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A B S T R A C T

The structural deformation of porous graphene (PG) under tensile stress and the diffusion

properties of H2, O2 and CO2 through PG under different strain conditions have been inves-

tigated using the first-principles density functional theory. It is found that the application

of a tensile stress can effectively increase the diffusion rate of H2, O2, and CO2 in PG by up to

7, 13, and 20 orders of magnitude, respectively. Therefore, we propose that applying tensile

stress is an effective way to control the diffusion rate of gases through PG. By applying suf-

ficiently large tensile stress, one might able to use PG for filtering larger gas molecules such

as O2 in addition to previously proposed H2. The results open up an opportunity to utilize

PG as a controllable gas separation membrane, leading to wide range of energy and envi-

ronmental applications.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The fabrication of nanostructure by the bottom-up ap-

proaches paves a way to actually utilize nanomaterials [1–6].

Ultraviolet-induced oxidative etching [7,8] and lithographic

techniques [9,10] that are generally referred to as top–down

approaches, can be effectively used to produce fine structures

down to a microscopic scale. However, at the nanoscale, such

techniques faced serious precision and resolution limitations.

On the other hand, the concept of materials engineering with

molecular building-block has been proposed to be a promis-

ing way to fabricate nanoscale systems [1,2,5,6]. Recently,

the porous form of graphene [11–13] with a regular pore-size

distribution has been synthesized by a bottom-up approach

using the chemical building blocks of functionalized phenyl

rings [3,14]. A 2-dimensional (2D) network of a covalently-

linked hydrocarbon superstructure was grown spontaneously

on a silver substrate based on molecular self-assembly. The

molecules resemble to form graphene-like flakes with regular

pores distributed; called porous graphene (PG) [3]. The typical

size of PG is around 50 nm2. The unit cell of PG is equivalent to

a 3 · 3 supercell of the graphene unit cell with one hexagon

pore created and decorated by six hydrogen atoms as shown

in Fig. 1a. Because of these well-defined pore size and distri-

bution, PG is a prime candidate to be utilized as a gas-separa-

tion membrane, [15,16] due to its exceptionally highly

selectivity of H2 among other atmospheric gases. PG has been

proposed to be a viable membrane for gas separation due to

its high permeability of H2 [7] and almost completely block

other gases with the selectivity on the order of 1026 for H2/

CO2 [15]. This makes PG a high potential candidate material

for technological applications such as hydrogen storage

[15,17,18], fuel cells [15,16], and gas sensors [15,16].

The pore size and the functionalization of the pore intro-

duced to graphene strongly affect the diffusion properties

and the characteristics of the membrane [15,16,19,20]. In prin-

ciple, membranes with different pore characteristics could be

designed from chemical building block or electron beam
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irradiation [9] to suite different requirements of each applica-

tion. However, in practice, it could be highly challenging to

engineer the pores of graphene. Here, we propose an alterna-

tive way to control the characteristics and the gas diffusion

properties of the PG without the need to modify the structure

or functionalization of PG pores. We will show, based on first

principles calculations, that the characteristics and the gas

diffusion properties of the PG can be tuned by applying rea-

sonable strain to the membrane. While we focus our atten-

tions on the effects of strain on diffusion properties of CO2,

O2, and H2 gases, the application of such idea can be applied

to other gases as well.

2. Computational methods

The calculations were performed based on the density func-

tional theory [21] as implemented in the VASP code [22–24],

within the Perdew, Burke, and Erzenhoff (PBE) [25] functional

form of the generalized gradient approximation (GGA) [26]

and the projector augmented wave (PAW) potentials [27,28].

The cutoff energy of the plane wave expansion is 600 eV.

Structural relaxation is performed until the force on each

ion is below 0.01 eV/Å. The unit cell of PG is constructed from

a 3 · 3 repetition of the primitive unit cell of graphene with six

carbon atoms removed to create a pore and the pore edges are

decorated by six hydrogen atoms as shown in Fig. 1a. The vac-

uum spacing of 20 Å is used to prevent fictitious interactions

between the adjacent layers in the calculations. The C-cen-

tered Monkhorst–Pack k-mesh of 6 · 6 · 1 is used for Brillouin

zone integrations.

3. Results and discussion

The optimized lattice parameter for unstrained PG is 7.517 Å

which is in good agreement with known experimental value

(7.4 Å [3]) and other calculated values (7.45 Å [29] and

yL

a b

2 xL
dc

 0  1 

Fig. 1 – (a) The unit cell of porous graphene (indicated by a red rhombus). The electron localization function (see text) are

plotted for (b) unstrained porous graphene, (c) 20% strain in zigzag (x) direction (ex = 0.20), and (d) 20% strain in armchair (y)

direction (ey = 0.20). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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7.455 Å [15]). Based on the symmetries, there are two non-

equivalent C–C bonds with the calculated bond distances

of 1.404 Å and 1.497 Å (the longer one is the one connecting

two hexagons). The calculated C–H bond length is 1.086 Å.

The elastic properties of PG were studied by applying the

uniaxial strain along the two most relevant directions, i.e.

zigzag (x) and armchair (y). The uniaxial strain is defined

as the ratio of deformation DL to the initial length L, i.e.,

ei = DLi/Li where i = x, y. The optimized unstrained cell

parameters of PG were Lx = 3.758 Å and Ly = 13.019 Å, as

shown in Fig. 1a. The number of pore per unit area (pore den-

sity) is then simply (LxLy)�1. The limit of structural deforma-

tion of PG under applied strain can be evaluated by

inspecting the electron localization function (ELF) [30,31].

ELF has values between 0 and 1, where 1 corresponds to per-

fect localization and 1/2 corresponds to electron–gas-like pair

probability [30,31]. Fig. 1b shows the ELF of unstrained PG. The

high electron localization at the center of C–C bonds indicates

the character of covalent bonds where the electrons are

shared between two carbons which reflects the carbon bond-

ing. Under tensile strains some of the C–C bonds, depending

on tensile directions, are extended and the ELF shapes at

those bonds are distorted. These effects are especially obvi-

ous at large strain. Fig. 1c illustrates the ELF of PG under

20% tensile strain along the zigzag direction (ex = 0.20). The

C–C bonds connecting two hexagons are significantly elon-

gated by about 32% to 1.970 Å. The ELF at the center of those

bonds are clearly broadened but does not split; indicating that

the covalent bonds still existed. On the other hand, for PG un-

der 20% tensile strain along the armchair direction (ey = 0.20),

the C–C bonds are elongated even more, i.e., by 79% to 2.680 Å.

The ELF at the center of the bonds splits into two equal parts

having a minimum between the two carbons as shown in

Fig. 1d; indicating the break-down of the C–C covalent bonds.

Note, however, that under strains the other C–C bonds are

nearly intact. These simple investigations suggest that PG

can withstand higher tensile loading along the zigzag direc-

tion than the armchair direction.

We have studied the PG under strain in both directions in

details by varying the uniaxial strain in the range of �20% to

20%, i.e., ei = ±0.2. The total energies of strained configurations

(ex, ey) in the range above were calculated using uniform

meshes with De = 0.1. To gain detailed data near the un-

strained region, a finer mesh with De = 0.02 were used for

low strain regions (ei = ±0.1). The discrete set of the strained-

PG calculations is interpolated to a smooth surface [32].

Fig. 2a shows the energy of a strained PG as a function of

strain E(e) referenced to the unstrained one E(e = 0).

From the full energy surface as a function of strain, the

information of lateral relaxation when the uniaxial strain is

applied can be extracted. For each applied strain, the lateral

side will relax to lower the energy. Therefore, the optimized

lateral strain is defined at the lowest energy for a given ap-

plied strain. Under uniaxial strain ex (or ey) the optimized en-

ergy is shown as a curve in Fig. 2a. The two curves can be

written as,

eyðexÞ ¼ �0:279ex þ 0:493e2
x þ 0:504e3

x ð1Þ

exðeyÞ ¼ �0:275ey þ 0:902e2
y þ 0:153e3

y ð2Þ

When the PG is stretched in one direction, the lateral side

would shrink. Such relation is reflected in the Poisson’s ratio

[33]. To gain insights on structural deformation, we defined

the ratio of the change in the applied strain in the x and y direc-

tions as mx = �dey/dex (along the path defined by Eq. (1)) and

my = �dex/dey (along the path defined by Eq. (2)), respectively.

The ratio of zero would mean that applying a strain in one

direction does not affect the lateral direction at all. From

the plot in Fig. 2b, we can see that the ratio is positive and de-

creases with increasing (stretch) strain. This means that ini-

tially the lateral side would relax in order to reduce area

expansion. However, as the PG is stretched more, the PG

started to lose its stiffness and the ratio changes sign. We

can also see that my turns lower than mx at large tensile strain

and crosses zero at ey = 0.14.

The plot of strain energy (ES) as a function of applied uni-

axial strain (e) as well as its first-derivative (E0S ¼ dES=de) along

the paths given by Eqs. (1) and (2) are shown in Fig. 2c. ES in

both directions are similar at low strain, i.e., ei < 0.08, and

started to be different at higher strain. The ultimate strength

of PG can be estimated from the critical value of E0S. From

Fig. 2c, the ultimate strength of PG under tensile strain along

the armchair direction corresponds to ey = 0.14 which agrees

with the point where the my turns zero. For the zigzag direc-

tion, the ultimate strength corresponds to ex = 0.19. These re-

sults indicate that PG can withstand the strain up to about

14% in the y direction and 19% in the x direction. The forces

associated with the strain can be calculated from fx ¼ ‘y
Ly

dES
Lxdex

and fy ¼ ‘x
Lx

dES
Lydey

where ‘x and ‘y are the dimension of the PG

membrane along zigzag and armchair direction, respectively.

For example, for a PG membrane with the length of 5 nm

along the armchair direction (‘y = 5 nm) the force of about

50 nN is required to cause stretch strain of 10% along the

zigzag (x) direction.

For a small strain (ei < 0.04), the first derivative of energy-

strain curve is linear (with a slope of about 350 eV/unit cell),

as show in Fig. 2c. However, at a larger strain (ei > 0.04) the

slope decreases; indicating that it becomes easier to deform.

According to S�ahin et al. [34], the energy-strain relationship

can be fitted with the equation ES ¼ a1e2
x þ a2e2

y þ a3exey. For

ei < 0.04, a1 can be approximated to be equal to a2 due to the

isotropy of the structure. The in-plane stiffness can be calcu-

lated by C = (1/A0)(o2ES/oe2) = [2a1 � (a3)2/2a1]/A0 where A0 = Lx-

Ly is the area of unstrained system. In our case, the fitted

values (per unit cell) are a1 = a2 = 196.56 eV, a3 = 108.29 eV,

and A0 = 48.925 Å2, respectively. We obtained the in-plane

stiffness of the PG of 120 N/m. In comparison with graphene,

the pores make the PG 64% weaker than graphene (335 N/m

[34], 340 ± 40 N/m [35]). Other compounds with 2D honeycomb

structure are BN, graphane, SiC, and Si. Their calculated elas-

tic stiffness values are 267, 243, 166, and 62 N/m, respectively

[36]. We can see that PG is still tough with the elastic stiffness

comparable to SiC and higher than Si.

Next, we investigate PG membrane for gas separation pur-

pose by studying the diffusion barrier of several gas molecules

in the range of uniaxial strain from �4% to +10%. A supercell

(2 · 2 of the unit cell of PG) is used for the calculation of the dif-

fusion barrier of H2, O2, and CO2 molecule passing through PG.

Previous studies showed that these small molecules will pass

through the PG with its axis perpendicular to the sheet
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[15,16,19] as illustrated for H2 in the inset of Fig. 3. For the stud-

ied molecules, it was found that the molecular diffusion path-

way has the lowest diffusion barrier when the transition state

is at the center of the pore. Therefore, the diffusion barrier is

defined as the difference in total energy when the molecule

is at the center of the pore and when the molecule is at the

energetically favorable distance from the pore. For the un-

strained PG (e = 0), our calculated diffusion barrier of H2, O2,

and CO2 molecules are 0.54, 1.05, and 1.85 eV, respectively,

which are comparable to the values obtained in the previous

works [15,16]. Based on these big differences in the diffusion

barriers, Li et al. proposed that PG can be used for gas filtering

with the relative diffusion rate as large as 1026 for the diffusion

of H2 relative to CO2 [15]. Changing functionalize element, for

e.g., decorating the pore with N instead of H, is one of the pro-

posed approaches to modify the gas diffusion properties of

graphene membrane [19]. Here, we studied the effects of

strain on the diffusion properties. This would allow direct

control or fine tune of the diffusion properties of the PG

membrane.

Fig. 3a shows the diffusion barriers of PG as a function of

three types of strain for H2, O2 and CO2 molecules. At low uni-

axial strain (e < 0.08), the diffusion barriers as a function of

strain in both directions are nearly identical. The difference

only takes place at a larger strain where the pore shapes are

significantly deformed in a different way. At large strain, the

PG with tensile strain in the y direction has lower diffusion

barriers than that with strain applied in the x direction. This

is due to the larger pore expansion due to the larger C–C bond

extension as shown in Fig. 1d. For the PG with strain in the x

direction, the reduction in the barrier saturated at a value of

0.41, 0.71, and 1.31 eV for H2, O2, and CO2, respectively at

ex = 0.10. This is because the tensile strain expands the pores

in one direction while the transverse direction of the pores is

initially shrunk by a small amount forming a slit-shape pore

which is nearly unchanged at large strain. This can be seen
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Fig. 2 – (a) The strain energy surface in eV/unit cell. The optimized paths with uniaxial strain in x (yellow) and y (blue) axis

and symmetrical strain (pink) are shown. The solid contour line is 1 eV and 5 eV increment for ES < 5 and ES > 5, respectively.

(b) The m value (see text) under uniaxial strain in x (dashed orange-violet curve) and y (dashed blue-violet curve), dotted line

indicates the point where my = 0 (ey = 0.14). (c) The strain energy ES (left axis) and its derivative (right axis) along the optimized

uniaxial strain path in x (dashed orange curve) and y (dashed blue curve). The dotted lines indicate critical strains at ex = 0.19

(orange) and ey = 0.13 (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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from the m value in Fig. 2b, and the characteristic curve in

Fig. 2a where the deformation in the lateral direction is

slightly changes and saturated at larger strain. Under the

symmetrical strain, where the PG is stretched symmetrically

in both directions, the diffusion barrier reduced much faster

than the uniaxial strain because the pore is symmetrically ex-

panded. The diffusion barrier of H2, O2, and CO2 at e = 0.10 are

reduced to 0.10, 0.25, and 0.61 eV, respectively. It is interesting

to note that the diffusion barriers of O2 and CO2 reduce as a

function of strain faster than that of the H2 molecule. This

opens up an opportunity not only to tune the diffusion rate

but also to tune the gas selectivity of PG by strains.

The diffusion rate of a gas passing through PG is a function

of the diffusion barrier. Here, we defined the selectivity (rela-

tive diffusion rate) of PG for the diffusion of molecule X

(X = H2, O2 and CO2) under applied strain relative to the CO2

diffusion rate of unstrained PG as,

SX ¼
rXðeÞ

rCO2
ðe ¼ 0Þ ¼

AX exp½�EXðeÞ=kBT�
ACO2

exp½�ECO2
ðe ¼ 0Þ=kBT� ; ð3Þ

where EX(e) is the diffusion barrier of molecule X under ap-

plied strain e, kB is the Boltzmann constant, T is the tempera-

ture, and AX is the diffusion prefactor. For simplicity we

assumed the same values of the prefactor for the three gases

and assumed that they are independent of strain

(AX=ACO2
¼ 1) [15], and the temperature T is 300 K. The relative

diffusion rates (Eq. (3)) as a function of the applied strain are

plotted in Fig. 3b. For unstrained PG, the selectivity of H2/CO2

and O2/CO2 is 1022 and 1013, indicating an extremely high

selectivity of H2. The selectivity is significantly improved with

compressive strain. Note, however that, in practice, the appli-

cation of compressive strain to a thin layer PG is almost

impossible. With the tensile strain, the diffusion rate can be

significantly improved, i.e., up to 2, 5, and 9 orders of magni-

tude for H2, O2, and CO2, respectively (calculated at ex = 0.15).

This can significantly improve the diffusion yield although

the selectivity will be slightly affected. This is because the dif-

fusion rates of the larger molecules (CO2 and O2) are signifi-

cantly increases compared to that of the smaller molecules

(H2). As a result, the selectivity for H2/CO2 and O2/CO2 de-

creases to 1015 and to 1010, respectively. However, such values

of selectivity are still more than sufficient for most filtering

applications. Moreover, by controlling the strain, one can in-

crease the diffusion rate of O2 by up to almost a million fold;

opening up the opportunity to use PG to filter O2 out from CO2

and other larger gases.

For PG under symmetrical strain, the diffusion rates of H2,

O2, and CO2 can increase up to 7, 13, and 20 orders of magni-

tude, respectively (calculated at e = 0.10). As can be seen in

Fig. 3b, with increasing strain, the diffusion rate of O2 and

CO2 increases faster than the rate of H2. This is similar to

the uniaxial strain cases. To understand why the strain af-

fected the diffusion barrier of CO2 more than H2, we investi-

gated the ELFs of the system before and during the diffusion

as shown in Fig. 3c–f. We can see that the electron distribu-

tions of H2 are localized around the molecule. As the molecule

passes through the pore, it causes only little distortion on the

electron distributions of the H atoms around the pore, indi-

cating that the pore of unstrained PG is sufficiently large to

accommodate the diffusion of H2 molecule. As a result, the

barrier is barely reduced with the increasing pore size. On

the other hand, for CO2, the molecule largely affects the elec-

tron distributions around the pore and even pushes the dan-

gling H atoms away from their original locations. As the pore

size increased or distorted some or all of the surrounding H

atoms are moved further away from the pore center. This re-

duces the interaction between the CO2 and the surrounding H

atoms, resulting in the significant reduce of the diffusion

barrier.

Our calculations showed that the strain on PG can be used

effectively to modify its diffusion barriers for H2, O2, and CO2

such that the diffusion rates can be modified by several orders

of magnitude. This opens up an opportunity to manipulate PG

for the filtration applications of gases that are larger than H2,

such as O2 from other larger molecules. While our calcula-

tions are limited to only three gas molecules, the results have

implications and should set off the studies of other similar

gas molecules as well. The controllable diffusion rates by

strain can find its applications in filtration, gas separation,

and flow control. This approach is simpler than earlier pro-

posed approaches to manipulating the diffusion properties

such as changing the elements around the pore edge or syn-

thesizing the PG with larger pores.

4. Conclusions

In conclusion, the diffusion properties of H2, O2 and CO2

through the unstrained as well as strained porous graphene

(PG) were studied by first-principles calculations. The PG

can withstand the uniaxial strain up to about 14% and 19%

along the armchair and zigzag direction, respectively. The

application of strain greatly affects the diffusion barriers,

hence the diffusion rate, of the gas molecules. The diffusion

rates of H2, O2 and CO2 in PG can be increased up to 2, 5,

and 9 orders of magnitude, respectively, using the uniaxial

tensile strains of 10% and up to 7, 13, and 20 orders of magni-

tude, respectively, using the symmetrical stretch strains of

10%. The reasons why the effects of the strains on the diffu-

sion properties are different for different molecules were

investigated and explained. Our study suggested that strain

manipulation is a valid approach to effectively control the dif-

fusion properties of small molecules such as H2, O2 and CO2

through PG. Because of the significant improvement in the

diffusion rates of PG under strain, it is now possible to use

strained PG to allow larger molecules such as O2 through in-

stead of just H2; opening up wider gas filtering applications

of PG.
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[27] Blöchl PE. Projector augmented-wave method. Phys Rev B
1994;50(24):17953.

[28] Kresse G, Joubert D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys Rev B
1999;59(3):1758.

[29] Du A, Zhu Z, Smith SC. Multifunctional porous graphene for
nanoelectronics and hydrogen storage: new properties
revealed by first principle calculations. J Am Chem Soc
2010;132(9):2876–7.

[30] Becke AD, Edgecombe KE. A simple measure of electron
localization in atomic and molecular systems. J Chem Phys
1990;92(9):5397–403.

[31] Silvi B, Savin A. Classification of chemical bonds based on
topological analysis of electron localization functions. Nature
1994;371(6499):683–6.

[32] Renka RJ. Algorithm 752: SRFPACK: software for scattered
data fitting with a constrained surface under tension. ACM
Trans Math Softw 1996;22(1):9–17.

[33] Greaves GN, Greer AL, Lakes RS, Rouxel T. Poisson’s ratio and
modern materials. Nat Mater 2011;10(11):823–37.

[34] S�ahin H, Cahangirov S, Topsakal M, Bekaroglu E, Akturk E,
Senger RT, et al. Monolayer honeycomb structures of group-
IV elements and III-V binary compounds: first-principles
calculations. Phys Rev B 2009;80(15):155453.

[35] Lee C, Wei X, Kysar JW, Hone J. Measurement of the elastic
properties and intrinsic strength of monolayer graphene.
Science 2008;321(5887):385–8.

[36] Topsakal M, Cahangirov S, Ciraci S. The response of
mechanical and electronic properties of graphane to the
elastic strain. Appl Phys Lett 2010;96(9):091912–91913.

364 C A R B O N 5 4 ( 2 0 1 3 ) 3 5 9 – 3 6 4


