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ABSTRACT: Devices based on two-dimensional (2D) materials
such as graphene and molybdenum disulfide have shown
extraordinary potential in physics, nanotechnology, and electronics.
The performances of these applications are heavily affected by
defects in utilized materials. Although great efforts have been spent
in studying the formation and property of various defects in 2D
materials, the long-term evolution of vacancies is still unclear. Here,
using a designed program based on the kinetic Monte Carlo
method, we systematically investigate the vacancy evolution in
monolayer graphene on a long-time and large spatial scale, focusing
on the variation of the distribution of different vacancy types. In
most cases, the vacancy distribution remains nearly unchanged
during the whole evolution, and most of the evolution events are vacancy migrations with a few being coalescences, while it is
extremely difficult for multiple vacancies to dissolve. The probabilities of different categories of vacancy evolutions are determined by
their reaction rates, which, in turn, depend on corresponding energy barriers. We further study the influences of different factors such
as the energy barrier for vacancy migration, coalescence, and dissociation on the evolution, and the coalescence energy barrier is
found to be dominant. These findings indicate that vacancies (also subnanopores) in graphene are thermodynamically stable for a
long period of time, conducive to subsequent characterizations or applications. Besides, this work provides hints to tune the ultimate
vacancy distribution by changing related factors and suggests ways to study the evolution of other defects in various 2D materials.
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1. INTRODUCTION

Two-dimensional (2D) materials such as graphene have
attracted broad interest in electronic components,"”” water
desalination,>" matter separation,5’6 and nanofluidic devices.”®
The application performances are determined by the material
structures, where the existence of defects has extremely
important influences on their physical and chemical proper-
ties.”'? In electronics and optics, doped and attached atoms to

Previous research studies mainly focus on the formation and
property of defects in 2D materials, while their evolution has
received less attention, especially on a long time and large
spatial scale.'”~** Recently, Vinchon et al.** have investigated
the evolution of adatoms and grain boundaries and
experimentally reported the preferential self-healing at grain
boundaries due to the migration of adatoms and the structural
recovery in plasma-treated graphene using hyperspectral
Raman imaging, which provides sensitive mapping on a large

transition-metal dichalcogenides affect the magnetic moments,
band gap, and excitons of the materials."""'> Monovacancies in
graphene are crucial to achieve exponentially selective
molecular sieving (e.g., helium and hydrogen against xenon
and methane)."” Stone—Wales defects lead to the ultrafast and
selective transport of proton of monolayer graphene.'* In
water desalination and ion separation, high-density subnan-
ometer pores (which are essentially vacancies) with narrow
size distribution make 2D materials ideal for next-generation
separation membranes with high water permeance, excellent
salt rejection, and considerable ion selectivity.">'® Nanopores
with a stable structure and controllable size are keys to
fabricate sensitive 2D molecule sensors.'”'® Therefore, studies
on the formation, evolution, and property of various defects in
2D materials are especially significant for understanding their
atomistic mechanisms and improving the performances of
related devices.

© 2022 The Authors. Published by
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area (130 X 130 um?®) and a long timescale (hundreds of
seconds). However, the long-term evolution of vacancies in
large-area 2D materials remains elusive, limited by exper-
imental techniques such as the electron beam-induced ejection
of atoms at the edge of graphene pores during the imaging
using a transmission electron microscope.”””> Theoretical
methods such as classical molecular dynamics (MD)
simulations and density functional theory (DFT) calculations
have been utilized to study vacancy evolutions in 2D
materials,"””" but they can hardly simulate the evolutions on
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a long timescale (>1 ms). In MD simulations, extremely short
time steps (~1 fs) are normally employed to accurately
simulate the atom thermal vibrations, which consequently
limits the simulation time to less than 1 ys.*® DFT calculations
also have the above “timescale” limitation, and they can only
study systems with atoms less than 1000.”” Hence, DFT is
generally used to calculate the energy barriers for vacancy
evolutions such as migration and coalescence.””

The kinetic Monte Carlo (KMC) method is powerful to
simulate systems on a long timescale which can be days or even
years because only effective events (the transition from a
metastable state to another one) are taken into account, while
others (thermal oscillation movements) are neglected.26 This
method has been successfully utilized to study the long-term
evolution of various systems, such as the dynamics of impurity
atoms and point defects in bulk materials,””*" the growth and
etching of 2D materials,”’ ~** and the transport phenomenon
in silicon heterojunction solar cells.>* However, KMC
simulations on the evolution of vacancies in 2D materials are
rare and controversial.”* Trevethan et al.>® reported that the
migration and coalescence of monovacancies can only generate
vacancy lines in monolayer graphene, while thermodynamically
stable multiple vacancy structures such as holes are kinetically
inaccessible. Nevertheless, Parisi et al.*° found that large round
and parallelogram nanopores can form as a result of
monovacancy attachments to preformed pores, that is, the
coalescence of vacancies. Whether monovacancies can coalesce
into multiple vacancies or not is crucial for understanding the
stability of the distributions of vacancies in 2D materials.

Here, we systematically investigate the long-term evolution
of vacancies in large-area monolayer graphene using a designed
KMC program. Three categories of vacancy evolutions
(migration, coalescence, and dissociation) are considered,
whose reaction rates are characterized by corresponding energy
barriers. In most cases, the ultimate vacancy distribution
(number of different vacancy types) after the vacancy
evolution is nearly the same as the one at the beginning,
showing the stability of vacancy distribution in graphene. The
influences of different factors such as initial vacancy
proportion, energy barriers for vacancy migration, coalescence,
dissociation, and temperature on vacancy evolution are
studied, and the energy barrier for vacancy coalescence is
found to play a leading role in the whole evolution.

2. RESULTS AND DISCUSSION

2.1. Vacancy Evolutions Concerned in the KMC
Simulations. The evolutions of vacancies in graphene include
reconstruction, migration, coalescence, and dissociation.'”?!
The reconstruction only affects the local structure of a vacancy,
for example, the transition between V,(5-8-5) and V,(55S-
777), and it hardly influences the vacancy type (identified by
the number of missed atoms in this work), not to mention the
distribution of vacancies (the numbers of different vacancy
types). This work aims at the long-term evolution of vacancies,
in which the variation of vacancy distribution is much more
crucial than the vacancy structures. Therefore, the vacancy
reconstruction is neglected in our KMC simulations, and the
migration, coalescence, and dissociation are concerned, which
are schematically illustrated in Figure 1. In addition, vacancy
structures are not taken into consideration, which indicates
that the vacancy (nanopore) isomers’” are also neglected here.

To simulate the evolution of vacancies in graphene, a
designed program based on the KMC method is employed.

2 Coalescence 3 Dissociation

1 Migration

Figure 1. Schematic illustration of three categories of vacancy
evolutions in graphene. 1, Migration of monovacancy. 2, Coalescence
of one monovacancy and another vacancy (which can be single or
multiple). 3, Dissociation of bivacancy.

Figure 2 shows the algorithm flowchart of the program. First,
the system is initialized to create the initial vacancies in the
graphene, where a portion of carbon atoms are randomly and
uniformly removed, characterized by the initial vacancy
proportion @ (e.g, @ = 1% indicates that 1% carbon atoms
are removed from the pristine graphene). Meanwhile, the
event table is established as shown in Table 1, which consists
of all the possible evolution events (migration, coalescence,
and dissociation) of the vacancies. For vacancy j, its current
coordinate is (xj, yj), and it can, for example, migrate to a new
coordinate (x;;, y;;). This migration evolution event i has the
energy barrier E; and the reaction rate v, In addition, the
vacancy j can also, if possible, migrate to another new
coordinate (xj‘,-ﬂ, yj‘,-ﬂ), representing the migration evolution
event i + 1. The reaction rate of the event i can be estimated
from the Arrhenius formula®® as shown in eq 1

A b
= A exp| ———
kyT (1)

where A is the attempt frequency close to the thermal
oscillation frequency of target atoms (which is about 10" Hz
for graphene'**"*%°°), ky is the Boltzmann constant, and T is
the temperature. After initialization, the KMC program enters
the main loop procedure until reaching the convergence
condition that the system is stable and the vacancy distribution
remains unchanged for a long time (1 day) or the maximum
step/loop of 1 X 107 limited by the computing resources
(which is rarely reached). At the beginning of every loop, an
event i is randomly selected from the event table (Table 1)
with its reaction rate as the weight, that is, the probability of
the event p; is calculated by p; = v,/ Y %14, where N is the total
number of all the events. This event is then realized, and the
coordinate of the vacancy is changed to the new one. The
elapsed time for the event 7 (which corresponds to the
duration of the event under experimental conditions) can be
estimated by 7 = —In&/ Y v, where & is a random number
evenly distributed in the range of (0, 1) generated in the
current loop.”*>***" At the end of the loop, the event table is
updated because the vacancy distribution in the graphene has
changed. Additional details about the program and simulations
can be found in Methods.
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Update the event table

Figure 2. Flowchart of the algorithm of the KMC simulation program. First, the simulation system with certain vacancies in the graphene is
initialized, and meanwhile, the event table is created based on the vacancy distribution. The program then enters the main loop until reaching the
convergence condition and finishing the evolution. At the beginning of each loop, an event in the event table is randomly selected according to its
reaction rate and realized. Then, the elapsed time for this event is calculated. After the event is realized, the vacancy distribution of the system has

changed, and thus, the event table is updated before the next loop.

Table 1. Event Table

current energy  reaction
event vacancy coordinate  new coordinate  barrier rate
i j (xﬂ )’j) (x',x'l )’j,x‘) E; v
i+1 j (x;r }’;) (x;,x+11 y},x+1) Ein Vis1
i+2 j+1 (x,+1/ )’j+1) (xj+1,i+2/ yj+l,1+2) Eip Vira

The simulated graphene is a rhombus with a length of
123.022 nm and a height of 106.54 nm, consisting of 500 X
500 rhombic primitive cells with 500,000 carbon atoms in
total, which is comparable to the grain size of monolayer
graphene in experiments (in the order of yum) and much larger
than the graphene size in previous MD and DFT simulations.”
It is worth noting that the size of the graphene is properly
selected to ensure that sufficient random events of vacancy
evolutions can be sampled and also to optimize computing
resources (see details in Methods).

2.2. Stability of Vacancy Distribution. In the KMC
simulations, the reaction rates of different categories of vacancy
evolutions are determined by corresponding energy barriers
according to eq 1. The energy barriers for vacancy migration
(E,,), coalescence (E,), and dissociation (E,) are schematically
diagramed in Figure 3a. In monolayer graphene, previous DFT
calculations have given that E, % 1.0 eV, E.~ 1.5 eV, and Eg &
7.5 eV.”'Figure 3b shows the reaction rate of each category of
vacancy evolution under experimental conditions at different
temperatures estimated from eq 1. The reaction rate
exponentially depends on the energy barrier, and thus, a slight
difference between the energy barriers can lead to a significant
difference in the reaction rates. For example, at room
temperature (T = 300 K), the reaction rate of vacancy
migration is about 2.5 X 10° times faster than that of the
coalescence, despite the small difference between E_ and E,,
typically being 0.5 eV. As for the vacancy dissociation, Eq > E,
(E,), and thus, its reaction rate is extremely much slower than
those of the others, which suggests that the dissociation of

vacancies hardly happened, even at a high temperature (900 K)
as shown in Figure 3b.

We first study the evolution of vacancies for a typical system
with a = 2.6%, E,. = 1.0 eV, E. = 1.5 eV, Ey = 7.5 eV, and T =
300 K. @ = 2.6% represents an extremely high initial vacancy
density of ~1 X 10" ¢cm™, which has hardly been found in
experiments,”” and this value is utilized here in order to ensure
the occurrences of sufficient random events of vacancy
evolutions. Figure 3c shows the initial and ultimate vacancy
distribution for the evolution of vacancies in graphene. In the
initial distribution, most of the vacancies are monovacancies,
and a small number of multivacancies exist because some of
the carbon atoms in the pristine graphene were randomly
removed at the beginning, which could generate multiple
vacancies if adjacent atoms are removed together. After the
long-term evolution of vacancies, the ultimate vacancy
distribution is found to be the same as the initial one.
Furthermore, the numbers of different types of vacancies do
not change during the whole vacancy evolution as shown in the
inset in Figure 3¢, which indicates that no coalescence and
dissociation of vacancies happened in the evolution except for
the vacancy migration (see the proportions of three categories
of vacancy evolutions in Figure 3d). For this system, it is not
difficult for monovacancies to migrate due to its reaction rate
of about 1.6 X 107* Hz, but the vacancy coalescence and
dissociation are inaccessible for their much slower reaction
rates as shown in Figure 3b). The migration of vacancies only
influences the vacancy locations, and thus, the vacancy
distribution remains unchanged. The results indicate that the
vacancy distribution is thermodynamically stable during the
long-term vacancy evolution.

Then, the influences of several factors (a, E,, E,, and T) on
the evolution of vacancies in graphene are systematically
investigated as shown in Figure 4. It is worth noting that to
optimize computing resources, the dissociation of multiple
vacancies is neglected in these simulations because it hardly
happens due to its extremely slow reaction rate (see Figure
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Figure 3. Evolution of vacancies in graphene. (a) Energy barrier profiles for three categories of vacancy evolutions (migration E,,, coalescence E,,
and dissociation Eg). (b) Reaction rates (under experimental conditions) of vacancy evolutions with different energy barriers estimated from eq 1 at
different temperatures. The typical reaction rates of vacancy migration, coalescence, and dissociation are indicated by corresponding patches. (c)
Distributions of vacancies before and after the long-term evolution of vacancies in graphene. The results are for the system with a = 2.6%, E, = 1.0
eV, E. =15 eV, Eg=7.5 eV, and T = 300 K. The inset shows the numbers of different vacancy types as the function of time (under experimental
conditions) during the whole evolution. (d) Proportions of three categories of vacancy evolutions in (c).

a b
1 . 2.6E-5 1 0.4 eV
W 2.6E-4 0.7 eV
08 . 2 6E-3 0.8 1.0 eV
ke . 2.6E-2 o mm 1.3eV
© § . 16eV
e 0.6 E 0.6 . 1.9eV
3 0.4 <
& . &J 0.4
0.2 0.2
0 — T T 0
1 2 3 4 1 2 3 4 5
Vacancy type Vacancy type
c d
1 0.3eV 1 w300 K
0.7 eV = 600 K
- 1.1eV 900 K
i) 08 = 1.5eV <) 08
© mm1.9eV ©
006 23V 006
2 - 2.7 eV =
K 0.4 K 0.4
0.2 0.2
0 |I i . 0
172 3 4 5 6 7 8 9 10 1 2 3 4 5
Vacancy type Vacancy type

Figure 4. Influences of several factors on the evolution results of vacancies in graphene. The results are for the systems with different initial vacancy
proportions a (a), energy barrier for vacancy migration E,, (b), energy barrier for vacancy coalescence E, (c), and temperature T (d), where the
controlled factors are a = 2.6%, E,, = 1.0 eV, E_ = 1.5 eV, and T = 300 K. The dissociation of multiple vacancies is neglected because it hardly
happens as discussed in the article. Relative distributions of vacancy type (normalized by the number of initial monovacancies) after the long-term
evolution of vacancies in graphene are shown here, and those before the evolution are omitted for clearness because they are nearly the same as that
in Figure 3c.

3b). Figure 4a shows the ultimate relative vacancy distribution reported the maximum vacancy density in experiments to be
for different initial vacancy proportions a. Previous review” the order of 10* cm™?, so a larger value of ~1 X 10'* cm™ was
36382 https://doi.org/10.1021/acsomega.2c04121
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Figure 5. Influences of the energy barrier for vacancy dissociation on the evolution results of vacancies in graphene. The results are for the systems
with Eg = 7 eV (a) and 6 eV (b), a = 2.6%, E,, = 1.0 eV, E. = 1.5 eV, and different T. Relative distributions of vacancy type (normalized by the
number of initial monovacancies) after the long-term evolution of vacancies in graphene are shown here, and those before the evolution are omitted

for clearness because they are nearly the same as that in Figure 3c.

studied here (corresponding to @ = 2.6%). Limited by the
system size, the smallest vacancy density of ~1 X 10° cm™* was
investigated (corresponding to @ = 2.6 X 107°). Although a
larger o indicates more initial vacancies and evolution events,
the reaction rates of different categories of vacancy evolutions
remain unchanged for various @ (eq 1). Therefore, @ has
negligible influence on the ultimate vacancy distribution, which
is similar to the influence of the graphene size with a high E_
(see Figure Sla).

Figure 4b shows the influence of the energy barrier for
vacancy migration E, on the ultimate vacancy distribution. E,,
is not certain for monolayer graphene, and previous DFT
calculations have reported the value to be 0.91—1.40 eV.”!
Therefore, we studied different E_, with a much wider range of
0.4—1.9 eV. According to eq 1, the smaller E_, is, the much
faster the migration reaction rate becomes, which leads to
more migration events in the whole vacancy evolution. In this
case, only the probability of two vacancies meeting is increased,
but whether they coalesce together or not primarily relies on
the energy barrier for vacancy coalescence E,. As a result, E
shows a negligible influence on the ultimate vacancy
distribution.

The energy barrier for vacancy coalescence E_ is found to be
dominant for the ultimate vacancy distribution as shown in
Figure 4c. We studied E_ in the range of 0.3—2.7 eV, which is
also much wider than the reported value of 0.82—2.17 eV.”’
For a high E, (1.5, 1.9, 2.3, and 2.7 eV), it is difficult for two
vacancies to overcome this energy barrier and coalesce
together. In such cases, the ultimate vacancy distribution is
nearly the same as that at the beginning. Nevertheless, for a
low E_ (0.3, 0.7, and 1.1 eV), the coalescence of two vacancies
is likely to happen when they migrate as neighbors. Thus,
many monovacancies coalesce with the others into bivacancies,
which hardly migrate or dissolve, and a few multiple vacancies
can also be generated as a result of the coalescence of
monovacancies and other multivacancies. After the long-term
vacancy evolution, the vacancy distribution is similar to a
logarithmic one, where most of the vacancies are bivacancies
and the larger vacancies are, the smaller their number becomes.
Occasionally, we found multiple vacancies with 10 atoms
missed, which is also termed a subnanopore. It is worth noting
that the ultimate vacancy distributions for different low E_ are
similar, which suggests the existence of a threshold value. For
systems with E_ larger than it, the coalescence of vacancies
hardly influences the distribution, while for systems with a
smaller E,, the vacancy coalescence plays a leading role in the

36383

long-term vacancy evolution, and the ultimate vacancy
distribution is nearly the same. Such a threshold value of E_
and related mechanisms are beyond the scope of this work, and
future research may focus on them.

In addition to the energy barriers for vacancy evolutions,
temperature also affects the reaction rates as shown in eq 1 as
well as Figures 3b, and 4d shows the ultimate vacancy
distribution for systems at different temperatures. The reaction
rates of both migration and coalescence increase with the
increase in temperature, and therefore, more monovacancies
migrate and coalesce together at a higher temperature, making
the ultimate distribution different from that at the beginning.
However, the influence of temperature on the vacancy
distribution is slight, and most vacancies are still mono-
vacancies when the whole evolution is finished. The results
indicate that the vacancy distribution remains stable after the
long-term vacancy evolution even at a high temperature. It is
worth noting that our work focuses on the evolution of
vacancies in monolayer graphene at different constant
temperatures, and it is different from the heating or annealing
processes in experiments, where complicated phenomena
could appear, such as self-healing or reconstruction of
defects.*""** Besides, the KMC simulations do not consider
some factors in experiments (e.g., adsorptions on the graphene
surface, gases in ambient conditions, thermal vibration of
graphene carbon atoms), which could cause various effects on
graphene defects at high temperatures. Although such
investigations are valuable, they are beyond the scope of this
work and could be studied in the future.

To further study the influence of the energy barrier for
vacancy dissociation E4 on the evolution of vacancies, we
simulated systems with lower E4, and the results are shown in
Figure 5. High temperature leads to fast reaction rates, so the
results at different temperatures are presented there. The large
difference (~6 eV) between E4 and E,, (or E.) makes the
reaction rate of dissociation extremely slower than that of
migration or coalescence (tens of order as shown in Figure
3b). Therefore, it is very difficult for multiple vacancies to
dissolve even at a high temperature and with a small E4, and
such events have hardly been found in our simulations. Indeed,
the coalescence of vacancies is negligible during the long-term
evolution of vacancies in monolayer graphene.

The above simulation results show the stability of vacancy
distributions after the long-term vacancy evolution in
monolayer graphene, which is also confirmed by our previous
theoretical and experimental works on subnanopores fabricated
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using the irradiation of energetic ions in monolayer
graphene.*”** In the classical MD simulations, the irradiation
of ions can directly generate subnanopores due to the cascade
collisions, and most of the pores, which are essentially
vacancies, are with several atoms removed.*> Such theoretical
predictions agreed with the pores observed in experiments
using a scanning transmission electron microscope, where most
subnanopores with several atoms missed were found.**
Besides, the averaged pore diameter predicted in the MD
simulations is 5§ A for Au ions with an energy of 500 keV,
which is also consistent with our experimental result.”>** It is
worth noting that in the MD simulations, vacancies (pores)
fabricated under the ion irradiation have not undergone further
thermodynamical evolution (migration, coalescence, and
dissociation), which are similar to the initial vacancies in this
work. The experimentally observed subnanopores were
actually the results after the vacancy evolution because there
is a long period of time (at least several hours) between the
fabrication and observation of the pores, which is enough for
the finishing of the evolution. Therefore, the similarity between
the ultimate vacancy distribution in experiments and the initial
one in MD simulations confirms the stable vacancy
distribution during the long-term evolution as demonstrated
in this work.

In conclusion, we systematically study the long-term
evolution of vacancies in large-area monolayer graphene
using the KMC method. The ultimate vacancy distribution
after the evolution is nearly the same as the initial one in most
cases, which indicates the thermodynamical stability of
vacancies in graphene. The probabilities of three categories
of vacancy evolutions (migration, coalescence, and dissocia-
tion) are reflected by corresponding reaction rates, which are
determined by the energy barriers. Among those evolutions,
vacancy migration is the most likely to happen due to its
smallest energy barrier, and vacancies can also coalesce
sometimes. However, it is extremely difficult for multiple
vacancies to dissolve during the whole evolution because of its
largest energy barrier. The influences of different factors on
vacancy evolution have been investigated, where the energy
barrier for vacancy coalescence E_ is found to be dominant. For
systems with a low E,, it is easy for two vacancies to coalesce
together when they are neighbors, which makes the ultimate
vacancy distribution logarithmic with most of the vacancies
being bivacancies, different from the initial distribution where
most vacancies are monovacancies. As for the energy barrier
for migration and dissociation, both of them hardly affect the
vacancy evolutions and so does the initial vacancy proportion.
Besides, the temperature also has a slight influence on the
ultimate vacancy distribution. These findings reveal the
previous elusive evolution of vacancies in graphene, show the
stability of vacancy distribution, and are conducive to
investigating the evolution mechanism of defects in other 2D
materials. In addition, our work provides hints to control
vacancy evolution and change vacancy numbers. For example,
one may adjust the energy barrier for vacancy coalescence
somehow (e.g, by applying additional stress or adding
functional groups), and thus, the desired vacancy distribution
(unchanged, logarithmic, or others) after the evolution is
achievable.

3. METHODS

In the KMC simulations, the graphene is a rhombus with a
length of 123.022 nm and a height of 106.54 nm, characterized

by the size I, = 500, which indicates the number of rhombic
primitive cells (with a length of 0.246044 nm and a height of
0.213080 nm) along the basis vectors (one in the x-axis). To
optimize computing resources and ensure the correctness of
simulation results, test simulations with a series of I, have been
performed, whose results are shown in Figure S1. For a high
energy barrier for vacancy coalescence E, the ultimate vacancy
distributions are nearly the same as systems with different sizes.
However, for a low E_, the ultimate vacancy distributions
converge with the increase of [, and it hardly changes for [, =
500, which, therefore, is selected as the final graphene size.

The simulations of the evolution of vacancies in monolayer
graphene are performed using a homemade KMC program,
whose algorithm flowchart is shown in Figure 2. For pristine
perfect graphene, every carbon atom is mapped into a lattice
site with three nearest-neighbor sites and 6 s-nearest ones and
so does every vacancy. For convenience, only the movement of
vacancy is considered in the simulations, that is, the migration
of one carbon atom to one nearest vacancy site is treated as the
migration of this vacancy in the opposite direction. According
to the surrounding environment of a vacancy, it may have
various possible evolution events as shown in Table 1. For
example, if the three nearest sites of a vacancy are all occupied
by carbon atoms, there will be three different events for this
vacancy because it can migrate to any of the three nearest sites
and has different ultimate coordinates..
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