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Graphene oxide membranes show exceptional molecular per-
meation properties, with promise for many applications1–5.
However, their use in ion sieving and desalination technologies
is limited by a permeation cutoff of ∼9 Å (ref. 4), which is
larger than the diameters of hydrated ions of common
salts4,6. The cutoff is determined by the interlayer spacing
(d) of ∼13.5 Å, typical for graphene oxide laminates that
swell in water2,4. Achieving smaller d for the laminates
immersed in water has proved to be a challenge. Here, we
describe how to control d by physical confinement and
achieve accurate and tunable ion sieving. Membranes with d
from ∼9.8 Å to 6.4 Å are demonstrated, providing a sieve
size smaller than the diameters of hydrated ions. In this
regime, ion permeation is found to be thermally activated with
energy barriers of ∼10–100 kJ mol–1 depending on d.
Importantly, permeation rates decrease exponentially with
decreasing sieve size but water transport is weakly affected
(by a factor of <2). The latter is attributed to a low barrier
for the entry of water molecules and large slip lengths inside
graphene capillaries. Building on these findings, we demon-
strate a simple scalable method to obtain graphene-based
membranes with limited swelling, which exhibit 97% rejection
for NaCl.

Selectively permeable membranes with subnanometre pores
attract strong interest due to their analogous behaviour with biologi-
cal membranes and potential applications in water filtration, mol-
ecular separation and desalination7–14. Nanopores with sizes
comparable to, or smaller than, the diameter D of hydrated ions
are predicted to show enhanced ion selectivity14–18 because of
dehydration required for the permeation of ions through such
atomic-scale sieves. Despite extensive research on ion dehydration
effects9,14–19, experimental investigation of the ion sieving controlled
by dehydration has been limited because of difficulties in fabricating
uniform membranes with well-defined subnanometre pores. The
realization of membranes with dehydration-assisted selectivity
would be a significant step forward. So far, research into novel mem-
branes has mostly focused on improving the water flux rather than
on ion selectivity. On the other hand, modelling of practically rel-
evant filtration processes shows that an increase in water permeation
rates above the rates currently achieved (2–3 l m–2 h–1 bar–1) would
not contribute greatly to the overall efficiency of desalination13,20,21.
Alternative approaches based on higher water-ion selectivity may
open new possibilities for improving filtration technologies, as the
performance of state-of-the-art membranes is currently limited
by the solution-diffusion mechanism, in which water molecules
dissolve in the membrane material and then diffuse across the

membrane13. Recently, carbon nanomaterials including carbon
nanotubes and graphene have emerged as promising membrane
materials. Unfortunately, such membranes are difficult to manufac-
ture on an industrial scale10,11,13,22. In particular, monolayer gra-
phene was suggested as a membrane for ion exclusion by creating
subnanometre pores using ion bombardment and selective
etching7–10. However, it is difficult to achieve the high density and
uniformity of such pores, which is required for industrial appli-
cations, because of the stochastic nature of the involved processes.
In contrast, graphene oxide (GO), a chemical derivative of graphene
with oxygen functionalities23, has attracted widespread interest due
to its exceptional water permeation and molecular sieving proper-
ties1,2,4 as well as realistic prospects for industrial-scale pro-
duction3,5. Molecular permeation through GO membranes is
believed to occur along a network of pristine graphene channels
that develop between functionalized areas of GO sheets1 (typically,
an area of 40–60% remains free from functionalization24,25), and
their sieving properties are defined by the interlayer spacing, d,
which depends on the humidity of the surroundings1,4. Immersing
GO membranes in liquid water leads to intercalation of 2–3 layers
of water molecules between individual GO sheets, which results in
swelling and d ≈ 13.5 Å. A number of strategies have been tried
to inhibit the swelling effect, including partial reduction of GO
(ref. 26), ultraviolet reduction of GO–titania hybrid membranes27

and covalent crosslinking28–30. In this Letter, we investigate ion
permeation through GO laminates with d controlled from ≈9.8 to
≈6.4 Å, which is achieved by physical confinement (Fig. 1a).

Thick (≈100 µm) GO laminates prepared as reported previously1

were cut into rectangular strips (4 mm × 10 mm) and stored for 1 to
2 weeks at different relative humidities (RH), achieved using satu-
rated salt solutions1,31. The resulting interlayer spacing (Fig. 1e)
was varied from ≈6.4 to 9.8 Å with RH changing from 0 to 100%.
GO laminates soaked in liquid water showed d ≈ 13.7 ± 0.3 Å. All
these values agree with previous reports, where the changes in d
were attributed to successive incorporation of water molecules
into various sites between GO sheets32. Individual GO strips with
desirable d were then encapsulated and stacked together using
Stycast epoxy as shown in Fig. 1b,c to increase the available cross-
section for filtration to ∼1 mm (see Methods and Supplementary
Fig. 1). The stacked GO laminates, embedded in the epoxy
(Fig. 1c), are referred to as physically confined GO (PCGO) mem-
branes because the epoxy mechanically restricts the swelling of
the laminate on exposure to RH or liquid water (see Methods).
The stacks were glued into a slot made in either a metal or plastic
plate (Fig. 1b). Two sides of these stacked PCGO membranes
were then trimmed off to make sure that all the nanochannels
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were open (Fig. 1d) before carrying out permeation experiments, in
which ions and water molecules permeate along the lamination
direction as shown in Fig. 1a.

Our measurement set-up was similar to the one previously
reported4 and consisted of two Teflon compartments (feed and
permeate) separated by a PCGO membrane (Supplementary
Fig. 2). The feed and permeate compartments were filled with 10
ml of a salt solution and deionized water, respectively. As expected,
the ion concentration in the permeate compartment increases with
time and with increasing concentration of the feed solution
(Supplementary Section 3 and Supplementary Fig. 3). Figure 2a
summarizes our results obtained for various ions permeating

through PCGO membranes with different interlayer spacing.
One can see that the permeation rates and the cutoff diameter
for salt permeation decrease monotonically with decreasing d.
Membranes with d ≈ 6.4 Å showed no detectable ion concentration
in the permeate even after 5 days. This further confirms that our
PCGO membranes do not swell in water over time, despite a
finite mechanical rigidity of the epoxy confinement. When plotted
as a function of d, the observed ion permeation rates for Na+ and
K+ showed an exponential dependence, decreasing by two orders
of magnitude as d decreased from 9.8 to 7.4 Å (Fig. 2b). In contrast,
the same PCGO membranes (Supplementary Section 5) showed
only a little variation in permeation rates for water (Fig. 2b),
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Figure 1 | Physically confined GO membranes with tunable interlayer spacing. a, Schematic illustrating the direction of ion/water permeation along
graphene planes. b, Photograph of a PCGO membrane glued into a rectangular slot within a plastic disk of 5 cm in diameter. Inset: photo of the PCGO stack
before it was placed inside the slot. Scale bar, 5 mm. c, Optical micrograph of the cross-sectional area marked by a red rectangle in b, which shows
100-µm-thick GO laminates (black) embedded in epoxy. Epoxy is seen in light yellow with dark streaks because of surface scratches. d, Scanning electron
microscopy image from the marked region in c. Scale bar, 1 µm. e, Humidity-dependent interlayer spacing, d, found using X-ray diffraction (inset). The case
of liquid water is also shown. Error bars denote standard deviations using at least two measurements from three different samples.
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Figure 2 | Tunable ion sieving. a, Permeation rates through PCGO membranes with different interlayer distances (colour coded). The salts used were KCl,
NaCl, LiCl, CaCl2 and MgCl2. The hydrated diameters are taken from ref. 6 (Supplementary Section 4). Dashed lines are guides to the eye indicating a rapid
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cations and anions permeated in stoichiometric quantities. Error bars denote standard deviation. b, Permeation rates for K+ and Na+ depend exponentially on
the interlayer distance (left axis). Water permeation varied only linearly with d (blue squares, right axis). The dotted lines are best fits. The horizontal error
bars correspond to a half-width for the diffractions peaks in Fig. 1e and are same for all the three data sets. The vertical error bars indicate the standard
deviation. The errors for K+ are similar to those for Na+ and have been omitted for clarity. c, Temperature dependence for K+ permeation. Dotted lines are
best fits to the Arrhenius behaviour. Inset: energy barriers for various ions and different d, as found in our molecular dynamics simulations.
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decreasing by a factor of ≈2 for the same range of d. We note
that this observation rules out that the exponential changes in
ion permeation could be related to partial clogging of
graphene capillaries.

Both the observed relatively high permeation rates for Li+, K+

and Na+ for d > 9 Å and their exponential decay for smaller d are
surprising. Indeed, when considering steric (size-exclusion)
effects, it is often assumed that ions in water occupy a rigid
volume given by their hydrated diameters D. If this simplification
was accurate, our PCGO membranes should not allow permeation
of any common salt. Indeed, the effective pore size δ can be esti-
mated as d – a, where a ≈ 3.4 Å is the thickness of graphene1,33.
This yields δ ≈ 6.4 Å for our largest capillaries (d ≈ 9.8 Å), which
is smaller than D for all the ions in Fig. 2a. This clearly indicates
that ion sieving is not purely a geometric effect. On the other
hand, if we assume that hydrated ions do fit into the nanochannels
and their permeation is only limited by diffusion through water, the
expected permeation rates should be significantly higher than those
observed experimentally. For classical diffusion the permeation rate
J is given by

J = Diff × ΔC × Aeff /L (1)

where ΔC is the concentration gradient across the membrane (1 M
for the experiments in Fig. 2), Aeff is the total cross-sectional area of
nanocapillaries (≈3–8 mm2), L is the diffusion length through the
PCGO membrane (≈3 mm) and Diff is the diffusion coefficient
for ions in water (typically, Diff ∼10−5 cm2 s–1; see Supplementary
Section 6). Equation (1) yields rates that are 2–4 orders magnitude
higher than those shown in Fig. 2. This is in stark contrast to the
sieving properties of GO laminates with d ≈ 13.5 Å that showed
an enhancement rather than suppression of ion diffusion4.
Clearly, the fact that the available space δ in PCGO laminates
becomes smaller than D pushes the permeating hydrated ions into
a new regime, distinct both from ions moving through wider nano-
capillaries and from permeation behaviour of pure water. In the
latter case, as shown in Fig. 2b, permeation rates for water molecules
(whose size is smaller than δ) are three orders of magnitude higher
than those estimated from the standard Hagen–Poiseuille equation
using non-slip boundary conditions and the given dimensions of
nanocapillaries (Supplementary Section 5). Similar flow

enhancement (by three orders of magnitude) was recently reported
for artificial graphene capillaries and attributed to a large slip length
of ∼60 nm for water on graphene33.

To gain an insight into the mechanism of ion permeation
through our membranes, we carried out permeation experiments
at different temperatures, T (Fig. 2c). For both channel sizes,
d = 9.8 Å and d = 7.9 Å, the permeation rates follow the Arrhenius
equation, exp(–E/kBT), that is, show activation behaviour. Here, E
is the energy barrier and kB is the Boltzmann constant. The data
yield E = 72 ± 7 kJ mol–1 and 20 ± 2 kJ mol–1 for K+ ion permeation
through PCGO membranes with d ≈ 7.9 and 9.8 Å, respectively.
The exponential dependence explains the fact that the observed
ion diffusion rates are orders of magnitude smaller than those
given by equation (1), as at room temperature E≫ kBT for both
channel sizes. The activation behaviour is also in agreement with
recent theoretical predictions that nanopores with diameters <10 Å
should exhibit significant energy barriers because of the required
partial dehydration for the entry of ions9,14–18. Qualitatively, this
mechanism can be explained as follows. In a bulk solution, water
molecules stabilize ions by forming concentric hydration shells.
For an ion to enter a channel with δ < D, some water molecules
must be removed from the hydration shell. The higher the ion
charge, the stronger it attracts water molecules. Accordingly, ions
with larger hydration free energies34 and, therefore, ‘tougher’
water shells are expected to experience larger barriers for entry
into atomic-scale capillaries and exponentially smaller permeation
rates. Ions with weakly bound shells are easier to strip from their
water molecules to allow their entry into nanochannels. Similar
arguments can be used to understand why water does not exhibit
any exponential dependence on d: water–water interactions are
weak, so it costs relatively little energy to remove surrounding
water from water molecules entering the capillaries16.

To support the proposed mechanism of dehydration-limited ion
permeation for our PCGO membranes, we employed the previously
suggested model of a network of graphene capillaries, which was
developed to account for the fast permeation of water through
GO membranes1,4,18. Within this model, we performed molecular
dynamics simulations to find energy barriers for various ions enter-
ing graphene capillaries of different widths (Supplementary Section 6).
As seen in Fig. 2c the energy barrier E exhibits a sharp increase for d
< 9 Å and is considerably larger for divalent ions compared with
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monovalent ions, in agreement with our experiments and the above
discussion (Fig. 2a). Quantitatively, the obtained E are of the same
order of magnitude as those found experimentally; the discrepancy
in exact values can be expected because realistic GO channels
contain non-stoichiometric functionalities, rough edges and so on,
which are difficult to model accurately. We also performed simu-
lations to evaluate a possible contribution of diffusion rates
through capillaries themselves to the overall permeation rates. Our
results show that the diffusion coefficient for K+ changes with d
but the effect is small compared with the exponential decrease in
permeation rates, which was observed experimentally
(Supplementary Section 6). This suggests that the energy barrier
associated with dehydration is the dominant effect in our case of
subnanometre capillaries.

Finally, the exponential suppression of ion permeation combined
with fast water transport in PCGOmembranes make them an inter-
esting candidate for water filtration applications. Even though scal-
able production of such membranes is difficult, one can envisage
using alternative fabrication techniques to control d in GO laminates.
To this end, we show that it is possible to restrict the swelling of GO
membranes in liquid water, for example, simply by incorporating
graphene (Gr) flakes into GO laminates (Supplementary Section
7). The resulting composites referred to as GO–Gr membranes
exhibit notably less swelling (difference in d of ≈4 Å) with respect
to the standard GO laminates (Fig. 3a). The observed large difference
in d can be due to graphene’s hydrophobicity that limits the water
intake. The ion permeation rate through GO–Gr membranes was
found to be suppressed by more than two orders of magnitude com-
pared with GO (Fig. 3b), in agreement with the projected rates for the
given extent of swelling if the exponential dependence of Fig. 2 is
extrapolated. At the same time, water permeation rates are essentially
unaffected by the incorporation of graphene into GO laminates
(decrease only by 20%; Supplementary Section 7). The salt rejection
properties of our GO–Grmembranes were further investigated using
forward osmosis, where we employed concentrated sugar (3 M) and
NaCl (0.1 M) solutions as the draw and feed solutions, respectively
(Supplementary Section 7). Salt rejection was calculated as 1 – Cd/
Cf , where Cd and Cf are the concentration of NaCl at the draw and
feed sides, respectively. Our analysis yielded ≈97% salt rejection
for the GO–Gr membranes with a water flux of ≈0.5 l m–2 h–1.
Even though the flux is lower than 5–10 l m–2 h–1 typical for
forward osmosis35, we believe this characteristic can be significantly
improved by decreasing the membrane thickness to 1 µm or less
(Supplementary Section 7). Such thicknesses are readily achievable
for GO laminates2 and can result in fluxes >5 l m–2 h–1.

In conclusion, we have demonstrated the possibility to control the
interlayer spacing in GOmembranes in the range below 10 Å. In this
regime, the capillary size is smaller than the hydrated diameters of
ions and their permeation is exponentially suppressed with decreas-
ing d. The suppression mechanism can be described in terms of
additional energy barriers that arise because of the necessity to par-
tially strip ions from their hydrated shells so that they can fit inside
the capillaries. Water transport is much less affected by d. Our
work shows a possible route to the production of GO membranes
with controllable interlayer spacing for desalination applications.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Preparation of GO membranes. The aqueous suspension of graphene oxide (GO)
was prepared by dispersing millimetre-sized graphite oxide flakes (purchased from
BGT Materials Limited) in distilled water using bath sonication for 15 h. The
resulting dispersion was centrifuged 6 times at 8,000 r.p.m. to remove the multilayer
GO flakes. Subsequently, freestanding GO membranes of thickness ≈100 µm were
prepared by vacuum filtration of supernatant GO suspension4 through an Anodisc
alumina membrane filter (0.2 µm pore size and a diameter of 47 mm, purchased
fromMillipore). As-prepared GOmembranes were dried in an oven for 10 h at 45 °C
and cut into rectangular strips of dimension of 4 mm× 10 mm (Supplementary Fig. 1).

Tuning interlayer spacing in GO laminates. GO membranes with different
interlayer spacing were prepared by storing them in a sealed container with different
RH of 0, 12, 33, 75, 84 and 100%. To this end, we used saturated solutions of LiCl
(12% RH), MgCl2 (33% RH), NaCl (75% RH) and KCl (84% RH), which were
prepared by dissolving excess amounts of salts in deionized water31,36. A humidity
meter was used inside the container to check that the salts provided the literature
values of RH. As a zero humidity environment, we used a glove box filled with Ar
and H2O content below 0.5 p.p.m. 100% RH was achieved inside a sealed plastic
container filled with a saturated water vapour at room temperature.

Analysis of the interlayer spacing. X-ray diffraction (XRD) measurements in the
2θ range 5° to 15° (with a step size of 0.02° and recording rate of 0.1 s) were
performed using a Bruker D8 diffractometer with Cu Kα radiation (λ = 1.5406 Å).
To collect an XRD spectrum from a GO membrane stored at a specific RH, we
created the same humid environment inside a specimen holder (Bruker,
C79298A3244D83/85) and sealed it with the GO membrane. For the case of zero
humidity, an airtight sample holder (Bruker, A100B36/B37) was used. All spectra
were taken with a short scanning time to avoid possible hydration/dehydration of
the GOmembranes. From XRD analysis of the (001) reflection, d for 0, 12, 33, 75, 84
and 100% RH are found to be 6.4, 7.4, 7.9, 8.6, 9 and 9.8 Å, respectively.

Fabrication of PCGO membranes. After achieving the desired d by using different
humidities, each rectangular strip was immediately glued and stacked with Stycast
1266. This stack was then immediately transferred to the same humid environment
(where the GO laminates were initially stored) for curing the epoxy overnight.
Finally, the resulting stacks were glued into a slot in a plastic or copper plate as
shown in Fig. 1. An epoxy layer present at the top and bottom cross-sections of the
glued stacks was carefully cleaved to produce a clean surface for permeation
experiments. The cleaved cross-section was also checked under an optical

microscope to remove any possible epoxy residues. The entire fabrication procedure
is illustrated in Supplementary Fig. 1. Swelling of the PCGOmembranes on exposure
to liquid water was monitored by measuring the cross-sectional thickness of the
membranes in an optical microscope immediately after and before performing the
ion permeation experiments. The increase in thickness after the permeation
experiments was found to be <1%, indicating negligible swelling of PCGO
membranes. Similarly, the effect of epoxy encapsulation on d was monitored by
measuring the thickness of GO laminates before and after encapsulation. No
changes were found. We also carried out an additional check in which the epoxy
encapsulation was removed around one of the GOmembranes (d ≈ 7.9 Å) and X-ray
measurements were immediately performed. No change in d (with accuracy of 1–2%)
was observed, which confirms the stability of d after the encapsulation procedure.

Permeation experiments. All permeation measurements were carried out using the
set-up shown in Supplementary Fig. 2, which consists of feed and permeate
compartments made from Teflon. PCGO membranes incorporated plastic or metal
plates (Supplementary Fig. 1) were clamped between two O-rings and then
fixed between the feed and permeate compartments to provide a leak tight
environment for the permeation experiments. We filled the compartments with
equal volumes (10 ml) of a salt solution (feed) and deionized water (permeate) to
avoid any hydrostatic pressure due to different heights of the liquids. Permeation
experiments at different temperatures (2–43 °C) were performed in a temperature-
controlled environmental chamber. The measurement set-up, feed and permeate
solutions were equilibrated at each temperature before performing the experiment.
Magnetic stirring was used in both compartments to avoid concentration
polarization effects. Anion and cation concentrations in the permeate compartment
caused by diffusion through PCGO membranes were accurately measured using ion
chromatography (IC) and inductively coupled plasma atomic emission spectrometry
(ICP-AES) techniques4. Using the known volume of the permeate compartment, the
concentrations allowed us to calculate the amount of ions that diffused into it.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request. Data related to molecular dynamics simulations are available from P.C.
(Paola.Carbone@manchester.ac.uk).
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