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ABSTRACT: Single-layer molybdenum disulfide (MoS,) Heavy lon

filters with nanometer-size pores have attracted great attention g

recently due to their promising performance for membrane - ‘) X o )‘j‘) X ’() ¢ "j ¢ _,x: X
f b

separation. Generating nanopores in MoS, controllably, <~ S
however, is still a challenging task, which greatly limits the P T ;
real application of MoS, filters. In this work, the pore forming " . . . W )

process in single-layer MoS, by heavy-ion bombardment was % "7, " |\ Q \

investigated in detail using molecular dynamics simulations. P A \

We found that pores with sub-nanometer size (0.6—1.2 nm) MoS2, ; -

can be created in the MoS, sheet by single-ion bombardment,

with a probability as high as 0.8 pores per incident ion. The size and shape of the nanopore can be tuned controllably by
adjusting bombardment parameters. Furthermore, the performance of the MoS, filter with these sub-nanometer-size pores for
separation of He, Ne, H,, Ar, and Kr gases was evaluated by density functional theory-based first-principles calculations. The
MoS, filter was found to show much higher selectivity for separating H,/He and He/Ne than that reported for graphene and
other membranes. Such high selectivity was attributed to the interaction between gases and the charged edge of pores in MoS,.
Our results suggest the potential application of ion beam technology in single-layer MoS, for membrane separation.

KEYWORDS: single-layer MoS,, molecular dynamic, density function theory, ion beam bombardment, nanopore, gas separation

1. INTRODUCTION

Due to its potentially low cost, environmentally friendly, and
high-efficiency features, two-dimensional (2D) materials with
nanopores have attracted great attention in membrane
separation technology,”” such as gas separation,” water
desalination,®”® and DNA sequencing.g_11 Until now,
graphene is the most widely studied 2D material for these
applications.>”">~'° In addition to graphene, single-layer MoS,
with nanosize pores recently has also become a promising
candidate.*'®'” For instance, Heiranian et al. predicted a
nanopore in single-layer MoS, to have good performance for
water desalination with water flux that is orders of magnitude
greater than that of other known nanoporous membranes.” By
introducing mechanical strain, Li et al. observed the “open”
and “closed” states of the MoS, filter for water desalination in
their simulations, pointing possible application as tunable
nanodevices.'” Farimani et al. reported that a single-layer MoS,
showed much higher signal-to-noise ratio for DNA sequencing
than graphene and boron nitride.'’ These superb performances
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of the MoS, filter were attributed to the craftable pore
architecture (pore size and pore edge atoms) of MoS,.
Furthermore, in contrast to the charge-neutral edge of pores in
graphene,'* the edge of nanopores in the MoS, filter is
intrinsically charged, which can also potentially play an
essential role in achieving high efficiency.'”

Generating pores with nanometer size in a controllable
manner is essential for achieving membrane separation devices
with high efficiency.””'®"” Many approaches have been
applied to “drill pores” in graphene,zo_22 e.g., electron beam
sculpting;”  self-organized growth in high-temperature sol-
vents, e.zg., in zinc chloride;?’ and ultraviolet-induced oxidative
etching.”” The large-scale application of these approaches,
however, is limited by their low efficiency, high cost, and the
difficulty to control below 1 nm.”” In contrast to these
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Figure 1. (a) Schematic presentation of the simulation setup, the perfect single-layer MoS,, and the single-layer MoS, with a Vy,s, nanopore

(defect cluster) created by ion bombardment. (b) Probability of the production of nanopore (Vy,g,). (c) Average number of sputtered atoms in

single-layer MoS, under ion bombardment as a function of ion energy for the six types of ions revealed by MD simulations.

methods, it is still a challenging task to form nanopores
controllably in single-layer MoS,, which strongly limits its real
application in membrane separation techniques.

Utilizing irradiation effects of energetic heavy ions in
materials, ion beam technology has been successfully applied
to engineer the structure and other properties of nanomateri-
als.”>~*® Our previous molecular simulation works showed
that, by controlling the bombardment parameters (energies,
species, incident angles, etc.), nanopores with expected size,
shape, and quality could be created in graphene.””*”*° Such
prediction was confirmed experimentally by Vazquez et al.*’
Furthermore, ion bombardment can also introduce reactive
defects into the graphene lattice, which can be subsequently
enlarged into permeable pores by oxidative etching.’' All of
these successful applications demonstrate ion beam bombard-
ment to be a highly effective and economical way to fabricate
nanopores in graphene and can be potentially applied to other
two-dimensional materials. Although some previous works
have studied the radiation effect of heavy ions in single-layer
MoS,,*> 7% the creation of nanopores in single-layer MoS, by
ion irradiation has not been systematically explored yet.

In this work, we employed molecular dynamic (MD)
simulations to investigate the formation of nanopores in single-
layer MoS, by ion bombardment. MD simulation has been
widely used in describing the interaction between heavy ions
and two-dimensional materials.”>~>**"** Our group previously
used MD simulations to investigate the doping and defect-
generating process of energetic ions in graphene.””*° The
defect-production probability predicted by MD simulation was
then found to agree well with experimental values.”® In this
article, we found that pores with sub-nanometer size (0.6—1.2
nm) in a MoS, sheet can be created by single-ion
bombardment. The probability to produce sub-nanometer
pores in single-layer MoS, can be as high as 0.8 by selecting
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appropriate ion parameters. The pore shape and pore size can
be tuned controllably by adjusting the ion mass, energy, and
incident angle. To demonstrate the application of the MoS,
filter with sub-nanometer-size pores created by heavy-ion
bombardment, we further used density functional theory
(DFT)-based first-principles calculations to evaluate its
performance for gas separation. The transportation of He,
Ne, H,, Ar, and Kr through sub-nanometer pores introduced
by ion bombardment was studied in detail. We found that the
nanopores in single-layer MoS, showed very high selectivity
and permeability for separating H,/He and He/Ne, much
higher than that reported for graphene and other membranes.
Such high selectivity was attributed to the charge of the pore in
MoS,. Our results pointed out the potential application of ion
beam technology in MoS, and other two-dimensional materials
for membrane separation applications.

2. THEORETICAL CALCULATIONS

2.1. MD Simulation. Molecular dynamics simulations were
performed on the large-scale/molecular massively parallel
simulator.’” The Stillinger—Weber potential recently devel-
oped by Jiang’s group was used to describe the interatomic
interactions within single-layer MoS, for stable molecular
dynamics simulations.””"" To model the energetic collisions
between incident ions with single-layer MoS,, the Ziegler—
Biersack—Littmark (ZBL)***’ universal repulsive potential,
which can accurately describe the interaction at short
interatomic separations (<1 A), was used. Except for the
noble incident ions, the Au—S interatomic interactions were
also calculated with only the ZBL potential, which is based on
the fact that the binding energy of Au—S is very weak
compared to that of Mo—Mo, S—Mo, and S—S.

Ion irradiation was conducted on a free-standing MoS, sheet
consisting of 576 Mo atoms and 1152 S atoms, with a lateral
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size of 65 X 75 A% Periodic boundary conditions were used
during the dynamical simulations. He, Ne, Ar, Kr, Xe, and Au
ions were chosen to simulate the ion impacts. The incident ion
was initially placed at 20 A above the single-layer MoS,, and
the direction was perpendicular to the MoS, sheet. Ion
energies were in the range of 50 eV to 1000 keV. For Au ions,
the incident angle was taken from 0° (normal direction with
respect to the surface) to 60°. For each incident ion with a
specific energy, 100 independent simulations were carried out,
and the impact points were randomly distributed in a 10 X 10
A? square area located in the sample center so as to simulate as
much impact points as possible. During the irradiation process,
the NVE ensemble was employed and a time step of 0.1 fs was
used to guarantee energy conservation. After the collision, the
system was maintained at 300 K for 50 ps with the Nose—
Hoover algorithm.

2.2. DFT Simulation. The first-principles calculations were
carried out based on the spin-polarized DFT** as implemented
in the Vienna ab initio simulation package (VASP).***® The
electron—ion interaction was described by the projector
augmented wave'”** pseudopotentials. The exchange and
correlation potentials were described by the generalized
gradient approximation®’ functional of Perdew—Burke—
Ernzerhof (PBE).” To account for the influence of the van
der Waals® interaction, the optPBE method was used, as in
our previous works.”"*> All calculations were performed with a
supercell of single-layer MoS, containing 108 atoms. The
periodic boundary condition was applied, and a vacuum layer
of 15 A was added to avoid the interlayer interactions. The
total energy was converged to better than 10 meV for a plane
wave cutoff of 500 eV and 5 X 5 X 1 Monkhorst—Pack®® k-
point sampling for the Brillouin zone. For geometry relaxation,
we used the method of conjugate gradient energy minimiza-
tion, and the convergence criterion for energy was 107° eV
between two consecutive steps. The maximal force exerted on
each atom was less than 0.02 eV/A upon ionic relaxation.

To explore the performance of this sub-nanometer pore in
gas separation, the climbing image nudged elastic band (CI-
NEB) method®* was performed to estimate the diffusion
barrier for gases transporting through the pore. Hereby, the
starting and the end positions of the molecular diffusion
pathway are placed above and below the central pore, whereas
a linear interpolation between those points was used as an
initial guess of the diffusion path. Ab initio molecular dynamics
(ab init MD) simulation was also carried out to check the
thermal stability of the nanoporous MoS,. The configuration
from the static calculation was used as the initial state, and a
canonical NVT ensemble was simulated using the algorithm of
Nosé. The system was allowed to relax for 15 ps in total with a
time step of 3 fs.

3. RESULTS AND DISCUSSION

When energetic ions bombard a single-layer MoS,, as
illustrated in Figure la, Mo or S atoms can obtain enough
energy to escape from the single-layer MoS,, resulting in
different defect structures in MoS,. In our simulations, six
types of ions (He, Ne, Ar, Kr, Xe, and Au ions) with energies
ranging from 50 eV to 1000 keV were used as incident ions.
The incident direction was set to be perpendicular to the MoS,
plane. We found that, for all of these conditions, a vacancy
complex containing a Mo vacancy and nearby three disulfur
pair vacancies ( (Vy,s,) can be formed after ion bombardment
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(Figure la). This Vy,s, defect cluster is treated as a nanopore

with an effective diameter of 0.6 nm, which can potentially be
used in membrane separation applications. As for S vacancy,
Mo vacancy, and some other complex point defects, even if
they are produced, they would not affect the separation
application of the pore due to their small effective diameters.
The formation process of the Vyig defect cluster can be

described as follows: first, the S atoms in the upper sublayer,
which directly interact with the incident ion, will be sputtered
away in the opposite direction of the incident ion; the knock-
on Mo atom will then become the new energetic ion to hit the
S atoms in the lower sublayer downward, which finally lead to
the formation of the Vg, defect cluster.

The dependence of the pore formation process on the
kinetic energy of ions was investigated in detail. The nanopore-
production probability shows a volcano shape dependence on
the kinetic energy of incident ions (Figure 1b). For a given ion,
as the kinetic energy increases from 50 eV to 1000 keV, the
possibility to create a nanopore first increases with ion kinetic
energy and then decreases. The reason for such volcano shape
dependence is that the formation of nanopore is mainly
derived from atomic sputtering. As shown in Figure Ic, the
number of sputtered atoms caused by energetic ion bombard-
ment shows a very similar dependence on the kinetic energy of
incident ions, indicating atomic sputtering to be the main
cause of nanopore formation. It is worth noting that, besides
being sputtered away from the MoS, surface, some target
atoms may leave their original position but still be attached to
the MoS, plane, which can also contribute to the formation of
nanopores. We did not count this part into the average number
of sputtered atoms. For the energy regime studied in this work,
the number of sputtered atoms is mainly dominated by the
energy transferred between the incident ion and the atom,*?
which is positively correlated to the collision cross section. The
initial increase of nanopore-production probability with ion
energy is because low-energy ions simply cannot displace
target atoms. However, the decrease of nanopore-production
probability originates from a drop in the cross section at high
ion energies.”” > The ion kinetic energy that shows the
maximum probability to form a Vy.s, pore is in the range of

hundreds to thousands of electron volts for all of the six types
of incident ions.

The ion mass also has a significant impact on the nanopore
forming process (Figure 1b). At a given ion energy, a heavier
ion shows a greater probability to create Vy,g, pores in single-

layer MoS,. Consistent with the high pore-production
probability, single-layer MoS, bombarded by heavier ions
shows a larger number of sputtered atoms (Figure 1c), and our
results in Figure 1c for He, Ne, Ar, Kr, and Xe are consistent
with early theoretical studies of single-layer MoS, subjected to
ion irradiation.** Furthermore, as shown Figure 1b, the
probability shows a more pronounced dependence on the
kinetic energy for heavier ions. This is similar to the
dependence of nuclear stopping power (S,), defined as the
energy transferred to the target atoms per unit distance, on the
mass of incident ion. However, the definition of nuclear
stopping power is based on averaging over many collisions,
which is not useful for a two-dimensional material.”” The S,
values of the six types of ions with different energies in bulk
MoS, calculated by the stopping and range of ions in matter>’
software are shown in Figure S1. The mass and energy
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Figure 2. Influence of the ion incident angle on the pore forming process. (a) Final atomic configurations resulted from the incidence of 500 eV Au
atom with different incident angles. (b) Average number of removed atoms and the effective diameter of pores created by S00 eV Au bombardment
with different incident angles. (c) Probability to form pores as a function of incident angle for 500 eV Au ion bombardment.

dependence tendency shown in Figure 1b is also widely
observed in other applications of ion beam when sputtering is
involved.”**”*? It is worth noting that besides Vs, other

defect types can also be formed in the ion bombardment, as
shown in Figure S2. The dependence of the formation
probabilities for some different defects (Vs, Vs, Vi Vios,

Vioss Viosy and pores larger than Vi ) on the kinetic energy

for Au ion irradiation is shown in Figure S3.

Besides the mass and the kinetic energy, the incident angle
of the heavy-ion can also strongly impact the interaction of
energetic ions and 2D material. For instance, it has been
reported that an increased incident angle can cause more
severe damage in graphene.””* Therefore, it could be
expected that more atoms can be removed and a larger pore
could be produced when larger incident angles were used. To
study the impact of the incident angle, S00 eV Au ions were
chosen as the injection ions in the following simulation due to
their high possibility to create nanopores (Figure 1b,c). We
keep the simulation size in the oblique incidence, and the
incident angle (0) was taken from 0 to 60°. Figure 2a shows
pores with various nanostructures formed by ion bombard-
ment at different incident angles. In contrast to the above-
mentioned Vs nanopore that shows a regular round shape,

nanopores formed by ions with large incident angles usually
have complex structures featuring very rough edges. As the
incident angle increases, the generated nanopores become less
circular and increasingly elliptical. Because we are considering
the random impact points, the effective diameter, which is
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defined as an imaginary cylinder coaxial with the thread has
equal space widths, was used to characterize these pores.
Characterization of pore geometry by the effective diameter is
shown in Supporting Information S-4. The effective diameters
of the nanopores range from 0.6 to 1.2 nm as the incident
angle increases from 0 to 60° (Figure 2b). This phenomenon is
due to the impact of incident angle on the energy transfer
process between the incident ions and the target atoms. When
the incident angle increases, more energy will be deposited into
the MoS, sheet because of the longer interaction path between
the incident ion and the MoS, layer, which will lead to more
severe damage and eventually bigger nanopores in single-layer
MoS,.

We also calculated the pore-production probability as a
function of ion incident angle, as shown in Figure 2c. With the
increase in incident angle, the probability to form nanopores
keeps increasing except for a little drop around 30°. This drop
is because the minimum energy for atoms to escape also
depends on the escape angle. For example, if there is another
atom in the way of the sputtered atom, excess energy is needed
to overcome this new barrier, resulting in the dropping of the
sputtering efficiency.””®" One thing worth mentioning is that
the probability to form a nanopore can be as high as 80% for
60° incident angle.

Among all of the ions used in our simulation, Au has the
largest mass and highest efficiency to drill pores in the MoS,
sheet. For example, the probability of a 300 eV Au ion with
vertical incident angle to create a nanopore is as high as 0.48
pore/ion. The ion flux for the irradiation beam experiment is
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Figure 3. (a) Change of the relative energy as a function of gas adsorption height as it passes through the pore. The dashed line shows the position
of the MoS, plane. (b) Calculated diffusion barriers (red squares) of different molecular species. The diffusion barrier for a given gas to pass
through the MoS, filter is defined to be the energy difference between the maximum energy and the minimum energy along the migration path.
The size of the ball represents the kinetic diameter of different gases, which increases from left to right. (c) Pass-through frequencies for different

gases. The inset shows the transition state of the hydrogen molecule.

usually at least 10'® cm™/s. This means billions of sub-
nanometer pores can be produced per second by Au ion
bombardment, indicating the ion beam technique to be an
efficient approach to generate sub-nanometer pores in single-
layer MoS,. One thing worth noting is that when one pore is
created, the probability to form other pores next to it is very
low. On the one hand, the ion flux of 10'° cm™%/s in an
experiment means that only one ion will incident onto the 10
nm X 10 nm area of the MoS, sheet per second, indicating a
very low probability of pore overlapping. On the other hand, it
is very easy to bombard any sample in a way that the sample is
irradiated homogenously, e.g., by scanning. It is also worth
noting that, in the nuclear stopping regime, the Au ion can
produce nanopores in the MoS, sheet with very high efficiency,
whereas it is difficult to do so in graphene.*>®* This is because
more than one collisions happen in single-layer MoS, as an
analogy to the cascade collision in a bulk system, which can
introduce great damage in the target materials by incident ions,
with a much higher probability compared with that in
graphene. When the incident ions knock out one target atom
in the MoS, sample, this first knock-on atom may collide with
other atoms in the MoS, sample, thus causing more atoms to
be removed from the MoS, sample. In this case, complex
defects, such as the nanopores we observed, can even be
produced by a single-ion bombardment. However, for
graphene, damage often exists in the initial incident ion
collisions and secondary collision caused by the first knock-on
atoms could hardly occur.

Among the nanopores generated by heavy-ion bombard-
ment shown above, the Vy;,. nanopore is the most promising

for the application in membrane separation.'” On the one
hand, the Vys, pore has a regular and stable pore edge,
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whereas the larger pores we get show relatively poor stability
and the smaller pores have too small effective diameters and
poor stability to pass through the gases. To show the
thermodynamic stabilities of the Vi, pore, Vys pore, and

the larger pore (e.g, Vys,), we explore the configuration

change before and after the 25 ps relaxation at room
temperature (300 K), as shown in Figures S4—S6. We found
that the deformation of the Vy,s, pore is only 3%, indicating

that the Vys, pore structure remains stable at room
temperature. However, the atomic configuration of Vy,s and

the larger pore changed continuously over time, indicating
their poor stability. On the other hand, the diameter of Vys,

pore is about 0.6 nm, which is comparable to the size of gases.
It has been reported that a sub-nanometer pore is a
fundamental prerequisite to achieving good selectivity for gas
separation.”'”®* To evaluate the performance of the MoS,
filter obtained by ion irradiation for gas separation, the DFT
calculation was applied to determine the selectivity of several
gases (He, Ne, H,, Ar, and Kr).

First, the diffusion barriers for different gases (He, Ne, H,,
Ar, and Kr) were calculated using the climbing image nudged
elastic band (CI-NEB) scheme. The starting and ending
positions of the molecular diffusion pathway were placed above
and below the center of the nanopore. A linear interpolation
between the starting and ending points was used as an initial
guess of the diffusion path.'” Twenty intermediate images were
created by interpolating between the initial and final states,
which are chosen as the local minimum configurations
obtained in the relaxation runs. It is worth noting that H,
passing through the nanopore in the vertical direction has the
lowest diffusion barrier, as well as the highest priority.

DOI: 10.1021/acsami.8b10569
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Table 1. Calculated Selectivities at Room Temperature for Different Molecular Combinations Assuming a Prefactor of 10" s™*

for All Species

structure He Ne H, Ar Kr
He 1.1 x 10* 7.3 X 107 2.2 % 10 1.3 x 10?
Ne 9.1 x 107° 1.5 x 10! 2.5 X 10° 1.4 x 10°
H, 14 x 1073 6.6 x 1072 1.6 x 10* 9.2 x 10*
Ar 4.5 % 1072 41 % 107° 6.1 x 107° 5.7 x 10°
Kr 7.9 X 1073 7.2 % 1077 1.1 X 107° 1.8 x 107
(a) He (b) Ne (c) H,
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Figure 4. Charge densities of different gases and nanopores during the penetration process are represented by yellow and brown surfaces for a
better comparison. The isosurface value is 0.01 e/A? for both yellow and brown surfaces. (a) He; (b) Ne; (c) Hy; (d) Ar; and (e) Kr. The energy
minimum point at the upper layer of the MoS, sheet and the middle of the pore in MoS, sheet have been chosen to calculate the charge density for
He, Ne, and H,. The maximum point and the minimum point in the valley-shaped curves have been chosen to calculate the charge densities for Ar
and Kr. There is clear deformation of the charge density toward the passing H,, He, Ne, Ar, and Kr when they get close to the MoS, sheet.

Therefore, we did the calculation only for the case when H,
vertically passes through the nanopore, as reported in many
other literature works."''? By setting the energy of the initial
configuration to be 0, the energy of other intermediate states
relative to the initial configuration can be obtained (Figure 3a).
The diftusion barrier for a given gas to pass through the MoS,
filter is then defined to be the energy difference between the
maximum energy and the minimum energy, as shown in Figure
3b.

The so-called kinetic diameter, defined by the molecular
distance at the minimum of the Lennard-Jones potential for
nonpolar molecules and the Stockmayer potential for polar
molecules,”* has been widely used for describing the transport
mechanism of molecules through membranes with micro-
pores.65 The kinetic diameters of He, Ne, H,, Ar, and Kr are
0.26,°° 0.275,°7 0.289,°° 0.34,” and 0.36 nm,”’ respectively.
However, our results demonstrate that the kinetic diameter
does not correlate well with the diffusion barrier of the gas, as
shown in Figure 3b. For instance, Ne has a bigger kinetic
diameter than He but shows a smaller diffusion barrier (0.4
eV) than He (0.64 eV). Similar inverted orders can also be
found for H,/He (0.47 and 0.64 eV for H, and He,
respectively). The interaction between gases and the charged
edge of the MoS, nanopore is the reason why the kinetic
diameter is not applicable to our case, which will be discussed
later.

The selectivity (selectivity = AX/AY = exp(—(AEx — AEy)/
ksT) between species X and Y) was estimated using diffusion
barriers AE and the Arrhenius equation A = Ayexp(—AE/
ksT), where A is the diffusion rate (pass-through frequency),
A, is the diffusion prefactor, kg is the Boltzmann constant, and
T is the temperature.'” The estimated selectivities for different
molecular combinations at room temperature are listed in
Table 1. We find that the single-layer MoS, with the Vy.s, pore

has selectivity of nearly 10° for H,/He separation, which is
nearly 2 order of magnitude higher than that of nanoporous
graphene (around 10)" and other microporous membranes
such as metal, silica, polymer, etc. (less than 10).>* Moreover,
the selectivity for the most frequent studies of He/Ne
separation (>10*) is also much higher than that for porous
silica-based ultimate membranes, polyphenylene, and porous
graphene (several hundreds to several thousands).'”
Furthermore, the MoS, filter exhibits a high selectivity for
Ne from other larger noble gases (selectivity > 10°) due to the
exceptionally low diffusion barrier.

The pass-through frequency (the number of times that gases
pass through the nanopore per second) for all gases was also
estimated using the same prefactor Ay = 10" s™' as in other
reports.'”** We found that the diffusion barriers of Ne and H,
can be overcome quite frequently. In contrast to larger gases Ar
and Kr that exhibit significantly low pass-through frequencies
(<0.1 s7'), Ne and H, exhibit a very high pass-through
frequency, with 10* and 10° s™' for Ne and H,, respectively.
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The pass-through frequency for Ne (10* s') here is much
higher than for Ne through graphene nanopores (1 s7')."” The
pass-through frequency of He (2 s') also allows a good
separation of this species from larger gases.

Both the selectivity and pass-through frequency results
indicate that the Mo§, filter with Vy,,s. nanopores shows great

potential for practical application in gas separation. As shown
in the previous section, the difference in the diffusion barrier
for different gases cannot be explained by their kinetic
diameter. The charged edge of a nanopore in the MoS,
sheet was reported to alter the ion selectivity and water
permeability.'” Chemical functional groups such as hydroxyl
groups bonded to the edges of graphene pores were also found
to roughly double the water flux due to their hydrophilic
character.'* Therefore, it is very likely that the charged edge of
the sub-nanometer pores in the MoS, sheet also strongly
impacts the penetration process of the gas.

It has been shown that charge distribution can be strongly
localized around the defects in single-layer Mo0S,.*”"° To
understand the charge transfer between the gas atom and the
monolayer during the gas penetration process, we calculate the
effective charge on individual atom. Here, we present a
comprehensive study on the properties of various charge states
based on the Bader analysis’' and the first-principles
calculation.”® Using the VASP code, the core charge and
partition electrons among fragments of the system were
quantified. Our results showed that He, Ne, H,, Ar, and Kr lose
0.0594, 0.1184, 0.089, 0.115, and 0.0981 electrons to the MoS,
sheet, respectively. Furthermore, we explore the charge density
changes of the nanopores and the propagating gases during the
penetration process. For Ar and Kr, the maximum point and
the minimum point in the valley-shaped curves have been
chosen to calculate the charge density (Figure 3a). For other
gases, the energy minimum point at the upper layer of the
MoS, sheet and the middle of the pore in the MoS, sheet have
been chosen to calculate the charge densities, which are
represented by yellow and brown isosurfaces, respectively, as
shown in Figure 4. The charge densities were clearly deformed
when H,, Ne, Ar, and Kr were approaching the MoS, sheet,
i.e, the isosurface level expanded toward the edge of the
nanopores. This indicates that some attraction forces exist
when the gas is close to the center of the pore. Combining the
quantitative charge transfer calculated by Bader analysis and
the qualitative charge density map shown in Figure 4, we found
that Ne loses more electrons compared with He, which leads
to a larger polarizability. Therefore, a stronger attractive
electrostatic interaction will be formed between Ne and the
MoS, sheet, as shown in Figure 4a,b. Such stronger
electrostatic interaction leads to the lower energy barrier for
Ne to pass through the nanopore compared to that for He,
despite its larger kinetic diameter. A similar explanation can be
applied to the comparison between H, and He. Furthermore,
the valleylike shape at the top of the energy barrier for large
gases, like Ar and Kr, can also be explained by the electrostatic
interaction between gases and the nanopores (Figure 3a). As
shown in Figure 4d,e, the charge density has a tendency to
overlap with that of the surrounding atoms when the gas
travels from the maximum point to the minimum point in the
valley-shaped curve (Figure 3a).

It has been reported that the separation mechanism based
on kinetic diameters becomes less applicable when attractive
forces beyond van der Waals interactions occur.'” Some
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previous studies also have validated the feasibility and
rationality of this charge polarization mechanism based on
the electrostatic interaction between the polarized gas and the
charged edges.'”"” Our results demonstrate that the unique
characteristics of electron redistribution between Mo and §
atoms at the nanopore edge of single-layer MoS, play an
important role in determining the penetration process of gases,
which are very likely to be the reason of the predicted high
selectivity of the MoS, filter.

4. CONCLUSIONS

In this article, MD simulations have been carried out to
investigate the pore forming process in single-layer MoS, by
heavy-ion bombardment. Pores with sub-nanometer size (0.6—
12 nm) in the MoS, sheet can be created by single-ion
bombardment. In addition, the pore size and shape can be
controlled by the ion parameters including mass, energy, and
incident angle. Furthermore, we found that ions with kinetic
energy in the range of 200 eV to 3 keV show the highest
probability to create sub-nanometer pores in MoS,. The
probability to create sub-nanometer pores can be as high as 0.8
pores per incident ion, indicating that ion beam technology is a
convenient and efficient way to create such pores in the MoS,
sheet. We used DFT-based first-principles calculations to
demonstrate the applicability of these sub-nanometer-size
pores in MoS, for gas separation. The transport of He, Ne,
H, Ar, and Kr through the V. pore, which is one

representative of the sub-nanometer pores formed by ion
bombardment, was studied in detail. We found that the MoS,
filter with Vy;.q, pores show high selectivity for separating H,/

He and He/Ne, which is orders of magnitude higher than that
reported for graphene and other membranes. The high
selectivity was attributed to the interaction between gases
and the charge of the pore in MoS,. Our results will guide the
usage of ion beam technology in single-layer MoS, for
membrane applications.
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