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Abstract

Beyond graphene-based membranes for water desalination a vast horizon of new materials
has been discovered for solutes separation from water. In this realm, the transition-metal
dichalcogenides (TMDs) molybdenum and tungsten disulfide (MoS, and WS,, respectively)
stand as promising two-dimensional (2D) materials. Their tailoring for nanofluidics as well
as the emerging synthesis and production methods unfold the possibility of applying MoSs
and WS, in modern desalination processes based on 2D membranes. We present here an
overview from their theoretical conception to their state-of-the-art applications, highlighting the
challenges and opportunities associated with measuring water flow and ionic rejection rates at
nanoscale. In a world full of environmental concerns, both the theoretical gaps and experimental
perspectives point toward a promising use of MoSy; and WS, as green components in separation
technologies, contributing to increase the availability of clean, potable water.

7.1. Introduction

Since the very beginning of this century we have witnessed a race to shrink the dimensions
of fluidic devices to the nanometer scale. The use of nanotubes or nanopores made new dis-
coveries on fluid transport possible, putting even classical hydrodynamics in check [1]. In fact,
two-dimensional (2D) materials were not even considered beyond the desks of physicists and
chemists until quite recently with the rise of graphene, a one-carbon-atom-thick structure. The
discovery of this fascinating material and its exceptional properties [2, 3] completely changed
the game.

While much research is still focused on carbon nanotubes (CNTs) [4], zeolites [5], poly-
mers [6] or ceramics [7] to act as membranes for ion separation, the fact is that graphene
and graphene-related materials have taken over the news with promising nanofiltration re-
sults. More recently, van der Waals (vdW) assembly of 2D materials has been used to cre-
ate artificial channels with sub-nanometer-scale precision [8]. Two of these vdW structures,
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molybdenum disulfide (MoSs) and tungsten disulfide (WS,), stand as prominent alternatives
to graphene, exhibiting many similar characteristics as atomic thickness, large surface area,
mechanical strength, extreme durability, and also the most important: an exotic love-hate re-
lationship with water that leads to high permeation rates. MoS, is the most widely employed
TMD in a range of applications and has recently been investigated for its potential in separation
techniques. This prototypical TMD is made up of a middle layer of molybdenum sandwiched
between two sulfur layers with thickness of ~1 nm and a robust Young’s modulus of ~300
GPa [9] (comparable to the Young’s modulus of steel). TMDs, a family of over 40 materials,
are represented by the generalized formula MX, and consist of a transition metal (M), for ex-
ample, Mo, W or Ni packed between two chalcogens (X) such as S, Se or Te. The coordination
of a transition metal by chalcogens in a TMD structure opens up the possibility for multiple
stacking sequences. As illustrated in Figure 7.1, a single-layered TMD generally presents ei-
ther an octahedral or a trigonal prismatic coordination phase. In multi-layered TMDs, a large
variety of polymorphic structures arise as each individual layer can possess any of the two coor-
dination phases. The three commonly found polymorphs are defined as 1T, 2H and 3R, where
the digit is indicative of the number of layers in the crystallographic unit cell, and the letter
designates the symmetry: T for tetragonal (Dsq group), H for hexagonal (Dgj, group), and R
for rhombohedral (C3, group). The 1T form displays metallic behavior, while both 2H and
3R forms exhibit semi-conducting behavior. Each TMD polymorph possesses unique structural
and electronic properties, which can be further explored to build efficient adsorbent devices
and desalination membranes.
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Figure 7.1: Tllustration of metal coordinations and stacking sequences of TMD structural unit cells.
Adapted with permission from Toh et al. [10].

Recent works have reported high water permeability and selectivity of MoSs nanosheets,
both desired features in desalination membranes. A flexible laminar separation membrane pre-
pared from MoS; sheets exhibited a water flux from 3 to 5 times higher than that reported
for graphene oxide (GO) and rejected 89 and 98% of evans blue and cytochrome C molecules,
respectively [11]. The possibility to craft the pore edge with Mo, S or both provides flexibil-
ity to design nanopores within the membrane with the desired functionality. Another option



for creating a desalination membrane is to use stacking layers of MoS, instead of crafting a
pore. A few-layer MoS; membrane of only 7 nm thick, grown by Chemical Vapor Deposition
(CVD) technique, has allowed for an excellent combination of high water permeability (> 322
L-m~2h~!.bar~!) and high ionic sieving capability (> 99%) for various seawater salts including
Na®, KT, Ca?", and Mg?" with a range of concentrations [12]. Near 100% of salt ion rejec-
tion rates for actual seawater obtained from the Atlantic coast was also reported, significantly
outperforming the previously developed 2D MoS, layer membranes of micrometer thickness as
well as conventional reverse osmosis (RO) membranes. These results confirmed previous theo-
retical and computational predictions about desalination capacity and water permeation of 2D
nanoporous MoS, [13, 14].

Advancing the search for high-performance lamellar separation membranes, Sun et al. [15]
investigated the potential of WS,, a semiconductor material similar to MoS,, with a Young’s
modulus of ~270 GPa [16]. The bulk structure was exfoliated and a thin film was constructed
via filtration. The lamellar WSy, membrane exhibited water flux five times greater than GO
membranes and two times greater than MoS, laminar membranes, rejecting 90% of evans blue
molecules. This impressive water permeance further increased from 450 to 930 L-m~—2-h~!-bar~!
with the addition of metal hydroxide nanostrands. They created additional channels between
the WS, layers allowing for increased water transport without degrading the membrane’s salt
rejection properties.

Understanding the mechanisms and peculiarities of 2D membrane-based desalination is the
ultimate frontier to reach industrial scale. So far, cutting-edge theoretical work has been driving
advances and pointing directions for experimental work with some success. But we still need
more. We need to merge theoretical advances with new experimental approaches, such as
the scalable method to controllably make nanopores in single-layer TMDs or nanoscale water
velocity profile mapping introduced by Secchi and collaborators [17], always sharing the goal of
making large scale application of MoS; and WS, membranes in water purification possible. It is
important to note that in terms of using nanostructured membranes in desalination technology,
such as RO systems, these advances open the door to work with a new paradigm of membrane
permeability and selectivity.

7.2. Computer Simulations

Before computers took over every laboratory — and even our daily life — science was based
on the assumption that we could only model the natural world through the lenses of experiments
and purely theoretical works. Take the example of the Dutch: they built the Netherlands as
we know it today with the help of the Delta Works, a set of megastructures that hold back
the ocean. To put together this enormous project they had to build the Waterloopkundig
Laboratorium, a massive concrete-based hydrological laboratory conceived after World War 11,
in the pre-computer age, where water could be guided into and out of large-scale trial models.
Contemporarily it is almost impossible to think of a world where things, from a small pen to a
huge hydroelectric plant, are not designed on a computer.

During an experiment, a set of results can be obtained directly from measuring the properties
of a system. Alternatively, a mathematical description could be used to create a model, which in
turn can be validated by its ability to describe some physical behavior. Today, we have another
tool to probe a physical system: computer simulations. A model is provided by theorists but
the calculations can be carried by machines following some recipe. In this way, computer
simulations unlocked the possibility to study more complex and realistic systems, becoming a
bridge between theoretical models and real world experiments [18].



There is no doubt that computer simulations play an important role in contemporary science
development. Several different computational approaches can be used to study physical sys-
tems. For example, when we aim to investigate nanoscaled structures the interactions between
atoms are the core of the simulation. Often, empirical interatomic potentials (as Lennard-Jones
potentials) are fitted to reproduce a given experimental property using van der Waals systems
as basis. Thereby, molecular dynamics (MD) simulations are used to obtain the temporal evo-
lution of different systems. But if the interest resides on the electronic structure of a strongly
covalent material, electronic correlations are very important and we need to use ab initio meth-
ods such as density functional theory (DFT). We can even merge both approaches and use
DFT to parameterize Lennard-Jones potentials that will be further used in MD simulations.
Method suitability will depend on which kind of properties we are interested in, from infrared
spectra to dynamical and thermodynamical information.

Just like a puzzle that fits piece by piece, MD simulations adapted perfectly to the study
of physical and chemical properties of nanofluidic systems. They have allowed us to probe a
wide range of microscopic behaviors that otherwise would be tremendously difficult to access at
nanoscale. Simulations within MD machinery are usually performed in a feasible timescale with
high accuracy. In other words, the MD approach is the mechanism in which we can perform
computational simulations that take into account thermodynamic and dynamic behaviors of
nanofluidic systems. It means that this approach can be viewed as a bridge between the
quantum realm (hidden in atomic interactions and sizes) and classical hydrodynamics.

While there are clear benefits in using MD simulations, there are also major challenges.
Computational materials scientists have worked hard to design general, accurate and reliable
molecular and atomistic models. For example: in the case of water, the model chosen to
represent atomic geometries and interaction parameters is the seed in which the whole dynamic
relies on, so that the physics can emerge following the classical equations of motion. The
mainstream model in MD simulations is based on the Lennard-Jones potential plus a Coulombic
term. The task of finding the right model — which is generally suitable only for a handful of
specific systems— has haunted theoretical physicists and chemists since the first computer
simulation of liquid water with the Bernal-Fowler model in 1969. Even with the help of new
experimental data and theories being developed, water is still notoriously hard to model and
remains relatively poorly understood, with several anomalous properties — behaviors which
contradict general theories on the liquid state of matter.

The interest in nanometric desalination systems has led us to question how the key properties
of saline solutions can be captured in a computer simulation (e.g. mixing different interaction
parameters). One of the most widely used methodology to classically simulate salt water
desalination consists in creating a box with the membrane located between two reservoirs, each
one pressed by a piston — usually graphene-made. This imposes a controlled pressure gradient
in water as illustrated in Figure 7.2(a). Here we can highlight that (i) as we apply different
pressures in each reservoir and (ii) the solutions are at different concentrations, the system is
not under thermodynamic equilibrium. In fact, these simulations aim to find water transport
and salt rejection rates acquired at a steady-state flow, which is only possible in non-equilibrium
states. Of course that as the simulation runs the system will eventually reach equilibrium. But
to mimic an actual nanoscaled RO scenario the simulation should be far from this point.

In order to filter water using 2D membranes, we can use either the interlayer spacing, forcing
water to flow through the structure gaps, or drill holes (nanopores) in the membrane. In any
case, it is important to ensure that the nanopore size allows only for the flow of water molecules.
Interestingly, nanopores in 2D materials such as TMDs will naturally appear during the growth
process. Point defects, grain boundaries and van der Waals (vdW) gaps, among other structural
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Figure 7.2: Archetypal systems used in computer simulations of water desalination with (a)
nanoporous and (b) lamellar MoS; and WSy membranes.

deformations, have been observed in CVD grown of MoS, and WS, monolayers [19, 20, 21].
At first glance this might seem like a disadvantage, but the truth is that these “flaws” lead to
the emergence of nanopores and nanogaps that can be used to desalinate water and remove
heavy metals, biomolecules and other pollutants. In the case of MoS,, for instance, these
intrinsic defects appear in high concentrations (~10'3 cm™ for sulfur vacancies [22]). However,
these “natural” pores are randomly distributed with varied sizes, which pose a challenge for
scalability — a very important aspect in large-scale production.

MoS,; and WS, nanoporous membranes were idealized by theoretical calculations based on
MD simulations, which predicted superior desalination performances. While simulations in-
volving MoS, interaction potentials have been more frequent, results for WS, are more scarce
due to the lack of proper force fields. There are frictional losses in these systems that domi-
nate fluid transport, and this phenomenon is mostly related to the nanopore’s entrance. MD
simulations have shown that in this region, water flux is intrinsically connected with a complex
hydrogen bonding (HB) network and the ability to enter the nanopore is governed by a combi-
nation of favorable geometric orientations and HB configurations [23]. Interestingly, water flux
scales linearly with pore area when there is a big enough pore size [24]. For smaller pores, a
nonlinear relationship between water transport and pore area appears, which implies that the
phenomenon cannot be explained based on classical hydrodynamics (continuum fluid model).
This happens when the water-membrane terms acquire higher importance than the HB network
interaction, which is a result of a reasonable fraction of total confined water interacting with
the wall — something that does not occur with bigger pores.

We could think of the desalination process through 2D membranes as a collection of small
events, all happening at the same time. We could thus highlight the main mechanisms as: size
exclusion, steric exclusion of the hydration shell, charge repulsion (pore chemistry), nanopore
morphology, complex solute-pore interactions and entropy gradients. The first is directly related
with ion/nanopore size ratio, and the second comes from the fact that these ions in water are
surrounded by a hydration shell, which means that in order to enter the nanopore the ions need
to bare themselves from the water shell at some energy penalty. Both the pore’s chemistry and



morphology are going to affect possible HB configurations, that results in an impact to salt
permeation. The fifth mechanism can be viewed as the possibility of mixing different ions and
observing different salts rejection. At last, entropic differences can be expressed as a mix of
nanopore morphology, charge distribution and so on as a result of the possible configurational
restrictions, which in turn affects the free energy barrier through the membrane.

When it comes to cleaning aqueous solutions using membranes, we need to face a range
of ions with different valences. Fortunately, MD simulations on solutions of water and three
cations with different valences (Na™, Zn?* and Fe3") indicate that the higher the valence, the
greater the ion rejection through 2D nanoporous MoS; and graphene [13]. The desalination
rates were confirmed even under a wide range of test conditions, including high pressures and
different nanopore sizes.

The cation charge dependence leads to another question: what if we add more cations with
higher valence to the solution? It would seem very inappropriate at first, but surprisingly, sim-
ulations have shown that this procedure can lead to higher desalination rates [25]. The possible
reason is that the whole membrane-mediated desalination process is based on the assumption
that size matters. Furthermore, the combination of larger ions and smaller nanopores (large
enough to let water pass) is crucial for an efficient selectivity. When high valence ions are
added, they aggregate with counterions to form clusters that in time will be rejected by the
membrane.

There are physical and chemical aspects that can be decisive either to improve or to hin-
der 2D-membrane-based desalination. Unfortunately, very few experimental studies of ionic
conductance through MoSs; and WSy nanoporous membranes with diameters lower than 2.0
nm have been reported. Almost all of our knowledge is based on computational simulations
and theoretical models. For instance, one important parameter to control the flow through the
nanopore is ionic conductance. Perez et al. [26] developed a continuum model of ionic conduc-
tivity for a KCI electrolyte through a sub 5-nm single-layer MoS, nanopore using equilibrium
all-atom MD simulations. They showed that electrolyte behavior deviates by 50% from bulk
properties for diameters below 2.0 nm: ion pore conductivity is about half of the bulk value for
2.0 nm and only a third when the diameter approaches 1.0 nm. Their results corroborate the
idea that the nanopore’s size plays a fundamental role in the desalination process.

Usually, layer-stacked membranes made of 2D MoS; and WS, are synthesized with hundreds
to thousands of nanosheets. But this thickness is unlikely to be modeled in a traditional MD
simulation due to computational limitations. Alternatively, we can take advantage of the fact
that there is a relation between measured flux and membrane thickness. Indeed, if we fit the
water flux versus the membrane thickness we can get a parabolic dependence in a way that we
can estimate the experimental value. For instance, Wang et al. [27] noticed that the predicted
flux decreases as membrane thickness increases, consistent with their experimental data. They
found that as their model membrane thickness increased to ~500 nm, water flux would decrease
to around 50 L-m~2-h~!.bar~!, matching the experimental value.

Whether measuring mass transport properties or the membrane’s mechanical strength, com-
puter simulations have constantly contributed to the prediction and confirmation of 2D mem-
branes’ use for desalination. There are many aspects which can make a certain material a good
candidate to be used in desalination membranes. High structural strength when subjected to
high pressures is certainly one of them. Therefore, as important as the ability to retain ions
is the membrane’s ability to remain stable under strong external pressures. Unfortunately,
an experimental work by Sun et al. [15] showed that nanochannels created in lamellar thin
films of WS, with the addition of metal hydroxide nanostrands can crack under high pressure.
Although first-principles calculations revealed a Young’s modulus Y = 200 GPa for 2D WS,,



comparable to stainless steel, finite-element-based mechanical simulations confirmed the col-
lapse of cylindrical channels at a critical pressure of ~1.6 GPa. All of these structural fractures
could pose a significant problem regarding the membrane’s desalination capacity. Remarkably,
the formation of nano-cracks within the WS, membrane was found to increase water perme-
ance as a consequence of increased porosity. In other words, the crack produces new fluidic
nanochannels that further results in water fluxes 4 times higher than that of the as-prepared
WSs membrane, without rejection performance degradation. According to Sun’s group, these
membranes have separation performances 2 orders of magnitude higher than that of commercial
membranes with similar rejection rates.

7.3. MoS; and WS, Syntheses and New Fabrication Meth-
ods

Usually 2D materials are the basic building blocks of bulk materials when they are stacked
together layer-by-layer. The possibility to obtain a single layer of carbon (graphene) from bulk
graphite has led to exciting new physics and material properties, for instance: atomically thin
electrical and thermal conductors, high transparency to visible light and a high carrier mo-
bility [28]. After the first works on graphene isolation by micromechanical exfoliation, several
other methods to obtain graphene were investigated, such as molecular beam epitaxy [29], CVD
on metal surfaces [30], and graphene films on silicon carbide (SiC) single crystals formed by
silicon evaporation [31], among others. Yet, none of these growth methods completely fulfills
every basic requirements for applications where suitable size and quality are mandatory, such as
in high performance electronic devices. Still, some of this growth methods such as CVD and sil-
icon evaporation from SiC crystals can be used in applications with less restricted requirements,
namely: anti-corrosion coatings and paints [32], nanoporous membranes for desalination [33],
and pesticide biosensing [34]. Moreover, the electronic band structure of graphene has a linear
dispersion near the K point, where the bottom of the conduction band touches the top of the
valence band, making it a zero gap semiconductor. This provides a great challenge to produce
electronic devices for many applications where high ’on and off’ electrical current ratios are
required.

In the past decade many other 2D materials have been isolated and studied, such as hexag-
onal boron nitride (h-BN), silicene, phosphorene, and TMDs. TMDs are a class of materials
composed of a transition metal from groups IV to VI (such as Ti, Nb, W, Mo etc.) and a
chalcogen (S, Se or Te). Different from graphene, these 2D materials are composed of three
layers of atoms, where a metal plane is bonded to a chalcogen plane on both sides. They
usually present a hexagonal crystal structure, where the wide range of possible compositions
leads to several distinct optical, electrical and mechanical properties. For instance, TMDs can
present metallic (NbTey, TaTe,) and superconducting [35] (NbSs, TaSs) or semiconducting [36]
(MoSz, WSy) electronic properties. Interestingly, TMDs’ properties have some degree of re-
liance upon the number of layers, where the chalcogen-metal-chalcogen structure is considered
a monolayer. One of the most common properties dependent on the number of layers is the
TMDs’ band structure. Many of them present a transition from an indirect (bulk material) to a
direct (monolayer) band gap, allowing for optoelectronic devices application[37]. One example
is the MoS, transition from bulk with a 1.3 eV indirect band gap to a 1.8 eV direct band gap
in monolayer form [38]. A similar effect is also observed in graphene when it presents a band
gap different from zero [39] or superconductivity [40] in a bilayer structure.

The reproducible synthesis of 2D materials is mandatory for characterizing these layer prop-



erties, as well as providing a path for their integration into a variety of applications. It is possible
to distinguish between two most widely used methods to synthesize single- and few-layer 2D
materials: the top-down and bottom-up methods. The first is based on the exfoliation of layered
bulk van der Walls crystals, while the latter is obtained by CVD growth on different substrates.
The micromechanical exfoliation has been used routinely to obtain 2D flakes, which may contain
from several crystal layers to a single monolayer. Van der Walls crystalline solids are usually
employed as the base material for exfoliation. The crystal structure is composed of atom layers
strongly bonded covalently or ionically in-plane, and these planes are staked together by weak
van der Walls forces. These van der Walls energies are in the range of few of meV, which
enable the easy exfoliation of the atomic layers. This was the approach used to obtain the first
graphene layers [2] and it is still used for a wide range of materials, predominantly using a
tape as the (dry) exfoliation method. 2D materials such as MoS,, black phosphorus [41], and
h-BN [42] have been obtained using this procedure. The obtained 2D monolayers present the
same crystal structure as their bulk counterparts, and can remain thermodynamically stable
under ambient conditions up until weeks. This method of isolation of individual and few layers
still is one of the most widely used to study their properties and for the fabrication of electronic
devices, since it can produce monolayers with high quality. Nevertheless, it is mostly limited
to crystal sizes in the order of some pm, making it unsuitable for large area applications.

Conversely, CVD growth is able to produce high quality 2D materials with controlled size,
number of layers and superior electronic properties. Specifically, this method has been used to
produce large-area MoSy, WS, graphene and h-BN, which can be integrated in the fabrication
of nanoelectronic devices.

MoS, growth can be obtained using two different precursors, one that contains Mo and
another that contains sulfur. The process involves typically MoOs and S powders, where the
substrate can be a dielectric (such as SiOs) or conductor (graphene), among others. It consists
in heating MoOj to become volatile as some sub-oxide (MoO, ), and then reacts with the sulfur
vapor to produce MoS, of the desirable substrate. There are many variations of this process
that can lead to MoS, layers with sizes up to a few mm. In some cases, the MoOs5 is first
deposited on the substrate and then it is submitted to the sulfur vapor annealing. Some works
have reported on the deposition of Mo films that were later sulfurized to produce MoS, [43].
Modulating the homogeneity and thickness of Mo and/or MoOj film determines the quality
and thickness of the MoS, film. In any case, this CVD approach has been shown to be highly
scalable.

In some cases, a single precursor which contains both elements has been used [44]. (NHy)sMoS,
can be thermally decomposed on insulating substrates and, similarly to the process described
above, can also yield large-area MoSs in the presence of sulfur vapor. Moreover, transis-
tors based on this CVD-prepared MoSs showed good electronic properties with large on/off
ratios [45]. Nevertheless, these values are lower than those obtained from the mechanically ex-
foliated MoSs, because the crystal defects shown in the CVD-grown films can be deleterious to
carrier mobility [46]. Finally, recent works on a variation of CVD, the metal-organic (MO)CVD
using bis(tert-butylimido)-bis(dimenthylamido)molybdenum and dietyl disulfide have produced
MoS; layers from 1 to 25 nm thick at short deposition times (90 s) and with great uniformity
on 50 mm SiO4/Si wafers [47], making it very promising for large-scale applications.

WS, posses similar electrical, mechanical and optical properties as MoS, and can be syn-
thesized in a similar fashion. For instance, the band structure of WS, is also dependent on
the number of layers since bulk WS, is a semiconductor with indirect band gap of 1.4 eV,
while monolayer WS, presents a direct band gap of 2.1 eV [48]. It is also possible to obtain
WS, through micromechanical exfoliation and CVD. Dry exfoliation is very similar as in the



case of graphene and MoS,: a tape is applied to a bulk WS, crystal removing from single to
few-layers of WSy which can be transferred on the desirable substrate. Superior crystal and
electronic properties are obtained using this method, but it lacks on scalability. Chemical (wet)
exfoliation has also been reported [49].

The W-based precursors for CVD growth of WS, present higher melting points than the
ones used in the MoS, growth. For instance, W has a melting point of 3422°C and WOj; of
1473°C [43]. This makes WS, deposition more challenging than MoSs, since the Mo-precursors
present a lower melting point. Still, the basic approach is similar for both materials: reaction
of sulfur vapor with a W-precursor at high temperatures, which is deposited on the substrate.

The most common precursors are WO3 and sulfur powder. They are heated inside a reactor
under an inert gas flow, such as argon. The reactor temperature is usually in the 850-950°C
range. Among the challenges also observed in the growth of MoS, (homogeneity, crystal quality,
mechanical and electrical properties, layer number control, etc), one of the main issues for WS,
growth is the high temperatures employed in its process. In this manner, there is a limitation
on the type of substrate that can be used to grow WS,. Some works have reported on the use
of alternative W-precursors in order to lower growth temperature, such as the use of WClg [50].
A great effort must be made in order to grow WS, directly on several types of substrates and
materials.

7.4. Feasibility of Free-Standing MoS; and WS, Mem-
branes in Filtration

Recently, free-standing membranes of 2D materials have attracted attention due to their
wide range of application, including piezoelectricity in MoS, [51], single-molecule DNA sens-
ing [52], high Young modulus [9] and water desalination [11, 53]. They can also be used to
investigate fundamental properties of 2D materials, since free-standing membranes are not
influenced by underlying substrates [54, 55, 56].

Free-standing WS, membranes have also been produced using similar methods. The most
used approach to produce these membranes is to use a substrate containing an array of circular
or square holes, usually produced by chemical or e-beam lithography. After that, the desirable
2D material (MoSs or WSs) is transferred to this substrate’s surface. Since the transference
process of CVD 2D materials can be difficult, the use of exfoliated materials is preferred.

Eda et al. [57] have prepared MoSs nanosheets by chemical exfoliation using organolithium
intercalation and forced hydration. Li intercalates between MoS, layers, and when it reacts
with water, it increases the plane spacing with hydrogen gas. The resulting MoS, is then used
to produce layer-stacked membranes. Using a CVD approach, Waduge et al. [56] prepared
micrometer scale apertures in silicon nitride membranes, which were placed above a boat con-
taining MoOs. A second boat containing sulfur was heated and the carrier gas (Ar) transported
the sulfur vapor to the silicon nitride membranes. The growth process takes place at 750°C
leading to selective MoS, growth near the apertures.

7.4.1. MoS,; and WS, Membranes Compared to Other 1D /2D Mate-
rials
One of the most interesting discoveries of our time and hypothesized as fruitful for a large

range of future technological applications is the role of dimensionality in determining the prop-
erties of a material. Ultrathin 2D nanosheets of layered TMDs are fundamentally intriguing.



Aside from presenting electronic properties diverse from the bulk, this group of materials ex-
hibits versatile chemistry in contrast with graphene’s chemically inert behavior [35]. Further-
more, 1D materials have attracted a lot of attention once theoretical and experimental obser-
vations led to the discovery of anomalous water transport under certain conditions, enabling
nanofluidic flow enhancement in CNTs [58]. In this section, the MoS, and WS, membranes will
be compared to other 1D /2D materials from the computational and experimental perspective.

A general 2D material can be used to transform a very thick membrane into two kinds of
construction design: a nanoporous membrane or a layer-stacked membrane [59]. In terms of
desalination purposes, nanoporous membranes of MoS, and WS, are very peculiar for they
present a mix of hydrophobic and hydrophilic edges, which in turn can be tuned to enhance
water permeability and salt rejection. Heiranian et al. [14] constructed nanoporous membranes
with three pore edge types: the first labeled as mized (a combination of molybdenum and sulfur
atoms), and the other two labeled as Mo only and S only (terminated only by molybdenum
or sulfur atoms, respectively). MD simulation analysis of water permeation through each
membrane allowed them to conclude that Mo only pores and mixed pores perform better than
S only pores regarding water flux. The reason is related to the fact that Mo only regions
achieve higher local water density, hence attracting more water throughout all possible MoS,
pore architectures. They applied the same methodology for different force-field parameters to
mimic different membrane compounds, such as MoSey, MoTey, WS, and WSes and reported
that the transition metal atom plays a more important role than the chalcogen atom when it
comes to choosing the best TMD material for desalination. Water permeability was found to
be two to five orders of magnitude greater than in current technology and 70% better than
graphene nanopore with similar sizes. These results demonstrate how the material’s chemistry
(especially in nanopores) leads to exotic relationships with water, which is attracted to the
inner pore, enhancing both water permeation and rejection of unwanted substances.

Taking advantage of MoSs nanosheets imperfections, Li et al. [60] used MD simulations to
propose a desalination process regulated by “open” and “closed” states induced by mechanical
strain. By applying lateral strain to the MoSs; membrane, they observed high water transport
rate (355.3 L-m~2-h~!-bar™!) and excellent salt rejection capability when the membrane reached
the open state, which corresponds to a strain of about 6% (~ 6% cross-sectional expansion in
the membrane). The membrane demonstrated high water transparency and strong salt filtering
capability even under a 12% strain. In this case, the mechanical strength associated with TMDs
is a critical parameter, paving the way for a large-scale industrial application.

When it comes to the experimental realization of 2D MoS; membranes, the layer-stacked
scheme is the current feasible option [59, 12, 61] due to the challenges concerning scalability
and fabrication of large areas of MoS,; monolayers [59] and the generation of nanopores with
homogeneous size distribution. Nevertheless, 2D layer-stacked MoS, with few ~7 nm thick
layers has been recently tested with promising water permeability of up to 320 L-m~2-h~!-bar~!,
and stable high ionic sieving capability (> 99%) [12]. This type of membrane allows for water
flow inbetween their grain boundaries and gaps. As for MoS,, a 300 nm layer-stacked membrane
of WS, exhibited even higher water permeance of 730 L-m~2-h~!'-bar~! [15] at the cost of
rejecting 90% 3 nm evans blue molecules — a typical solution procedure to evaluate rejection
rates. In terms of RO saltwater purposes it is very important for a membrane to be able to
reject 99.5% of salt at standard test conditions [62, 63].

To emulate the natural hydrophilicity present in both MoSs; and WS, nanopores, it is
possible to add chemical functional groups in nanoporous graphene to then adjust the pore’s
chemistry. Using classical MD simulations Cohen-Tanugi and Grossman [64] investigated wa-
ter flux through hydrogenated (bonded with H) and hydroxylated (bonded with H and OH)
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Figure 7.3: Comparison between MoS; /WSy [59], graphene [66, 67, 68] and CNT
membranes [69, 70, 71].

graphene nanopores. They reported permeabilities two to three orders of magnitude higher
than commercial RO membranes at the same salt rejection rate for some nanopore sizes. By
maintaining pore size and using hydroxyl groups they also discovered water flux enhancement
when compared to the hydrogenated case. In addition, Risplendi et al. [65] used quantum
(DFT) and classical (MD) simulations to show that functionalized graphene nanopores can
reject even neutral solutes such as boric acid (H3BOj3). In order to guide future membrane
designs it is very important to understand the challenges involved in the commercialization of
RO membranes such as chemical and thermal sensitivity, rapid fouling and cleaning.

An experimental work of Surwade et al. [72] demonstrated the possibility of using this kind
of nanoporous graphene monolayer as a desalination membrane. The nanopores, produced
through exposure to oxygen plasma, confirmed the indication of previous theoretical studies
and presented a permeability of ~252 L-m~2-h~!-bar~! — assuming a nanopore density of 10'?
cm~2 and sizes of 1 nm in diameter. Test conditions have further confirmed that graphene
oxide membranes remain with excellent water permeance, separation efficiency, chemical and
mechanical stability in water, acid and basic solutions even after months [73]. However, despite
the attractive potential improvements in the manufacturing process, a cost-effective graphene-
based desalination device and other 2D membranes is still uncertain. [66]

The option of layer-stacked graphene membranes is attractive comparing the industrial scale
challenges related to the fabrication of large-area monolayer graphene with controlled pore
density and size, a process which is intrinsically stochastic [67]. Although the water transport
mechanism is a bit different in stacked graphene oxide (GO) nanosheets, experimental works
have demonstrated the possibility of controlling the interlayer spacing in GO membranes and
use it as water transport channel with salt exclusion up to 97% [74], a performance that is
comparable to a typical forward osmosis membrane. On the other hand, GO needs some
stabilization strategy (embedded in epoxy, for example) once it can disintegrate in aqueous
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solutions [68].

Long before 2D membranes came to the spotlight of research on desalination, membranes
composed of CNTs were extensively studied as attractive materials [71]. The investigation of
water transport through CNTs led to the discovery of new and exciting properties, such as flow
rate enhancement [1], which was seen as a very useful feature for desalination purposes. In
2D materials the high transport rate is associated with their extremely low thickness of just a
single atom.

Notwithstanding, the high water transport rate observed in CNTs is a consequence of the
smooth hydrophobic inner core, which allows for uninterrupted water molecules passage with
negligible adsorption and almost no friction [75]. Indeed, the enhancement flow factor — de-
fined as the ratio between measured flow and the ideal no-slip Poiseuille low— puts classical
hydrodynamic theory in check, once the condition of zero interfacial fluid velocity does not nec-
essarily hold at nanoscopic length scales [58]. This means that while water permeability goes
down as we increase the thickness of 2D membranes, it is almost independent of the nanotube
length, making CNT membranes still commercially attractive. Secchi et al. [17] have confirmed
experimentally fast water transport behavior with nearly frictionless interfaces through carbon
nanotubes. Besides these elevated speeds, high aspect ratio and easy functionalization — pre-
requisite for desalination purposes, avoiding aggregation that harms ion selectivity and water
flux— renders CNTs as a widely explored nanomaterial in water purification research.

Among other categories, we could divide CNT-based membranes into two types based on
their configurations: freestanding and mixed with polymeric materials [69]. The former can be
produced either with vertically aligned nanotubes — where water is forced through inside them
— or as buckypaper membranes — in short, a random network of CNTs with large specific
surface area. This network is structurally similar to the current commercial thin-film RO
membrane composite in which CN'Ts are mixed with the top layer polymer. Buckypaper CNT
membrane poses as an excellent alternative for desalination in distillation technology [76]. In
contrast, Baek et al. [77] successfully synthesized a vertically aligned CNT membrane with
pore diameters of ~ 4.8 nm and a pore density of 6.8x10'° cm~2. They presented improved
performance (three times higher flux) compared to typical ultrafiltration (UF) membranes.
Additionally, vertically aligned CNT membranes can be obtained from thermal and oxygen-
plasma treatments of densified outer-wall CNTs [78]. The advantage of the latter is that
pore diameter can be readily varied (e.g., between 7 to 40 nm) through simple mechanical
compression. CNT wall membranes obtained in this fashion can deliver water permeability that
approaches 30,000 L-m~2-h~!-bar~! and still avoid bacterial adhesion and biofilm formation. As
in every other nanoscaled membrane, the experimental challenges here lie on the production of
well-defined specific nanotube diameters needed for selectivity purposes, pore size homogeneity,
alignment and agglomeration control [62]. MD simulations have suggested that in order to
achieve desalination capacity comparable to that of RO membranes the inner diameter of
nanotubes should be around 0.6 nm [79], and current state-of-the-art CNT membrane synthesis
is not able to meet these requirements. Also, there are concerns about potential nanotoxicity
in aquatic environment [70, 80].

CNTs mixed with polymeric materials are well guided to be applied in RO systems. High
performance RO CNT /Polyamide membranes can be achieved with CNTs dispersion in typical
polymeric matrices [81]. The technique of CNT incorporation into polymers is well-known, and
represents an excellent strategy to conceive membranes that are reasonable in terms of water
flux (compared to vertically aligned CNTs) but extraordinary in terms of salt permeation,
which makes them ideal to improve current RO technology.

Though promising, all of these membrane technologies are still far from reaching the desired
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production and commercialization stage. The next generation of desalination membranes is
about to face the challenge of keeping the same (high) levels of water permeability, salt rejection,
and stability while also becoming industrially scalable. In the meantime, there are several
pitfalls to overcome such as chlorine tolerance, fouling/scaling, acid/base, and cleaning. The
following section is focused on the gaps and possibilities of MoS, and WSS, as viable alternatives
for 2D desalination membranes.

7.5. Research Gaps

a) Nanopore Opening — The available synthesis of large-scale MoS, and WS, single lay-
ers by CVD makes them suitable to perform as water desalination 2D membranes. However,
nanoporous membranes (Figure 7.2a) require well-defined and distributed openings with pores
of <1 nm radius. This is also true for layered membranes (Figure 7.2b), where superficial
nanopores lead to improved filtration and selective ion transport channels. From methods re-
lying on plasma treatment or chemical etching to irradiation with energetic particles, i.e., elec-
trons or ions, there are different ways to open nanopores in 2D membranes. Intrinsic defects
in CVD-grown MoS; and WS, membranes stand as a challenge regarding electron irradiation
techniques. While high-energy electrons are able to perforate freestanding MoS,; and WS,, sin-
gle or double vacancies are created during the process [82], limiting their application. Exposing
the membrane to a high flux of electrons can also result in an uncontrollable size distribution
and pore density. Nevertheless, a combination of methods can be used to achieve the desired
scalability. A recent experiment combining focused electron beams with an in situ heating
holder was able to drill nanopores in WS, bilayers (See Figure 7.4) with precise control over
spatial distributions with 5 nm accuracy of patterning and the width of nanowells adjustable
by dose-dependent parameters [83]. In contrast to electron beams, we can use ions (or heavy
ions) to bombard MoS; and WS, nanosheets, which involves a wider range of experimental
parameters to be explored during the defect creation mechanism. For example, swift heavy
ions [84] and highly charged ions [85] have been used to manufacture well-defined openings in
freestanding MoS,. In this way, pores with radii ranging from 0.3 to 3 nm have been created.
Some groups have also exploited the electrochemical activity of MoS, and WS,. Debatably,
electrochemical reaction (ECR) techniques were used to open well-controlled nanopores in a
scalable way [86]. But again, the high density of intrinsic defects naturally occurring in TMDs
can represent a drawback for upscaling the method. The large-scale production of 2D MoS,
and WS, to operate as nanoporous membranes depends on the advancement towards improved
synthesis and control of nanopore fabrication.

b) Vacancies — Due to the imperfect nature of CVD process optimization, intrinsic struc-
tural variations such as atomic vacancies and grain boundaries are inherent to CVD-grown 2D
MoS; and WS,. In this context, water permeability can be understood in terms of the mem-
brane’s intrinsic porosity. Sulfur vacancies of various sizes can yield a large areal density of
up to ~10' em™2 [22], rendering CVD-grown 2D MoS, layers sulfur-deficient in general [87].
Conversely, the areal density of large-sized (~1 nm) intrinsic sulfur vacancies such as Vg, is
much smaller than that of small-sized vacancies, for example, Vg of <0.3 nm. This competing
situation makes it difficult to experimentally quantify and identify the kind of specific vacancies
governing water permeability. Additionally, CVD-grown 2D MoS, layers contain a large density
of intrinsic “nanopores” present along the grain boundaries formed by individually stitching
2D grains of distinct crystallographic orientation. The size of these nanopores is larger than
that of the atomic vacancies within basal planes as they are generally composed of multiple
uncoordinated atoms. Grain-boundary nanopores play a very important role in the membrane’s
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Figure 7.4: Schematic illustration of electron beam used to drill nanopores in bilayer WSs. Adapted
with permission from Chen et al. [83].

permeability, governing both water permeation and ion rejection. The uniformly spaced vdW
gaps in the CVD-grown 2D MoS, also help the membrane to achieve high ionic sieving ca-
pability. In an experimental realization of few-layer 2D MoS,; membranes Li et al. [12] found
the physical sizes of the hydrated ions to be larger than the interlayer vdW MoS, gap, which
suggests that ion transportation is efficiently impeded. In addition to this geometrical effect,
electrostatic interaction of atomic vacancies is considered another major factor governing both
water permeation and ionic sieving. Theoretical works have suggested that salt ions encounter
significantly high energetic and steric barriers when approaching sulfur vacancies, while water
molecules are relatively unaffected [60]. In this case, cations such as Na™ will experience a high
Coulombic barrier due to the positively charged sulfur vacancies, which in turns expose the
hydrophilic Mo-rich sites to ignite a process of water attraction and ion repulsion. Indeed, we
have identified in our simulations that nanopores with up to ~1 nm present strong ion rejection
rates even at high pressures of ~100 MPa [13]. Although experimentalists have shown a good
control of the naturally occurring defects in CVD growth of TMDs, we still miss a systematic
study on the vacancies distribution where their effect, grain boundary and vdW gaps would be
properly assessed.

¢) Imaging — In order to take advantage of all the prominent desalination and adsorption
features of MoS,; and WS, membranes, it is very important to establish a precise, reproducible,
rapid, and nondestructive method to effectively image nanopores and grain boundaries. This
method should be also independent of the membrane composition, doping, and defect recon-
struction. Although 2D nanoporous membranes stand as a new class of materials, the character-
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ization of solid-state 2D nanostructures is an old, always evolving area of research. Therefore,
the long-term knowledge we have built around this technology can be used to access atomic-
scale information about nanopore geometry and distribution along the membrane. For instance,
we have seen that transmission electron microscopy (TEM) directly resolves atomistic details
of defects but requires intensive and disruptive sample preparation [88, 89, 19]. Alternatively,
we can use photoluminescence or Raman spectroscopy that provide rapid and nondestructive
probes of the electronic and vibrational properties of defective regions. Both techniques of-
ten manifest as red- or blue-shifted emission with enhanced or suppressed intensities when
compared to the response from a pristine crystal, but it depends on multiple factors that af-
fect local electronic properties such as material composition, doping level, defect passivation,
grain boundary geometry, or edge terminations [90, 91]. Nonlinear optical spectroscopy can be
highly sensitive to imaging imperfections, but their visualization can exhibit weak background
contrast [92] or require the use of chemical solvents [93]. We can alternatively boost image
contrast using dark-field (DF) microscopy. By comparing a bright-field linear optical image of
a TMD monolayer on quartz and a dark-field linear optical image one can clearly see the edges
scattered in dark-field light. However, atomically thin grain boundaries cannot be resolved by
either imaging technique, because the in-plane linear dielectric response of TMD monolayers
is often isotropic, making the scattered light intensity near grain boundaries indistinguishable.
To circumvent this limitation, Carvalho et al. [94] have proposed a dark-field nonlinear char-
acterization technique combining a second harmonic generation microscopy and a spatial filter
to further enhance the second harmonic contrast of 1D imperfections in 2D systems (MoSs
or WS,), thus allowing detailed large-area spatial mapping of grain boundaries and edges re-
gardless of their local atomic and electronic structures. There is still room for technological
innovations in 2D materials characterization. New and improved nanometer-scale imaging tech-
niques are going to rise in decades to come, enabling advancements toward both applications
and fundamental 2D materials discoveries.

d) High Intensive Energy Use — Nanostructured membranes represent a breakthrough in
membrane technology because they allow to shift the trade-off between permeability and salt
rejection [62]. It also makes working with less membrane surface than the conventional tech-
nology possible. Still, energy consumption at equal operating conditions are very similar to
that of traditional salt water RO (limited to a reduction of almost 15% by theoretical calcula-
tions based on phenomenological models [95]). In fact, the RO itself is just one stage among
others. Because of that, a 15% reduction does not represent much in the overall cost saving.
Improvements in pressure bomb technology and pressure recovery systems allowed to reduce
energy demand associated with desalination plants over the last decades, but in the end, the
costs are ultimately limited by the osmotic pressure in the system. The benefits of using an
ultra-permeable membrane are more significant for brackish water RO: a reduction in 46% in
energy consumption could in principle be achieved [95]. Besides that, an ultra-permeable mem-
brane opens the window of possibilities to shift the operating conditions in order to optimize the
desalination system. Another breakthrough aimed at minimizing energy demand is challenging
and necessary to face both the world’s water scarcity and climate emergency [96].

e) Simulations — Despite the large number of studies, there is still a long way to go when it
comes to fully understanding the mechanisms behind 2D membrane desalination. Most of the
difficulties are associated with the fact that in the vicinity of an environment as complex as
a nanoporous membrane, both water and especially ions can assume completely unpredictable
behaviors. For instance, Cohen-Tanugi and Grossman [64] investigated into the role of chemical
functional groups bonded to the edges of graphene pores to suggest that commonly occurring
hydroxyl groups can roughly double the water flux thanks to their hydrophilic character. It
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has been shown that a nozzle-like structure of protein channels and other nanoscale membranes
also influence water transport [97]. TMDs such as MoSs and WS, offer the possibility to craft
the pore’s edge with Mo(W), S or both, which allows for the design of functional nanopores.
Additionally, the fish-bone structure of these TMDs [14] makes it promising as a nozzle-like
sub-nanometer pore to be efficiently used in desalination membranes. In their computational
study, Heiranian et al. [14] revealed that pore chemistry can significantly impact fluid transport,
hence the ion rejection rate. It is important to note, though, that most of the computational
results on desalination membranes come from pure classical dynamics. Despite the widespread
agreement of these results with experiments, there is still much to advance in the chemical-
physical molecular understanding of the processes that lead to higher or lower water fluxes, as
well as the mechanisms and interactions between solution and membrane that provide greater
efficiency in solute rejection. This can be achieved by using hybrid simulations that consider
explicit charge transfer, for example.

f) Toxicity — Along with the scalable use of MoSs and WS, nanomembranes, one of the
ultimate challenges is to understand more deeply how these structures are going to affect the
environment after release. For instance, nanomaterials may pose a long-term threat if they
are persistent and nondegradable [98]. In this regard, both MoS; and WS, are considered as
chemically stable materials against environmental stressors because of the absence of dangling
bonds in the terminating S atoms [35]. Particularly the solubility of MoSs is low under ambient
conditions, which leads to long-term persistence in the environment. On the other hand, this
scenario can differ for extreme conditions such as high temperature or strong oxidation, where
TMD nanomaterials can be oxidized to different oxides [99]. For instance, the oxidation of
MoS; nanosheets has been shown to occur in aqueous solutions, leading to soluble, low-toxic
oxidation products [100]. The oxidation kinetics depend on factors such as the pH and the
crystallographic phase of the TMD.

Toxicity varies depending on preparation methods, but both MoS; and WS, nanosheets
generally show high biocompatibility at concentrations up to ~100 ppm and certain cytotoxicity
at high concentrations (a few hundred ppm). For instance, low toxicity of exfoliated, well-
dispersed MoS, nanosheets was observed, but aggregated samples were found to induce acute
lung inflammation in mice [101], raising concerns about their size’s effects on the toxicity of these
nanosheets. When it comes to toxicity we have good reasons to believe that both MoS, and
WS, nanosheets can perform better than graphene-based nanomaterials [102], but there can
be significant differences between those TMDs. Polyethylene glycol (PEG)-coated 2H-MoS,
nanosheets have shown fast degradation and complete excretion within a month, in marked
contrast to WS,, which presented high levels of concentration in the organs for months [103].
Further degradation experiments indicated that the distinctive in vivo excretion behaviors of
TMDs can be attributed to their different chemical properties. Still, the peculiarities involved
in degradation and accumulation of each material are yet to be clarified.

7.6. Conclusions and Perspectives

In this chapter we analyzed the unusual 2D film properties of the TMDs MoS; and WS,
with the specific focus for their application as adsorbents and membranes for water purification.
The study of 2D materials’ transport properties, even though inspired in the enhancement flow
observed in carbon nanotubes, has a very different origin. While fast flow in nanotubes is
due to friction regardless of tube length, in the case of 2D systems fast liquids transport is
associated with their extremely low thickness, and this phenomenon disappears as the layer
grows beyond a certain limit. Within single layer surfaces, graphene is the material which not
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only has more studies but is also more advanced in production. Nevertheless, TMDs exhibit
water permeability two to five orders of magnitude greater than the current technology and
70% better than similar-sized graphene nanopores. These results demonstrate how material’s
chemistry (especially in nanopores) leads to exotic relationships with water, which is attracted
to the inner pore enhancing both water permeation and the rejection of unwanted substances.

The actual nature of the TMD membranes’ higher permeability and ion rejection is not
clearly understood. In principle, the mix of hydrophobic and hydrophilic edges are important
ingredients, yet they do not explain why WS, shows water flux two times greater than MoS,
laminar membranes when both have a very similar charge distribution.

TMD materials can be perfored either by making pores in the perfect material or by building
up lamellar structures to employ filtration and adsorption qualities. In both cases impact of
defect, pore distribution, and thickness of the stacking layers have to be explored together with
the stability and toxicity of the material.

So far, what we have are prominent but diffuse experimental results. With the help of
theoretical and computational simulations — in addition to some creativity — it is possible
that in the near future both MoS; and WS, membranes can be used in desalination plants,
significantly improving their performance.
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