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ABSTRACT: We present an investigation of molecular permeation of Q

gases through nanoporous graphene membranes via molecular dynamics 0
simulations; four different gases are investigated, namely helium, o Q )
hydrogen, nitrogen, and methane. We show that in addition to the @ d
direct (gas-kinetic) flux of molecules crossing from the bulk phase on

one side of the graphene to the bulk phase on the other side, for gases Oa” o (]
that adsorb onto the graphene, significant contribution to the flux across

the membrane comes from a surface mechanism by which molecules s Q&
cross after being adsorbed onto the graphene surface. Our results ” o
quantify the relative contribution of the bulk and surface mechanisms
and show that the direct flux can be described reasonably accurately
using kinetic theory, provided the latter is appropriately modified
assuming steric molecule—pore interactions, with gas molecules behaving as hard spheres of known kinetic diameters. The
surface flux is negligible for gases that do not adsorb onto graphene (e.g,, He and H,), while for gases that adsorb (e.g,, CH, and
N,) it can be on the order of the direct flux or larger. Our results identify a nanopore geometry that is permeable to hydrogen
and helium, is significantly less permeable to nitrogen, and is essentially impermeable to methane, thus validating previous
suggestions that nanoporous graphene membranes can be used for gas separation. We also show that molecular permeation is
strongly affected by pore functionalization; this observation may be sufficient to explain the large discrepancy between simulated
and experimentally measured transport rates through nanoporous graphene membranes.

Bl INTRODUCTION differences and/or smaller membrane areas. Although some
research has been conducted on gas separation by NPG
membranes, little is known about the mechanisms by which
molecules permeate graphene. Recently, it was reported by Du
et al.” that for pores moderately larger than the nitrogen kinetic
diameter the permeation rate of nitrogen exceeded that of
hydrogen, while for significantly larger pores the flux of both
gases was only weakly dependent on the pore area. They
attributed the higher nitrogen flux to the adsorption of nitrogen
molecules on the membrane surface. Even though the particular

Graphene” is a two-dimensional one-atom-thick sheet of sp*
bonded carbon atoms packed in a honeycomb crystal lattice,
which has good chemical stability,” excellent thermal
conductance,”® good mechanical strength,é and remarkable
electronic properties.” Although pristine graphene is imperme-
able to gases,® nanoporous graphene (NPG), a graphene sheet
featuring nanopores, has been proposed as a very promising
size-selective gas separation membrane. Computational simu-
lations and experiments’'* suggest that NPG can exhibit high 5
permeance and selectivity exceeding those of existing state-of- calculations of Du et al.” overstate the contribution of this

the-art membranes by orders of magnitude. Methods for phenomenon, molect_ﬂar adsorption on .the grflphene mem-
graphene fabrication,'>™*® transfer to porous substrates,'® ™' brane has been verified by other studies using molecular

- : L3839 s . .
and pore generation' "> in the graphene sheet are currently simulations. This transport mode was included in the

being developed, making industrial-scale NPG-based gas calculations by Drahush‘uk and Strano,"” who developed a
separation membranes a future possibility. NPG has also model for gas permeability through graphene membranes by

shown promise for applications in water desalination,”*™>" identifying five rate-limiting steps. More recently, Liu et al."*
isotope separation,”> ** DNA sequencing,*>*® and hydrogen used molecular dynamics (MD) simulations to calculate the
storage,37 among others.
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flux of molecular hydrogen across a graphene membrane with
pores functionalized by nitrogen and hydrogen atoms. They
reported a permeance in the range 1 X 10°—4 X 10° GPU (gas
permeation unit, 1 GPU = 3.35 X 107" mol/(s m* Pa)), which
is in qualitative agreement with our simulations (their
simulations were performed at a smaller pore density and
considered a smaller pore than the pores studied here). In a
separate publication,” they found pore structures that can
separate carbon dioxide from nitrogen with a selectivity of 300
and exhibit CO, permeance on the order of 10° GPU.

Koenig et al."' used a pressurized blister test and mechanical
resonance to measure the transport of a variety of gases (H,,
CO,, Ar, N,, CH,, and SFy) through nanopores, created by
ultraviolet-induced oxidative etching, in micrometer-sized
graphene membranes. Their measurements also showed that
in some cases the flux of bigger molecules exceeded that of
smaller molecules (e.g., CH, vs N,). Shan et al.*® elucidated the
effects of chemical functionalization of the graphene sheet and
pore rim on the separation of CO,/N, and found that
functionalization of the graphene sheet increased the
adsorption of CO,, while functionalization of the pore rim
significantly improved the CO,/N, selectivity.

In summary, the permeation of molecules through NPG
membranes is related not only to transport rates to the surface
but also to molecular adsorption on the graphene sheet, as well
as chemical functionalization of the graphene sheet and pores.
However, the extent of these different effects—in particular,
steric exclusion versus surface adsorption and chemical
functionalization—and how the transport of gas molecules
through nanopores in graphene compares to that predicted by
the kinetic theory of gases describing flow of an ideal gas
through an aperture remains unclear.

In this paper, we perform MD simulations of transport across
NPG membranes to systematically study the dependence of
transport rates across the membrane on molecular size as well
as surface adsorption. By decomposing the total flux across a
pore into a direct (gas-phase) flux and a surface flux, we show
that the surface flux can be of the same magnitude or even
exceed the direct flux for molecules that strongly adsorb onto
the graphene surface. We also show that the direct flux can be
predicted by kinetic theory with reasonable accuracy, provided
the finite size of molecules is taken into account. The resulting
kinetic model not only enables the estimation of direct flux
without costly molecular simulations but also serves as a means
for validating molecular simulation results that to date have
been surprisingly inconsistent. Finally, we attempt to reconcile
the discrepancy between molecular simulation and experimen-
tal results by exploring the effects of pore functionalization on
the membrane permeance and compare with existing
experimental results.

B SIMULATION METHOD

In order to obtain low-uncertainty estimates of molecular
transport rates, we use classical MD simulations, which due to
their small computational cost (compared to quantum
mechanical calculations) allow the simulation of a large number
of molecular trajectories without requiring excessive computa-
tional resources. For the temperatures of interest here, we
expect quantum effects to be small. >~

We investigate the molecular permeation of four different
gases (He, H,, N,, and CH,) through NPG membranes. Our
simulations were performed using LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator)41 on the
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Figure 1. Simulation system and nanopore structures. (a) Simulation
domain. (b—k) Structures of the nanopores employed in our
simulation. The pores are named by the number of the graphene
ring units removed or partially opened, ie., (b) P-10, (c) P-12, (d) P-
14, (e) P-16, (f) P-18, (g) P-20, (h) P-22, (i) P-24, (j) P-26, and (k) P-
28.

“unit-cell” geometry shown in Figure la, in which a square
graphene membrane of area A, = 3 X 3 nm’ divides the
simulation box of height 18 nm into two chambers of equal
volume, with each chamber initially containing 50 molecules.
Reflective boundary conditions were applied in the z-direction
of the simulation box (normal to the graphene plane). Periodic
boundary conditions were applied in the other two directions
(x and y). To avoid vertical displacement of the entire graphene
sheet, the position of one corner atom in the graphene sheet
was fixed.

Nanopores were created by selectively removing atoms from
the center of the graphene sheet. We considered ten pores with
different sizes, which are named by the number of graphene
ring units removed or partially opened, i.e,, P-10, P-12, P-14, ..,
P-28, as shown in Figures 1b—k, respectively. Every pore is
characterized by an effective radius R, given by (A,/7)"?,
where A, is the effective pore area; the latter takes the finite size
of carbon atoms on the pore rim into account and is calculated
using hit-and-miss Monte Carlo integration as described in
Supporting Information section 1.2.

Each MD simulation was run in the NVT ensemble for a
period of 2 X 10° timesteps with a time step of 0.067 fs. The
temperature was held constant at 300 K using a Nosé-Hoover
thermostat. The interactions between C—C, H—H, and C—H
were modeled by the AIREBO potential (see Supporting
Information section 1.1.1), using the parameters specified
within the LAMMPS package. The internal N, bond is modeled
using a harmonic type potential (see Supporting Information
section 1.1.3). All other interatomic interactions were modeled
by the well-known Lennard-Jones potential (see Supporting
Information section 1.1.2).

The flux through the membrane is calculated by averaging
molecular crossings in both directions; as shown in section 3.1
of the Supporting Information, this is possible due to the lack of
interactions between gas-phase molecules in the dilute gas limit.
To further increase the number of crossings (samples) for a
given simulation time, we have used a number of gas molecules
that corresponds to a nominal gas pressure of 25.5 bar.
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Although this is significantly larger than the atmospheric
pressure, we expect deviations from dilute-gas behavior to be
small at this density (n6®> = 0.026, where n is the number
density and o is a nominal kinetic diameter). Comparison with
simulations at 1, 10.1, and 41.2 bar nominal pressures shows
differences to be small (see Supporting Information Figure 6).
The agreement between two-sided equilibrium and one-sided
nonequilibrium flux measurements shown in section 3.1 of the
Supporting Information also suggests that the assumption of
dilute gas behavior is reasonable.

Adsorbed Layers. Some gases are strongly adsorbed onto
graphene, thus forming an adsorbed layer that can contribute to
the flux across the membrane. Figure 2a plots the probability
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Figure 2. Adsorption onto the graphene surface and pore-crossing
trajectories. (a) Probability density of gas molecules along the z-
direction for He, H,, N,, and CH,, respectively. Each simulation half is
divided into three different zones (graphene zone, adsorption layer,
and bulk zone) along the z-direction. (b) Typical pore-crossing
trajectories. In case 1, a molecule crosses from the bulk on one side to
the bulk on the other side. In case 2, a molecule visits the adsorption
layer but returns to the bulk zone without crossing the pore. In case 3,
a molecule crosses from one side to the other side but returns to the
original side without entering the bulk zone of the opposite side. In
case 4, molecules remain in the bulk. Orange denotes the initial or final
position, while green denotes molecule in motion.

density of finding molecules of each of the gases involved in
this study as a function of the distance from the membrane (z =
0); methane and nitrogen feature strong adsorption layers,
while helium and hydrogen are significantly less attracted by the
graphene membrane.

In order to analyze the relative contribution of the bulk (gas
phase) and adsorbed layer to the flux across the membrane, we
divide each simulation half into three different zones along the
z-direction, namely the graphene zone, the adsorption layer,
and the bulk zone (gas phase). The graphene zone is occupied
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by the graphene membrane of nominal width 0.34 nm. By
observing that the gas density typically decays to its gas-phase
value for (approximately) |zl > 0.6 nm, we define the adsorption
layers as the regions 0.17 nm < |zl < 0.6 nm as shown in Figure
2a. Using this notation, gas—membrane interaction can be
described by breaking down gas—molecular motion into the
four cases summarized in Figure 2b. In the present work the
permeate flux across the membrane is comprised only of case 1
events (in both directions); that is, a molecule is considered to
have crossed the graphene membrane if it moves from the bulk
phase on one side to the bulk phase on the other side of the
membrane. As discussed in section 2.2 of the Supporting
Information, inclusion of case 3 events results in a difference in
the molecular flux on the order of 7% for methane permeating
the biggest pore (P-28). Because methane features the densest
adsorbed layer, this amount is expected to be an upper bound
on the discrepancy between the two definitions.

Due to the adsorption of molecules on the graphene surface,
the equilibrium gas-phase density is expected to be, in general,
not equal to the nominal gas density; the latter is defined as the
number of gas particles divided by the volume of the simulation
box excluding the volume of the graphene zone. This effect was
taken into account in our results: the gas density was calculated
by considering only the particles in the bulk region (lzl > 0.6
nm) and the volume available to them. This correction resulted
in a reduction from the nominal simulation pressure of 25.5 bar
by 0.4%, 3.4%, 12.2%, and 23.9% for He, H,, N,, and CH,,
respectively. The gas pressure was calculated using the ideal gas
equation of state; comparison with the NIST standard
reference program data reveals that use of the equation of
state incurs a maximum error of approximately 4% for CH,,
while errors for the other gases are on the order of 1%.

Direct and Surface Flux. To elucidate the contribution of
the bulk and surface mechanisms to the molecule permeation,
we separate the total flux into two parts, namely the direct flux,
in which the molecules cross directly from the bulk phase of
one side to the bulk phase of the other side of the graphene,
and the surface flux, in which the molecules cross after being
adsorbed onto the graphene. A schematic illustration of the
surface flux and direct flux definitions is shown in Figure 3a.

The two fluxes are distinguished based on the maximum
polar angle ¢, at which one molecule can directly cross through
the pore, determined by the molecule radius (R,,) and pore
radius (R,) as shown in Figure 3a. Molecules entering the pore
at polar angles smaller than 0, and having trajectories with radii
of curvature (R.) larger than 2 nm are considered to be
contributing to the direct flux; molecules entering with larger
values of 0, and/or having trajectories with smaller radii of
curvature are assigned to the surface flux. We note that the
angle criterion is based on a two-dimensional simplification of
the interaction between the pore and the molecule and neglects
the circular shape of the pore as well as the azimuthal
orientation of molecular trajectories (see Figure 7 of
Supporting Information); as a result, the simulation results
are expected to provide an overestimate of the direct flux
(underestimate of the surface flux).

B THEORETICAL MODEL

The potential application of graphene membranes to gas
separation has led to a number of recent MD studies assessing
the possibility of separation by size exclusion. Surprisingly, the
permeances reported in these studies exhibit significant
variability with relative discrepancies up to 2 orders of
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Figure 3. Regime and prediction of the direct flux. (a) Schematic illustration of the surface flux and direct flux. In our simulation the two types of
crossing are separated by comparing the polar angle at which the molecule crosses the pore to the maximum angle 6, as well as the curvature of the
molecular path in the adsorption layer. (b) 6(R,/R,,) for He, H,, N,, and CH, permeating different pores.
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Figure 4. Permeate flux of the four different gases. (a) Permeate flux in units of mol/(m” s) through different pores for H,, He, N,, and CH,. (b)

Ratios of the total flux to the predicted direct flux.

magnitude for the same or similar pores. In order to validate
our results, but also to provide a robust framework for
estimating molecular fluxes through NPG membranes, we have
developed a model for predicting the permeance of various
NPG membranes as a function of the pore size and the gas
kinetic diameter. This model is based on kinetic theory
arguments for the molecular flux arriving at the pore from the
bulk (gas) phase and does not account for the flux due to
molecules adsorbed on the graphene surface.

The direct one-sided flux of point particles through a surface
in an ideal gas can be calculated exactly at equilibrium and is
given by

P
27RMT (1)

where T is the gas temperature, R is the universal gas constant,
M is the molar mass, and P is the gas pressure. By superposing
the flux in both directions, this result can be used to describe
the net flux of an ideal gas through an orifice that is much
smaller than the gas mean free path in the presence of a
pressure difference (AP), provided small deviations from
equilibrium prevail.** This condition is satisfied by our
simulations (see Supporting Information section 3.1) and is
also expected to be satisfied in practical applications of interest.
Therefore, for a membrane of area A, with a pore of effective
area A, = ﬂ'RPZ, the net ideal gas flux based on the membrane
area is given by

B ﬁ AP
A, N27RMT @)

Molecule—pore interactions are incorporated by assuming
that they are purely steric and that gas molecules behave as hard
spheres of known kinetic diameters. Under these assumptions,
the predicted direct gas flux is given by

Joa = Jig8(Ry/R,,) (3)

S

The reduction in molecular flux due to steric considerations
(5(RP/R,,J < 1) can be calculated by finding the fraction of
trajectories with molecular centers that intersect the graphene
membrane within the pore diameter but cannot permeate the
pore. This fraction was evaluated by simulating a large number
of such trajectories using a Monte Carlo method described in
more detail in section 4 of the Supporting Information. The
resulting reduction in flux due to steric considerations for
various gases and pore sizes is shown in Figure 3b.

We finally note that in our equilibrium simulations, instead of
subtracting the two fluxes in opposite directions (AP =P — P =
0), we add them to obtain twice the one-sided flux (AP = 2P),
as noted in the Simulation Method section and elaborated in
section 3 of the Supporting Information.

B RESULTS AND DISCUSSION

Selectivity. Figure 4a shows our MD results for the total
flux (in units of mol/(m* s) based on the graphene surface
area) through NPG membranes featuring the pores shown in
Figures 1b—k. As expected, the flux of a given gas increases as

dx.doi.org/10.1021/1a403969g | Langmuir 2014, 30, 675—682
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Figure 5. Comparison among different permeances for permeable pores. (a—d) Ideal gas permeance, total permeance, predicted direct permeance,
and measured direct permeance through pores permeable to all gases considered (i.e., P-12, P-14, .., and P-28) for He, H,, N,, and CH,, respectively.

the pore size increases, while for a given pore size, the flux
depends on the molecule kinetic diameter and mass as well as
the strength of its interaction with the graphene surface.
Transport rates through permeable pores are analyzed in more
detail below; comparison with experimental results can be
found in Figure 6.

Here we note that the simulation results show that pore P-10
is not permeable to methane, is very weakly permeable to
nitrogen, and is significantly more permeable to hydrogen and
helium (see Figure 4a). Specifically, during the simulation, no
methane crossing events were observed (in the case of zero
crossings an upper bound on the flux is estimated using a 95%
Poisson® confidence interval), while the number of nitrogen
crossing events was nonzero but an order of magnitude smaller
than those observed for hydrogen and helium. This suggests
that selective membranes are indeed possible if pores of this
size and purity (no functionalization) can be reliably generated.

Modes of Transport. Figure 4b shows a comparison
between the fluxes through various pores for the four gases
considered in this study. The flux is normalized by the direct
flux predicted by the theoretical model described in the
previous section (eq 3). For gases that do not adsorb onto
graphene (e.g,, He and H,), the ratio of total flux to predicted
direct flux is close to 1; deviations from 1 arise due to the
existence of a small surface flux and also due to the error
associated with our kinetic theory model (e.g., the assumption
of steric interactions and the use of a circular approximation for
the pore geometry).

On the other hand, for gases that strongly adsorb onto the
membrane (e.g, CH, and N,) this ratio is generally larger than
1, clearly highlighting the importance of surface flux. We also
observe that this ratio decreases as the pore size increases; for
small pores this ratio becomes particularly large. This behavior
can be explained by noting that the surface flux is expected to
scale as R, while the direct flux scales as % as — 0, the
surface flux is expected to dominate the direct flux, while as R,
increases the contribution of the surface flux becomes
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increasingly less important. However, it is important to note
that our simulations were effectively run at constant pore
number density, thus contributing to this result, since as the
pore diameter increases the graphene surface area available for
adsorption decreases.

Transport across permeable pores is further analyzed for all
gases considered in Figures Sa—d, which show the ideal gas
permeance, total permeance, measured direct permeance, and
predicted direct permeance for He, H,, N,, and CH,. The
figures show that the measured direct flux agrees well with the
predicted direct flux, especially after recalling that the method
for classifying direct and indirect crossing events used here
provides an overestimate of the direct flux. We note that eq 3
predicts that for a given pore size and permeating molecule the
permeance due to the kinetic part of the transport, J,4/AP, is
proportional to the pore density; this may be important for
comparing MD simulation results that are typically performed
at different pore densities.

Pore Functionalization. Comparison of our results with
the exlperimental data for the “Bi-4.9 A” membrane by Koenig
etal.'" (Figure 6a) shows that our MD results predict leak rates
that are approximately 2 orders of magnitude larger than the
experimental results. The exception to this rule is transport of
N, and CH, through the 10-unit pore (P-10), which was found
to be selective (see section Selectivity). More precisely, the
observed number of crossings for N, is within the
experimentally observed range, while no CH, crossings were
observed in our MD simulation, resulting in a 95% confidence
interval for the leak rate of the gas that includes the
experimentally observed range. We also observe that the ratio
of experimental leak rates of permeable (H,) to nonpermeable
gases (N, and CH,) is smaller than the corresponding
simulated (P-10) results. This suggests that additional effects,
not included in the simulations, are present in the experiments.

This observation, coupled to the fact that our results are in
good agreement with theoretical (kinetic theory) estimates,
leads us to believe that this discrepancy is due to pore

dx.doi.org/10.1021/1a403969g | Langmuir 2014, 30, 675—682
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respectively. Blue spheres denote C atoms in graphene, red spheres denote H atoms, and pink spheres denote C atoms in the functional groups.

functionalization, which is expected to be present in
membranes used in experiments. To validate this hypothesis,
we performed simulations using 3 model functionalized 12-unit
pores (denoted Fun-1, Fun-2, and Fun-3 in Figures 6c—e).
Fun-1 corresponds to a single hydrogen atom added to each
carbon atom on the pore rim; Fun-2 corresponds to a single
ethyl group added to one location on the pore rim; Fun-3
corresponds to a single methyl group added to one location on
the pore rim and single hydrogen atoms added to the other
pore-rim carbon atoms. We chose ethyl and methyl groups to
partly occlude the pore because they can be reliably modeled
using the AIREBO potential, whereas modeling other chemical
groups is more ad hoc.

Figure 6b gives a comparison of simulation results for 4 pores
(P-10, Fun-1, Fun-2, and Fun-3) with experimental results; the
figure also includes simulation results for the P-12 pore without
functionalization. This figure shows that pore Fun-2 produces
leak rates that are most consistent with the experimental results
both in terms of overall fluxes and selectivity. In contrast,
decreasing the pore size (P-10) results in similar nitrogen/
hydrogen selectivity, but at much higher fluxes of hydrogen
compared to the experimental results. The relatively high N,
permeance observed in the case of pore Fun-2—despite a
considerable effective area reduction, the permeance of N,
through this pore is nonzero—may be a result of the flexibility
of the functionalizing structure coupled with nitrogen’s
relatively large mass (compared to hydrogen).

B CONCLUSIONS

We have shown that nanoporous graphene membranes can be
used to separate gases with different kinetic diameters.
Specifically, we have found a nanopore geometry that is
permeable to hydrogen and helium, is significantly less
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permeable to nitrogen (selectivity >10), and is essentially
impermeable to methane (selectivity >100). For the pore
density of our simulations, the permeance of hydrogen and
helium was on the order of 10° GPU, which is considerably
higher than state-of-the-art polymer-based gas-separation
membranes'* and recently developed multilayer graphene
oxide-based membranes.****

Molecule permeation through nanoporous graphene mem-
branes is dependent not only on the molecule mass and kinetic
diameter but also on the molecule adsorption on the graphene
surface. The flux of molecules across the membrane can be
decomposed into a direct part and a surface part. The direct
flux can be estimated using kinetic theory provided steric
considerations are taken into account. As expected, accounting
for the molecule finite size reduces the predicted gas flow rate,
especially for small pores (§(R,/R,,) < 1 as R,,/R, — 1); as a
result, for small pores the ideal gas flow rate (Jig) strongly
overestimates the direct flux and only becomes a reliable upper
bound when the pore radius exceeds the nanometer scale.

The surface flux is negligible for gases that do not adsorb
(e.g, He and H,) onto graphene, while for gases that adsorb
(e.g, CH4 and N,) it can be appreciable. In fact, for the latter,
the contribution of surface flux is such that the total flux is on
the same order of magnitude as the ideal gas flux (Jig). Because
of computational limitations, our MD simulations were
performed at a high pore density which is expected to
underestimate the effects of surface transport if the pore density
is lower;“’m’46 as a result, our comparison between direct and
surface flux remains qualitative. A model is currently being
developed to further quantify the contribution of surface
adsorption to transport across graphene membranes.

Pore functionalization affects molecule permeation signifi-
cantly and may be a contributing factor to the large discrepancy
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between simulated and experimentally measured transport rates
through NPG membranes.
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