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Graphene nanosheets have recently received a revival of interest as a new class of ultrathin,

high-flux, and energy-efficient sieving membranes because of their unique two-dimensional and

atomically thin structure, good flexibility, and outstanding mechanical properties. However, for

practical applications of graphene for advanced water purification and desalination technologies,

the creation of well controlled, high-density, and subnanometer diameter pores becomes a key

factor. Here, we conduct reactive force-field molecular dynamics simulations to study the effect of

external strain on nanopore creation in the suspended graphene by bombardment with Si clusters.

Depending on the size and energy of the clusters, different kinds of topography were observed

in the graphene sheet. In all the considered conditions, tensile strain results in the creation of

nanopores with regular shape and smooth edges. On the contrary, compressive strain increases the

elastic response of graphene to irradiation that leads to the formation of net-like defective structures

with predominantly carbon atom chains. Our findings show the possibility of creating controlled

nanopores in strained graphene by bombardment with Si clusters. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4971767]

I. INTRODUCTION

Since the first mechanical exfoliation of graphene from

graphite, an enormous interest appeared to explore applications

of graphene in different fields such as electronics, photonics,

sensors, and catalysis.1–6 Recently, graphene nanosheets have

also emerged as a new class of ultrathin, high-flux and energy-

efficient sieving membranes for water desalination because of

their unique two-dimensional and atomically thin structure,

outstanding mechanical strength, and good flexibility.7–20

However, utilization of the full potential of graphene for

advanced membrane technologies necessitates a fundamental

understanding of the origin of the permeability of graphene

and other carbon based materials.21 It is well known that pris-

tine graphene is not permeable even for small gas atoms like

helium.22 Therefore, in order to permeate through graphene

membranes, water molecules should take a tortuous path

through the structural defects of graphene sheets and in inter-

connected nanochannels formed between graphene nano-

sheets.8 To enhance the ion-selectivity of graphene based

membranes, the size of the synthetic pores should be commen-

surable with the diameter of the translocating ions, and the

pore walls should have the proper chemical residues to interact

selectively with the ions (see Refs. 23–25 for reviews).

Therefore, the controlled introduction and stabilization of

nanoscale pores in graphene is crucial for the application of

graphene in water treatment.26,27

Metal ion bombardment is considered to be one of the

effective methods of creating nanopores in graphene28–32 The

size, energy, and shooting angle of the metallic clusters can be

used as tuning parameters to control the size of the resulting

nanopores. For example, Bai et al. showed that the nanopore

family can be significantly expanded by using oblique ion

beam irradiation to include different types of nanopores of tun-

able geometries.33 Depending on the energy of the ions and

the incident angles, carbon atoms can be sputtered even outside

the impact zone. Qin et al. conducted molecular dynamics

(MD) simulations to study nanopore creation in graphene by

silicon ions.30 They found that different processes can take

place depending on the energy of ions such as absorption,

replacement, transmission, and damage. Zhao et al. also used

MD simulations to study nanopore creation processes in gra-

phene using different metal ion clusters.29 Li et al. conducted

MD simulations to study the interaction of heavy ions using

reactive force fields.32 Wang et al. performed experiments and

created vacancy defects in graphene using metal ion bombard-

ment.28 They also showed possibilities of doping graphene

with different metal atoms. The size of the nanopores can fur-

ther be tuned with an electron beam.34 Functionalization of the

nanopore edges also plays an important role. For example, the

selectivity of graphene to different kinds of ions (anions and

cations) can be increased after nanopore edge passivation.35 In

addition, the passivation of dangling bonds can also stabilize

the nanopores, as was shown in recent experiments by Lee

et al.26 Desalination properties of perforated graphene can fur-

ther be increased by forming multilayered structures.36

Here, we perform reactive force MD simulations to

study the effect of external strain on nanopore creation in

graphene by energetic Si clusters. We consider free standing

graphene in order to avoid the effect of a substrate on the

nanopore formation process.37–39 Silicon clusters are used

for the bombardment motivated from the fact that Si atomsa)Electronic mail: gberdiyorov@qf.org.qa
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can enhance the stability of graphene nanopores against

carbon filling.26 Depending on the size and energy of the

clusters, three processes are active: reflection, absorption, and

damage (i.e., nanopore creation). The elastic response of gra-

phene to the irradiation increases with applying compressive

strain, resulting in the formation of net-like defective struc-

tures with dangling carbon atom chains. The latter acts as

reactive centers for chemical functionalization which affects

the stability of the created nanopores. On the contrary, tensile

strain results in the creation of nanopores with smoother

edges. Our findings indicate the possibility of using external

strain to introduce controlled, subnanometer-sized pores

using bombardement with clusters.

II. COMPUTATIONAL DETAILS AND
CHARACTERIZATION

MD simulations are conducted using the reactive force-

field (ReaxFF), which, in contrast to classical force-fields, is

a general bond-order dependent potential that can account

for dynamic dissociation and formation of chemical bonds

during the simulations.40 The bonds connectivity in the

entire system is recalculated at every simulation step, and

the non-bounded interactions are considered by both van der

Waals and Coulomb forces. Since ReaxFF parameters are

derived from quantum chemical calculations, it gives transi-

tion states and reaction pathways in agreement with quantum

mechanical calculations and experiments.40 ReaxFF force

fields have already been successfully used in describing the

properties of graphene with silicon inclusions.41

As a representative example, we consider free standing

graphene with 5376 carbon atoms, corresponding to a

computational unit cell of 118.13� 119.35 Å2 in the

x–y-plane. Periodic boundary conditions are used along the

graphene basal plane in order to avoid edge effects, and a

vacuum space of 200 Å is applied along the z-direction. We

first increased the temperature of the system up to 300 K at a

rate of 6 K/ps using an isothermal isobaric (NPT) ensemble

with a Nose-Hoover thermostat/barostat for temperature/

pressure control. The damping constants for temperature and

pressure were 100 fs and 1 ps, respectively, and the time step

was 0.25 fs. After such thermalization, we have conducted

25 ps long non-equilibrium MD simulations by continuously

applying compressive (Fig. 1(a)) or tensile (Fig. 1(b)) strain

to the system. The strained samples were further thermalized

at 300 K for another 25 ps using a canonical (NVT) ensemble

with a damping time of 100 fs. Silicon clusters were initially

equilibrated separately in a simulation box with size larger

than 10 Å using NVT ensemble (Fig. 1(c)). No explicit net

charges are present on the considered clusters.

The thermalized Si clusters were then positioned at 50 Å

on top of the graphene, and different initial velocities were

assigned to each cluster. The energies of the incident clusters

were in the range between 3 eV/atom and 350 eV/atom, and

the incident angle was chosen to be normal to graphene’s

basal plane. As typical examples, we consider Si clusters con-

taining 6, 10, and 16 Si atoms (see Fig. 1(c)). Simulations

were conducted using a microcanonical (NVE) ensemble

using a small time step of 0.1 fs, in order to track the impact

phenomena with a higher resolution. After the impact, the

system is relaxed for the next 200 ps. During this time, all the

atoms leaving the system in the z-direction are lost. Due to

the stochastic nature of damage formation during the metal

FIG. 1. Graphene sheet under (a) compressive (�3%) and (b) tensile (2.5%) strain. Arrows indicate the direction of the strain. (c) Silicon clusters thermalized

at room temperature.
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cluster bombardment, for given parameters of the system

(i.e., size and energy of the Si clusters and the strain applied

to the graphene), we conducted a statistical analysis, and the

results presented in this manuscript are averaged over an

ensemble of 5 different initial distributions of velocities of

the carbon atoms and Si clusters. All the simulations were

carried out using the LAMMPS code42 which includes the

ReaxFF force fields.43

Nanopores created after the cluster bombardment are

characterized as follows. First, we monitored the number of

carbon atoms removed from the graphene sheet. Second, we

estimated the effective pore diameter measuring the area of the

pore A as d ¼
ffiffiffiffiffiffiffiffiffiffiffi
4A=p

p
. To show how regular the pores are, we

fit the nanopores with an ellipse and define its “roundness” by

2A/ap, where a is the semi-major axis of the ellipse. Analyses

are conducted using Jmol and ImageJ packages.

III. COMPRESSIVE STRAIN

We start by considering Si cluster bombardment of gra-

phene under compressive strain. We limit ourselves to a sin-

gle and perpendicular impact of Si clusters of different size

and energies, i.e., the effect of incidence angle is not investi-

gated. Figures 2(a)–2(d) show snapshots of graphene under

�3% of compressive strain after the impact of Si6 cluster

with different initial energies. For all the considered shooting

energies, severe damage of graphene is observed due to irra-

diation. The defective structures are quite irregular and con-

tain different net-like dangling carbon chains. These carbon

chains and the dangling bonds at the edges of the pores will

act as reactive centers and affect the properties of graphene

for, e.g., water applications. Silicon atoms can also attach to

graphene for smaller kinetic energies of the Si clusters (Fig.

2(a)). The resistance of graphene to damage due to the clus-

ter bombardment increases with reducing compressive strain

(Figs. 2(e)–2(l)): the defects become more regular and

smaller in size. However, the irregularities are still observed

with dominant carbon chains. Despite the single impact of

the clusters, pores can be formed in different places.

Replacement of carbon atoms with Si atoms occurs at low

energies of the clusters (Figs. 2(e) and 2(i)).

To see the effect of the size (i.e., mass) of the clusters

on the damage of compressively strained graphene, we show

FIG. 2. Typical structures of graphene under compressive strain �¼�3% (a)–(d), �¼�2% (e)–(h), and �¼�1% (i)–(l) after bombardment with Si6 cluster

with different energies: E¼ 13.55 eV/atom (first column), E¼ 54.2 eV/atom (second column), E¼ 121.95 eV/atom (third column), and E¼ 216.8 eV/atom

(fourth column). Snapshots are plotted after 200 ps of NVE MD simulations after the impact.
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in Fig. 3 snapshots of graphene under 3% compressive strain

after the impact of Si6, Si10, and Si16 cluster with different

kinetic energies. For the considered value of the strain, the

defects are irregular, and the dangling carbon chains domi-

nate the topologies. With increasing size of the clusters, the

area of damage increases and defects can appear in different

places far from each other. The absorption of Si atoms

becomes more favorable. Note that the position of most of

the carbon atoms in the defected area is displaced from the

plane of graphene, i.e., 3D structures are obtained.

To characterize the damage of graphene by Si clusters,

we plotted in Fig. 4 the number of carbon atoms, N, removed

from graphene during the bombardment as a function of

cluster energy. The number of Si atoms attached to graphene

is not counted. It is seen from this figure that for all sizes of

the Si clusters, the largest removal of carbons atoms

increases with increasing compressive strain (see black col-

umns). Since the pores are irregular, we did not attempt to

characterize the size and regularities of the created pores.

Thus, compressive strain does not result in improved

nanopore creation in graphene and should be avoided during

perforation of graphene with nanoparticles.

IV. TENSILE STRAIN

In this section, we study the effect of tensile strain on

the nanopore creation process in graphene by bombardment

with Si clusters. Without cluster impact, graphene retains its

hexagonal structure up to 2.5% of tensile strain, which is in

good agreement with recent theoretical and experimental

reports.44–48 When the critical strain is reached, the breakage

of graphene starts at a point and spreads to the rest of gra-

phene (see Fig. 1(b)). Note that the position and the size of

the initial voids cannot be controlled in such simulations. In

addition, voids expand in time resulting in the failure of

graphene.

As a reference, we also study nanopore creation in

unstrained graphene, snapshots of which are shown in Figs.

5(a)–5(d), after the impact of Si6 cluster with different ener-

gies. Depending on the shooting energy, we observe the fol-

lowing processes: (i) total reflection at small energies

E< 10 eV with no damage in graphene (see supplementary

material); (ii) absorption of Si atoms with consequent dam-

age of graphene 10 eV<E< 150 eV (see Fig. 5(a) and sup-

plementary material); and (iii) transmission followed by

vacancy formation E> 150 eV (see Figs. 5(b)–5(d) and

FIG. 3. Topology of graphene under �¼�3% strain after the impact of Si6 (a)–(d), Si10 (e)–(h), and Si16 (i)–(l). Energies of the Si clusters per atom are shown

on top of each column. Results are shown after 200 ps of simulation time.
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supplementary material). These numbers are in agreement

with the recent reports by Qin et al.30 Small difference in the

energy intervals could be due to the larger size of the clusters

in our simulations. For the considered sizes of the clusters,

we did not observe transmission of the Si clusters through

graphene without creating nanopores. The created nanopores

have smoother edges as compared to the case of compressive

strain (see Fig. 2). Although long carbon chains become less

dominant in the obtained structures, some short carbon

chains still exist in the system (Figs. 7(b)–7(d)). Note that

we presented the graphene structures 200 ps after the impact.

Therefore, defect structures are different from the initial

ones due to the elastic response of graphene leading to effi-

cient closure of the nanopores.

Figures 5(e)–5(p) show snapshots of tensile strained gra-

phene after Si6 cluster interaction. The strain decreases the

elastic response of graphene to the Si clusters, and the

absorption of the Si atoms becomes less pronounced. Most

importantly, for the same energy of the Si clusters, the nano-

pores become larger in size and their edges are smoother.

However, the clusters reduce the fracture strength of gra-

phene significantly—fracturing starts already at e� 2% (see

Figs. 5(r) and 5(t)). The reason is that the impact of clusters

can initiate fracturing. Net-like defective structures with

dominating dangling carbon atom chains do not appear under

tensile strain. Structural integrity of graphene remains during

the bombardment up to e¼ 2%. Similar results were obtained

for larger sizes of the Si clusters (see Figs. 6 and 7). At

smaller shooting energies, the dominant process is absorp-

tion (panels (a), (e), (i), (m), and (q) in Figs. 6 and 7) with

almost all the Si atoms in the cluster absorbed by the gra-

phene; nanopores become more circular with increasing

strain and fracturing becomes more pronounced at larger val-

ues of e (see panels (r) and (s) in Figs. 6 and 7). In addition,

passivation of some dangling bonds in the damaged area is

also possible (see Figs. 7(f), 7(n), and 7(r)), which increases

the stability of the pores.26 Except for passivation, the sys-

tem is free of Si contamination after the impact.

Figure 8 shows the number of carbon atoms N sputtered

from graphene under tensile strain as a function of the energy

of Si clusters of different sizes. For smaller size clusters

(Fig. 8(a)), removal of carbon atoms occurs only for smaller

energies of the clusters (E< 120 eV/atom) with the averaged

maximum number lacking carbon atoms not exceeding

N¼ 3. The number of displaced carbon atoms decreases with

increasing cluster energy, which is in good agreement with

previous reports.32,49 Figures 8(b) and 8(c) show the results

obtained for Si10 and Si16 cluster bombardment. As

expected, more carbon atoms are removed from graphene

with increasing size of the cluster. For smaller energies of

the Si clusters (E< 100 eV/atom), the tensile strain increases

the number of removed carbon atoms. However, N does not

strongly depend on the strength of the applied strain; similar

number of carbon atoms is removed for cluster energies

E> 100 eV/atoms.

The surface area A of the created nanopores strongly

depends on the applied strain. This is shown in Fig. 9, where

we plot A as a function of Si cluster energy for all three con-

sidered samples. Depending on the value of e, the surface

area can increase by more than twice. The effect is more pro-

nounced for larger energies of the clusters. Note that defect

structures can be created even without the removal of carbon

atoms from graphene (compare Figs. 8(a) and 9(a)), i.e.,

nanopores are created not because of the loss of carbon

atoms but due to the rearrangement of carbon atoms in the

impact area. The surface area of the nanopores is directly

proportional to the size of the clusters. Larger size of the

nanopores in strained graphene is due to the reduced elastic-

ity of graphene which prevents the closure of the pores after

the bombardment. It is seen from Figs. 9(b) and 9(c) that

using clusters with more than 10 Si atoms and with energies

in the range between 50 and 350 eV/atom enables one to cre-

ate nanopores of approximately 1 nm2 surface area.

To characterize the created nanopores and to find the

relation between the nanopore topology and incident energy/

strain, we fitted each of the pores with an ellipse and calcu-

lated its roundness by R¼ 2 A/ap, where a is the semi-major

axis of the ellipse. Figure 10 shows the roundness of the

nanopores as a function of energy of the Si clusters. At small

shooting energies E� 500 eV, similar roundness is obtained

for both unstrained and strained samples. However, the nano-

pores become more circular with increasing external strain.

This is in addition to the fact that the size of the nanopores

also increases with increasing strain (see Fig. 9).

FIG. 4. Number of carbon atoms removed from graphene that is under ten-

sile strain �¼�3% (black columns), �¼�2% (red columns), and �¼�1%

(blue columns) as a function of the energy per atom of the clusters: Si6 (a),

Si10 (b), and Si16 (c).
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FIG. 5. Structures of graphene under tensile strain �¼ 0% (a)–(d), �¼ 0.5% (e)–(h), �¼ 1% (i)–(l), �¼ 1.5% (m)–(p), and �¼ 2% (q)–(t) after

bombardment with Si6 cluster. The energies of the cluster are E¼ 13.55 eV/atom (first column), E¼ 54.2 eV/atom (second column),

E¼ 121.95 eV/atom (third column), and E¼ 216.8 eV/atom (fourth column). Snapshots are plotted after 200 ps of NVE MD simulations after the

impact.
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FIG. 6. The same as Fig. 5 but here for Si10 clusters.
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FIG. 7. The same as Fig. 5 but here for Si16 clusters.

225108-8 Berdiyorov et al. J. Appl. Phys. 120, 225108 (2016)



Thus, external strain enables one to obtain more regular

nanopores in graphene during cluster bombardment. The

kinetic energy of the interacting clusters also plays an impor-

tant role in this process and should be taken into account in

experiments.

V. CONCLUSIONS

Using reactive molecular dynamics simulations, we

studied the interaction of Si clusters with graphene under

external strain. Compressive strain reduces the resistance of

graphene to the bombardment: severe radiation damage is

produced with cluster having large energy with the creation

of net-like dangling carbon chains. Such topologies are not

desirable for applications of graphene in the area of separa-

tion (i.e., desalination). On the contrary, tensile strain results

in the creation of nanopores with more regular shape and

smooth edges. The cluster size and incident energy also play

an important role in the creation process of nanopores (i.e.,

reflection, absorption, and damage). Our results show the

positive effect of external tensile strain for the controlled

nanopore creation in graphene during cluster bombardment.

SUPPLEMENTARY MATERIAL

See supplementary material for the bombardment of

unstrained graphene (960 carbon atoms in the simulation

FIG. 8. Number of carbon atoms removed from graphene under tensile

strain as a function of energy of the Si clusters: Si6 (a), Si10 (b), and Si16 (c).

FIG. 9. Area of nanopores created in graphene after the bombardment with

Si6 (a), Si10 (b), and Si16 (c) clusters with different energies.

FIG. 10. Regularity of nanopores created in graphene after the bombardment

with Si6 (a), Si10 (b), and Si16 (c) clusters with different energies.
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cell) with a Si6 cluster with energies 20 eV, 80 eV, and

330 eV.
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