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ABSTRACT: Atomically thin porous membranes display high
selectivity for gas transport and separation. To create such systems,
defect engineering of two-dimensional (2D) materials, e.g., via ion
irradiation, provides an efficient route. Here, first-principles
calculations are used to study the permeability of He, H2, N2,
CO2, and CH4 molecules through WS2 monolayers containing
vacancy-type defects. We found that (i) for most pores, regardless
of the pore size, H2 exhibits large permeability (≃105 GPU), (ii)
dissociation of H2 molecules and edge saturation occur when they
approach the angstrom-size pores, (iii) the 1W6S pore (one W and
six S atoms are removed from a WS2 monolayer) can separate H2
and N2 gases with high selectivity, and (iv) the 2W6S pore exhibits
exceptionally high selectivity for separation of H2/CO2 (≃1013)
and H2/CH4 (≃109). Our study advances the understanding of the mechanisms behind gas permeability and selectivity through sub-
nanometer pores in WS2 and potentially other inorganic 2D materials.

■ INTRODUCTION

Membrane-based gas separation to isolate mixtures into pure
phases of the gases is one of the most crucial steps in various
chemical processes. Considering their atomically thin struc-
tures, two-dimensional (2D) materials are ideal candidates for
the fabrication of ultrathin membranes with reduced transport
resistance and high permeation.1,2 These applications,
however, require construction of well-defined pores in 2D
materials with radii of a few nanometers. Irradiation with
energetic particles, such as ions3 or electrons,4 ultraviolet-based
oxidative etching,5 and high-temperature self-organized growth
reactions6 have been suggested for fabrication of porous 2D
materials.
The existing porous 2D membranes have already shown

ultrahigh flux and selectivity for gas mixture separation7−11 and
water desalination.12,13 As a prominent example, permeance P
of small molecules through porous graphene increases in the
order P(CO2)

14−16 < P(CH4)
14,15 < P(N2)

14−18 < P(H2)
17,18

< P(He)19 with pore sizes being within the range of 3.72−8.64
Å. For example, the permeance through a graphene pore with
an effective diameter of 2.57 Å was found to be 2.8 × 105 GPU
for hydrogen molecules.20,21

In another study, Sun et al.22 studied gas transport through
porous graphene with one missed carbon atom ring having an
effective diameter of 2 Å. It was found that helium and
hydrogen can permeate through such a porous membrane,
which is not the case for methane and xenon. Moreover, it was
revealed that a high density of atomic-scale defects in
graphene, where the graphene structure contains five-, six-,

seven-, and eight-carbon atom rings, can block molecular
transport except protons and lithium ions.23 They demon-
strated that the energy barrier decreases on increasing the
number of atoms in the rings. In addition, protons bind to the
carbon atoms at the pore mouth when they permeate through
the pores, which contain an eight-carbon atom ring.
Recently, porous WS2 monolayers were revealed to be

mechanically stable and to act as atomically thin barriers to
helium transport.24 The results indicated a fast helium flow
(≃10−13 mol s−1) through pores fabricated using a focused ion
beam with sizes ranging from 1.05 up to 6.20 Å.24 Efficient H2/
CO2 separation with high H2 permeability (1200 Barrer) was
reported through a thick MoS2 membrane.25 In addition,
numerous theoretical studies have been carried out to elucidate
the transport mechanisms of gas permeation and selection
through sub-nanometer graphene,7−9 hexagonal boron ni-
tride,26 and MoS2

27−29 pores.
The gas flux through sub-nanometer pores in the simplest

theoretical approach is described using the following
approximations: (i) Knudsen mechanism for the direct gas
impingement when the pore size is much larger than the
molecular size but still smaller than the molecule mean free
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path,35 (ii) the empirically added Arrhenius factor is used to
modify the permeance for considering the translocation energy
barrier when the pore size is comparable to the size of the gas
molecules,36 and (iii) transition state theory (TST) for the
translocation step associated with an energy barrier.7,8,37

Furthermore, the analytical potential molecular dynamics
(MD) simulations are usually used to quantify permeance
through nanopores.38−41 Such methods, however, require a
careful choice of the simulation parameters and the results
strongly depend on the accuracy of the employed force fields.
So far, most of the reports on the permeability through porous
2D materials are focused on graphene,42−47 hexagonal boron
nitride,48 and MoS2,

27,52,53 while there is no systematic study
on the permeance and selectivity of other transition metal
dichalcogenides (TMDs) such as WS2.
In addition to gas permeation and separation, porous 2D

materials are also interesting in the context of catalysis and gas
storage. The creation of nanopores can introduce reactive sites
on the inert basal plane of the 2D membrane, which can be
subsequently used for catalytic applications. The electro-
chemical activity of edge-dominated 2D membranes was
employed for fuel generation, such as the hydrogen evolution
reaction (HER)30,32 or the oxygen evolution reaction
(OER).33 For example, it was shown that sulfur vacancy in
the basal plane of MoS2 leads to hydrogen storage at room
temperature. The dissociation and chemisorption of H2
depends on the S-vacancies, resulting in the physisorption of
incoming H2 molecules.34

Here, using density functional theory (DFT) calculations,
we systemically investigate the permeability and selectivity of
helium (He), hydrogen (H2), nitrogen (N2), carbon dioxide
(CO2), and methane (CH4) gases for translocation through
various pores with sub-nanometer sizes in the WS2 monolayer.
Using ab-initio MD simulations, we tested the stability of
porous WS2 to ensure the stable shape and size of the studied
pores at room temperature, consistent with experiments.24 We
further found that H2 has a lower activation energy barrier
among other gases (e.g., N2 and CO2). In addition, the results
showed the dissociation of H2 molecules during the trans-
location through some of the pores. The porous WS2
monolayers exhibit high selectivity for separation of H2/CO2
and H2/CH4 motivating their applications in the field of gas
filtration.

■ METHODS
First-Principles Calculations. The DMol3 module of the

Materials Studio software was used to perform all DFT
calculations.54 The generalized gradient approximation (GGA)
with Perdew−Burke−Ernzerhof (PBE) functional55 was
adopted in conjugation with the double numerical plus
polarization (DNP) basis set.56 The transition states (TSs)
were searched by performing a linear synchronous transit
(LST), followed by the repeated conjugate gradient (CG)
minimizations.57 Long-range vdW interactions were taken into
account using the Tkatchenko−Scheffler van der Waals
correction method.58 The global orbital cutoff and the self-
consistent field (SCF) convergence threshold were set to 6.0 Å
and 10−6 au, respectively. To avoid the interaction of two
adjacent layers, a vacuum layer of 15 Å was introduced
perpendicular to the basal plane. The full geometry
optimization was performed until the atomic forces were less
than 0.05 eV/Å. The optimized crystal lattice parameters of
porous WS2 monolayers are tabulated in Table S1.

The Hirshfeld59 charge analysis is employed to evaluate
charge transfer between the porous WS2 membrane and the
molecules. This methodology quantitatively describes the
charge distribution in the system by dividing into suitable
atomic fragments. The usual approach is to share the charge
density at each point between the atoms, commensurate with
the density of isolated atoms at similar distances from the
nuclei. This methodology provides a localized distribution of
atoms that were bonded together and the molecular density
monotonously spread in their vicinity. By integrating the
density of bonded atoms minus the density of free atoms, the
net atomic charges can be calculated. This calculation gives the
charges transferred between molecules or between two
different parts of the system.

Ab-Initio MD. Ab-initio molecular dynamic simulations
were performed using the Vienna ab initio simulation package
(VASP).60 The simulations are performed on a 22.11 Å ×
22.11 Å supercell of monolayer WS2 containing 147 atoms. A
plane-wave energy cutoff of 300 eV was used, and the Brillouin
zone was sampled with a 5 × 5 × 1 k-mesh grid. A
microcanonical ensemble (NVE) was simulated, and the MD
time steps were set to 1 fs.
For all types of pores, different possibilities of adsorption

positions have been investigated and the most stable
configurations were used for translocation energy barrier
calculations. The incident molecule/atom was placed perpen-
dicular to the WS2 monolayer at a distance of 20 Å. The initial
energies of the injected molecule/atom were set based on the
calculated DFT results of the adsorption energy (Eads). The
simulation setup designed to inject a typical atom/molecule
onto the defected WS2 monolayer is presented in Figure S7.

Translocation Energy Barrier. The energy barrier (Δ) for
gas flow through a given pore can be calculated using61

E E( )TS ISΔ = − (1)

where ETS and EIS are the total energy of the initial state (IS)
and transition states (TSs), respectively. Notice that this is the
barrier associated with direct impingement (perpendicular to
the surface of the WS2 monolayer). For surface diffusion,
another barrier should be taken into account.8

Kinetic Theory. Integrating the Maxwell distribution for
the particle velocity over all appropriate velocities and above a
plane located at z = 0 containing the pore with area A gives the
number of atomic or molecular collisions with a pore wall per
unit area per unit time (the impingement rate). If the
impingement rate is combined with ideal gas law (ΠV =
NkBT), the effusion flow rate P (can be named permeance) is
written as

P MRT/ 2π= Π (2)

where Π is the pressure difference between the feed side and
the permeate side, M is the molar mass, kB is the Boltzmann
constant, R is the universal gas constant, and T is the gas
temperature. Equation 2 is the effusion rate equation. An
additional factor to eq 2, i.e., the sticking coefficient of gas
molecules onto the surface, is given by α = A/A0 (the ratio of
the cross-sectional area of the aperture and the area of the
porous membrane A0).

19 If the pore diameter (Dp) is
comparable to the kinetic diameter (kd), the Arrhenius factor
is empirically added to the permeance P, which originates from
the gas−pore repulsive interaction

P MRT e( / 2 ) k T( / )Bα π= Π −Δ (3)
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where Δ is the activation energy required for the translocation
of particles through the pore. Since the Knudsen number (λ/
L) for our porous membranes is much larger than 1 (the mean
free path of an ideal gas (λ ≃ 0.1 mm) is much larger than the
gap length (L ≈ 0.5 nm), here, the distance between two S-
layers of porous WS2), one should consider the free molecular
flow conditions as expressed by eq 2.

■ RESULTS AND DISCUSSION

Porous WS2 Monolayer. The translocation of molecules
across nanopores for different applications necessitates the
deliberate creation of pores of varying sizes and shapes. We
considered four types of defects, which were observed in recent
experiments,24 where the WS2 monolayer was bombarded
using gallium ions. The optimized structures of porous WS2
monolayers are shown in Figure 1. The details of first-
principles calculations are presented in the Methods section. In
addition to single W vacancy, defects with three missing sulfur
and N missing tungsten atoms (N = 1, 2, 3), labeled as
“NW6S” pores, are studied. However, the S vacancies and
other complex point defects with small effective diameters
would not impact the pore separation application even if they
were made. Therefore, we studied the nanopores that are larger
in size with pore diameters of Dp = 1.05, 3.15, 2.10, and 5.25 Å
for 1W, 1W6S, 2W6S, and 3W6S pores, respectively (see Table
1), which were reported in recent experimental work.24 Since
these pores are not circular but have geometric shapes defined
by the 2D lattice, for practical purposes, here, we defined the
effective diameter Dp of the pores, as illustrated in Figure 1
(see also Table 1).

The formation of these defects under ion irradiation can be
understood in the following way: the probability of S
sputtering is much higher than that of W sputtering due to
the lower displacement threshold energies for S atoms than for
W atoms.62 On the other hand, the impact of the ions into W
atoms is likely followed by energy transfer from the recoil W
atom to S atoms, eventually leading to the creation of pores. In
addition, the presence of a substrate may also enhance defect
production in supported 2D materials due to indirect
sputtering caused by backscattered ions and atoms sputtered
from the substrate.10,63

Molecular electrostatic potential (MEP) provides informa-
tion on the interaction of gas molecules with the materials.64 In
the MEP map of porous WS2 (see Figure S1), the positive
MEP (blue color) is located inside the pore region, which
imposes an attractive interaction between the pores and
molecules with a high electron density. The electrostatic
interactions affect the energy barrier for gas molecule passage
through the nanopore.
For the studied molecules, the calculated isotropic polar-

izabilities are listed in Table S2, which are in agreement with
previous reports.65,66 In general, on increasing the size of the
atom/molecule, the polarizability and induced dipole moment
increase. Moreover, the larger polarizability enhances the
interaction of molecules with the surface because of the
rearrangement of induced charge on the surface.67 The
polarizability of the studied atom/molecules follows the
order CO2 > CH4 > N2 > H2 > He. It is found that at a
constant height above the pore, the adsorption energy and the
activation energy barrier correlate with the polarizability and
follow the same trend. Notice that evaluating the induced
dipole moment of gases as they move into the pore may
provide insights into the adsorption energy and activation
barriers. The dipoles change with the size of pores and the type
of approaching molecule, which consequently affects the
mutual interaction between the pore and the particles. The
effects of the dipoles correlate with the aforementioned charge
redistribution, which is automatically included in the
adsorption energy and activation energy calculations.
Using ab-initio molecular dynamics simulation at room

temperature for a 5 ns time interval, we did not find any pore-
shape deformation. Two typical snapshots of the optimized
systems at room temperature are shown in Figure S2. This
confirms that the pores are stable with negligible change in

Figure 1. Atomic structures of the WS2 monolayer with various vacancy-type defects, where the nomenclature used corresponds to the types and
numbers of missing atoms. The supercells used in simulations are also shown, along with the electron density isosurfaces (isovalue of 0.2 e/Å3). a
and b indicate the width and the length of the defect, respectively, as depicted in the images.

Table 1. (A) Size of Studied Pores, Width (a), Length (b),
and Effective Diameter (Dp), and (B) the Kinetic Diameter
(kd) of the Studied Gases

(A) (B)

defect a (Å) b (Å) Dp (Å) gas kd (Å)

1W 1.05 1.05 1.05 He 2.60
1W6S 3.15 3.15 3.15 H2 2.89
2W6S 6.20 2.10 2.10 CO2 3.30
3W6S 5.25 5.25 5.25 N2 3.64

CH4 3.80
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size, at least within this simulation time interval, which is in
agreement with the experiment.24

Adsorption Energy. To gain insights into the adsorption
of gases on the porous WS2 monolayer, we first evaluated the
adsorption energy (Eads) of a gas molecule as

E E E E( )ads system total gas= − + (4)

where Esystem is the total energy of the gas/porous WS2
monolayer and Etotal and Egas are the energies of the bare
porous WS2 monolayer and of the gas molecule, respectively.
The results of Eads for these gases are tabulated in Table 2.

To study the adsorption of H2 and N2 molecules, two
possible orientations of these molecules, perpendicular (⊥) or
parallel (∥) with respect to the basal plane of WS2, were
considered. The lower energy values for these two orientations
are boldfaced in Table 2. In the case of linear molecules (e.g.,
H2 and N2), the most stable adsorption location is when they
are above the pore’s center and the molecules are
perpendicular to the WS2 plane. The exceptions are the
configurations of N2 over 1W and 3W6S and H2 over 1W6S.
Whereas for CO2 and CH4 molecules, the perpendicular and
one-hydrogen head orientations are the most likely orienta-

Table 2. Optimized Parameters for Adsorption of He, H2(⊥ and ∥), 2H2, 3H2, N2(⊥ and ∥), CO2, and CH4 over Porous WS2
Monolayers, the Adsorption Energy (Eads), Vertical Distance from the WS2 Monolayer (hads), Inner Bond Length between
Atoms of the Adsorbed Molecule (d), and the Charge Transferred from the WS2 Monolayer to the Gas Molecule (Q)a

membrane gas molecule Eads (eV) hads (Å) d (Å) Q (e)

1W He −0.04 3.51 0.00
H2(⊥) −0.15 2.88 0.75 −0.06
H2(∥) −0.24 2.65 0.75 −0.02
N2(⊥) −0.22 3.55 1.11 0.00
N2(∥) −0.24 3.23 1.11 0.00
CO2 −0.08 3.30 1.16 −0.06
CH4 −0.05 2.37 1.09 0.00

1W6S He −0.07 1.20 0.00
H2(⊥) −0.25 0.00 0.75 −0.10
H2(∥) −2.95 0.00 2.45 −0.46
2H2 −5.32 0.00 −0.73
3H2 −7.22 0.00 −1.11
N2(⊥) −0.34 1.01 1.11 −0.03
N2(∥) −0.20 1.83 1.11 0.00
CO2 −0.11 3.21 1.16 −0.01
CH4 −0.39 0.00 1.10 −0.10

2W6S He −0.05 2.08 0.00
H2(⊥) −1.13 0.00 0.89 −0.14
H2(∥) −1.24 0.00 0.88 −0.18
2H2 −3.69 0.00 −0.61
3H2 −6.04 0.00 −0.99
N2(⊥) −0.30 2.07 1.11 −0.03
N2(∥) −0.28 2.52 1.11 0.00
CO2 −0.34 0.00 1.16 −0.10
CH4 −0.23 1.28 1.10 −0.07

3W6S He −0.06 0.00 0.00
H2(⊥) −0.22 0.00 0.75 −0.11
H2(∥) −0.23 0.00 0.86 −0.14
2H2 −1.77 0.00 −0.30
3H2 −4.16 0.00 −0.64
N2(⊥) −0.26 0.00 1.11 −0.04
N2(∥) −0.25 0.00 1.12 −0.03
CO2 −0.18 0.00 1.17 −0.08
CH4 −0.21 0.00 1.10 −0.05

Eads

pore size (Å) He H2(⊥) H2(∥) N2(⊥) N2(∥) CO2 CH4

graphitic carbon nitride68 4.76 −0.02 −0.09 −0.13 −0.15
2D covalent triazine framework69 3.92 −0.03 −0.05 −0.12 −0.15 −0.19
porous graphene70 3.75 −0.03 −0.15 −0.23 −0.34
porous graphene70 3.92 −0.03 −0.07 −0.14 −0.19
porous graphene70 5.50 −0.04 −0.07 −0.10 −0.21
fused pentagon network71 3.00 −0.20 −0.26 −0.22 −0.25
graphenylene72 5.34 −0.04 −0.13 −0.15 −0.17
graphenelike poly(triazine imide)73 3.88 −0.17 −0.25

aThe bold numbers are those with lower adsorption energy. For comparison, the adsorption energy of gas molecules over other 2D materials is
listed.
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tions for approaching the WS2 monolayers. The adsorption
height, hads, i.e., the vertical distance between gases and pores,
is tabulated in Table 2. It should be mentioned that the
considered molecules can be also adsorbed on the surface of
the WS2 monolayer that has been studied at length.74,75 Figure
S3 indicates the most favorable sites for the adsorption of
various gases such as He, H2, N2, CO2, and CH4. We found
that (i) the adsorption heights for all of the studied molecules
are larger than 2 Å and (ii) in most cases, the bond lengths (d)
between atoms in the adsorbed molecules change only slightly
(see Table 2). For comparison, the adsorption energies of the

molecules on other porous 2D materials, reported in the
literature, are also presented in Table 2.

Hydrogen Molecule Dissociation and Pore Edge Atom
Saturation. Due to the presence of undercoordinated atoms at
the pore, the strong chemisorption of the H2 molecules with
edge atoms is expected. This strong interaction between the
absorbent and the pore leads to an increase in the bond length
of the H2 molecule and eventually dissociation on the pore
edge. In the case of adsorption on 1W6S pores, the bond
length of the H2 molecule increased significantly from 0.75 to
2.45 Å, corresponding to an electron transfer of -0.46|e| from
the WS2 to the H2 molecule.

Figure 2. Energy profiles for H2 passing through the aperture of porous WS2 monolayer with hydrogenated 1W6S, 2W6S, and 3W6S. In (a) the
position of the initial state (IS), transition state (TS), and final state (FS) on the interaction energy profile is demonstrated. The insets are the
electron density isosurfaces corresponding to porous WS2 monolayer with hydrogenated pores 1W6S (a), 2W6S (b), and 3W6S (c). The value of
isovalue is 0.2 e/Å3.

Figure 3. Interaction energy profiles for He, H2(⊥, ∥), N2(⊥, ∥), CO2, and CH4 passing through the aperture of the porous WS2 monolayers: (a)
1W, (b) 1W6S, (c) 2W6S, and (d) 3W6S. The insets show the corresponding electron density isosurfaces (isovalue of 0.2 e/Å3).
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On the other hand, only a 0.13 Å H−H bond extension was
found for the absorption on the 2W6S or 3W6S pores.
Depending on the orientation of the molecule and the number
of W atoms at the edge, the H2 adsorption energies, Eads, are
found to be between −0.15 and −2.95 eV. These large
adsorption energies are an indication of the high reactivity of
W atoms at the pore. To analyze further, we performed ab-
initio MD simulations to verify the observed bond breaking in
H2. The details of the MD simulations are presented in the
Methods section. It was found that the H−H bond length
increases when H2 approaches the 1W6S pore, and eventually
the molecule is dissociated by attaching to W atoms as shown
in Figure S3.
The observed dissociation of a single H2 molecule and the

corresponding bond length extension indicate that porous WS2
may strongly interact with H2 molecules. To probe this, we
studied the hydrogenation of W dangling bonds present at the
pore edge using additional H2 molecules. For simplicity, we
considered the absorption of a maximum of three H2
molecules; see Figure S4. We found that after H2 molecule
adsorption, most of the W−H bonds become stretched, i.e.,
≥1.85 Å, which are longer than the normal W−H bond (1.79
Å31). The latter is due to the charge transfer (of about 0.23|e|)
from the WS2 monolayer to any adsorbed H atom (see Table
2). Our findings are consistent with the previous experimental
results where a superior catalytic activity of transition metal
dichalcogenide nanoporous films toward HER was reported.32

This type of catalytic activity has not been observed yet for
porous WS2. However, our results indicate that the porous
WS2 monolayer may have potential application as a catalyst for
HER. Moreover, most of the adsorbed hydrogen atoms
preferred to be oriented perpendicular to the WS2 basal
plane, instead of being in the pore plane (W atom plane).
Therefore, the hydrogenation leads to partial blocking of
translocation through the nanopore. The latter is consistent
with a decrease in the pore area after hydrogen adsorption
observed in the electron density isosurface (see the insets in
Figures 1 and 2).
Translocation Energy Barrier. Next, we studied the

important parameters that control both permeability and

selectivity and are related to the blocking of the nanopores.
Using eq 1, we further calculated the translocation energy
barrier (see Figure 3). The energy barriers (Δ) for the passage
of He, H2, N2, CO2, and CH4 through the porous WS2
monolayers are listed in Table 3. We found that Δ is 2.91,
0.59, 0.10, and 0.01 eV for translocation of He through 1W,
1W6S, 2W6S, and 3W6S pores, respectively. For the 1W
defect, the energy barrier for N2 was found to be the largest.
Also, in most of the cases, the order of energy barriers is as
follows: H2 (∥) < H2 (⊥) < He < N2 (∥) < N2 (⊥). Because of
larger kd, CO2 and CH4 gases do not translocate through the
1W and 1W6S pores. In the case of a 2W6S pore, the order of
energy barrier follows H2 (∥) < H2 (⊥) < He < N2 (⊥) < N2
(∥) < CH4 < CO2. Hence, obviously, there is a relation
between the pore size and kd of gas molecules, where the Δ of
a given gas molecule decreases for permeation through 1W,
1W6S, 2W6S, and 3W6S pores.
However, the large size of the pore limits its efficiency

toward gas permeation.77,78 Among the considered 2D lattice
defects, 3W6S pores possess almost zero Δ for gas permeation,
which renders gases capable of passing easily through the
3W6S pore. In the case of 1W6S and 2W6S pores, the
difference between the Δ of H2 (0.00−0.22 eV) and other
gases is large, indicating that these types of defects can
efficiently separate H2 over He and N2.
In fact, due to the interaction between gases and the edge

atoms of the nanopore, the kinetic diameter (kd, classical
picture) is not the only criterion defining the translocation. In
other words, a large overlap between the electron density
(quantum picture) of gas molecules and porous WS2
monolayers leads to a strong repulsive interaction. Con-
sequently, the energy barrier of gas molecules increases with
increasing overlap. The distinct Δ of H2(∥) for all pores
compared to the other gases indicates the high selectivity of H2
over other gases.
The analysis of the electron density in the pore center can

provide a better understanding of the translocation energy
barriers. Hence, the electron density isosurfaces of the He, H2,
and N2 gases passing through the porous WS2 monolayers in
the transition state (TS) structure, the state corresponding to

Table 3. Calculated Energy Barrier (Δ, eV) for Different Gas Molecules through the Porous WS2 Monolayersa

membrane pore size (Å) He H2(⊥) H2(∥) N2(⊥) N2(∥) CO2 CH4

1W 1.02 2.91(3) 1.90(3) 1.82(4) 10.42(3)
1W6S 3.15 0.59(2) 0.22(2) 0.00(3) 1.04(2) 0.50(3)
3H2/1W6S 1.74(2) 1.80(2)
2W6S 2.10 0.10(4) 0.03(1) 0.00(1) 0.13(3) 0.52(3) 0.82(2) 0.61(4)
3H2/2W6S 1.96(3) 1.59(3)
3W6S 5.25 0.01(2) 0.00(1) 0.00(1) 0.00(1) 0.00(1) 0.14(2) 0.00(1)
3H2/3W6S 0.38(2) 0.47(2)
MoS2

52 6.00 0.31 0.36
graphitic carbon nitride68 4.76 0.35 0.75 2.35 4.22
2D covalent triazine framework69 3.92 0.37 0.57 2.10 1.52 2.89
porous graphene70 3.75 0.35 0.60 2.00 2.60
porous graphene70 3.92 0.31 0.49 1.75 2.27
porous graphene70 5.50 0.10 0.18 0.62 1.56
Fused pentagon network71 3.00 0.18 0.70 0.60 2.05
graphenylene72 5.34 0.03 0.84 0.57 2.02
graphenelike poly(triazine imide)73 3.88 0.12 0.26
g-C2O

76 5.43 0.04 0.41 0.20 1.71
aThe subscript numbers in the parentheses refer to the type of interaction energy profile. For comparison, the barrier for translocation of the
considered gases through other membranes is given.
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the highest potential energy between two equilibrium states
along the reaction pathway, are presented in Figure S5. The
overlaps of the studied gases and the porous WS2 monolayer
follow the same sequence as N2 > H2 > He, which is attributed
to the value order of kd of each gas, i.e., 3.64 Å (N2), 2.89 Å
(H2), and 2.60 Å (He).
Next, we investigated the influence of the pore edge

saturation by H atoms on the translocation energy barrier of
H2 molecules. As expected, after edge saturation by H atoms,
the translocation energy barrier increased due to the decrease
of pore size. The results are presented in Figure 2. Also, the
electron density isosurfaces of H2 passing through the
hydrogenated WS2 monolayers in transition state (TS)
structures are presented in Figure S6. Clearly, the overlap
between electron densities in the perpendicular approach of H2
is larger than that of the parallel approach.
To gain more insights, the important factors that control the

energy barrier (Δ) can be qualitatively assessed from the

classical formula, i.e.,
D

L Dc
4

/ 2

12
p

p
Δ ≃

π σϵ i
k
jjj

y
{
zzz , where ϵ and σ are

the Lennard-Jones potential parameters and L is the distance

between the adjacent atoms on the pore edge. The fraction
D

L
pπ

gives the average number of atoms on the pore edge.2 This
equation explicitly shows the dependence of the barrier on the
size of the pore (via Dp), the strength of the interaction
between particle and pore (via ϵ), and the number of atoms at
the pore edge. While this formula provides useful qualitative
insights, it quantitatively overestimates Δ. In contrast, the
energy barriers obtained using DFT calculations are signifi-
cantly smaller than those given by Δc. For example, for the
1W6S pore, Δ for translocation of the H2 molecule by DFT is
0.59 eV, 2 orders of magnitude smaller than Δc.
Interaction Energy Profiles. The interaction energy

between the atom/molecule and the porous membrane is
discussed in this section. Figure 3 illustrates the interaction
energy profiles of the gas molecules passing through 1W,
1W6S, 2W6S, and 3W6S pores. These pores are initially
relaxed, but they are considered to be rigid during the
translocation of particles. We cannot simultaneously relax the
pore and calculate the translocation energy because the gas
atom/molecule prefers to be adsorbed in the minimum-energy
configuration. There are four types of profiles for these systems
corresponding to the particles moving from one side to the
other side through the center of the pores: (1) the interaction
energy profiles without barrier, (2) profiles with a single
barrier, (3) profiles with two barriers, and (4) profiles with

three barriers. In the transition-state (TS) configuration, the
gas molecule is located almost near the center of the porous
WS2 pore, in the plane of W atoms (for type 2). In the TS
configuration of type 3 profiles, the gas molecule is located
near the S plane, and for type 4, the gas molecule is located
close to both S and W planes. Notice that there is an essential
difference between the interaction energy of particles with the
strictly one-atom-thick membranes5,7,26,48 (such as graphene
and hexagonal boron nitride) and TMDs (containing three
sandwiched layers of atoms), where one-atom-thick mem-
branes have only the aforementioned type 1 or 2 interaction
energy profile. The types of interaction for each interaction
energy profile are listed in Table 3.

Selectivity. By calculating Δ, one can determine the
selectivity and permeance. The selectivity of a porous
membrane is conventionally defined as

S
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where ΔX,Y and T are the energy barrier (at zero temperature)
and the temperature, respectively. We assume AX ≃ AY because
the temperature of both gases is equal and the molar masses of
the gases are of the same order of magnitude.
It is important to mention that the energy barrier can be

slightly different with varying temperatures. The energy barrier
against translocation of gas molecules can be different from the
value at zero temperature due to different entropic
contributions at the initial and saddle-point configurations
and also due to the changes in the atomic geometry. The
former contribution is normally quite small unless the
temperature is high (well above the room temperature). As
for the latter, the pores observed in the experiment24,49−51 are
mechanically stable with constant geometry. These observa-
tions led us to neglect the thermal fluctuation effects.
Therefore, all of the energy barriers of the translocated
molecules were calculated at zero temperature. We also note
that independent of taking into account the temperature
effects, our approach enabled us to determine which of the
pores have the highest selectivity for a given gas molecule.
According to the collision theory, the frequency factor A

depends on how often molecules collide and their orientation
when they collide, and it is a temperature dependence
parameter. The selectivity is usually measured at the same
temperature for both gases. The latter implies AX = AY. Also,
binding molecules to the sheet may change the factor A. For
each gas, the steric factor (ρ) instead of the frequency factor
can be used (ρ = A(after‑adsorption)/A(before‑adsorption), 0 < ρ < 1).

Figure 4. Selectivities (S) of the porous WS2 monolayer for a gas mixture containing H2 and different gases (He, N2, CO2, and CH4) as a function
of temperature.
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This assumption may be made since the selectivity is very
large, i.e., O(10n) where n > 5.
Note that the highest selectivity is for molecules that have a

size comparable to the pore size. The selectivity of the gases
penetrating the 1W, 1W6S, 2W6S, and 3W6S pores as a
function of temperature is shown in Figure 4. At a given
temperature, the selectivity increases with the mass of the
translocating molecule. For a gas mixture (X/Y) over 1W6S
pore, the selectivity follows the order H2/N2 > H2/He. For the
case of the 2W6S pore, the selectivity order is H2/CO2 > H2/
CH4 > H2/N2 > H2/He. For a gas mixture of H2 and N2, the
selectivity on the 1W6S pore is higher than that of the 2W6S
pore, even when the temperature reaches 600 K. The
selectivities of the studied gases at 300 K are tabulated in
Table 4.
Both the interaction energy profile and selectivity results

confirm that the WS2 monolayers with the 1W6S pores have a

high potential for gas separation (S ≃ 109). In contrast, the
monolayer with the 3W6S pores is not selective for He, H2,
and N2 gases, due to the pore size limit. For the mixture of H2
and CO2, the selectivities of 3W6S pores are on the order of
≃102 at room temperature. For comparison, in Table 4, the
selectivities of our studied porous WS2 monolayers are
compared with those of other membranes for various gases.

Permeance. Next, to evaluate the separation efficiency of
the porous WS2 monolayers, the permeance (P) of the
molecules is calculated. The cross-sectional area A of the pores
is estimated according to ref 24 (see Table S1). The details of
the permeance calculations are presented in the Methods
section. The calculated ratios of the cross-sectional area (α =
A/A0) values are 0.002, 0.016, 0.026, and 0.044 for 1W, 1W6S,
2W6S, and 3W6S pores, respectively. The density of the pores
is considered to be 1/A0, where A0 ≃ 5 nm2 (this is a high
density of pores). Obviously, for the smaller density of pores,

Table 4. Selectivities (S) of the Porous WS2 Monolayer for He, H2, N2, CO2, and CH4 Gas Mixtures at 300 Ka

membrane H2/He H2/N2 H2/CO2 H2/CH4

1W 4.4 × 1017 7.1 × 1071

1W6S 1.2 × 108 1.2 × 1011

2W6S 26 1.6 × 105 3.4 × 1013 9.9 × 109

3W6S 1.5 1 2.2 × 102 1
MoS2

25 (membrane thickness = 500 Å) 7.18
MoS2

29 (6.00 Å) 1.40 × 108

graphitic carbon nitride68 (4.76 Å) 1.0 × 10−7

CTF-069 (3.26 Å) 4.00 × 1024 9.00 × 1013 2.00 × 1036

porous graphene70 (3.75−5.50 Å) 3.00 × 1023

Fused pentagon network71 (3.00 Å) 1.00 × 108 1.00 × 107 1.00 × 1031

polyphenylene79 (3.75 Å) 1.00 × 101 2.00 × 1023 7.00 × 1016

polyphenylene79 (3.50 Å) 2.00 × 1023 7.00 × 1016

γ-GYH80 (2.34 Å) 1.00 × 1026 9.00 × 1017 2.00 × 1049

γ-GYN80 (2.42 Å) 2.00 × 1021 2.00 × 1013 2.00 × 1046

phosphorene81 (6.32 Å) 1.00 × 1013 1.00 × 1015 1.00 × 1021

graphenylene82 (3.20 Å) 1.00 × 1013 1.00 × 1014 1.00 × 1034

germanene83 (4.93 Å) 1.00 × 1014 1.00 × 1010 1.00 × 1036

graphene with line defect20 (3.60 Å) 7.0 × 106 2.00 × 1012 1.00 × 1010 4.00 × 1023

GO/MoS2
84 (membrane thickness = 600 Å) 26.70

GO/MoS2
84 (membrane thickness = 1500 Å) 44.20

MoS2
85 (membrane thickness = 170 Å) 3.4

MoS2
85 (membrane thickness = 350 Å) 3.7

MoS2
85 (membrane thickness = 600 Å) 4.4

aFor comparison purposes, we listed selectivities of other membranes.

Figure 5. Permeance (P) of He, H2, N2, CO2, and CH4 penetrating through four porous WS2 monolayers as a function of temperature: (a) 1W and
1W6S, (b) 2W6S, and (c) 3W6S. The acceptable industrial standard for gas separation is about 0.31 × 102 GPU in all temperatures. The density of
the pores is considered to be 1/A0, where A0 ≃ 5 nm2.
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the permeance is smaller. Figure 5 displays the permeance (P)
of He, H2, N2, CO2, and CH4 through four porous WS2
monolayers. It is clear that P increases significantly with
increasing temperature, while the efficiency for filtration, i.e.,
the difference between the permeance of the studied gases,
decreases at larger temperatures. The permeance is inversely
proportional to kd. It is important to mention that by
neglecting the reflected atom/molecules from the pore edge,
the calculated P in this study might be the upper limit of what
can be observed experimentally.
In the case of He, H2, and N2 penetrating through 2W6S

pores, at about 380 K (see Figure 5), the permeance can
exceed the industrial production limit (0.31 × 102 GPU; 1
GPU = 3.25 × 10−10 mol m−2 s−1 Pa−1).76 As a result, the
2W6S pores are interesting candidates to permeate He, H2,
and N2 gases for practical applications. The permeance of the
studied gases at 300 K is tabulated in Table 5. Moreover, the P
of H2(⊥) and He (N2) reaches the industrial production limit
at about 200 and 450 K, respectively. Figure 5 shows that the
3W6S nanopore has a relatively high permeance of the studied
gases in the order of H2 > He > CH4 > N2 > CO2 at 100−800
K in a range of 103−106 GPU. The permeances of our studied
porous WS2 monolayers are compared to those of other
membranes in Table 5. The permeance of the MoS2 membrane
(with thicknesses of 170, 350, and 600 Å) for gas separation is
compared with our results for the WS2 monolayer (see Table
5). It is found that the permeance of H2 through porous WS2
monolayers is higher than that of MoS2 membranes. Also, the
permeance of H2, He, CH4, N2, and CO2 gases through the
3W6S pore is higher than that of the MoS2 membrane.85

■ CONCLUSIONS
Gas transport through WS2 monolayers with four types of
pores was explored using the first-principles calculations. The
pore sizes, defined as 1W, 1W6S, 2W6S, and 3W6S, were 1.05,
3.15, 2.10, and 5.25 Å, respectively. Accordingly, the
monolayer with 1W6S pores was found to be permeable and
able to separate gases in a mixture of H2/He and H2/N2. The
energy barrier for the translocation of a gas molecule through a
porous WS2 monolayer was found to be dependent on the
kinetic diameter and the direction in which the gas molecule
approaches the pore (perpendicular, ⊥, or parallel, ∥). The
interaction energy profiles show that H2 (in ∥ direction) has
the lowest barrier when passing through the porous WS2
monolayer. A remarkable result is that the H2(∥) dissociates
when it is located in the W plane of the 1W6S pore. This
causes a pore edge saturation by H atoms. Moreover, electron
density isosurface calculations demonstrate that N2 has more

pronounced electron overlaps than He and H2 in porous WS2
monolayers, which is due to the stronger repulsive interaction
between porous monolayers and N2. Both experimental and
ab-initio molecular dynamics results confirm the high
mechanical stability of the studied porous WS2. Based on
these results, WS2 monolayers may have a great potential for
gas separation, possibly surpassing the characteristics of porous
graphene membranes.86 Our findings suggest that defective
WS2 monolayers can be used as a potentially new hydrogen
storage platform that warrants future experimental inves-
tigations to validate such applications.
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