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ABSTRACT: Restacked two-dimensional (2D) materials represent a new class
of membranes for water−ion separations. Understanding the interplay between
the 2D membrane’s structure and the constituent material’s surface chemistry
to its ion sieving properties is crucial for further membrane development. Here,
we reveal, and tune via covalent functionalization, the structure of MoS2-based
membranes. We find features on both the ∼1 nm (interlayer spacing) and
∼100 nm (mesoporous voids between layers) length scales that evolve with the
hydration level. The functional groups act as permanent molecular spacers,
preventing local impermeability caused by irreversible restacking and
promoting the uniform rehydration of the membrane. Molecular dynamics
simulations show that the choice of functional group tunes the structure of
water within the MoS2 channel and consequently determines the hydrated
interlayer spacing. We demonstrate that MoS2 membranes functionalized with
acetic acid have consistently ∼92% rejection of Na2SO4 with a flux of ∼1.5 lm−2 hr−1 bar−1.
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Restacked two-dimensional (2D) materials, which are
assemblies of individual atomically thin sheets with their

basal planes lying parallel to each other, comprise a new class
of nanofiltration membranes that show great promise as
efficient separators of ions and small molecules from water. In
a filtration device, water flows through the channels between
layers of material with little obstruction, while ions and other
small molecules are excluded. Graphene and graphene oxide
form the basis for the first molecular sieves1−9 but the breadth
of constituent materials has grown in recent years to include,
among others, boron nitride,10 MXenes,11,12 and transition
metal dichalcogenides (TMDs) such as WS2

13 and MoS2.
14,15

Chemically exfoliated MoS2 (ce-MoS2) is a particularly viable
candidate for reverse osmosis (RO) desalination, as
exemplified in recent studies.16−18 The channel width of
restacked ce-MoS2 is on the appropriate length scale for size-
based exclusion of ions while facilitating high water flux;
furthermore, recent studies have demonstrated that ce-MoS2 is
more structurally stable than its graphene oxide counter-
part.17,19,20

Recent efforts have demonstrated the viability of horizon-
tally aligned ce-MoS2 as an RO membrane.15−18,20 Ries et al.
and Hirunpinyopas et al. show that the surface hydrophilicity
of MoS2 membranes has a profound effect on its ion sieving
properties.16,18 Wang et al. detail the stability of MoS2
membranes and the relationship between the normalized
water flux and applied pressure in a dead-end filtration setup.17

The interplay of interlayer spacing and surface chemistry and
their effects on water and ion transport remain unclear,
however. To understand these effects, both single channels and
the mesoporous structure of the channel assemblies need to be
controlled precisely. Here, we functionalize MoS2 with
molecular spacers and, coupled with a drying and rehydration
method, control the structure of MoS2-based membranes on
both the micro- and mesoporous scales. We find features on
both length scales that vary with the hydration extent of the
membrane and must be considered when rationalizing its
filtration properties (Figure 1). With the acetic-acid function-
alized MoS2 (acetate-MoS2)membranes, we demonstrate
consistently high filtration performance: 92(2)% rejection of
Na2SO4 and 1.5(6) LMH bar flux, higher than acetamide
functionalized MoS2 (amide-MoS2) and equivalent to carefully
tuned ce-MoS2. Interestingly, acetate-MoS2 membranes also
demonstrate 6.6 fold selectivity of Cu2+ over the monovalent
cation Na+, suggesting the membrane’s possible use for
selective ion removal and recovery.
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Further, we explain the effect of molecular functionalization
on the interlayer spacing of MoS2 films using molecular
dynamics (MD) simulations. The connection between surface
chemistry and membrane structure has previously been
attempted using mean field theories that do not account for
the layered structure of confined water, which we find is a
dominant effect.17 The MD simulations reveal that the choice
of functional group controls the number of water layers within
the MoS2 channel and consequently governs the interlayer
spacing and affects water flux. We also find that the diffusion

constant of water molecules varies with functionalization but
that this has a modest effect relative to the membrane’s
physical structure.

■ RESULTS
Synthesis and Characterization of MoS2 Based

Membranes. An aqueous suspension, shown in Supporting
Information (SI) Figure 1a, of ce-MoS2 flakes is synthesized
following the standard lithium-intercalation and exfoliation
procedure21−23 outlined in Methods (SI). The detailed

Figure 1. Schematic of the hydration-dependent structure of MoS2 membranes. (a) Initially, the hydrated ce-MoS2 membrane is disordered with
mesoporous scale voids between layers. When partially dried, the large voids close but parts of the membrane restack to the bulk, decreasing the
overall porosity of the membrane (and when completely dried, the membrane is impermeable). (b) Acetate-MoS2 membranes dry without
restacking to the impermeable bulklike structure. This allows the membrane to rehydrate during testing, leading to consistent interlayer spacing
with fewer voids or impermeable regions.

Figure 2. Characterization of functionalized MoS2. (a) XPS spectra of the S 2p region for ce-, acetate- and amide-MoS2. The fraction of functional
groups is computed by fitting the spectra with peaks from 1T and 2H MoS2 phases as well as an S−C contribution. (b) FTIR of MoS2 samples
showing the intramolecular acetate and acetamide stretches near 1500 cm−1, and S−CH2 wagging peaks for acetate- and amide-MoS2 at 1217 and
1225 cm-1, respectively. Also evident are the S−C stretching peaks at ∼715 cm−1.25,27 (c) XRD displaying the shift in interlayer spacing for dried
functionalized MoS2 and hydrated ce-MoS2 relative to dried ce-MoS2. (d) Top-down TEM of acetate-MoS2 flakes; the diffraction pattern for a
single flake is inset, showing evidence of in-plane hexagonal symmetry. (e) Cross-section TEM image of a 40 nm acetate-MoS2 membrane. (f) Top-
down TEM image of a 50 nm acetate-MoS2 membrane with the diffraction pattern inset, illustrating the random orientations of a thick composite
flake stack.
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physical characteristics of individual flakes are provided in
Section 1 of Supporting Information. The flakes are generally
100−500 nm in lateral size and only a few nm in total
thickness. Membranes are assembled via vacuum filtration on a
porous polymer substrate (mixed cellulose ester, 25 nm
average pore diameter) and dried for a given period to control
the hydration extent.
We covalently functionalize ce-MoS2 sheets with two small

organic molecules: iodoacetic acid and iodoacetamide. We
follow the procedure provided in recent studies24,25 and
outlined in Methods (SI) to graft these organic molecules on
MoS2 flakes. The mechanisms underlying the covalent
functionalization are outlined in Section 3 (SI). Importantly,
the net negative surface charge of ce-MoS2(∼0.25 electrons per
Mo atom)26 is neutralized during functionalization. Acetic
acid, however, deprotonates in neutral pH and induces a net
negative charge on the sheet of equal magnitude to that of ce-
MoS2;

24 the sheets remain neutral for amide-MoS2.
The fraction of organic fragments decorating the MoS2

surface is determined via X-ray photoelectron spectroscopy
(XPS) of samples drop cast on Si wafers.16,24,25 The degree of
functionalization (functional group per Mo atom) is derived
from the S 2p region (Figure 2a) as well as the C 1s region,
and for amide-MoS2 the N 1s region.21 Using all three
methods, the degree of functionalization is calculated to be
20−26% for acetate-MoS2 and 22−26% for amide-MoS2
(Section 3 (SI)). These results are well aligned with previous
studies.25 More evidence of the covalent nature of the S−C
bond on functionalized MoS2 is provided by attenuated total

reflectance Fourier-transform infrared spectroscopy (FTIR)
spectra displayed in Figure 2b.
The structure of MoS2 membranes on the microporous scale

is determined via a combination of XRD and TEM. The
interlayer spacing as measured by XRD is 6.2 Å (bulklike) for
dried ce-MoS2; as shown in Figure 2c, this value grows to 9.9
and 9.6 Å for dried acetate- and amide-MoS2, respectively.
Flakes of acetate-MoS2, characterized by TEM in Figure 2d,
display similar morphology to and retain the hexagonal in-
plane crystal structure of ce-MoS2(diffraction pattern shown in
inset). A result of this preservation, acetate-MoS2 membranes
have a similar layered structure to that of ce-MoS2 membranes,
only with an expanded interlayer spacing as shown in the TEM
cross-section images in Figure 2e and SI Figure 4 (see
Methods (SI) for characterization details). When made into
membranes, the flakes stack with their basal planes aligned but
in random rotational orientations (Figure 2f).

Hydration-Dependent Structure of MoS2 Based
Membranes. Direct visualization of the hydrated MoS2
membrane structure is accomplished using a standard freeze-
drying procedure, outlined in Section 5 (SI). This procedure
allows direct morphological comparison between dried ce-
MoS2 (Figure 3a), hydrated ce-MoS2 (Figure 3b), and
rehydrated acetate-MoS2 (Figure 3c) on the mesoporous scale.
The membrane structure evident in SEM images is similar

for rehydrated acetate-MoS2 and dried ce-MoS2 but differs for
hydrated ce-MoS2. In rehydrated acetate-MoS2 and dried ce-
MoS2, the layers are regularly distributed whereas in hydrated
ce-MoS2, the layers are separated by mesoporous scale voids.

Figure 3. Characterization of membrane structure on the micro- and mesoporous length scales. (a) SEM cross-section of 3 μm thick dried ce-MoS2
membrane displaying relatively small voids between layers. (b) SEM cross-section of 3 μm freeze-dried ce-MoS2 membrane; relatively large gaps are
visible between layers. (c) SEM cross-section of 2 μm freeze-dried acetate-MoS2 membrane, dried then rehydrated. (d) Quantification of void
height distributions for (a−c). The shaded region depicts the variability between images (shown in SI Figure 6). (e) XRD characterizing the
hydration dependent structure of ce-MoS2 on the microporous scale. As the membrane dries, the bilayer of water peak decreases in intensity,
whereas the bulklike peak rises. (f) XRD characterizing the hydration dependent structure of acetate-MoS2 on the microporous scale, where no
bulklike peak is evident.
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The qualitative structure of these membranes is consistent
throughout a given membrane and between membranes (SI
Figure 6). A quantitative depiction of the void height
distribution (see Section 6 (SI) for procedural details) is
shown in Figure 3d; as expected, hydrated ce-MoS2 displays a
broader peak at larger values (∼20 nm) compared to dried ce-
MoS2 and acetate-MoS2 (∼10 nm). From this result, we
conclude that with partial drying or surface functionalization
and rehydration, the size of mesoporous scale voids is reduced.
The evolving mesoporous scale morphology is accompanied

by evolving structure on the microporous scale. As shown in
the XRD spectra in Figure 3e, in wet ce-MoS2, two peaks are
apparent corresponding to the bulk (6.2 Å) and hydrated (12
Å) interlayer spacings. As the membrane dries, the XRD peak
corresponding to 12 Å interlayer spacing decreases in intensity
while the peak at 6.2 Å increases. This evolution indicates
irreversible stacking to bulk MoS2. In contrast, no bulk peak
(6.2 Å) is ever present in acetate-MoS2 (Figure 3f) or amide-
MoS2 (SI Figure 7); the singular channel width for acetate-
MoS2 simply shifts to smaller values as water leaves the
membrane (from 11 to 9.9 Å).
Separation Performance of MoS2 Based Membranes.

The evolving structure of ce-MoS2 membranes dramatically

affects separation performance, as indicated by the dependence
of water flux and ion rejection on membrane drying time. To
detail this association, membranes are dried for a defined
period in room-temperature conditions (humidity 20−30%)
after fabrication, then loaded in a stirred, pressure-assisted
dead-end filtration cell for tests. All samples are tested in
brackish water conditions with 17 mM (∼2500 ppm) Na2SO4
under pressures of 150 psi (10.3 bar). The performance
metrics are measured until the ion rejection stabilizes. Acetate-
MoS2 membranes are also tested against 34 mM (2000 ppm)
NaCl and 17 mM (∼2300) ppm CuCl2, the neutral dyes 4-
nitroaniline (NA) and bromothymol blue (BrB).
The ion rejection of ce-MoS2 membranes increases within

the initial drying period but subsequently remains constant
(Figure 4a); the flux, on the other hand, decreases by 2 orders
of magnitude as a function of drying time (Figure 4b). We
associate the initial increase in rejection with the closure of
percolating voids. Once these voids are closed, no further
increase in ion rejection is expected despite lower water flux
values; restacking to bulk entirely seals off portions of the
membrane instead of forming smaller water channels. By
tuning the drying time (to the minute) ce-MoS2 membranes
can display performance as high as 95(1)% rejection of

Figure 4.Membrane separation performance: hydration dependent ion rejection (a) and water flux (b) for ce-, acetate-,and amide-MoS2 in 17 mM
Na2SO4; water flux and ion rejection for acetate-and amide-MoS2 prepared by heated drying and rehydrating are also shown. (c) UV−vis spectra of
two neutral dyes, NA (molecular size ∼4.32 Å × 6.89 Å28), and BrB at pH = 5.6 (∼10.8 Å × 13.5 Å29), filtered through acetate-MoS2 membranes.
The spectra for feed and permeate solutions are shown, along with a drawing of the dye molecules to emphasize the size discrepancy. (d) Solute
rejection of A2B (Na2SO4), AB (NaCl), and AB2 (CuCl2) salts as well as the two neutral dyes, NA and BrB, using acetate-MoS2 membranes. The
rejection between NaCl and CuCl2 indicates a 6.6-fold selectivity of Cu2+ to Na+.
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Na2SO4 with 0.8(2) LMH bar water flux. Even though ce-
MoS2 shows great potential for ion separations, the transient
membrane structure makes the membrane hard to preserve for
practical applications.
The drying-dependent performance of acetate-MoS2 differs

qualitatively from that of ce-MoS2. The ion rejection plateaus
more slowly for acetate-MoS2 membranes (Figure 4a).
Furthermore, when the membrane is dried completely by
heating at 60 °C for 4 h, after rehydration during testing, water
flows at 1.5(6) LMH bar while the ion rejection reaches
92(2)% (ce-MoS2 membranes dried under the same conditions
are impermeable). Furthermore, the flux of acetate-MoS2
decays at a much slower rate (and eventually appears to
plateau) relative to that of ce-MoS2, which nearly halves in 15
h (SI Figure 9). This result suggests that functionalizing MoS2
with acetate ions is a reliable method to achieve high rejection
of divalent anions, only transiently attainable via partial drying
of ce-MoS2. The amide-MoS2 membranes exhibit smaller flux
at long drying times relative to acetate-MoS2. They do remain
permeable after complete drying, however, unlike the ce-MoS2
membranes; dried amide-MoS2 membranes exhibit 89.0(1)%
rejection with a flux of 0.7(2) LMH bar.
We test acetate-MoS2 membranes against two different

neutral dyes in order to isolate the size sieving from the
electrostatic repulsion effects on solute rejection (Figure 4c).
Acetate-MoS2 rejects the large neutral dye molecule BrB
(molecular size ∼10.8 Å × 13.5 Å29) with an efficacy of 98%,
but only partially impedes the permeation of the smaller
neutral molecule NA (∼4.32 Å × 6.89 Å28), corroborating the
import of the size sieving effect (Figure 4d). We also measure
the rejection of NaCl and CuCl2 (Figure 4d). Interestingly,
CuCl2 is barely impeded by acetate-MoS2 membranes, likely a

result of both the slightly smaller hydrated radius of Cu2+

compared to Na+ and SO4
2− and its overall charge.30 We note

the selectivity toward divalent cations over monovalent cations
measured here (calculated as the reciprocal of the ratio of
CuCl2 and NaCl rejection) is ∼6.6, higher than that of recent
studies of 2D materials, which report divalent over monovalent
cation selectivity of ∼1−1.9.31−33 In commercial Nafion ion
exchange membranes, the selectivity is typically reversed, with
monovalent cations preferentially transported over divalent
cations.34 We compare the separation performance of acetate-
MoS2 membranes to existing literature in SI Figure 13 for
NaCl and Na2SO4.
The dependence of water flux on MoS2 surface treatment is

a result of differing water diffusion constants within membrane
channels and varying membrane porosities. Diffusion constants
are calculated via MD simulations discussed in the subsequent
section; porosity is determined by structure of MoS2
membranes on the microporous and mesoporous scales. As
depicted in SI Figure 10, ce-MoS2 partially restacks to bulk,
decreasing the effective porosity of the membrane, whereas the
acetate- and amide-MoS2 channels remain uniformly open.
The different behaviors demonstrated by amide-MoS2 and
acetate-MoS2 are likely a result of their differing hydro-
philicities (SI Figure 11); functionalization with acetic acid
(acetamide) increases (decreases) the hydrophilicity relative to
that of ce-MoS2. Consequently, the interlayer spacing of
acetate-MoS2 increases to a greater extent relative to that of
amide-MoS2 when rehydrated, as shown in SI Figure 10. In the
following sections, we employ MD simulations to provide a
quantitative description of the microporous structure of ce-
and functionalized MoS2 that rationalizes with greater detail
each sample’s equilibrium hydrated interlayer spacing.

Figure 5. MD simulations describing the dynamics and structure of water in membranes. (a) MD simulation snapshot showing water confined in a
MoS2 channel with 12 Å interlayer spacing (center-to-center Mo−Mo distance). (b) Cross section of acetate-MoS2 with functional groups placed
randomly at 0.2 per Mo atom, (c) The diffusion constant of water in ce-, acetate-, and amide-MoS2 channels as a function of interlayer spacing. (d)
PMF as a function of interlayer spacing for ce-, acetate-, and amide-MoS2. (e) The density of water as a function of the z-coordinate in an acetate-
MoS2 channel. Here, we show profiles for interlayer spacings that exhibit clearly resolved water layering.
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MD Simulations: Water Dynamics in MoS2 Channels.
To elucidate the factors contributing to water diffusion in ce-
and functionalized MoS2, we conduct MD simulations on
single channels formed by parallel MoS2 sheets (the setup is
shown in Figure 5a). By characterizing the water structure and
dynamics at a sequence of interlayer spacings for ce-, acetate-
and amide-MoS2, we cover the entire parameter space
attainable in our experiments. To probe the effects of surface
modification, we decorate the MoS2 sheets with functional
groups at a similar density to that measured experimentally
(Figure 5b).
To compare water flux between samples, we compute the

diffusion constant (derived from the mean squared displace-
ment of water molecules in the MoS2 channel) for interlayer
spacings from 10 to 17 Å. We find that for a 12 Å interlayer
spacing, the diffusion constant varies with surface chemistry as
ce-MoS2 > amide-MoS2 > acetate-MoS2 (Figure 5 c). We
attribute the lower diffusion constants for acetate-MoS2 and
amide-MoS2 partially to steric obstruction arising from the
functional groups extruding from the MoS2 surface. Given
consistent interlayer spacing and mesoscale morphology for all
membrane surface chemistries tested here, our MD simulations
indicate that ce-MoS2 should exhibit the fastest water flux.
Experimentally, however, ce- and acetate-MoS2 have equivalent
hydrated interlayer spacings (12 Å) but acetate-MoS2
demonstrates the highest water flux. This result suggests that
the restacking to bulk behavior effectively reduces the porosity
of the membrane (or increases the tortuosity), leading to
reductions in flux that overcome the marginally larger diffusion
constant for ce-MoS2 relative to functionalized MoS2. The
reduced flux of amide-MoS2 relative to acetate-MoS2 likely
derives from its smaller interlayer spacing in the hydrated state.
An analytical relationship between these morphological factors
and the total water flux through the MoS2 membranes tested
here is provided in Section 15 of Supporting Information.
MD Simulations: Water Structure and Interlayer

Spacing. The equilibrium spacing between MoS2 sheets in
an aqueous medium governs the ion rejection and water flux
through the membranes assembled from those sheets. The
equilibrium spacing is determined by the complex interplay of
electrostatic and van der Waals interactions in addition to
hydration forces arising from the confinement of water in the
MoS2 channel.

35 To quantify the sum of these interactions, we
use umbrella sampling to calculate the potential of mean force
(PMF) as a function of interlayer spacing (Figure 5d). This
approach captures the effects of water structure on the
interlayer spacing at the subnanometer scale, the details of
which are not included in models such as extended DLVO
theory.17,35 While our model, which is parametrized to capture
water−water and water−MoS2 interactions, may break down at
small interlayer spacings where MoS2−MoS2 interactions
dominate, at the spacings of interest here the MoS2
interactions are largely mediated by water molecules and
hydration forces dominate35 (see SI Figure 15).
The PMF profiles depicted in Figure 5d display clear minima

at around 9−10 and 12−13 Å, but the relative depths of these
two minima vary dramatically with surface functionalization. As
detailed in Section 17 (SI), these minima and their relative
depths explain the stability and value of the interlayer spacing
of ce- and functionalized MoS2 membranes in aqueous media.
The structure of the PMFs in Figure 5d can be interpreted in
terms of interactions in the system at the molecular level. The
overall oscillatory structure is well understood and is a result of

the discrete nature of the water layers confined within the
channel.35−37 To illustrate this, we compute the water density
profile along the membrane normal at fixed interlayer spacings
between 10 and 17 Å (SI Figure 16). The minima in the PMF
profiles at around 10, 12.5, and 15 Å correspond to one, two,
and three layers of water inside the channel, respectively; this is
shown for acetate-MoS2 in Figure 5e.
Given that hydrated ce- and acetate-MoS2 membranes have

experimental interlayer spacings of 12 Å, the density profiles in
Figure 5e and SI Figure 16 indicate that each MoS2 sheet
adsorbs a single layer of water approximately 2 Å thick. We
conclude that a bilayer of water occupies each channel, as
hypothesized in prior studies.16,17,19,38,39 These results also
indicate that the steric effects of functional groups decorating
the MoS2 surface are secondary to that of the structure of water
within the MoS2 channel; within our current experimental
setup, the interlayer spacing can only take on discrete values
corresponding to an integer number of water layers. It remains
an open question whether a greater degree of functionalization
(≫20%) might destroy the ordering of the water, thereby
reducing the hydration forces and permitting finer control over
the interlayer spacing. However, this will likely also reduce the
flux due to the density of functional groups in the channel.

■ DISCUSSION
We have shown that the ion sieving properties of MoS2
membranes can be tuned by varying the degree of hydration.
We have also demonstrated that membrane functionalization
with acetic acid groups is a promising route toward
consistently achieving high salt rejection and water flux. Direct
evidence of the effect of surface charge would be useful to
evaluate the efficacy of alternative functional groups but would
require complete decoupling of surface charge from membrane
morphology. Increasing the water flux of acetate-MoS2
membranes could be realized by employing thinner films
with less surface topography; this may be accomplished
through synthesis of larger and more uniform flakes, employing
a smoother substrate, or through alternative fabrication
techniques.40

MD simulations have revealed the structure of water within
the membrane that forms the basis for its hydration-dependent
structure. In addition, the trends derived from these MD
simulations corroborate the dominance of the rehydration
behavior of MoS2 membranes in separation tests and
emphasize the importance of water structure on both the
microporous and mesoporous scales. Our work provides
structural and chemical information on MoS2 membranes,
providing insight into their behavior as separation membranes
or when employed in nanofluidic platforms or even as
electrode materials.
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