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Highly selective charge-guided ion transport through a
hybrid membrane consisting of anionic graphene oxide
and cationic hydroxide nanosheet superlattice units

Pengzhan Sun1,2, Renzhi Ma2, Wei Ma2, Jinghua Wu2, Kunlin Wang1, Takayoshi Sasaki2 and Hongwei Zhu1,3

The development of graphene-based functional membranes with the ability to effectively filter and separate molecules or ions in

solutions based on a simple criterion (for example, the size or charge of solutes) is crucial for various engineering-relevant

applications, ranging from wastewater purification and reuse to chemical refinement. Here, we report a hybrid membrane

consisting of anionic graphene oxide (GO) and cationic Co-Al (or Mg-Al) layered double hydroxide (LDH) nanosheet (NS)

superlattice units for high selectivity charge-guided ion transport. The hybrid membrane possesses a series of characteristics,

including being easy to access, mechanically robust, freestanding, flexible and semitransparent as well as having a large area.

The interlayer spacing of the hybrid membrane is insensitive to humidity variations, ensuring the structural stability in

solution-based mass transport applications. The concentration gradient-driven ion transmembrane diffusion experiments show

that the cations bearing various valences can be effectively separated strictly according to their charges, independent of the

cationic and charge-balancing anionic species. The relative selectivity of the hybrid membranes toward monovalent and trivalent

cations is as high as 30, which is not achievable by GO multilayer stacks, LDH-NS multilayer stacks or their bulk-stratified

membranes, indicating that a synergistic effect originating from the molecular-level heteroassembly of GO and LDH-NS has

a dominant role in the high-performance charge-guided ion filtration and separation processes. These excellent properties of

GO/LDH-NS hybrid membranes make them promising candidates in diverse applications, ranging from wastewater treatment and

reuse and chemical refinement to biomimetic selective ion transport.
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INTRODUCTION

The ever-deepening crisis of fresh water shortage and contamination
worldwide and the increasingly high demand for chemical refinement
have accelerated the pursuit of membrane-based filtration and
separation technologies with the merits of being cost-effective, low
in energy consumption, easy to operate and, more importantly, not
entailing the use of chemicals and minimizing impact on the
environment.1–3 For this purpose, the development of membranes
with novel separation functions is a key objective.
Recently, the rapid advancement of nanostructured materials,

especially carbon nanomaterials (for example, carbon nanotubes,
graphene and its derivatives), has opened new avenues for fabricating
next-generation membranes with precisely designed compositions
and structures for achieving desired filtration and separation
performances.4–9 Among them, graphene oxide (GO), prepared by
the oxidation and exfoliation of graphite, is an excellent graphene
derivative with great promise as a two-dimensional (2D) building

block for the construction of separation membranes toward practical
applications owing to its characteristics, such as ease of large-scale
synthesis and functionalization.10–13 Because of the liquid-phase-
processing feasibility, large-area and mechanically robust GO
laminates with controllable thicknesses can be readily prepared via a
series of liquid-phase membrane assembly techniques, such as
drop-casting,14,15 vacuum filtration16,17 and spin-coating.18,19 In view
of the structure of GO, various oxygen-containing functional groups
(for example, hydroxyl, epoxy, carbonyl and carboxyl) decorate the
graphene basal plane and its edges, resulting in numerous sp2 aromatic
clusters isolated within the sp3 C-O matrix.20,21 On the basis of this
unique structure, nanochannels for selective mass transport can
be readily constructed by taking full advantage of the interlayer
galleries between adjacent GO nanosheets (NS) within the lamellar
membranes. The oxygen functionalities act as pillars to keep a
relatively large interlayer spacing while the sp2 clusters are connected
across the stacking layers to form a nanocapillary network through
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which water molecules can be transported unimpededly,22 but solutes
larger than 0.9 nm in diameter are blocked completely,23 showing
potential in filtration and separation applications.
Typically, there are three principles for the design of separation

membranes: steric hindrance, electrostatic and chemical interactions.
Owing to the unique structures of GO-NS and the constructed
lamellar membranes, the above three principles can be integrated into
one piece of GO membrane, endowing great potential for multi-
functional separation. For steric hindrance, all the species in solution
with dimensions of 40.9 nm can be sieved out by the nanocapillaries
within the GO membranes.23 However, the critical size of 0.9 nm is
too large for the separation of small hydrated ions. Therefore, GO
membranes have been used mainly for blocking large organic dyes and
nanoparticles thus far,24–26 whereas for most commonly available ions
in solutions, GO membranes fail to act as a molecular sieve.
Considering the charged nature of ions, it is possible to utilize
electrostatic interactions between ionized oxygen functional groups
(for example, carboxyl) and ions to generate selectivity for the
filtration and separation of ions with different valences. However,
according to Coulomb's law of discrete charge systems, the electro-
static force confronted by monovalent, divalent and trivalent ions in a
fixed charge system (for example, a negatively charged GO membrane
in water) lies in the order of 1:2:3. If the physical size effect of the
nanocapillaries, chemical interactions (for example, hydrogen bond-
ing, van der Waals interaction, cation-π interaction and coordination),
electrostatic screening (from ion hydration) and electrostatic resistance
(from counter-ions) are not considered, the ion selectivity of GO
membranes originating from electrostatic forces will lie in the order of
6:3:2 (the inverse form of electrostatic forces). This is too small to
afford a significant separation of ions bearing various valences during
the transport processes. Therefore, the development of GO-based
separation membranes that function according to the charge of ions is
limited by the relatively small differences in selectivity.
With respect to chemical interactions, previous studies have

demonstrated that GO membranes can afford excellent selectivity
toward various ions based on the coordination interactions of
transition metal cations with oxygen-containing functional groups
and the cation-π interactions of alkali and alkaline earth cations with
sp2 aromatic clusters.27–29 On one hand, the chemical interactions
between ions and GO membranes are complex and the balance
between diverse chemical interactions and ion hydration-dehydration
effect in nanochannels should be taken into full consideration, which
requires substantial fundamental research before the selection of GO
membranes for specific separation tasks. On the other hand, the
relative selectivity among different ions is still below expectation,
which awaits further enhancement for highly efficient separation goals.
Therefore, GO membranes are highly suitable for blocking large
organic molecules and nanoparticles based on steric hindrance, while
the development of GO-based membranes with the ability to
effectively separate various small ions according to a simple criterion
(for example, only the charge of ions) is crucial for engineering-
relevant filtration and separation applications.
The interlayer galleries in GO laminates offer an advantageous

platform for hetero-intercalation of guest species to improve or extend
the functions of GO membranes. For example, by intercalating
positively charged copper hydroxide nanostrands into GO laminates,
followed by partially reducing and then dissolving the copper
hydroxide nanostrands, the resulting nanostrand-channeled GO
membranes offer a 10-fold enhancement in permeance without
sacrificing the rejection rate of organic molecules compared with
pristine GO membranes.30 By intercalating carbon nanotubes into GO

layers, the water permeance can be enhanced significantly compared
with pure GO membranes, whereas the rejection rates toward large
organic molecules are still high.31,32 Recently, we intercalated
monolayer titania-NS into GO laminates, followed by UV-induced
photocatalytic reduction, and found that as-prepared reduced
GO/titania hybrid membranes showed excellent ion rejection perfor-
mance while the high water permeance of GO membranes could be
preserved.33 These studies all indicate that by intercalating other
functional nanomaterials into GO laminates, excellent solution-based
separation performances can be achieved. However, in terms of
separating small target ions from mixtures according to their charges,
the above strategies are not effective. Functional nanomaterials with
the ability to introduce strong electrostatic interactions and interfacial
modifications that may further give rise to significant selectivity in
permeation rates should be explored as a novel guest intercalant to
form hybrids with GO-NS.
Layered double hydroxides (LDH),34–38 expressed by a formula of

[M2+
1-xM

3+
x(OH)2]

x+ [An−
x/n]

x− ·mH2O, are a class of layered
compounds composed of positively charged host layers and
charge-balancing interlayer anions. The LDH crystallites can be
exfoliated into the ultimate 2D NS with unilamellar thickness and
high positive charge density, which represent another new type of
2D nanomaterial.39–45 Because of the in-plane positive charges of
LDH-NS, superlattice composites can be expected via alternative
face-to-face assembly of cationic LDH-NS and anionic GO-NS on a
molecular scale.46,47 With these superlattice units, a macroscopic
membrane may be constructed, in which the cationic LDH-NS are
intercalated uniformly into the GO galleries, acting as both strength-
ening phases for electrostatic interactions and interlayer phases for
modifying the physicochemical properties of the nanochannels. This
unique structural feature may give rise to significant separations of
small ions solely dependent on their charges.
In this work, large-area freestanding hybrid membranes consisting

of anionic GO and cationic Co-Al (or Mg-Al) LDH-NS superlattice
units were prepared for the first time, which involved several key steps,
such as the formation of superlattice composites, the transformation
from superlattice precipitates to dispersions and vacuum-assisted
membrane assembly. The concentration gradient-driven ion diffusion
through the NS-heteroassembled hybrid membranes was investigated,
as illustrated in Figure 1a, which shows that the cations bearing
various valences can be effectively separated strictly according to their
charges, independent of the cationic and charge-balancing anionic
species. The relative selectivity between monovalent and trivalent
cations for GO/LDH-NS hybrid membranes containing either Co-Al
or Mg-Al components is as high as 30, which is not achievable by GO
multilayer stacks, LDH-NS multilayer stacks or their bulk-stratified
membranes. This indicates that the synergistic effect originating from
the molecular-level heteroassembly of GO and LDH-NS has a
dominant role in the high-performance charge-guided ion filtration
and separation processes. These excellent properties make
GO/LDH-NS hybrid membranes promising in applications such as
wastewater treatment and reuse, chemical refinement and biomimetic
selective ion transport for biological uses.

MATERIALS AND METHODS

GO-NS preparation
Graphite oxide was prepared by the modified Hummers’ method using natural
graphite as the source, which was subsequently exposed to potassium
permanganate, sodium nitrite and concentrated sulfuric acid for oxidation.48

The obtained brown-colored graphite oxide flakes were exfoliated in water by
sonication to yield monolayer GO-NS.49
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Co-Al and Mg-Al LDH-NS preparation
The preparation of Co-Al and Mg-Al LDH-NS, which followed previously
developed soft-chemical procedures,40,41 involved the synthesis of
Co-Al-CO3

2− and Mg-Al-CO3
2− LDH hexagon platelets by refluxing and

hydrothermal treatment, respectively, decarbonation and anion exchange into
NO3

− forms by a salt-acid treatment with NaNO3 and HNO3 mixed solutions
under mechanical shaking, and delamination/exfoliation of Co-Al-NO3

− and
Mg-Al-NO3

− LDH platelets in formamide under mechanical shaking.

GO/LDH-NS hybrid membrane preparation
First, electrostatic heteroassembly of anionic GO and cationic LDH-NS into
superlattice units was performed by dropwise addition of a 0.1 mg ml− 1 GO
aqueous suspension (25 ml in total) into 7.5 ml of a 1 mg ml− 1 LDH-NS
formamide suspension under vigorous stirring. The mass ratio of GO and
LDH-NS (1:3) was determined by a hypothesized area matching model (see the
Supplementary Table 1). The collected precipitates were centrifuged and
washed with water and ethanol several times to remove excess ions and NS.
Next, the precipitates were mildly sonicated in water for ~ 10 min to
homogeneously disperse the superlattice units. The obtained suspension was
immediately filtered through a microfilter with a thickness of ~ 100 μm and a
pore size of ~ 0.2 μm (porosity: ~ 80%) under vacuum to form a GO/LDH-NS
hybrid membrane on the microfilter. After drying in air at 55 °C for 1 h, the
hybrid membrane could be easily detached off from the microfilter, and a piece

of freestanding membrane was obtained. For comparison, GO multilayer stacks
and LDH-NS multilayer stacks were prepared by vacuum-assisted filtering
25 ml of the 0.1 mg ml− 1 GO aqueous suspension and 7.5 ml of the 1 mg ml− 1

LDH-NS (for example, Co-Al) formamide suspension through a microfilter,
respectively. The bulk-stratified membranes consisting of GO multilayer stacks
and LDH-NS multilayer stacks were prepared using a two-step vacuum-
filtration method: first, 7.5 ml of the 1 mg ml− 1 LDH-NS formamide
suspension was vacuum-filtered through a microfilter; after drying, 25 ml of
the 0.1 mg ml− 1 GO aqueous suspension was filtered through the same
microfilter. It should be noted that all the as-prepared NS-based lamellar
membranes can be stable in water for a long time, as demonstrated by the
linear relationship between salt permeance and time for several tens of hours
and the absence of obvious cracks or tears visible to the naked eye after
several weeks.

Concentration gradient-driven ion diffusion tests
The ion transmembrane diffusion experiments were conducted with a
self-made permeation apparatus, which has also been used in our previous
studies.27–29 Briefly, the source and drain reservoirs were separated by a plastic
plate with a leak hole (~5 mm in diameter) in the center. A piece of membrane
was sealed with double-sided copper tape that was drilled with the same sized
hole (~5 mm in diameter) so that the membrane could directly connect the
source and drain solutions and facilitate ion transmembrane permeation

Figure 1 (a) Schematic diagrams illustrating the heteroassembly of GO and LDH-NS into molecular-scale superlattice units and the charge-guided ion
filtration and separation process. (b) SEM image of the natural graphite flakes and (c) atomic force microscopy (AFM) image of the exfoliated GO-NS.
(d) SEM image of the well-crystallized LDH (Mg-Al) hexagon platelets and (e) AFM image of the exfoliated Mg-Al LDH-NS. The insets in (c) and (e) are
photographs of GO and Mg-Al LDH-NS suspensions. (f) Synthesis procedure for the GO/LDH-NS hybrid membrane and corresponding photographs showing
the obtained precipitates, re-dispersed suspension and the final freestanding membrane after each step. (g and h) SEM characterizations of the morphology
and cross-section of the as-prepared GO/LDH-NS hybrid membrane (Mg-Al). The insets in (g) show energy-dispersive spectroscopy mappings of Mg and Al
elements.
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through an effective leak area of ~ 19.6 mm2. During the runs, 120 ml of a
0.1 M certain source solution and deionized water were injected at the same
speed into the source and drain reservoirs, respectively, and the conductivity
variations of the drain solution were measured by a conductivity meter with
time, based on which the salt transmembrane permeances as a function of time
were calculated and plotted.

RESULTS AND DISCUSSION

Preparation of GO-NS, LDH-NS and GO/LDH-NS hybrid
membranes
Figures 1b and c show the scanning electronic microscopy (SEM) and
atomic force microscopy images of the graphitic precursors and the
exfoliated GO-NS. The graphite precursors possess a platelet-shaped
morphology and a lamellar structure (Figure 1b). After oxidation by
potassium permanganate, sodium nitrite and concentrated sulfuric
acid, followed by exfoliation in water, monolayer GO-NS with a
typical lateral size of several microns to several hundred nanometers
and a thickness of ~ 1 nm are generally obtained (Figure 1c).
Figures 1d and e show the SEM and atomic force microscopy

images of the Mg-Al-CO3
2− LDH precursors and the exfoliated NS

(characterizations for the corresponding Co-Al forms are shown in
Supplementary Figure S1). The LDH platelets are well crystallized,
with a regular hexagonal shape and lateral dimensions on the order of
several microns (Figure 1d and Supplementary Figure S1a). After
decarbonation and anion exchange into the NO3

− forms, followed by
exfoliation in formamide, monolayer LDH-NS structures with typical
lateral dimensions of several microns and a thickness of ~ 0.8 nm are
obtained (Figure 1e and Supplementary Figure S1b). The thicknesses
of both GO and LDH-NS as measured by atomic force microscopy are
slightly greater than their crystallographic thicknesses, a possible
effect of surface adsorption. It should be noted that the thorough
decarbonation and exchange into the NO3

− form is the prerequisite
for efficient exfoliation of LDH platelets into monolayer NS because of
the high affinity and strong coupling of CO3

2− ions in between LDH
host layers, which impede the delamination of the LDH platelets.
As shown in the X-ray diffraction (XRD) patterns in Supplementary
Figures S2a and c, after mechanical shaking in NaNO3/HNO3

mixtures, both the Mg-Al-CO3
2− and Co-Al-CO3

2− LDH platelets
are completely exchanged into their NO3

− forms with an increased
interlayer spacing of ~ 0.87 nm, compared with ~0.73 nm in the
CO3

2− forms. No CO3
2− -LDH signal is observed at ~ 12°. Notably, as

shown in Supplementary Figures S2b and d, after decarbonation and
anion exchange, the morphology and dimensions of Co-Al LDHs are
nearly unchanged, whereas some of the Mg-Al LDHs are torn into
irregular or round shapes because of their larger precursor sizes.
With these two types of oppositely charged 2D building blocks,

heterostructured flocculates were synthesized by the dropwise addition
of GO aqueous suspension into an LDH-NS formamide suspension
under vigorous stirring (1:3 in mass ratio according to a hypothesized
area matching model, see Supplementary Table 1), followed by
repeated centrifugation and washing with water and ethanol to remove
excess NS and ions. To further construct a high-quality membrane for
possible filtration and separation applications with these flocculates, a
key step in the fabrication procedure is to re-disperse the collected
precipitates in water via mild sonication, followed by vacuum filtering
through a microfilter. The sonication time is crucial because the
precipitates cannot be dispersed homogeneously if the duration of
sonication is too short, but the pristine heterostructure may be
destroyed if it is too long; either condition will seriously affect
the quality of the as-prepared hybrid membranes. In this case, the
sonication time was chosen to be ~ 10 min for the best dispersion of

the heterostructured precipitates without substantial damage. In
addition, vacuum filtration should be performed immediately after
the re-dispersing process because the precipitates will reemerge within
a short time (o30 min). The detailed synthesis procedure is depicted
in Figure 1f. After drying in air at 55 °C for 1 h, the as-prepared
GO/LDH-NS hybrid membrane can be readily detached from the
microfilter and is semitransparent, flexible, freestanding and mechani-
cally robust. The area of the hybrid membrane depends on that of the
microfilter, and the thickness depends on the amount of dispersion
filtered. Typically, it takes several hours to prepare a micrometer-thick
GO membrane via vacuum filtration. By contrast, the formation of a
GO/LDH-NS hybrid membrane containing the same amount of
GO-NS takes only 2–3 min, greatly raising the efficiency of membrane
preparation. Therefore, this simple vacuum-assisted method for
GO/LDH-NS hybrid membrane preparation is highly suitable for
industrial-scale applications. Figures 1g and h show the SEM
characterizations for the morphology and cross-section of a
GO/LDH-NS hybrid membrane (Mg-Al), revealing that the
as-prepared hybrid membrane is continuous and uniform, with small
wrinkles on the surface and a lamellar structure ~ 3-μm thick. The
insets in Figure 1g show the energy-dispersive spectroscopy mappings
of Mg and Al for the whole area, revealing that the LDH-NS
are distributed uniformly within the entire membrane. Similar SEM
characterizations and energy-dispersive spectroscopy mappings for the
GO/LDH-NS hybrid membrane (Co-Al) are shown in Supplementary
Figure S3.

XRD characterizations for the structures of GO/LDH-NS hybrids
Structure evolution from GO/LDH-NS precipitates to hybrid membrane.
The structure evolution from GO/LDH-NS heterostructured precipi-
tates to a large-area hybrid membrane was studied by XRD (taking
GO/Co-Al LDH-NS as an example), as shown in Figure 2a. After
heteroassembly, followed by repeated washing and centrifugation, the
precipitates collected by directly pouring out the supernatant show a
superlattice structure with an interlayer spacing of ~ 1.1 nm (curve 1
in Figure 2a). If the crystallographic thicknesses of GO (0.78 nm,
shown in Figure 2d) and the LDH host layer (0.48 nm) are taken into
account, a basal spacing of 1.26 nm is expected for a superlattice
structure containing intercalated water, which is close to the value
obtained here. The slightly reduced basal spacing can be attributed to
the interlayer contraction originating from electrostatic attractions
between the oppositely charged NS46,47 and the loss of intercalated
water in the interlayer galleries. The latter can be demonstrated by the
relatively hydrophobic surface of the GO/LDH-NS hybrid membrane
(Co-Al) (contact angle: ~ 64°) compared with that of the GO
membrane (contact angle: ~ 44°). In fact, for an anhydrous GO
membrane, the interlayer spacing was reported to be ~ 0.6 nm,50

giving rise to a basal spacing of 1.08 nm (0.6 nm+0.48 nm) for an
ideal superlattice structure of GO/LDH-NS without any intercalants,
which conforms exactly with the case here (~1.1 nm), indicating that
few water molecules are intercalated between GO and LDH-NS in the
superlattice composites.
Interestingly, for the precipitates collected by removing the super-

natant via vacuum filtering through a microfilter, the peak assigned to
the interlayer spacing of a superlattice structure disappears. Instead, a
new peak located at ~ 11.4° emerges (curve 2 in Figure 2a). Changing
the method of removing supernatant cannot destroy the superlattice
structure, but the significant differences in XRD patterns indicate that
the stacking manner of the superlattice units has been altered greatly.
By directly pouring out the supernatant, the superlattice units are not
directionally stacked (panel 1 in Figure 2b), and the characteristics of
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the superlattice structure can be generally revealed in the XRD pattern
(curve 1 in Figure 2a). On the other hand, by collecting the
precipitates via vacuum filtration, the evacuation force would drive
the directional stacking of superlattice units with various stacking
sequences and compositions (panel 2 in Figure 2b), resulting in a
long-range disordered stacking structure and the disappearance of the
peak assigned to the superlattice structure in the XRD pattern (curve 2
in Figure 2a). In this case, the interlayer spacing of ~ 0.77 nm (curve 2
in Figure 2a) represents the average interlayer distance between
adjacent 2D building blocks (for example, GO-LDH, GO-GO and
LDH-LDH with the intercalated NO3

− or CO3
2− counter-ions).

After mild sonication, followed by vacuum filtration to form large-
area GO/LDH-NS hybrid membranes, the peaks in the XRD pattern
(curve 3 in Figure 2a) are not changed compared with those in curve 2
in Figure 2a, except for the disappearance of the in-plane reflections,
L100 and L110, from LDH-NS. This indicates that, compared with
collecting precipitates via vacuum filtration, the mild sonication
followed by vacuum-filtration processes for membrane preparation
lead to more ordered stacking of superlattice units (panel 3 in
Figure 2b), characterized with the disappearance of in-plane reflections
from LDH-NS in the XRD pattern. It should be noted that the
superlattice units in the pristine precipitates are not damaged upon
sonication, which can be demonstrated by the reemergence of
precipitates within a short time (o30 min) in the re-dispersed
suspension with a nearly unchanged XRD pattern, as shown in
Supplementary Figure S4. This indicates that the as-prepared
GO/LDH-NS hybrid membranes are indeed constructed by
anionic GO and cationic LDH-NS superlattice units. For control,
a bulk-stratified membrane consisting of a GO multilayer stack (top)

and an LDH-NS multilayer stack (bottom) was prepared and subjected
to XRD characterization (curve 4 in Figure 2a). This revealed that the
001 peak is broadened and asymmetric, with two components
assigned to the interlayer distances of the Co-Al LDH-NS multilayer
stack (~0.82 nm, possibly intercalated with NO3

− and CO3
2−

counter-ions) and the GO multilayer stack (~0.78 nm), respectively
(see panel 4 in Figure 2b), which is different from the cases of the
GO/Co-Al LDH-NS hybrid precipitates and membranes.

Structural response of the GO/LDH-NS hybrid membrane to humidity
variations compared with pure GO membrane. Next, the structural
response of GO/LDH-NS hybrid membrane to humidity variations
was characterized by XRD, as shown in Figure 2c. Notably, the
interlayer spacing of the hybrid membrane is insensitive to humidity
variations. By immersing the hybrid membrane in water for a fully wet
state, the interlayer spacing is not changed compared with that of the
dry state, which is consistent with the contact angle measurements
showing that the hybrid membrane is relatively hydrophobic. This
property is crucial for solution-based mass transport applications
because the insensitivity of the interlayer spacing to humidity
variations ensures the structural stability for long-term and efficient
operations in water. By contrast, after immersing the pure GO
membrane in water for a fully wet state, the interlayer spacing
increases to 1.35 nm from 0.78 nm in the dry state, as shown in
Figure 2d, demonstrating its structural instability in water. In addition,
the large nanochannels (0.95 nm= 1.35–0.4 nm, 0.4 nm is the
interlayer spacing of fully reduced GO membranes22,23) are suitable
only for blocking large organic molecules and nanoparticles based on
steric hindrance.

Figure 2 (a) XRD patterns of GO/Co-Al precipitates collected by centrifugation (curve 1) or vacuum-filtration (curve 2), GO/Co-Al hybrid membrane (curve 3)
and the bulk-stratified membrane consisting of a GO multilayer stack (top) and a Co-Al multilayer stack (bottom) (curve 4). (b) Schematics illustrating the
possible structures of the four cases in (a). XRD patterns of (c) the GO/LDH-NS hybrid membrane (Co-Al) and (d) the pure GO membrane in dry (humidity:
~40%) and fully wet states, respectively.
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At this point, we have demonstrated that GO/LDH-NS hybrid
membranes possess several structural advantages for possible filtration
and separation applications: (i) the intercalation of cationic LDH-NS
into GO layers by forming local superlattice units introduces high
positive charge densities, which may facilitate the effective separation
of ions based on electrostatic interactions; (ii) the relatively
hydrophobic interfaces of the hybrid membranes may facilitate the
dehydration of ions, further weakening the electrostatic screening
induced by hydration shells and enhancing the diverse interactions of
ions with the membranes for more effective separation; (iii) the
narrowing of the nanochannels (the average interlayer spacing:
~ 0.77 nm) compared with pure GO membranes (~1.35 nm in fully
wet state) may enable the effective separation of small ions based on
steric hindrance; (iv) the insensitivity of the interlayer spacing to
humidity variations ensures the structural stability in water, which is

the foundation for practical applications. In the following section,
the concentration gradient-driven ion diffusions through the
GO/LDH-NS hybrid membranes were systematically investigated in
comparison with bare microfilters, GO multilayer stacks, LDH-NS
multilayer stacks and their bulk-stratified membranes.

Concentration gradient-driven ion transmembrane diffusions
Experimental setup. The ion transmembrane permeation experiments
were performed by sealing a piece of membrane to separate the source
reservoir from the drain reservoir containing 120 ml of a certain 0.1 M
salt solution and deionized water, respectively (see the Experimental
Section). The ion transmembrane permeations were investigated by
measuring the conductivity variations in drain solutions according to
the fact that, in a dilute solution, the conductivity varies linearly with
the salt concentration, as demonstrated in Supplementary Figure S5.

Figure 3 (a and b) Salt permeations through bare microfilters and the corresponding diffusion coefficients (normalized by AlCl3). (c–f) Salt permeations
through GO membranes on microfilters and the corresponding diffusion coefficients through GO membranes (normalized by AlCl3). The insets in (b) and
(d) are photographs of a bare microfilter and the GO membrane on a microfilter, respectively. The dashed boxes in (d) indicate the diffusion coefficients of
sodium salts and potassium salts with various anions, respectively.
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On the basis of the conductivity measurements, salt permeances as a
function of time can be calculated and plotted, and the transmem-
brane diffusion coefficients of various salts can be calculated according
to Fick’s first law: J=−DΔc/l, where J is transmembrane flux, D is
diffusion coefficient, c is concentration and l is membrane thickness.
In all the experiments, the calculated diffusion coefficients for various
salts were normalized by that of AlCl3 for better comparison.

Ion permeations through bare microfilters. First, the salt permeations
through bare microfilters were investigated as a control. The thickness
of the microfilters used in all the experiments is ~ 100 μm, as shown in
Supplementary Figure S6a, based on which the diffusion coefficients of
various salts through bare microfilters can be calculated. As shown in
Figures 3a and b, various salts permeate through bare microfilters with
nearly the same permeation rates, indicating that the microfilters have
no selectivity.

Ion permeations through GO membranes. Next, pure GO membranes
were prepared on microfilters with a coverage density of 2.6 g m− 2 via
vacuum filtration. The SEM characterizations on the morphology and
cross-section of a representative GO membrane are shown in
Supplementary Figures S6b and c, revealing a wrinkled surface and
a lamellar structure with a thickness of ~ 1.6 μm. With these GO
membranes on microfilters, various salts were allowed to permeate
under the same concentration gradient (0.1 M). The salt permeances
are plotted as a function of time in Figures 3c and e, and the
corresponding diffusion coefficients through the GO membranes were
calculated by extracting the effect of microfilters, as shown in
Figures 3d and f (detailed calculation procedures with schematics
are in Supplementary Figure S7).
This reveals that excellent selectivity can be achieved with GO

membranes toward the permeations of various salts based on diverse

Figure 4 (a–d) Salt permeations through GO/LDH-NS hybrid membranes (Co-Al) and the corresponding diffusion coefficients (normalized by AlCl3).
(e and f) Salt permeations through GO/LDH-NS hybrid membranes (Mg-Al) and the corresponding diffusion coefficients (normalized by AlCl3). The insets in
(b) and (f) are photographs of GO/LDH-NS hybrid membranes containing Co-Al and Mg-Al LDH-NS, respectively.
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chemical and electrostatic interactions, beyond the functioning stage of
steric hindrance effect of sp2 nanocapillaries:23 (i) the electrostatic
repulsions between anions and ionized carboxyl groups on GO (for
example, electrostatic strengths: CO3

2−4Cl−4NO3
−) give rise to

significant selectivity toward the permeations of salts with various
anions (permeation rates: CO3

2− saltsoCl− saltsoNO3
− salts), as

shown in Figures 3c and d; (ii) the diverse chemical interactions
between cations and GO give rise to significant selectivity toward the
permeations of various metal salts with the same anions, as shown in
Figures 3c–f. In detail, because of the stronger cation-π interaction of
K+ with the sp2 nanocapillaries than that of Na+, which results in more
effective anchoring of K+ ions, the permeations of sodium salts are
always faster than potassium salts, as shown in Figures 3c and d. For
Na+, Mg2+ and Al3+ salts, the higher positive charges of main-group
metal cations generally result in stronger cation-π interactions, further
leading to slower salt permeation rates (Al3+ saltsoMg2+ saltsoNa+

salts), as shown in Figures 3e and f. On the other hand, owing to the
strong coordination interaction between transition metal cations
(Co2+) and the oxygen functional groups on GO, the permeation of
Co2+ salts is slower than the same periodic and charged Mg2+ salts, as
shown in Figures 3e and f. These results are in good agreement with
our previous studies.27–29

It should be noted that the diverse chemical and electrostatic
interactions between ions and GO, which are mainly responsible for
ion selectivity of GO membranes, are too complex for engineering-
relevant applications. The separation of various salts based on the
permeation rate differences lacks a general criterion, which requires
substantial fundamental work to be conducted before the use of GO
membranes for a specific separation task. In addition, as shown in
Figure 3f, the relative selectivity of GO membranes toward various
cations is not high enough, with the maximum relative selectivity of
~ 9 between Na+ and Al3+, which should be enhanced further for
highly efficient separation goals. Bearing the above limitations of GO
membranes in mind, an improved GO-based hybrid membrane with
the ability to more effectively separate small ions according to a simple
criterion (for example, only the charge of ions) is highly desired.

Ion permeations through GO/LDH-NS hybrid membranes. As shown
in Figures 4a and b, the permeations of cations bearing various
valences through GO/LDH-NS hybrid membranes (Co-Al) exhibit a
strict charge-guided tendency, independent of the specific cation
species, indicating that the cations can be effectively separated during
the diffusion process only according to their charges, covering the
shortcomings of pure GO membranes. The relative selectivity among

monovalent, divalent and trivalent main-group metal cations lies in
the order of ~ 31:8:1, beyond the predictions from Coulomb's law of
discrete charge systems (maximum: 6:3:2), whereas the diffusions of
transition metal cations are significantly slower than main-group metal
cations with the same charges. These excellent results indicate that
GO/LDH-NS hybrid membranes (Co-Al) are highly suitable for
engineering-relevant filtration and separation applications, considering
the high relative selectivity among cations with various valences and
the even slower transport rates of transition metal cations. Notably, as
shown in Figures 4c and d, the permeations of cations (for example,
K+ and Na+) are nearly independent of the charge-balancing anion
species (for example, Cl−, NO3

− and CO3
2− ), indicating that ion

permeation through the hybrid membrane is only positive charge-
dominated, which further simplifies the membrane selection criterion
for specific ion separation tasks. Similar results have been obtained
with GO/LDH-NS hybrid membranes (Mg-Al), as shown in Figures 4e
and f, indicating that the ion permeation properties of GO/LDH-NS
hybrid membranes are general to this specific type of GO-based hybrid
membrane, independent of the metal species in the host layers of
LDH-NS.

Ion permeations through bare LDH-NS stacks and their bulk-stratified
with GO stacks for control. Control experiments were conducted with
bare Co-Al LDH-NS multilayer stacks and their bulk-stratified with
GO multilayer stacks (mass ratio: 3:1, the same as GO/LDH-NS hybrid
membranes), as shown in Supplementary Figure S8. The results
indicate that the permeations of various salts through these two types
of control membranes and the corresponding relative selectivity are
insignificant compared with GO/LDH-NS hybrid membranes
(Figure 4) and GO membranes (Figure 3). This can be attributed to
the hydrophobic interlayer galleries within the LDH-NS multilayer
stacks (contact angle: ~ 82°), possibly originating from the formamide
modification during the exfoliation process, that are difficult for all the
salts to permeate. These results confirm that the LDH-NS multilayer
stacks alone or their bulk-stratified with GO multilayer stacks cannot
afford the same excellent ion filtration and separation performances as
the GO/LDH-NS hybrid membranes, further indicating that the
molecular-scale heteroassembly of GO and LDH-NS within the hybrid
membrane synergistically dominates the high-performance charge-
guided ion filtration and separation processes of GO/LDH-NS hybrid
membranes.

Figure 5 (a) Schematic diagram illustrating the possible nanochannels within GO/LDH-NS hybrid membranes. (b) The role of LDH-NS in the modification of
GO nanochannels (top panel) and the diverse interactions between various cations and NS (bottom panel).
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Mechanism
On the basis of the above experimental results, the mechanism for the
excellent charge-guided ion filtration and separation performances of
the GO/LDH-NS hybrid membranes is discussed as follows. Within
the hybrid membrane, numerous superlattice units consisting of
anionic GO and cationic LDH-NS with various stacking sequences
and compositions are stacked together to form a lamellar structure, as
illustrated in Figure 5a. In this structure, two types of interlayer
nanochannels are formed mainly for mass transport: small portions of
adjacent GO-NS are stacked together to form fast channels, whereas
large portions of adjacent GO and LDH-NS are stacked together to
form slow channels because of the hydrophobic interfaces of LDH-NS.
On the other hand, according to the results in Supplementary
Figure S8, ion permeations through LDH-NS multilayer stacks are
insignificant, indicating that the nanochannels between adjacent
LDH-NS are nearly impermeable because of the presence of two
hydrophobic nanochannel walls.
By intercalating LDH-NS into the GO laminates, the pristine sp2

nanocapillaries in pure GO membranes are significantly narrowed.
This is demonstrated by the change in average interlayer spacing from
~1.35 nm of the GO membranes in a fully wet state (Figure 2d) to
~ 0.77 nm of the GO/LDH-NS hybrid membranes (Figure 2c), which
extends the steric hindrance effect to the small ion regime, affording a
pronounced selectivity to small ions (for example, the effective
separation of Al3+ with Stokes and hydrated diameters of 0.88 and
0.95 nm, respectively, from other monovalent and divalent cations,
as shown in Figure 4). In addition, the hydrophobic interfaces of
LDH-NS induce a strong dehydration effect to hydrated ions, further
weakening the electrostatic screening of hydration shells and enhan-
cing the interactions between ions and NS. The ion dehydration effect
can be demonstrated by the permeability of all the divalent cations
investigated (Mg2+, Ca2+, Co2+ and Ni2+) with larger hydrated
diameters than the average interlayer spacing of GO/LDH-NS hybrid
membranes (Supplementary Table S2). The narrowing and hydro-
phobization of the nanochannels by intercalating LDH-NS are
illustrated in Figure 5b (top panel). Within the GO-LDH nano-
channels, diverse electrostatic and chemical interactions enhanced by
the dehydration of ions are responsible for the excellent charge-guided
selective ion transmembrane permeations, as illustrated in Figure 5b
(bottom panel). For the cations with various valences, the positive
charges of LDH-NS induce a stronger electrostatic repulsion to higher
charged cations, and the anchoring originating from the cation-π
interactions between higher charged main-group metal cations and sp2

clusters on GO-NS is stronger than that of the lower charged ones.28

The synergistic effect of electrostatic repulsions by LDH-NS and
cation-π captures by GO-NS gives rise to the effective separation of
cations with various valences, beyond the predictions from Coulomb's
law of discrete charge systems. On the other hand, for transition metal
cations (for example, Co2+ and Ni2+), the coordination interactions
with oxygen functional groups induce an extra strong capture by
GO-NS, further lowering the permeations of transition metal cations
compared with main-group metal cations with the same charges,28,29

as shown in Figures 4a, b, e and f. For different anions, the
electrostatic attractions from cationic LDH-NS and the electrostatic
repulsions from anionic GO-NS somewhat counteract each other,
leading to the independence of the cation selectivity of the hybrid
membranes on anionic species, as shown in Figures 4c and d.

CONCLUSIONS

In summary, we have synthesized a novel hybrid membrane consisting
of anionic GO and cationic Co-Al (or Mg-Al) LDH-NS superlattice

units by a simple vacuum-assisted assembly method. The as-prepared
hybrid membranes possess a series of characteristics, such as being
area- and thickness-controllable, semitransparent, flexible, free-
standing and mechanically robust. The interlayer spacing of the hybrid
membrane is insensitive to humidity variations, ensuring the structural
stability for solution-based mass transport applications. Typically, the
vacuum-assisted processing of the hybrid membrane can be finished
within 2–3 min, which is extremely promising for the development of
industrial-scale production. The ion permeation properties of the
hybrid membranes were systematically investigated in comparison
with bare microfilters, GO multilayer stacks, LDH-NS multilayer
stacks and their bulk-stratified membranes, indicating that the cations
bearing various valences can be effectively separated strictly according
to their charges, independent of the cationic and anionic species. The
relative selectivity between monovalent and trivalent cations is as high
as 30, which is not achievable by other control membranes. Finally,
the mechanism for the excellent charge-guided ion filtration and
separation performances of the hybrid membranes was discussed,
indicating that the strong narrowing and hydrophobization of the
pristine GO nanochannels by the intercalation of LDH-NS and the
synergistic effect of electrostatic interactions from LDH-NS and
chemical interactions (coordination, cation-π interaction) from
GO-NS give rise to the effective separation of cations with various
valences. These excellent charge-guided ion filtration and separation
properties of GO/LDH-NS hybrid membranes make them promising
in a series of mass transport applications such as wastewater treatment
and reuse, chemical refinement and biomimetic selective ion transport
for biological uses.
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