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CO2 Permeation through Nanoporous
Graphene: A Theoretical Study

Zacharias G. Fthenakis**®, Antonios Fountoulakis!?, loannis D. Petsalakis?,
Nektarios N. Lathiotakis?

This work is part of a systematic study on the energy barriers for the permeation of several
molecules, like He, Hz, CO, CO,, H20, NH3, CH4 etc, through nanoporous single layer
graphene, having pores with different shape, size, and type. In the present work, we focus on
the permeation of CO through graphene pores which are constructed when neighboring
carbon atoms of the graphene layer are removed from the structure, and nitrogen atoms have
replaced the carbon atoms in the boundary of the pore. The energy barriers for each different
pore are calculated using 2 different ReaxFF potentials along a path which the molecule
would ideally follow in order to pass from the one side of the membrane to the other through

the pore. Using the calculated values of the energy barriers, we estimate permeances by
employing the kinetic theory of gasses. We give estimates for the preferable sizes and
structures of the pores for permeability and demonstrate the ability of nanoporous graphene

for CO2 separation.

Introduction

One of the most promising fields for application of
Nanoporous graphene is that of membranes for gas
separation [1-10]. For instance, Wu et. al., [7] reported that
the fluorine-modified porous graphene membrane can be
used for the separation of CO, from N2 molecules, since
CO, moves easier through such a membrane, contrary to
N2. Sun et. al., [8] identified a nanopore graphene
membrane that is permeable to H, and He, significantly
permeable to N, and impermeable to CH4. They also
showed that pore functionalization may significantly affect
the molecular permeation [8]. Similar results have been
found by Jiang et. al., [9], who reported high selectivity for
the separation between H, and CHs for graphene
membranes with nitrogen functionalized pores. The effect
of nitrogen functionalization was also reported by Wei et.
al.,, [10] and Zhu et. al., [11], who showed that porous
graphene membranes with pyridinic pores are very efficient
in separating He and H, over Ne, Ar, N2, CO and CHa.

In the present work, we investigate theoretically the
permeation of CO; through pyridinic pores in graphene, as
part of a systematic study of gas permeation through
graphene membranes. Our study focuses on seven
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membrane systems which are shown schematically in
Fig. 1. Apart from pristine graphene (Fig. 1(a)), these
membranes, are constructed by removing some
neighbouring carbon atoms of the graphene layer, while the
pore boundary atoms are replaced by nitrogen (pyridinic
pores). Using the method described below, we try to reach
the transition state for the minimum energy path that
transfers the CO, molecule from the one side of the
membrane to the other through the pore and estimate the
energy barrier which corresponds to that transition state.
Using the energy barriers, we then estimate the CO;
permeabilities of the membranes utilizing the kinetic theory
of gasses.

Method

For our study, we devised a classic potential approach
based on a combination of two recently proposed ReaxFF
potentials. The first one is the so called RDX potential [12],
which has been developed for simulations on nitramines
and describes interactions between C, N, H and O atoms.
The other one is the so-called C-2013 potential [13], which
has been developed for simulations on carbon condensed
phases and describes interactions only between C atoms. In
several tests we performed, the results obtained from this
new potential are comparable with those obtained from ab-
initio methods. In the rest of this paper, we will refer to this
potential as the GR-RDX-2020. More details on the
efficacy of this force field to provide reasonable results for
interactions between graphene and simple molecules like
CO2, Hz, N2, H20 etc are provided elsewhere [14]. Apart
from the hybrid GR-RDX-2020 potential described above,
we also employed another ReaxFF potential which was
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recently developed, namely CHON-2019 [15]. All
calculations presented here, which utilize either our hybrid
GR-RDX-2020 or CHON-2019 ReaxFF potentials, were
performed using the LAMMPS code [16,17].

In order to simulate graphene membranes, a 1008 atom
rectangular graphene supercell with periodic boundary
conditions is considered. As a first step of our calculations,
graphene membranes, which are initially located in the xy
plane, are optimized. As a second step (and for all the
calculations that follow), the optimized positions of the
boundary atoms of graphene supercell are frozen in their
optimized positions, while the rest of the atoms are allowed
to move freely. In the third step, some neighbouring carbon
atoms of the graphene layer are removed from the structure,
(thus creating a pore in graphene) and a CO, molecule, with
its axis directed normal to xy plane (i.e., normal to the
membrane) is placed on top of the centre of the pore, at a
distance z = 10 A between the C atom of CO, and the xy
plane, where the optimized membrane is located. In the
fourth step, the whole system is optimized under the
constrain that the z coordinate of the carbon atom of CO;is
kept fixed to its initial value of 10 A and the energy, as well
as the geometry of the optimized system is recorded. In the
fifth step, the z coordinate of the CO; atoms of the previous
step are lowered by 8z = 0.1 A, while the coordinates of the
membrane atoms are kept the same with those obtained
from the optimization of the previous step. The z coordinate
of the C atom of CO, is kept fixed in its new position (as in
the previous step) and a new optimization calculation is
performed for the whole system. When the optimization
calculation is finished, the energy of the optimized system
is also recorded. The fifth step is repeated recursively,
lowering at each next step the z coordinates of the CO;
atoms by 0.1 A and the energy of the optimized structure is
reco'gjed, till the z coordinate of the C atom of CO,becomes
-10 A
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Under this procedure, the z coordinate of the carbon
atom of CO; can be considered as a reaction coordinate for
the permeation of CO; through the membrane. Therefore,
the energy values obtained from the optimizations, are
expected to be very close to the corresponding minimum
energy path. Consequently, the maximum of the energy as
a function of z provides an estimate (upper limit) of the
energy of the transition state. Therefore, an upper limit of
the energy barrier that the CO, molecule must overcome, to
be able to pass from the one side of the membrane to the
other is the energy difference between that energy
maximum and the energy at z = 10 A, (which practically is
the energy of the system for z = o).

The value of the energy barrier, the effective area and
density of the pores can be used to estimate [18] the
permeance through the membrane. The permeance, Pe, is
defined as P = F/AP where AP is the pressure drop through
the membrane and F is the molar flux. In turn, F=Np, where
N is the number of incident molecules and p the probability
of a molecule to diffuse through the pore. according to the

kinetic theory of gases, (i) p:T f(vydy, Where f(v) is the
Maxwell velocity distribution and v, the velocity
corresponding to the energy barrier, and (i) \ _ oP |

2zmk, T

and o is a geometrical factor defined as & = Peet St where

pder IS the number of pores per surface area and Sger the
effective area of the pore. A typical experimental value of
paet i p, =5x10*A? which is the value we use in the

present study. It is worth noting that an industrially
acceptable value for permeance is 6.7x10° mol s* m? Pa*!
[19]. In our study, we examine if the permeance at room
temperature or at T=1000 K is above that threshold, and we
also give an estimate for the critical temperature for
permeances that exceed it.
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Fig. 1. Pore graphene membranes with Nitrogen atoms at the boundary of the pore. (a) Pure graphene, (b) 1-, (c) 2-, (d) 3-, (e) 4a-, (f) 4b- and (g)6-
membrane (see the definition in the text). Yellow and blue spheres represent C and N atoms, respectively.
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Results and discussion

For convenience, we will use here the term “n-membrane”
for a graphene membrane with n neighbouring atoms been
removed from it. Obviously, in the case of undefective
graphene, where no atom is removed from graphene
structure, every graphene hexagonal ring should be
considered as a pore. In that case, we do not consider any
N termination in the pore boundary.

For each one of the membranes of Fig. 1, we calculate
the energy for the several points of the path that the CO;
molecule follows in order to pass through the pore,
according to the method described above (=minimum
energy path). According to our findings, pure graphene and
1-membrane do not allow the permeation of CO, molecules.
When the CO, molecule comes close to those membranes,
it dissociates due to the strong interactions that appear,
which force the oxygen atoms of CO to form bonds with
the C atoms of graphene. Therefore, for those membranes
the barrier should be considered as infinity.

For all the other membranes, the energy difference
with respect to the energy obtained for the optimized
structures (graphene membrane + CO; molecule) for
z = 10 A, which is expected to be very close to the
minimum energy path, is shown in Fig. 2 as a function of
the z coordinate of the C atom of CO; for the GR-RDX-
2021 potential (Fig. 2a) and CHON-2019 (Fig. 2b). As one
can see, the energy barrier for the permeation of CO;
through graphene membranes decreases as the size of the
pore increases. Although this result is not unexpected, our
calculations allow the estimation of the values of these
barriers, which are included in Table 1 for both the
GR-RDX-2021 potential (a) and CHON-2019 (b).
They are also shown in Fig. 3. The large energy barrier for
graphene 2-, 3- and 4a-membrane indicate that it is
practically impossible for a CO, molecule to cross these
membranes at room temperature and both potentials agree
on this fact. However, for the 3- and 4a-membranes,
with barriers ranging between 1.1 and 1.8 eV, the
permeation is allowed at elevated temperatures (more than
1000 K). The barriers for the wider pores of 4b- and
6-membranes are much lower or vanish indicating that the
permeation of CO, through these membranes is much
easier. It is worth noting that the size of these pores
slightly exceeds 0.5 nm, thus this value is the critical one
for the pore size to allow permeation of CO, at room
temperature.

Although the two potentials we considered agree on the
trend of the barriers, there is difference in the values they
yield. For the narrow pore 2-membrane, the barrier
obtained with the GR-RDX-2020 is larger. On the contrary,
for the larger pores of the 4b- and the 6-membrane, CHON-
2019 tends to result in higher energy barriers and
substantially lower permeances compared to GR-RDX-
2020, as shown in Table 1. Particularly, GR-RDX-2020
gives zero barrier for the permeation through the 6-
membrane.
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Fig. 2. Energy along the minimum energy path, as a function of the
reaction coordinate z for the n-membranes as obtained with GR-RDX-
2020 (a) and CHON-2019 (b).
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Fig. 3. Energy barrier of n-membranes obtained with GR-RDX-2020 and
CHON-2019 ReaxFF potentials.

Table 1. The effective radii of the pore (defect), duer, Where (Seer=r dger?),
the calculated energy barriers, the estimated permeance for T=300 and
1000 K, and a rough estimate of the critical (minimal) temperature, T,
required to obtain industrially acceptable permeance, for the 5 different
membrane systems studied, as calculated with the two Reax-FF potentials
we considered: (a) GR-RDX-2020 and (b) CHON-2019.

Permeance

Pores aef Barrier (mol s* m? Pa?) Ter
(nm) (eV) 300 K 1000 K (K)

2 0.40 (@ 4.0 0 0 -

(b) 5.0 0 0 -
3 0.44 (@ 18 0 2x102 1700
(b 13 0 6x10%0 1150
4a 0.47 (@ 1.1 0 7x10° 1000
(b) 13 0 7x10%0 1200
4b 0.52 (@) 0.31 3x10® 4x10° 250
(b) 0.38 2x10° 2x10° 350
6 0.56 (d 0.0 B ® 0
(b) 0.23 7x107 1x10% 200

Conclusion

The present work, as part of a systematic study of the
energy barriers for the permeation of gas molecules through
nanoporous single layer graphene, investigates the
permeation of CO, molecule through seven graphene
membranes, which are shown in Fig. 1. For all these
membranes, the carbon atoms at the boundary of the pores
are replaced by nitrogen atoms (pyridinic pores). Utilizing
a combination of two ReaxFF potentials (RDX and C-
2013), we introduced a potential that we call GR-RDX-

© IAAM

Adv. Mater. Lett. 2022, 13(3), 031700

[3 of 4]



Advanced
Materials Letters

International Association of

: ®
3
5:
3
aak Since 2010, ‘;‘\\\5
NCTIS0 Advanced Materials

https://aml.iaamonline.org

2020 which was applied to the study of several membranes
together with the CHON-2019 using the LAMMPS code.
According to our findings, graphene, 1- and 2-membranes
do not allow the permeation of CO,. The energy barrier 3-
and 4a-membranes is large enough, and they allow the
permeation only in the regime of high temperatures
(>1000). The 4b- and the 6-membrane have small energy
barriers and therefore the permeation of CO> through them
is significant. Therefore, the 4b- and 6- membranes, are
expected to be a possible candidate for the separation of
CO; from other molecules, for which the energy barriers for
permeation are larger. It is worth noting that the size of
these pores is 0.5 nm, which is our predicted critical size for
permeation at room temperature. As a final note, we report
here significant theoretical predictions regarding the size
and type of nano-pores in graphene that can be useful in
experimental research for utilizing such membrane systems
for CO; separation.
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CO, permeation though pyridinic pores in graphene calculated with GR-
RDX-2020 and CHON-2019 ReaxFF potentials.
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