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ABSTRACT: Precise ﬁne-tuning of gas transport across nanopores is highly desirable in numerous industrial applications. In this
work, we perform a computational study to investigate the strain
engineering of gas permeation across the nanopores in graphene.
First, we optimize the geometries of nanoporous graphene under
uniaxial and biaxial strains using ﬁrst-principles calculations and
thus compute the potential energy barriers for gases (He, H2, O2,
CO, CO2, and N2) across these nanopores. Afterward, the
capability of the strain-engineered nanopores for selective gas
separation is accessed based on the computations and transition
state theory. Our calculations demonstrate that the strainengineered nanopores exhibit remarkably improved permeance
while maintaining signiﬁcant selectivity for gas separation, yielding as high as 34 orders of magnitude increase in the gas transport
rate. Finally, the underlying mechanism of the mechanosensitive nanopores for selective gas separation gas is revealed by providing
insight into the atomic and electronic structures. Our ﬁndings shed light on strain engineering permeance and selectivity of
nanopores in two-dimensional materials.
KEYWORDS: nanopores, gas separation, strain engineering, permeance, selectivity
impermeable to gases18,19 because the electron density of the
aromatic rings in graphene is so dense that no atoms can pass
through these rings. Therefore, it is necessary to fabricate
nanoporous graphene by introducing defects, such as the
Stone−Wales20 and vacancy defects,21 to achieve gas
permeability. Many experimental technologies, such as oxygen
plasma irradiation,22 ultraviolet-oxidative etching,23 and
carbothermal reactions with metal nanoparticles,24 have been
developed to produce defects. Meanwhile, two-dimensional
materials with intrinsic pores, such as graphdiyne25 and twodimensional metal−organic frameworks,26 can also be used for
gas separation. The permeance and selectivity of the atomthick membranes are determined by the shape and size of
nanopores that are usually formed in the fabrication, which,
however, are usually not optimal for separating various gases.
Therefore, the tuning of the nanopores for eﬃcient gas
separation is highly desirable.
It is known that strain engineering is widely used for tuning
the structure and properties of materials.27−29 In this work, we

1. INTRODUCTION
Gas separation plays an essential role in energy and
technological applications.1 The well-known examples include
the separation of H2/CO for hydrogen fuel production,2 the
puriﬁcation of He from natural gas,3 and CO2/N2 separation
for greenhouse gas capture.4 In the past decades, various
separation technologies have experienced fast increases, and a
large number of materials, such as carbon molecular sieves,
silica, porous polymers, and metal−organic framework, have
been developed for gas separations.5−10 However, the
development of new-generation membranes with optimal
permeance and selectivity is continuously driven by the
increasing industrial demands.11,12
The permeance of a membrane is inversely proportional to
the membrane thickness, and hence the common bulk
membranes with considerable thickness are limited in their
eﬃciency. The existing studies of membrane-based gas
separation demonstrate that thin membranes with ﬁne pores
boast a synergy of high permeance and high selectivity,
resulting from a reduced transport distance and precise sizeexclusion separation of the gases. Hence, two-dimensional
materials of atom thick, such as graphene and graphene-like
two-dimensional materials, hold a great promise for eﬃcient
mass separation,13−17 among which graphene is a perfect
testbed for probing the fundamental separation properties of
atom-thick membranes.14 However, defect-free graphene is
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Figure 1. Atomic structures of (a) typical gas molecules and (b) a hydrogen-passivated nanopore in graphene.

Figure 2. Mechanical response of nanoporous graphene under (a) uniaxial and (b) biaxial loadings.
optimized geometries of gas molecules agree with the literature
reports (Table S1). Afterward, the climbing image nudged elastic
band (CI-NEB) method is used to calculate the potential energy of
gases passing through the nanopore.36 In all CI-NEB calculations, ﬁve
images are used between the optimized initial and ﬁnal states, which
will be discussed later. The nanoporous graphene was ﬂexible during
the simulations. Finally, the energy barriers of gases are derived from
the transition paths, which are then used to determine the permeance
of gases based on the transition state theory.

investigate the gas separation performance of strain-engineered
graphene nanopores based on the ﬁrst-principles calculations
and transition state theory. We compute the potential energy
barriers for gases (He, H2, O2, CO, CO2, and N2) passing
through graphene nanopores under uniaxial and biaxial strains
and then assess their capability for selective gas separation. It is
found that the graphene nanopore exhibits highly mechanosensitive permeance of gases, suggesting that the strain
engineering strategy could be used to precisely tune the gas
transport across nanopores. The mechanism of the mechanosensitive gas transport is elucidated by tracking the evolution of
atomic and electronic structures with the increasing strain.

3. RESULTS AND DISCUSSION
3.1. Structural Integrity of Nanoporous Graphene
under Mechanical Perturbation. In the computation, an
optimized supercell of free-standing graphene consisting of a
hydrogen-passivated nanopore exhibits sizes of 12.87 Å ×
12.39 Å, which are 0.3 and 0.4% larger than that calculated for
defect-free graphene. The discrepancy in the lattice constants is
due to the existing nanopore in graphene that enlarges the
structure.
Before investigating the gas transport behaviors across the
nanoporous graphene, we ﬁrst characterize the structural
integrity of the nanoporous graphene. Figure 2 shows the
calculated stress−strain curves of graphene under uniaxial and
biaxial strains. Herein, nominal strain and stress are used,
which are deﬁned as the length change divided by the original
length and the tensile force divided by the original area of cross
section, respectively (nominal thickness of 3.4 Å is adopted).
Figure 2a shows that the mechanical responses of nanoporous
graphene stretched along the armchair direction become
distinct from that along the zigzag direction with the increasing
strain, resulting from the strain-induced symmetry breaking.
The strain to failure of this nanoporous graphene loaded along
the armchair and zigzag directions are 11 and 17%,
respectively, which deﬁnes the maximum strains that can be
applied to the structure. In addition to uniaxial strain, we also
investigate the elastic responses of biaxial strain, and the strain
to failure can also exceed 10% (Figure 2b). Considering the
structural stability based on these investigations, we explore the

2. COMPUTATIONAL MODELS AND METHODS
First-principles calculations, as implemented in the Vienna ab-initio
simulation package (VASP),30,31 are performed to investigate the gas
separation performance of strain-engineered nanopores. The electron−core interactions are treated by the projector-augmented wave
(PAW) method within the frozen core approximation,32 and the
exchange-correlation interactions between electrons are described by
generalized gradient approximation (GGA) functional parameterized
by Perdew, Burke, and Ernzerhof (PBE).33 Unless otherwise noted,
the adopted energy cutoﬀ is 520 eV, and the k-points mesh used is
2×2×1 for the calculations.34 It is noted here that the energy cutoﬀ of
620 eV is adopted for He atoms because of its high default value.
Considering the dispersion interactions, we employ van der Waals
correction using the DFT-D3 method.35 The atom positions and
lattice parameters are energy minimized until the force tolerance of
0.01 eV/Å. To avoid the interactions between the periodic replicas, a
vacuum separation of 30 Å is adopted. Additionally, spin-polarized
calculations were adopted for simulations containing oxygen
molecules.
The initial structures of a hydrogen-passivated nanopore in
graphene and free gases (He, H2, O2, CO, CO2, and N2) are
optimized using a conjugate gradient algorithm (Figure 1). Without
loss of generality, the experimentally observed graphene nanopore
made by missing six carbon atoms and functionalized with hydrogen
was adopted to introduce the concept of strain-engineered nanopores
for selective gas separation. It is expected that this concept can be
generalized to other pores with diﬀerent shapes and sizes. The
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https://dx.doi.org/10.1021/acsanm.0c02340
ACS Appl. Nano Mater. 2020, 3, 11474−11480

ACS Applied Nano Materials

www.acsanm.org

Article

Figure 3. (a) Energy barriers of gas molecules across the nanopore in graphene. The literature data are from Ambrosetti et al.,38 Li et al.,40 and
Blankenburg et al..39 Energy barriers of gas molecules across the nanopore in graphene under (b) uniaxial strain and (c) biaxial strain.

Table S2. In general, it can be found that the energy barriers of
all gases decrease with the increasing of uniaxial or biaxial
strains, and the biaxial loading more signiﬁcantly reduces the
energy barriers compared with uniaxial loading at the same
magnitude of strains. For example, the energy barrier of
hydrogen can be reduced to 3.70% of its original value in these
ranges of mechanical strains, indicating the mechanosensitive
permeance of gases through the nanoporous membrane.
To quantify the eﬃciency of the gas separation, the
Arrhenius equation43 is used to estimate the transport rate of
the gas molecule across the graphene nanopore. The Arrhenius
equation is written as

gas separation performance of nanoporous graphene under
uniaxial and biaxial strains below 10%.
3.2. Strain Engineering Gas Separation Performance
of Nanoporous Graphene. To investigate the permeability
and selectivity of the nanoporous graphene for gas separation,
we calculate the minimum-energy pathway of gas molecules
across the nanoporous graphene. The energy barrier (ΔE) is
deﬁned as the largest energy diﬀerence between a local
minimum and any subsequent local maximum during the
crossing of barrier37
ΔE = E TS − ESS

(1)

where ETS and ESS are the total energy of the transition state of
gas across the nanoporous graphene and the stable state (SS)
of gas across the nanoporous graphene, respectively.
To balance the computational eﬃciency and accuracy, we
test the number of images in the CI-NEB calculations of gas
molecules across the graphene nanopore. Two initial
conﬁgurations for calculating the energy pathway of He across
the nanoporous graphene are constructed, in which the He
atoms are 3.0 and 6.0 Å from graphene before optimization.
After optimization, the initial height of 3.0 Å slightly changes
to the optimal adsorption height while the initial height of 6.0
Å almost does not change, and 5 and 19 images are used for
these two structures, respectively. The energy proﬁles of He
atom across the graphene nanopore is shown in Figure S1,
from which we calculate the energy barriers of He passing
through these two structures as 0.4069 and 0.4072 eV,
respectively, showing a very tiny diﬀerence (0.07%). Hence,
ﬁve images for the CI-NEB calculations are adopted for a
balance between computational accuracy and eﬃciency. Figure
3 demonstrates that the energy barriers are 0.41, 0.54, 1.01,
1.82, 2.09, and 2.35 eV for He, H2, O2, CO2, CO, and N2,
respectively, which agrees with the literature reports.38−40 In
comparison, the order of increasing kinetic diameter of gas
molecules is He (2.55 Å), H2 (2.89 Å), CO2 (3.30 Å), O2
(3.47 Å), N2 (3.64 Å), and CO (3.69 Å).41,42 The quite low
energy barriers of He (0.41 eV) and H2 (0.54 eV) suggest that
they can pass through the graphene nanopore at moderate
temperature and pressure. However, the permeation of O2,
CO, CO2, or N2 through the graphene nanopore is hindered
because of their high energy barriers. The slight mismatch
between the physical kinetic diameter and energy barriers of
gases suggests that other factors, such as geometries and
chemical interactions, also matter during the gas permeation.39
Subsequently, we calculate the potential energy barriers of
gases passing through the nanoporous graphene under uniaxial
strains of 5% and 10% along the armchair direction and biaxial
strains of 5% and 10%, respectively, which are summarized in

R = A exp( −ΔE /kBT )

(2)

where R is the transport rate, A is the pre-exponential factor, kB
is the Boltzmann constant, and T is the temperature. Herein,
the potential eﬀects of the pressure and reverse migration on
eq 2 are discussed. The two parts are energy barrier and preexponential factor in eq 2. The contribution of pressure on the
energy barrier can be estimated by ΔEp = ΔP × Δx × ΔS,
where ΔP is the pressure diﬀerence between the feed and the
permeate side (usually ∼<100 bar in the experiments), Δx is
the migration distance along the nanopores (on the order of
interlayer distance of graphene ∼3.4 Å), and ΔS is the area of
nanopores (∼2−5 Å2 in our work). The calculated ΔEp ≪ 0.1
eV is much smaller than the calculated translation energy
barriers. On the other hand, the pre-exponential factor is not
pressure-dependent but depends on the gas types and pore
conﬁgurations.44 Thus, the eﬀects of the pressure on eq 2 is
expected to be negligible. As for the back migration, the
diﬀerence in partial pressure between the feed side and the
permeate side is usually very large, and hence the eﬀect of back
migration was also neglected.
Furthermore, to investigate the eﬀect of mechanical loading
on gas permeance through nanoporous graphene, the relative
transport rates of gas through strained nanopore compared
with that through strain-free nanopore can be expressed as
PX/X strain=0 =

A e−ΔE X / kBT
= e(ΔE0 −ΔE X )/ kBT
A e−ΔE0 / kBT

(3)

where we assume that the prefactors are identical for all gases
as used in the previous work39,42,45 and ΔEX and ΔE0 are the
energy barriers of gas passing through straining nanopores and
strain-free nanopores. The ratio characterizes the enhanced
transport rate of nanoporous graphene upon mechanical
loadings. The transport rates for various gases across the
nanoporous graphene under diﬀerent strains are shown in
Figure 4. It can be found that PX/Xstrain=0 almost linearly increases
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Figure 4. Logarithmic scale for the relative gas transport rates of nanoporous graphene under (a) uniaxial strains and (b) biaxial strains.

Figure 5. Logarithmic scale for the selectivities of nanoporous graphene in separating (a, b) He and (c, d) H2 from other gases under uniaxial and
biaxial loadings, respectively.

smaller, more spherical gas molecules and inhibit the transport
of larger, more elongated gas molecules.46 Hence, this
assumption results in a slight underestimation of the selectivity
for separating smaller gas molecules out of larger gas
molecules. The selectivities for typical gas pairs are shown in
Figure 5, from which we can ﬁnd that the selectivities in the
separation of He and H2 from other gases both decrease with
the increase in uniaxial and biaxial strains. However, it should
be noted that there are some applied strains that make the
nanopores exhibit remarkably improved permeance while
maintaining signiﬁcant selectivity for gas separation (Figures
4 and 5). To achieve the balance between the permeation and
the selectivity for speciﬁc gas pairs in practical uses, the applied
strain to the nanoporous graphene should be optimized.
3.3. Mechanism Discussion. To explain the fundamental
interaction between gas molecules and graphene, the diameter
of the graphene nanopore was calculated. As proposed by Jiang
et al.,21 the key factor in the separation of small gas molecules
is the nanopore size relative to the kinetic radii of the target
molecules. The aim of strain-engineered graphene nanopore is
to make the transport of other molecules dynamically
unfavorable while maintaining the selective transport of target
molecules. To elucidate the essential physics behind the
signiﬁcant tunability of gas separation performance of nano-

with the increase of uniaxial and biaxial strains. In general, the
slopes of the increasing trend are higher for gases with larger
energy barriers. Notably, the energy barriers of O2, CO2, CO,
and N2 can be reduced from their original values of 1.01, 1.82,
2.09, and 2.35 eV before strain engineering to as low as 0.09,
0.32, 0.30, and 0.34 eV after strain engineering, respectively
(Figure 3b,c). As a consequence, the relative permeation rate
can increase by as high as 34 orders of magnitude, indicating
the mechanosensitivity (Figure 4).
Finally, the eﬀect of mechanical loading on the gas selectivity
of nanoporous graphene is investigated. Based on the
Arrhenius equation, the selectivity is deﬁned as the transport
rate of H2/He relative to that of other common gases (O2, CO,
CO2, and N2). To be speciﬁc, the selectivity for gas pair (X/Y)
is the ratio between the transport rates of gas X and gas Y (rX
and rY)
SX/Y =

rX
A e−ΔE X / kBT
= X −ΔE / k T
rY
AY e Y B

(4)

where A is the prefactor, kB is the Boltzmann constant, and T is
the temperature. For simplicity, we assume that the prefactors
are identical for all gases as used in the previous work.39,42,45
Herein, it should be noted here that this assumption neglects
the entropic contributions that promote the transport of
11477
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Figure 6. Electron density distributions of (a) He, (b) H2, (c) O2, (d) CO2, (e) CO, and (f) N2 passing through the strain-engineered graphene
nanopores at the transition state, respectively, in which the isosurface value is adopted as 0.02 e/Å3.

Figure 7. Sizes of nanopores (a) and gases (b) calculated from their electron density distributions, in which the isosurface value is adopted as 0.02
e/Å3.

slightly smaller than that of CO. The underlying mechanism
can be found in Figure S3, which demonstrates that there is a
geometry distortion as CO passes through the nanopore that
reduces the energy barrier, resulting from the asymmetric
conﬁguration of CO compared with that of N2. It suggests that
the conﬁgurations of gases also inﬂuence the transport
performance across the nanopore.
3.4. Additional Remarks. The experimental realization of
strain-engineered nanoporous graphene is challenging; however, here we propose some potential approaches based on
recent experimental advances. First, the nanoporous graphene
for gas separation is usually placed on the substrate, and the
mechanical strains can be applied to the substrate by directly
stretching, or bending-induced stretching the substrate and
thus transferring the loading into the graphene. Second, the
strain engineering of nanoporous graphene can be realized by
applying diﬀerent pressures in the selective gas separation
process. These approaches have been successfully applied for
the precise strain engineering of two-dimensional materials.47,48
Furthermore, the size, shape, and density of graphene
nanopores in practical uses can be diﬀerent from the speciﬁc
structures explored in this work (0.63 pores/nm2), which can
aﬀect the separation and mechanical performance of nanoporous graphene.49−51 For example, the nanopore density has
dual roles in the nanoporous graphene: It weakens the
mechanical properties of graphene but increases the eﬀective
area for gas separation. Hence, it is expected that there is an
optimal nanopore density to maximize gas separation perform-

porous graphene by strain engineering, we study the
microstructure evolution of the nanopore in graphene based
on computational evidence. Speciﬁcally, the electron density
distribution for the transition states of gases across graphene
nanopore is computed at a critical isovalue of 0.02 e/Å3
(Figure 6). It can be found that there are some overlaps
between the H2 (He) and strain-free graphene nanopore,
whereas the electron overlaps are much more pronounced
between the graphene nanopore and other gases (CO2, O2, N2,
and CO) at the transition state. With the increasing of strains,
these overlaps between gases and graphene nanopores at
transition state reduce or disappear, explaining the increasing
of permeance because of the reduced size-exclusion eﬀect.
Furthermore, the shape of the nanopore changes diﬀerently
upon applying uniaxial and biaxial strains. The electron charge
densities of nanopore under no strain, uniaxial strains, and
biaxial strains are shown in Figure S2. Furthermore, the sizes of
the nanopore that are deﬁned as the area (diameter) of
maximum incircle in the nanopore, respectively, are calculated
for analysis. As shown in Figure 7a, the sizes of the nanopore
increase with the increasing strain. The sizes of the nanopore
under the biaxial strain of 5% are larger than those under the
uniaxial strain of 10%, which agree with the results of the
transport rates. As shown in Figure 7a, the nanopores deform
more uniformly when biaxial strains applied than when uniaxial
strains are applied, thus resulting in a more pronounced
improvement of gas permeance by biaxial strain engineering.
As shown in Figure 7b, it is interesting that the barrier of N2 is
larger than that of the CO, while the kinetic diameter of N2 is
11478

https://dx.doi.org/10.1021/acsanm.0c02340
ACS Appl. Nano Mater. 2020, 3, 11474−11480

ACS Applied Nano Materials

www.acsanm.org

from Zhen Li and Jinxi Hu. The numerical calculations in this
work have been done on the supercomputing system in the
Supercomputing Center of Wuhan University.

ance. To address these issues, advanced techniques are needed
for precisely fabricating uniform and ﬁnely deﬁned nanopores.
Fortunately, remarkable advances in fabricating nanopores in
graphene using the etching method have recently been
achieved.52−54 Finally, it should be noted that although our
work used graphene as a testbed to demonstrate the concept of
strain-engineered nanopores for selective gas separation, it is
expected that this strain engineering strategy can be used for
other 2D materials or gases.
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Table S1. Calculated bond length of molecules as compared with that from literature
(unit: A).
H2

O2

CO2

CO

N2

This work

0.751

1.233

1.177

1.143

1.113

LDA

-

1.223a

-

1.138a

1.109a

PW91

-

1.237a

-

1.145a

1.113a

PW91PW9
1/6-31G

-

1.228a

1.148a

1.116a

PBE

0.750b

-

-

-

-

Exp.

0.741c

1.208d

1.163e

1.128f

1.098g

-

Ref a Taken from Ref.1
Ref b Taken from Ref.2
Ref c Taken from Ref.3
Ref d Taken from Ref.4
Ref e Taken from Ref.5
Ref f Taken from Ref.6
Ref g Taken from Ref.7
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Table S2. Potential energy barriers (eV) of gases passing through the nano-porous
graphene, under free, uniaxial strains of 5% and 10% along the armchair direction,
and biaxial strains of 5% and 10%, respectively.
Gases/strains

He

H2

O2

CO2

CO

N2

0%

0.41

0.54

1.01

1.82

2.09

2.35

εx=5%

0.28

0.32

0.75

1.30

1.53

1.71

εx=10%

0.17

0.22

0.44

0.88

1.01

1.13

εx=εy=5%

0.13

0.17

0.32

0.78

0.89

0.99

εx=εy=10%

0.03

0.02

0.09

0.32

0.30

0.34
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Figure S1. Energy profile for a He atom passing through the graphene nanopores. The
red and the black data are the paths of He across the nanopores with initial
configurations of He atom 3.0 A and 6.0 A from graphene plane before optimization
(the initial height of 3.0 A slightly changes to the optimal adsorption height while the
initial height of 6.0 A almost does not change upon the optimization of these two
initial configurations), respectively.
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Figure S2. Top view of electron charge densities of nanopore under free, uniaxial and
biaxial strains, in which the iso-surface value is adopted as 0.02 e/A3.
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Figure S3. Side view of electron charge densities of (a) CO and (b) N2 passing through
the strain free porous graphene at transition state, respectively.
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