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Unimpeded Permeation of Water
Through Helium-Leak-Tight
Graphene-Based Membranes

R. R. Nair,%? H. A. Wu,>3 P. N. ]ayaram,2 I. V. Grigorieva,1 A. K. Geim¥?*

Permeation through nanometer pores is important in the design of materials for filtration and separation
techniques and because of unusual fundamental behavior arising at the molecular scale. We found
that submicrometer-thick membranes made from graphene oxide can be completely impermeable to
liquids, vapors, and gases, including helium, but these membranes allow unimpeded permeation of
water (H,0 permeates through the membranes at least 10%° times faster than He). We attribute

these seemingly incompatible observations to a low-friction flow of a monolayer of water through
two-dimensional capillaries formed by closely spaced graphene sheets. Diffusion of other molecules is
blocked by reversible narrowing of the capillaries in low humidity and/or by their clogging with water.

is believed to be impermeable to all

gases and liquids (7, 2), which makes

it tempting to exploit this material as a barrier
film. Because of the ways graphene can currently
be mass produced (3), films made from graphene
oxide (GO) present a particularly interesting can-
didate. By using this graphene derivative, it is
possible to make laminates, which are a collec-
tion of micron-sized GO crystallites forming an
interlocked layered structure (4—6). This structure
resembles that of nacre and exhibits great me-
chanical strength and flexibility, even for films of
submicron thickness (3—6). In this Report, we in-
vestigate molecular permeation through such films.
Figure 1A shows an example of the studied
GO membranes that were prepared as follows
(7): We employed Hummer’s method to obtain
graphite oxide that was dispersed in water by
sonication to make a stable suspension of GO
crystallites (4-6). We then used this suspension
to produce laminates by spray- or spin-coating
(7). Scanning electron microscopy and x-ray anal-
ysis reveal that such GO films have a pronounced
layered structure (Fig. 1B) and consist of crystals
with typical sizes L of a few micrometers, which
are separated by a typical distance d of ~10 A
(4-6). For permeation experiments, Cu foils of
several centimeters in diameter were uniformly
covered with the GO laminates. Then, we chem-
ically etched Cu to produce apertures of diameter
D=1 cm fully covered by freestanding GO films
(fig. S1). Finally, a metal container was sealed by
using the Cu disks (fig. S2). We studied mem-
branes with thicknesses / from 0.1 to 10 pum.

D espite being only one atom thick, graphene
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Even submicrometer-thick membranes were strong
enough to withstand a differential pressure AP
up to 100 mbar.

As an initial test, we filled the containers
with various gases under a small overpressure
(<100 mbar) and recorded its changes over a
period of several days. We observed no notice-
able reduction in AP for any tested gas including
He, H,, N,, and Ar. This allowed an estimate
for the upper limit on their permeation rates
Pras=10"" lg/cmz-s-bar, which is close to the
value reported for micron-sized “balloons” made
from continuous graphene monolayers (/). In

A C

an alternative approach, we used mass spectrom-
etry (fig. S2) and found no detectable perme-
ation of He (Fig. 1D). The accuracy was limited
only by digital noise of our He spectrometer and
a slightly fluctuating background, which yielded
Pr < 10 "?g/cm®'s-bar. Using hydrogen mass
spectrometry, no permeation was found either,
albeit the accuracy was three orders of magnitude
lower than for He, due to a larger background.
A 12-um-thick film of polyethylene terephthalate
(PET) was used as a reference barrier and ex-
hibited a He leakage rate 1000 times higher than
our detection limit (Fig. 1D) yielding PET’s bulk
permeability [[ye=Pr-4~ 10" mm-g/cm>s-bar,
in agreement with literature values. The mea-
surements set up an upper limit on [ | for GO
laminates as <10~ '° mm~g/cm2-s-bar; that is, our
submicrometer-thick films provide a higher He
gas barrier than 1-mm-thick glass (8).

To evaluate the permeation barrier for liquid
substances, we employed weight-loss measure-
ments. Figure 2 shows examples for evaporation
rates from a metal container with an aperture cov-
ered by a 1-um-thick GO membrane. No weight
loss could be detected with accuracy of <1 mg
for ethanol, hexane, acetone, decane, and propa-
nol in the measurements lasting several days (7).
This sets an upper limit for their [ as ~10 !
mm-g/cm?s-bar. Unexpectedly, we observed a
huge weight loss if the container was filled with
water. Moreover, the evaporation rate was prac-
tically the same as in the absence of the GO film;
that is, for the open aperture (Fig. 2A and fig. S3).

leak rate (107 mbarxL/s)

applied He pressure (mbar)

Fig. 1. He-leak—tight GO membranes. (A) Photo of a 1-um-thick GO film peeled off of a Cu foil. (B)
Electron micrograph of the film’s cross section. (€) Schematic view for possible permeation through
the laminates. Typical L/d is ~1000. (D) Examples of He-leak measurements for a freestanding
submicrometer-thick GO membrane and a reference PET film (normalized per square centimeter).
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The latter was confirmed directly by using the
same aperture with and without a GO cover. Fur-
thermore, the same membrane could be used
many times for different liquids, always exhibit-
ing unimpeded and zero evaporation for HO
and other molecules, respectively. Also, after mea-
surements with water, we checked the mem-
branes for a He leak and found none. Only if
we increased / to several micrometers could we
observe a partial inhibition of water evapora-
tion from the container (fig. S5), which yielded
[Ta20 =107 mm-g/cm2~s-bar; that is, water per-
meates through GO films more than 10 orders
of magnitude faster than He (Fig. 2B).

To elucidate the origin of the fast transport
of water vapor through otherwise leak-tight GO
films, we have carried out a number of additional
experiments. First, we reduced GO by annealing
it at 250°C in a hydrogen-argon atmosphere
(5). The membranes became fragile and required
extreme care to avoid cracks but nonetheless be-
came 100 times less permeable to water (Fig. 2A).
This can be attributed to structural changes such
that d decreased from =10 to 4 A, as shown by
x-ray analysis and in agreement with earlier re-
ports (9, 10). The importance of the interlayer
distance was also witnessed when the partial
pressure of water inside the container was re-
duced (fig. S3). If the pressure dropped below
10 mbar, the permeation stopped (7), which again
can be explained by changes in d in low hu-
midity. X-ray analysis of GO in various humidity
shows that this blockage occurs when d falls
below =7 A (11, 12). The process of opening and
closing the GO capillaries was found reversible
with varying humidity (7).

Further insights into the permeation mecha-
nism come from experiments using mixtures of
H,O with other gases and liquids. Mass spec-
troscopy showed that, in the presence of satu-
rated water vapor, He did permeate through
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GO membranes (fig. S4). However, its rate was
=five orders of magnitude slower than that of
H,0, in agreement with the rate calculated for
He diffusion through an equivalent column of
water (7). For other molecules (for example,
cthanol and H,), we were unable to detect their
permeation along with H,O (7). This shows that,
despite somewhat larger ¢ in high humidity, the
intercalating water blocks, or at least impedes,
other molecules from moving through GO.

In another series of experiments, we inves-
tigated why water permeated through GO film
as fast as through an open aperture. To this end,
membranes were placed on a support grid that
allowed us to apply a water pressure of several
bars without damaging them. The large AP did
not result in any noticeable increase in Pr with
respect to water vapor. On the other hand, if we
increased humidity outside the container, Pr
decreased. Furthermore, if we blew air at the GO
membrane, this increased the weight loss rate.
Also, Princreased if the container was heated
(we could increase temperature up to 40°C,
above which the membranes had a tendency to
develop cracks). The same changes in Pr
happened when we changed temperature of the
membrane only, without heating water inside. In
all the cases, Pr changed similarly to the evap-
oration rate from an open-water surface under
similar conditions. This suggests that permeation
of water through our membranes was limited by
evaporation from the wetted surface of GO.

To explain our findings, we recall that GO
laminates consist of crystallites stacked on top
of each other (Fig. 1C). The groups (for instance,
hydroxyl, epoxy, etc.) attached to graphene sheets
are responsible (9—12) for keeping the relatively
large spacing d (fig. S6). Importantly, such groups
tend to cluster and leave large, percolating regions
of graphene sheets not oxidized (5, 7, 13, 14).
Therefore, GO laminates are likely to have empty
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Fig. 2. Permeation through GO. (A) Weight loss for a container sealed with a GO film (h = 1 um;
aperture’s area = 1 cm). No loss was detected for ethanol, hexane, etc. (7), but water evaporated from
the container as freely as through an open aperture (blue curves). The measurements were carried out
at room temperature in zero humidity. (B) Permeability of GO paper with respect to water and various
small molecules (arrows indicate the upper limits set by our experiments). (Inset) Schematic repre-
sentation of the structure of monolayer water inside a graphene capillary with d = 7 A, as found in our

MD simulations (7).
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spaces formed between nonoxidized regions of
graphene sheets (fig. S6). Because d for reduced
GO is 4 A, the empty space’s width & can be
estimated as =5 A, which is sufficient to accom-
modate a monolayer of water (15, 16). We spec-
ulate that these empty spaces form a network of
pristine-graphene capillaries within GO laminates.
By invoking the same water-permeation mech-
anism as previously used for small-diameter
carbon nanotubes and hydrophobic nanopores
(17-25), we suggest that the two-dimensional
(2D) graphene nanocapillaries allow low-friction
flow of monolayer water. At the same time, the
oxidized regions that strongly interact with in-
tercalating water are unlikely (7) to contribute
to water permeation and, in our model, serve as
spacers for the 2D capillary network (fig. S6).

To support our explanation, we used molec-
ular dynamics (MD) simulations (7). Because a
graphene monolayer is essentially impermeable,
molecular transport in GO laminates should in-
volve a permeation path through the network of
graphene nanocapillaries as discussed above
(Fig. 1C and fig. S6). The bottleneck in this pro-
cess is the passage between graphene sheets sep-
arated by d << L (figs. S6 and S7). Ford <6 A
(including the van der Waals thickness of graphene),
our MD simulations show that water cannot fill
the capillaries. On the other hand, ford > 10 A, two
layers of water start forming between the sheets.
For intermediate d, water rushes into the capil-
laries (21, 22) and forms a highly ordered mono-
layer shown (Fig. 2B, inset), in agreement with
the previous analysis for 2D capillaries (15, 16).
Furthermore, the simulations enabled us to esti-
mate the involved capillary pressure as on the
order of 1000 bars (7), in qualitative agreement
with the estimates based on van der Waals in-
teraction between water and graphite (26). Such
capillary pressures explain why the water perme-
ation in our experiments was insensitive to AP of
several bars. Similar to the case of nanotubes,
our simulated water can move anomalously fast,
with velocities reaching meters per second and,
thus, sufficient to sustain the observed permeation
rates (fig. S8). Finally, we mimicked the oxidized
graphene regions by adding arrays of epoxy groups
to the simulated capillaries and found the water
permeation being strongly impeded for all ¢ < 10 A.

The observed unimpeded evaporation of
water through He-leak—tight membranes resem-
bles the permeation of protons (atomic hydrogen)
through thin films of transition metals, a phenom-
enon known as superpermeability (27). Despite
the analogy, our phenomenon is different and ex-
plained by a network of graphene nanocapillaries
formed within GO laminates, which are filled
with monolayer water under ambient conditions.
A capillary-like pressure provides a sufficient
flow to keep the external GO surface wetted so
that the observed permeability is effectively lim-
ited by the surface evaporation (28). The described
GO membranes can be used as barrier films in
the design of filtration and separation materials
and for selective removal of water (7).
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Ultrafast Viscous Permeation of
Organic Solvents Through
Diamond-Like Carbon Nanosheets

Santanu Karan,® Sadaki Samitsu,® Xinsheng Peng,** Keiji Kurashima,® Izumi Ichinose™?t

Chemical, petrochemical, energy, and environment-related industries strongly require high-performance
nanofiltration membranes applicable to organic solvents. To achieve high solvent permeability, filtration
membranes must be as thin as possible, while retaining mechanical strength and solvent resistance.
Here, we report on the preparation of ultrathin free-standing amorphous carbon membranes with
Young’s moduli of 90 to 170 gigapascals. The membranes can separate organic dyes at a rate three
orders of magnitude greater than that of commercially available membranes. Permeation experiments
revealed that the hard carbon layer has hydrophobic pores of ~1 nanometer, which allow the ultrafast
viscous permeation of organic solvents through the membrane.

bout 40 years ago, reverse-0smosis mem-
A branes applicable to seawater desalination
were prepared by plasma polymerization
of organic monomers (/). Membranes obtained
from hydrophilic monomers showed high salt
rejection and water permeability (2, 3). The per-
meation mechanism was discussed in terms of
the free-volume theory of polymers (4, 5) or the
hydrodynamic flow of water through micropores.
However, initial expectations for the use of plasma-
polymerized membranes gradually diminished with
the improved performance of cross-linked poly-
imide membranes (6). Today, asymmetric poly-
imide membranes are mass-produced for organic
solvent nanofiltration by the phase-inversion meth-
od. Meanwhile, thin supported carbon membranes
made by various techniques are mainly used for
gas separations (7, §).
Diamond-like carbon (DLC) was also made
~40 years ago by Aisenberg and Chabot (9).
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They prepared thin transparent films very similar
to diamond by means of an ion-beam deposition
technique. Currently, a widely used technique for
DLC deposition is plasma chemical vapor dep-
osition using organic compounds (/0, 1I). In
plasma polymerization of organic compounds, a
highly cross-linked network of sp® carbons is ob-
tained under certain conditions, which provides
the resulting thin carbon films with mechanical
stability broadly comparable to diamond. We have
become interested in the process by which mol-
ecules permeate through such a highly cross-linked
molecular network. By improving the permeabil-
ity, we can thereby obtain extremely hard and thin
carbon membranes with great advantages for sep-
aration technologies.

We demonstrate the ultrafast permeation of
organic solvents through DLC nanosheets, free-
standing amorphous carbon membranes with
thicknesses ranging from 10 to 40 nm. In addi-
tion to their high permeability for various sol-
vents, the membranes have excellent separation
performance for organic solutes. Interestingly,
the solvent flux was mainly affected by the vis-
cosity of the solvents, not by their molecular size
or dipole moment.

We prepared the uniform ultrathin DLC mem-
brane on a sacrificial layer of cadmium hydroxide
nanostrands (/2) by using a parallel-plate plasma-

enhanced chemical vapor deposition reactor [ra-
dio frequency (RF) power: 5 to 50 Wat 13.56 MHz,
deposition time: 10 to 370 s, pressure: 1 to 6 Pa]
(figs. S1 to S3). To prevent damage of the nano-
strands, the substrate temperature was maintained
at —20°C. We carefully removed the sacrificial
layer by treating it with an ethanolic solution of
hydrochloric acid (Fig. 1, C to F). The config-
uration of the filtration membrane is shown in
Fig. 1A. In this case, a 35-nm DLC membrane is
formed on a 200-nm-pore alumina support. The
membrane has a relatively porous layer of thick-
ness ~10 nm where removal of the nanostrands
occurred. However, the overall membrane was
completely defect-free, as observed by scanning
electron microscopy (SEM), and could be used
for high-pressure filtration up to at least 2.0 MPa.
Nano-indentation measurements confirmed that
the membrane prepared from acetylene diluted
in argon gas (RF power: 50 W) has a Young’s
modulus of 170 GPa and a hardness 0f 20.1 GPa
(Table 1). In this case, the Young’s modulus is one-
seventh the elastic modulus of diamond (1050 to
1200 GPa) (13). Solid-state '*C cross-polarization/
magic angle spinning nuclear magnetic resonance
(CP/MAS NMR) measurements revealed that the
membrane contains 47% sp> carbons and 53% sp”
carbons (fig. S4) (/4). High-resolution transmis-
sion electron microscopy (HRTEM) observations
confirmed that the acetylene membrane produced
at a low substrate temperature (—20°C) was a typ-
ical hydrogenated amorphous carbon (a-C:H soft)
(fig. S5) (15). Fourier-transform infrared measure-
ments indicated the membrane has a relatively
high hydrogen content (fig. S6). Furthermore, we
estimated the carbon content to be 95.6 atomic
% by x-ray photoelectron spectroscopy (XPS)
(fig. S7 and table S1). Deconvolution of the Cg
spectra indicated that some of the carbon atoms
had been oxidized to form ether (or alcohol),
carbonyl, and ester (or carboxyl) groups. Based
on these data, the internal chemical structure of
the acetylene membrane is presumed to be as
shown in Fig. 1B.

DLC membranes made from pyridine and
hexamethyldisiloxane (HMDS) gave high elastic
moduli of 106 and 91.8 GPa, respectively, and
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