
Published on Web Date: April 30, 2010

r 2010 American Chemical Society 1590 DOI: 10.1021/jz100240r |J. Phys. Chem. Lett. 2010, 1, 1590–1594

pubs.acs.org/JPCL

Water Transport through Ultrathin Graphene
Myung E. Suk and N. R. Aluru*

Department of Mechanical Science and Engineering, Beckman Institute for Advanced Science and Technology, University of
Illinois at Urbana-Champaign, Urbana, Illinois 61801

ABSTRACT Graphene can be considered as an idealmembrane since its thickness
is only one carbon diameter. In this study, using molecular dynamics simulations,
we investigate water transport through a porous graphene membrane and com-
pare the results with water transport through thin (less than 10 nm in thickness/
length) carbon nanotube (CNT) membranes. For smaller diameter pores, where a
single-file water structure is obtained, CNT membranes provide higher water flux
compared to graphene membranes. For larger diameter pores, where the water
structure is not single-file, graphene membranes provide higher water flux
compared to CNT membranes. Furthermore, in thin CNT membranes, the water
flux did not vary significantly with the thickness of the membrane. We explain the
results through a detailed analysis considering pressure distribution, velocity
profiles, and potential of mean force. This work opens up opportunities for
graphene-based membranes in molecular sieving, water filtration, fuel cells, and
so forth.

SECTION Surfactants, Membranes

B ecause of the growing emphasis on water purification
due to thewater shortage problem,1,2 development of
novel and energy efficient membranes for water

filtration is currently an area of immense research interest.
In recent experimental work, novel membranes incorporat-
ing carbon nanotubes (CNT)3-5 or biological water channels6

havebeen investigated.Many theoretical7-12 andexperimen-
tal studies4,5,13 have shown that nanotube-basedmembranes
can be used for high molecular transport rate and solute
rejection rate. Efforts were also made to decrease the thick-
ness of the membrane to reduce pressure loss and increase
the molecular transport rate. Porous silicon membranes as
thin as 15 nm were fabricated by Striemer et al.14 They
observed more than an order of magnitude faster transport
rate through these ultrathin membranes compared to thicker
membranes made of silica-surfactant nanocomposite.15

A graphenemonolayer16 canbe considered as the thinnest
membrane reported so far, as its thickness is only one carbon
atom in diameter. Because of the superior strength of
graphene,17,18 porous graphene is a potential membrane for
molecular sieving or water filtration. Nanopores of various
diameters can be realized in graphene viamono vacancies or
multi vacancies.19,20 Such vacancies can be generated by
irradiation with an electron beam.19,21 Ion selectivity and gas
selectivity of porous graphene membrane have been theore-
tically studied by Sint et al.22 and Jiang et al.,23 respectively.
However, transport of water through porous graphene mem-
brane has not been reported in spite of its potential applica-
tion inwater purification. Our goal here is to investigatewater
transport through a porous graphene membrane, where the
thickness approaches one atom diameter, and compare it to

that of water transport through thin CNT membranes, which
have already been reported as efficient membranes for
filtration and other applications. We anticipate that this study
will help identify the potential applications of graphene.

A graphene membrane with a nanopore was modeled as
shown in Figure 1a. Various diameters of nanopores ranging
from 0.75 to 2.75 nm were tested. Similarly, CNTs with
diameters ranging from (10,0) CNT to (20,20) CNT were
considered. CNTmembranesweremodeledwith thicknesses
or lengths varying from 2 to 10 nm and graphene slabs
attached to them at the ends.24 Edge dynamics,20 partial
charges,23 or out-of-plane displacement25 of graphene were
excluded in this study to understand the effect of thickness of
one-atom thin graphene membrane on water flow rate.
Simulation set up with graphene membrane is as described
in Figure 1b. Six nanometer water baths were included on
each side of the membrane. Simulation set up with CNT
membranes is the same as in Figure 1b except that the
graphene membrane is replaced with a CNT membrane.
Pressure-driven flow was simulated by applying a 100 MPa
pressure drop across the pore (see Methods section for
details), and water flux was calculated by counting the net
amount of water molecules transported through the pore.

Figure 2 shows the comparison of water flux through
graphene and CNT membranes. The thickness of the CNT
membrane is varied from 2 to 10 nm in 2 nm increments.
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In Figure 2a, water flux through the (10,0) CNT (diameter,
d = 0.78 nm) is compared with the water flux through the
0.75 nm diameter pore graphene membrane. Similarly, in
Figure 2b, water flux through the (20,20) CNT (d=2.71 nm)
is compared with that of the 2.75 nm diameter pore gra-
phene membrane. Pore diameter and membrane thickness
are calculated using the center-to-center distance of atoms.
We note that, in Figure 2a,b, water flux through the CNT
membrane did not change significantly with the membrane

thickness. In the smaller diameter case, water flux in the
graphene membrane is lower, while in the larger diameter
case, water flux in the graphene membrane is higher com-
pared to that of the CNT membrane. These results indicate
that pore diameter is critical in determining whether gra-
phene membrane can transport higher flux compared to the
CNT membrane. Since the pore diameter is slightly different
in CNT and graphene membranes, a one-atom-thick CNT
membrane, containing only one CNT rim, was also tested.
The water flux in the (10,0) CNT with one-atom thickness
(13.4 ( 1.2 ns-1) is lower compared to the finite thickness
(10,0) CNT (16.1 (1.9 ns-1). Similarly, the water flux in the
(20,20) CNTwith one-atom thickness (2790.44( 87.12 ns-1)
is higher compared to the finite thickness (20,20) CNT (2535(
49.82 ns-1). We also tested pores of different diameters
ranging from 0.75 to 2.75 nm and found that the water flux
is lower in the graphene membrane only in the case of 0.75
nm,where single file water structurewas observed. In all other
cases, water flux in the graphene membrane is higher com-
pared to the CNT membrane.

In the 0.78 nm diameter CNT membrane, water molecules
form single file,8 and are transported by a hopping mecha-
nism.26 Thewater binding sites forma single file structure, and,
with increased length of the CNT, the number of water binding
sites, N, is also increased. Regardless of the number of water
binding sites, N, in the case of a single-file structure, the water
flux is invariant.12,27 In the case of a graphene membrane,
water molecules also formed a single file structure with two
binding sites (see Figure 3a). The binding sites are shown by
two concentration peaks near the graphene membrane, bet-
ween bulk water and graphene (see Figure 3b). Note that such

Figure 1. (a) Graphene membrane with a nanopore of diameter
davg = 0.75 nm (left) and davg = 2.75 nm (right). (b) Simulation
setup. Cyan color represents carbon atom, red color and white
color represent the oxygen and hydrogen atoms of a water
molecule, respectively. Two water reservoirs are attached to each
side of the porous graphenemembrane. Ly= Lx=4 nmwhen the
pore diameter is 0.75 nm, and Ly = Lx = 6 nm when the pore
diameter is 2.75 nm. In the shaded region (Δz = 1 nm), external
forces are applied on water molecules to create a pressure drop
across the membrane.

Figure 2. (a) Water flux through a (10,0) CNTwith a diameter of
0.78nmand througha graphene nanoporewith a diameter of 0.75
nm. In both cases, single-file water structure is observed. (b)Water
flux through a (20,20)CNTwith a diameter of 2.71 nmand through
a graphene nanoporewith a diameter of 2.75 nm. Single-file water
structure is not observed in this case.

Figure 3. (a) Snap-shot of single-file water configuration across
the smaller diameter graphene nanopore. (b) Density distribution
of water molecules. Favorable water positions forming single-file
structure are indicated as concentration peaks near the graphene
membrane. (c) Dipole orientation of single-file water molecules.
Density distribution and dipole orientation of single-file structure
in CNT are shown in the Supporting Information. (d) Hydrogen-
bond autocorrelation function of single-file water molecules in
graphene and CNT.
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concentration peaks (the two small peaks just outside the
membrane) are not observed in the case of CNT. Although
the water transport mechanism is single-file in both cases, the
water flux is lower in the graphene membrane, and this is
investigated in more detail below.

For single-file water transport, dipole orientation and
hydrogen-bonding network play an important role. We calcu-
lated the dipole orientation of water molecules that formed
the single file chain in the membrane. Dipole orientation is
defined as the angle between the water dipole vector and the
tube axis and is averaged over all the water molecules in the
membrane. In the CNT membrane case, the dipole orienta-
tion is either 34� or 146� with a small deviation, and this is
maintained over a time period of a few nanoseconds (see
Supporting Information). However, the dipole orientation
flipped frequently in the graphene membrane, as shown in
Figure 3c. This high flipping frequency of the dipole orienta-
tion indicates that the hydrogen-bonding breaks frequently. In
the case of the CNT membrane, a dipole orientation of 90�,
also referred to as the L defect or D defect,28 is rarely found.
However, a dipole orientation of 90� is frequently observed in
the graphene membrane. The presence of defects (or 90�
dipole orientation) has been shown to slow down water
transport since it requires water reorientation.28,29

For a more detailed understanding of hydrogen-bonding
dynamics, we calculated the hydrogen-bonding autocorrela-
tion function (HBACF), c(t), of water molecules forming the
single-file chain (see Figure 3d). c(t) is the probability of
hydrogen-bonded water molecules at time 0 to be hydro-
gen-bonded at time t. Thus, c(t)measures how fast hydrogen-
bonding is relaxed. The faster decrease of c(t) in the graphene
membrane suggests that the hydrogen-bonding is relatively
weak and breaks frequently. Thus, frequent breaking of
hydrogen-bonding combined with the 90� (or defect-like)
water dipole orientation contributes to low water transport
through the graphene membrane. Even though we applied a
pressure drop of 100 MPa, water configuration, including
single-file formation and the hydrogen bonding dynamics
in equilibrium, is not significantly different from what is
reported here.

Negligible variation of water flux with CNT length in small
diameter CNT is reported by other researchers,12,27 and it is
attributed to the confinementofwatermolecules. In the larger
2.71 nm diameter CNT investigated here, we observed that
the variation of water flux with length is still negligible. To
understand the transport behavior in a larger diameter pore,
we calculated the pressure distribution using the Irving-Kirk-
wood stress tensor (see the Supporting Information for
details), and the variation of pressure along the length of the
membrane is shown in Figure 4a. The pressure difference
between the two bulk regions matches well with the target
pressure difference of ΔP = 100 MPa. Even though the
pressure difference matched well in all the simulation cases,
the absolutevalueof thepressurewas slightlydifferent ineach
case. These values were adjusted to match at the inlet bulk
region for comparison purposes, as shown in Figure 4a. In
contrast to continuum hydrodynamics, where the pressure
drops linearly along the pore,most of the pressure dropped in
the inlet and outlet regions, and the pressure drop inside the

pore was negligible. Only about 1-4% pressure drop was
observed inside themembrane. This is unique to the transport
behavior of water through a finite-length CNT, as Huang et al.
observed linear pressure variation for liquid argon flow
through an artificial nanopore.30 Our results confirmed the
linear pressure variation with liquid argon. We also observed
linear pressure variation for water transport through an
infinite nanotube (without entrance and exit regions).

Negligible variation of pressure inside the CNT suggests
that frictional force is negligible, and the entrance effect is
dominant. This explains the insignificant effect of CNT mem-
brane thickness on the water flux. This is different from the
theoretical description such as Hagen-Poiseuille (HP) equa-
tion derived with linear pressure drop across the tube. The
smoothness of the CNT surface and weak CNT-water inter-
action, namely hydrophobic interaction, can contribute to
negligible friction of CNT surface due to the free “OH” bond
found in thedepletion layer.9 It shouldbenoted thatwater flux
can depend on the length of the membrane in thicker
membranes where entrance effect is not dominant.31

The pressure distribution computed above supports the
hypothesis that water molecules in thin CNT membranes are
transported by collective diffusion32 rather than viscous flow.
The axial velocity profile in the radial direction also supports
this transportmechanism. In the center region of the CNT, the
velocity distribution is found to be flat (see Figure 4b). In the
case of the graphene membrane, inlet and outlet regions
overlap. Therefore, the pressure drop appears as a single
pressure drop across the membrane. The velocity profile in
the graphene membrane was more parabolic with higher
velocity at the center. Even though the water velocity away
from the center region (near the wall) is smaller than that in
the CNT, its contribution to mass flux is also small because of

Figure 4. (a) Pressure distribution in a graphene membrane (d=
2.75 nm) and a (20,20) CNTmembrane with two different lengths
of 4 and 10 nm. Dashed line indicates the position of graphene and
the inlet/outlet of the CNT membrane. (b) Axial velocity along the
radial direction in the pore. For the CNT, the velocity profile is
measured in the middle region of the CNTat z=11 nm. (c) Radial
density distribution of water in a CNTand graphene nanopore. r=
0 denotes the center of the nanopore. In the case of the graphene
nanopore, the length of the cylindrical region (in which density is
averaged) is defined by the carbon atom diameter.
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the low density in that region. Thus, higher water flux in the
graphene membrane can be attributed to the higher velocity
in the center region of the graphene membrane.

We also investigated thewater transport through graphene
by computing the energetics of water permeation. It is well-
known that the entrance effect plays an important role in
water transport through CNT.10 The energy barrier at the
entrance can be estimated by computing the potential of
mean force (PMF) of water (see Supporting Information for
method). Fromour equilibriumPMF calculation, representing
the potential energy surface along the pore axis, we observed
that the energy barrier is dominant at the CNTmouth, and no
significant energy barrier was found inside the CNT mem-
brane. The energy barrier for the graphene membrane was
lower than that of the CNT membrane (0.32 kT for graphene
and 0.423 kT for CNT), suggesting that the water molecules
more easily enter the graphene membrane. Since the energy
barrier comes from reduced interaction energies, directly
connected water baths can be the source of a lower energy
barrier in the graphene membrane by creating a more bulk-
like environment. In the results shown here, we have con-
sidered CNT membranes with thickness/length varying from
2 to 10 nm in 2 nm increments. Systematically decreasing the
length/thickness of the CNT membrane to the subnanometer
scale can provide additional physical insights, and we will
report them in future studies. It is also important to note that
pores in other single atom thick membranes (other than a
graphene membrane) will likely give similar results to those
reported here for graphene.

To conclude, we investigated water transport through a
porous graphene membrane and compared it to water trans-
port through thin CNT membranes. For smaller diameter
membranes, where single-file structure is observed, water
flux is lower through the graphene membrane compared to
that of the CNT membrane, primarily due to the frequent
rupture of hydrogen bonding network and L/D defect-like
water orientation in the graphene pore.On theother hand, for
larger diameter pores, where the single-file structure is no
longer observed, water flux is higher through the graphene
membrane, compared to that of the CNT membrane, as a
result of the more bulk-like water neighbors and reduced
permeation energybarrier at the entrance.Water flux through
the CNT membrane does not vary significantly with different
lengths (or thicknesses) for both single-file and non-single-file
water structure. This result hasbeenexplainedby thepressure
distribution and plug-like velocity distribution in the pore.
Finally, our results indicate that a graphene membrane can
be used as an ultra efficient water transporter, compared
to thin CNT membranes, whenever the diameter is larger
than 0.8 nm.

METHODS

Molecular dynamics simulation was performed using
Gromacs 3.3.1.33 Temperature was maintained at 300 K by
using a Nos�e-Hoover thermostat with a time constant of
0.1 ps. A periodic boundary condition was applied in all three
directions. A simple point charge-extended (SPC/E) model
was used for water. Lennard-Jones parameters for carbon
atomswere σ=0.339nmand ε=0.2897 kJ/mol.34 The total

number of water molecules varied from 6479 to 14974,
depending on the system size. Carbon atoms were frozen to
their lattice position to prevent out-of-plane displacement.
The simulation box size in the z direction was allowed to
fluctuate for 500 ps to adjust the pressure at 1 bar and then
switched to the NVT ensemble and run for 1 ns to attain
equilibrium. In all cases, equilibrium density of bulk water
reservoir was around 1 g/cm3. After equilibration, the simula-
tion was run for an additional 10-20 ns, depending on the
pore diameter, with applied pressure drop, using themethods
described below.

When water molecules are within a designated region
(shaded region in Figure 1b), external forces are applied on
the oxygen atoms of the water molecules to create a pressure
drop across the membrane.35 Applied force on an individual
water molecule is given by f=ΔPA/n, whereΔP is the desired
pressure drop,A is the area of themembrane, andn is the total
number of water molecules in the designated region. Many
authors used this method for pressure-driven flow.11,24,36,37

However, this method should be used with care in order to
obtain the desired pressure drop since it is valid if the
designated region is in the stationary state. From the local
pressure calculation, we validated this method by obtaining
thedesiredpressure drop in the casewhere enoughmolecules
arewithin the designated region and the streaming velocity in
that region is close to zero.Othermethods for pressure-driven
floware alsoavailable for anonperiodic system30ora periodic
system.38

SUPPORTING INFORMATION AVAILABLE Density distri-
bution and dipole orientation of single-file water in a CNT, calcu-
lation of hydrogen-bond autocorrelation function, PMF calculation,
and calculation of local pressure using the Irving-Kirkwood stress
tensor. This material is available free of charge via the Internet at
http://pubs.acs.org.
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