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Introduction

Using quantum-mechanical calculations we predict the possibility of
healing vacancy defects in graphene from methane-based plasma par-
ticles CH, (x = 1-3). Enhanced pinning of these particles is obtained at
the edges of vacancy defects. When the temperature rises, the carbon
atom of the plasma particles substitutes for the missing carbon atom at
the defects, restoring the graphene network to its perfect hexagonal
structure. Plasma particles are also found to be effective catalysts for the
healing of Stone-Wales defects. The details of the healing mechanism are
studied for the considered plasma radicals using nudged elastic band
calculations. The obtained results provide a better understanding of
plasma-assisted healing mechanisms of defective graphene.

Graphene is the most promising 2D material for practical applica-
tions in different fields, such as photonics and electronics [1,2], due to
its unique mechanical, chemical and physical properties [3,4]. Synthe-
sized graphene through chemical processing is usually not perfect, i.e., it
contains several types of structural defects, such as grain boundaries,
vacancies, dislocations, impurity atoms and defects associated with
changes in carbon-hybridization [5-7]. It is well known that such de-
fects greatly change the structural, electronic, optical and other
measurable properties of graphene, since these properties are very
sensitive even to small changes in the honeycomb arrangement of car-
bon atoms (see Refs. [8,9] for reviews). They also affect the absorption
process of both metallic and non-metallic atoms/molecules on graphene.
For example, deposition of metals and metal oxides occur mostly at
defected sites of graphene [10,11]; the presence of defects inhibits the
clustering of transition metals [12], while enhancing the adsorption of
some reagents (e.g., thiyl and hydroxyl radicals) on graphene by

creating new active sites [13,14].

Several methods have been proposed and experimentally demon-
strated in the past for tailoring the hexagonal 2D structure of graphene.
For example, using scanning transmission electron microscopy, Zan
et al. showed the possibility of healing large number of vacancies on
graphene sheet under room temperature electron bombardment [15].
Song et al. also used focused ion beams to study the self-healing pro-
cesses in graphene [16]. Thermal annealing more than 1000 K can also
be an effective tool in self-healing the defects in graphene membrane
[17,18] and the use of metal catalysts further increases the efficiency of
such thermal healing processes [19]. The sources of the extra carbon
atoms for such knitting can be the hydrocarbon impurities near the
membrane or the carbon atoms can be injected directly to the defect area
from external sources [20]. However, additional and unwanted defects,
such as linear carbon chains, blister-like structures, as well as non-
hexagonal ring structures (e.g., Stone-Wales) can be formed during
high temperature annealing or due to high electron irradiation doses
[15,20,21].

In this work, we conduct reactive molecular dynamics (MD) simu-
lations supported by density functional theory (DFT) calculations to
study the possibility of healing graphene with a single vacancy defect
using methane plasma radicals, i.e., CH, (x = 1-3). Recent experiments
show the significant effect of low-temperature plasma treatment on the
chemical properties of carbon fibers such as wettability [22]. Electronic
properties of carbon-based materials also affected by the plasma treat-
ment [23]. Ref. [24] presents recent review on the effect plasma treat-
ment on the surface functionalization and modification of carbon
nanotubes. Profound effect of carbon monoxide atmospheric plasma
treatment on surface functionalization of nanoscale carbon materials is
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FIG. 1. Adsorption energies of methane (CH4) molecule and its plasma radicals (CHx (x = 1-3)) on pristine (a) and single vacancy (b) graphene, calculated using
DFT (solid-black circles) and ReaxFF force field (open-red circles) calculations. Defected areas in (b) are highlighted with a pale pink circle.

reported by Zaldivar et al. [25]. Experiments also show the potential of
low-temperature plasma treatment of surface functionalization of gra-
phene [26-29]. Despite such an extensive research, the mechanisms of
interaction of plasma particles with the surface of carbon-based mate-
rials remain not fully understood. Our simulation results show that all
plasma species are chemisorbed on defective site of graphene, where the
adsorption properties strongly depend on the parameters of the plasma
particles. The adsorption becomes significantly stronger near the edges
of the defects. At certain temperatures, the plasma particles start
diffusing on the graphene surface until they get pinned at the defects.
With further increase in temperature, the carbon atom of the plasma
particles substitutes the missing carbon atom in the graphene and re-
stores the planar hexagonal lattice. The reaction coordinates are studied
using the nudged elastic band (NEB) calculations. The plasma treatment
is predicted to be also effective in healing the larger vacancy defects, as
well as Stone-Wales defect [30], which is one of the important topo-
logical defects with very large restoration energy (~6 eV) (see Ref. [31]
for review). These results show the possibility of healing vacancy defects
in graphene and thereby restoring its pristine properties by methane-
based plasma radicals.

Model systems and computational approaches
Our model system consists of a graphene supercell containing 60

carbon atoms without and with a single vacancy and divacancy defects.
These defects are created by removing a corresponding number of

carbon atoms from the hexagonal structure of graphene. We have also
considered a Stone-Wales defect in graphene created by the rotating
carbon-carbon bond of two neighboring atoms by 90°. Periodic
boundary conditions are used along the graphene basal plane. Hydro-
carbon radicals CH, (x = 1-3) are adsorbed on the surfaces of both
pristine and defected graphene, see insets in Fig. 1 (a) and (b), respec-
tively. The defected systems are optimized first before the adsorption of
the plasma particles. The considered systems are described using the
reactive force field ReaxFF to account for bond formation and breaking
during the simulations [32]. The connectivity in the system is calculated
in every iteration step taking into account both polarization effects and
non-bounded interactions (van der Waals and Coulomb) [32]. Since the
required parameters are obtained from the first-principles calculations,
ReaxFF is known to be an effective tool in describing the structural and
thermal properties of graphene and other carbon-based low-dimensional
materials [33-38]. For example, this force field has been used to study
the adsorption properties of CHsz plasma particle on pristine graphene
[39] to interpret the experimental results [40]. Moreover, the ReaxFF-
MD simulations were employed to study the growth mechanisms of
carbon nanotubes using plasma particles [41,42].

The model systems in this study are first energy-optimized using both
ReaxFF and DFT. The latter was performed for the validation of the force
field parameters. DFT calculations are conducted within the generalized
gradient approximation of Perdew-Burke-Ernzerhof (PBE) to describe
the exchange-correlation energy [43]. Van der Waals interactions are
taken into account using Grimme’s empirical correction to PBE [44].
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FIG. 2. Electron difference density plots for the adsorption of CH; (a, b) and
CHj3 (c, d) on pristine (a, ¢) and defected (b, d) graphene. The isosurfaces are
taken as +0.28 e A,

The Brillouin zone is integrated using 3 x 2 x 1 Monkhorst-Pack k-
points [45]. All atoms are described using double-zeta-polarized basis
sets. The convergence criterion for Hellman-Feynman forces was 0.01
eV/A in the calculations.

The reaction coordinates and transition states are calculated using
the climbing image NEB method [46] which is known to be an effective
method of studying the dynamics of small organic molecules on complex
surfaces [47,48]. The image-dependent pair potential method with
minimum image convention is used to construct the initial path for the
NEB calculations. All the atoms are relaxed during the NEB simulations
with the residual forces in finding the transition states to be less than
0.05 eV/A. NEB calculations are conducted using DFT.

MD simulations are conducted using the ReaxFF force field. The
temperature of the geometry-optimized structures is increased up to
2500 K at a rate of 5 K/ps using an isothermal isobaric (NPT) ensemble
at 1 atm pressure with a Berendsen thermostat and barostat [51]. The
damping constants for temperature and pressure are 100 fs and 500 fs,
respectively. The time step is used to be 0.25 fs in all simulations. The
simulations are conducted for 500 ps during which the system temper-
ature is increased from 0 K to 2500 K. We have also conducted constant
temperature calculations for 500 ps. All calculations are conducted
using the computational package Atomistix toolkit [49,50].

Adsorption properties of CH, radicals on graphene

We start with studying the adsorption properties of CH, plasma
radicals on pristine and defected graphene. Fig. 1 shows the adsorption
energies of methane (CH4) molecule and its plasma species (CHy, x =
1-3) on both pristine and defected graphene, obtained by DFT (solid-
black curves) and ReaxFF (open-red curves) calculations. As an example,
we consider a graphene sheet with a single vacancy defect. The
adsorption energies are calculated as
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Euas = Es_vs - (Egraph + ECHX) (€]
where Egy is the total energy of the system (i.e., graphene + plasma
particle), Egrqpp is the total energy of graphene and Ecy, is the total en-
ergy of the plasma radical. Insets show the optimized structures of the
plasma particles in both pristine (a) and defected (b) graphene.

It is obvious that the smallest adsorption energy (i.e., weakest
interaction) is obtained for CH4 molecule in both samples. The molecule
is physisorbed on the surface of graphene (not shown here). On the
contrary, all other particles are chemisorbed with relatively high
adsorption energies. In the case of pristine graphene, CH and CHj; rad-
icals prefer the bridge site adsorption (insets 1 and 2 in Fig. 1 (a)),
whereas CHjs radical makes top-side adsorption (panel 3 in Fig. 1 (a)).
Overall, the results indicate that the minimum adsorption energy (i.e.,
the strongest adsorption) is obtained for CHy plasma particle. In addi-
tion, it is clear from Fig. 1 that ReaxFF approach gives similar trends in
the adsorption energies for all species, despite a small underestimation
in the energy values. As a result, the energetically favorable configura-
tions are also quite similar to the results of DFT (see insets 4-6 in Fig. 1
(a)). In the case of defected graphene, the adsorption of all the consid-
ered particles becomes stronger compared to the prestine graphene, i.e.,
the adsorption energies become more than twice larger in magnitude
(see Fig. 1 (b)). The adsorption site of all particles is found at the edge of
the defect (see insets in Fig. 1 (b)). The adsorption energies decrease
monotonically (i.e., interaction becomes stronger) with decreasing the
hydrogen content of the plasma particles. ReaxFF shows a similar trend
in the adsorption energy as compared to DFT.

To find the origin for the stronger adsorption of the plasma radicals
on defected graphene, we have calculated the electron difference den-
sity defined as the difference between the self-consistent valence charge
density and the superposition of atomic valence densities. Fig. 2 shows
the isosurface plots of the electron difference density for CHj (a, b) and
CHs (c, d) radicals adsorbed on pristine (a, ¢) and defected (b, d) gra-
phene. Stronger charge exchange between the plasma particles and
defected graphene is clearly seen in this figure. Consequently, the dis-
tance between the carbon atom of the plasma particle and graphene
reduces due to the presence of the vacancy defect. For example, in the
case of the CHj, particle, this distance decreases from 1.52 Ato1.36 A.

Nudged elastic band calculations

In this section, we conduct NEB calculations to estimate the energies
required for the expected healing of the graphene vacancy defects with
plasma particles. Fig. 3 shows the energy landscape during the healing of
a single vacancy defect with CHy (a) and CH3 (b) plasma radicals.

In the first case, the NEB calculations yielded two saddle points
separating one intermediate state. The first transition state is charac-
terized by the formation of the covalent bond between the carbon atom
of the molecule and the neighboring carbon atom of graphene (see point
2 and inset 2 in Fig. 3 (a)). The system transits to a local minimum with
an energy gain of 1.43 eV (point 3 and inset 3 in Fig. 3 (a)). The barrier
height for this transition is 0.54 eV. The system evolves further to the
ground state configuration through another transition state character-
ized by the transfer of one of the hydrogen atoms of the molecule to the
neighboring carbon atom (see inset 4 in Fig. 3 (a)). The barrier height for
this reaction is 0.39 eV. The final state corresponds to pristine graphene
with hydrogen atoms attached to some of the carbon atoms (see inset 5
in Fig. 3 (a)). Note that the minimum energy paths including the energy
barrier for the healing of graphene are provided using only the initial
and final states during NEB calculations.

Fig. 3 (b) shows the potential energy profile during the healing of the
vacancy defect by the CHj particle. The initial state (panel 1 in Fig. 3 (b))
evolves to an intermediate state where one of the hydrogen atoms of CHs
is transferred to a neighboring carbon atom with a dangling bond (panel
2 in Fig. 3 (b)). The calculated barrier for this transition is 0.72 eV. The
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FIG. 3. The nudged elastic band energy profile for the healing process of a single vacancy defect in graphene with CH, (a) and CHs (b) plasma radicals. Insets show
initial states (panels 1), final states (panels 5) and the intermediate states indicated on the energy curves.

next metastable state is characterized by the formation of the covalent
bond between the carbon atom of the molecule and the graphene sheet
(panel 3 in Fig. 3 (b)). The transition state energy is found to be 1.08 eV.
The last transition state with an energy barrier of 0.33 eV corresponds to
further deprotonation of the plasma particle (panel 4 in Fig. 3 (b)). The
final state results in an energy gain of 3.1 eV and corresponds to a
pristine graphene sheet (panel 5 in Fig. 3 (b)). Thus, the considered
plasma particles can heal the vacancy defect in graphene by heating the
system.

Molecular dynamics simulations

In this section, we conduct ReaxFF MD calculations to study the
healing processes of defected graphene by CH, plasma radicals. As a
reference, we start by considering the dynamics of the plasma particles
on pristine graphene. Fig. 4 shows the potential energy variations of
pristine graphene as functions of reservoir temperature and time for the
considered plasma particles. We do not obtain the desorption of CH and
CH;, particles during our 500 ps simulations (see insets in Fig. 4 (a) and
(b)), despite their thermal-induced diffusions on the graphene. On the
other hand, the desorption of the CH3 molecule takes place at high
temperatures (see insets in Fig. 4 (¢)) [39], resulting in a small drop and
change in the slope of the potential energy curve. This plasma particle is
also found to be mobile on graphene. No imperfections are obtained in
the planar structure of graphene during the temperature increase.

Next, we study the dynamics of the plasma particles on a graphene

sheet with a single vacancy defect. Fig. 5 shows the potential energy
variations of graphene with a single vacancy defect as functions of time
and reservoir temperature for all three plasma radicals.

Notice that we start out MD simulations from the initial structures
when the plasma particles are adsorbed near the edge of the defect (see
all insets 1 in Fig. 5). If they are adsorbed away from the defected areas,
they can diffuse over graphene and get pinned near the vacancy defect
[39]. For the CH particle, a structural change occurs at 1190 K charac-
terized by a sharp drop in the potential curve (see Fig. 5 (a)). As shown in
inset 2 of Fig. 5 (a), this transition corresponds to the healing of the
vacancy defect by the carbon atom of the CH radical. Healing of the
vacancy defect is also obtained for the other plasma radicals with clear
changes in the potential energy curves (see Fig. 5 and (c)). The healing
mechanism for CHy particle turns out to be slightly complex: two
consecutive jumps are obtained in the potential energy in this case,
corresponding to bond formation between the carbon atom of the
plasma radical and the neighboring carbon atom of graphene (inset 2 in
Fig. 5 (b)) and complete healing of the graphene and desorption of both
hydrogen atoms as a molecule (inset 3 in Fig. 5 (b)). In the case of the
CHj3 particle, hydrogen atoms diffuse to the neighboring carbon atoms of
the graphene, followed by patching the vacancy defect by the carbon
atom of the plasma particle (see inset 2 in Fig. 5 (c)). Notice that
hydrogen atoms are still adsorbed on the graphene. It is known that
hydrogen atoms are weakly adsorbed on the surface of graphene and
they can be desorbed even at room temperature for a sufficiently long
time [40]. However, it is computationally very demanding to conduct
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FIG. 4. Variations of potential energies of pristine graphene as functions of time (bottom axis) and reservoir temperature (top axis) for adsorbed CH (a), CH, (b) and
CHj3 (c) plasma radicals. Insets show the structures at the time intervals indicated on the potential energy curve.

simulations for such long time periods even using force-field calcula-
tions. It should be mentioned that, in the CHs case, two hydrogen atoms
bound to the same carbon atom are eventually desorbed from the surface
as a molecule (similar to the CH; case). Consequently, a single hydrogen
atom remains on the graphene surface (similar to the CH case). Hence,
the healing of the vacancy defect by CH, radicals containing odd
numbers of H atoms results in a hydrogenated graphene surface,
whereas the radicals containing even numbers of H atoms lead to a
pristine graphene surface. Thus, the simulation results show the possi-
bility of healing the vacancy defects in graphene using hydrocarbon
plasma radicals.

One clear feature of the potential energy curves presented in Fig. 5 is
that the threshold point of the healing temperature increases with
increasing the hydrogen content in the plasma particles. Correctly esti-
mate the threshold temperature, a canonical (NVT) ensemble is applied
in MD simulations using the Berendsen thermostat with a damping
constant of 100 fs for 500 ps. Fig. 6 (a) and (b) shows the potential
energy variations as a function of time for CHj particle at temperatures
1800 K and 2000 K, respectively. It is obvious that the healing processes
take place at smaller time intervals with increasing temperature (see
Fig. 6 (a, b)). Notice also that the value of the threshold temperature is
smaller than the one obtained during the simulations with temperature
ramp (see Fig. 5 (¢)). This phenomenon can probably be explained by the
formation of internal pressure (or stress) in the simulation system, which

affects the activation energy barrier of the defect-healing reaction [52].

Fig. 6 (c) summarizes our findings where we show the threshold
point of the healing temperature for the single vacancy defect in gra-
phene using the three plasma radicals. The threshold temperature values
are obtained by averaging the temperatures over 4 different simulation
runs for the given radicals. As is clear, the healing process occurs at
relatively high temperatures and the threshold temperature increases
almost linearly with increasing the hydrogen content in the plasma
radicals. However, the MD calculations are conducted at higher tem-
peratures to obtain chemical reactions within a short time scale (in the
picoseconds range). Therefore, we expect smaller threshold tempera-
tures in real experiments. Despite a larger threshold healing tempera-
ture, the CHjs radical can be considered the best particle for the healing
of vacancy defects in graphene compared to the other two plasma rad-
icals. Namely, it disturbs graphene’s planar structure insignificantly (see
insets 3 and 6 in Fig. 1 (a)) and can be desorbed from the non-defects
regions of graphene at relatively smaller temperatures (see inset 2 in
Fig. 4 (¢)) due to smaller adsorption energy (see Fig. 1).

We have also studied the possibility of plasma healing of divacancy
defect in graphene, which is one of the most abundant and important
defects affecting the properties of the material [53]. As an example, we
present in Fig. 7 the variations of the potential energy of the graphene
sheet with a divacancy defect in the presence of two CH plasma radicals
as a function of time/temperature.
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FIG. 5. Potential energy variations as functions of time (bot- tom axis) and reservoir temperature (top axis) when the plasma particles (CH (a), CH, (b) and CHj; (c))
are adsorbed near a single vacancy defect. Insets show the snapshots of the system before (insets 1) and after (insets 2 and 3) graphene healing.

Both of the plasma particles are adsorbed at the edges of the defect
(see panel 1). The first sharp drop on the potential energy curve corre-
sponds to the state where the carbon atom of one of the CH particles
takes the place of the missing carbon atom of graphene (panel 2). After
the second potential energy drop, the planar structure of graphene gets
restored with complete healing of the divacancy defect (panel 3). Thus,
plasma treatment can also heal the larger size vacancy defects.

Finally, we study the effect of the plasma particles on the heat
treatment of the Stone-Wales defect, which is created by the rotation of
the carbon-carbon bond. This defect is characterized by a very high
restoration energy barrier (~6 eV [31]) which can be reduced by the
adsorption of either transition metal atoms (2.86 eV) [54] or carbon
adatom (0.86 eV) [55]. Fig. 8 shows the variations of the potential en-
ergy of the graphene sheet with a Stone-Wales defect as a function of
time/temperature in the presence of CH (a) and CH» (b) plasma radicals.

Initially, the plasma particles are adsorbed at the edge of the hep-
tagonal ring (see panels 1 in Fig. 8 (a, b)), which are the ground state
configurations. With increasing temperature, the CH plasma particle
transits from T-site adsorption (panel 1 in Fig. 8 (a)) to bridge site
adsorption with a small drop on the potential energy curve. With further
increasing temperature, the Stone-Wales defect gets healed and the
hexagonal structure of graphene is restored (see panel 3 in Fig. 8 (a)).
The CH;, particle is also initially adsorbed on the heptagonal rings (panel

1 in Fig. 8 (b)), which turns out to be mobile at larger temperatures
(panel 2 in Fig. 8 (b)). This plasma particle also triggers the restoration
of the hexagonal structure of graphene as shown in panel 3 of Fig. 8 (b).
Thus, the plasma treatment can also be used for the healing of the Stone-
Wales defects in graphene.

Conclusions

DFT-based NEB calculations and reactive molecular dynamics sim-
ulations are conducted to study the possibility of healing the vacancy
defects in graphene using methane plasma radicals CH, (x = 1-3). At
high temperatures, the carbon atom of the plasma particles substitutes
the missing carbon atom and produces the reconstruction of the perfect
hexagonal structure of graphene. This process takes place at different
temperatures and with different mechanisms depending on the
hydrogen content of the plasma particle. Meanwhile, no imperfections
are created in pristine graphene due to the adsorption of the plasma
particles. Plasma-assisted healing of Stone-Wales defects is also ob-
tained, which is one of the important structural defects in carbon-based
materials with very high restoration energy. These findings can be useful
for practical applications in healing structural defects in graphene using
methane-based plasma particles with no further damage to the hexag-
onal graphene framework.
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FIG. 6. (a, b) Potential energy variations as a function of time for a single vacancy defect with adsorbed CH; radical at temperatures 1800 K (a) and 2000 K (b). Insets
show the structures of healed graphene at time intervals indicated on the potential energy curves. (c) The threshold temperature required to heal the single vacancy
defect of graphene during 500 ps MD simulations at constant temperatures.
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FIG. 7. Potential energy variations as functions of time (bottom axis) and reservoir temperature (top axis) when two CH plasma radicals are adsorbed near divacancy
defect. Panels 1-3 show the snapshots of the system before (insets 1) and after (insets 2 and 3) graphene healing as indicated on the potential energy curve.

Reservoir temperature (K)
5150 250 500 750 1000
B 1

—~ -520

eV

S~

> -525

Energ

-530

-5635

-540

-520

0 50 ~ 100 150 200
time (ps)

FIG. 8. Potential energy variations as functions of time (bottom axis) and reservoir temperature (top axis) when the plasma particles CH (a) and CH (b) are initially
adsorbed near Stone-Wales defects. Insets show the snapshots of the system before (insets 1 and 2) and after (insets 3) the healing.
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