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Water desalination using nanoporous single-layer
graphene
Sumedh P. Surwade1, Sergei N. Smirnov2, Ivan V. Vlassiouk3*, Raymond R. Unocic4,
Gabriel M. Veith5, Sheng Dai1,6 and Shannon M. Mahurin1*
By creating nanoscale pores in a layer of graphene, it could be used as an effective separation membrane due to its
chemical and mechanical stability, its ﬂexibility and, most importantly, its one-atom thickness. Theoretical studies have
indicated that the performance of such membranes should be superior to state-of-the-art polymer-based ﬁltration
membranes, and experimental studies have recently begun to explore their potential. Here, we show that single-layer
porous graphene can be used as a desalination membrane. Nanometre-sized pores are created in a graphene monolayer
using an oxygen plasma etching process, which allows the size of the pores to be tuned. The resulting membranes exhibit
a salt rejection rate of nearly 100% and rapid water transport. In particular, water ﬂuxes of up to 106 g m−2 s−1 at 40 °C
were measured using pressure difference as a driving force, while water ﬂuxes measured using osmotic pressure as a
driving force did not exceed 70 g m−2 s−1 atm−1.

A

lthough water covers approximately 75% of the surface of the
Earth, a scarcity of fresh water is a serious global challenge
that is predicted to worsen in the future as demand continues
to rise due to population growth, increased industrialization and
greater energy needs1,2. Because seawater represents such a vast
supply of water, desalination has become an important and promising approach to meet the ever increasing demand for fresh
water. Membrane-based separation of water using techniques such
as reverse osmosis offers the highest energy efﬁciency while maintaining the capability for use at industrial scales. There has been signiﬁcant interest in graphene, a two-dimensional allotrope of carbon,
as the ultimate membrane material because it is extremely thin (only
one carbon atom thick), extremely strong, and it can be chemically
modiﬁed. Moreover, the extremely low thickness of a graphene
membrane may translate into signiﬁcantly higher water ﬂuxes,
which would result in considerable reductions in initial capital
investment as well as operating costs of desalination plants3.
A number of theoretical studies have predicted that graphene
with sub-nanometre pores could act as a highly selective and permeable ﬁltration membrane with greater efﬁciency than current
state-of-the-art polymer-based ﬁltration membranes4–12. Following
these theoretical predictions, a few experimental studies have
begun to explore the use of both graphene and graphene oxide for
membrane separation and have shown promising results. For
example, Koenig et al. have demonstrated selective gas transport
through porous single and bilayer graphene obtained using mechanical exfoliation and oxidative etching13. Selective gas transport for
H2/CO2 , H2/N2 and CO2/N2 has also been reported using graphene
oxide membranes14,15. In addition, Garaj and co-workers created
nanoporous graphene that functioned as a trans-electrode membrane and demonstrated DNA translocation through single nanopores16, while Shan and colleagues similarly used it for the
translocation of proteins17. Interestingly, O’Hern and colleagues
recently reported both selective ion and molecular transport

through single-layer graphene membranes with sub-nanometre
pores18,19. For the ion-selective graphene membrane, the pore size
was tuned using ion bombardment and oxidative etching to permit
salt transport while preventing transport of organic dye molecules.
Here, we experimentally examine the transport of ions and water
across a suspended, single-layer graphene membrane with stable,
nanometre-sized pores generated by oxygen plasma etching in
order to validate the effectiveness of graphene-based desalination
of water. These membranes exhibit both high salt rejection and
exceptionally rapid water transport properties. Using aberrationcorrected scanning transmission electron microscopy (STEM)
imaging, we correlate the porosity of the graphene membrane
with transport properties and determine the optimum pore size
for effective desalination. The mechanism of water transport is
explored, suggesting that graphene may be suitable both for
membrane distillation and reverse osmosis.

Preparation and characterization of graphene membranes
Single-layer graphene was synthesized using ambient-pressure
chemical vapour deposition (CVD) on a copper foil catalyst20.
The graphene was subsequently transferred onto a silicon nitride
(SiN) microchip device with a single 5 μm hole21 using a polymer
transfer method. Scanning electron microscopy (SEM) imaging
conﬁrmed that the graphene layer suspended over the hole was
intact with no visible ruptures or tears (Fig. 1a). This approach
was quite effective, with more than 70% of transfer attempts yielding
functional devices after SEM inspection. The quality of the suspended graphene was then evaluated using Raman spectroscopy.
From the Raman spectra in Fig. 1b, pristine, suspended graphene
is observed to exhibit a strong G peak at ∼1,580 cm−1 with no discernible defect peak, D, at 1,350 cm−1. The absence of the D peak
suggests high-quality graphene with a negligible number of defects
introduced during the synthesis and transfer steps. Moreover, the
2D peak (∼2,700 cm−1) is approximately three times stronger than
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Figure 1 | Porous graphene membranes. a, Schematic and SEM image of single-layer graphene suspended on a 5-µm-diameter hole. For nanoporous
graphene fabrication, several approaches have been utilized: bombardment by ions, by electrons and via O2 plasma treatment. b, Raman spectra
(514 nm excitation) of suspended graphene after different exposure times to oxygen plasma.

the G peak with a line width that is <30 cm−1 (Lorentzian lineshape),
again indicating that the graphene is single layer22. The synthesis conditions were chosen to generate graphene domains with dimensions in
excess of 50 μm (ref. 23), giving a probability of <20% of there being
grain boundaries directly over the 5 µm holes, which, coincidently,
agrees with the percentage of failed devices.
Nanopores were then produced in the suspended graphene by
exposure to oxygen plasma. As indicated by the Raman spectra in
Fig. 1b, the intensity of the D peak increased with increasing exposure
time. Even after a short irradiation time of only 0.5s, the D peak
intensity rose to one-third of that for the G peak (ID/IG ≈ 0.333).
After a longer exposure of 6s, the 2D peak completely disappeared
and the D and G peaks broadened to resemble those of a disordered
carbon material, indicating signiﬁcant defect formation. The ID/IG
ratio has been extensively used as a measure of the integrity of
graphene and we will use it here as a convenient measure of
defects24,25. However, it is important to note that Raman analysis
does not provide comprehensive information about the various
types of defects that may be present. As an example, we explored
alternative methods of defect formation such as bombardment by
electrons of different energies (250 V to 20 kV) or by gallium ions
(30 kV; Supplementary Section 7), but observed negligible water
transport through these membranes, in contrast to the results
after oxygen plasma treatment, despite similar variations in the
Raman spectra.

Water transport and salt rejection measurements
We measured the water transport properties of various plasmaetched graphene membranes using four conﬁgurations, all with graphene suspended over the 5 µm hole in the SiN microchip devices.
In the ﬁrst conﬁguration, the SiN microchip device with the suspended graphene membrane was sealed (using epoxy) on top of a
container partially ﬁlled with deionized water. On inverting the container, the water came in direct contact with the graphene membrane and, because of the epoxy seal, the only transport path
available was through the porous graphene (Fig. 2a). The container
was then placed inside an oven maintained at an elevated temperature (typically 40 °C), and water transport was determined by
measuring the mass of the water-ﬁlled container at regular time
intervals and noting the mass decrease. The amounts of water loss
through pristine graphene, plasma-etched graphene and a control
(an open 5 μm hole with no graphene) after 24 h are shown in
460

Fig. 2b. As expected, the control exhibited the largest mass loss as
there was no graphene to inhibit water transport. The pristine,
non-etched graphene (with ID/IG = 0) showed no water loss after
24 h, indicating an intact membrane with no holes or tears, in agreement with previous SEM and Raman results. This also agrees with
previous reports demonstrating the impermeability of pristine graphene sheets26. In contrast, the plasma-etched graphene samples
did show water passage, with the rate of water transport dependent
on the plasma etching time (that is, the density and size of the nanopores). Even for the shortest exposure times, which yielded a low
defect density (ID/IG ≈ 0.5), the porous graphene membranes
showed an unexpectedly high water passage rate that was only
three times less than the control. As the defect density increased,
the water transport rate increased, reaching 60% of the control
value for graphene with ID/IG ≈ 2. Not every plasma-etched
sample showed water transport, which we attribute to variability
in the sample preparation, as discussed in Supplementary
Section 6. We have also shown that water transfer through the
vapour phase, that is, without direct contact between liquid water
and the graphene, resulted in a mass change below our
detection capabilities.
In the second conﬁguration, the ion transport behaviour was
evaluated using the same membranes and 1M KCl (or NaCl and
LiCl) solutions in a custom electrochemical cell (Supplementary
Fig. 4 and Fig. 2e)27. As shown in Fig. 2b, the ionic current
through the porous graphene membrane with a low defect density
(ID/IG ≤ 0.5) was almost zero (that is, no transport of ions),
suggesting extremely small pores, whereas the ionic current in the
graphene membrane with high defect density (ID/IG > 1) was
much greater, indicating the presence of larger pores. Not surprisingly, the control sample (C2) with the open 5 μm hole had the
highest ionic current and the highest rate of water transport. At
the same time, the porous graphene membranes with low defect
density (ID/IG ≤ 0.5) showed extremely low ionic current but measurable water transport; that is, they successfully functioned as desalination membranes, demonstrating effective salt rejection. The
selectivity values in Fig. 2c were calculated as the ratio of water
ﬂux to salt transport normalized to such ﬂuxes through pores
without a graphene membrane:
S=

JH2 O  Isalt
Jmax Imax

(1)
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Figure 2 | Water transport measurements and desalination experiments. a, Porous graphene membrane assembly for water ﬂux measurements. A
graphene membrane on a silicon chip with a 5 μm hole in a 300-nm-thick SiN membrane is sealed on a glass vial ﬁlled with deionized water. The vial is
turned upside down and placed in an oven at 40 °C. Water loss is measured by monitoring the mass of the vial. b, Water loss after 24 h and ionic
conductivity through the same porous graphene membranes etched at various exposure times. C1 and C2 are controls with large tears or completely broken
graphene membranes, respectively. c, Water/salt selectivity as a function of ID/IG ratio showing exceptionally high selectivity for a short etching time.
Selectivity was calculated as the ratio of water ﬂux to ionic conductivity from b, normalized to the water ﬂux and conductivity of the pore in SiN without
graphene. Error bars in b,c reﬂect statistical reproducibility for three or more samples. d, Examples of I–V curves measured in 1 M KCl solution across a
porous graphene membrane for different plasma exposure times. e, Sketch of experimental set-up for I–V measurements where dark grey represents
graphene. Two Ag/AgCl wires are used as electrodes.

Table 1 | Filtration of KCl solution (6 mM) through graphene
membranes.
Sample

SiN pore
Graphene/SiN pore
Porous graphene/SiN
pore (ID/IG = 0.6)

Feed solution
conductivity
(μS cm−1)
950
950
950

Water collected
after 24 h (ml)
7.2
0
2.6

Permeate
conductivity
(μS cm−1)
675
–
<11

where J H2 O and Isalt are the water ﬂux and ionic current through the
graphene membrane, respectively, and Jmax and Imax are the water
ﬂux and ionic current though an open 5 µm hole without graphene
(C2 sample). For such a deﬁnition of selectivity S = 1 for a fully
non-selective membrane and S > 1 for a membrane that is selective
toward water molecules and rejects dissolved ions.
The third conﬁguration (Supplementary Fig. 7) was very similar
to the ﬁrst, but an aqueous salt solution (conductivity of 950 µS cm−1)
(Table 1) was used to simultaneously measure both water transport
and ion transport through the graphene membrane. In this
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Figure 3 | Characterization of nanoporous graphene. a,b, Aberration-corrected STEM images of graphene after 1.5 s exposure to oxygen plasma. Pores with
characteristic dimensions of ∼1 nm are clearly seen. c, Raman spectra of graphene sample used for STEM imaging in a,b, which shows ID/IG ≈ 1.

measurement, the permeate water was collected using a second
container mounted beneath the membrane with a small hole to
equilibrate the pressure with the surrounding atmosphere while
preventing signiﬁcant evaporation of the permeate water. The
water transport rate was comparable to that of the pure deionized
water in the ﬁrst conﬁguration, while the conductivity of the permeate solution varied depending on ID/IG. The best value achieved was
a salt concentration less than 11 µS cm−1 (or almost three orders of
magnitude lower than the feed salt solution), conﬁrming that the
porous graphene functioned as a desalination membrane.
These experiments have therefore conﬁrmed a high selectivity of
water transport through oxygen plasma-treated single-layer graphene membranes. As Fig. 2c demonstrates, the salt rejection of
the low-defect-density membranes was exceptionally high. The
selectivity of the porous graphene membrane with ID/IG ≤ 0.5 was
S ≈ 1 × 105, which corresponds to nearly 100% salt rejection. It
dropped precipitously to S ≈ 10 for ID/IG ≈ 2, which indicates that
extended plasma exposure not only increases the number of
defects in the graphene but also enlarges the pores.
In the fourth conﬁguration, water transport was measured exclusively with an osmotic pressure gradient as the driving force in the
same cell as used for ionic current experiments. Here, the graphene
membrane on the SiN microchip device separated two volumes,
one ﬁlled with 1 M KCl and the other with deionized water
(Supplementary Section 3). The salt concentration gradient
induced an osmotic pressure difference between the two compartments equal to ΔΠ = iCRT, where C is the molar concentration of
dissolved salt, R = 0.082l atm K−1 mol−1 is the gas constant, T is
the absolute temperature, and i is the van’t Hoff factor (equal to 2
for diatomic salts such as KCl). The osmotic pressure difference
of ΔΠ ≈ 50 atm for 1M KCl served as the driving force for water
transport across the membrane, which was monitored by
the water level difference in the capillaries connected to the
opposite water chambers. The initial water ﬂux, measured as the
difference in the water columns’ height between the chambers ﬁlled
with salt and deionized water versus time, was ∼70 g m−2 s−1 atm−1
(7 × 10−15 g s−1 atm−1 per pore, assuming a pore density of
1 × 1012 cm−2) for a membrane with ID/IG ≈ 1. Such a ﬂux is only
four times higher than that predicted using numerical simulations
by Cohen-Tanugi and colleagues for different pore geometries
(1.7 × 10−15 g s−1 bar−1 per pore)28. The observed osmotic pressuredriven asymmetric water ﬂux unambiguously conﬁrms the semipermeable nature of the plasma-treated graphene membranes, at least for the
pore densities used in this experiment (ID/IG ≈ 1, ∼1 × 1012 cm−2,
membrane conductivity ∼0.2 µS). Membranes with larger pore densities did not show the asymmetric water ﬂux, pointing to their nonselective nature, in agreement with the increase in ionic current
across the membrane with larger pores. The lower experimentally
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measured initial ﬂux, as well as the water saturation level well
below the anticipated column height (Supplementary Fig. 6), can
be rationalized by binding of ions to the nanopores, which effectively block the water ﬂux. Such binding is well established in polymeric membranes29 and has also been suggested by modelling for
graphene nanopores30.

Analysis of transport mechanisms
We analysed the porous membranes using aberration-corrected
STEM (Fig. 3a,b). Based on medium-angle annular dark-ﬁeld
(MAADF) STEM images, the pore sizes for the membrane with
ID/IG ≈ 1 are in the range of 0.5–1 nm, which is consistent with
the anticipated optimal pore size for rejecting small ions and permitting water transport28. We did not observe large pores, which
are probably more difﬁcult to eliminate in samples of larger areas.
Based on the ID/IG ≈ 1 for the sample in Fig. 3, the pore density is
on the order of 1 pore/100 nm2, which agrees with evaluation of
the STEM images (Supplementary Section 1). Although a small
number of pores are terminated by carbon (Fig. 3b), the majority
are not, as indicated by the bright atoms that decorate the pore
edges in the STEM image in Fig. 3a. These are silicon atoms,
which probably attach to reactive edge sites during the oxygen
plasma etching process. Silicon atoms have been shown to stabilize
nanopores in graphene by passivating the dangling carbon bonds
around the pore rim; this has been substantiated recently through
a combination of experimental STEM imaging and molecular
dynamics simulations31. At this stage, the origin of these silicon
atoms has not been conﬁrmed, but they may arise either from the
previously mentioned sputtering during the oxygen plasma
treatment or from other sources.
Theoretical studies of water transport through graphene membranes have predicted that hydrogenated pores less than 2.3 nm in
diameter and hydroxylated pores less than 1.6 nm in graphene
can retain salt ions while allowing water molecules to pass
through at a fairly high rate5. The estimated theoretical salt rejection
was close to 100% for pores of these sizes but decreased with slightly
larger pores. At the same time, experimental ﬁndings reported thus
far have been less successful in identifying a convenient method to
produce small-diameter nanopores in graphene, but have nevertheless shown promising results supporting the anticipated performance of optimized graphene nanopores. For example, irradiation
by either electrons or atomic ions generates relatively small pores
or simply produces defects that are mostly lattice rearrangements
or rare knock-offs of individual carbon atoms. Treatment in hightemperature oxygen32,33, hydrogen34 or oxidizing reagents18 can
produce nanopores that fall into the desired range; however, the
size distribution of such pores is difﬁcult to control. As recently
shown by O’Hern and colleagues18, even for pores with diameters
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of 0.40 ± 0.24 nm, cleverly obtained by permanganate etching of
defects previously introduced by gallium ion irradiation, the ionic
ﬂux was not well rejected because the process also resulted in a signiﬁcant fraction of larger pores that permitted passage not only of
small ions (K+ and Cl−) but of molecular ions as well.
In contrast, our graphene membranes, plasma-etched for short
exposure times, exhibited an extremely high salt rejection rate that
could be due to a number of reasons. First, although plasma treatment has been considered in the past as a possible method to generate pores in graphene, it has typically been used for graphene lying
on a substrate. In the suspended graphene used for our membranes,
the rate of defect production and the morphology of the pores
probably differ from those for graphene on a support. Second, it
has been well illustrated that structural defects in graphene, such
as grain boundaries, are the most vulnerable points for chemical
alteration35,36. Our membranes, however, are composed of monocrystalline single-layer graphene, which is less prone to chemical
non-uniformity, and the active size of the graphene membrane
suspended over the hole is signiﬁcantly smaller than the domain
size of the synthesized graphene23. Finally, our plasma-etching
treatment combines a defect production capability similar to that
provided by high-energy ion bombardment with a time-tuned
oxidative atmosphere and a minimum number of steps, which
reduces the potential for mechanical disruption and tear
formation18. We have observed some of the advantages of oxygen
plasma treatment of suspended (multilayer) graphene in a
previous study of surface treatment effects in designing nanopores
for protein translocation17.
One intriguing observation of the current study is the exceptionally high rate of water transport through the porous graphene, which
was much higher than previously reported4, despite the nearly 100%
salt rejection rate. In the water ﬂux experiments the bottom
container was either absent or had a small hole (1 mm in diameter)
for equilibrating the pressure with the surrounding atmosphere, and
the graphene was in direct contact with the water in the top
container. The total driving pressure across the graphene membrane
was generated by gravity, the vapour pressure of water at 40 °C and
air expansion minus the vapour pressure in the lab (oven), and was
estimated to be approximately 17 kPa (Supplementary Section 4).
For the porous graphene membranes with ID/IG ≈ 0.5, the water ﬂux
was ∼1 × 106 g m−2 s−1, or 20% of the ﬂux through the open 5 µm
hole (Supplementary Section 4). Careful inspection of the samples
presented in Figs 1 and 2 eliminated any possibility of tears in the
graphene membrane, and the absence of salt transport conﬁrmed
that. These results imply that there were no large pores but rather
water transport through the graphene nanopores was somehow
enhanced. Such large water ﬂux through the graphene membrane
is surprising, but approximately equal to the ﬂux observed
through carbon-nanotube membranes37,38.
We cannot completely rule out water transport at the
SiN/graphene interface, as it has been shown for helium atoms diffusing via a SiO2/graphene interface26 and water diffusing at a
mica/graphene interface39. Arguably, decoration of the graphene
surface with oxygen-containing groups after plasma treatment can
not only turn the graphene hydrophilic, but can make water entering the interface energetically more favourable. Water penetration
through the SiN/graphene interface may increase the effective area
of the membrane beyond the drilled 5 μm pore in SiN to make
the total ﬂux per graphene pore smaller. Nevertheless, the water
ﬂuxes did not decrease when the SiN membranes were modiﬁed
with hydrophobic silane (Supplementary Section 9) or when
plasma-treated from the permeate side, which should prevent
water penetration via the interface.
In the osmotic pressure gradient experiment, the observed water
ﬂuxes were much smaller, below 70 g m−2 s−1 atm−1, which is orders
of magnitude less than the transport measured with saturated water
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vapour as the driving force (∼1 × 106 g m−2 s−1 at 40 °C for ID/IG ≈ 1).
The large difference in water ﬂux for these two geometries is striking
but can be linked to signiﬁcant differences in the experimental
conditions. The lower water ﬂux and saturation behaviour in the
osmotic gradient pressure experiment is probably due to ions
binding to the nanopore termination groups, which block the
water ﬂux. Such metal ion binding to the defects on a graphene
surface is the subject of intensive investigation for battery/supercapacitor design improvements40. In addition to pore blockage by
the ions, water transport from a ﬁlled chamber to an empty one
can be higher because of the completely different water dynamics,
which involves capillary effects and evaporation. Nair and colleagues4 recently demonstrated that graphene-based membranes
made of multiple layers of graphene oxide are speciﬁcally permeable
to water, but impenetrable by other molecules, including helium.
The rate of water vapour permeation through the membrane was
almost identical to that of an uncovered opening. The authors
explained this by a unique low-friction ﬂow of water monolayers
through two-dimensional capillaries formed by closely spaced graphene sheets. We believe that a similar effect of water movement
near the graphene surface is involved here, but the details require
further investigation. Regardless, the effective ﬂux achieved
through our porous graphene membranes was ﬁve orders of
magnitude greater than that reported by Nair and co-authors4.

Conclusions
Using four different geometries we have shown the potential utility
of nanoporous graphene as a selective membrane that can be used
for water desalination. We have shown that oxygen plasma can be
used as a very convenient method for the fabrication of tailored
nanopores of desired dimension (and probably altered chemical
properties) in suspended single-layer graphene, with high precision.
The resulting nanopores showed tremendous water molecule selectivity over dissolved ions (K+, Na+, Li+, Cl−). The selectivity
exceeded ﬁve orders of magnitude for low porosities, but precipitously decreased at higher porosities, most probably due to enlargement of the nanopores. Based on the estimated nanopore density
(∼1/100 nm2), the estimated water ﬂux through a single nanopore
can reach the tremendously high value of three molecules per picosecond, which exceeds the ﬂux through aquaporin channels by three
orders of magnitude and is approximately an order of magnitude
greater than estimated from molecular dynamics simulations for
similar size pores4–12. At the same time, the water ﬂux in a conventional geometry with an osmotic pressure gradient and liquid water
on both sides of the porous graphene membrane showed smaller
water ﬂux values of 200 molecules per microsecond, which is
approximately ﬁve times lower than ﬂuxes through an aquaporin
channel and four times higher than the estimation from molecular
dynamics simulations28. Although scaling up these membranes
for use in industrial and commercial processes remains a signiﬁcant
challenge, this work represents a proof of concept of the effectiveness
and potential of nanoporous graphene for desalination applications.

Methods
Single-layer graphene was synthesized using an ambient-pressure CVD process
using a copper foil catalyst in a methane and hydrogen atmosphere20,23. The partial
pressures of the individual gases were set using ﬂow controllers with stock gases.
Before synthesis, the copper foil catalyst was annealed in a hydrogen/argon mixture
at the growth temperature for ∼30 min. The graphene was transferred onto a 300 nm
thick SiN membrane with a 5 μm hole (drilled by a focused ion beam) using
poly(methyl methacrylate) (PMMA). The PMMA was coated onto the copper with
graphene, and the copper was removed using FeCl3. After rinsing, the
PMMA/graphene was placed on the SiN wafer and the PMMA was removed using
acetone followed by thermal annealing. The pristine graphene was characterized
using both Raman spectroscopy and electron microscopy to ensure there were no
large defects. It should be noted that the laser spot of the Raman instrument was
∼3 μm, which is smaller than the hole size in the SiN microchip, thereby enabling
measurement of only the suspended portion of the graphene. Raman measurements
conﬁrmed the high quality of the graphene over the pore. Pores were introduced into

NATURE NANOTECHNOLOGY | VOL 10 | MAY 2015 | www.nature.com/naturenanotechnology

© 2015 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

463

ARTICLES

NATURE NANOTECHNOLOGY

the graphene using an oxygen plasma etcher (Diener) operating at ∼20 W. Variation
of the exposure time from less than 1 s to 6 s enabled control of the pore size and
pore density in the graphene membrane. Ion transport measurements were made
using a 300-nm-thick SiN membrane with graphene covering a 5-μm-diameter hole
drilled by a focused ion beam mounted in a custom electrochemical cell with two
Ag/AgCl wire electrodes on both sides of the membrane. The ionic current was
measured by a Keithley 6487 picoammeter interfaced by Matlab. Water transport
using osmotic pressure as a driving force was measured by connecting two capillaries
of 1.6 mm diameter to the same electrochemical cell and monitoring the water level
difference. Water transport measurements were performed by attaching (using
epoxy) the SiN microchip device onto the lid of the container with a hole punched in
it. After allowing the epoxy to cure, the lid was placed on the container, which was
partially ﬁlled with deionized water (or KCl solution), and sealed. For pure deionized
water transport measurements, a version of the ASTM E95 Standard was used in
which the container was inverted so the water was in contact with the graphene, and
the entire assembly was placed in an oven maintained at 40 °C. The mass of the
container was then measured periodically to determine the mass loss and water
transport through the membrane.
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Corrigendum: Water desalination using nanoporous single-layer graphene
Sumedh P. Surwade, Sergei N. Smirnov, Ivan V. Vlassiouk, Raymond R. Unocic, Gabriel M. Veith, Sheng Dai
and Shannon M. Mahurin
Nature Nanotechnology 10, 459–464 (2015); published online 23 March 2015; corrected after print 14 October 2016.
In the version of this Article originally published, the water flux calculated from simulations in ref. 28 was incorrectly stated as
1.7 × 10–12 g s–1 bar –1 per pore; the correct value is 1.7 × 10–15 g s–1 bar–1 per pore. Sentences in the main text related to this value and the
comparison to experimental results have been amended. This does not change the experimental results or conclusions. This error has
been corrected in the online versions of the Article.
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