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Abstract: Nanoporous graphene has emerged as a powerful alternative to conventional membrane filters and gained an appreciable popularity in a variety of applications because of its many remarkable and unique properties. Careful regulation of the size and density of nanopores
can generate graphene membranes with controllable selectivity and flow rate, thereby greatly enhancing the potential marketability of
graphene-based membranes. In this research, molecular dynamics simulation is employed to systematically investigate the mechanistic and
quantitative effect of significant parameters such as temperature, impact energy, strain, and pore density on the nanopore morphology of
graphene by impacting fullerenes into a graphene sheet. Simulation results have demonstrated that both nanopore size and morphology in a
graphene sheet can be tailored by carefully controlling the energy of the impact cluster, the temperature of the environment, and the strain
applied on the graphene sheet. This serves as a conceptual guideline for fabricating nanoporous graphene with desired pore sizes and patterns
for a variety of implications such as deoxyribonucleic acid (DNA) sequencing, water purification, and nanocomposites. DOI: 10.1061/
(ASCE)NM.2153-5477.0000094. © 2014 American Society of Civil Engineers.
Author keywords: Graphene; Molecular dynamics; Nanopore; Impact.

Introduction
Membranes are structures used to limit or block the flow of one or
more components of a fluid across the boundary. While simple in
concept, membrane science is an ever evolving and expanding
field, with new materials and designs constantly pushing the limits
of current technology (Pellegrin et al. 2012). Membranes are remarkably ubiquitous devices, in such diverse applications as liquid
purification (Jaffrin 2008), gas separation (Bernardo et al. 2009),
and control of biological (Lee et al. 2013c) and bioartificial processes (Wolff et al. 2013). However, each of these procedures poses
its own unique challenges to the basic concept of selective fluid
flow. For example, in biologic applications such as bioartificial
kidneys, the efficiency of permeability has been heavily plagued
by biofouling—a buildup of biomass which is detrimental to the
function of the membrane (Li et al. 2011). Biofouling is also a
challenging problem when dealing with environments heavily
saturated with organic material such as drinking water purification
(Chiellini et al. 2012), industrial waste treatment (Choi et al. 2006),
or DNA sequencing (Bahrami et al. 2012; Lee et al. 2013a).
Common solutions to biofouling include hydrophilic polymer
surface treatment, metallic ions, and antibiotic substances, which
have been shown to be only moderately effective (Araujo et al.
2012). A rising possibility to tackle the specter of biofouling is with
low-dimensional carbon structures because carbon nanotubes and
graphene oxides have been noted as materials of interest in these
areas for their high flux and resistance to biofouling (Ahn et al.
2012; Gao et al. 2013; Tiraferri et al. 2011).
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The rate of transport across a semipermeable membrane is a
function of the thickness and the selectivity of the membrane.
Graphene, a one-atom-thick hexagonal carbon lattice, can be perceived as the thinnest membrane and thus the perfect candidate
(Koenig et al. 2012) for membrane implications. However, pristine
graphene is generally considered impermeable to all atomic or
molecular species (Bunch et al. 2008) and thus more useful as a
barrier than as a functional membrane. A promising solution to this
problem is to design porous graphene that can tailor the selectivity
to pass only certain species in solutions (Jiang et al. 2009;
Jungthawan et al. 2013). The pores can exclude particles based
on the size alone or be functionalized to select based on electric
charge as well (Koenig et al. 2012; Shan et al. 2012). Nanopore
graphene has been a key candidate for new methods of DNA
sequencing because of the electric tunability, extreme thinness,
and the ability of the lattice to be self-supporting over large-length
scales (Freedman et al. 2013; Sathe et al. 2011). Nanopore manipulation opens up new avenues for controlling and optimizing the
membranic properties of graphene and thereby furthering the
exploration of graphene-based membranes. Therefore, efforts to
develop mechanisms of controllably designing nanoporous graphene with exotic physical properties are worthwhile to be developed. The key issue when creating nanopores for selective filtering
is the ability to reliably create pores that have the appropriate attributes. To this end, many factors must be taken into account which
may affect the creation of the nanopores. The first step is the
selection of the method of nanopore creation. Techniques for this
generally involve high-energy impact with the intent of dislocating
tens to thousands of adjacent carbon atoms from the graphene
lattice. This can involve high-energy electron beams, ion irradiation, or cluster bombardment. Of these, cluster bombardment gives
the highest efficiency in damaging materials because of the cluster/
target collision process termed the nonlinear effect (Popok and
Campbell 2006). Current methods of nanopore formation in graphene center heavily on electron bombardment or ultraviolet-based
oxidative etching. Electron bombardment, although precise, is less
efficient than cluster bombardment in terms of pore size. Chemical
techniques such as oxidative etching need careful control and have
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the potential to leave unexpected residues on the membrane. A relatively unexplored method which acknowledges these problems is
cluster bombardment with an inert species, such as noble gas clusters (only possible at low temperatures) or clusters of carbon atoms.
Taking note of and expanding upon previous works on the creation of nanopores in graphene, this paper aims to increase understanding of how parameters, such as the temperature and strain of
the target graphene, affect the creation of nanopores in graphene
when using carbon clusters such as fullerenes, with the ultimate
goal of finding the optimal initial parameters for a desired nanopore
size, shape, and density.

Simulation Methodology and Model Setup
Molecular dynamics simulations are performed using the largescale atomic/molecular massively parallel simulator (LAMMPS)
codes with Langevin dynamics and a time step of 1 fs. To model
bond formation and breaking in the system, the adaptive intermolecular reactive empirical bond order or AIREBO potential (Stuart
et al. 2000) has been adopted. This potential is best suited for
systems containing only hydrogen and carbon, which makes it
accessible for all-carbon systems. The AIREBO potential can be
expressed as


X X
1 X X REBO
TORSION
E¼
Eij
ð1Þ
þ ELJ
þ
E
ij
kijl
2 i j≠i
k≠i;j l≠i;j;k
where the EREBO term is the reactive empirical bond order (REBO)
potential (Brenner et al. 2002), shown as
EREBO
¼ V Rij ðrij Þ þ bij V Aij ðrij Þ
ij

ð2Þ

where V R is a repulsive term, V A is an attractive term, and bij is the
environmental-dependent bond order term between atoms which
activates the attractive term only for bonded atoms. Since the
REBO potential only accounts for interactions of atoms within
two Angstroms of one another, the AIREBO potential also includes
the ELJ term, which is a standard 12-6 Lennard-Jones (LJ) potential
for distances 0.2 nm < r < cutoff (2 Å < r < cutoff). The cutoff for
the LJ term is set here to be 1.02 nm (10.2 Å) as a good balance
between computation speed and accuracy. The AIREBO potential
also includes the ETORSION term, which is a four-body potential
describing hydrocarbon dihedral angle preference.
The sample simulated is a 20 nm × 20 nm square sheet of pristine graphene consisting of 15,744 atoms. Rigidly modeled fullerene C180 is chosen as the incident light cluster because of its hollow

structure, perfect size with cross sectional area of 1.27 nm2 , and its
relative stability. A C180 molecule is intentionally chosen to create
nanopores of approximately 1 nm2 in area because this is a key size
for differentiating single and double stranded DNA (Akeson et al.
1999). To present a variety of patterns of nanoporous graphene, one
or more fullerenes positioned 5 nm above the graphene sheet are
then added to the system, and energy minimization is employed to
relax the structures using the Polak-Ribiere version of the conjugated gradient algorithm until the energy change between successive iterations divided by the energy magnitude reaches a value less
than or equal to 10−10 . After minimization, a 1 nm strip around the
outside of the sample sheet is fixed with respect to the x-, y-, and
z-axes and kept at a certain temperature using a Berendsen thermostat, and the rest of the graphene sheet maintains the specified temperature using a Nosé-Hoover thermostat as shown in Fig. 1. The
fullerenes are then specified a target velocity perpendicular to and
directed toward the center of the graphene sheet. To better present
the effect of temperature, strain, and patterning on graphene nanopores’ formation and alleviate the computational uncertainty from
the statistical viewpoint, for each set of initial parameters, seven
individual runs are performed to provide the average of simulation
results. After impact, the system is allowed to relax for 10 ps in
order to reach a steady state. Nanopore size on the graphene sheet
is determined by the number of contiguous atoms displaced from
the graphene sheet in the region of impact multiplied by the
hexagonal lattice area with the value of 0.026046 nm2 for a single
carbon atom under zero strain. To reduce ambiguity in how a
displaced atom is determined, any long dangling chains that do
not block passage through the nanopore are ascertained to be
displaced. In this simulation, the C-C bond is considered to be
broken when the C-C bond distance is above 0.17 nm (1.7 Å).

Results and Discussion
Critical Energy of a Cluster for Penetration
From the energetic perspective, drilling a hole on the graphene
sheet requires a sufficient driving force to overcome the fracture
energy barrier because of the bond breaking process. The impact
of high energy cluster and graphene provides a feasible way for
transferring sufficient energy to the graphene to surpass this barrier.
However, an interesting question of how much energy is required to
drill a hole in a graphene sheet remains to be further explored. In
what follows, a simulation test is devised in which a C180 fullerene
is directed toward the sample graphene along the z-axis with an

Fig. 1. Computational model of the fullerene and graphene sheet model; (a) top view; (b) side view
© ASCE
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Fig. 2. Evolution of the size of nanopore in graphene versus the initial
energy of the rigid C180 fullerene at 400 K; Phases I–IV are depicted as
the four shaded areas

initial energy varying from 180 eV to 3.2 keV as shown in Fig. 1.
This correlates with an initial velocity of the fullerene ranging from
4–170 nm=ps. The temperature of the sample is kept at a constant
400 K using the hybrid Berendsen/Nosé-Hoover thermostatting.
Seven individual runs are performed for each specified initial
energy of the fullerene molecule to lessen the uncertainty from
the computational errors.
Fig. 2 depicts the correlation of the size of nanopore on the graphene sheet created by the fullerene, the initial energy the fullerene
possesses, and the fluctuation of these seven runs for each case. As
expected, for the cases of fullerene with low initial energy, the fullerene bounces off the graphene sheet, creating no nanopore but
occasionally causing a small defect or dislocation around the collision region of the graphene. This can be explained as the graphene
possesses a certain amount of flexibility, and the impact energy of
fullerene does not surpass the energy barrier of breaking the C-C
bond in graphene or even the elastic energy limitation. However,
when the initial energy reaches a critical value of 400 eV, it is observed that from Fig. 2, a number of carbon atoms are knocked out
from the graphene sheet to construct the nanopore. During the increase of the initial energy, the fullerene experiences the intriguing
stages of bouncing-back from (Phase I), sticking to (Phase II), and

fully penetrating through (Phase III and IV) the graphene sheet.
When the initial energy of fullerene reaches to 750 eV, it can be
clearly observed that the fullerene fully penetrates the graphene
(Phase III). Impact energy slightly greater than this threshold value,
for example 900 eV, causes secondary damage such as dislocation
with multiple polygons, vacancy, and long dangling chains in the
graphene, whereas very large incident energy (Phase IV), for example 3.2 keV, causes the rupture of C-C bonds only in the exact
impact area with a relative clean edge of nanopore in the graphene
as shown in Fig. 3. With close scrutiny of the process of nanopore
formation, it can be noticed that the dangling bonds stem from the
incorporation of pentagons, heptagons, and other multiple polygons from the bombardment of incident fullerene, which is energetically favorable for graphene sheet owing to the presence of
edge stress. The rebounding of the fullerene during Phase I is attributed to the elasticity inherent in the flexible C-C bonds of the graphene, allowing the sheet to elastically deform and then snap back
into the original position, transferring much of the energy imparted
by the fullerene into kinetic energy with opposite velocity. During
Phase II, the graphene sheet absorbs enough energy from the incident fullerene to undergo plastic deformation, absorbing the energy to initiate the crack propagation rather than reflecting it to
fullerene and causing localized defects as carbon atoms are
rearranged from the perfect lattice by the imparted kinetic energy.
This plastic deformation allows the graphene sheet to maintain
most of its integrity, but the dislocation of carbon atoms is irreversible compared to lower-energy elastic deformation. The size of
nanopore in the graphene sheet experiences a dramatic increase
during Phase III until the impact energy reaches 1.6 keV, and during Phase IV, the nanopore size undergoes a small decay and remains at a plateau at the value of 0.93 nm2 . The surge of size of
nanopore in graphene as depicted in Phase III is fueled by
the direct fracture or breakage of C-C bonds triggered by the impact
and the secondary damage emanating from the dynamic fracture
process in which the graphene has time to respond to the dynamic
wave triggered by collision as shown in Fig. 4(c). During the impact process, the graphene first undergoes elastic deformation, plastic deformation in the exact impact site to fracture the C-C bond,
and a ripple effect of further fracturing the surround area of the
impact site owing to the mechanical wave propagation from the
impact. The increased variation in nanopore size as the amount of
secondary damage reaches its peak can be seen in Fig. 2 by the
pronounced size error bars, indicating that the secondary damage

Fig. 3. Potential energy map (eV) of nanopore created with initial energy of (a) 0.9 keV—Phase III; (b) 3.2 keV—Phase IV
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Fig. 4. Dynamic process of nanopore formation in Phases I–IV as described in Fig. 2: (a) fullerene with initial energy of 180 eV in Phase I;
(b) fullerene with initial energy of 550 eV in Phase II; (c) fullerene with initial energy of 550 eV in Phase II; (d) fullerene with initial energy
of 2.9 keV in Phase IV

is a more chaotic process than the damage induced by the cluster
itself. During Phase IV, the carbon-bond breaking proceeds too rapidly for the energy to transfer away from the area of direct impact,
limiting widespread plastic deformation of the surround area of
impact site and thus suppressing the secondary damage. It is clear
that the size of the nanopore can be tailored quite accurately using
clusters with energies in the range of 0.9–3.2 keV, which provides compelling evidences to confirm that the energetic cluster
impact is a feasible and promising way to fabricate nanometer-size
pores in graphene and thereby achieve a graphene nanopore–based
application.
Effect of Temperature on Nanopore Creation
Temperature plays an important role in the formation of nanostructures, and carbon based materials are no different (Kwok et al.
2010). The temperature of a system is a good indicator of the
amount of energy present that does not contribute to the aggregate
velocity of the system. This is important for situations such as
energetic impacts, where the behavior of the target can change
drastically based on its initial temperature. A C180 molecule is
imparted an initial velocity of 900 eV (∼5 eV per carbon atom)
towards the center of the target graphene. Over successive trials,
© ASCE

the temperature of the graphene sheet is varied from 1 to 500 K
in increments of 50 K and from 600 to 1,000 K in increments
of 100 K to determine how the initial temperature of the target determines the interaction between fullerene and graphene to create a
nanopore. An initial energy of 900 eV in the fullerene is chosen as
the velocity of interest because of the energy being definitively
within Phase III in Fig. 4, but with limited secondary damage
per the results from the previous section. At very low temperatures,
the rigid fullerene cannot fully penetrate the sheet and instead is
rebounded from the surface of the graphene. At slightly higher temperatures, the fullerene adheres to the sheet, unable to fully penetrate and rarely displace a few atoms. At temperatures between
250 and 1,000 K, a nanopore of size comparable to the crosssectional area of the C180 molecule is created as depicted in Fig. 5.
At the highest temperatures, the fullerene stretched and deformed
the graphene sheet much more before fully penetrating than had
been observed at lower temperatures, and a nanopore with many
more dangling carbon chains is consistently created. The configuration of graphene with a plethora of dangling carbon chain is energetically favorable, which possesses unsaturated bonds to offer a
feasible avenue for the achievement of adsorption of foreign atoms
or molecules in graphene. Once the critical penetrative temperature
is reached, the area of the nanopore seems to increase linearly with
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fullerene, indicating that the cluster transmits most of the energy
required for the breaking of the C-C bonds of the graphene sheet.
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Fig. 5. Size of nanopore in graphene versus temperature of graphene
for a rigid C180 molecule with an initial energy of 900 eV
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Next-generation devices such as flexible electronics are very sensitive to the strain on their components, which tailors their electrical
and structural properties (Lee et al. 2013b; Park et al. 2013). The
applied strain on a material can thus have profound effects on shaping the material by cluster-transmitted energy. This study tested
how straining the sheet of graphene before impact affected nanopore creation to better understand the feasibility of the tunability of
nanopore size and edge structure. After minimization but before
fixing the edge of the sheet, the graphene is uniformly and biaxially
stretched such that the strain ε along the x- and y-axes is defined in
terms of the initial length L0 and final length L of the graphene
sheet along that axis as
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Fig. 6. Size of nanopore in graphene versus strain on graphene sheet
for a rigid C180 molecule with an initial energy of 900 eV at 400 K

temperature; however, higher temperatures consistently create more
ragged edges of the nanopore. It is apparent that although the temperature of the graphene has an effect on the size of the nanopore in
graphene, the variability is not as large as that observed by altering
the initial energy of the incident fullerene. This correlates well with
the difference between randomized energy present in the structure
initially and directional energy introduced by a rapidly moving

L − L0
L0

ð3Þ

Simulation is then equilibrated to maintain a temperature of
400 K because this is noted to be a temperature where the
900 eV C180 molecule is able to fully penetrate the graphene sheet
without exhibiting extreme stretching behavior during impact.
After impact, the graphene sheet is relaxed back to its original size
before the pore area is calculated. As expected, at low strains (for
example ε ¼ 0.01–0.06), the nanopore size is approximately equal
to that at no strain case. However, as the strain increases, a remarkable trend emerges wherein the nanopore area decreases noticeably
as the strain grows larger as shown in Fig. 6. As the graphene is
strained, the number of atoms per unit area reduces, so that fewer
atoms are in the area with the collision of fullerene. The graphene
also shows a tendency to pull away from the initial impact at larger
strains, causing material to slip around the fullerene rather than take
the full energy of impact. Increased strain on the graphene produces
a noticeable secondary effect as well; nanopores in more strained
graphene have cleaner edges, with few to no dangling carbons
when compared with unstrained graphene. At strains greater than
0.10, rupture is noted away from the impact area after collision because of the sudden tension release around the nanopore caused by
the biaxial force on the graphene. These findings provide a reliable
suggestion that a medium strain of around 0.04–0.08 is a good
choice for nanopore formation in graphene which limits nonideal

Fig. 7. Computational model of nanopore array in graphene: (a) two fullerenes for determining the minimum distance between two nanopores;
(b) 5 × 5 square patterned array setup with multiple C180
© ASCE
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Fig. 8. Nanopores created by two C180 fullerenes impacting at center of mass separation of (a) 1.5 nm; (b) 3.0 nm

Fig. 9. Nanopore arrays generated by simultaneous impact of multiple C180 molecules: (a) square-lattice pattern; (b) diamond-lattice pattern

membrane with dangling carbon chains and suppressing defects
adjacent with the nanopore.
Limitations on Nanopore Creation Density
In order to create an efficient nanoporous structure as a semipermeable membrane, there is a critical need to create nanopore arrays
with consistent size and quality. Before the formation of nanopore
arrays, an indispensable attempt is to determine the maximum feasible density of nanopores created by light fullerene bombardment.
After energy minimization, the temperature of the system is set at
400 K and a strain of 0.06 is applied to the graphene sheet. The
edges of graphene are fixed and two C180 molecules are positioned
above the graphene sheet. These fullerenes are initially placed with
a distance of 1.5 nm between the centers of mass before being
launched towards the graphene sheet at an initial energy of 1.6 keV
in Fig. 7(a). The distance between the two fullerenes is subsequently increased until the separation is 5 nm. The critical distance for two fullerenes is determined to be approximately 3.0 nm
for repeatable formation of distinct nanopores in Fig. 8. The distance between distinct nanopores is thus approximately equal to the
diameter of the created nanopores, allowing a large porosity to be
created by simultaneous cluster impact. Using this critical distance
as the separation between adjacent fullerenes, a 5 × 5 square lattice
pattern as shown in Fig. 7(b) and a 5 × 5 hexagonal lattice pattern
of C180 molecules is positioned above and launched at the graphene
sheet under the same initial conditions as the double fullerene setup
© ASCE

to determine if simultaneous impact is a viable strategy for creating
large areas of semipermeable membrane. As seen in Fig. 9, results
are quite promising to show that a large number of clean-cut nanopores of very similar size are created in a manner consistent with
large-throughput semipermeable membranes. The simulations
presented in this paper have very promising indications towards
large-scale production of membranes with programmable and
deterministic qualities.

Concluding Remarks
In summary, molecular dynamics simulations have been performed
to investigate the effect of varied parameters on the formation of
nanoscale pores in a pristine graphene sheet. Findings show that
nanopore size in the graphene sheet has a clear dependence on
the energy of the cluster and on the temperature and strain of the
affected graphene sheet. The simulations also provide suggestions
that incident energy of fullerene is the best way for global control of
nanopore size, and the temperature and strain of the impacted graphene allows finer control of size and determines edge quality
of the nanopores. Nanopore arrays demonstrate the promising
practicality of graphene-based membranes with controllable and
deterministic properties. The results in this study lend compelling
support to the concept that impacting graphene with energy cluster
such as fullerene unveils a feasible way to construct nanoporous
graphene with programmable size, edge quality, and patterns.
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