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ABSTRACT

Water scarcity is one of the most critical issues of this century. Currently, water desalination is performed
using polymeric membranes. However, the polymers suffer from low water permeability and degrada-
tion, both of which increase energy consumption and the cost of water desalination. There have been
several breakthroughs by deploying two-dimensional (2D) materials with the merits of excellent water
permeability and chemical resistance, rendering them highly promising as alternative materials of choice
for water desalination. However, controlling and maintaining the pores and channels of 2D-based
membranes down to the subnanometer level is a challenging process. Herein, we summarized the
research progress on 2D materials for membrane-based water desalination. Several nanoporous and
stacked membranes of 2D materials are discussed. Design strategies to maintain the stability of the
membranes are particularly elucidated, including pore size optimization and interlayer spacing engi-
neering down to subnanometer scales. The current challenges and future research directions are also
presented.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

One of the unrelenting global issues in the21st century is the
inadequate availability of clean water. Rapid urbanization, popu-
lation growth, and climate change directly account for freshwater
scarcity on our planet [1,2]. Half of the world’s population live in the
close vicinity of oceans that cover 80% of the earth’s water supply.
Hence, seawater desalination could solve the world’s water short-
ages problems, especially in the areas where ground or spring
water is not available [3—5]. Water desalination based on mem-
branes is one of the most energy-efficient approaches currently
implemented in the industry [6].

Membranes generally act like sieves where water molecules are
permeated while dissolved salt ions are blocked. The first step in
designing membranes is to identify the substances to be removed.
Sodium (Na™) and chloride (Cl™) ions (i.e. monovalent ions) form
85% of seawater minerals, with magnesium (Mg?*), calcium (Ca®™")
and sulfate (SOF") ions (i.e. divalent ions), together counting 12%

* Corresponding author.
** Corresponding author.
E-mail addresses: pan.xiong@njust.edu.cn (P. Xiong), guoxiu.wang@uts.edu.au
(G. Wang).

https://doi.org/10.1016/j.mtadv.2020.100108

[7]. Hence, the separation of monovalent ions removes the majority
of the ions from seawater and makes it drinkable. However,
monovalent ions are significantly more challenging to filter out
than divalent ions due to their smaller size [8]. The separation of
monovalent ions via membrane-based technique requires mate-
rials that have pores/channels with sizes of less than 1 nm (i.e.
subnanometer scales) [9].

Currently, the principle filtration technique in the commercial
market is based on thin-film composite membranes, where the
dense polyamide layer with its subnanometer pores is responsible
for blocking monovalent ions [10]. However, polyamide has several
drawbacks, such as low water permeability and degradation [11].
Generally, the polymeric membranes suffer from weak chemical
resistance, limited lifetime, and membrane fouling [12]. These is-
sues have forced researchers to pursue inorganic materials that
have the merits of outstanding water permeability, thermal sta-
bility, solvent resistance, and durability [13—15]. Several inorganic
materials such as zeolites [16,17], and carbon nanotubes [18], have
been employed for water desalination due to their subnanometer
pores/channels. However, the high cost- and time-consuming
process in preparing perfectly ordered subnanometer arrays of
zeolites and carbon nanotubes hinder their commercialization for
water desalination [19].

2590-0498/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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As another alternative to polymeric membranes, 2D materials
are actively sought after since they can achieve ions-sieving either
via in-plane pores or channels of stacked nanosheets, both of which
can be economically produced at large-scales. The hyper-thinness
of 2D monolayers renders possible the fabrication of ultrathin
membranes with excellent mass transport and high water flux
[19—23]. Besides, 2D materials can significantly enhance the solute-
solute selectivity due to their structural and chemical homogeneity
[9]. 2D materials are well-known for nanofiltration membrane
applications (i.e. molecular and divalent ions sieving with sizes
above 1 nm) [24,25]. Several review articles have summarized 2D
materials for molecular sieving and nanofiltration applications
[26—29]. However, most of them lack the implementation of 2D
materials, specifically for monovalent ion sieving. This is because
controlling and maintaining the pore/channel sizes of 2D-based
membranes down to the subnanometer level is a challenging pro-
cess. There have been several profound scientific breakthroughs in
tuning the pores and interlayer distances of 2D materials down to
the subnanometer scale [30—32]. Furthermore, new 2D materials
and novel techniques have enabled electrostatic exclusion capa-
bilities, leading to monovalent ion sieving without the need for
subnanometer scale size-tuning [33,34]. Thus, it is essential to re-
view the 2D materials and nanotechniques for obtaining mono-
valent ion sieving via pores, nanochannels, and electrostatic
repulsion effects for desalination.

In this review, we overviewed the recent progress on 2D
material-based membranes for water desalination. We first dis-
cussed the mechanism of water desalination across 2D materials.
Then, two types of nanoporous and stacked membranes were
summarized together with the underlying challenges of optimizing
pores and channels down to the subnanometer scale. Finally, we
proposed future research directions for the implementation of 2D
materials for water desalination. It is envisioned that membrane-
based water desalination could be significantly energy-efficient
and low-cost upon employing 2D materials.

2. Mechanism of water desalination in 2D materials

It is crucial to understand the diffusion of water molecules or
solutes and solvents for designing desalination membranes. For any
membrane, regardless of its type, the transportation of water is
governed by the solution-diffusion model, Eq. (1):

Jw=A(4P — dmm) (1)

where Jiy is the volumetric water flux, A is water permeability
coefficient (permeance), 4P is the applied hydraulic pressure, and
Amy is the osmotic pressure difference between feed and permeate
side. In reverse osmosis (RO), the water flow is driven by hydraulic
pressure, whereas in forward osmosis (FO), the osmotic pressure
drives the stream via a highly concentrated draw solution. Hence,
increasing either external pressure on the feed solution in RO
mode, or raising the concentration of draw solution in FO mode
accelerates the diffusion of solute molecules across the membrane.

The solute flux can be modelled using Fick’s law of diffusion, Eq.

(2):
Js=Bdcm (2)

where J; is the solute flux, B is solute permeability coefficient, and
Acm is the solute concentration difference across the membrane.
From Fick’s law, it is concluded that regardless of FO or RO opera-
tion, increasing the concentration of feed solution accelerates sol-
vent diffusion across membranes. Eqs (1) and (2) clearly show the
contribution of the membrane’s active layer towards solvent/solute
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permeability via A and B coefficients. For commercial membranes,
these coefficients can be tailored via changing the thickness of the
polyamide layer. Usually, commercial polyamide layers have a
thickness of ~150 nm. Reducing the width of the selective layer
results in higher water permeability, but it comes at the expense of
higher salt permeability (i.e. low salt rejection). Hence, the control
of compactness, thickness, and chemistry of polyamide layers
considerably affects desalination performance [11].

For 2D materials, the mechanisms are identical, except instead
of dense polyamide layers, the nanosheets perform the selective
mass transportation. Ion sieving can be achieved either via drilling
subnanometer pores on the surfaces of nanosheets, or nano-
channels from the stacked membranes (Fig. 1a, d). Selective mass
transport through the 2D materials-based membranes for desali-
nation is mainly achieved via two principal mechanisms, e.g. size
exclusion and Donnan electrostatic exclusion. Based on the size-
exclusion mechanism, the water molecules of smaller sizes are
permeated while hydrated ions are blocked. In 2D materials, water
desalination via size exclusion can be achieved either through the
in-plane nanopores on single monolayers (Fig. 1b) or as stacked
nanosheets on top of one another with the nanochannels in be-
tween (Fig. 1e) [21]. The second principle mechanism is due to the
electrostatic Donnan exclusion effect, where electrically charged
surfaces block the hydrated ions [35]. Regardless of stacked or
nanoporous membranes, the Donnan effect plays a crucial role in
selective transportation. In this case, surface electrostatic charges
block ions either on the pore edges of the nanopores (Fig. 1c) or on
the line edges and surfaces of nanosheets (Fig. 1f).

For stacked membranes, increasing the interlayer distances also
increases Jiy followed by the increase in salt diffusion Js. Whereas
for nanoporous membranes, Ji; and J; is directly proportional to the
pore sizes. Hence, to achieve selective mass transfer and to obtain
the optimum selectivity (Js) /permeability (Jyy) trade-off, one
should optimize the pore size of the nanoporous membranes or
tune the interlayer distances of the stacked nanosheets. The surface
chemistry and polarity of the nanopores and nanosheets could also
alter salt rejection performance. Although we mainly focus on the
techniques for tuning interlayer distances of stacked membranes in
this article, we also briefly discuss the effect of surface chemistry
and Donnan exclusion in the last section of this review.

3. Nanoporous membranes

Nanoporous membranes are highly promising due to their
atomic thickness, which decreases solute diffusion friction
dramatically, resulting in impressive water permeability. Tuning
pore sizes below the sizes of the hydrated ions would render
possible the application of these membranes for monovalent ion
removal [14,36,37]. In this section, 2D materials with externally
drilled pores (extrinsic pores) and ingenious/intrinsic pores for
water desalination applications are discussed.

3.1. Extrinsic pores

Developing nanopores on monolayers of 2D materials is a
unique technique to produce membranes with ultra-high water
permeability. Parameters such as defects [30,38,39], pore size
[30,39], pore surface chemistry [40,41], and mechanical strength of
nanoporous monolayers [42,43] are essential to consider for prac-
tical applications.

O’Hern et al. grew defective graphene via CVD and bombarded it
with gallium ions. Before gallium ion bombardment, the defects
were sealed using polymers and atomic layer deposition (ALD)-
coated hafnium oxide. This membrane, however, showed relatively
low water permeability and salt rejection rates, especially for NaCl.
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Fig. 1. Mechanism of water desalination in 2D materials. Water molecules across a) in-plane nanopores of monolayers, and d) nanochannels of stacked nanosheets. The ions are
blocked via size exclusion effect on 2D materials via their b) nanopores, and e) interlayer spacing. The Donnan electrostatic exclusion effect of ions via ¢) nanoporous 2D materials,
and f) 2D nanochannels of stacked nanosheets. g) The symbols of the water molecule, ion, electrostatic charge, water permeation, and ion rejection.

The low salt rejection and low water permeability could be corre-
spondingly pertinent to undesired defects, which could not be
perfectly sealed and the nature of the nanopore chemistry,
respectively [39]. Growing defect-free graphene, however, resulted
in membranes with much better performances that should be
taken into account upon realizing these types of membranes
[30,43].

To produce pores on graphene, O’Hern et al. utilized the Gallium
ions bombardment technique. This technique yielded sub-
nanometer pores with a mean diameter of 0.152 nm with no holes
larger than 0.5 nm. These pore sizes could theoretically permeate
water molecules while blocking salt ions (van der Waals diameter
of the water molecule and hydrated salt ions are approximately
0.275 nm and 0.7 nm, respectively). The membrane demonstrated
1.51 L/m?/h/bar (LMHB) flux with a 70% rejection of MgSOy,. There is
no report on tuning pore sizes via the traditional Gallium ions
bombardment technique [39]. Deploying oxygen plasma technique,
however, could solve this issue, leading to pores of various sizes
[30,43]. In one study, Surwade et al. grew defect-free graphene and
deployed oxygen plasma as a method to generate subnanometer
pores. This strategy yielded ultra-high water flux as high as 70 g/
m2/s/atm (254 LMH) that is significantly higher than theprevious
research by a considerable degree and also among the highest ever
reported (Table 1). The pore formation could be studied using
Raman plot via the ratio Ip to I, which is a widely recognized
technique to measure defects in graphene [44]. Increasing plasma
etching time increased the Ip/I¢ ratio, and also reduced the length of
neighboring pores. However, excess of plasma exposure eliminated
the 2D nature of carbon, producing amorphous carbon due to the
elimination of the 2D peak (Fig. 2a) [30].

The nature of pore chemistry either depends on the external
factor such as pore fabrication technique [30,39,43], or ingenuine

properties of the materials [19,41]. Although having the same sizes,
the pores developed by oxygen plasma demonstrated higher water
permeability compared to those produced by Gallium Ions
bombardment [30,43]. It is stated that the surface chemistry of the
pores dominates the water structure in the nanopores [45]. In a
theoretical simulation by Cohen et al. the hydroxyl functional
groups on the edges of nanopores could roughly double the water
flux due to their hydrophilic character [40]. Hence, it is arguable
that oxygen plasma could have hydroxylated the pores, dramati-
cally enhancing the water flux. Deployment of other nanopore
fabrication techniques such as chemical etching [46], electro-
chemical reactions [47], annealing under oxygen [48], and chemical
oxidations [49] could also alter pore chemistry, demanding further
investigations.

As another factor that alters the nature of pore chemistry is the
intrinsic elemental features of 2D materials [19,41]. As an alterna-
tive to graphene monolayers, transition metal dichalcogenides
(TMDs) could also be promising for this application due to their
both surfaces being exposed to sulfur atoms, rendering them highly
hydrophilic with high affinity for water molecules [19]. Heiranian
et al. theoretically simulated water desalination through nano-
porous molybdenum disulfide (MoS;). The results proved that the
membranes could obtain 70% higher water flux compared with
graphene nanopores while maintaining 88% ions rejection rate.
More specifically, of the three pore configurations of molybdenum
only, sulfur only, and mixed, the molybdenum-only pores showed
the highest water velocity and also water density. This performance
was ascribed to be due to the hydrophilic nature of molybdenum as
it attracts water to the pore interior (Fig. 2b—d) [41].

One of the most important problems to tackle with these
membranes is the mechanical fragility due to the atomic-layer
thickness of the nanosheets. In one insightful study by Ferrari
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Table 1
Performance comparison of 2D material membranes for water desalination.
Membrane Classification Membrane Preparation Technique Salt rejection rate® Water flux® Stability Test condition®” Ref.
Materials
Nanoporous Single-layer CVD followed by 87% 97.6 LMHB 24 h 2,000 ppm NaCl [43]
nanoporous oxygen plasma etching (cross-flow reverse
graphene@ single- for subnanometer pore 0smosis)
walled carbon generation
nanotubes
Subnanometer CVD followed by ~10% for [16.6 mM ~33 LMH N/A [glycerol [39]
porous Gallium ion NaCl/glycerol ethoxylate/de-
monolayered bombardment ethoxylate] ionized (DI) water]
graphene FO (~25 atm)
Single-layer CVD followed by 100% 254 LMHB 25h [DI water/1 M KCI] [30]
nanoporous oxygen plasma etching (FO)
graphene for subnanometer pore
generation
Metal-organic Exfoliation of the bulk ~100% 0.04 LMHB 750 h [DI water/0.5 M [57]
framework layered structure Nacl] (FO)
Stacked Unmodified Few-layered MoS; Chemical vapor 99.5% [DI water/0.1 M 322 LMHB 1.78% salt rejection DI water (dead- [98]
deposition Nacl] (FO) degradation after  end) under 1 bar
24 h
MXene Vacuum filtration (self- 99% 0.06 LHMB 70 h [DI water/0.2 M [34]
cross-linked by Nacl] (FO)
heating)
rGO and reduced by Vacuum filtration 02mol 'h™'m2  57.0LMH N/A [DI water/2 M NaCl] [69]
HI (Free-standing) [0.1 M NaCl/0.5 M (FO)
NH,4HCO5] (FO)
rGO laminates Physical binding using 97% 0.5 LMH 20 h 0.1 M NaCl/3 M [32]
(Interlayer spacing epoxy (free-standing) sucrose (FO)
control using
humidity control)
MoS; modified by ~ Vacuum filtration 99% [0.1 mM/1 M 262 LMHB 8% salt rejection 1 M NaCl under [97]
organic dyes Nacl] (FO) degradation after 1 bar (dead-end)
3h
PDDA- Pressure Filtration 96% 14 LMH 120 h 50 ppm NaySO4 [35]
functionalized GO  (~3 bar) (dead-end)
Methyl- Vacuum filtration 87% 80 LMH (dead- 15 h (20% water [0.1 M NaCl/3 M [100]
functionalized end) under flux reduction) KClI] (FO)
MoS, 4 bar
Modified Metal ions GO cross-linked by Drop casting (free- 2.7 x 1072 mol/h/m? 0.1 LMH 5h [0.25 M KCl/0.25 M [75]
K" ion standing) KCI + 0.25 M Nacl]
(FO)
K* ion-modified GO Doctor blade casting 82% 100 LMH 80 min (37% water 100 mgL NaCl [76]
(free-standing) flux reduction) (dead-end) under
1 bar
AP*-jons Vacuum filtration 96.5% 2.8 LMH 400 h [2 M sucrose/0.1 M [77]
intercalated NaCl
TisCoTx MXene
Monomers GO cross-linked by ~Vacuum filtration 36.3% 4.1 LMH N/A 1,000 ppm NaCl [81]
EDA (dead-end) under
1 bar
MPD-TMC cross- Pressure Filtration ~1.5 g/h/m? ~18 LMH 350 min (1.3% [DI water/2 M NaCl] [82]
linked GO (5 bar) water flux (FO)
reduction)
Polymers GO cross-linked Spin coating (Free 99.9% 25.8 LHM Few weeks [DI water/1 M NaCl] [85]
with polymer radical polymerization) (FO)
GO cross-linked Vacuum filtration (Free 98.5% 35.6 LHM N/A [2,000 ppm NaCl/DI [86]

@ (‘Salt rejection rate’ and ‘Water flux’ are tested under identical conditions (i.e. ‘Test condition’ column) unless stated otherwise. In that case, ‘Test condition’ is pertinent to

‘Water flux’.).

b (The forward osmosis (FO) is represented as [A/B], where A is the feed solution, and B is the draw solution.).

et al. in-situ atomic force microscopy (AFM) technique demon-
strated that monolayers of graphene could completely swell and
soften upon introducing and removing water in a microfluidic
system. The swelling of graphene could be up to (~tens of nano-
meters), and graphene could also retain its intrinsic elastic prop-
erties upon contact with water [42]. This study demonstrates the
excellent mechanical properties of the monolayer graphene for
various membrane applications. Although monolayer graphene is
strong, the formation of defects and nanosized pores could

deteriorate its mechanical properties for membrane applications
[21]. This issue, however, can be solved by deploying an inter-
connected matrix of nanotubes [43]. Considering all the mentioned
strategies, Yang et al. grew defect-free graphene, developed nano-
pore via oxygen plasma etching, followed by incorporation with
single-walled carbon nanotube (SWCNT) backbone, simultaneously
solving the issues faced by defects, pore sizes, pore chemistry and
also mechanical stability. Inspired by the structures of plant leaves,
nanoporous graphene monolayer was incorporated into SWCNT as
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Fig. 2. a) Oxygen plasma etching of graphene monolayer as an effective nanopore fabrication technique, together with the Raman spectra under different plasma etching time.
Reproduced with permission [30]. Copyright 2015, Nature Publishing Group. The effect of pore chemistry for nanoporous MoS, membrane, depicting b) water distribution in the
radial direction with different pore chemistry, c¢) density map of water distribution for (i) Mo only and (ii) S only pores, and d) the velocity of water molecules as a function of
distance from the center of the nanopore. Reproduced with permission [41]. Copyright 2015, Nature Publishing Group. Nature-mimicking fabrication of graphene incorporated with
SWCNT, showing e) the structure of the plant leaves, f) scanning electron microscopy (SEM) image, g) aberration-corrected scanning transmission electron microscopy (STEM)
image, and h) stress-strain of SWCNT and its composite with graphene under uniaxial tensile strength. Reproduced with permission [43]. Copyright 2019, American Association for
the Advancement of Science (AAAS).
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mechanical support. They first integrated monolayer defect-free
graphene into SWCNT, followed by oxygen plasma etching under
various times. Tunablepore sizes of ~0.55, ~0.63, and ~1.41 nm were
achieved proportional to plasma etching time. Furthermore, 80% of
the pores had sizes ranging from ~0.5 to 0.75 nm, representative of
their uniform distribution [43]. In fact, pore homogeneity is a
crucial parameter since uniform pore distribution would reduce
pressure difference due to lessened frictional loss and pressure
drop across the membrane [50]. Interestingly, the tensile strength
of the SWCNT was also enhanced via incorporation with the
monolayer graphene (Fig. 2e—h). Water and salt permeance
increased proportionally to the plasma etching time. The 10 s of
plasma etching resulted in water permeance of 20.6 LMHB and NaCl
rejection of 98.1%, which was stable for 24 h of the test. The
membranes were also tested under reverse osmosis cross-flow
filtration system, demonstrating an outstanding water flux of 97.6
LMHB and a reasonable salt rejection rate of more than 85% [43].
From the studies mentioned above, we can infer that the
fabrication of uniform and defect-free graphene is the first step to
block the movement of unwanted ions. What's more, the technique
of nanopore formation could alter the nature of pore chemistry,
which has a consequential effect on water permeability. And lastly,
the mechanical fragility of the monolayers can be solved via the
incorporation of carbon nanotubes backbone. Although theoretical
studies demonstrate excellent potentials of TMD’s, no experimental
research has been performed on these types of membranes until
now. Recently Thiruraman et al. and Ryu et al. demonstrated the
fabrication of atomic vacancies fabricated in molybdenum disulfide
(MoS;) and tungsten disulfide (WS;) [51,52]. These experiments
could lay the foundation for deploying TMD monolayers with
subnanometer pores for water desalination applications.

3.2. Intrinsic pores

Although most of the research are devoted to developing
extrinsic pores on monolayers, less focus is put forward on mate-
rials with intrinsic pores. Materials with built-in pores not only
eliminate the tedious pore fabrication process but also results in
higher mechanical strength and filtration performance. In this re-
gard, scientists studied various materials such as the family of co-
valent triazine frameworks [53,54], metal-organic frameworks
(MOF) [55—57], and graphynes [58—61] for water desalination.

Some materials, such as the family of covalent triazine frame-
works (CTF), more widely known as graphitic carbon nitride (g-
C3Ny), have the intrinsic in-plane nanopores that theoretically
enable the sieving of monovalent ions [53,54]. Favored by the high
chemical and structural stability of g-C3Ng4, Lin et al. theoretically
simulated water desalination across CTF with various configura-
tions (Fig. 3a). In order to reduce the effective pore size, two types
of chemical functional groups of —Cl and —CH3 were further added.
Due to the negative charges of —Cl functionalized CTF (CTF-Cl) that
attracts the positive sodium ions, this membrane showed lower salt
rejection of 96% compared with the non-polar —CH3 functionalized
CTF (CTF-CH3) with 100% salt rejection. The water permeability of
CTF-Cl was, however, higher than that of CTF-CH3 (Fig. 3b) [53]. This
phenomenon was identical to hydroxylated and hydrogenated
graphene nanopores, where the former showed a significantly
higher water permeability compared with the latter due to the
presence of negative charges on the oxygen atoms of the hydroxyl
functional groups [40].

MOFs have been popular for water purification. However, their
pore sizes are not suitable for monovalent ion sieving. This issue
limited their application only to divalent ion sieving and capacitive
deionization [62,63]. Recent studies, however, demonstrated that
by stacking 2D MOF, the effective radius of the in-plane nanopore
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could be reduced, rendering them operational for monovalent ion
sieving [55,56]. In one study by Zhou et al. the effect of MOF
stacking orientations was investigated on its desalination perfor-
mance. Although MOF has intrinsic pore sizes of 1.58 nm, unsuit-
able for monovalent ions blocking, their stacking in multilayer
offset fashion can reduce the pore size down to 0.89 nm. Using
molecular dynamics simulation, they demonstrated 100% MgCl,
rejection with two orders of magnitude higher water permeance
compared with commercial nanofiltration membranes. MOF in
fully eclipsed configuration shows higher water permeance, but
lower MgCl, rejection compared with MOF in offset-eclipsed
fashion (Fig. 3c and d) [55]. Other classes of MOF with pore sizes
of 0.8 nm could also be employed for desalination with water fluxes
that are nine times higher than that of MoS; or graphene and salt
rejection of nearly 90%. The salt rejection could reach approxi-
mately 100% with stacking two layers only [56]. Recently, Wang’s
group demonstrated the application of monolayered MOF for ion
sieving. The MOF demonstrated angstrom-sized pores that are
suitable for monovalent ion sieving applications. The ~10 nm-thick
membrane showed a nearly 100% rejection rate of monovalent ions
with water permeability of 0.04 LMHB. Due to parallel ©- = inter-
action of the self-locked membrane, the nanosheets could maintain
an interlayer spacing of 6.1 A, resulting in a stable desalination
performance up to 750 h (Fig. 3e—g). This work could be the
milestone for future studies of practical MOF membranes for water
desalination [57]. Research devotion to the fabrication of 2D MOF's
with large lateral sizes could also significantly contribute to these
classes of membranes [64].

The family of graphynes could also be promising for water
desalination due to their tunable pore sizes relative to their struc-
tural configurations [58—61]. Via molecular dynamics simulations,
Lin et al. investigated the effect of acetylenic linkage lengths (N) of
graphyne on its desalination performance. Upon increasing this
linkage number, the pore diameters were also correspondingly
increased with the values of 3.8, 5.4, 7.0, and 8.6 A (Fig. 3h and i).
The water permeability was directly proportional to the linkage
number, and it could be increased from 2.9 x 1072 m/Pa/s to
4.5 x 102 m/Pa/s. The 100% salt rejection, however, could only be
achieved for N = 3 (i.e. graphtriyne) with an effective pore diameter
of 3.8 A (Fig. 3j) [59].

4. Stacked membranes

The other alternative to the 2D nanoporous monolayer mem-
branes is the 2D stacked membranes where the solute passes via
nanochannels between nanosheets. These membranes can be
produced via facile techniques such as vacuum filtration, which
eliminates the costly CVD process, rendering them highly cheap
and scalable to produce in commercial scales. In addition, stacked
membranes benefit from having channels with uniform size and
smaller size distribution, parameters that are difficult to control in
nanoporous thin membranes [22,23]. This section is mainly
devoted to the challenges associated with these types of
membranes.

2D materials that are dispersed in liquid environments can be
stacked on top of one another using the vacuum filtration tech-
nique. However, the stacked nanosheets often re-disperse when
tested under actual water purification. The re-dispersion of these
nanosheets is referred to as ‘swelling’ in the membrane community.
The swelling often results in membrane disintegration, especially
when deployed under cross-flow conditions [20]. Also, the swelling
widens the interlayer spacing and results in membrane failure due
to the permeation of monovalent ions. It was found that when
graphene oxide (GO) membrane is immersed in aqueous solutions,
hydration occurs, developing negative charge on GO and resulting
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in membrane disintegration due to electrostatic repulsion effects
[65]. Finding a way to bind these nanosheets together would ulti-
mately solve this issue. In addition to fixing the interlayers dis-
tances, tuning these distances is also consequential for achieving an
optimum selectivity/permeability trade-off (i.e. larger interlayer
spacing yields higher water permeability but lower salt rejection
rate and vice versa) [32].

In this section, our primary focus is to discuss the techniques to
tune and fix interlayer spacing of 2D materials yielding robust,
stable, and high-performance membranes. The first section elabo-
rates tuning and adjusting interlayer distances without any
external component placed within interlayers, while the second
section deals with inserting a foreign agent between nanoflakes. In
the third section, we discuss anti-swelling 2D materials (i.e. 2D

materials that show a diminished degree of swelling when
immersed in water) and the effect of salt rejection via Donnan
exclusion, making un-necessary the tuning or fixing of interlayer
distances.

4.1. Tuning interlayer distances without external component

There are several techniques to tune and fix the interlayer dis-
tances of 2D materials, such as controlled-reduction [66—70],
dehydroxylation [34], and application of external pressure
[31,71,72]. We will review these strategies in this part.

Controlled-reduction of GO could be a promising alternative to
tune its interlayer spacing and restrict its swelling [66—70]. Mo-
lecular dynamics simulation showed that swelling of GO could be
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controlled by optimizing both the flake oxygen content and
membrane water content [67]. This study implies that controlled
reduction of GO to reduced graphene oxide (rGO), where oxygen
functional groups are partially reduced, could yield 2D stacked
membranes of various interlayer sizes [68]. The tuning of interlayer
distances for the graphene-based membrane can be achieved by
the degree of GO reduction from large interlayer spacing for GO
(~10 A) to short interlayer spacing for rGO (~3.5 A). In one study by
Wang’s group, complete reduction of GO to rGO was achieved via
reducing GO with hydrogen iodide vapor. The free-standing gra-
phene showed excellent water permeability but modest salt
rejection, probably due to the loss of polar groups [69]. The
controlled reduction of GO could also tailor the size of its nano-
wrinkles that is an important parameter for mass transportation in
laminar membranes [70,73].

Dehydroxylation of chemical bonds, followed by covalent bond
formation induced by thermal annealing, could be a simple tech-
nique to cross-link the 2D nanosheets together [34]. In fact, the
thermal annealing of GO renders possible the partial and control-
lable reduction of GO with interlaying spacing tunability. However,
this comes at the expense of losing polar groups, yielding moderate
salt rejection performance [49,74]. The researchers at Wang’s team,
however, found that the mild annealing of MXene resulted in co-
valent bonds formation between laminates in a self-cross-linking
fashion. This cross-linking occurred via dehydroxylation of
MXene sheets where Ti—OH functional groups tend to dehydrate
and form stable Ti—O—Ti bonds with fixed interlayer spacing
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(Fig. 4a). Increasing annealing temperature up to 80 °C resulted in
almost 100% salt rejection (Fig. 4b). Interestingly, MXene had an
interlayer spacing of ~13 A, that is much larger than the hydrated
radius of sodium (7.5 A), suggesting surface polarities and hence,
Donnan exclusion effect to remain even after annealing. However,
the water permeability of this stacked membrane is rather low,
which may be due to surface-induced hydrophobicity via dehy-
dration of MXene [34]. This issue promotes scientists to quest for
other interlayer tuning techniques without surface chemistry
modification of nanosheets such as the application of external
pressure [31,71,72].

Scientists expressed different opinions on the impact of external
pressure on the performance of stacked membranes. Talyzin et al.
suggested that augmenting filtration pressure would increase the
permeation of water molecules in the interlayers, resulting in layers
expansion [71]. Furthermore, Sun et al. suggested that applied
pressure lessened water-ion interaction and yielded lower ionic
selectivity [72]. Given these contradicting ideas, Li et al. developed
a technique where water molecules did not play a role in com-
pressing GO membranes. Instead, the external pressure was the
main factor in the size-controlling of interlayers (Fig. 4c). In this
technique, two face-to-face GO membranes were pressed together
by two punched steel plates. Multiple ultrafiltration membranes
were required to weaken the indentation on GO membrane and
also to distribute the external pressure uniformly. The filtration
performance was performed under cross-flow filtration, while
external pressure was maintained vertically (Fig. 4d). The
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application of 6.0 MPa resulted in the NaCl rejection rate as high as
96.1% with water permeability of 22 LMHB (Fig. 4e). Since the X-ray
diffraction (XRD) technique is challenging to characterize GO under
external pressure, the interlayer distances of GO were instead ob-
tained by measuring the thickness of GO membrane via a contact
thickness gauge with high accuracy. The interlayer distances were
successfully tuned relative to the external pressure (Fig. 4f). The
XRD tests demonstrated that after removing external pressure, the
interlayer distances of GO nanosheets went back to their original
value. There are two main drawbacks associated with this tech-
nique that is first, the necessity of applying continuous external
pressure during filtration and second, the presence of multiple
ultrafiltration membranes, which reduces water permeability [31].

4.2. Tuning interlayer distances with an external component

In the above section, tuning of interlayer spacing was achieved
intrinsically without the need for a foreign/third-party agent.
However, we inferred that the intrinsic functional groups of 2D
materials are often not sufficient to develop robust membranes
with stable and high performances. Besides, chemical functional
groups of 2D materials could also degrade upon self cross-linking.
In this section, four methods of interlayer distance tuning and
fixing via external components are elaborated. These components
can be water molecules [32], metal ions [75—77], monomers
[78—84], and polymers [85,86] that we correspondingly discuss in
the sections below.

4.2.1. Water molecules

Abraham et al. reported the fabrication of interlayer-tuned GO
membrane via relative humidity control, where water molecules
intercalated within GO interlayers. The interlayer spacing could be
tuned from 6.4 A to 9.8 A by controlling the atmospheric humidity.
Also, epoxy was applied between GO laminates to prevent swelling
of GO layers (Fig. 5a—c). This strategy hindered swelling of GO
successfully and yielded NaCl rejection of nearly 97% [32]. Although
this study reports a novel membrane with filtration across vertical
nanochannels, the fabrication is rather tedious. This is because
interlayer distance tuning (i.e. relative humidity control) and
interlayer distance fixing (i.e. epoxy binding) are two separate
processes. In the following sections, cross-linking via external
components will be discussed as a method that not only retains
chemical functional groups intact but also adjusts the interlayer
distances and also fixes the interlayer spacing, killing three birds
with one stone.

4.2.2. Metal ions cross-linkers

Two-dimensional (2D) materials with abundant functional
groups such as GO [75,76,87], and MXene [77] can be cross-linked
via intercalating metal ions. Modification of GO with small per-
centages of metal ions such as Mg?* and Ca?* was deemed as an
effective strategy to enhance the mechanical stiffness of GO paper
significantly. This enhancement was mainly due to electrostatic
bonding between metal ions and the carboxylate groups on the
edges of GO [87]. To shed further insight into this mechanism, Chen
et al. performed a detailed study via hydrated Na™ ions. They found
the hydrated ion to adsorb via hydrogen bonds at the regions where
oxidized groups and aromatic rings co-exist (Fig. 5d—f). Further DFT
calculations demonstrated additional pi bonding between hydrated
cations and the aromatic rings. Deploying ions of varying hydrated
diameter could effectively tune and fix the interlayer distances. The
interlayer distances were directly proportional to the hydrated
radius of ions in the corresponding Li*> Na*> K" order (Fig. 5g)
[75]. Specifically, the hydrated radius is directly proportional to the
hydration energy in the ionic shell [8]. GO membranes modified by
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KCl showed negligible swelling when immersed in different ionic
solutions (Fig. 5h).

Amongst the three alkali anions, K" displayed the highest
interaction energy and an enormous van der Waals volume
(Fig. 5e), demonstrating the fact that potassium ion is the most
stable one within GO interlayers. Ghaffar et al. obtained identical
results where GO cross-linked by Li* and Na™ was not stable in the
water while those intercalated by K™ were stable [76]. The KCI-
controlled membranes demonstrated negligible ion permeation
rates for Na*, Mg™ and Ca™ ions, with cross-linked GO showing
ions rejection rate of more than 99% relative to the pristine GO.
However, leaking of ions could partially occur from GO interlayers
that are probably due to the weak nature of these hydrogen
bondings [75].

In another research by Wang’s group, the AI>* could intercalate
within the Ti3C;Ty MXene membrane, binding the nanosheets
together (Fig. 5i). The abundant surface terminations such as = O,
—OH, and —F functional groups enable the tuning and controlling of
its d-spacing. The d-spacing could be reduced from ~1.7 nm to
~15 nm after AP’* intercalation, and this interlayer spacing
remained unaltered upon membrane immersion in water and
various salt solutions. Moreover, this strategy proved effective
when modified MXene showed a significant reduction in the
permeation rate of monovalent and divalent ions compared with
unmodified MXene (Fig. 5j). The covalent binding between A+
and —O functional groups on MXene was so robust that no leaking
was observed, with the performance being stable up to 400 h [77].

4.2.3. Monomer cross-linkers

Cross-linking of 2D materials via organic molecules is another
effective strategy in tuning and fixing the interlayer distances of
laminar membranes. Covalent cross-linking of GO with organic
monomers could be achieved via esterification [78], and nucleo-
philic substitution reaction [79—84] with the latter being more
popular due to not deploying highly oxidizing acids. Nucleophilic
substitution reaction is usually performed via reactions between
aliphatic/aromatic diamines and oxygen-containing groups of 2D
materials [79]. The reason for choosing diamine molecules over
single amines is that two adjacent nanosheets could react with
each amine group, yielding cross-linking between two neighboring
nanosheets. In one study by Hung et al. GO was cross-linked by
three diamine monomers, namely ethylenediamine (EDA), butyle-
nediamine (BDA) and p-phenylenediamine (PDA). The tuning of
interlayer distances was directly proportional to the monomer
chain length. Furthermore, upon immersion of GO in water, the
interlayer stretching was significantly suppressed compared with
unmodified GO (Fig. 6a—c). FTIR result demonstrated total attenu-
ation of hydroxyl groups due to condensation and nucleophilic
substitution reactions between amines and oxygen-containing
groups of GO, forming C—N covalent bonds [79]. Besides the
aforementioned symmetric monomers, asymmetric molecules
such as polyvinyl alcohol (PVA), m-phenylenediamine (MPD), 1,3,5-
benzenetricarbonyl (TMC), and the mixture of MPD/TMC could also
tune interlayer distances of GO (Fig. 6d) [82].

Apart from the nature of cross-linkers, the ratio between GO and
monomers is also very crucial. Hung et al. and Qian et al. utilized an
almost identical ratio of GO and diamine monomer and could
successfully tune interlayer distances with stable performance for
separating water/alcohol mixture [79,80]. To apply this strategy for
water desalination, Meng et al. used EDA monomer to cross-link GO
but deployed a significantly lower amount of monomer, resulting in
low salt rejection performance of 36%. The lack of pressure during
the filtration process may be another reason for this unsatisfactory
performance [81]. To solve this issue, Hung et al. also utilized a
small amount of monomer to GO ratio but instead deployed
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external pressure during membrane fabrication. Consequently,
they could adjust interlayer spacing and attained negligible salt
permeability of ~1.5 g/h/m? that was several orders of magnitude
lower compared with pristine GO (Fig. 6e). The smallest possible
interlayer distance they could obtain was nearly 10 A, via MPD/TMC
(Fig. 6f) [82]. Surprisingly, the interlayer distances via MPD alone in
this work (~11 A) is 1 A smaller than that previously reported [79].

1

This fact demonstrates the importance of GO and monomer ratio to
tune interlayer distances, where extensive monomer/GO loading
could compress GO nanosheets further. Nicolai et al. theoretically
simulated the effect of monomer density on the performance of
cross-linked GO and found a very noteworthy relation between
monomer density and desalination performance [88]. Hence, uti-
lization of optimum monomer to GO ratio and also the pressure
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during filtration are important parameters to consider for effective
adjustments and fixation of GO layers for water desalination
applications.

We have seen from the previous works that apart from mono-
mer chain length, the ratio of monomer/active material and also the
application of external pressure during filtration are essential pa-
rameters to consider for these classes of membranes. Although
monomer cross-linking strategies can tune and fix the interlayer
distances successfully, the d-spacings are significantly larger than
the hydrated radii of cations. This fact renders the cross-linked
monomer membranes, not an option currently for practical water
desalination. Applying a smaller chain molecular bridge could
probably solve this issue.

However, the lack of nucleophilic sites and oxygen functional
groups on other types of 2D materials renders impossible the cross-
linking reactions, prompting researchers to quest for alternative
cross-linking strategies such as polymers. In-situ polymerization of
2D materials can physically bind and cross-link them together,
irrespective of the nature of 2D materials’ functional groups. We
discuss these classes of cross-linkings in the subsequent section.

4.2.4. Polymer cross-linkers

Several studies reported the incorporation of 2D materials and
its composites into polymers, either in the membrane support layer
[89,90], or in the active layer [91—94]. In these studies, the incor-
poration of 2D materials enhanced not only the mechanical rigidity
of the polymers but also its hydrophilicity and, consequently, its
water permeability [10]. 2D materials can also enhance the salt
rejection properties of polyamide membranes [94]. These studies,
however, do not report the tuning or fixing of nanosheets. It is by
Wang's group where GO is cross-linked and twinned together via
free-radical polymerization [85]. What's more, the vacuum filtra-
tion pressure could adjust the GO interlayer distances [86]. In their
group, they invented a free radical polymerization technique where
N, N-methylene-bis-acrylamide (MBA) functions as cross-linker, N-
Isopropylacrylamide (NIPAM) as monomer followed by Ammonium
Persulfate (APS) as initiator. These precursors are then in-situ
polymerized with GO to develop a highly cross-linked network of
GO@polymers (Fig. 7a and b). The prepared membranes demon-
strated outstanding antiswelling behaviors with unique desalina-
tion capability [85,86]. Altering the vacuum level could tune the
thickness as well as the crystallinity of membranes (Fig. 7c and d).
Membranes prepared under low vacuum showed amorphous
structure, while high vacuum resulted in enhanced crystallinity.
Although membranes showed reduced thickness upon increasing
vacuum pressure, this did not alter interlayer distances as the
changes were merely from amorphous to crystalline, with the latter
slightly outperforming the former (Fig. 7e). The cross-linking of GO
was so robust that membranes demonstrated anti-compaction
properties where the structure remained stable under high pres-
sure, whereas commercial polyamide membrane compacted and
displayed reduced water flux (Fig. 7f) [86].

The study mentioned above showed that interlayer fixation
could be achieved together with the controllability over membrane
crystallinity. The interlayer spacing of the GO was found to be
~1 nm under an applied pressure of 0.1 MPa [86]. The same group
also prepared GO@polymer composite via the identical free radical
polymerization technique but varied polymer precursors ratio. The
spin-coated membrane achieved an interlayer spacing of 0.47 nm
instead [85]. These different values may arise due to the varying
amount of polymer precursors used. This mechanism, however, is
not thoroughly investigated in these works and demands further
studies. Hence, to tune the interlayer spacing of stacked sheets via
polymer chains, the degree of polymerization and also the applied
pressure need consideration.
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4.2.5. Hybrids with inorganic materials

The interlayer spacing of 2D materials can be also controlled via
developing hybrid nanostructures with inorganic materials
[66,95,96]. In one study, graphene oxide quantum dots (GQD) could
successfully cross-link GO sheets. Abundant hydroxyl and carboxyl
groups in GQD enabled the stitching of GO sheets via an esterifi-
cation reaction. The cross-linked GO membrane demonstrated a
reduced interlayer spacing of 61 A and an enhanced Na, SO4
rejection rate from 88% to 98% [95]. In another study by Ma’s group,
cationic Co—Al and Mg—Al layered double hydroxide (LDH) nano-
sheets stabilized the anionic GO nanosheets via the electrostatic
face-to-face self-assembly process. The LDH/GO superlattice
structure could successfully prevent the swelling of GO in aqueous
media. Furthermore, their vacuum-filtered free-standing mem-
brane depicted a relative selectivity of as high as 30 between
monovalent and trivalent cations. This performance is attributed to
the molecular-level self-assembly of the nanosheets and also the
positive electrostatic charge on LDH nanosheets [96].

4.3. The issues beyond tuning interlayer distances

Besides the importance of tuning interlayer distances, we need
to consider four significant issues for realizing practical applica-
tions of stacked membranes. These issues are first, the 2D materials
with antiswelling properties [97—99], the role of surface chemistry
in 2D materials [33,100], the function of a separate salt-blocking
layer on top of stacked membranes [35,97], and lastly the binding
between 2D materials and the substrate [35,83,101—103].

It is noteworthy to mention some of the 2D stacked membranes
that are developed, such as MoS;, demonstrates some intrinsic anti-
swelling properties. More research devotion to these types of ma-
terials could greatly simplify the membrane fabrication process and
increase their filtration stabilities. Interestingly, stacked MoS,
nanoflakes demonstrated an identical interlayer spacing of
(~0.65 nm) with that of the bulk MoS,. This fact suggests that the
electrostatic field on the surface of MoS; nanosheets is not high
enough, probably rendering the re-stacking of nanosheets with
interlayer spacing down to the size of its bulk structure. Moreover,
due to these electrostatic field deficiencies and also the lack of
hydrophilicity on the surface layers, fewer water molecules will be
intercalated within the nanosheets, and hence swelling can be
prevented [97,98]. For the multilayer MoS, stacked membrane that
is fabricated via CVD, this spacing was suitable to permeate water
molecules and reject NaCl with 98% rates up to 24 h [98]. However,
for the vacuum-filter deposited membrane that was fabricated via
solvent exfoliation of MoS,, the rejection of NaCl was not satisfac-
tory unless functionalized by organic dyes [97]. On the other hand,
the MoS; membrane prepared via lithium exfoliation technique
yielded negligible NaCl permeation on the order of 107> m=2 s~!
[99]. These studies emphasize that although some materials may
demonstrate anti-swelling properties, the role of the functional
group and surface chemistry cannot be neglected. Hence, mem-
branes with anti-swelling properties but without proper surface
polarity are still un-operational [100].

To elucidate the role of surface chemistry, Song et al. incorpo-
rated pyridinic nitrogen sites on GO as polar groups to reject salts
via the Donnan effect. Increasing the nitrogen doping amount
impeded the permeability of ions, specifically the monovalent K*
and Na™ (Fig. 8a and b). Interestingly, they observed no correlation
for other nitrogen-bonding configurations such as pyrrolic-N and
graphitic-N. This is due to the strong polarization effects and high
adsorption energy of pyridinic nitrogen, rendering possible the
significant electrostatic interactions with ions [33]. In another
work, Ries et al. grafted different functional groups with varying
degrees of polarity on MoS; nanosheets. They found that a small
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degree of functionalization can maintain salt rejection rates, but it
can dramatically enhance water permeability due to interlayer
expansion [100]. These two studies demonstrate that doping or
chemical functionalization could optimize the surface polarity of
2D materials, making them useful for water desalination.

Apart from modifying the surface chemistry of nanosheets,
functionalizing the top surface layers in the stacked membrane, via
coating separate ionic or organic molecules, could also effectually
reject salts via the Donnan effect [35,97]. In one study by Jin’s
group, the coating of electrostatically charged polymers on top of
GO could dramatically enhance its MgCl, rejection rate by a factor
of more than two times, reaching 96%. Besides, this additional layer
did not reduce water permeability due to its hydrophilic nature.
The surface charge of GO could be tuned from highly positive via
polydiallyl dimethyl ammonium (PDDA) to highly negative via
polystyrene sulfonate (PSS). The permeability of MgCl, increased
upon altering membrane surface charge from positive to negative,
while Na,SO4 displayed a reverse trend. This revealed that high
valent anions (SO4)?” and cations (Mg)** are repelled by negatively
charged and positively charged GO, respectively (Fig. 8c—f). For
NaCl, however, the transport behavior remained approximately
unchanged due to the electrostatic balance between monovalent
co-ions and counter-ions [35].

Last, it is essential to state the effect of substrate chemical
functional groups on the binding properties of the 2D stacked
materials with its underlying support. Treating beforehand the
substrate in organic [83,101,102], or alkaline media [35,103] could
form abundant functional groups, yielding an enhanced interfacial
adhesion between the substrate and 2D materials. Researchers at
Jin’s group, found that treating beforehand the ceramic tube in
aldehyde-modified chitosan could develop plenty of O=CS groups
that are beneficial for chemical binding with amine-functionalized
GO. The AFM nanoscratch technique was utilized to measure the
interfacial binding force of GO with the substrate. The membrane
that had been treated beforehand showed the critical load at failure
of 46.3 mN that is more than twice compared with the unmodified
membrane (Fig. 8g—k) [83]. Their group also found that GO
deposited on polyacrylonitrile (PAN) develops small cracks under
cross-flow filtration. However, after treating PAN in NaOH, no
detachment was observed. This was attributed to the abundant
oxygen functional groups on the surface of PAN after hydrolysis that
could bind well with GO [103].

These studies suggest that the Donnan exclusion effect (where
electrostatic fields are either on the surface of nanosheets or as a
separately coated layer on the top surface of membranes) can be the
principal filtration mechanism both for swelling and anti-swelling
materials. Furthermore, membrane swelling, water permeability,
and salt rejection rates are proportional to the surface polarities of
2D stacked membranes. Hence, the electrostatic charges on nano-
sheets that yield these trade-offs need to be delicately optimized
and taken into consideration. Last, treatment beforehand of the
substrate to form chemical bonding with 2D materials and avoid-
ance of its detachment are necessary for long-term and steady
operation.

5. Summary and outlook

We have reviewed the progress and challenges of developing 2D
materials for membrane-based water desalination. Water desali-
nation and ion sieving across 2D materials can be achieved either
via physical size exclusion or electrostatic Donnan exclusion effect.
Two classes of membranes can be developed based on 2D materials,
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which are monolayers with in-plane nanopores or the stacked
nanosheets with nanochannels in between.

Water desalination can be performed via monolayers with the
in-plane externally drilled nanopore. Several factors such as de-
fects, pore sizes, and pore surface chemistry, need to be considered.
Drilling an external pore on the surface of monolayers was tradi-
tionally done via the ion bombardment technique. However, new
oxygen plasma etching has shown promise on graphene as it pro-
duces significantly higher water flux due to surface chemistry
modifications, together with size tunability features. Due to the
atomic layer thickness of these membranes, the mechanical prop-
erties can be improved via incorporation with nanowire backbone
such as carbon nanotubes. Several 2D materials, including covalent
triazine frameworks, MOFs, and graphynes, have subnanometer
pore sizes for water desalination, where altering the phases or
stacking configurations could optimize their pore sizes.

Compared with nanoporous monolayer membranes, 2D stacked
membranes have better scalability and mechanical properties, but
often re-disperse in liquid media and are thus required to be sta-
bilized and fixed by some techniques. The interlayer distances of 2D
stacked membranes can be optimized via controlled reduction,
dehydroxylation, and changing external pressure. Certain materials
and applications demand to insert an external component in be-
tween the interlayers to cross-link and bind adjacent layers
together. These components can be water molecules, metal ions,
and organic monomers. The combined strategy of vacuum pressure
and polymers can also be utilized to tune and fix interlayers,
respectively. Apart from tuning and adjusting interlayer distances,
some critical parameters demands further investigations. These
include salt rejection via Donnan exclusion by modifying the sur-
face polarities of the stacked nanosheets, and the chemical treat-
ment of the substrate to increase its binding force with the stacked
2D materials.

Despite the numerous progress achieved in this field, several
areas of research demand additional attention. First, regarding
nanoporous membranes: although researchers have performed
extensive theoretical and experimental studies on ions sieving via
graphene nanopores, other types of 2D materials need to be
explored. Furthermore, attention should be paid to the nature of
pore chemistry and pore fabrication technique. Second, considering
stacked membranes, apart from developing innovative and scalable
methods to tune and fix interlayer distances of 2D nanosheets, we
should consider the development of 2D materials with anti-
swelling properties with interlayer sizes below hydration radius
of cations. This achievement could eliminate the tedious interlayer
tuning process, which could greatly simplify the fabrication process
and also enhance the stability of desalination membranes. Self-
assembled 2D superlattices are also other promising types of
stacked membranes. In these membranes, the stability and overall
performance can be improved due to the synergy between the two
heterogeneous nanoflakes at the molecular level [96]. Third, the
combination of nanoporous and stacked membranes with in-plane
nanopores is worth to be comprehensively investigated. In this
scenario, water permeates not only via the nanochannels of 2D
stacked membranes but also through the in-plane pores of the
nanosheets. Recent studies on 2D MOF with angstrom-sized pores
could herald a promising future for lamellar nanoporous mem-
branes [57]. Last, altering the surface chemistry of 2D materials
could streamline the membrane fabrication process since Donnan
electrostatic exclusion effect comes into play instead of the physical
size exclusion [35,97]. This technique could be applied either on a
diverse range of antiswelling or swelling 2D materials with various
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interlayer sizes. Tackling the multiple challenges faced in 2D
membranes could achieve next generation of practical high-
performance water desalination membranes.
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