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ABSTRACT: Graphene oxide (GO) membranes have been
attracting numerous attention due to their impressive
performance in various applications, especially in water
purification. However, because the swelling in water and
polar organic solvents causes the increase of interlayer
channels, GO membranes usually possess inferior rejection
for subnanometer-sized molecules. How to control the
transport channels of GO membranes at angstrom level is a
significantly scientific and practical issue. Herein, a concept
of external pressure regulation (EPR) is reported for
restraining GO swelling and controlling its interlayer spacing precisely. Since anisotropic GO films only swell at vertical
direction, the interlayer channels can be manipulated by externally unidirectional reverse force. Based on this concept, an
EPR system with GO membranes is designed for water desalination by adjusting the external pressure that has high
resolution. In cross-flow filtration, the compressed GO membranes show high KCl, NaCl, and CaCl2 rejections of 94%,
97%, and 98%, respectively, accompanied by large water permeance up to 25 L m−2 h−1 under low feed pressure of 2 bar,
despite the fact that the semi-free spatial swelling of ultrathin GO layer above the substrate pores can deteriorate salt
rejection. Our work provides a straightforward physical strategy to adjust the interlayer spacing of the membranes
fabricated by two-dimensional nanosheets for achieving desired filtration capacity.
KEYWORDS: graphene oxide films, interlayer spacing, swelling, membrane separation, desalination, external pressure regulation

The earth’s water is abundant in view of total volume,
but the available water is miserably low. Moreover, the
maldistribution, the increasing demand, and more

contamination of freshwater caused by industrial progress and
population growth further aggravate the water scarcity, which
could be even worse in the future.1−4 Water purification,
especially desalination to separate salts and other solutes of
seawater and brackish water, is of extreme importance for
obtaining fresh water. Membrane separation is an energy-
efficient and environment-friendly technology for water
treatment.3,4 Various materials, particularly polymers, have
been exploited to prepare robust desalination membranes.4−7

However, the design and preparation of the membranes with
high rejection and permeance are still the main developing
directions.
Graphene and its derivatives show great potential for

fabrication of high-performance membranes due to the
extremely thin two-dimensional structure and ultrastrong
mechanical strength.8−19 Nanoporous monolayer graphene
membranes display strong mechanical strength, large flux, and
high rejection.20−25 Unfortunately, the complex procedures of
pore controlling and high-quality graphene fabrication make

these membranes difficult to be scaled up for practical
application. The highly processable graphene oxide (GO)
membranes derived from GO stacking have outstanding
efficiency for removing high-valence ions and small dyes,
owing to the sharp size-exclusion from interlayer spacing,26−30

whereas these membranes exhibit moderate rejection for the
main solutes of brackish water and seawater,26−29 such as
sodium, potassium, calcium, magnesium salts, because of the
GO swelling. The interlayer spacing will increase to 1.2−1.4
nm with the hydration of GO nanosheets, as investigated by
using X-ray diffraction (XRD) characterization.31−37 Mi et al.
observed the interlayer spacing even as large as 6.0−7.0 nm,
though the technique was based on quartz crystal microbalance
and ellipsometry.38 In order to immobilize the interlayer
spacing, some functional molecules have been introduced for
cross-linking GO membranes.39 The intrinsic geometry of the
molecules between GO nanosheets makes this method difficult

Received: June 3, 2018
Accepted: September 5, 2018
Published: September 5, 2018

A
rtic

le
www.acsnano.orgCite This: ACS Nano 2018, 12, 9309−9317

© 2018 American Chemical Society 9309 DOI: 10.1021/acsnano.8b04187
ACS Nano 2018, 12, 9309−9317

D
ow

nl
oa

de
d 

vi
a 

JI
N

A
N

 U
N

IV
 o

n 
N

ov
em

be
r 

6,
 2

01
8 

at
 0

3:
26

:2
3 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b04187
http://dx.doi.org/10.1021/acsnano.8b04187


to obtain small enough interlayer channels for desalination.
Reduction of GO by thermal treatment or reagents can tune
the interlayer spacing,40,41 but there is a risk of obtaining an
impermeable membrane.42 Cation-controlling can efficiently
enhance the sieving effect of GO membranes for those cations
with larger hydrated diameters.43 Some of the other strategies
based on chemistry have also been proposed for better
separation performance.30,44−47

Beside the chemical strategies, physical pressure methods
have been demonstrated with good feasibility to control the
interlayer spacing as well. Talyzin et al. found that the pressure
applied by diamond anvil cell induced the first expansion and
then constriction of GO lattice in water, with a maximum of
30%.48 This phenomenon was also observed when other
solvents were applied.49,50 The negative compressibility was
attributed to the insertion of water into interlayer spacing
under pressure. On the contrary, some studies reported that
the increased feed pressure enhanced slat rejection of GO
membranes in the reduced transport channels.30,51 These
divergent results may be caused by the different processes for
pressure. Recently, the GO laminates were encapsulated by
epoxy at different humidity conditions to adjust the interlayer
spacing.52 The obtained aligned membranes displayed high salt
rejection, yet the architecture with vertically aligned GO
nanosheets reduced the utilization of GO and the feasibility of
scale-up production. Until now, controlling of interlayer
spacing of GO membranes is still a great challenge.
Here, we report a concept of external pressure regulation

(EPR) to control GO interlayer spacing. Unlike isotropic
materials with omnidirectional swelling, the anisotropic GO
membranes with two-dimensional configuration almost only
swell in the vertical direction. Thus, the swelling can be
effectively restrained by externally unidirectional reverse force
(Figure 1a). Based on this concept, an EPR system with GO
membranes is designed for water desalination by adjusting the
high-resolution external pressure. As the result of physical
fixation of GO nanosheets, the EPR system can be operated
with cross-flow filtration. The rejections of the compressed GO

membranes increase from below 20% to 94% (KCl), 97%
(NaCl), and 98% (CaCl2), while water permeance maintains as
high as 25 L m−2 h−1 bar−1.

RESULTS AND DISCUSSION
Ultrathin GO membranes supported by mixed cellulose ester
substrates with pore size of 220 nm were fabricated by vacuum
filtration.53 XRD results revealed that the pristine GO
membrane dried at atmosphere with humidity of 33%
possessed an interlayer spacing of 0.83 nm (Figure 1b). After
wetting in NaCl solution, the interlayer spacing swelled to 1.17
nm. These two values were consistent with the observations in
previous study.43 Scanning electron microscopy (SEM) images
indicated that all membranes with GO loadings of 100 (10 mL,
10 μg mL−1), 400 (10 mL, 40 μg mL−1), and 800 (10 mL, 80
μg mL−1) μg were continuous and had thicknesses of
approximately 33, 130, and 250 nm, respectively (Figure
1c,d, and Figures S1 and S2). For verifying the EPR concept,
two face-to-face GO membranes were pressed by two punched
steel plates (Figure 1e and Figure S3). Two polysulfone
ultrafiltration membranes with nonwoven fabric substrates and
four mixed cellulose ester microfiltration membranes were
equally placed between the GO membranes and the punched
steel plates to homogenize the imposed pressure (Figure S4).
The external pressure was controlled by adjusting the screw
length and monitored by a wheel-type pressure weighing
sensor. Two elastic silicone rings were applied as feed and
permeate chambers as well as to maintain the external pressure.
To avoid the peel-off of GO layers from substrates, the
separation property of GO membranes was tested by dead-end
filtration or static diffusion in most previous stud-
ies.26−29,40−47,52,54,55 In this study, because GO layers were
compacted by the EPR system, the desalination performance
was evaluated by using cross-flow filtration that was typically
employed for practical application.
The GO membrane with GO loading of 400 μg exhibited

ordinary rejection <20% for all KCl, NaCl, and CaCl2 (Figure
S5). As expected from the Donnan exclusion theory, the

Figure 1. EPR concept for controlling GO interlayer spacing. (a) Schematic of desalination by swelled and compressed GO membranes. GO
nanosheets, substrates, water molecules, salts, and external pressure are represented by brown broad lines, cyan rectangles, green dots,
purple dots, and black dotted arrows, respectively. (b) XRD patterns of the pristine GO membrane and the GO membrane after wetting in
NaCl solution. (c,d) SEM images of top and cross-sectional views of the GO membrane prepared with GO loading, 400 μg. (e) EPR
permeation cell for desalination evaluation. MCE and PSF are mixed cellulose ester and polysulfone, respectively.
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rejection for different salts had an increasing order as CaCl2,
KCl, and NaCl. Figure 2 and Tables S1 and S2 present the
water permeance and salt rejections of the GO membranes
with various loadings under different external pressures. With
the increase of external pressure, the permeance decreased,
while rejection increased. This phenomenon was also observed
in previous studies; the high feed pressure was applied to
enhance the compaction of selective layers for improving the
rejection of GO and polymeric membranes.30,51,56 The result
was in line with the shrunken interlayer spacing under
pressure. When the external pressure of 6.0 MPa was applied,
the salt rejections reached as high as 92.7% (KCl), 96.1%
(NaCl), and 98.3% (CaCl2), which increased as the diameter
hydrated. These rejections were much higher than those of the
GO membranes reported in previous studies.26,29,30,44

Definitely, the cross-flow filtration used in this study may

contribute to obtain the high rejections more or less due to the
ameliorated concentration polarization. The increasing rate of
rejection for different salts as external pressure was varied. The
rejection of larger salt was ameliorated faster than smaller one.
These results demonstrated the main rejection mechanism
changed from Donnan exclusion based on the negatively
charged property of GO membranes to ion sieving, owing to
the compressed interlayer spacing. The membranes with NaCl
rejection over 95% showed high water permeance of 10−25 L
m−2 h−1 bar−1, which was greater than that of the polymeric
membranes with similar salt rejection.57 We investigated the
performance of substrates at external pressure of 6.0 MPa. The
low NaCl rejection (<5%) verified that the improved
performance should be attributed to the reduced interlayer
spacing of GO membranes. As shown in Figure S6, both water
and salt permeation rates decreased as pressure increased, but a

Figure 2. Desalination performance of GO membranes in EPR system. (a−c) Water permeance and KCl, NaCl and CaCl2 rejections of the
GO membrane under different external pressures. The 130 nm membrane with GO loading of 400 μg was prepared with a volume of 10 mL
and concentration of 40 μg mL−1. (d−f) Water permeance and KCl, NaCl, and CaCl2 rejections of the GO membranes with various loadings
and thickness (33, 130, and 250 nm). The applied external pressure was 6.0 MPa.

Figure 3. Swelling property of GO membranes under external pressure. (a) Schematic of swelling measurement under external pressure. (b)
The normalization thickness of GO flake under compressing, wetting, and drying states. The values were calculated with thickness
benchmark of (iii) the redried GO flake. (c) Structural representation of (i) as-synthesized, (ii) wetted, (iii) redried, (iv) rewetted, (v)
compressed, and (vi) high-pressure compressed GO flakes. (d) The interlayer channels of the GO flake under various external pressures.
The values of the red line were based on the thickness of (iv) the rewetted GO flake, the wetted interlayer spacing, and 0.34 nm thickness of
GO. The values of the blue line were based on the thickness of (iii) the redried GO flake, the dried interlayer spacing, and GO thickness.
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relatively faster decline in salt permeation rates resulted in
improvement of water/salt selectivity. The water/KCl, water/
NaCl, and water/CaCl2 selectivities increased from 1.2, 1.3,
and 1.1 to 15.8, 41.9, and 69.3, respectively. Besides external
pressure, membrane thickness also impacted the desalination
performance significantly (Figure 2d−f). The rejections and
selectivities of the GO membrane with loading of 100 μg were
inferior, despite the larger water permeance and permeation
rate. This result was attributed to the semi-free swelling of the
ultrathin GO membranes, as shown below. Nevertheless, the
GO membrane with loading of 800 μg at external pressure of
6.0 MPa showed impressive KCl, NaCl, and CaCl2 rejections
of 94.2%, 97.5%, and 98.7%, respectively, with high
corresponding water/salt selectivities of 19.4 (KCl), 48.6
(NaCl), and 81.9 (CaCl2). The outstanding desalination
performance of GO membranes under external pressure
confirmed the availability of EPR concept.

GO swelling property in salt solution was measured under
external pressure (Figure 3a,b). The GO flake with thickness of
around 200 μm was synthesized by water evaporation.58 We
had tried to fabricate the GO flake with large thickness by
vacuum filtration. But it was difficult to obtain the GO flake
with thickness of several hundreds of micrometers, because the
water permeance decreased dramatically as the thickness
increased. The GO flake was first wetted and dried (i) to (iii)
between two steel plates. The comparatively smaller interlayer
spacing of 0.79 nm calculated from XRD pattern (iii) was
resulted from the less interlayer water molecules after vacuum
drying at 50 °C (Figure S7). The first wetting (i) to (ii)
reduced the thickness dramatically (Figure 3b). This was
explained by the fact that the space-free drying process of flake
fabrication prompted the formation of some corrugations,
which caused the increased apparent thickness (Figure 3c).
After rewetting (iii) to (iv), the thickness increased by 41.6%.
The dried GO flake had slightly larger experimental thickness

Figure 4. Separation mechanism in EPR system. (a,b) Schematic diagrams of desalination by thin and thick GO membranes. The semi-free
GO swelling at substrate pores resulted in inferior rejection. (c−f) AFM images of (c,e) the pristine GO membranes and (d,f) the GO
membranes after ERP desalination. The membranes were prepared with GO loadings of (c,d) 100 and (e,f) 400 μg. (g) Height distributions
of the GO membranes shown in (c) and (d). (h) Rq and Ra roughness of the GO membranes with loadings of 100, 400, and 800 μg. These
values were calculated with 16 μm2 area. (i) Schematic diagram for the smaller roughness of GO membranes after ERP desalination.
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than the theoretical one due to the small corrugations,
meanwhile the wetted flake exhibited similar experimental
and theoretical thicknesses due to the relaxing arrangement of
GO nanosheets, thus the experimental swelling was smaller
than the theoretical one of 47.3% based on the interlayer
spacing of wetted and dried GO (Figure S8). By compression,
GO swelling could be restrained substantially. The 6.0 MPa
external pressure controlled the swelling at 12.0%. After
removing the external pressure of 1.0 to 6.0 MPa, the thickness
could approximately return to the original value, demonstrat-
ing that the GO flake remained an intact structure. It should be
noted that the overhigh pressure could cause the permanent
thickness reduction of GO flake (vi, shown in Figure 3b,c).
The similar XRD patterns of the dried (iii) and redried (vi)
samples verified that there was hardly any change in crystalline
structure after compression (Figure S7). With the GO
nanosheet thickness at 0.34 nm, the GO interlayer channels
under drying and wetting conditions were 0.45 and 0.83 nm,
respectively. Based on the thickness and interlayer spacing of
the dried GO flake (iii), the interlayer channels of GO flake at
compressing, wetting,and drying states were calculated (Figure
S9). The results showed that the interlayer channel under
compression with pressure of 2.0 MPa was smaller than all
hydrated diameters of K+ (0.66 nm), Na+ (0.71 nm), and Ca2+

(0.82 nm) cations.59 As mentioned above, the corrugations of
dried GO flake resulted in obtaining the smaller calculated
interlayer channels than actual ones. When calculations were
standardized by the thickness and interlayer spacing of the
wetted GO flake (iv), the interlayer channel with pressure of
6.0 MPa was narrower than all cations. Since the measuring
contact pressure compressed the thickness of wetted GO flake
more or less, the actual interlayer channel was smaller than the
measured one from XRD, thereby bringing out the slightly
bigger calculated interlayer channels than the actual ones
under compression. It could be confirmed that the real
interlayer channels of the compressed GO were between the
two calculated ones (Figure 3d). Because of the permanent
thickness reduction, the interlayer channels for the high-
pressure compressed GO flakes were underestimated. It should
be noted, in hydration of GO, the first water layer for
increasing the interlayer spacing to about 0.7−0.8 nm was very
stable and difficult to remove, due to the strong hydrogen-
bond interaction.28,38,60 However, the second layer or bilayer
waters had good mobility.28,60−62 This was the reason why all
compressed GO flakes had interlayer spacing larger than 0.8
nm, even for the high-pressure compressed ones with much
underestimated values. At external pressure of 6.0 MPa, the
interlayer spacing decreased to about 0.95 nm, which was close
to that of a GO membrane with bilayer waters.
We further investigated the separation mechanism of GO

membranes in EPR system. After compression, the inden-
tations from the punching holes on mixed cellulose ester and
polysulfone membranes were formed and weakened as closing
to GO layer (Figure S4). The flat surface without indentation
and the shrinkage of substrates that loaded the GO layers
revealed the uniform distribution of pressure on membranes
(Figure S10). After drying and tearing off, two GO membranes
exhibited chiral photographs (Figure S11a,b). The exposed
substrate surface that contacted with GO layer had some
residual GO nanosheets (Figure S11d,g). These phenomena
proved that two GO layers contacted with each other tightly
and uniformly. As the above results of desalination, GO
loading influenced the filtration performance drastically. The

membrane with a loading of 100 μg displayed a low NaCl
rejection of 36.4% under 6.0 MPa pressure. This was
interpreted by the semi-free swelling of GO nanosheets at
the regions of the submicrometer-sized pores of substrates
(Figure 4a). The vacuum filtration for GO deposition provided
the superfluous width for curve formation (Figure S2). The
pore imprints shown in SEM images and the low-lying regions
with a height of about 80 nm presented in atomic force
microscopy (AFM) images verified the semi-free swelling basin
structures (Figure 4c,d,g, and Figures S2 and S12). It was
noteworthy that the basin morphologies became clearer and
sharper after desalination in the EPR system (Figure S13). For
the membranes with large loadings, although the bottom sides
may have basin structures, the top surface displayed the typical
wrinkle morphologies due to the GO superposition (Figure
4b,e,f, and Figures S2, S12, and S14), thereby leading to the
better rejection. The semi-free swelling was also the reason for
the low rejection of the thick membranes that had smaller
calculated interlayer channels than cation hydrated diameters,
such as, at pressure of 4.0 MPa, the interlayer channel was
below 0.65 nm, but the membrane with GO loading of 400 μg
exhibited moderate NaCl rejection of 85.9%. Certainly, the
wrinkles may also cut down the salt rejection to some extent.
Compared with the pristine membranes, the compressed GO
membranes with high loadings possessed a smaller roughness
(Figure 4h). For example, the root-mean-square roughness
(Rq) and arithmetic average roughness (Ra) of the GO
membrane with GO loading of 800 μg decreased from 71.8
and 41.8 nm to 51.2 and 36.8 nm, respectively, calculated by
4.0 μm foursquare. AFM images with low magnification
showed a similar phenomenon (Figure S15). This was the
result when the micrometer-sized wrinkles were compressed to
submirometer-sized ones (Figure 4i), verifying the pressure
was uniformly applied to whole membranes with high
resolution. It is worth mentioning that the AFM characterized
the spatial structure of the dried GO membranes after rather
than under compression. Because the swelling increased the
membrane thickness, the applied external pressure should have
a much greater impact on the construction and interlayer
spacing of the wetted membranes.
For GO membranes, all inter-edge spaces, inner pores and

interlayer channels provided the transport way for molecular
diffusion.26,60−62 The inter-edge spaces and inner pores, which
were perpendicular to GO nanosheets, influenced the
molecular diffusion greatly.60 The interlayer channels were
much longer and offered selectivity. Because of the thickness of
hundreds of nanometers and the constant sizes of perpendic-
ular channels under vertical pressure, the change of interlayer
channels under external pressure was considered as the
dominant factor for the improved performance. As demon-
strated by previous experiments, the rejection increased with
feed pressure increase as the compressed interlayer chan-
nels.30,51 But for reported computer simulations, the divergent
results were reported. One theory was that the increased
pressure reduced the protection of ions from solvation shell,
and the dominated interaction between ions and GO walls
enhanced the rejections.63 Another theory deemed that the
large pressure overcame the energetic penalty of hydration of
ions and peeled off the water molecules from the hydration
shell, thereby resulting in poorer salt rejection under higher
pressure.64,65 The different finds from experiments and
simulations may be the results of the different executing
conditions. For experiments, the feed pressure not only pushed

ACS Nano Article

DOI: 10.1021/acsnano.8b04187
ACS Nano 2018, 12, 9309−9317

9313

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04187/suppl_file/nn8b04187_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b04187


water molecules through the membranes but also compressed
the interlayer spacing. However, for simulations, the interlayer
spacing was set as a certain value for different pressures.
Herein, the feed pressure of 2.0 bar for driving the molecules
through GO membranes was small and constant. The external
pressure, which only compressed GO membranes, was much
larger. That was to say, the interlayer spacing could be well
compressed by external pressure, yet the low feed pressure
could not overcome the energy barrier of the hydration shell.
Thus, EPR strategy improved the rejection efficiently.
Moreover, smaller interlayer spacing enhanced the free energy
barrier for entering or exiting of ions in GO membranes,
thereby leading the rejection improvement further.63 The
interlayer spacing showed great effect on water permeance
likewise.62,65−67 The permeance decreased greatly as the
interlayer channels narrowed. The interlayer spacing was
usually identified by the number of water layers of monolayer,
bilayer, and trilayer, as investigated in simulations.60,62,67 When
the interlayer spacing decreased to about 0.7 nm with
monolayer water, the water was almost virtually stationary
even under external pressure, due to the dominant hydrogen-
bond interaction from oxygen-containing groups.28,36,67 Here-
in, the interlayer spacing at 6.0 MPa was about 0.95 nm, which
was equivalent to that of GO membranes with bilayer waters.
Therefore, the membranes displayed good permeance.
Besides the external pressure, semi-free spatial swelling and

membrane thickness affect the separation performance of GO
membranes as well. The superfluous GO geometric dimensions
at the regions of substrate pores led to the curve formation and
then prompted the semi-free spatial swelling, consequently
causing the poor size-exclusion effect and high permeance.
Fortunately, the larger thickness reduced the semi-free spatial
swelling of the GO nanosheets that kept relatively away from
the substrates and enhanced the rejection, despite the increase
of mass transfer resistance of membranes. Because the
thickness was smaller than the height of low-lying regions
that prompted the semi-free swelling, the GO membrane with
thickness of 33 nm exhibited poor rejection even at a high
pressure of 6.0 MPa. On the contrary, when the membranes
had enough thickness, the semi-free swelling was restrained,
and the rejection and permeance increased and decreased with
external pressure, such as, at external pressure of 6.0 MPa, the
membrane with a thickness of 130 nm showed impressive
performance with high KCl (92.7%), NaCl (96.1%), and CaCl2
(98.3%) rejections and water permeance of about 22 L m−2

h−1 bar−1.

CONCLUSIONS
We have proposed an EPR concept to precisely adjust the
interlayer spacing of GO membranes. Because the swelling
mainly occurs in a vertical direction due to the anisotropic
features of stacked GO films, the interlayer spacing below 1.0
nm can be controlled by reverse force. As the result of physical
fixation of GO nanosheets, the EPR system can be operated
under cross-flow filtration. By controlling the external pressure,
the GO membranes with high salt rejections and large water
permeance can be achieved. Based on our findings, the semi-
free spatial swelling of thin GO membranes on porous
substrates reduces the desalination performance. Theoretically,
by using smoother membranes with smaller pores and other
fabrication methods without suction force to suppress the
semi-free swelling regions, the thinner GO membranes can be
employed to obtain higher rejection and permeance. More-

over, besides controlling GO swelling in water for desalination,
the strategy described herein may also regulate the transport
channels of other two-dimensional materials in both liquid and
gas environments for various applications.

EXPERIMENTAL DETAILS
Preparation of GO Membranes. Graphite oxide was prepared

by using the typical modified Hummer’s method. The prepared
graphite oxide (40 mg) was added in water (40 mL) to obtain the GO
suspension with concentration of 1.0 mg mL−1 by ultrasonic
treatment for 2 h. To remove possibly unexfoliated graphite oxide,
the obtained GO suspension was treated by centrifugation with 4000
rpm, despite almost no precipitate. The homogeneous GO suspension
was diluted to 10, 40, and 80 μg mL−1 by deionized water. Mixed
cellulose ester microfiltration membrane with pore size of 220 nm was
employed as the substrate to support the GO layer. The diluted GO
suspension (10 mL) was applied to fabricate the GO membrane by
typical vacuum filtration.

Desalination by EPR System. Two face-to-face contacted GO
membranes were compressed by punched steel plates. Two
polysulfone ultrafiltration membranes with molecular cut off of 10
kDa and four mixed cellulose ester microfiltration membranes were
used as a gasket to homogenize the imposed pressure and provide the
water passageway. The external pressure was imposed by adjusting the
screw length. A wheel-type pressure weighing sensor was employed to
monitor the external pressure. Two elastic silicone rings with
thickness, inner diameter, and outer diameter of 1.0, 1.5, and 4.0
cm, respectively, were applied as feed and permeate chambers as well
as to maintain the pressure. The desalination performance was
evaluated by cross-flow filtration with a retentate flow of 40 L h−1. Salt
solution with concentration of 0.5 g L−1 was pumped into a feed
chamber for permeation under a pressure of 2 bar. The permeate
liquid was collected, and the retentate liquid flowed back into feed
tank. To avoid the peel-off of the GO layer from the substrate, the
separation performance of the GO membrane without external
pressure was measured by dead-end filtration with effective area. To
reduce the effect of concentration polarization, the feed solution was
stirred constantly. A conductivity meter was employed to measure salt
concentration. Water permeance (L m−2 h−1 bar−1) was calculated
through dividing the permeate volume by the corresponding
permeation area, permeation time, and feed pressure. Rejection was
calculated by salt concentrations in the feed solution and the
permeate solution. Water/salt selectivity was calculated via dividing
the molar ratio (water to salt) of the permeate solution by the molar
ratio (water to salt) of the retentate solution. Measurement was
repeated three times each, for three samples and averaged at least.

GO Swelling Property under External Pressure. XRD is a
good technique to investigate the interlayer spacing of GO
membranes. However, it is very difficult to characterize the GO
membrane by XRD under external pressure. Therefore, we employed
the typical method to study the swelling properties by measuring the
thickness of GO membranes under external pressure. The GO flake
was tailored to a foursquare shape with side length of 2 mm and
placed between two flat steel discs. The thickness of the flakes was
measured by using a contact thickness gauge with contact pressure of
200−300 Pa and accuracy of 1.0 μm. The GO flake was first wetted
and dried under contact pressure of 200−300 Pa in vacuum at 50 °C
for 12 h. Since the water evaporation led to the increased apparent
thickness originating from the formation of some corrugations, the
first wetting reduced the thickness of GO flake. The compressing
property was investigated by measuring the thickness of GO flakes
under external pressure. All drying/redrying processes were
performed by thermal treatment at 50 °C in vacuum for 12 h.
During all wetting, drying, rewetting, and redrying processes, the
slight contact pressure of 200−300 Pa was applied, which reduced the
formation of corrugations. The swelling ratio was based on the
thickness of the first redried flake. Measurements were repeated three
times each, for three samples and averaged at least.
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Characterizations. The morphology of the prepared membranes
was observed by using a scanning electron microscope (Ultra-55,
Zeiss Co.) with accelerating voltage of 5 kV. The crystalline structure
of the samples was investigated by using a X-ray diffractometer (D2
Phaser, Bruker Co.) at 30 kV and 10 mA. For characterization of GO
flakes, the dry sample was fabricated by first wetting the obtained flake
for 1 h at room temperature and then drying for 12 h at 50 °C. For
XRD measurement of the wetted GO flake, the dried sample was
further wetted for another 1 h. Surface morphology of the prepared
membranes was characterized by using an atomic force microscope
(Bioscope Catalyst Nanoscope-V, Bruker, USA). Arithmetic average
roughness (Ra) and root-mean-square roughness (Rq) were calculated
by using the NanoScope Analysis software.
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