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Nanofluidics in two-dimensional layered
materials: inspirations from nature
Jun Gao,†a Yaping Feng,†bc Wei Guo
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With the advance of chemistry, materials science, and nanotechnology, significant progress has been
achieved in the design and application of synthetic nanofluidic devices and materials, mimicking the
gating, rectifying, and adaptive functions of biological ion channels. Fundamental physics and chemistry
behind these novel transport phenomena on the nanoscale have been explored in depth on single-pore
platforms. However, toward real-world applications, one major challenge is to extrapolate these singlepore devices into macroscopic materials. Recently, inspired partially by the layered microstructure of
nacre, the material design and large-scale integration of artificial nanofluidic devices have stepped into a
completely new stage, termed 2D nanofluidics. Unique advantages of the 2D layered materials have
been found, such as facile and scalable fabrication, high flux, eﬃcient chemical modification, tunable
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channel size, etc. These features enable wide applications in, for example, biomimetic ion transport
manipulation, molecular sieving, water treatment, and nanofluidic energy conversion and storage. This
review highlights the recent progress, current challenges, and future perspectives in this emerging
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research field of ‘‘2D nanofluidics’’, with emphasis on the thought of bio-inspiration.

1. Introduction
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The research field of nanofluidics studies the mass and charge
transport within a characteristic length scale down to 1–100 nm
in at least one dimension.1,2 Different from that in the bulk
phase, nanofluidic transport is largely governed by the surface
properties of channel walls that lead to various unique transport
phenomena. For example, in charged nanochannels, the ionic
conductivity is governed by the surface charge, particularly in
low concentration electrolyte solutions.3 In sufficiently narrow
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nanochannels, the transporting molecules can be sieved by size
exclusion or molecular recognition effects.4 Therefore, tremendous
attention has been paid in engineering the geometry and surface
chemistry of nanofluidic channels to manipulate the molecular
transport behaviors.5 These studies provide an in-depth understanding of the underlying mechanisms, and boost various important applications in, for example, nanofluidic energy conversion,6–9
ultrafiltration and separation,10,11 biomedical analysis,12–14 seawater desalination,15,16 and DNA sequencing.17–19
One of the major diﬃculties in designing nanofluidic
devices is the inherent complexity. The overall transport characteristics are determined by the interplay of various nanoscale or
even molecular level physical, geometric, and chemical factors.20
Biological ion channels, however, are known for their capability
of elaborately manipulating these factors to regulate the transmembrane ionic flow, which plays a crucial role in a number of
physiological processes.21 In light of this feature, various ionchannel-mimetic smart nanofluidic systems have been developed
that can reproduce the rectifying, gating, and stimuli-responsive
functions. It is unnecessary to replicate every detailed aspect of the
biological ion channels. Instead, the artificial nanofluidic systems
should be structurally simple as possible for easy fabrication and
characterization, yet functionally mimic the key features of their
biological counterparts. For example, to mimic the cation selectivity
of the biological ion channels, a negatively charged nanopore is
needed, which can be fabricated by drilling holes in silicon nitride
thin films with a focused ion beam.22 To mimic the inwardly
rectifying ion channels, asymmetrically shaped nanopores should
be employed, which can be fabricated by the track-etch method in
polymer membranes.23–25
In early studies dealing with single nanopores, the primary
goal was to understand the fundamental principles of nanofluidic

transport. It oﬀers a simplified research platform and accurate
controllability for both experimental measurements and theoretical analysis. One interesting application of the bio-inspired
smart nanopores is osmotic power generation, which mimics
the function of electric eels.6 Although systematic research in
single-pore devices makes the physical picture of this energy
conversion process much clear, it is still far from competent for
practical applications. These applications, as well as the highthroughput separation and desalination, call for macroscopic
membrane materials containing densely packed nanofluidic
channels.
To address this challenge, partially inspired by the microstructure of nacre,26 in which soft materials (polysaccharides
and proteins) are sandwiched between hard inorganic layers
(aragonite platelets), forming an alternatively arranged layered
structure, the material design and large-scale integration of
artificial nanofluidic channels step into a completely new stage,
known as 2D nanofluidics (Fig. 1A and B).27 Via a simple
vacuum filtration process, colloids of 2D nanomaterials can be
reassembled into a densely stacked multi-layered structure.28,29
The interstitial space between opposite 2D nanosheets can be
treated as lamellar channels for mass and charge transport.
More intriguingly, chemical modification of the 2D nanofluidic
systems can be conducted in bulk solution prior to the selfassembly process. This strategy enables very high eﬃciency,30
compared with previous chemical modification on 1D nanofluidic channels, which is highly diﬀusion-limited.31–33
The mass and charge transport through the 2D layered
membrane is confined in the interlayer space, which can be
conducted either in the vertical or in the horizontal direction
(Fig. 1B). Huang and his team first demonstrated that a
2D layered GO membrane (GOM) is an ideal platform for
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Fig. 1 Nacre-inspired construction of 2D layered materials for large-scale integration of nanofluidic channels. (A) The lamellar structure of 2D
nanofluidic systems is inspired by the microstructure of nacre. The sandwiched soft materials between two hard layers can be used as fluidic channels for
the transport of water and ionic species. (B) Colloids of 2D nanomaterials can be chemically modified in solution prior to the self-assembly into a
membrane structure, depending on the application. Being diﬀerent from 1D nanofluic systems, there are typically two ways for the mass transport through
the layered membranes, either vertically or horizontally. Taking GO membranes for example, the interlayer distance can be merely 1 nm wide. The electrical
double layers easily overlap inside the lamellar nanochannels, forming a unipolar ion conduction pathway with greatly enhanced charge selectivity.

nanofluidic ion transport.34 They showed surface-chargegoverned ion transport through the self-assembled GOM in
the horizontal direction. Geim and co-workers reported the
ultra-fast permeation of water through 2D nanocapillaries in
the vertical direction to the GOMs.35 The vertical transport
mode boosts the application of the 2D layered materials for
membrane separation and filtration.36
Nanofluidic ion transport in 2D layered membranes shows
unique advantages: (1) the fabrication method is facile and highly
scalable;37 (2) reconstructed graphene-based membranes allow
high flux for molecular transport, owing to the densely packed
nanochannels and frictionless nature of carbon materials;38
(3) chemical modification and characterization of the 2D nanobuilding blocks can be conducted much more eﬃciently in bulk
solution;39 (4) the height of the 2D nanochannels can be precisely
controlled from sub-nm to more than ten nanometers.40
In this review, we summarize and highlight the recent
progress of nanofluidics in 2D layered materials, including
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their construction and fundamental transport properties, as well
as their important applications in biomimetic ion transport
manipulation, molecular sieving, water treatment, energy conversion and storage, and advanced battery separators (Fig. 2).
Although graphene-based materials dominate in this field, we
also emphasise that other 2D materials could provide alternative
platforms. Moreover, we give a brief overview of the existing
simulation methods for the emerging 2D nanofluidic systems.
Finally, we provide a perspective to the current challenges and an
outlook to drive further research.

2. Properties and advantages of 2D
layered membranes for nanofluidics
In conventional 1D nanofluidic systems, the inlet and outlet of
the ionic flow are all present along the channel axis, allowing
only the horizontal transport mode.41 In sharp contrast, the
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Fig. 2 Fundamental properties and applications of 2D layered materials. The exfoliation–reconstruction strategy enables highly scalable fabrication and
highly efficient chemical modification of the 2D nanofluidic systems with ultra-high ion or water flux and tunable channel size. Meanwhile, wide
applications are found in, for example, biomimetic ion transport manipulation, molecular sieving, nanofluidic energy conversion, battery separators, and
energy storage.

unique configuration of 2D layered materials enables two independent ways for ion transport, either vertically or horizontally
(Fig. 1B).27 For either direction, the ion transport behaviours
are governed by the surface properties of the reassembled 2D
nanosheets. For example, in GOM, the interlayer distance can
be as narrow as 1 nm-wide, and the lamellar fluidic channels
are fully covered with an electrical double layer (EDL) associated with the surface charge, leading to unipolar ion transport. In this case, the co-ions are perfectly expelled from the 2D
nanochannels, and the counter-ions become the only charge
carriers. Considering the facile bottom-up fabrication method,
perfect ion selectivity is apt to implement in 2D nanofluidic
systems. Moreover, compared to the horizontal transport mode,
the mass and charge transport in the vertical direction allows
high-throughput membrane-based applications, particularly

This journal is © The Royal Society of Chemistry 2017

when the membrane thickness can be reduced down to several
nanometers.42 Toward the electrochemical applications, 2D
layered materials also show advantages in, for example, eﬃcient chemical modification and tunable channel size. These
topics are discussed below in detail.
2.1

Facile and scalable fabrication

2D layered materials can be assembled via vacuum filtration or
drying of the solution of exfoliated 2D nanosheets.29,43 This
method is facile, cost-eﬀective, and scalable. The assembly
of the layered membrane is mediated by a van der Waals
interaction, which is proportional to the overlapping surface
area and the fourth power of the inverse inter-sheet distance.
The ultrahigh aspect ratio of 2D nanomaterials enables a large
contact area, and thus dramatically increases the interaction.
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Fig. 3 Scalable fabrication of a layered GO film. (A) Schematic illustration of the GO film prepared by pressure assisted filtration, vacuum filtration, and
evaporation assisted self-assembly. Reprinted with permission from ref. 45, Copyright 2014 Elsevier. (B) Mass production of GO films via the wet-spinning
method. (C) Optical images of GO films prepared by the wet-spinning method. Reprinted with permission from ref. 37, Copyright 2014 American
Chemical Society.

This unique property makes the assembly of 2D layered membrane
unprecedentedly facile.
Vacuum filtration is the most popular method to prepare GO
membranes (Fig. 3A).29 In a typical process, GO was synthesized
from graphite powder via modified Hummer’s method or
other chemical methods.44 Then it was dispersed in water
and filtered under a negative pressure. The external gas pressure endows the membrane with a highly uniform and ordered
structure. The thickness of the obtained membrane can be
tuned by controlling the amount of GO and usually ranges from
tens of nanometers to tens of micrometers. However, the
filtration process is usually time-consuming, typically up to
several days, or even a week. The reason is the settled GO
nanosheets on the filter membrane hinder further removal of
residual water.
Other general fabrication methods include pressure-assisted
filtration and evaporation-assisted self-assembly. Lai et al. compared the diﬀerence between these methods.45 They found that
pressure-assisted filtration produces the most ordered structure, while the evaporation-assisted self-assembly ranks the
worst. It’s noteworthy that these methods are usually applied
at room temperature. Chen et al. proposed a much faster
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evaporation induced self-assembly method by simply heating
the GO aqueous dispersion at elevated temperature (353 K) for
a short period.46 For example, a 10 mm-thick membrane could
be fabricated after heating for about 40 minutes. X-ray diﬀraction results confirmed the highly ordered lamellar structure of
the membrane. This method is time-eﬀective, energy-saving,
and highly controllable.
Limited by the filter apparatus, the lateral size of the
membrane prepared by vacuum filtration is usually several
centimeters. The evaporation method allows for a relatively
large size, but is still limited to the evaporation bath.
To address this problem, Liu et al. proposed a wet-spinning
assembly methodology for fast and continuous production of
GO films.37 The GO dispersion was firstly injected into a
coagulation bath with a spinning channel. The coagulation
bath contained ethanol/water (1 : 3 v/v) solution with 5 wt%
CaCl2. The GO dispersion was then transformed into wet films
via coagulation, and simultaneously supported on a PET film
(Fig. 3B). The fabricated GO film could be 20 meter-long and
15 centimeter-wide (Fig. 3C). The productivity was up to
60 m h 1, which is 5 orders of magnitude higher than the
vacuum filtration method.
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2.2

High flux

For most membrane applications, flux or permeability is a
crucial factor. To increase the flux, high porosity is needed.
However, for nanofluidic membranes, increasing the porosity
yet preserving the surface-governed transport properties is
challenging. An eﬀective method to achieve high porosity is
to increase the pore size, which would inevitably impair the
selectivity. In 1D nanofluidic systems, track-etching and electron/
ion beam lithography are the most commonly used methods in
the fabrication process. The former lacks precise control of the
pore geometry. The latter is expensive and time consuming,
and thus, has very limited porosity. As discussed above, the
fabrication of 2D layered materials is facile and scalable.
The membranes are composed of numerous nanometer- or
sub-nanometer-wide lamellar fluidic channels constrained by
atomically thin nanosheets. This 2D layered configuration
maintains extraordinary selectivity and permits very high flux.
For example, graphene-based materials allow ultrafast water
transport that can be orders of magnitude faster than that in
bulk.47 It was reported that the water vapor could unimpededly
go through the reconstructed GO film, while other gas molecules were blocked.35 Furthermore, Joshi et al. demonstrated
that a wet GO film in water allows ultrafast permeation of small
hydrated ions, with a diﬀusivity thousands of times higher than
that in the bulk.38 Recently, the same group of authors measured
the water transport in graphite nanochannels.48 The nanochannel
was formed by separating two bulk graphite plates with atomically
thin graphene sheets. By varying the layers of graphene sheets,
they were able to control the channel height from one to several
tens of atomic layers. The water transport rate therein can be
unprecedentedly high, approaching 1 meter per second. The
authors attributed this eﬀect to the very high capillary pressure
and large slip length.49 Harnessing these unique properties is
anticipated to extend the scope of the application of GO membranes, particularly for water treatment and power generation.
2.3

Eﬃcient chemical modification

In conventional 1D nanofluidic systems, there are two chemical
modification routes. One is directly using materials that have
intrinsic functional groups for ion manipulation. For example,
track-etched polymer nanopores are asymmetric in pore size
and carry negatively charged carboxyl groups, which readily
rectify the ionic current.50 This route is convenient, but its
applications are precluded because the presence of intrinsic
functional groups on these nanopores is highly restricted by the
material. The other route is modifying the inner and outer
nanopore surfaces with chemical or physical methods.51,52
On-demand surface functionalization is highly necessary for
the manipulation of nanofluidic transport properties. For
example, to mimic the gating ion channels that open and close
in response to external stimuli, single nanopores are modified
with pH-,53,54 light-,55,56 or temperature-responsive molecules.57,58
However, a great challenge of this route is the low eﬃciency,
because the diﬀusion of reactants is limited by the narrow and
long channels, especially for larger polymeric molecules.
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Diﬀerent from 1D nanofluidic systems, construction of nanofluidic channels in 2D layered materials exhibits the advantages
of both routes. On one hand, there are abundant 2D nanomaterials that can be used as building blocks.59 These existing
2D nano-building blocks provide numerous physical and
chemical possibilities to control the nanofluidic transport
without further chemical modification. On the other hand,
most 2D materials can be processed in solution, allowing eﬃcient chemical modification prior to assembly into a membrane
structure, largely promoting the modification eﬃciency. Taking
graphene for example, although pristine graphene cannot be
dispersed in water, many of its chemical derivatives are solution
processable, such as GO and chemically reduced GO. Rich
chemical reactions can be applied to tune the chemistry of the
carbon nanosheets.60
There are abundant oxygen-containing groups on the GO
sheets, including hydroxyl, epoxide and carboxylic groups
(Fig. 4).61 On one hand, these functional groups endow the
material with negative charges. On the other hand, these
groups provide active sites for further covalent or non-covalent
modification.62 A part of the frequently used methods is
summarized in Fig. 4. The oxygen-containing groups can be
partially removed by reduction. The carboxyl groups can be
esterified with the help of dicyclohexylcarbodiimide (DCC) and
4-dimethylaminopyridine (DMAP), or modified by pretreatment
with SOCl2 and sequentially with a nucleophile, or through
carbodiimide couplings.62 The epoxy groups undergo a nucleophilic attack, and therefore can be modified with NaN3 and
then LiAlH4.63 The hydroxyl groups can also be functionalized
by the carbodiimide coupling method, or silanized by reacting
with (3-aminopropyl)trimethoxysilane (APTMS).64 Moreover,
the amounts of hydroxyl and epoxide groups on the GO sheets
can be tuned by controlling the amount of water in preparation
steps.65 More detailed routes for chemical modification can be
found in Loh et al.’s review.66
Appropriate chemical modification gives the 2D nanomaterials
great potential for various applications. By functionalizing GO
with branched polyethylene glycol (PEG), the composite can
attach hydrophobic drugs via p–p stacking, and maintains
excellent water solubility.67 In a recent study, Ji et al. employed
carbodiimide-mediated ligation to graft 1-aminopropyl-3methylimidazolium bromide onto GO, making it positively
charged.68 The positively and negatively charged GO membrane
pairs were utilized for membrane-based osmotic power generation.
2.4

Tunable channel size

One additional advantage of the GO membrane is the tunable
size of the embedded fluidic channel. Firstly, the interlayer
spacing is adjustable by inserting specific molecules.69 Taking
chemically converted graphene for example, the interlayer
distance can be adjusted by exchanging with a miscible mixture
of volatile and nonvolatile liquids.40 The volatile liquid was
then removed by subsequent evaporation. By changing the ratio
of the volatile and non-volatile liquids, the packing density of
the film could be tuned from 0.13 to 1.33 g cm 3 (Fig. 5A and B).
The layer spacing was estimated to be from sub-nanometer to
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Fig. 4 Chemical routes for functionalization of GO. GO has abundant oxygen-containing functional groups (left), making it versatile for chemical
functionalization. Examples include (1) reduction of GO to rGO; (2) esterification; (3) carbodiimide coupling; (4) reaction with sodium azide;
(5) silanization.

about 6 nm (Fig. 5C). Precise and uniform control of the
channel width is beneficial for specific on-demand applications,
because the layer spacing determines the size and charge
selectivity of the membrane.69 By controlling the interlayer
spacing, one can separate molecules of a certain size from
the bulk solution. For example, enlarging the interlayer spacing
to a few nanometers could facilitate ultrafast water treatment,70
while shrinking it down to sub-nanometer would enable
desalination.71
Moreover, the lateral size of GO sheets is also tunable by
controlling the chemical oxidation or sonication conditions.
Typically, GO membranes composed of small nanosheets oﬀer
higher flux, while those composed of larger nanosheets oﬀer
higher selectivity.72 Usually, increasing the oxidation time
or sonication reduces the lateral size of the GO sheet. The
obtained GO sheets typically range from tens of nanometers to
hundreds of micrometers. By controlling the lateral size of GO
sheets and the membrane thickness, the total ion diﬀusion
length can be controlled with ease. In general, to gain high flux,
one can reduce the membrane thickness and the sheet size. For
high selectivity, however, one is suggested to increase both
factors. There is a permeability–selectivity trade-off for different
ion diffusion lengths.
It is worth noting that, in some particular applications, this
empirical speculation does not always hold. In a recent study
on nanofluidic osmotic power generation, an anomalous channellength dependence for the output power is discovered (Fig. 6A).73
Conventional viewpoint on Ohm’s law suggests that the length of
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the nanochannels (L) should be reduced as much as possible
to bring down the resistance for ion transport, in order to
gain higher ionic flux. However, in the diﬀusion process, the
excessively short channel length hampers the charge selectivity
and induces strong ion concentration polarization at the lowconcentration end (Fig. 6B). Therefore, for the very short
nanochannels (L o 400 nm), the converted electric power falls
down again with reducing channel length, showing an anomalous,
anti-Ohmic response. The optimal channel length for better
performance in terms of the generated electric power is about
several hundreds of nanometers to one micrometer. Coincidently,
this characteristic length scale is well in accord with the liquidexfoliated 2D nanocrystals.

3. Biomimetic 2D ion channels
Biomimetic manipulation of ion transport has been an active
field in nanofluidic research for decades.74,75 The field is
inspired by the structure and unique properties of biological
ion channels: asymmetric structure, precise ion selectivity,
stimuli-responsive gating behaviors, etc.5 Extensive studies
have been carried out to explore the underlying mechanism.
Various single-pore or nanoporous model platforms have been
constructed via modern nanofabrication techniques and
chemical modification strategies. The distinguished physical
and chemical nature of 2D materials opens new opportunities
for practical applications. Their primary advantages, such as
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Fig. 5 Tunable layer spacing via capillary compression. (A and B) SEM
images of the CCG film containing (A) 78.9 vol% and (B) 27.2 vol% of
H2SO4, respectively. The corresponding packing densities are 0.42 and
1.33 g cm 3, respectively. (C) The estimated interlayer spacing can be
controlled from sub-nanometer to several nanometers by tuning the
volumetric ratio of the incorporated liquid. Reprinted with permission
from ref. 40, Copyright 2013 American Association for the Advancement
of Science.

the facile and scalable fabrication method, simple and eﬀective
chemical modification, are highly desirable in industry.
In artificial nanofluidic devices, ion selectivity is often
achieved by electrostatically attracting counter-ions and repelling
co-ions, with the help of charged functional surface groups.
However, in biological ion channels, it is done by molecular
recognition in the peptide structure. Electrostatic forces are not
suﬃcient to discriminate between ions with the same charge
polarity. For example, potassium channel conducts potassium
ions rapidly while rejecting sodium ions. Inspired by this
mechanism, Lee and co-workers equipped a GO surface with
peptide ligands that selectively bound Co2+ ions via a carbodiimide reaction (Fig. 7A).76 Remarkably, UV-vis spectroscopy
showed that the permeability of Co2+ through the peptide
modified GO membrane was several times higher than that of
Cu2+ ions, and slightly higher than that of Ni2+ ions. As a
control experiment, an unmodified GO membrane showed no
obvious selectivity. It is noteworthy that the nanochannel
dimension played a key role in this study. By varying the
channel width, the authors demonstrated that the wider the
nanochannel, the weaker the selectivity.
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Fig. 6 Anomalous channel-length dependence in nanofluidic osmotic
power generation. (A) For long nanochannels, ion diﬀusion is governed
by the channel resistance. The generated electric power (circle) decreases
with the increase of channel length, showing Ohmic dependence. For
short nanochannels, the power increases with the channel length, showing
anomalous, anti-Ohmic behavior. (B) In this case, the ion diﬀusion is
governed by ion concentration polarization (ICP), particularly at the lowconcentration (LC) end. Reprinted with permission from ref. 73, Copyright
2017 John Wiley and Sons.

2D layered membranes are also excellent platforms for
responsive ion transport manipulation. Responsive ion transport
under external stimuli is the key feature of biological ion
channels for smart control of the cellular environment. It is
essential for many biological functions, such as neuronal
excitations and visual sense.77 Guo and co-workers constructed
a photo-responsive nanofluidic diode based on a chemically
modified GO membrane (Fig. 7B).78 The modification process
was quite facile and straightforward. Ethanol solution of photoactive molecules, spiropyran, was dropped on the top surface of
a piece of the GO membrane. The spiropyran moieties then
permeated into the GO membrane and adsorbed on the top
surface layers of the GO membrane, via p–p interactions.79
Interestingly, the spiropyran modified GO membrane rectified
the ionic current. This effect can be explained as the formation
of heterostructures in the GO membrane, in which only the
top surface layers of 100–150 nm deep were attached with
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4. Molecular separation and water
treatment

Fig. 7 Biomimetic ion transport manipulation. (A) Peptide modified GO
membranes for selective transport of Co2+ over other ionic species, such
as Ni2+ and Cu2+. Reprinted with permission from ref. 76, Copyright 2015
American Chemical Society. (B) Photo-responsive 2D nanofluidic ionic
diode. The GO membrane was modified with spiropyran on single side. Its
current–voltage response turns from a non-rectifying state to a rectifying
state. Upon UV irradiation, the rectification ratio significantly increases.
Upon visible light irradiation, the rectification ratio can be changed back.
Reprinted with permission from ref. 78, Copyright 2017 Royal Society of
Chemistry.

spiropyran, while the underlying GO layers remained unmodified.
Upon UV irradiation, spiropyran was converted to cationic
merocyanine.80 The additional formation of charge heterostructures
significantly increased the rectification ratio. Upon irradiation under
UV and visible light, the spiropyran modified GO membrane could
be reversibly switched between high and low rectifying states.
Besides photo-responsive molecules, thermal-responsive
polymers are also widely used in building smart nanochannels.
Kung and co-workers demonstrated thermal-responsive ion
transport through GO membranes.81 They grafted poly(sulfobetaine) onto GO that showed an upper-critical solution
temperature (UCST) type response in organic electrolytes. Below
the UCST, the polymer chains coil, and permit unobstructed ion
transport through the GO membrane. Above the UCST, the
polymer chains uncoil and interact with the ions, which eventually hindered the ion transport. The authors used the modified
GO membrane as a separator and measured the permeability of
lithium ions mimicking the case in a Li-ion battery. Their results
showed that the ion transport was restricted at high temperature,
and this process was reversible. This property is highly desirable
to prevent over-heating in batteries.82
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One of the most widely used applications of the reconstructed
2D layered materials is in molecular separation and water
treatment. 2D layered membranes have a uniform and welldefined sub-nanometer scale pore structure,29 which is comparable to the size of hydrated ions and molecules, making
them excellent candidates for nanofiltration. Their thickness
can also be controlled down to a few nanometers that significantly improves the water flux.83 There are already several
comprehensive reviews on this topic;84–87 here we only highlight
some representative studies to introduce the basic concepts of
nanofluidic transport in 2D nanochannels.
Joshi et al. demonstrated how hydrated GO membranes act
as a molecular sieve via size exclusion.38 The GO membrane
was vacuum-tight in the dry state, as confirmed by helium leak
experiments. Then it was inserted into a U-shaped tube, which
divided the tube into feed and permeation compartments,
to test its ion permeation properties in the hydrated state
(Fig. 8A). Interestingly, the GO membrane blocks all solutes
with hydrated radii larger than 4.5 Å, while allowing the smaller
ions to permeate thousands of times faster than free diﬀusion
(Fig. 8B). The critical cut-oﬀ radius of 4.5 Å is equal to the
empty interlayer spacing of the hydrated GO membrane. These
results show that, based on its size exclusion property, the GO
membrane can remove large organic contaminants and heavy
metal ions from water. Sun et al. further studied the permeation
of multiple metal ions through the GO membrane.88 They found
that heavy metal ions permeate much slower than sodium ions.
Copper ions and organic contaminants (Rhodamine B) are
completely blocked. The slowed or even blocked permeation of
heavy metal ions can be attributed to the chemical coordination
with functional groups on the GO sheet. Their results suggest
that, by engineering the chemical properties of GO, it is possible
to separate and diﬀerentiate multi-valent metal ions for applications in, for example, water treatment.
Taking advantages of these unique separation properties,
Hu et al. demonstrated a real application of the layered GO
membrane for water treatment.83 The GO nanosheets were
deposited on a dopamine coated polysulfone substrate via the
layer by layer technique (Fig. 9A). The membrane thickness was
around a few nanometers to tens of nanometers. To ensure
mechanical stability, 1,3,5-benzenetricarbonyl trichloride (TMC)
was employed to crosslink the GO sheets. Using a dead-end
filtration system, they tested the water flux and rejection rate
(Fig. 9B). The water flux through the ultrathin GO membrane
ranged between 80 and 276 LMH per MPa, which is 4–10 times
higher than those of commercial nanofiltration membranes. The
rejection rate for monovalent and divalent ions ranged between
6 and 46%, depending on the number of layers. Remarkably,
the rejection rates for methylene blue and Rhodamine-WT were
46–66% and 93–95%, respectively. From these results, one can
expect that the layered GO membrane shows the potential to
compete with conventional polymer-based membranes for nextgeneration water treatment.
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Fig. 8 Molecular separation with a GO membrane. (A) Schematic illustration
of the setup for the permeation test. (B) The permeation rates through a
5 mm-thick GO membrane show a sharp cut-oﬀ at 4.5 Å. Reprinted with
permission from ref. 38, Copyright 2014 American Association for the
Advancement of Science.

By adjusting the interlayer distance, the GO membranes find
applications in desalination.69 Usually, desalination requires
an interlayer spacing of less than 0.7 nm, which can be realized
by covalently bonding GO sheets with small molecules or by
partially reducing the GO sheets. For higher water flux, it is
helpful in enlarging the interlayer spacing. Huang et al.
reported a nanostrand-channelled GO membrane with a interlayer distance of 3–5 nm and used the composite membrane
for nanofiltration.70 The permeation rate could be more than
100 times higher than those of commercial ultrafiltration
membranes, but with a similar rejection rate.

5. Bio-inspired energy conversion
Another important application of the nanofluidics in 2D layered
materials is the bio-inspired energy conversion. In nature, some
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Fig. 9 Water treatment with a GO membrane. (A) The GO nanosheets
and 1,3,5-benzenetricarbonyl trichloride (TMC) molecular layers are
deposited onto a dopamine coated polysulfone substrate via a layer-bylayer method. (B) The rejection rates of inorganic salts and organic dyes are
tested with respect to the number of GO layers. Reprinted with permission
from ref. 83, Copyright 2013 American Chemical Society.

organisms are highly skillful in converting clean energy in the
environment into bioelectricity.89 One remarkable example is the
electric eel, which is capable of generating strong electric shocks
with a series of membrane–protein regulated ion transport.90
Inspired by this mechanism, energy harvesting devices based
on artificial nanochannels or nanopores were created.40,91–93
However, fabrication of conventional 1D nanofluidic systems
relies on expensive scientific equipment and sophisticated
material processing steps. Therefore, 1D nanofluidic systems are
more suitable for fundamental research, rather than for practical
applications. Toward this challenge, nacre-mimetic 2D layered
materials show great potential for scalable manufacture of highperformance nanofluidic energy devices for practical use.
5.1

Hydraulic-electric energy conversion

Pressure-driven energy conversion in 2D nanofluidic systems
was first proposed by Guo et al.94 They fabricated a graphene
hydrogel membrane (GHM) by reconstructing chemically converted graphene (CCG) nanosheets. The water content in the
GHM could be over 90%. The trapped water crosslinked the
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neighboring CCG sheets to stabilize the membrane structure.95
The interlayer distance was as large as 10 nm, which was
estimated by measuring the change in membrane thickness,
not via the conventional X-ray diﬀraction method.96 The GHM
was then mounted in a two-compartment electrochemical cell
(Fig. 10A). They applied a transmembrane hydraulic pressure
to push the ionic solutions (for example, 0.1 M NaCl) to go
through the GHM. Above a threshold pressure diﬀerence of
about 2 kPa, synchronized streaming ionic current was
observed and the generated ionic current further went up with
the applied pressure diﬀerence (Fig. 10B), indicating that the
hydraulic energy was converted into electricity. By switching
on and oﬀ the hydraulic pressure, both continuous- and pulseshaped electrical signals were observed, depending on the
input wave form of the hydraulic driving force (Fig. 10C).
This electrokinetic phenomenon is common to 1D and 2D
nanofluidic systems.97,98 The residual oxygen-containing groups
on the CCG sheet function as negative surface charges for the
lamellar nanochannels. The surface-charged nanocapillaries
inside the GHM facilitate the transport of cations, while

Review Article

facilitating depletion of the anions. In this way, the GHM
separates cations from anions, resulting in a net ionic flow.
This electrokinetic phenomenon is anticipated to find applications
for harvesting mechanical energy from footsteps, and monitoring
the heartbeat or blood stream as self-powered devices.
5.2

Salinity gradient power generation

Salinity gradient power is a type of Gibbs free energy available
for work, which is renewable, yet largely untapped.99 Our group
first demonstrated the salinity gradient energy conversion
in 1D nanofluidic systems, initially with single ion-selective
nanopores,6 and then using membrane-scale mesoporous carbon/
microporous alumina heterostructures.100
Sun et al. reported ion separation and salinity gradient
power generation with reconstructed GO membranes.101 For
membrane separation, the ions diﬀused from the highconcentration source side to the low-concentration drain side
driven by the diﬀerence in chemical potential. Due to the
diﬀerent interactions with GO nanosheets, the metal ions
possess diﬀerent ion mobilities in the layered membrane,

Fig. 10 Pressure-driven 2D nanofluidic generators. (A) The experimental setup. (B) The resulting streaming ionic current through the GHM increases
with the applied pressure diﬀerence. (C) Synchronized electrical signals can be obtained with the switching of transmembrane pressure diﬀerence.
(D) The power generation mechanism. The negatively charged CCG nanochannels allow the transport of cations, while rejecting anions. When a
hydraulic flow is applied in the vertical direction, it functions as a charge filter that separates cations from anions, resulting in a net ionic flow. Reprinted
with permission from ref. 94, Copyright 2013 John Wiley and Sons.
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Fig. 11 Ion separation and salinity gradient energy harvesting with a
layered GO membrane. (A) Photograph of the setup. (B) Measured voltages
for diﬀerent feed electrolytes, including alkali, alkaline earth, and transition
metal salts. Reprinted with permission from ref. 101, Copyright 2014
Nature Publishing Group.

which in turn produced a transmembrane electric potential.
Then the authors tested the energy conversion properties by
measuring the generated voltages in a home-made setup
(Fig. 11A). A substantial diﬀerence in the generated voltage
was observed for diﬀerent types of metal ions (Fig. 11B). They
also concluded that, for either cations or anions, a greater
diﬀerence in ion mobility could lead to a larger voltage.
It should be noted that, when the concentrated and diluted
ionic solutions are separated by a single piece of the ionselective membrane, the redox potential diﬀerence between
the two electrodes also contributes to the measured voltage.102
To solve this problem, Lin et al. eliminated the influence of
redox potential on the electrodes using salt bridges.103 They
further demonstrated the salinity gradient power generation
from an enzymatic bio-waste reaction. Human urine was
firstly catalyzed by urease, releasing cationic NH4+ on one
side of the polyacrylic acid functionalized GO membrane.
The preferential transport of NH4+ through the membrane
converted chemical energy from the enzymatic reaction into
electricity.
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Via preassembly chemical modification, GO nanosheets can
be rendered positively charged.104 While a negatively charged
GO membrane can harvest energy from the unipolar cation
flow, a positively charged GO membrane harvests that from the
anion flow. Hence, packing the oppositely charged membrane
pairs in tandem results in superposed ionic flux and membrane
potential. In a recent study, Ji et al. used a carbodiimidemediated ligation reaction to conjugate positively charged
1-aminopropyl-3-methylimidazolium bromide (APMIB) onto
GO sheets that made them positively surface charged in
water.68 One pair of the positively charged GOM (p-GOM) and
the negatively charged GOM (n-GOM) were settled in a threecompartment electrochemical cell filled with high- (HC) and
low-concentration (LC) electrolyte solutions (Fig. 12A). In this
setup, the two side-compartments in contact with the electrodes
were filled with ionic solutions with identical concentration.
The influence of the asymmetric redox potential on the electrodes
can be perfectly eliminated. A maximum power density of
0.77 W m 2 with an energy conversion eﬃciency of 36.6% was
achieved by mixing artificial seawater (0.5 M NaCl) and river water
(0.01 M NaCl). The overall power density was about 54% higher
than using commercial ion exchange membranes. Besides simple
inorganic salt solutions, complex ionic solutions found in the
natural environment (acid rain, lemon juice), human metabolism
(sweat and urine), or industrial waste (alkaline liquor, brine, and
thermolytic solutions) could also be used to generate electric
power (Fig. 12B). Most intriguingly, tandem connected alternating
GOM pairs generated voltages up to 2.7 V, which was suﬃcient to
power real electronic devices, such as calculators, timers, thermo/
hygro clocks, and multiple light-emitting diodes (Fig. 12C and D).
To the best of our knowledge, for the first time it is found that the
salinity gradient power extracted by artificial nanofluidic devices
can be used to power practical electronic devices.
5.3

Power generation from moisture

To date, most of the reported 2D layer materials have been
homogeneous. However, towards the application in energy
conversion, our group demonstrated that heterostructures
might be a better choice for the separation of positive and
negative charge carriers.5 Recently, Zhao et al. developed a
novel strategy to harvest energy from moisture using a heterostructured GO membrane with a preformed oxygen-containing
group gradient (Fig. 13).105 The GO membrane was firstly
annealed in an electric field under moisture to induce the
oxygen content gradient. As shown in Fig. 13A, the bottom of
the electrically treated GO film had a higher oxygen/carbon
ratio than the top layers. Upon moisture adsorption, the GO
sheets released protons due to the solvation eﬀect of the
oxygen-containing groups (Fig. 13B), and formed a proton
gradient from the bottom towards the top of the membrane.
Driven by its gradient, the proton diﬀused from the bottom
to the top (Fig. 13C), establishing an electric potential and
current. Once the accumulation of proton balanced the electric
potential, the observed electrical current was eliminated (Fig. 13D).
Therefore, the current and potential response showed a peakshaped pulse for every cycle of moisture supply (Fig. 13E and F).
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Fig. 12 Salinity gradient power generation with negatively and positively charged GO membrane pairs. (A) Schematic illustration of the GOM-based
nanofluidic device for salinity gradient power generation. (B) The GOM-based nanofluidic generator can harvest osmotic power from various renewable
electrolyte solutions, including acid rain, juice, urine, sweat, industrial wastewater, brine, and thermolytic solutions. (C and D) Tandem GOM stacks
generate considerably high electrical voltages of up to 2.7 V, which can be used to power real electronic devices, such as calculators and light-emitting
diodes (LEDs). Reprinted with permission from ref. 68, Copyright 2017 John Wiley and Sons.

The obtained voltage and current were up to 20 mV and 5 mA cm 2
at their peak value.
One of the most common moisture sources in daily life is
the human breath. The authors further showed that the energy
of inhaling and exhaling could be harvested by the oxygengradient containing GO film. The rates of voltage and current
pulses were determined by the respiratory frequency, which was
further related to the rate of heartbeat. In this case, the device
could be employed to monitor the body condition without an
external power supply. They further suggested that, if combined
with an energy-storage unit, the prototype device could be
upgraded to provide stable power output instead of intermittent
pulses.
The heterostructured GO film based moisture-electric
generators eliminate the use of an external electrolyte solution
and show an important step forward in device miniaturization.
In a later study, the same group of authors extended the
gradient GO films for information storage via moisture induced
potential switching.106 The memory device had a remarkably low
error risk with an ON/OFF ratio of 106, and their performance was
highly stable. These results may spark new applications with the
gradient GO film.

6. Energy storage
The electrical double layer on the channel wall/electrolyte
interface separates cations from coions, and thus can be used
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to store electrical energy, namely electrical double layer capacitors
or supercapacitors.107,108 Compared to rechargeable batteries,
supercapacitors oﬀer much faster charge delivery, and maintain a
long cycle lifetime. Since the EDL naturally occurs on any charged
surface in an electrolyte solution, the formation of nanoscale
channels is not indispensable for supercapacitors, but it is nevertheless highly favored because the nanochannels make the best use
of the electrolyte solution volume.109
Graphene-based materials have been extensively studied for
supercapacitor applications, mainly because of their extremely
high specific surface area and their extraordinary mechanical,
electrochemical, and thermal properties.110 Being the thinnest
material, single layer graphene was reported to have a specific
EDL capacitance of B21 mF cm 2,111 which is the highest
among all carbon materials. Several comprehensive review
papers have focused on this field.112–117 Here, we highlight some
latest studies on energy storage in 2D nanofluidic systems.
Ajayan and co-workers demonstrated the fabrication of
micro-supercapacitors with in-plane and sandwich geometries
via laser-assisted patterning on hydrated GO films (Fig. 14A
and B).118 Laser reduction converted GO into rGO. It was thus
convenient to pattern any rGO–GO–rGO geometries. When
hydrated, the GO sheet adsorbed water and released protons,
which automatically formed nanofluidic channels with protons
as charge carriers. The energy was simultaneously stored in the
electrical double layer. This method eliminated the need for an
external electrolyte, and thus it is highly suitable for microsystems. To efficiently deliver power to external load, materials
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Fig. 13 Power generation from moisture. (A–D) The moisture–electric energy transformation (MEET) cycle. The adsorbed water molecules in the
gradient GO film (A) induce a proton concentration gradient (B). Driven by the concentration gradient, the protons move from the bottom to the top side
(C), building up an electric potential and current (D). (E and F) The generated voltage (E) and current (F) under intermittent RH variation. Reprinted with
permission from ref. 105, Copyright 2015 John Wiley and Sons.

for supercapacitors need to be highly conductive. However, a
GO film can serve as the starting material to fabricate graphene
supercapacitors since it can be conveniently and scalably
fabricated.
Kaner and co-workers also employed the laser scribing
technique to fabricate a supercapacitor.119 They placed a GO
film on a DVD disc and used the laser in a computer-controlled
DVD drive to reduce GO forming patterned graphene (Fig. 14C).
The laser-scribed graphene (LSG) shows excellent conductivities,
and the fabricated supercapacitor shows an ultrahigh energy
density of up to 1.36 mW h cm 3 and power density of up to
20 W cm 3.
It is worth noting that toward practical applications, graphenebased supercapacitors face a great challenge. Due to the strong
van der Waals interaction between the nanosheets, the 2D layered
membrane is highly vulnerable to aggregation or restacking,
which would severely reduce the surface area. Biological tissues
have their strategy to fight against aggregation by forming a
hydrated shell on the surface. The hydration shell provides a
strong repulsive force to prevent cells and tissues from collapsing.

This journal is © The Royal Society of Chemistry 2017

Inspired by this mechanism, Yang et al. created self-stacked,
solvated graphene (SSG) films by vacuum filtration of CCG
dispersions.120 The resulting SSG films were always kept wet
with a water content of up to 92%, and they were highly
conductive showing the nature of reduced graphene. In 1.0 M
H2SO4 electrolyte, the SSG film containing 0.45 mg cm 2 CCG
gave a specific capacitance of 215.0 F g 1. More importantly,
the SSG supercapacitor provided ultrafast and very stable
charge delivery rates, compared to activated carbon with large
mesopores and carbon nanotube films. The maximum power
density of the SSG film reached 414.0 kW kg 1 at a discharge
current of 108 A g 1, which is one to three orders of magnitude higher than those of freeze-dried SSG and thermally
annealed SSG.
Besides 2D layered membranes, 3D graphene-based materials,
such as 3D hydrogel films and crumpled graphene balls, were
also proposed for supercapacitors.121–124 Compared to the 2D
layered materials, 3D materials reduce the inter-sheet contact
area and are less subject to restacking of sheets. However, it is
beyond the scope of this review and is not discussed here.

Chem. Soc. Rev., 2017, 46, 5400--5424 | 5413

View Article Online

Published on 19 July 2017. Downloaded by Universiteit Twente on 29/11/2017 13:32:06.

Chem Soc Rev

Review Article

Fig. 14 Supercapacitors based on 2D layered materials. (A and B) Laser-patterning of hydrated GO films to fabricate micro-supercapacitors. (A) Scheme
of the fabrication of in-plane and sandwich geometries by laser patterning. (B) Photo images of the as-prepared devices. Reprinted with permission from
ref. 118, Copyright 2011 Nature Publishing Group. (C) Laser scribing to fabricate a graphene supercapacitor. The GO film was placed on top of a DVD disc,
and reduced by computerized laser scribing. The laser scribed graphene (LSG) was then peeled oﬀ and employed to construct the supercapacitor.
Reprinted with permission from ref. 119, Copyright 2012 American Association for the Advancement of Science.

7. Separator for batteries
In batteries and fuel cells, an insulating membrane is needed to
separate the anode from the cathode to prevent short current
while conducting ions to sustain charge circulation. Usually,
the anodic and cathodic reactions are coupled with only one
type of ionic charge carrier. An ideal separator membrane is
expected to facilitate the transport of the coupling ions, while
holding back other ions to prevent unwanted side eﬀects.125
In other words, the separator membrane should have excellent
selectivity for target ions. The aforementioned excellent charge
and size selectivity make a 2D layered membrane a promising
alternative for this application.
Huang et al. demonstrated the use of GO membranes for
anti-self-discharge separators in lithium-sulfur batteries.126
The lithium-sulfur battery has strong advantages in terms of,
for example, high energy density, environmental compatibility,
and low cost. However, the shuttle of polysulfides generated in
the cathodic reaction causes serious self-discharge and other
problems.125 When a layered GO membrane was used as the
separator, it endowed the battery with excellent stability and
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anti-self-discharge capability. As shown in Fig. 15A, the GO
membrane enabled the free transport of lithium ions, and
exhibited strong electrostatic repulsion and steric exclusion
towards the negatively charged polysulfides. The authors carried
out a simple permeation experiment to rationalize this mechanism.
They found that no Li2S7 was visually observed in the transparent
glass cells when using the GO membrane as the separator, which
could hardly be realized with conventional polymeric membranes.
The enhancement of electrochemical performance was also tested
in a cycling experiment. When the GO membrane was applied,
the coulombic eﬃciency increased from 67–75% to 95–98% in
100 cycles (Fig. 15B). The discharge capacity was also slightly
increased. Remarkably, the capacity decay rate per cycle reduced
from 0.49 to 0.23%, showing improved cycling stability.
Since the charge selectivity of the GO membrane originates
from the oxygen-containing functional groups, Gao et al.
exploited this property to further enhance the selectivity by
treating GO with ozone and made use of the chemically
modified GO in fuel cells.127 After ozone treatment, the oxidized
carbon atoms increased from 68.5% to 82.5%. The voltage drop
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modification of the 2D nano-building blocks makes the 2D
layered membrane materials more versatile to manipulate
the transport of diﬀerent ionic species. To achieve this goal,
inspirations from biological ion channels can be acquired to
diﬀerentiate ionic species on the sub-nanometer scale.130
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Fig. 15 Layered GO membrane used as a separator for a lithium-sulfur
battery. (A) Scheme of the experimental setup. The GO membrane allows
the transport of lithium ions but prohibits the shuttle of polysulfide ions.
(B) Electrochemical cycling performance with or without the GO
membrane, showing improved cycling stability by using the GO separator.
Reprinted with permission from ref. 126, Copyright 2015 American
Chemical Society.

across the ozone treated GO film was measured as a function of
the hydrogen partial pressure to confirm proton conductivity.
They found that the ozone treated GO film had higher proton
conductivity than untreated ones, owing to the higher content of
oxygen-containing functional groups. These oxygen-containing
groups oﬀer more hopping sites for proton conduction. In the
subsequent hydrogen/air fuel cell tests, the ozone treated GO film
exhibited superior performance as recorded by voltage–current
polarization plots. For long term tests, the ozone treated GO films
also show higher stability. Besides the GO film, a layered MoS2
film was also reported as an efficient separator in lithium-sulfur
batteries.128 A thin MoS2 layer was deposited on a conventional
Celgard separator via filtration. The composite separator was
highly efficient in suppressing polysulfide shuttle. As a result, the
battery capacitor decayed only 0.083% per cycle, which was
comparable to the top-level result obtained so far.
The above studies demonstrate the potential of 2D layered
materials as advanced battery separators. In diﬀerent battery
systems, the shuttle ions are diﬀerent depending on the
electrode materials. Therefore, the separators are required to
have diﬀerent selectivity for diﬀerent types of shuttle ions.
Tuning the selectivity of the 2D layered materials becomes a
very important issue in developing ion-selective separators for
real battery systems.129 The facile and highly eﬃcient chemical
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As mentioned above, one major diﬃculty in graphene-based
layered materials is the largely damaged permeability induced
by the collapsed hydrophobic laminas. Therefore, additional
spacers are needed to enhance the permeability, which impair
the selectivity. In addition, GO often suﬀers from chemical
instability for long-term use, particularly in a reducing environment,
or at elevated temperature. To address this problem, new 2D
nano-building blocks with high chemical and thermal stability
are in demand.
Recently, Huang and coworkers showed proton transport
through a reconstructed vermiculite membrane with high
thermal stability.131 Vermiculite is a kind of clay which is
commonly used as a growing medium for garden plants. It is
abundant in nature and highly stable in a harsh environment.
The authors exfoliated the vermiculite into few-layer sheets
simply via ion exchange in water, and then reconstructed them
into a laminate membrane via vacuum filtration (Fig. 16A and B).
The proton conductivity of the reconstructed vermiculite
membrane showed surface-charge-governed behavior at low
concentration. After being heated at 200 or 500 1C and then
rehydrated, its ionic conductivity remained almost unchanged
(Fig. 16C). The extraordinary chemical and thermal stability shed
light on its potential applications in industrial waste water
treatment, since the industrial waste water is corrosive and its
temperature is often much higher than ambient.132
Kaolinite, the most abundant mineral in soils, possesses
natural heterostructures in its crystal unit, in which a silicon
tetrahedron and an aluminum octahedron link by sharing a
plane of oxygen atoms (Fig. 17A).133 In contrast to the 1 : 2 type
clay materials, such as the vermiculite and montmorillonite,
the aluminum octahedral sheet (AOS) in kaolinite (1 : 1 type)
exhibits much higher chemical reactivity than the silicon tetrahedral sheet (STS), due to the presence of m-Al2-OH groups.134
In a recent study, Cheng et al. modified the exfoliated few-layer
kaolinite nanosheets with bis-(g-triethoxysilylpropyl)-tetrasulfide (Si-69).135 Taking advantage of the asymmetric crystal
structure, the Si-69 molecules solely reacted with the Al-OH
groups on AOS, exhibiting a Janus-like structure on the opposing
surfaces of the kaolinite nanosheets. After reconstruction, the
layered kaolinite membrane possessed both sub-nanometer
(6.8 Å) and nanometer wide channels (13.8 Å), depending on
the ways of restacking of the STS and AOS, as confirmed by the
XRD patterns (Fig. 17B). The reconstructed kaolinite membranes
(RKM) showed surface-governed ion transport behaviors even
in highly concentrated electrolyte solutions, and nearly perfect
cation-selectivity (t+ B 0.97). The RKMs also found superior
performance in osmotic and hydraulic energy conversion,
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than the GO membrane with approximate rejection rate for Evans
blue. The high water affinity provided by sulfur atoms was
responsible for this phenomenon. Later, the same group further
explored the separation performance of another transition metal
dichalcogenide, WS2.138 In this experiment, they applied ultrathin
nanostrands between the WS2 layers to generate more fluidic
channels, and therefore considerably enhanced the water permeability, with the rejection rates being well preserved.
Besides, MXene, a family of 2D materials based on transition
metal carbides and/or nitrides, also shows attractive potential
in water treatment applications.139 The Gogotsi group recently
found that a MXene membrane exhibited ultrafast water transport
of 37.4 L Bar 1 h 1 m 2, owing to the hydrophilic nature of
MXene.140 In the permeation test, the membrane was observed to
preferentially transport cations based on charge and size selectivity,
similar to that found in GO membranes.
From these studies one can see that graphene-based materials
are not the only solution for high flux water treatment. A huge
number of 2D materials beyond graphene oﬀer physical and
chemical variables, leading to completely diﬀerent properties
and enhanced performance. Exploring these possibilities to finely
tune the nanofluidic transport properties is of great interest for
future research and applications.132

9. Simulation methods

Fig. 16 Layered vermiculite membrane. (A) Optical image of a freestanding vermiculite membrane. (B) SEM image of the cross section shows
the laminated structure. (C) After being heated to 200 and 500 1C, its ionic
conductivity remains unchanged, showing extraordinarily high thermal
stability. Reprinted with permission from ref. 131, Copyright 2015 Nature
Publishing Group.

compared with GO membranes. To the best of our knowledge,
this is the first 2D nanofluidic systems that are reconstituted
from heterogeneous nano-building blocks. This study adds
another economic, stable, and eco-friendly platform for nanofluidic applications.
Although graphene-based materials have shown great potential
for water treatment, researchers are still searching for alternative
2D materials to further promote the performance.136 Peng and
co-workers demonstrated molecular separation with a laminar
MoS2 membrane.137 The water permeability was 3–5 times higher
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Numerical simulations and analytical methods are extensively
used to better understand the transport mechanism in nanofluidic channels.141–144 Molecular dynamics simulation is one
of the most widely used simulation methods to tackle these
phenomena because it can accurately capture the complicated
molecular interactions and the discreteness nature down to
the atomic scale.145–149 To account for the fast ion permeation
through graphene oxide membranes, Joshi et al. employed
the molecular dynamics method and found that the fast ion
permeation results from the large capillary-like pressure
(Fig. 18A).38 The intermolecular interactions were modeled by
Lennard-Jones potential and Coulomb potential. Surprisingly,
they found that the salt keeps moving into the lamellar nanochannel even when against a large concentration gradient. This
strong adsorption capability induced a capillary pressure of
more than 50 bars that sucked the ions into the nanochannel,
responsible for the ultrahigh permeability. In addition, by
changing the size of the graphene oxide capillary, they found
that the ions with small hydration radii permeated at almost
the same rate, whereas those with larger hydration radii could
not permeate (Fig. 18B).
In a later study, Geim and co-workers used molecular
dynamics simulations to investigate the water transport in
atomically thin 2D graphene capillaries (Fig. 18C).48 The capillaries were filled with water and the evaporation of the
extended meniscus at the mouth drove the water transport.
The results revealed that the ultrafast water transport rate can
be attributed to the presence of the very high capillary pressure
(B1000 bar) and the large slip length (Fig. 18D).
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Fig. 17 Self-assembly of a 2D nanofluidic system with a heterogeneous nano-building block in kaolinite. (A) The crystal structure of kaolinite (1 : 1 type) is
composed of a silicon tetrahedral sheet (STS) and an aluminum octahedral sheet (AOS). After exfoliation, the AOS can be selectively modified due to the
presence of Al–OH groups. The reconstructed kaolinite membrane (RKM) possesses two different types of lamellar nanochannels, depending on the
ways of restacking of the STS and AOS. (B) XRD results confirm the presence of the two types of nanochannels, and indicate that their height is about
13.8 and 6.8 Å, respectively. Reprinted with permission from ref. 135, Copyright 2017 John Wiley and Sons.

Despite their great success in capturing the complicated
transport mechanisms, the application of the molecular
dynamics method is held back by its very low eﬃciency and
limited scale because the computation capability scales with
the number of calculated atoms. The scale-up of this method
remains challenging or even becomes invalid.150 In this context,
a continuum model based on, for example, coupled Poisson and
Nernst–Planck (PNP) equations, is developed to investigate the
ion transport in 2D nanochannels on a larger scale.151–153 In the
continuum model, ionic species of the same type are collectively
considered and the water inside the nanochannels is treated as a
continuum medium. Compared with the relatively large channel
size, only electrostatic force between mobile ions and that
between the ions and the fixed channel wall is considered. These
approximations dramatically simplify the model calculation and
provide affordable computation scale. The PNP equations based
continuum model is very successful in 1D nanofluidic systems. It
is widely used to predict and analyze nanofluidic diodes,154,155
transistors,156,157 and even more complicated transport
behaviors, such as concentration polarization,158,159 and energy
conversion.160,161
Recently, Cheng et al. employed the continuum dynamics
method to elucidate the ion transport properties in the complex
network of 2D nanofluidic channels.162 The nanofluidic contours are represented by the model shown in Fig. 19A, where
the cascading nanoslits are composed of uniform graphene
sheets. The lateral size of individual nanosheets (L) and the gap
distance between the ends of nanosheets (d) are determined by
fitting the calculation with experimental results. The interlayer
spacing (d) was tuned by the capillary compression process,
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ranging from subnanometer to B10 nm. On the nanometer
scale, the scaling relationships derived from experiments and
simulations were in good agreement (Fig. 19B). But in the
sub-nanometer range, the continuum assumptions are expected
to break down. Indeed, in their results, after introducing a
hindrance factor (H) to account for the steric eﬀect, the simulation
result deviated from experiments for a layer spacing of 0.5 nm
(Fig. 19B). These results are of great importance because they
justify the applicability of continuum dynamics in 2D nanofluidic
systems, and will spark further studies.
Yoshida and Bocquet demonstrated that the continuum
dynamics is indeed applicable to address the water flow across
graphene membranes.163 They developed a lattice-Boltzmann
model, and obtained consistent results with the molecular
dynamics, with appropriately chosen parameters. They refuted
the breakdown of continuum dynamics on the sub-nanometer
scale. However, this milestone theoretical assertion needs to be
comprehensively supported by experimental results. Overall,
the continuum model for 2D nanofluidics is still in its infancy.
Extensive eﬀorts are required to elucidate its applicability and
limitations.164

10. Challenges and outlook
The technical aspects of the above-mentioned applications of
2D nanofluidic systems are summarized in Table 1. Generally,
facile and scalable fabrication is the most important feature in
all the applications. Besides, for biomimetic ion transport,
eﬃcient chemical modification is highly desirable, which enables
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Fig. 18 Molecular dynamics simulation method used for the transport properties in 2D nanofluidic channels. (A) Simulation of ion transport in GO
capillaries. (B) Sharp size cut-oﬀ eﬀect is found for ion permeation. Smaller ions have nearly identical permeation rates, while larger ions cannot permeate
at all. Reprinted with permission from ref. 38, Copyright 2014 American Association for the Advancement of Science. (C) Simulation of water transport in
graphene capillaries. The capillary is filled with water and the driving force is provided by evaporating the extended meniscus at the mouth. (D) Simulated
slip length (d) and water flux (Q) as a function of graphene layers (N). Both non-equilibrium (NEMD) and equilibrium (EMD) models are used. The large slip
length enabled ultrahigh water flux. Reprinted with permission from ref. 48, Copyright 2016 Nature Publishing Group.

modifying the GO surface with recognition peptide or responsive
molecules. For molecular sieving and water treatment, high
flux and tunable channel size are the key points. High flux
ensures high throughput, and tunable channel size enables
perfect selectivity. To achieve high flux, hydrophobic membrane
materials with enlarged channel size and reduced membrane
thickness are preferred. Other 2D materials, including MXene
and transition metal dichalcogenides (such as MoS2), also show
superior performance, compared to graphene-based materials.
To achieve high selectivity for molecular sieving, thick membranes are preferred. In energy conversion applications, high
ionic flux is the most crucial factor. That is why graphene-based
materials are used in most studies. However, mineral-based
materials, such as vermiculite and kaolinite, also show potentials to be cost-eﬀective alternatives. In addition, chemical
modification is of great importance for constructing tandem
nanofluidic power generators. For energy storage, graphenebased membranes have high specific surface area and packing
density, which promote the power density and energy density. In
these applications, rGO is preferred due to its higher conductivity,
but generally, its channel size needs to be enlarged to prevent
restacking. Finally, selectivity is crucial for battery separators. For
example, in lithium-sulfur batteries, GO membranes can transport
lithium ions while blocking polysulfide. Chemical modification,
such as ozone treatment, can further improve the separator
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performance. Moreover, MoS2 was also demonstrated to be an
eﬃcient separator.
Despite these great achievements, 2D nanofluidics still
faces challenges toward real-world applications. For most bulk
nanostructured materials, stability is among the most common
ones. GO membranes suﬀer from chemical reduction at elevated
temperature or during long time use and structural disruption in
an aqueous environment owing to the weak interlayer van der
Waals attraction and strong electrostatic repulsion. Additionally,
in membrane-based technologies, the permeability–selectivity
trade-off is an unsettled challenge. Atomically thin few-layer
membranes have the highest permeability but low selectivity,
whereas thick membranes have low permeability but the highest
selectivity. Balancing the selectivity and permeability is crucial
for the development of high-performance membrane materials
for practical applications. In our opinion, the development of
nacre-inspired 2D layered materials is still in its infancy despite
its great potential. In this section, we discuss the challenges in
detail and provide an outlook for future studies with emphasis
on bio-inspiration.
10.1

Stability

GO sheets are known to be amphiphilic and become negatively
charged on hydration. When immersed in water, the repulsive
electrostatic and hydration forces cause the solvated GO sheets
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To avoid the unwanted metal contamination, our group
proposed a mild thermal annealing method to successfully
enhance the stability of the GO membrane in water (Fig. 20B).68
The mild thermal annealing induced a temperature-driven diﬀusion of oxygen atoms on the basal plane of GO sheets,169 forming
aggregated oxidized (hydrophilic) and graphitic (hydrophobic)
regions (Fig. 20C).170 Upon hydration, the hydrophobic graphitic
domains collapse into a graphite-like phase, as verified by XRD
patterns. These pin-like structures reinforce the interlayer van der
Waals interaction and stabilize the entire membrane structure.
The hydrophilic oxidized regions expand to an interlayer spacing
of about 1.0 nm that still allow the transport of most hydrated
small ions, such as K+, Na+, Cl , etc.
10.2

Fig. 19 Continuum dynamics model of ion transport in GO-based lamellar
nanochannels. (A) The simulation model. The cascading nanoslits are
composed of individual nanosheets with a lateral size of L. The layer spacing
is d, and the gap between ends of nanosheets is d. (B) The simulation and
experiments are in good agreement on account of the ion transport scaling
behavior when the interlayer spacing is on the nanometer scale. After
considering the steric eﬀects, the simulation deviates from experiment for
d = 0.5 nm. Reprinted with permission from ref. 162, Copyright 2016
American Association for the Advancement of Science.

to separate from each other, and eventually lead to the
re-dispersion of the GO membrane. Although several groups
reported the use of GOMs for molecular separation and
nanofluidic devices, the stability of GOM in water still remains
controversial.165–167 Yeh et al. revealed that the apparent
stability is due to the contamination of multivalent ions.168
An anodic aluminum oxide (AAO) membrane is generally used
to filter a GO dispersion. The released Al3+ ions from the AAO
filter crosslink the negatively charged GO sheets, endowing
the membrane with excellent stability in water (Fig. 20A).
In contrast, the GO membranes prepared with a polymeric
filter quickly re-disperse in water. This fundamental discovery
suggests that (1) using a polymeric filter instead of AAO could
avoid unwanted ion contamination; (2) the GO membrane is
intrinsically unstable; (3) when divalent or multivalent ions
are present, their side effects should always be taken into
consideration.

This journal is © The Royal Society of Chemistry 2017

Permeability–selectivity trade-off

One of the primary challenges in membrane-based technology
is the permeability–selectivity balance. Ideally, an ultrathin
defect-free membrane should be the ultimate solution: the
defect-free property ensures the best selectivity and the ultrathin property enables the highest permeability. Here, the term
‘‘defect-free’’ means that the membrane possesses a perfect
laminar structure, although in some references, the interconnected nanochannels themselves and the oxidation region
on GO sheets are also viewed as defects.171 To date, there
has been no significant challenge in fabricating ultrathin 2D
layered membranes, but it has been extremely challenging
to eliminate defects from these ultrathin membranes.172–176
In general, the permeability is partially sacrificed to promote
the selectivity by increasing the membrane thickness. It is thus
desirable to explore how the thickness affects the balance
between permeability and selectivity.
Hu et al. used few-layer GO membranes to ensure high water
flux.83 Although they obtained an impressively high rejection rate of
93–95% for organic dyes, the non-perfect rejection suggests that
there still exist a small number of structural defects. In contrast,
Joshi et al. found that their 5 mm-thick GO membranes had almost
perfect selectivity to molecules with a particular size.38 It is expected
that, with that thickness, the effect of structural defects is easily
suppressed by the thousands of restacked GO laminates.
To further explore the role of defects, Coleman et al. measured
the ion transport properties in GO membranes with varied
thickness.177 Ru(bpy)32+ and Ru(phen)32+, with sub-angstrom size
diﬀerence but identical charge and a similar structure, were used
as probing ions. In this way, only the steric interaction aﬀects the
ion selectivity. They concluded that, in thin membranes, the
transport was dominated by pores between neighboring sheets in
the plane, suggesting that there might be a considerable amount
of defects. But in thick membranes (around 3.5 mm), the transport
was governed by the 2D nanoslits.
Based on these studies, it can be roughly concluded that
the minimum thickness to ensure perfect size selectivity is in
the range of micrometers. As a result, another strategy is to
enhance the permeability while tolerating medium selectivity.
To do this, one could even intentionally introduce more defects,
by inserting, for example, carbon nanotubes or nano-strands into
the membranes.70 An alternative option to fight against structural
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Summary of materials and exploited features of 2D nanofluidic systems for diﬀerent applications

Applications

Materials

Features of 2D nanofluidic system

Examples of
key reference

Biomimetic transport

GO modified with responsive molecules
GO modified with recognition molecules

Eﬃcient modification, facile and
scalable fabrication

78
76

Molecular sieving and
water treatment

Micrometre-thick GOM
Layer-by-layer deposited ultrathin GOM
rGO with enlarged channel size
MXene
MoS2
WS2

Highly selective, high flux, facile and
scalable fabrication, tuneable channel size

38
83
70
139
140
138

Energy conversion

Chemically converted graphene
GO and chemically modified GO
Gradient GO
Vermiculite
Kaolinite

High flux, eﬃcient modification, facile and
scalable fabrication, high stability
(for mineral-based materials)

94
68, 101 and 103
105
131
135

Energy storage

rGO–GO–rGO sandwiched film
Self-stacked, solvated graphene
Liquid mediated graphene
Laser reduced GO

Facile and scalable fabrication,
high specific surface area, high packing density

118
120
40
119

Battery separator

GO
Ozone treated GO
Thin MoS2 layer

Highly selective, eﬃcient chemical
modification, facile and scalable fabrication

126
127
128

Fig. 20 Stability of a hydrophilic GO membrane in water. (A) Pure GO membrane (filtered using a Teflon membrane) is unstable in water (left). GO
membrane filtered using an AAO filter is very stable in water (right). Reprinted with permission from ref. 168, Copyright 2015 Nature Publishing Group.
(B) The as-prepared GO membrane is unstable in water (left). After a mild thermal annealing process, the GO membrane becomes stable (right).
(C) Stabilization mechanism of the mild thermal annealing process. The as-prepared GO membranes are unstable in water. After mild thermal annealing,
aggregated oxidized regions and graphitic regions are present on the GO sheet. Upon hydration, the hydrophobic graphitic regions collapse into
graphite-like structures that pin the entire GOM as a whole, and therefore stabilize the membrane. Reprinted with permission from ref. 68, Copyright
2017 John Wiley and Sons.

defects is reduction via thermal or chemical treatment.96 After
reduction, the interlayer repulsive force should decrease, resulting
in a less defective membrane structure.
10.3

Outlook

Numerous studies have shown the great potential of 2D layered
materials for nanofluidic research and applications. Future work
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is directed to address the various challenges discussed above.
Innovative technologies are in demand to enhance the structural
stability of the membrane materials. Chemical or physical crosslinking of the 2D nanosheets is a viable option, but it needs to be
ensured not to severely hinder the mass and charge transport.
Strong crosslinking to retain the highly ordered laminar structure
in ultrathin membranes might solve the permeability–selectivity
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trade-off. The potential of covalent crosslinking is already shown
to be effective in building structurally stable ultrathin GO
membranes.83 New crosslinking chemicals and methods are still
in demand. Accessing the frictionless transport of graphene is
another interesting topic. Great efforts are needed to fabricate
pristine graphene membranes, while preventing the sheets from
restacking. One feasible method is to use spacers to separate the
sheets.
It’s also worth noting that the 2D layered membranes allow
both vertical and horizontal ways for the ionic transport.27
Although most studies so far have employed the vertical transport
in pursuit of high flux, the horizontal transport oﬀers diﬀerent
advantages. In this case, the nanofluidic device can be assembled
in a planar manner, just like the microfluidic chips and semiconductor chips. This unique advantage sheds light on the facile
and large scale integration of nanofluidic devices on a chip.
Recently, it was shown that 2D-material-based transistors can be
built via a printing technology.178 This research may pave the way
to on-chip applications. In addition, one could now use these 2D
layered materials to mimic the biological process in the cellular
environment.179 For instance, the influx and outflux of reactants
and products in certain biochemical reactions can be actively
controlled via the responsive transport properties in 2D nanofluidic systems. This task should be extremely challenging in
conventional 1D nanopores, since the inlet and outlet pathways
are arranged in-line in the horizontal direction.
Bio-inspired smart 2D nanofluidic devices are of great
interest for future studies. New features can be found with
the continuous uptake of new biological inspirations.180,181 By
chemically modifying the 2D nano-building blocks with responsive molecules or functional groups, one would be able to tune
the surface properties of the channel wall via external stimuli to
control the mass and charge transport behavior in 2D nanofluidic systems. The huge family of 2D nanomaterials provides
abundant electrical, optical, and mechanical properties, which
could be potentially combined with nanofluidic devices, to
create new possibilities for future applications.
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