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ABSTRACT: Single-layer graphene oxide (SLGO) is emerging as
a new-generation membrane material for high-ﬂux, high-selectivity
water puriﬁcation, owing to its favorable two-dimensional
morphology that allows facile fabrication of ultrathin membranes
with subnanometer interlayer channels. However, reliable and
precise molecular sieving performance still necessarily depends on
thick graphene oxide (GO) deposition that usually leads to low
water ﬂux. This trade-oﬀ between selectivity and ﬂux signiﬁcantly
impedes the development of ultrathin GO membranes. In this
work, we demonstrate that the selectivity/ﬂux trade-oﬀ can be broken by self-assembly of SLGO via simple deposition rate
control. We ﬁnd GO membranes, prepared by slow deposition of SLGO ﬂakes, exhibit considerably improved salt rejection,
while counterintuitively having 2.5−4 times higher water ﬂux than that of membranes prepared by fast deposition. This ﬁnding
has extensive implications of designing/tuning interlayer nanostructure of ultrathin GO membranes by simply controlling SLGO
deposition rate and thus may greatly facilitate their development for high ﬂux, high selectivity water puriﬁcation.
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water puriﬁcation performance. To develop ultrathin membranes with both high permeation rate and excellent selectivity,
it is essential to understand process-structure-performance
relationship of SLGO-based membranes, that is, how
membrane fabrication conditions control the membrane
interlayer nanostructures and how interlayer nanostructures in
turn determine the permeation characteristics.
In this study, we explore the process-structure-performance
relationship of GO membranes prepared by vacuum ﬁltration.
Here, we purposely deposited SLGO at a fast rate and at a rate
∼12 times slower to control the interlayer nanostructure of the
resulting membranes. We ﬁnd, while maintaining the same
SLGO loading per unit area, the slowly deposited GO
membranes show greatly enhanced water permeation rate.
We propose that at slow deposition rate SLGO ﬂakes better
self-assemble to approach the thermodynamically favored
interlayer structure with functionalized patches on neighboring
GO layers facing each other and pristine graphene patches on
adjacent GO layers forming fast water transport channels (type
I structure, Figure 1). At fast deposition rate, relatively random
packing of SLGOs is locked into less favorable interlayer
structures with signiﬁcant mismatches between functionalized
and pristine patches on neighboring GO layers (type II
structure, Figure 1), leading to drastically retarded water

ecently, single-layer graphene oxide (SLGO) has attracted
increasing attention as a new membrane material due to
its atomically thin thickness, two-dimensional (2D) structure,
and high chemical stability.1−6 Owing to the large number of
oxygen-containing functionalization groups, SLGO can be
easily dispersed in water. Consequently, solution-based coating
processes, such as vacuum ﬁltration, have been applied to
fabricate graphene oxide (GO) membranes with lamellar
structure and subnanometer interlayer nanochannels.7,8 Previous studies have illustrated that the 2D nanochannels
between adjacent SLGO ﬂakes can provide pathways for sizedependent molecular sieving and frictionless water permeation.7,9−11 Encouraged by these exciting experimental results,
many following studies have focused on exploring the water
puriﬁcation potential of GO membranes with lamellar
structure.12−20 While numerous attempts have been made to
fabricate ultrathin (<100 nm) SLGO-based membranes for
water treatment recently,12,13,20 only relatively thick membranes
exhibit reliable and precise sieving performance so far.7,9,10,16
Fundamentally, the permeation characteristics of a GO
membrane with lamellar structure are expected to be mainly
governed by the interlayer nanostructure formed between
neighboring SLGOs. Diﬀerent from graphene, SLGO features
abundant oxygen-containing surface functional groups. Therefore, the interlayer nanostructure of SLGO-based membranes
depends on how the surface functional groups of adjacent
SLGO layers are arranged. So far, no study has been conducted
to understand the interlayer nanostructure and its inﬂuence on
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Figure 1. Proposed conceptual interlayer nanostructures of GO membranes prepared by slow and fast deposition rates. When prepared at slow
deposition rate, oxygen-containing groups on adjacent SLGO ﬂakes prefer to self-assemble with each other to form thermodynamically favored
interlayer structure. In contrast, at fast deposition rate oxygen-containing groups may arrange in a more random fashion.

a simple vacuum-ﬁltration process (Figure S3a). Thickness of
GO membranes was controlled by the amount of SLGO in the
suspension (= liquid volume × SLGO concentration in
suspension), and the actual SLGO concentration in suspension
was measured by a total organic carbon (TOC) analyzer. The
membrane thickness with GO loading of 184.4 mg/m2 was
determined from the cross-sectional scanning electron
microscopy (SEM) image (Figure S3b), which is 118 ± 5.2
nm. Thickness of membranes with lower SLGO loadings was
extrapolated by assuming it changes linearly with deposition
amount.
In an attempt to fabricate the proposed two interlayer
nanostructures (Figure 1), GO membranes with the same
thickness/SLGO loading were prepared by dispersing the same
amount of SLGO in 25 and 250 mL DI water, respectively, to
allow fast and slow deposition by vacuum ﬁltration. For
instance, to prepare a 118 nm thick GO membrane, it took ∼5
min to ﬁlter a 25 mL suspension with 0.19 mg of SLGO; for a
250 mL suspension with the same SLGO amount, ∼1.5 h was
needed to complete the ﬁltration process. Accordingly, the
average fast and slow deposition rates of the 118 nm thick GO
membrane are calculated as 0.37 and 0.02 nm/s, respectively.
The deposition rates of three diﬀerent GO membrane
thicknesses by the slow and fast deposition processes are
summarized in Table S1. Thus, fabricated membranes are
denoted as slow- and fast-deposited GO membranes in the
following. Cross-sectional FESEM images of representative fastand slow-deposited membranes were shown in Figure S4,
demonstrating good lamellar structure of GO membranes
prepared within our GO deposition rate range.
To explore the possible structure diﬀerence between slowand fast-deposited GO membranes, XRD was ﬁrst performed to
measure the average interlayer spacing (d-spacing). XRD
analysis was conducted for a 118 nm thick GO membrane to
obtain better signal (Figure 3a). The XRD pattern shows that
the (001) peak of the fast-deposited GO membrane locates at
10.46°, whereas that of slow-deposited GO membrane is at
10.72°. This suggests that the average interlayer spacing is
slightly narrowed from 8.4 to 8.2 Å, when SLGO ﬂakes were
slowly deposited on AAO surface. As shown in Figure S5,
similar trend could be found on thermally reduced GO
membranes. After reduction, the interlayer spacing of the fastdeposited GO membrane shrinks to 3.9 Å, whereas the slowdeposited membrane shows even tighter packing with an
interlayer distance of ∼3.5 Å. These XRD results suggest that
diﬀerent deposition rates might bring about structural change in
GO membranes, and slow deposition leads to narrower

permeation. The diﬀerent molecular details of these interlayer
structures and their eﬀect on water transport were corroborated
by X-ray diﬀraction (XRD), organic vapor permeation, atomic
force microscopy (AFM), and molecular dynamics (MD)
simulations. Moreover, GO membrane as thin as 4.7 nm and
with the favorable interlayer nanostructure exhibits considerably improved salt rejection. For the ﬁrst time, this study
clariﬁes the process-structure-performance of GO membranes,
and the insight gained here can be utilized to guide new designs
of ultrathin GO membranes for high-ﬂux, high selectivity water
puriﬁcation.
GO was prepared by Hummers method.21 After washing,
sonication, and centrifugation, the as-synthesized GO show
single-layer features with an average thickness of ∼0.8 nm and a
lateral size of ∼500 nm (Figure 2a). The Raman spectrum

Figure 2. Characterization of single layer graphene oxide (SLGO). (a)
AFM image of SLGO deposited on a mica substrate; inset shows the
height proﬁle of a SLGO ﬂake (scale bar: 500 nm). (b) XPS C_1s
spectrum of SLGO.

(Figure S1) exhibits a G peak at ∼1590 cm−1 and a D peak at
∼1350 cm−1, assigned to the graphitized structure and local
defects/disorders, respectively;22,23 the low ID/IG ratio (1.39)
suggests high order is still maintained in the graphitized
structure of the synthesized GO.24 Various oxygen-containing
groups on SLGO are observed on the Fourier transform
infrared (FTIR) spectrum (Figure S2). X-ray photoelectron
spectroscopy (XPS) was also conducted to explore the
chemical environment of carbon atoms in SLGO (Figure 2b),
which indicates that ∼49% of the carbon is nonoxidized, 41% is
CO bonded, and 10% attributes to CO and COOH
bonding. GO membranes were deposited on commercial
anodized aluminum oxide (AAO) substrates (∼20 nm pore
size in the top layer) with an eﬀective area of 10.5 cm2 through
2929
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interlayer nanochannels. XPS measurements of reduced GO
membranes were conducted to further clarify the structural
diﬀerence between slow- and fast-deposited GO membranes
and its inﬂuence on mild thermal reduction (Tables S5 and S6).
After reduction, GO membrane prepared at slow deposition
rate exhibits higher C/O ratio (1.61) than the fast-deposited
one (1.49), implying that the narrower interlayer nanostructure
of slow-deposited GO membrane might facilitate the
dehydration of GO in the thermal reduction process.
Vapor permeation measurements (Figure S6 for the
experimental setup) for two probe molecules, hexane (kinetic
diameter: 0.43 nm) and 2,2-dimethylbutane (DMB; kinetic
diameter: 0.62 nm), were also employed to investigate the
eﬀective size of nanochannels between SLGO ﬂakes of slowand fast-deposited GO membranes. Because these two isomers
have diﬀerent vapor pressure (17.6 kPa for hexane and 36.88
kPa for DMB) and thus diﬀerent driving force for permeation,
permeance (= permeation rate/(membrane area × pressure
drop) = ﬂux/pressure drop) was used to study the permeation
rate diﬀerence and selectivity of membranes. The vapor
permeation results (Figure 3b) exhibit that hexane transported
∼5 times faster than DMB in the slow-deposited GO
membrane, whereas the corresponding fast-deposited GO
membrane shows no obvious diﬀerence. Compared with fastdeposited membrane, although the permeation of both hexane

Figure 3. Characterization of fast- and slow-deposited GO
membranes. (a) XRD patterns of 118 nm thick GO membranes
prepared by fast (black) and slow (red) deposition rates. (b)
Permselectivity for n-hexane over 2,2-dimethylbutane (DMB) of fast(black) and slow-deposited (red), 118 nm thick GO and
corresponding rGO membranes which prepared by mild thermal
reduction. (c) Height distributions for the top layer of two overlapped
SLGO ﬂakes prepared at fast (black) and slow (red) deposition rate;
the AFM scan was conducted for the samples exposed to 100% water
relative humidity. The solid line is the Gaussian ﬁt of height
distribution. To clarify the top layer roughness diﬀerence between
overlapped SLGO ﬂakes prepared at slow and fast deposition
conditions, the mean of the Gaussian ﬁt was set as zero and the
height distribution curve was shifted accordingly as well.

Figure 4. Self-assembly of SLGO in water and water transport through interlayer nanochannels. (a) A sketch of the two heterogeneous SLGOs used
in self-assembly simulations. The oxidized and pristine strips of the two SLGOs are oﬀset by ∼0.5 nm at the beginning of self-assembly. (b)
Evolution of the three types of subdomains of the SLGO during self-assembly. Inset sketches the subdomain types: O−O (an oxidized surface of one
GO faces an oxidized surface of the other GO), P−P (a pristine surface of one GO faces a pristine surface of the other GO), and O−P (an oxidized
surface of one GO faces a pristine surface of the other GO). (c) Sketches of the systems for studying water transport through two SLGO ﬂakes in
good and poor assembly conﬁgurations. (d) Normalized mass ﬂux from “good” (red) and “poor” (black) assembly conﬁgurations with diﬀerent strip
sizes. The inset shows the ratio of water ﬂux for good and poor assembly conﬁgurations as a function of strip size.
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experiments and simulations revealed that the surfaces of
GOs are heterogeneous: oxygen-containing surface groups tend
to cluster together to form oxidized patches with size of 1−2
nm, thus leaving many pristine areas free of functionalization
groups.25−29 Here, without losing generality we simulated the
self-assembly of two SLGO ﬂakes both featuring 1 nm wide
strips of oxidized and pristine surfaces (Figure 4a). The selfassembly of SLGO in water can lead to diﬀerent interlayer
structures depending on the relative arrangement of oxidized
and pristine surfaces in the neighboring GOs. The interlayer
structure formed by these two SLGO ﬂakes typically exhibits
three types of subdomains (inset in Figure 4b): an oxidized
surface facing another oxidized surface (O−O), a pristine
surface facing another pristine surface (P−P), and an oxidized
surface facing a pristine surface (O−P). The O−O and P−P
subdomains correspond to the type I structure shown in Figure
1, while the O−P subdomain corresponds to the type II
structure. At the beginning of the self-assembly process, the
oxidized strips of the two SLGOs are oﬀset by ∼0.5 nm. Hence
the interlayer nanostructure is dominated by O−P subdomains
(∼50%). As shown in Figure 4b, as the self-assembly proceeds,
the fraction of O−P subdomains decreases, whereas that of the
O−O and P−P subdomains increases. At t > 5 ns, the interlayer
structure approaches equilibrium with the fractions of O−O
and P−P subdomains both approaching 40%. Overall, selfassembly of SLGOs in liquid water favors the formation of type
I interlayer structure over type II interlayer structure.
The interlayer structure between SLGO ﬂakes can potentially
inﬂuence the transport of water molecules through GO
membranes. We examine its eﬀect using MD simulations.
Given the complexity and heterogeneity of the interlayer
structure in practical GO membranes are diﬃcult to be fully
accounted for in simulations, here we consider only two
limiting cases (Figure 4c): the “good” assembly that contains
only O−O and P−P subdomains and the “poor” assembly that
contains only O−P subdomains. For SLGO ﬂakes featuring
alternating strips of pristine and oxidized surfaces, these two
interlayer structures are idealistic representations of the type I
and II structures illustrated in Figure 1, and they correspond to
the most and least thermodynamically favorable states of
packed SLGO. Because the size of pristine and oxidized patches
in real GO membranes shows a statistical distribution, we
varied the width of pristine and oxidized strips in both “good”
assembly and “poor” assembly from 0.3 to 1.5 nm in diﬀerent
simulations. In these simulations, the spacing between SLGO
ﬂakes was taken as 0.69 nm, the equilibrium spacing between
SLGOs found in the above self-assembly simulations. Adopting
a constant spacing is in line with the experimental observation
which, for GO membranes prepared by diﬀerent methods, the
diﬀerence in the interlayer spacing is on the order of
subangstroms;30,31 we also verify that using a diﬀerent spacing
does not qualitatively change the water transport behavior
(Figure S13b). Figure 4d compares the water ﬂux through the
nanochannels between the SLGO ﬂakes with “good” and
“poor” assemblies. For a strip width of 1.5 nm, the mass ﬂux of
water in the “good” assembly case is slightly higher than that
predicted by using the classical Poiseuille ﬂow equation, but the
ﬂux in the “poor” assembly case is about 10 times lower than
the Poiseuille ﬂow prediction. As shown in the inset of Figure
4d, the water ﬂux in the two diﬀerent structures becomes
similar as the strip width reduces but remains signiﬁcant for a
strip width of 1.0 nm. The water ﬂux is higher in the “good”
assembly case because the hydrophobic nanochannels in the

and DMB is retarded in the slow-deposited membrane, DMB
permeates ∼8 time slower, whereas hexane only ∼1.3 times
(Table S3). This suggests that the higher hexane/DMB
selectivity of slow-deposited GO membrane might be attributed
to the narrower d-spacing/average nanochannel size, which
drags down the transport of larger DMB more than that of
hexane. The inﬂuence of deposition rate on organic vapor
permeation becomes even more notable for the reduced GO
membranes. After reduction, the permselectivity (ratio of the
permeances) of hexane over DMB of the slow-deposited
membrane increases to 13, while the fast-deposited one has a
selectivity of only ∼2. These vapor permeation results indicate
GO membrane prepared at slow deposition rate possesses
smaller eﬀective size of the interlayer nanochannels, which
further supports the XRD results. Because hexane and DMB are
expected to interact more favorably with hydrophobic domains
in GO membranes and thus their main transport pathway is
expected to be the hydrophobic nanochannels, the nanochannel
size explored is probably corresponding the hydrophobic
domains.
Understanding water adsorption on and between SLGO
ﬂakes and the response of interlayer nanostructures upon water
adsorption may further help reveal the diﬀerence between
interlayer nanostructures formed by slow and fast deposition of
SLGO. Water adsorption isotherm on SLGO indicates that
water molecules may preferentially adsorb on hydrophilic sites
and thus do not form a continuous water phase between GO
ﬂakes (Figure S10 and its discussion). Considering diﬀerent
hydrophilic sites/oxygen-containing groups distribution between SLGO ﬂakes, type I and type II structures are expected
to respond diﬀerently to water adsorption. AFM was applied to
investigate surface roughness change, when two SLGO ﬂakes
were stacked together by fast and slow deposition processes
and then exposed to diﬀerent humidity (Figure S11 for
experimental details). As water molecules are shown to adsorb
preferentially on the oxidized sites of GO ﬂakes, AFM
topological scanning on 100%-water-saturated overlapped
SLGO ﬂakes prepared at diﬀerent deposition rates could
provide evidence for our deposition-rate-correlated interlayer
nanostructures. For the overlapped SLGO ﬂakes deposited at
slow evaporation rate of water, well-assembled hydrophilic
groups (type I structure) are expected to result in fewer
exposed water accumulation sites between the GO ﬂakes. In
contrast, as overlapped SLGO ﬂakes were deposited at a fast
evaporation rate, more hydrophilic sites are expected to be
exposed to water (type II structure), and consequently make
the top layer surface rougher. The height distribution diagram
indicates that under dry condition both fast- and slowdeposited SLGO bilayers have similar top layer surface
roughness (Figure S11d). While under 100% relative humidity,
the Gaussian ﬁt for the height distribution of the fast-deposited
SLGO bilayer presents a full width at half-maximum (fwhm) of
2.9 nm, whereas slow-deposited GO bilayer has a fwhm of only
1.5 nm, as shown in Figure 3c, demonstrating that the surface
of the fast-deposited GO bilayer is about twice as rough as the
slow-deposited one. This is consistent with our assumption and
supports the conclusion that fast deposition rate leads to type II
nanostructure, while the type I nanostructure results at a slow
deposition rate.
To ascertain that the type I nanostructure is indeed
thermodynamically more favorable than the type II nanostructure, we performed molecular dynamics (MD) simulations to
study the self-assembly of SLGO ﬂakes in water. Prior
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favorable nanostructure after self-assembly has 1.8−4 times
higher salt rejection than that of the fast-deposited GO
membrane. As far as we know, this is the thinnest GO
membrane with comparable salt rejection as that of much
thicker GO membranes.12,13 The slow-deposited, 4.7 nm GO
membrane maintains its higher salt rejection at higher salt
concentration, as shown in Figure S12; as concentration
increases to 50 and 100 mM, slow-deposited GO membrane
still exhibits at least ∼2 times higher NaCl rejection than that of
the fast-deposited GO membrane. Thus, the ion exclusion
results clearly illustrate that a membrane with type I structure
has better size-dependent sieving properties besides its greatly
enhanced water ﬂux.
In summary, we demonstrate that interlayer nanostructures
between SLGO ﬂakes can be “tuned” between type I structure
and type II structure, as shown in Figure 1, by simply
controlling SLGO ﬂake deposition rate in solution phase
deposition process. Structure characterization and MD
simulations conﬁrm that type I structure is more thermodynamically favored structure and facilitates fast water permeation. Experimental results show that compared with type II
structure, narrower hydrophobic nanochannels in type I
structure lead to 2.5−4 times faster water permeation rate
and 1.8−4 times higher salt rejection. We believe this ﬁnding
helps break the current trade-oﬀ between water ﬂux and precise
sieving performance of GO membranes and may eventually
lead to novel design of ultrathin GO-based membranes for high
ﬂux and high selectivity water puriﬁcation.

P−P subdomains provide more eﬀective transport pathways for
water molecules than the nanochannels in the O−O and O−P
subdomains. In the latter subdomains, water molecules form
extensive hydrogen bonds with the OH groups on the surface
of SLGO, which impedes the transport of water.30,32 Note that
water ﬂux in the “good” assembly case does not greatly exceed
that predicted by classical theory assuming no-slip boundary
condition at GO−water interfaces. This is consistent with the
recent ﬁndings that the slip of water monolayers conﬁned
between the hydrophobic patches in GO membranes is greatly
suppressed by the slow transport of the water molecules
conﬁned between oxidized patches (termed “side-pinning” in
some studies).33 Nevertheless, it is clear that water permeance
is faster through type I interlayer structure than through type II
interlayer structure.
Motivated by the above predictions that interlayer structure
of GO membranes signiﬁcantly aﬀects the water transport
through the membranes, we next experimentally measured the
ﬂux of pure water through fast- and slow-deposited GO
membranes. We ﬁnd that the slow-deposited GO membranes
have much higher water permeance (pressure normalized water
ﬂux) than the fast-deposited membranes. As shown in Figure
5a, the slow-deposited 4.7- and 23.6 nm GO membranes show
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Figure 5. (a) Water permeation through GO membranes prepared by
fast (black) and slow-deposition (red) rates; inset shows the water
permeance of two thicker membranes at smaller scale of y-axis. (b) Salt
rejection of 4.7 nm thick GO membrane prepared at fast/slow
deposition rate.

∼2.5 times higher steady state water permeance than that of the
fast-deposited ones. As the thickness increasing to 118 nm
(inset, Figure 5a), the water permeance of the slow-deposited
membrane is around 4 times higher than that of the fastdeposited GO membrane. Because slow-deposited GO
membranes are expected to feature more type I interlayer
structure than the fast-deposited membranes, these observations corroborate the MD predictions that water transport is
faster through GO membranes with type I interlayer structure.
The diﬀerence of water permeance in slow- and fast-deposited
GO membranes is not as signiﬁcant as that revealed in the MD
simulations because the oxidized regions on SLGO surfaces in
real GO membranes is unlikely to be well-aligned as modeled in
the MD simulations.
To demonstrate superior nanoﬁltration performance of slowdeposited GO membranes, long-term salt rejection tests for
KCl, NaCl and MgSO4 were conducted on 4.7 nm GO
membranes due to its high water permeance, and the rejection
results for various salts reported in Figure 5b represent steady
state results, meaning no measurable changes within last 2 h.
Figure 5b shows that the slow-deposited GO membrane with
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