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Large-area graphene-nanomesh/
carbon-nanotube hybrid membranes
for ionic and molecular nanofiltration
Yanbing Yang1*, Xiangdong Yang2*, Ling Liang3, Yuyan Gao4, Huanyu Cheng4,
Xinming Li5, Mingchu Zou6, Anyuan Cao6, Renzhi Ma5,
Quan Yuan1,3†, Xiangfeng Duan7†

Nanoporous two-dimensional materials are attractive for ionic and molecular nanofiltration
but limited by insufficient mechanical strength over large areas. We report a large-area
graphene-nanomesh/single-walled carbon nanotube (GNM/SWNT) hybrid membrane
with excellent mechanical strength while fully capturing the merit of atomically thin
membranes. The monolayer GNM features high-density, subnanometer pores for
efficient transport of water molecules while blocking solute ions or molecules to enable
size-selective separation.The SWNTnetwork physically separates the GNM into microsized
islands and acts as the microscopic framework to support the GNM, thus ensuring the
structural integrity of the atomically thin GNM. The resulting GNM/SWNTmembranes
show high water permeance and a high rejection ratio for salt ions or organic molecules,
and they retain stable separation performance in tubular modules.

W
ater desalination and purification is an
attractive pathway to fresh water because
seawater represents the largest fraction
of water on Earth (1, 2). An ideal water-
treatment membrane should exhibit sev-

eral critical characteristics: (i) minimal thinness
to maximize permeance (3, 4); (ii) sufficient
mechanical strength to avoid breakage and
solute leakage (5−7); and (iii) uniform and nar-
row pore size distribution for efficient separation
(8, 9). To this end, nanoporous two-dimensional
(2D) materials of single- or few-atom thickness
and with excellent mechanical strength have been
considered as the ideal building blocks for con-
structing ultrathin membranes with minimum
transport resistance and maximum permeance

(10−14). Theoretical calculations have predicted
that single-layer nanoporous 2D membranes can
provide ultrafast water permeation and selective
separation (15, 16). Experimental studies of nano-
porous graphene membrane have also demon-
strated its exceptional performance in water
desalination. However, the experimental studies
to date are typically limited to proof-of-concept
demonstrations on micrometer-scale graphene
flakes (10−6 to 10−8 cm2).
Although defect-free graphene exhibits ex-

ceptional mechanical performance, the inevi-
table in-plane grain boundaries in large-area
graphene could seriously weaken the mechan-
ical strength, and the introduction of pores could
further compromise the structural integrity of
single-layer graphene (17, 18). Because the de-
salination process relies on the molecular-level

separation of solute ions from water molecules,
any slight tearing or cracking of the membrane
could undermine the entire desalination system.
As the stress of a selective membrane scales with
d−3/2 (where d is the membrane thickness), the
atomically thin 2D membrane that is three or-
ders of magnitude thinner than the commercial
membrane would undergo substantially larger
stress (19). Therefore, the applications of ultrathin
2D membranes for practical water treatment
remain rather elusive because of the challenges
in reliably producing large-area nanoporous 2D
membranes of sufficient mechanical strength.
We report the design of an atomically thin nano-

porous membrane with a single-layer graphene
nanomesh (GNM) supported by an interwoven
network of single-walled carbon nanotubes
(SWNTs) (Fig. 1). In this structure, the mechan-
ically strong, interconnected SWNT webs (20)
feature a strong p−p interaction with the sup-
ported GNM, physically separate the GNM into
microsized islands, and act as a microscopic
framework to support the GNM (Fig. 1A). This
construct can be viewed as Voronoi cells (21, 22)
of a Voronoi diagram (for example, as commonly
seen in insect wings or plant leaves; fig. S1) de-
fined in themathematical structuremodels, thus
ensuring the structural integrity of the atomically
thin GNMovermacroscopic scale. The large-area,
ultrathin GNM/SWNT hybrid membrane can
serve as an excellent size-exclusion nanofiltra-
tion membrane. In particular, the high-density
subnanometer pores in the GNM layer allow effi-
cient transport of water molecules with mini-
mum resistance while blocking solute ions or
molecules to enable selective separation (Fig. 1B),
and the high mechanical strength of the GNM/
SWNT hybrid membrane can prevent tear and
solute leakage to ensure robust water treatment
over large areas.

Fabrication and structural
characterization of GNM/SWNT
hybrid membranes

Figure 2A shows the fabrication process of the
GNM/SWNT hybrid membranes. Briefly, chem-
ical vapor deposition (CVD)–grown single-layer
graphene on Cu foil was used as the starting
material. A layer of SWNT membrane consisting
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Fig. 1. Schematic illustration of the mechanically strong, large-area GNM/SWNT hybrid mem-
brane for efficient water desalination. (A) Designed structural model of the GNM/SWNT hybrid
membrane with single-layer GNM supported on SWNT networks. (B) Structural model of the GNM/
SWNT hybrid membrane for size exclusion nanofiltration.
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of interconnected SWNTs was transferred on
top of the graphene. After etching the Cu foils, a
freestanding membrane with SWNT-supported
graphene was obtained. To fabricate the GNM/
SWNT membrane, we grew a layer of mesoporous
SiO2 (meso-SiO2) film with uniform and per-
pendicular mesoporous channels (fig. S2) on
the graphene surface as the porous template (23).
By sequentially drilling pores in the graphene
using O2 plasma exposure and removing the
meso-SiO2 layer by hydrofluoric acid etching, we
obtained a freestanding GNM/SWNT hybrid
membrane, which can be suspended over a po-
rous polydimethylsiloxane (PDMS) substrate. The
suspended GNM/SWNT membrane retains the
structural integrity with no obvious holes or

tears (Fig. 2, B and C), as also confirmed by
high-resolution scanning electron microscope
(SEM) imaging (Fig. 2D). Transmission electron
microscope (TEM) studies (Fig. 2E) further con-
firmed that the SWNT network intimately inte-
grates with the GNM layer to form a mechanically
strong, intact structure, whereas the pure graphene
membrane readily cracks with obvious tears across
the plane (fig. S3).
Raman spectroscopy was performed to eval-

uate the quality of the membranes. The pristine
CVD-grown graphene (CVDG) showed clearly the
characteristic 2D (2656 cm−1) and G (1585 cm−1)
peaks with a high peak intensity ratio (I2D/IG~2)
and no apparent D peak (1350 cm−1) (Fig. 2F),
suggesting that the pristine graphene exhibits

a defect-free, single-layer characteristic. The
presence of radial breathing modes at 100 to
300 cm−1 and the splitting of the G band con-
firm the existence of SWNTs in the graphene/
SWNT (G/SWNT) membrane. After we introduced
nanopores by O2 plasma, the intensity of the D
peak increased substantially to about one-third
of that of the G peak (ID/IG~0.33) and the 2D
peak intensity decreased, indicating the forma-
tion of defects in the GNM/SWNT membrane.
Scanning transmission electron microscopy

(STEM) studies of the pristine graphene showed
a honeycomb lattice of carbon atoms (Fig. 2G),
whereas the STEM image of a GNM revealed
the presence of subnanometer pores (Fig. 2H).
The average pore size and pore density were
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Fig. 2. Fabrication of GNM/SWNT hybrid membranes and structural
characterizations. (A) Schematic illustration of the process used to
fabricate GNM/SWNT hybrid membranes. (B) Photograph of the
GNM/SWNT hybrid membrane suspended on a porous PDMS substrate
with 16 holes (1 mm in diameter). (C) SEM image of a single hole
in (B). (D) Magnified SEM image of the selected red area in (C).

(E) TEM image of the GNM/SWNT hybrid membrane. (F) Raman
spectra of CVDG, G/SWNT, GNM/SWNT, and SWNTmembranes. (G and
H) Aberration-corrected STEM image of graphene (G) and GNM (H)
after 10 s of O2 plasma etching. The white dashed circles highlight the
pores present in GNM. (I) Pore-size distribution of the GNM prepared
by 10 s of O2 plasma etching.
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measured to be 0.63 nm and ~1.0 × 1012 cm−2,
respectively, in the GNMobtained with 10 s of O2

plasma etching (Fig. 2I). The pore size matches
well with the predicted optimal pore size for
allowing water transport (0.32 nm) while ef-
fectively rejecting salt ions (~0.7 nm) (17). The
pore size and pore density can be readily tailored
by theO2 plasma–etching time (fig. S4). A shorter
etching time of 5 s results in an average pore size
of ~0.55 nm, and an etching time of 20 s results
in an average pore size of ~1.41 nm.

Mechanical characterization of
GNM/SWNT hybrid membranes

The centimeter-scale GNM/SWNT hybrid mem-
brane can be directly transferred onto a varie-
ty of substrates without a polymer support. A
GNM/SWNT hybrid membrane suspended on
a polyethylene terephthalate (PET) substrate
with a 0.36-cm2 square hole retains structural
integrity without obvious cracks (Fig. 3A). The
GNM/SWNT membrane may be readily scaled
up (Fig. 3B) because there is no fundamental
limitation in producing large-area graphene, the
SWNT network, or meso-SiO2 film up to meter
scale. The flexible, freestanding SWNT network
renders excellent mechanical strength and flex-
ibility in the GNM/SWNT hybrid membrane, al-
lowing it to endure large deformations without
compromising the structural integrity (Fig. 3C).
A hybridmembrane suspended on a tube edge is
mechanically strong enough to support five coins
(~16.0 g) without rupture (Fig. 3D).
We further investigated the tensile strength

of the ultrathin GNM/SWNT hybrid membrane
(24) (Fig. 3E and figs. S5 and S6). The SWNT
and GNM/SWNT hybrid membranes showed
similar fracture strains (8% and 9% for SWNT

and GNM/SWNTmembranes, respectively) (Fig.
3E). The pristine SWNTmembrane could sustain
a stress of 101.9 MPa (Fig. 3E) and the Young’s
modulus was calculated to be 2.6 GPa (fig. S7). By
comparison, theGNM/SWNTmembrane showed
an enhanced mechanical strength to sustain a
stress of 380.6 MPa (Fig. 3E) and had a con-
siderably higher Young’s modulus of 9.7 GPa
(fig. S7). Additionally, atomic force microscope
measurements indicated that the GNM/SWNT
membrane has a modulus of ~5 to 10 GPa in
the perpendicular direction (fig. S8). Themechan-
ical strength is largely attributed to the Voronoi
diagram structure of the GNM/SWNT network
hybrid membrane, as confirmed by our me-
chanical simulations showing greatly enhanced
tensile (2.4-fold) and bending stiffness (four or-
ders of magnitude) of the GNM/SWNT mem-
brane comparedwith the GNMmembrane (figs.
S9 to S12) (24).
In situ SEM imaging was conducted to vi-

sualize crack formation after punching a hole
with a micromanipulator (Fig. 3, F and G). The
GNMmembrane quickly cracked into small pieces
when a hole was punched. By contrast, the GNM/
SWNT membrane maintained structural integ-
rity during the entire process.

Water permeance and salt rejection
under osmotic pressure

We explored the water-transport and salt-
rejection properties of the GNM/SWNT hybrid
membranes using three different configurations.
The first configuration is based on cross-flow
forward osmosis (FO) measurements in which
the GNM/SWNT hybrid membrane suspended
on a PET substrate (with a 0.16-cm2 square
aperture in the PET) separates two cavities, one

filled with KCl solutions with different concen-
trations and the other with deionized water
(Fig. 4A and fig. S13) (24). The osmotic pressure
difference induced by the salt concentration gra-
dient serves as the driving force for water trans-
port. No apparent delamination between the
SWNT network and the GNM membrane was
observed in the cross-flow operation process
or in the in situ SEM manipulations (Fig. 3G,
fig. S14, and movie S1), confirming that the inter-
action between the SWNT and GNM is strong
enough to resist the water flow under desalination
conditions. On the basis of continuummechanics,
the maximum pressure (P) that a GNM/SWNT
membrane with a pore size of 0.63 nm could
withstand is calculated to be ~60 MPa (24) (Fig.
4B), consistent with previous theoretical calcu-
lations that the presence of a porous substrate
(with openings <1 mm) would enable the GNM
to sustain pressures exceeding 57 MPa (19).
These analyses suggest that the GNM/SWNT
hybrid membrane exhibits sufficient mechanical
strength to be used as an effective semipermeable
membrane for water desalination.
Water permeation studies showed that the

G/SWNT membrane exhibits negligible water
permeance (0.67 liter m−2 hour−1 bar−1) (Fig. 4C
and fig. S15), suggesting that the SWNTmembrane
maintains the structural integrity of graphene
to prevent tearing and leakage. The water per-
meance for the GNM/SWNT hybrid membrane
exhibits a clear dependence on the O2 plasma–
etching time (which correlates to the pore size).
The GNM/SWNT membrane obtained with 5 s
of etching (GNM/SWNT-5 s) showed a perme-
ance of 7.5 liter m−2 hour−1 bar−1. As the etching
time was increased to 10 s (GNM/SWNT-10 s),
the permeance increased to 20.6 liter m−2 hour−1
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Fig. 3. Analysis of
mechanical performance.
(A) Photograph of the GNM/
SWNT hybrid membrane
suspended on a PET sub-
strate with a 0.36-cm2 hole.
(B) Photograph of the large-
area GNM/SWNTmembrane.
(C) Optical image of the
GNM/SWNT hybrid mem-
brane under bending
conditions. (D) Photograph
of the GNM/SWNT hybrid
membrane suspended on a
tube with six coins on the
membrane. Scale bars, 1 cm.
(E) Stress–strain curves of
the SWNTmembrane and the
GNM/SWNT hybrid mem-
brane under uniaxial tensile
strain. (F and G) Rupture
behavior of the (F) GNM and
(G) GNM/SWNT hybrid
membrane imaged by in situ
SEM after poking with a
micromanipulator. Scale bars,
0.5 mm (F) and 1 mm (G).
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bar−1 (5.7 × 10−16 g s−1 bar−1 per pore, assum-
ing a pore density of 1.0 × 1012 cm−2). This
value is of the same order as that predicted by
molecular dynamics simulations (15). A fur-
ther increase of the etching time to 20 s (GNM/
SWNT-20 s) resulted in a water permeance of
37.2 liter m−2 hour−1 bar−1, indicating reduced
transport resistance with increasing pore size
in the GNM.
Compared with the water flux of the com-

mercial cellulose triacetate (CTA) membrane,
which becomes “self-limiting” at high salt con-
centrations, the water flux of the GNM/SWNT
hybrid membrane showed a linear dependence
versus the salt concentration (Fig. 4D and fig.
S16), indicating that the internal concentration
polarization (ICP) was nearly eliminated in the
freestanding ultrathin GNM/SWNTmembrane.

The reduced osmotic pressure loss caused by
ICP leads to a higher osmotic driving force and
enhanced permeance.
The salt-rejection behavior was evaluated by

measuring the salt permeance through theGNM/
SWNT hybrid membrane (fig. S17). The salt per-
meance through the graphene/SWNTmembrane
was essentially zero (no transport of ions; Fig. 4C),
suggesting that the graphene/SWNT membrane
remains intact over large areas. The salt perme-
ance of the GNM/SWNT membrane varied from
5.5 to 16.2 mol m−2 hour−1 when the O2 plasma–
etching timewas increased from5 to 20 s, indicat-
ing that the ion selectivity is highly dependent on
the pore size. After 24 hours of permeation, the
salt rejection for the GNM/SWNT membrane
with 10 s of O2 plasma–etching time remained
>97% (Fig. 4E).

The separation performance of the GNM/
SWNT membrane was also evaluated with NaCl
as a seawater model. The measured salt rejec-
tion for NaCl was 98.1 ± 0.3% (fig. S18), which
is comparable to that of KCl (97.1 ± 0.6%). The
slightly improved salt rejection may be attri-
buted to the relatively larger hydrated diam-
eter of Na+ (0.716 nm) compared with K+

(0.662 nm). The minor salt leakage could be
attributed to the presence of a small fraction
of relatively large pores (~1 nm) in the GNM/
SWNT membrane and the intrinsic defects or
cracks formed during the graphene growth or
transfer process. To this end, the presence of
the SWNT network is particularly useful in
separating the GNM into small domains and
preventing the propagation of cracks and cat-
astrophic failure.
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Fig. 4. Evaluation of water-desalination performance. (A) Sketch
of water permeance through the GNM/SWNTmembrane driven
by osmotic pressure in the FO cross-flow system. (B) Contour plot
of the maximum pressure versus GNM porosity and SWNT pore
radius for GNM/SWNT-10 s. (C) Water and salt permeance through
G/SWNT and GNM/SWNTmembranes with O2 plasma–etching
times of 5, 10, and 20 s. (D) Water flux through the GNM/SWNT hybrid
membrane and CTA membrane as a function of KCl concentration.
Inset, the magnified view of the water flux of the CTA membrane.

(E) Salt rejection of the G/SWNTand GNM/SWNTmembranes prepared
by O2 plasma–etching times of 5, 10, and 20 s. (F) Schematic
illustration of the RO cross-flow filtration apparatus. (G) Rejection of the
GNM/SWNTmembrane for KCl, NaCl, Na2SO4, MgCl2, MB, RhB,
and FITC. The error bars indicate the data acquired from three
individual membranes. (H) Comparison of the water-permeability
and salt-rejection performance of the GNM/SWNT hybrid membranes
with commercial osmosis membranes and graphene-based separation
membranes (6, 9, 17, 26–34).
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To further investigate the desalination per-
formance of the GNM/SWNT membrane, we
constructed a reverse osmosis (RO) cross-flow
filtration apparatus (Fig. 4F) to measure the
water- and salt-transport behaviors of the mem-
brane toward Na2SO4, MgCl2, NaCl, and KCl at
a concentration of 2000 parts per million (ppm).
As a nanofiltration membrane, the GNM/SWNT
membrane could sustain a pressure in the range
of ~2 to 4 MPa and ~8 to 10 MPa when sup-
ported by a stainless steel mesh (500 mesh, 30 mm
pore size) and polycarbonate track etch membrane
(0.2 mm pore size), suggesting that the GNM/
SWNTmembrane is mechanically strong enough
to withstand typical commercial RO processes.
The GNM/SWNT membrane showed high salt
rejection between 85.2 and 93.4% (Fig. 4G),
and the observed selectivity followed the order
of Na2SO4 > MgCl2 > NaCl > KCl. These observed
salt-rejection ratios achieved in centimeter-scale
GNM/SWNTmembranes were generally smaller
than those achieved in micrometer-scale nano-
porous graphene flakes, which might be largely
attributable to occasional defects or minor cracks
in the large-area GNM/SWNT membranes. The
hydraulic permeability of the GNM/SWNT mem-
brane was maintained at 97.6 liters m−2 hour−1

bar−1 for the NaCl solution compared with that
of pure water (110.6 liters m−2 hour−1 bar−1) (fig.
S19), further suggesting that the concentration
polarization was effectively minimized. The in-
creased membrane permeability could reduce
the pressure necessary to drive efficient perme-
ation and thus improve the energy efficiency of
the desalination process. Additionally, the GNM/
SWNT membrane exhibited higher water per-
meability and lower salt rejection in ROmodules
than in FO modules, and the exact reason for
such differences is an intriguing topic for future
investigations.
The GNM/SWNT membrane also exhibited a

high rejection ratio for small charged or neutral
molecules (96.4, 97.2, and 98.7% for methylene
blue [MB], rhodamine B [RhB], and fluorescein
isothiocyanate [FITC], respectively) with solvated
diameters >1 nm (Fig. 4G and fig. S20), high-
lighting the merit of the GNM/SWNTmembrane
in rejecting small organic molecules, which is
important for excluding small-molecule phar-
maceuticals from drinking water, which typical

commercial membranes usually fail to reject.
The relatively high organic molecule exclusion
performance and the decreased salt rejection
with increasing Na2SO4 concentration (fig. S21)
also suggest that the GNM/SWNT membrane is
a nanofiltration membrane.
To gain further insight into themechanism of

salt rejection by the GNM/SWNTmembrane, we
also performedwater-desalinationmeasurements
at different pH values. Little change was observed
in salt rejectionwhen the pHwas varied from 7 to
3 (protonation of carboxylate groups at the pore
edge), suggesting that the Gibbs–Donnan exclu-
sion effect was negligible (figs. S22 to S24). Ad-
ditionally, theGNM/SWNTmembranes exhibited
improved salt rejection for MgCl2 (98.6%) com-
pared with KCl (97.1%) (fig. S25) and an extreme-
ly low adsorption percentage (<0.5%; fig. S26)
(24) for all of the investigated salts and organic
molecules. These studies suggest that the salt-
rejection performance of the GNM/SWNTmem-
brane originates from (i) subnanometer-sized
pores that facilitate effective separation by the
size exclusion effect and (ii) the minimized con-
centration polarization due to the use of atomically
thin nanoporous membrane in the cross-flow
system.
We compared the permeability and selectivity

of the GNM/SWNT water-desalination mem-
branes with those reported in the literature
(Fig. 4H and tables S1 and S2). The GNM/SWNT
membrane exhibited a water permeance about
one to two orders of magnitude higher than
that of CTA, graphene oxide (GO)/graphene (6),
and reduced GOmembranes (25) at a compara-
ble salt-rejection ratio. Nanoporous graphene
(17) with high water permeance (252 liters m−2

hour−1 bar−1) has been reported previously, but
only formicrometer-scale samples (10−6−10−8 cm2).
Additionally, the GNM/SWNT membrane oper-
ated with the RO module showed about one to
two orders of magnitude higher hydraulic per-
meability than that of commercial ROmembranes,
nanofiltration membranes, or graphene-based
membranes (9, 26−34). The salt rejection of the
GNM/SWNT membranes (>86% for NaCl) was
lower than that for commercial RO membranes
(90%~99%), but considerably higher than that
for most graphene- or GO-basedmembranes (19
to 42%) (26−29) and commercial nanofiltration

membranes (~24 to 40%) (29, 33, 34). The salt-
rejection performance of the GNM/SWNTmem-
branes could be further improved by optimizing
the graphene growth conditions and the pore-
formation process to minimize cracks and de-
fects and to improve the pore size distribution.
The permeation and separation performance

of our GNM/SWNTmembranes was robust, and
similar performance was observed in >100 studied
membranes cut from large-area GNM/SWNT
membranes. Comparedwith the CTAmembrane,
the GNM/SWNT membranes showed a high
resistance to bacterial attachment for a long
period of operation (figs. S27 and S28), indicat-
ing that the GNM/SWNT membranes exhibit
excellent antibiofouling characteristics, which
may be partly attributed to the smooth surface of
the GNM (35) and the antibacterial performance
of graphene (36).

Tubular water-desalination module

The commercial spiral-woundmembranes are typ-
ically composed of stacked membranes scrolled
into a tubular structure to enable a large contact
area with feed solution and to further improve
the water production output (37). Given the me-
chanical flexibility of theGNM/SWNThybridmem-
branes, we investigated their water-desalination
performance by bending the membrane to a
specific curvature with a porous substrate (such
as PDMS). The water-desalination device is com-
posed of two stacked cylindrical silicone tubes,
with the inner tube (0.16 cm2 aperture present in
the tube) incorporating a GNM/SWNT hybrid
membrane (Fig. 5, A and B) (24). The control G/
SWNTmembrane exhibited negligible water and
salt permeance that was nearly the same as that
observed without bending (Fig. 5C and fig. S29),
indicating that the G/SWNT membrane main-
tains the mechanical integrity well under bend-
ing conditions. The GNM/SWNT membrane
showed a slight increase in permeance, by a
factor of 1.2 and 1.6 for water and salt, respec-
tively, indicating that the bending process may
have induced the formation of a few small cracks.
Despite the increased ion permeance, the GNM/
SWNT membrane retained a salt rejection of
up to 95.3% after 24 hours of osmotic operation
(Fig. 5C), suggesting that the GNM/SWNTmem-
brane is mechanically flexible enough to sustain
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Fig. 5.Water-desalination performance of the bended membrane in a
tubular module. (A) Schematic illustration and (B) photograph of the
custom-assembled water-desalination cell for the measurement of
permeance performance under bending conditions. Enlarged views
show the corresponding structural model and photograph of the flexible

GNM/SWNTmembrane attached to the cylindrical silicone tube with
a 0.16-cm2 aperture. Scale bar, 1 cm. (C) Water and salt permeance and
salt rejection of the G/SWNT and GNM/SWNTmembranes under
bending conditions. Error bars represent standard deviations of three
independent measurements.
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large deformation. The production efficiency
can be further improved by packing the tubes
incorporated with membranes into bundles with
highpacking density or scrolling theGNM/SWNT
membrane into a spiral-wound structure. We
further evaluated the water permeability and
salt rejection of the GNM/SWNT membrane
under different cross-flow velocities. The results
indicated that the cross-flow velocity of 2 cm s−1

is the optimized condition for achieving high
water permeance and salt rejection (fig. S30). At
this velocity, the external concentration polar-
ization is minimized while retaining sufficient
membrane structural integrity.
We have designed a large-area, ultrathin GNM/

SWNT hybrid membrane for highly efficient wa-
ter purification. The macroscopic SWNT network
helps to retain the structural integrity and improve
the mechanical strength of monolayer GNM
membrane, and the high-density subnanometer
pores in the atomically thin GNMs ensure ef-
fective size-exclusion ionic/molecular nanofiltra-
tion and low permeation resistance. The GNM/
SWNT hybrid membranes thus address the crit-
ical trade-off between water permeance and
solute rejection in conventional desalination
membranes. The high water permeance and
excellent size selectivity combined with the
excellent antifouling characteristics may make
GNM/SWNT hybrid membranes highly attractive
for energy-efficient and robust water treatment.
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