorption of He, Ar, and Xe on graphite and graphene
surfaces at three high-symmetry sites [40]. Maiga et al.
analyzed the adsorption of Ar, Kr, and Xe on graphene using
molecular simulation [41]. Vazhappilly et al. investigated the
binding strength of Xe and Kr atoms on porous as well as
various doped graphene surfaces [42]. Regarding oxygen
adsorption, Zhu et al. studied the effects of different amounts
of atomic oxygen on graphene [43]. Qu et al. [44] reported
on the effects of equibiaxial strain on the interactions
between O, and various graphene composites [44]. Bagsican
et al experimentally determined the adsorption and
desorption dynamics of oxygen molecules on graphene using

temperature-programmed terahertz emission microscopy
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[45]. Yan et al. analyzed the O, adsorption and dissociation
on graphene using density functional theory (DFT) [46]. The
adsorption of CO; on graphene has also attracted the attention
of researchers. For example, Lee ef al. analyzed the energy
change for the adsorption of CO; on graphene using different
levels of theory [47]. In addition, Osouleddini ef al. analyzed
the interaction of CO, and CH4 molecules with graphene
and a tetracyanoethylene-modified graphene surface by
comparing the strength of their interactions [48]. Takeuchi
et al. studied the adsorption of CO, on graphene by
combining temperature-programmed desorption, X-ray
photoelectron spectroscopy, and van der Waals density
functional (vdW-DF) method [49]. Tit et al. performed
calculations on the adsorption of CO, and CO on graphene
[50]. They investigated the selectivity and the chemical
activity of graphene in the adsorption of CO, and CO
molecules. It is worth noting that while graphene is an
infinitive 2D compound, experimental and theoretical studies
have usually been carried out on the finite size of graphene
surface, which is called graphene nanoflake [51-53].
Although various studies have been carried out on the
adsorption of gases on graphene [39-50], to the best of our
knowledge, no systematic analysis has been done on the
adsorption of He, Ne, Ar, Kr, O,, CO,, and CS; molecules
on graphene nanoflakes and, more specifically, their
atomic/molecular configurations. The aim of the present
the the
aforementioned gases and monolayer graphene nanoflakes

work was to study interaction between
by DFT calculations. Furthermore, detailed information is
provided on various configurations of approaching gases,
different sites of graphene nanoflakes, equilibrium distances,
levels of theory, and different models for the process of

adsorption.
COMPUTATIONAL DETAILS

All DFT calculations were carried out using the ORCA
4.2.1 software package [54]. The M06-2X/6-311+G(d,p)
level of theory was used for geometry optimization and
calculation of relaxed or unrelaxed surface energies [55]. The
MO06-2X functional, which is a hybrid meta-functional
and high parameterized empirical exchange-correlation
functional [55], has been used in recent theoretical studies
and reported to have acceptable performance for main group
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elements [56-60]. Moreover, the M06-2X functional gives
good interaction energies for vdW complexes near
equilibrium structures [61]. The basis set of 6-311+G(d,p)
was reported to be appropriate for the weak physisorption on
carbon-based materials [62-66].

The adsorption energy (FE.), describing the interaction
between the studied gases and graphene, was calculated using

Eq. (1):

Euus= Egr +tgas — (Egr iph + Egas) (1)

7
Lp

where Egrphene+eas 15 the total energy of the absorbed gas on
graphene, Egrqphene 18 the energy of pristine graphene, and s
is the energy of the free gas.

Molecules were placed on a monolayer graphene, which
had 7 hexagonal rings and was composed of 36 atoms in the
(x,y) plane. To neutralize the valances of terminal carbons,
the graphene sheet was constructed with hydrogen
termination at the edges. The adsorbed molecules were set in
two orientations, namely, par and perp, which stand for
parallel and perpendicular to the graphene surface,
respectively. As shown in Fig. 1, the following three highly
symmetric adsorption positions were also studied: 4 (atom-
site: over a C atom), H (hollow-site: at the center of a
hexagonal ring), and B (bridge-site: over the midpoint of a

C-C bond).

Fig. 1. Different sites of graphene nanoflakes.



Adsorption of Some Gas Molecules on the Surface of Graphene Nanoflakes/Phys. Chem. Res., Vol. 11, No. 4, 877-887, December 2023.

RESULTS AND DISCUSSION

Modeling of Graphene and Method of Calculations

Graphene is a single-atom-thick 2D honeycomb structure
composed of hexagonal rings. In this study, due to computing
time and hardware limitations, only a few of its rings were
considered in the chemical model of graphene. To minimize
calculations, the least number of rings that could render
reliable results was considered. As shown in Fig. 2, four
models were investigated, which were composed of 2, 4, 7,
and 19 rings.
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Fig. 2. Modeling of graphene nanoflakes with different
numbers of rings: (a) two rings (2-R), (b) four rings (4-R), (c)
seven rings (7-R), and (d) nineteen rings (19-R).

For the adsorption of Ne on the H site of graphene, the above
four models were calculated. Table 1 summarizes the results
of calculations.

As shown in Table 1, with the increase in the number of
rings, the absolute value of E. also increased. For the 7-R
and 19-R models, the difference between the calculated E,4s
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Table 1. Adsorption Energies (Eais) and Equilibrium
Distances (do) of Ne on the H Site in Graphene with Four
Different Numbers of Rings: Two Rings (2-R), Four Rings
(4-R), Seven Rings (7-R), and Nineteen Rings (19-R)

Eads dO
Number of rings (kJ molh €N)
2-R -4.9 3.0
4-R -5.5 2.9
7-R -6.7 2.9
19-R -6.8 2.9

was only 0.1 kJ mol"!. The equilibrium distances were also
calculated for the above four models (Table 1). The
equilibrium distances were 2.9 A for both 7-R and 19-R
models. Figure S1 (included in Supporting Information, SI)
shows the variation of potential energy curves with respect to
distance. The calculations were carried out for Ar noble gas,
and the same results were achieved (see SI, Table S1). Based
on the results, the 7-R model was found to be adequate for
modeling graphene and was used for further calculations.
The choice of functional and basis set was crucial in the
calculation of physical processes. In this study, four popular
functionals, including B3LYP, BMK, BH and HLYP, and
MO06-2X, along with a triple-{ diffuse function basis set
6-311+G(d,p) with additional polarization functions, were
employed [67]. The adsorption energies and equilibrium
distances were calculated for the atom of Ne on the H site of
graphene, and the results are presented in Table 2 and Fig. 3.

Table 2. Adsorption Energies (Ea.ss) and Equilibrium
Distances (do) for Ne on the H Site Obtained from Different
Functionals and the 6-311+G(d,p) Basis Set

Eads do
Functional (kJ mol'h (A)
M06-2X -5.7 2.9
BHandHLYP -1.9 32
BMK -0.7 5.1
B3LYP -0.9 3.4
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Fig. 3. Potential energy curves for the adsorption of Ne on
the H site calculated by M06-2X, BHandHLYP, BMK, and
B3LYP functionals with the 6-311+G(d,p) basis set.

As shown in Table 2, the M06-2X adsorption energy was
considerably more negative than the energy values calculated
Also, the equilibrium distance
calculated by the M06-2X was remarkably shorter than other
distances. To explore the effect of the basis set on the
calculation of energies and equilibrium distances, the basis
sets of 6-31+G(d,p), 6-311+G(d,p), 6-311+G(2df,p), and
cc-pVTZ were studied, and the results are shown in Table 3
and Fig. 4.

The values presented in Table 3 show that all triple-{
basis sets resulted in similar values. Based on the number of
MO06-2X/6-

by other functionals.

basis functions and the calculation time,
311+G(d,p) was used for further calculations.

Adsorption of Noble Gases

The adsorption of monatomic noble gases of He, Ne, Ar,
and Kr on different sites of 4, B, and H on graphene was
studied, and the results are presented in Table 4 and Fig. 5.

Based on the energy and distance values presented in
Table 4, site H was found to be a better position compared to
other sites, including 4 and B, for all the above-mentioned
gases. Also, with the increase in the size of gases, the
adsorption energies increased and the adsorption energies for
He, Ne, Ar, and Kr were -3.8, -5.7, -8.0, and -9.6 kJ mol!,
respectively. The increase in the adsorption energy from He
to Kr was remarkable. This finding is in agreement with the
fact that larger gases have stronger dipole-dipole interactions.
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Table 3. Adsorption Energies (Eais) and Equilibrium
Distances (do) for Ne on the H Site Obtained from Different
Basis Sets and the M06-2X Functional

Eads dO
Basis set (kJ mol™!) (A)
6-311+G(2df,p) 5.5 2.9
6-311+G(d,p) 5.7 2.9
6-31+G(d,p) 48 3.0
cc-pVTZ -5.5 2.9
8 cc-pVTZ 6-311+G(d,p) 6-31+G(d,p) === 6-311+G(2df,p)
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Fig. 4. Potential energy curves for the adsorption of Ne on
the H site calculated by 6-311+G(2df,p), 6-311+G(d,p), 6-
31+G(d,p), and cc-pVTZ basis sets with the M06-2X
functional.
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Fig. 5. Potential energy curves for the adsorption of He, Ne,
Ar, and Kr on the H site.
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Table 4. Adsorption Energies (Eags) and Equilibrium Distances (do) for He, Ne, Ar, and Kr on Different Positions: The
Molecule is on Top of a Carbon Atom (Site 4), the Midpoint of a Carbon-Carbon Bond (Site B) and the Center of a Hexagon
(Site H) (Fig. 1)

Site 4 Site B Site H
Eads do Eads do Eads do
Noble gases (kJ mol) (A) (kJ mol ") (A) (kJ mol ") (A)
He -2.8 3.1 -3.0 3.0 -3.8 2.8
Ne -5.6 3.0 -5.6 3.0 -5.7 2.9
Ar -7.7 33 -8.0 33 -8.0 33
Kr -9.5 3.5 -8.9 3.3 -9.6 3.3

The equilibrium distances for He, Ne, Ar, and Kr were 2.8,
2.9, 3.3, and 3.3 A, respectively. This is also in agreement
with the results of previous research [68].

Adsorption of O;

The adsorption energies and equilibrium distances for
perp orientation of O, on different sites of 4, B, and H were
calculated, and the results are presented in Table 5 and
Fig. 6.

The values presented in Table 5 show that the minimum
adsorption energy (i.e., -12.3 kJ mol'") was obtained for site
H. The equilibrium distance was also smaller for site H,
which confirms that this site was more favorable than the
other two
equilibrium distances, show that the order of sites for perp

sites. Adsorption energies, together with
orientation was as follows: H> 4 > B.
To investigate different orientations of O, with respect

to the surface of graphene, ¢ was defined as the angle of

Table 5. Adsorption Energies (Eais) and Equilibrium
Distances (do) for the Perp Oxygen Molecule on Different
Positions on the Surface: Site 4, Site B, and Site H

Eads dO
Different sites (kJ mol") (A)
Site A -9.6 3.0
Site B -9.5 3.9
Site H -12.3 2.9

oxygen-oxygen-surface, so that ¢ = 90° and ¢ =180°
presented the par and perp orientations, respectively, as
shown in Fig. 7.
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Fig. 6. Potential energy curves for the adsorption of oxygen
molecules on different sites, including site 4, site B, and site
H (perp orientation).

Phi=180

- - o= = Phi=90

surface

Fig. 7. The representation of the angle between the oxygen-
oxygen surface (Phi).
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The calculated relative adsorption energies for different
values of ¢ are presented in Table S2, which shows that the
lowest adsorption energy occurs for 90 degree or par
orientation. These relative energies varied from 0-5 kJ mol-'.
It can be concluded that the best position for O, on graphene
was a par orientation on the H site on which the adsorption
energy was -13.5 kJ mol! and the equilibrium distance was
approximately 3.0 A above the surface of graphene.

Adsorption of CO; and CS,

Furthermore, various configurations and equilibrium
distances were studied for the adsorption of CO» and CS; on
graphene. Different sites, including A, B, and H, were
investigated for the studied orientations. Table 6 presents the
adsorption energies along with the equilibrium distances.

As shown in Table 6, the lowest adsorption energies for
both CO, and CS, were obtained for site H, but the
differences between their energies were insignificant.
Regarding the equilibrium distance, site H also showed
slightly shorter distances.

For the par orientation, different sites, including 4, B, and
H, were also considered, and it was found that site B was
slightly more favorable than the other two sites, as shown in
Fig. 9.

This finding is in agreement with a previous report [47].
A comparison between the two orientations of par and perp
for the adsorption of CO, and CS; on the surface of graphene

Table 6. Adsorption Energies (Eas) and Equilibrium
Distances (dg) for Perp CO, and Perp CS, Molecules on
Different Positions: Site 4, Site B, Site H

CO, CS,
Eaa do Ead do
Sites (kJ mol'") (A) (kJ mol'") (A)
A -8.4 2.9 -16.4 3.2
B -8.6 3 -16.7 3.2
H -10.8 2.9 -16.8 3.1
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Fig. 8. Potential energy curves for the adsorption (a) perp
CO; molecule and (b) perp CS, molecule on different sites,
including site 4, site B, and site H.

showed that the par orientation was significantly better in
terms of adsorption energies, as shown in Table 7. The
differences between the par and perp orientations were
7-8 kI mol! for the above two gases. A comparison of the
adsorption energies of CO, and CS, for all studied
orientations showed that the adsorption process was more
favorable for CS,, as can be seen in Table 7 and Fig. 10.

The calculated adsorption energies were -19.4 and
-25.5 kJ mol! for CO, and CS,, respectively, and the
equilibrium distances were 3.0 and 3.4 A for CO; and CS,
respectively.
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Fig. 9. The par situation of CO, and CS; molecules on
different sites of graphene: (a) site 4, (b) site B, and (c) site
H.
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Fig. 10. Potential energy curves for the adsorption (a) par
orientation of CO; and CS; molecules, (b) perp orientation of
CO; and CS; molecules on the H site, (c) par and perp
orientations of CO, molecule, and (d) par and perp
orientations of CS, molecule.

Table 7. Adsorption Energies (Eag) and Equilibrium Distances (do) for Par and Perp Orientations of CO; and CS,

Molecules

COy-par COs-perp CSy-par CSy-perp
-1
Eads (kJ mol™) -19.4 -10.8 -25.5 -16.8
do (A) 3.0 2.9 3.4 3.1
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CONCLUSIONS

In the present study, an extensive study of the adsorption
of He, Ne, Ar, Kr, O,, CO,, and CS, on the surface of
graphene nanoflakes was carried out and the results showed
that the adsorption of all the studied gases occurred in the
physical nature. Based on the results, it can be stated that a
hexagonal planar 7-ring is an adequate model to characterize
the graphene surface. The adsorption energies for monatomic
noble gases varied in the range of -3.8 to -9.6 kJ mol’!. The
smallest atom of He and Kr showed the lowest and highest
energy in the above range. For the diatomic molecules of O,
the calculated adsorption energy was -13.5 kJ mol"' whereas
for the triatomic gases of CO, and CS,, the calculated
energies were -19.4 and -25.5 kJ mol”!, respectively. The
equilibrium distances of the studied gases, including He, Ne,
Ar, Kr, Oy, CO,, and CS,, were 2.8, 2.9, 3.3, 3.3, 3.0, 3.0,
and 3.4 A, respectively. All different configurations and
symmetric adsorption positions were investigated. For the
monatomic gases and O», site H was found to be the best
position whereas for the CO; and CS,, site B was observed to
be more favorable. The best orientation for the studied
polyatomic gases was found to be par orientation.
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