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ABSTRACT

The effect of structural defects on graphene interaction with other molecules is of high interest. In this study, the 
interaction of ethylene molecules with pristine graphene (PG) and defective graphenes including single (SVG) 

and double (DVG) vacancies, were investigated using dispersion-corrected periodic density functional theory (DFT). 
We used various pairs of pseudopotentials and dispersion-corrected methods to calculate the exchange-correlation 
energies and long-range energies, respectively. We conducted the calculations in the ethylene-graphene equilibrium 
distance where vdW interaction as a long-range interaction was dominant. Both adsorption and deformation energies 
were calculated to examine the possibility of ethylene chemisorption. It was found that there is a critical distance from 
the graphene surface, where the nature of adsorption of adsorbate molecule changes from physisorption to the possible 
chemisorption depending on the energetical costly distortion induced in adsorbate molecule. In the case of ethylene 
adsorption on the graphene structures studied here, the mentioned critical distances follow the order SVG < DVG < 
PG. However, in the range of vdW domination and in comparison with PG, ethylene interacts more with SVG due to 
the presence of a dangling bond and interacts less with DVG due to the presence of a hole. Furthermore, the interactions 
of ethylene with reconstructed trivacancy were studied. Moreover, all possible orientations for ethylene adsorption 
on graphene structures were considered and energetically compared. All calculations were done on fully optimized 
reconstructed geometries of vacancies with structural characteristics, i.e., reconstruction length and formation energies 
comparable to those reported in the literature. Polyolefins J (2023) 10: 101-115
Keywords: Carbon dimer; carbon vacancy; DFT; adsorption; active site. 
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INTRODUCTION

Since the advent of graphene in 2004 [1], this material has 
attracted much attention from researchers, academics, and 
industries to investigate absorption-based phenomena due 
to its high surface area, tunable structure, and potential 
stable precursors. [2-6]. The growing effort to rationally 
tune the structure and composition of graphene has made 
it an amazing platform for advanced material design and 
has led to vast development of graphene-based materials 

with multiple roles in chemical reactions. Since adsorp-
tion lies at the heart of chemical reactions, it is highly 
important to understand how graphene and its derivatives 
interact with other molecules in its vicinity.

Ethylene, as the most widely produced organic com-
pound in the world has been used in manufacturing of 
numerous products [7]. Therefore, ethylene is one of the 
molecules which the study of its interaction with graphene 
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is significantly important. From the literature, graphene 
derivatives have been evaluated in some ethylene par-
ticipating reactions as catalyst [8-11] and in some other 
cases as catalyst support [9, 12, 13]. However, in order to 
improve the performance of graphene in these reactions, 
enough knowledge on the nature of active sites and the 
effect of graphene structural characteristics on its proper-
ties is necessary [14].

In the absence of metals, graphene has been used as 
highly active catalyst for selective hydrogenation of acet-
ylene in the presence of large excess ethylene, in 2014 
[8]. Selective acetylene hydrogenation as an industrially 
important reaction still requiring metals as catalysts. Due  
to the permanent poisoning effect of acetylene on ethylene 
polymerization catalysts, it is essential to omit even 
small amount of acetylene in the ethylene feed. Recently, 
it has been proved that frustrated Lewis pairs in which, 
steric hindrance could preclude Lewis adduct forma-
tion, could be used to split hydrogen-hydrogen bond in 
H2 [15]. However, the hydrogen dissociation by intrinsic 
defects of graphene has been introduced as the source of 
graphene catalytic activity in acetylene hydrogenation, 
and the exact mechanism of this catalytic activity is still 
unclear [16]. 

In the case of ethylene polymerization, although  
graphene widely has been studied as either catalyst  
support [17-21] or filler [22-24] to incorporating special 
properties in polymeric matrix, there is no evidence in 
literature on intrinsic catalytic activity of graphene in this 
industrially important reaction. However, even in these  
cases, the interaction of ethylene with graphene as catalyst 
support or filler is important.

Due to the lack of complete knowledge on the  
mechanism of reactions involving carbocatalysts, even 
by inspiration from similar organic reactions, there will 
be numerous possibilities which must be evaluated to 
find the most reasonable reaction path. Furthermore, 
synergy or antagonism between unavoidable coexistent 
sites should be considered. In such a complex system,  
theoretical calculations based on density functional  
theory (DFT) are of significant importance in providing  
a more precise view of what is happening during the  
reaction. Since structural defects formation is unavoidable  
in mass production of graphene, the study of the interaction 
of ethylene molecule with graphene defects as a part of  
complex interactions during the catalytic reactions is  

important. 
In 2020, Li and co-worker using the DFT method  

studied the interaction of small hydrocarbon molecules, 
including ethylene, with graphene to explain the growth  
mechanism of pyrocarbon through chemical vapor  
infiltration. This study indicated weak ethylene  
physisorption on pristine graphene. Furthermore, they 
revealed that the introduction of vacancy defect does not  
significantly affect the adsorption mechanism of ethylene 
[25]. Considering previous reports in literature on the  
healing of double carbon vacancy on graphene by  
ethylene adsorption [26], the extremely high reactivity 
of under-coordinated carbon atom at the edge of single  
carbon vacancy and the reports on its ability to break  
strong H-H bond of hydrogen molecule [16] it is essential 
to review the interaction of ethylene with pristine and 
defective graphene more precisely to shed light on the 
nature of its adsorption. On the other hand, it is really 
challenging to predict the nature and strength of small 
molecules’ interaction with graphene especially when 
non-covalent long-range interactions exist. In order to 
distinguish between physisorption and chemisorption 
of small organic molecules on graphene, it is common 
to use adsorption energy. However, according to Lokalj  
[27] report, the adsorption energy is not a reliable crite-
rion to this goal. Considering chemical bond formation 
as a more reliable characteristic for the chemisorption, 
the length and strength of the bonds between the small  
molecule and the surface better represent physical or 
chemical nature of the adsorption. Moreover, sizeable  
geometrical distortion during chemisorption is energetically 
costly. In addition to the geometrical characteristics of 
the studied system, the calculation method of exchange-
correlation energy and long-range energy also affect the 
amount of adsorption energy. 

This study aims to explore the nature of ethylene  
adsorption on graphene using the dispersion corrected  
periodic DFT method. Moreover, the influence of 
intrinsic structural defects on this interaction and all 
possible orientations for the ethylene adsorption on 
graphene structures were systemically investigated and  
compared. In this study for the first time we used various  
pairs of pseudopotentials and dispersion-corrected  
methods for the calculation of the exchange-correlation 
and long-range energies to emphasize the insufficiency 
of adsorption energy for describing the type of ethylene  
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adsorption on graphene with and without structural  
defects. Furthermore, we show that in geometry  
optimization calculations, there is a critical distance  
between the adsorbate and the surface where the nature  
of adsorption changes from physisorption to chemisorption. 
This critical distance can be considered as a criterion 
to show either physisorption or chemisorption is more 
prone. The theoretical prediction of the nature of small  
molecules adsorption on graphene provides useful  
information on the potential applications of the adsorption 
phenomena.

EXPERIMENTAL

Computation method 
All periodic DFT calculations were performed using  
the plane-wave self-field consistent Quantum Espresso 
package [28,29]. The plane-wave expansion of the 
wave functions is set to a kinetic energy cutoff of 
400 eV. The k-points grid employed is set to 5×5×1 
with the k-points automatically generated using the 
Monkhorst-Pack grid [30]. In order to achieve accu-
rate electronic convergence, a Gaussian smearing of 
0.01 Ry was applied. A 4×4×1 super-cell of graphene 
consisting of 32 carbon atoms was considered as the 
model. The distance between two adjacent graphene 
layers was kept at 20 Å to minimize the interactions  
between them. For structure relaxation, the atomic  
positions were fully optimized until the maximum 
force on each atom was less than 10−4 eV Å−1, and the 
convergence criteria for energy was set to 10−6 eV. The 
adsorption energy  was defined using the energy of  
graphene-based material GS, (EGS), the energy of  
ethylene (EEth) and the energy of stable structure with 
the hydrocarbon adsorbed on GS (EGS+(Eth)) as follows:

( )ads GS Eth GS EthE E E E+= − −  			)  1(

Essences of using dispersion corrected DFT method
Since the adsorption of ethylene on the surface of  
graphene-based structures (GS) has strong contributions  
from van der Waals interactions (i.e., dispersion forces),  
it is essential to use dispersion correction for more  
accurate prediction of its adsorption energy on GS.  
For being more confident in this matter, the equilibrium 
distance between ethylene and PG, SVG and DVG  

was calculated with and without considering dispersion 
correction in DFT calculations. Here, the equilibrium 
distance refers to the ethylene distance from graphene  
plane, at which the total energy of system is minimum 
in the range of physisorption. In these calculations, 
the distance between ethylene and graphene plane 
was scanned using PBESOL pseudopotential and  
Grimme-2 method for van der Waals (vdW) correction. 
Moreover, the distances were selected in the range 
that vdW interactions as long-range interactions were  
dominant. Indeed, the ethylene distance from the surface 
of graphene plane was high enough to be sure that the 
adsorption includes no chemical bonding and is in the 
range of physisorption.

In all cases, not only the equilibrium distance shifts 
to lower value using dispersion correction, but also 
the total energy of the system decreases. The ethylene 
equilibrium distance to PG, SVG and DVG decreased 
from 3.3 to 2.7 Å, from 3.5 to 2.7 Å and from 3 to 
2.7 Å, respectively, by implementing vdW correction. 
Therefore, it is essential to include vdW implemented 
DFT calculations for exploring ethylene interaction 
with PG, SVG and DVG structures. Moreover, the 
amount of shift in the equilibrium distance due to the 
vdW interaction is the highest in the case of SVG and 
is the lowest in the case of DVG. This emphasizes on 
stronger vdW interaction between ethylene and SVG 
and weaker vdW interaction between ethylene and  
DVG in comparison with PG, which may be attributed 
to the presence of a dangling bond in SVG and a hole 
in DVG.

Pseudopotential (PP) and vdW correction method
There are two general states for adsorption of ethylene 
on graphene: physisorption and chemisorption. In the 
case of chemisorption, the total energy of system is 
minimum and the length of all bonds should be in the  
equilibrium ranges. In the case of physisorption, in  
addition to the bonds’ length, the orientation of molecule  
with respect to the surface and the distance between 
the molecule and surface should be in the equilibrium  
range to be sure about minimization of the system  
energy. To find this equilibrium distance, it is usual 
to scan the distance between molecule and surface  
using single point calculations. In this study, these initial  
calculations were conducted using PBESOL-D2.  
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Then, to study how adsorption energy is affected 
by pseudopotential and vdW correction method, we  
conducted some geometry optimizations by considering  
the previous equilibrium distances as estimation of  
initial distances for full optimizations. During geometry 
optimizations, the distance between the adsorbate and 
graphene surface approaches the equilibrium value. 
The results of these calculations have been illustrated 
in Figure 1. The adsorption energies of ethylene on 
GS were calculated using the equation of adsorption, 
as mentioned before:

Generally, physisorption is characterized by weak 
bonding and larger bond lengths (> 1.5 Å). Similar to  
the previous section, the calculations here were  
conducted in the range of physisorption, in which vdW 
interaction is more dominant. Therefore, no chemical 
bond was observed between ethylene and GS. In the  
case of SVG and DVG, the graphene structure was  
reconstructed due to the ethylene interaction. For  
almost all PP/vdW selections and in comparison with 
PG, ethylene interacts more with SVG and interacts 
less with DVG due to the presence of a dangling 
bond in SVG and a larger hole in DVG. Moreover, 
in comparison with ultra-soft PPs, norm-conserving 
PPs causes larger differences in ethylene adsorption  
energies on GS. On the other hand, the dispersion  
correction using Grimme-3 method causes more  
accurate ethylene adsorption energies than Grimme-2 
method since contrary to Grimme-2, Grimme-3 is 
flexible and system dependent. Finally, the use of 
PBESOL-nc/Grimme-3 appears to reasonably predict 
the ethylene adsorption energy on GS. Therefore, the 
generalized gradient approximation (GGA) with the 

Perdew, Burke and Enzerhof (PBE) functional modified 
for solids was employed to calculate the exchange 
correlation energies of the different structures [31, 32]  
and to consider the effect of van der Waals (vdW) forces 
on the interaction of ethylene and graphene-based 
structures, and the long-range-dispersion-corrected 
Grimme D3 method was taken into account [33]. 

RESULTS AND DISCUSSION

Reconstruction of defective graphene structures 
The ideal geometry of studied GS has been repre-
sented in Figure 2. After full optimization, the SVG  
and DVG reconstruct themselves to more stable  
geometries with minimum number of under-coordinated  
carbenes through forming new semi-bonds. The new  
distance between nonbonding carbons in reconstructed 
SVG and DVG is 2.07 Å and 1.79 Å, respectively, 
in good agreement with literature [34] (see Table 1). 
Therefore, SVG should be more reactive than DVG  
due to less stabilization effect of two under-coordinated 
carbon atoms, moreover, the presence of one dangling 
bond. In the case of SVG, reconstruction slightly  
bends the plane of graphene and guides the SVG  
substrate to a less energetically unstable state by the 
value of 28.5 kJ mol-1. This reconstruction in SVG is  
Jahn-Teller distortion, and nonlinear atomic arrangements  
having a degenerate electronic ground state undergo 
a geometric distortion to remove the degeneracy and 
thus lower the total energy of the system. The recon-
structed DVG is more stable than DVG by the value 
of 189 kJ mol-1.

Moreover, as shown in Figure 2, introducing  
carbon vacancies into the inert pristine graphene 
causes charge density localization, which is beneficial 
for more reactivity of defective graphene structures. 

For the vacancies without an odd number of carbon 
atoms, at least one dangling bond persists, whereas 
for structures missing an even number of atoms more 
stable structures lacking dangling bonds are possible. 
In the case of multi-vacancies with an even number of 
missing atoms, the formation of lines of two or three  
DVG vacancies is observed in the graphene membrane 
under electron irradiation in HRTEM. In such pairs or 
lines, adjacent di-vacancies have a common pentagon 

Figure 1. Ethylene adsorption energy on PG, SVG and 
DVG from calculations using different PP/vdW pairs.
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when aligned in the zigzag direction, while a tetragon 
is formed when aligned in the armchair direction, due 
to the overlap of two pentagons. For the case of multi- 
vacancies with odd numbers of missing atoms, the  
formation of a bridging atom stabilizing the structure 
is observed in HRTEM [34].

The formation of a bridge rather than a reconstruction 
is preferred when a SVG merges with a DVG [35].  
Indeed, in two distinct studies, one group imaged  
reconstructed TVG and the other group imaged TVG- 
bridge. They attributed this discrepancy to the different 
method used for defect creation. The former group 
used high velocity ions to bombard the graphene  

sheet, which is able to remove three adjust carbon  
atoms, however, the latter group used electron collision 
which is limited to sputtering a single carbon atom  
and can form double vacancies under continued  
irradiation. 

The energy difference between the ideal and relaxed 
geometries of graphene with tri-vacancy defect has 
been reported in literature to be 228.6 kJ.mol-1 [36]. In 
our first attempt, we fully optimized a tri-vacancy in  
(4×4×1) supercell. As shown in Figure 3, reconstruction 
of tri-vacancy makes it more stable by the value of 157 
kJ mol-1. In reconstructed TVG, the under-coordinated 
carbon atoms stabilize themselves by interaction with 
each other and two five-member rings are formed. After  
reconstruction, all carbon atoms remain in graphene 
plane and the length of new bond between under- 
coordinated carbons is 1.9 Å, which is slightly stron-
ger than that of new semi-bond in reconstructed SVG 
and slightly weaker than that of new semi-bond in 
reconstructed DVG (see Table 1). In comparison 

Figure 2. (a) Ideal geometry, (b) Reconstructed geometry (top view) and (c) Reconstructed geometry (side view), (d) Contour 
plot (1) PG, (2) SVG and (3) DVG.

 Vacancy
type

Formation energy (eV) New bond length (Å)

This work
 Literature

[34]
This work

 Literature
[34]

Single
Double
Triple

7.9
3.9
3.9

7.6-7.9
3.1-4.4

3.9

2.0
1.8
1.9

1.8-2
1.6-1.8

1.8

Table 1. Characteristics of carbon vacancies in graphene.
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149.5 kJ mol-1 lower than that for TVG with a bridge.  
In a (4×4×1) and a (6×6×1) supercell, the reconstructed 
TVG is more stable than TVG-bridge by the value 
of 280.0 and 188.8 kJ mol-1, respectively. Therefore, 
(4×4×1) supercell is not large enough to prevent the  
interaction of TVG with its image in periodic boundary  
condition and for accurate calculations, the larger  
supercell of TVG should be used. 

Vacancy Formation Energy 
There are different methods in literature for calculation  
of vacancy formation energy [34]. If the vacancy  

with reconstruction TVG reported in literature, we  
achieved less stable geometry for TVG after optimization.  
Indeed, (4×4×1) supercell is not large enough to prevent 
the interaction of TVG with its image in a periodic 
boundary condition. Using (6×6×1) supercells, the  
reconstructed TVG is more stable by 253.8 kJ mol-1,  
which is comparable with the previously reported value 
of 228.6 kJ mol-1.

From literature, the DFT-calculated energy gain is  
149.5 kJ mol-1 for a TVG-bridge, as compared to  
reconstructed TV G [34, 35]. In other words, the formation 
energy for reconstructed TVG has been reported to be 

Figure 3. Geometry of ideal, reconstructed and bridge TVGs in (4×4) and (6×6) super-cells, relative energies in kJ.mol-1 and 
corresponding contour plots.
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formation energy is defined as an average energy per 
vacant carbon atom in SVG (DVG), then the formation 
energy per vacant C atom (Ef) in each configuration 
can be calculated from Equation 2:

f gra
1 N - nE = (E - E )
n Nnv

      			)  2(

Where, n is the number of vacant carbon atom in SVG, 
DVG or TVG,  is the total energy of the SVG, DVG 
or TVG, N is the number of carbon atoms in supercell 
and Egra is the total energy of defect free graphene 
supercell with the same size. 

As shown in Table 1, we found that the formation 
energy of single vacancy is 7.9 eV in agreement with  
experimental value of 7.0 ± 0.5 eV and other theoretical  
values ranging from 7.6 to 7.9 eV. The formation energy 
for double and triple vacancy both were calculated to 
be 3.9 eV, which is in agreement with the literature. 
Therefore, the structures are in their relaxed states  
and the force and energy restrictions used in our  
calculations are in reasonable ranges. Moreover, 
double vacancy should be easy to form from existing 
mono vacancies and is stable at room temperature. 

Ethylene Adsorption on PG, SVG and DVG
Van der Waals interaction is a weak long-range interaction 
and chemisorption is a strong short-range interaction. 
Therefore, the initial distance between ethylene and 
GS should be selected in a such proper range that 
includes both interactions by considering the point 
that the whole geometry is the most stable geometry 
relative to other geometries with the same chemical  
structure. In order to determine the nature of ethylene 
adsorption (physisorption or chemisorption) on GS, 
several full optimization calculations were done by  
putting ethylene at different initial distance and various 
orientation with respect to the surface of GS. In some  
cases, ethylene, GS or both deformed due to adsorption. 
Therefore, both adsorption and deformation energies 
were calculated to verify reasonability of structural  
changes due to ethylene adsorption. The ethylene  
adsorption energy on each GS was calculated from 
equation 1 as mentioned former and as follows:

adsE (Ethylene) = E(Eth / GS) - E(Eth) - E(GS)
 
In which, Eads (Ethylene) is the ethylene adsorption  

energy, E(Eth/GS) is the energy of ethylene adsorbed 
GS, E(Eth) and E(GS) are the ethylene and GS ener-
gies, respectively. 

Furthermore, the total deformation energy of eth-
ylene and GS due to adsorption (Edef) was calculated 
from below equations:

def def defE = E (GS) + E (Eth) 			)  3(

def EthE (GS) = E (GS) + E(GS)                 		) 4(

def GSE (Eth) = E (Eth) - E(Eth)                 		) 5(

In which, Edef(GS) is the deformation energy of GS, 
EEth(GS) is the energy of deformed GS due to ethylene 
adsorption and E(GS) is the energy of isolated non- 
deformed GS. Similarly, Edef(Eth) is the deforma-
tion energy of ethylene, EGS(Eth) is the energy of  
deformed ethylene due to adsorption on GS, and 
E(Eth) is the energy of isolated non-deformed ethyl-
ene. All deformation energies are always positive.
By subtracting the total deformation energy (Edef) 
from ethylene adsorption energy (Eads(Ethylene)), a 
new type of adsorption energy is defined in which, the 
geometrical changes due to adsorption have no con-
tribution. 
 

	)6(
àds Eth GSE (Ethylene) = E(Eth - GS) - E (GS) - E (Eth)′    

Finally, from all above equations it can be demon-
strated that:  

ads àds defE (Ethylene) = E (Ethylene) + E (Eth)′ 	)7(

In this study, all the adsorption energies were calculated 
using Equation 1, in which the structural change due 
to adsorption play a role in the adsorption energy.

The result of these calculations for ethylene adsorption 
on PG, SVG, DVG-Hole and DVG-Bridge have been  
collected in Table 2 to Table 5. From Table 2, the  
ethylene adsorption on PG at initial distance of 1.5  
and 1.7 Å is endothermic by the value of 31.9 kJ mol-1. 
At initial distance of 1.9 Å and more, the adsorption 
energy becomes exothermic by the value of 99.0 kJ 
mol-1. Therefore, the adsorption of ethylene on PG is 
a physisorption dominated by vdW interaction. The  
proper initial distance for accurate calculation of  
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adsorption energy on PG is 1.9 Å or a bit more. Ethylene 
adsorption on PG is a physisorption.

From Table 3, ethylene adsorption on SVG is a  
chemisorption. The proper initial distance for accurate 
calculation of adsorption energy on SVG is less than  
2.1 Å. Ethylene adsorption on DVG-bridge is a  
chemisorption, ethylene is able to heal the DVG and 
the product will be partially hydrogenated Stone-Wale 
defected graphene. However, ethylene more prefers to 
be chemisorbed on the DVG-bridge rather than to heal 
it. Finally, from both Table 4 and Table 5, ethylene  
is able to heal DVG and depending on initial orientation  
of ethylene with respect to DVG (on hole or on bridge), 
defect free graphene or graphene with a Stone-Wales 
defect could be produced after dehydrogenation.  
A Stone-Wales defect (SW) is a point defect that involves  
the change of connectivity of two carbon atoms, leading 
to their rotation by 90° with respect to the midpoint of 
their bond. This rearrangement creates a structure with  
less resonance stabilization among the sp2 atoms  
involved and higher strain energy in the local structure. 

As a result, the defect creates a region with greater 
chemical reactivity, including acting as a nucleophile 
and creating a preferred site for binding to hydrogen 
atoms. Regardless of being the lowest-energy defect  
in graphene and other sp2-hybridized carbon nano-
structures, SW needs about 5 eV to appear in graphene 
[37]. 

DVG-Hole prefers to be healed by ethylene as the 
ethylene adsorption is the most exothermic one in  
healed DVG-Hole. On the other hand, ethylene prefers 
to be chemisorbed on DVG-Bridge as the graphene 
with SW defect is less stable than ethylene chemi-
sorbed DVG-Bridge by 41.5 kJ mol-1. Furthermore, 
ethylene chemisorption on the bridge position in DVG 
is more exothermic than the hole position by 76.1  
kJ.mol-1 because lower distance between two remaining 
dangling bond after ethylene adsorption on bridge 
position makes it possible for two under-coordinated 
carbon atoms to interact with each other and stabilize 
themselves. This exothermic energy is less than half  
of the DVG reconstruction energy (-189 kJ.mol-1). Indeed, 

Initial Distance (Å)  Deformation
Energy (kJ.mol-1)

 Final Distance
(Å)

 Ethylene Adsorption
Energy (kJ.mol-1) Final Geometry

1.5 370.8 1.6 31.9

1.7 370.8 1.6 31.9

1.9 0.0 3.4 -99.0

2.1 0.0 3.4 -99.0

Table 2. Geometry, deformation and adsorption energy of ethylene/PG system. 
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after ethylene chemisorption on DVG-Bridge, the  
distance between two remaining under-coordinated 
carbon atoms was 2.0 Å, which is slightly higher than 
1.9 Å in reconstructed DVG.

It should be noted that, since complete healing of  
DVG occurs at very low initial ethylene distance, ethylene 
should pass a barrier at critical distance to heal the 
DVG (see Figure 4). Indeed, as ethylene is brought 
closer to the vacancy site, there may be a barrier at 
a critical height. At initial distance larger than this 
height, ethylene either may go away from the surface 
(in the case of PG) or be trapped at lower height (in 
the case of SVG). However, as soon as ethylene gets 
closer than the critical height, it is attracted toward the 
defect site by chemical interaction forces and moves 

even closer to be adsorbed as a molecule on vacancy 
and in the case of DVG finally be a part of graphene 
plane [38]. In other words, the initial distance between 
ethylene and GBMs can be divided into three regions 
by two critical heights: physisorption, chemisorption 
and healing. Ethylene interacts with PG, SVG and  
DVG at physisorption, chemisorption and healing  
region, respectively. The critical height of ethylene to 
be chemisorbed on SVG is higher than that of DVG-
Bridge and this height for DVG-hole is the least. 
Therefore, SVG is more sensitive to its environment 
than DVG. 

Second Ethylene Adsorption on SVG and DVG
The interaction of second ethylene with the first  

Initial Distance (Å)  Deformation Energy
(kJ.mol-1) Final Distance (Å)  Ethylene Adsorption

Energy  (kJ.mol-1) Final Geometry

1.5 338.7 1.5 -423.8

1.7 338.7 1.5 -423.8

1.9 338.7 1.5 -423.8

2.1 338.7 1.5 -423.8

3.2 0.0 3.2 -93.1

Table 3. Geometry, deformation and adsorption energy of ethylene/SVG system.
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ethylene chemisorbed on the single vacancy of  
graphene and with healed double vacancy on graphene 
was studied. After the first ethylene chemisorption on 
SVG, one carbon remains under-coordinated, so we 
tried to evaluate if the reaction of a second ethylene 
is possible via this extremely active species. First, 
we tried to examine the accessibility of this under- 
coordinated carbon for second ethylene (Figure 5). 
Then, we examined the interaction of second ethylene 
with the first ethylene adsorbed on SVG by scanning 
the distance between two carbon atoms of two ethylene  
molecules. At large distance, the second ethylene  
physisorption is exothermic by the value of 8.9 kJ mol-1 
and chemical bonding is observed neither between 
two ethylene nor between second ethylene and under-

coordinated carbon of SVG. As the distance between  
two ethylene molecules reduces, the interaction energy  
increases and at distances lower than 2.9 Å, the  
interaction becomes endothermic (Figure 6). Due to 
the large hindrance of the first chemisorbed ethylene 
and small size of the under-coordinated carbon atom,  
this atom is not accessible for the second ethylene  
adsorption. Therefore, the second ethylene neither has 
suitable interaction with the active carbon atom at the 
edge of SVG nor with the first adsorbed ethylene.

Furthermore, ethylene adsorption on DVG results 
in healing of DVG with ethylene and partially hydro-
genated PG is produced. The interaction of second  
ethylene with this partially hydrogenated graphene  
was also studied (Figure 7). It was found that the second 

Initial Distance (Å)  Deformation Energy
(kJ.mol-1) Final Distance (Å) Adsorption Energy  (kJ.

mol-1) Final Geometry

- - - -538.8

1.4 1026.6 1.51-1.57 -367.5

1.5 435.3 1.57 -199.8

1.7 435.3 1.57 -199.8

1.9 0.0 3.2 -93.8

2.1 0.0 3.2 -93.8

Table 4. Geometry, deformation and adsorption energy of ethylene/DVG-Hole system. 
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ethylene is hydrogenated on partially hydrogenated 
graphene and ethane is produced. The hydrogenation  
of ethylene on partially hydrogenated graphene is  
predicted to be exothermic by 169.2 kJ mol-1. 

Ethylene Adsorption on TVG and TVGB
The ethylene interaction with reconstructed TVG was  

Table 5. Geometry, deformation and adsorption energy of ethylene/DVG-Bridge system. 

Initial Distance (Å)  Deformation Energy
(kJ.mol-1) Final Distance (Å)  Ethylene Adsorption

Energy (kJ.mol-1) Final Geometry

1.51 - 1.51 -232.9

1.5 499.4 1.51 -275.0

1.7 499.4 1.51 -275.0

1.9 499.4 1.51 -275.0

2.1 0 3.3 -90.8

Figure 4. Schematic minimum energy path for interaction of 
ethylene with DVG.

Figure 5. Schematic representation of accessibility of the 
under-coordinated carbon for the adsorption of the second 
ethylene in SVG.
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investigated by considering three different initial  
orientations of ethylene on this defective graphene, 
and the results have been collected in Table 6. In  
geometry 1, the carbene and one carbon of five-member  
rings; in geometry 2, two carbon atoms of two five-
member rings and in geometry 3, two carbon atoms 
of one five-member ring were considered as potential  
active sites. Geometry 1 is more energetically favourable 
due to the existence of no under-coordinated carbon in 
the final geometry. In geometry 3, the reactive carbene 
abstracts one hydrogen of ethylene and the dehydro-
genation reaction occurs. By considering the number 
of remaining under-coordinated carbon atoms after  
ethylene interaction with reconstructed TVG, the  
difference between adsorption energies in Table 6 can 
be explained. In geometry 1, there are three under-co-

ordinated carbon atoms, and two of them are stabilized 
by interacting with each other. In geometry 2, there are  
three under-coordinated carbon atoms with no interaction. 
Finally, in geometry 3, two under-coordinated carbon 
atoms interact with each other. Therefore, geometry 3  
is the most energetically favourable geometry for  
ethylene interaction with reconstructed TVG. 
The interaction of ethylene with TVGB was inves- 
tigated by considering two different initial orientations 
of ethylene on a bridge and two carbon atoms of one 
five-member ring. From Table 6, ethylene prefers to be 
adsorbed on the under-coordinated atoms in the edge 
of the five-member ring. In geometry 1, the length of 
one involved bond in the bridge increases from 1.5 to  
1.7 Å. Therefore, the carbon atom at the bridge's center 
becomes more reactive after ethylene adsorption. 

CONCLUSIONS

For many applications, it is important to understand 
how graphene and its derivatives interact with other  
molecules in its vicinity. Considering metal comperable 
graphene activity in selective acetylene hydrogenation 
in the presence of large excess ethylene, theoretical  
study of the interaction of ethylene with intrinsic  
defects of graphene is intresting. It is common to use  
adsorption energy to differentiate between physical  
and chemical adsorption, however; it is not a reliable  

Figure 6. Minimum energy path for the interaction of the 
second ethylene on ethylene adsorbed-SVG. Atomic config-
urations correspond to 3.6 and 1.8 Å of reaction coordinate.

Figure 7. Schematic representation of healing of DVG-Hole by ethylene and interaction of the second ethylene with healed 
DVG, giving ethane. 
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criterion. There is a critical distance from the  
graphene surface, where the nature of adsorption of 
adsorbate molecules changes from physisorption to  
the possible chemisorption depending on the energetical  
costly distortion induced in adsorbate molecule. 
In the case of ethylene adsorption on the graphene 
structures studied here, the critical distance follows 
this order SVG< DVG< PG. However, in the range  
of vdW domination and comparison with PG, ethylene 
interacts more with SVG due to the presence of a  
dangling bond and less with DVG due to the presence  
of a hole. Therefore, SVG is more sensitive to its  
environment than DVG. Ethylene is able to heal DVG 
and depending on initial orientation of ethylene with 
respect to DVG (on hole or on bridge), defect free  
graphene or graphene with a Stone-Wales defect could 
be produced after dehydrogenation. In reconstructed 
TVG, the under-coordinated carbon atoms stabilize 

themselves by interaction with each other and two 
five-member ring are formed. After reconstruction, all 
carbon atoms remain in graphene plane and the length 
of new bond between under-coordinated carbons is 
1.9 Å, which is slightly longer than that of new bond 
in reconstructed SVG and slightly smaller than that of 
new bond in reconstructed DVG. Finally, the general 
view presented in this study on ethylene interaction  
with intrinsic defects of graphene and previous studies in 
literature may be helpful in paving the way for more 
comprehensive mechanistic studies to shed light on 
the exact graphene active sites. 
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