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High permeability sub-nanometre sieve composite
MoS, membranes
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Two-dimensional membranes have gained enormous interest due to their potential to deliver
precision filtration of species with performance that can challenge current desalination
membrane platforms. Molybdenum disulfide (MoS,) laminar membranes have recently
demonstrated superior stability in aqueous environment to their extensively-studied analogs
graphene-based membranes; however, challenges such as low ion rejection for high salinity
water, low water flux, and low stability over time delay their potential adoption as a viable
technology. Here, we report composite laminate multilayer MoS, membranes with stacked
heterodimensional one- to two-layer-thick porous nanosheets and nanodisks. These mem-
branes have a multimodal porous network structure with tunable surface charge, pore size,
and interlayer spacing. In forward osmosis, our membranes reject more than 99% of salts at
high salinities and, in reverse osmosis, small-molecule organic dyes and salts are efficiently
filtered. Finally, our membranes stably operate for over a month, implying their potential for
use in commercial water purification applications.
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he increasing global need for potable water is a prime

global challenge that faces sustainable life on our planet.

While water is available in ample quantities on earth, the
vast majority (>98%) is in undrinkable form (e.g., seawater,
brackish water, or sewage water). Viable and sustainable solutions
to this problem demand new materials and processes that can
efficiently purify water from contaminated sources, which
includes removal of debris, biological matter, organic and inor-
ganic impurities, and various salts. Among these, the most
challenging impurities are salt and small neutral organic mole-
cules, because their hydrodynamic size is most comparable to
water molecules, complicating size-based separations. To address
these issues, low-cost membranes are needed that selectively
reject ions and neutral species while still allowing rapid water
transport2, so that water purification becomes energy efficient.

Recently, advanced nanoscale materials have been at the fore-
front of new water purification technologies. For example, ultra-
thin, carbon-based two-dimensional (2D) materials such as
graphene and graphene oxide (GO) are excellent membrane
candidates due to their mechanical/thermal/chemical stability,
controllable porosity, and controlled chemical functionality3-12.
Owing to its low cost and manufacturability, extensive studies on
GO membranes have been presented in the literature!3-16, GO
membranes are typically multi-layered, where transport occurs in
between stacked GO flake laminates as well as through any pores
or defects in or between the flakes. The interlayer spacing, which
defines the performance of these membranes, is controlled by
crosslinking!3, casting in epoxy* electrically!’, and pre-use
membrane immersion in various salts for several weeks®. While
promising, several limitations for these membranes are noted: (1)
membrane swelling in water, which lowers ion selectivity due to
increased interlayer spacing®18; (2) low water transport due to
friction-type interaction between water and functional groups on
the graphene surface, which cover 40-60% of the GO surface!®
and results in only a partial utilization of the 2D channel geo-
metry; and (3) limited lifetime of a few hours before loss of efficacy
and/or mechanical failure due to swelling or dissolution?9-22,

In addition to carbon-based materials, other 2D materials such
as molybdenum disulfide (MoS,) have recently been explored for
water desalination, revealing some distinct features such as zero
swelling in water?1:23 due to a favorable balance between attrac-
tive van der Waals between neighboring nanosheets (NSs) and
repulsive hydration forces. Simulations also suggest that, due to
their crystalline porous structure, these materials maintain
robustness while allowing ultrafast water permeance and high ion
selectivities?42%, A recent comparative simulation reported that
single-layer porous MoS, membrane can lead to 70% higher
water flux than a porous graphene membrane?®. Furthermore,
nanopores in MoS, are intrinsically charged due to electron
redistribution between Mo and S atoms?’, which can enhance
their ion selectivity via repulsive membrane-ion interactions.
Recently, MoS, nanopores were used as osmotic power gen-
erators, which surpass boron nitride nanotubes?8. Researchers
also demonstrated superior water-transport kinetics for MoS,
nanopores over graphene??, suggesting a huge potential for
nanoporous MoS, for water desalination. Despite strong merits
predicted by a number of theoretical studies?%*7-?°, experimental
examination of nanoporous MoS; is yet to elucidate and validate
its effectiveness in a broader context of membrane technology.
One study has reported dye functionalization of MoS, mem-
brane30, which requires over a month-long tedious preparation
(sandwiching membrane in between dye and water over 21 days
and membrane cleaning over 2 weeks). Unfortunately, such
process had difficulties controlling interlayer spacing, interlayer
configuration, and desalination performance of the resulting
membrane was limited to only a few hours.

We report here a straightforward and scalable cavitation-based
method to create nanoporous MoS, NSs, resulting in a mixture of
one-to-two-layer-thick porous NSs and nanodisks (NDs). Control
over the mean nanopore size is achieved by adjusting the pro-
cessing times, and the surface charge of the porous NS/ND
mixture (hereon referred to as NSND) can be tuned in <20 min
using custom-designed cationic and anionic polypeptide adsor-
bent molecules. Laminate membranes (LMs) formed by stacking
these nanomaterials on a porous alumina support are highly
stable and further demonstrate high ion selectivities and water
transport rates in both forward osmosis (FO) and reverse osmosis
(RO) modes, as compared to the state-of-the art commercial thin-
film composite (TFC) polyamide (PA) membranes. It is noted
that, by improving ionic rejection and water transport rate while
maintaining a stable performance, the capital and operational cost
of RO operation can be lowered3!. Our approach of producing
membranes from controlled size NS/ND/peptide dispersions
leads to rationally engineered porosity, where pore size, interlayer
spacing, and surface charge can all be tuned. The resulting
membranes exhibit high selectivity to water and high water
permeance values, due to the presence of pores within NSs,
intrasheet spacings, and interspersed NDs, the latter acting to
increase the number of sub-nanometer channels (void agents)
between larger NSs. Most importantly, combining the advantages
of two competing approaches, i.e., ultrathin porous single layer
membrane and layer-stacked membrane, scaling up problem
could be addressed to realize the practical applications of 2D
material-based membranes32.

Results

Producing porous MoS, NSNDs. Porous MoS, NSNDs were
prepared from natural MoS, powder (low cost and earth-
abundant material) using a two-step method (Fig. la): The first
step involves ultrasound-assisted exfoliation and milling of bulk
MoS, into thinner and smaller particles at a power of 20 W; this
process involves breaking covalent bonds to make smaller sheets,
as well as breaking noncovalent interactions between sheets of
MoS, that are held together by weak van der Waals forces. The
second step involves probe sonication of the NSs, in which the
more intense ultrasonic power (500 W) is observed to create
nanoholes in the thinner NSs. The high-intensity ultrasound is
expected to lead to cavitation, with enhanced heterogeneous
nucleation due to the presence of suspended MoS, NSs*3. Cavi-
tation is a complex phenomenon, but it can lead to extreme
conditions including high-shear liquid jets with high
velocities>»3>. These jets and associated shock waves may intro-
duce holes in the MoS, NSs, which may be aided by rapid
acceleration and collision of the MoS, particles’. Interestingly,
we find that the creation of nanoholes is always accompanied by
the creation of NDs of similar size to the nanoholes (Supple-
mentary Figs. 1-3), suggesting that the second sonication step
“punches out” holes in the NSs from which the NDs are
formed3°. We find that both the mean NS diameters and the
mean diameters of the as-created nanoholes in the exfoliated NSs
can be controlled by adjusting the sonication duration (Supple-
mentary Table 1). In Fig. 1b, we show an atomic force micro-
scopic (AFM) image of the porous MoS, NSs that were prepared
from natural bulk MoS, powder (<2 um) by a 4-h bath sonication
step, followed by a 2-h probe sonication step (see details in the
Supplementary Section 1). For this sample, the average NS dia-
meter was 163 + 20 nm, and the average hole size was 32 + 8 nm.
The dark features in the middle of the NSs are pores formed from
knockout of material from within the NSs, whereas the ejected
ND products are seen scattered throughout in the image. The
height profiles of the NSs follows a binary distribution
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Fig. 1 Porous MoS, nanosheets. a Schematic representation of a two-step process for the preparation of porous MoS, nanosheets (NSs) and nanodisks
(NDs). b Topographic atomic force micrographs of as-prepared porous NSs dispersed on freshly cleaved mica (scale bar =500 nm). ¢ Cross-sectional
SEM image of a laminate NS/ND membrane supported onto an Anodisc alumina filter, where the approximate 1-um thickness is highlighted by the two
burgundy lines (scale bar =5 um). d A representative high-resolution HAADF STEM image of a laminate cross-section, showing an interlayer spacing of
6.2 A and stacking faults induced by nanosheet porosity and intersheet/ND stacking defects. A defect that results in interlayer voids, as shown by the

burgundy arrow (scale bar =2 nm).
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Fig. 2 Effect of interlayer arrangement, pore size, nanodisk spacing, and peptide presence on salt rejection. a X-ray diffraction for bulk, porous MoS,,
positive peptide-decorated (pep.+) porous MoS,, and a peptide-decorated (pep.+, pep.—) porous MoS, membranes showing the signature of (002) peak
position. b Comparison of aqueous NaCl (0.5 M) rejection by a bare Anodisc alumina filter, a non-porous MoS, NSL, a non-porous MoS, NSL with NDs, a
porous MoS; NSL of different pore diameters, and a peptide-decorated (pep.+, pep.—) porous MoS, NSL. Rejection was measured after a 1-day sucrose-
driven permeability experiment (n> 3 for all measurements). Inset scheme highlights proposed trajectory of the path of least resistance of water
permeation in a porous MoS, NSL in contrast to highly tortuous path in a non-porous MoS, NSL.

predominantly of two heights, 0.7 nm and 1.4nm (Supplemen-
tary Fig. 1), corresponding to exactly 1- and 2-layer-thick porous
NSs.

Fabrication of porous MoS, NSND membranes. We prepared
NSND-LMs by vacuum filtration of suspensions with equal
nanomaterial volumes and concentrations, as reported pre-
viously3’. This procedure provided similar membrane thicknesses
(~1 um) for our preparations, as confirmed using cross-sectional
scanning electron microscopic (SEM) measurements (Fig. 1c).

The vertical lines in the image show the supported alumina filter,
whereas the NSND-LM is horizontally oriented (parallel red lines
indicate ~1-um laminate film thickness). A closer look at the
structure of the LM is seen in Fig. 1d, where high-resolution high-
angle annular dark-field scanning transmission electron micro-
scopic (HAADF STEM) image shows stacking faults induced by
the heterodimensional structure of the stacked sheets/disks in the
LM. In this image, the average spacing between Mo atoms is 6.2
A, in accordance with X-ray diffraction (XRD; Fig. 2a) and lit-
erature values213038, We expect that all of these structural fea-
tures, namely, creation of channels by the NDs and creation of
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through-pathways by the porous structure of the NSs, as well as
the stacking defects within the laminate, play significant roles on
water transport kinetics through the LM.

Tuning surface charge and interlayer spacing in membrane. To
understand the effect of surface charge and interaction between
NSs, LMs were prepared in the presence of both negatively
charged (sequence, EFEFEFEF) and positively charged (sequence,
KFKFKFKF) peptides, referred to as pep. (—) and pep. (+) (see
Methods section for details about the peptides and preparation
steps). The peptides are designed to self-assemble on monolayer
MoS,; (Supplementary Fig. 7), which is also expected to influence
interactions between NSs and LM assembly. The peptides serve
two key functions: first, they help with dispersing the NSNDs in
water (Supplementary Fig. 6) and therefore facilitate membrane
preparation, and second, they modulate the surface charge of the
NSNDs by virtue of their charged amino acid residues (Supple-
mentary Fig. 9). To elucidate the effect of peptide on interlayer
spacing and interlayer arrangement, we performed XRD of the
LMs (Fig. 2a). We observe a slight increase in interlayer spacing
from 0.61 to 0.67 nm (~1° shift), in addition to a narrower XRD
peak of 0.22° for the membrane with peptide functionalization
(full-width at half-maximum), than for porous MoS, (0.61°) and
for positively charged MoS, (0.72°), i.e., pep (+) porous MoS,.
The narrower and sharp XRD peak suggests a more uniform and
highly ordered stacking of the oppositely charged NSs throughout
the laminate. For the other cases shown in the XRD plot, the
misorientation of the flakes with respect to each other is pre-
sumably due to stacking defect, which might have caused the
broadening of (002) peak of basal planes of MoS,. To study the
interlayer spacing of wet membranes, we performed XRD of
porous MoS, and a peptide-decorated (pep.+, pep.—) porous
MoS, re-wetted membranes (first baked at 50 °C and re-wetted,
see Supplementary Section 1 for details) and observed increasing
in interlayer spacing by 0.17 nm upon peptide incorporation
(Supplementary Fig. 8). To understand the role of pores in the
NSs and the NDs in determining transport properties, we pre-
pared LMs consisting of only NSs (without the pore-creating
second step), NSs without pores but with NDs, and NSNDs under
different degrees of probe sonication (Supplementary Table 1),
which affords systematic control of the membrane properties.

Nanofiltration. We sandwiched our ~1-pm-thick porous NSND-
LMs in between feed and permeate compartments and performed
salt-rejection measurements by placing an ionic solution (0.5 M
NaCl) in the feed compartment, an osmotic draw solution (2 M
sucrose) in the permeate compartment, and measuring ion con-
centrations in both compartments as a function of time (Sup-
plementary Fig. 16). Figure 2b (left axis) summarizes our results
for 0.5 M NaCl rejection after 1 day for various LMs composed of
NSNDs with pore diameters <10nm, <25nm, and <60 nm
(referred to as porous MoS,s < 10, porous MoS,s < 25, and porous
MoS;s < 60, respectively). For comparison, we also evaluated bare
Anodisc alumina support and non-porous MoS, NSLM in this
study. While the supported Anodisc filter and non-porous MoS,
NSLM showed low rejection (<18%, consistent with the low
rejection previously reported for MoS, NSLMs)?!, we find that
introduction of porosity significantly enhanced the NaCl rejection
compared to that of non-porous NSLMs. Porous MoS,s < 60
demonstrate a higher NaCl rejection (>57%), which improves to
80% for the porous MoS,s < 10 sample. Although the pore size is
large compared to the Debye electrostatic screening length (<1
nm), we hypothesize that the creation of a larger number of flow
pathways that traverse between charged pore edges and the
underlying NSs lead to the improved salt rejection by hindering

the transport of ions in preference to that of water. This behavior
is also consistent with a prior study of graphene nanopores that
indicates high ion selectivity in pores in the large regime (Debye
length < pore radius), attributed to surface-charge-mediated
cation selectivity®. Similarly, high salt rejection by nanoporous
carbon composite membrane of a minimum pore size 30 nm was
recently reported?). Finally, we find that incorporation of the
NSND samples with the charged peptides has an even more
dramatic impact on rejection, with ion rejection values reaching
>99% at 0.5 M NaCl concentration (Fig. 2b). This improvement
may be due to additional electrostatic interactions, increased in
charge density in the interstitial area between sheets (evidenced
by zeta potential measurements, see Supplementary Fig. 9), and
also the tighter lamination of MoS, NSs due to attractive forces
between oppositely charged NSs. We hypothesize that membrane
with two selective layers provides ultrahigh water/ion selectivity
and more suitable for removing challenging impurities, such as
small ions and organics*!42.

Tuning pore size in NSND membranes. In addition to ion
selectivity, water transport through the LMs is significantly
affected by introduction of the pores and peptides (Supplementary
Fig. 8). First, as a control, we find significant increases in water
permeance (~4 times) upon incorporation of NDs (prepared using
another method)*>** into non-porous NS-LM, suggesting that
NDs may play a role on introducing nanochannels within the LM
that facilitate water transport. Further, as our expectation, porous
MoS, NSND-LMs with larger pore diameters have higher water
permeance values than in smaller pore MoS, NSND-LMs, sug-
gesting that the extent of through-pathways within the LM
shortens the path for water, resulting in higher water permeance
values. The notable increase in water permeance rate by pores
suggests that creation of through-pathways is dominant over the
creation of channels by the NDs. Despite a decreased water per-
meance from (603 +38) to (432+25)Lm2h~lbar~! (LMH/
bar) when going from <60 nm pores to <10 nm pores (Supple-
mentary Fig. 8); we find that NSND-LMs prepared with both
peptides present (for example, pep (+), pep (—) porous MoS,s <
10) maintain higher salt rejection (>99%) than NSND-LMs that
contain exclusively positively charged peptides (~92%). The
stronger interaction of the NSs (wrapped by both peptides) as
confirmed by XRD measurement can be linked to the observed
high salt rejection and the accompanying decrease in water flux,
which can be attributed to charged interface and tighter assembly
of the oppositely charged NSs by filling in any gaps or defects that
may allow for salt transport. Based on these observations, we note
that the overall LM structure, which is determined by interlayer
alignment, surface charge, morphology, and defect structure, play
a crucial role on water separation performance.

Stability and performance of membranes. We also assessed the
rejection of common salts in sea water by our (pep (+), pep (—)
porous MoS;s < 10) NSND-LM after 1 and 5 days. As shown in
Fig. 3a, rejection rates follow a steric effect, with ions of larger
hydrated radii being rejected more efficiently (K+ < SO, =2 < Cl~
<Nat <Mgt2)#. Given that water molecules form hydration
shell to stabilize ions and that divalent ions hydrated shells are
stronger than monovalent ones?, divalent ions are expected to
experience larger barriers to enter into sub-nm voids within the
NSND-LMs. For all 0.5M salt solutions that we tested, we
observed rejection values of >98%, even after 5 days of continuous
operation. Further, we evaluated the rejection of NaCl as a
function of concentration, and the membrane showed near
complete (>99.99%) rejection below 0.5 M NaCl, even after 7 days
of operation (Supplementary Fig. 13).
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Fig. 3 Salt rejection and stability of (pep (+), pep (—) porous MoS5s < 10) NSND-LMs under continuous operation. a Rejection values for various salts
(0.5 M) by the membrane after 1 and 5 days of continuous operation using sucrose as a draw solution. b Rejection of NaCl (0.5 M) under continuous
operation for >30 days (left axis) and water permeance during the continuous operation (right axis). Error bars, shown when larger than marker size,
denote statistical reproducibility (n> 3 for all measurements). ¢ Comparison of various parameters related to performance of our membrane to other
selected membrane materials#-630 (all measured using FO) and to commercial thin-film composite polyamide membrane tested under similar
experimental conditions. The corresponding feed solution concentration is reported in the small brackets.

Since a major challenge with LMs is their mechanical and
chemical stability under prolonged use, we performed con-
tinuous NaCl (0.5M) salt-rejection experiments for 30 days
(Fig. 3b). While we find a mild decrease in performance over
this time, our membrane demonstrated a steady performance
of >95% NaCl rejection throughout the experiment. Further, as
shown in Fig. 3b (right axis), we observe stable water
permeance during the continuous operation, which indicates
little to no membrane clogging during prolonged use. The
stable performance of our membrane can be attributed to
tighter assembly formation due to stronger interlayer interac-
tion of the oppositely charged NSs. As shown in Fig. 3¢, these
results compare favorably to the commercial TFC-PA SW30
membrane as well as recently reported functionalized and
epoxy-encapsulated high-performance GO/graphene mem-
branes. The water permeance value (5L m~2h~!, membrane
thickness 1 um) of our membrane is 6-, 10-, and 17-fold higher
compared to the commercial (0.9 L m~2h~1, tested in our set-
up), functionalized GO (0.3 L m~2h~!, membrane thickness
0.5 um)>, and epoxy-encapsulated GO (0.5Lm~2h~!, mem-
brane thickness 5 pm)* membranes, respectively.

Comparison of RO performance: Next, we performed salt (NaCl
0.5M) rejection with the porous MoS, membrane using RO
mode in a dead-end filtration configuration set-up and compared
the performance of our membranes with those of various
membranes reported in the literature by using intrinsic proper-
ties, such as salt permeability (B) and water permeability (L,) of
the membranes (Fig. 4a). We also tested commercial TFC-PA
(SW30HR) RO membrane in our RO set-up under similar
experimental conditions (black pentagon marker, Fig. 4a). It is
noted that a lower rejection using dead-end mode (63 +12%)
than using FO mode (>99%) was observed; such decrease in
rejection performance in RO than in FO mode is also reported
with extensively studied GO membranes'446-48, Since the
rejection of any membrane is defined as water/ion selectivity
and mass transport processes, the applied pressure in dead-end
mode is regarded to reduce selectivity by weakening the
water—ion interaction while permeating through interlayer
nanochannels*®. Other key factors that contributed to the
decrease in the overall salt rejection could be concentration
polarization, nanochannel collapse*®, and membrane compaction
in the dead-end cell. Nevertheless, our membranes show superior
performance, even with seawater-level feed salinities (for details,
see Supplementary Table 2), which is typically very challenging
for nanomaterial-based membranes.

Chlorine susceptibility tests: Low resistance to chlorine attack is
a major bottleneck for RO water purification applications,
because it precludes easy and cheap solutions to the problem of
membrane biofouling. We benchmarked the chlorine resistance
of our membranes (active chlorine concentration of 10,000 ppm)
against commercial SW30HR membranes by measuring rejection
and water flux at different time intervals (Supplementary Fig. 17).
A continuous degradation of membrane performance was
observed with the SW30 membrane upon chlorine exposure,
indicated by a rapid reduction of rejection and increase in water
permeability. MoS, membrane was also affected by the exposure
but much slower than the commercial SW30. To further test the
chlorine susceptibility of porous MoS, and SW30HR membranes,
we measured their masses before and after immersing them in
sodium hypochlorite solution for a 1-h period. While SW30HR
commercial membrane loses 5.8% of its mass, MoS, membrane
loses only 3.4% under the same conditions. This loss in mass of
MoS, membrane is not surprising, as hypochlorite solution is a
strong oxidizer and MoS, itself is prone to oxidation®®1. A
recent study revealed that hypochlorite etching in MoS, starts
from edges with dangling bond and extends toward center, while
morphology and thickness remain reaction inert when those
edges are covered®l. Another study reported that hypochlorite
does not induce morphological change of MoS,, rather increased
surface charge due to adsorption of negatively charged hypo-
chlorite onto its surface®. However, losing 3.4% of the mass of
MoS, is insufficient to cause drastic performance losses. SEM
images of porous MoS, membranes before and after exposure to
chorine are shown in Supplementary Fig. 18.

Filtration of organic contaminants. Finally, we investigated the
selectivity of the porous MoS, membrane for organic pollutants
with different charges and hydrated radii (Fig. 4c). Filtration of
organic pollutants methyl red (MR, electroneutral), methyl
orange (negative charge), methylene blue (MnB, positive charge),
and rhodamine B (RhB, electroneutral) were performed using a 1-
bar external pressure, followed by ultraviolet-visible spectro-
scopic analysis of the feed and permeate solutions to evaluate the
removal efficiency of the membrane. The membrane showed
nearly 100% rejection per passage for both the neutral and
charged organics with a hydrated radius >5 A. We note that MnB,
MR, and RhB are common industrial dyes used for coloring
cotton, silk, and wool and thus are recognized as industrial and
municipal water pollutants. Unlike a previously reported
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Raw data and literature references are provided in Table S2. b NaCl (0.5 M) rejection (%) and water permeability of the commercial SW30-HR and porous
MoS, membrane. ¢ Organic pollutant rejection measured using a 1-bar external pressure for methyl red (MR, electroneutral, Ry = 4.87 A), methyl orange
(MO, negative charge, Ry =4.97 A), methylene blue (MnB, positive charge, Ry =5.04 A), and rhodamine B (RhB, electroneutral, Ry = 6.15 A). Hydrated
radii are taken from ref. 14, Insets: Photographs of MB solution before and after filtration. Error bars denote statistical reproducibility (n> 3 for all

measurements).

electrochemical separation process®®, our method does not
require multi-stage purification steps, allows higher water per-
meance, and could be energetically efficient. Membrane fouling in
pressure-driven process is an inevitable challenge®*. As a pre-
liminary assessment of the fouling behavior of the membrane, we
chose bovine serum albumin (BSA; 0.5 gL~!) as a model foulant
and performed a loop filtration process using a 1-bar external
pressure (see Supplementary Section 3 for details). The average
water flux for pure water (232 + 8.92) LMH/bar decreased slightly
to (198 +14.8) LMH/bar for foulant solution. The calculated
average flux recovery value was 96 + 2%, which can be attributed
to the charged smooth surface (surface roughness 1.88 nm, see
Supplementary Fig. 11) as well as super hydrophilic nature of our
membrane (see contact angle data in Supplementary Fig. 10 and
Supplementary Movies).

Our overall results suggest that NSND-LMs provide both high
throughput and efficient rejection of ions and small molecules
due to the multiple pathways that water can permeate through the
sub-nm voids in the highly porous laminate structure. A HAADF
STEM image (Fig. 5a) shows numerous stacked NDs and small
NSs seen as bright features. Figure 5b shows a high-resolution
HAADF STEM image (cross-sectional and top view) of a thin
peptide-modified NSND-LM. The undulating spacings between
the laminated sheets (red arrow), presumably due to peptide
occupancy, are in stark contrast with the image in Fig. 1d, which
shows a relatively ordered spacing (apart from the stacking fault
caused by the heterodimensional sheets and disk structure). In
addition, voids caused by the porosity of the sheets are clearly

seen in the image (purple arrow). We hypothesize that all of these
features collectively dictate a multitude of sub-nanometer path-
ways by which water can transit through the membrane (Fig. 5d).

Discussion

We report a straightforward and scalable cavitation method to
create porous MoS, NSs with controlled mean nanopore sizes.
Further, we prepared composite LMs comprising the as-prepared
porous MoS, NSNDs composites and found that these exhibit
ultrahigh water permeance values and very high ion selectivities,
which can be dramatically improved with the introduction of self-
assembling cationic and anionic peptides. We proposed a
mechanism by which enhanced porosity within the membrane
due to the presence of pores, finite sheet length, and NDs that act
as spacers creates a highly porous yet charged interface that offers
high permeance while achieving very high selectivity. Our
membranes efficiently remove commonly found monovalent and
divalent salts in seawater in the FO mode. They are also highly
effective for removal of NaCl and a range of small organic
molecules in RO mode. Moreover, our membranes withstand
chlorine exposure and their extended operation times (month-
scale) highlight their superior performance and durability as
compared with the commercial and state-of-the-art laboratory
membranes. Finally, we note that our methods for producing
NSNDs, by virtue of its simplicity, is quite general and can be
applied to other transition metal dichalcogenide materials, which
will be the subject of future studies.
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Fig. 5 Sub-nanometer pathways for ion filtration in NSND-LMs. a Bird's eye dark-field HAADF STEM image of an NSND laminate, showing NDs
interspersed among NSs (scale bar = 50 nm, see also Supplementay Fig. 12). b A representative atomic HAADF STEM image of a thin peptide-modified
NSND layer showing an average interlayer spacing of 7.8 £1.6 A, a pocket of wider inter-sheet gaps presumably due to peptide intercalation shown by red
arrow, and a void due to porous sheet structure shown by purple arrow (scale bar =5 nm). ¢ High-resolution HAADF STEM image of the peptide-
decorated porous MoS,s <10 NSs, showing a sub-nm pore (scale bar = 5 nm, see also Supplementay Fig. 4). d Cartoon and graphical depiction of the sub-
nm pathways of water through the NSND-LM membranes. Blue arrows in the bottom right scheme highlight proposed trajectories of the paths of least
resistance for water permeation, where ion (and dye) selectivity is achieved by exclusion due to steric and electrostatic ion-surface interactions.

Methods

Materials. Molybdenum disulfide <2 um powder was purchased at >98% purity
(microlubrol), 1-methyl-2-pyrrolidone (NMP) was purchased from Fisher Scien-
tific (ACS grade). All reagents were used as received. Peptides (white lyophilized
powder) were purchased from Genscript (http://www.genscript.com) at >95%
purity (high-performance liquid chromatography purified) and dissolved in
ultrapure deionized (DI) water (Millipore, Billerica, MA) prior to use. Commercial
TFC-PA RO membranes (SW30 HR) were purchased from Sterlitech (manu-
facturer Dow Filmtec). Sodium hypochlorite (NaOCI) solution was purchased from
Sigma Aldrich.

Synthesis of NS and NSNDs. One gram of natural MoS, powder (cost ~$0.20 g~1)
was added to 100 mL NMP solvent in a beaker and the mixture was bath-sonicated
(Branson 2510 Ultrasonic) for 4 h (i.e., total delivered energy per unit volume 2880
JmL~1). After cooling down to room temperature, the exfoliated dispersion from
top (80 mL) was further sonicated with a probe sonicator (Hielscher UIP 500 H) for
2h (ie., total delivered energy per unit volume 45,000 J mL~1). For the probe
sonication step, the rotary regulator for pulse control was set to 1 (continuously
switched on). The oscillation amplitude of the sonotrode was set to 100%, to ensure
the most effective cavitation in the fluid that we believe leads to NS poration
(formation, growth, and implosive collapse of vacuum bubbles in liquid). This
method can be applied to other transition metal dichalcogenide material synthesis>.

Tuning intrasheet pores in MoS,. Intrasheet pore diameter in the MoS, NSs was
tuned by altering a bath and probe sonication times and adjusting a rotary reg-
ulator of the probe sonicator as explained in the above synthesis method. Sup-
plementary Table 1 provides the control parameters and the summary of our
results.

Preparation of peptide-decorated MoS; colloids. To prepare stable suspensions
of cationic and anionic MoS,, we utilized two different MoS,-binding peptides
eight amino acids in length that alternate four positively charged lysine (K) or
negatively charged glutamic acid (E) with hydrophobic residues phenylalanine (F),
that is, KFKFKFKF and EFEFEFEF. These peptides self-assemble onto a MoS,
surface (Supplementary Fig. 7) to form a stable monolayer of B-tapes®®>” in which
the cationic (KF), or anionic (EF), residues face outward toward the aqueous phase
to promote dispersion of the coated NSs in water. The resulting coated MoS,
dispersions are highly stable in water for several months (Supplementary Fig. 6).

AFM imaging of MoS; and organized peptides on MoS,. AFM images of MoS,
NS were collected at ambient temperature using fast-scan dimension AFM (Bruker,
USA) in tapping mode. Silicon cantilever were used (force constant 18 Nm~1,

resonance frequency 1400 kHz). To perform AFM imaging of peptide organization

on MoS, in liquid medium, the peptide was deposited in situ while imaging using
~200 uL of imaging buffer. All resulting samples were imaged with AFM
(Dimension Icon, FastScan-type scan head) using a soft, sharp (k=0.4Nm~},
nominal tip radius = 10 nm) cantilever in peak force imaging mode. While imaging
the peptide, the peak force set point was <4 nN. Images were processed using the
Nanoscope software.

Characterization methods. SEM images were obtained by using the Hitachi S-
4800 equipment. High-resolution TEM images were obtained using probe-
corrected FEI Titan Themis STEM operated at 300 kV and using a HAADF
detector. XRD measurements were performed (step size: 0.1, recording rate 0.1s,
current: 30 mA and voltage: 40 kV) using a Rigaku diffractometer with Cu Ka
radiation (A = 1.54 A).

Determination of MoS; concentration. Concentration of the as-prepared MoS, in
the suspension was estimated by measuring mass of the MoS, in the suspension
obtained after passing the dispersion through an Anodisc alumina filter (Whatman,
0.02 pm pore size and a diameter 25 mm) and measuring the differential mass of
the nanomaterial collected on the filter. For example, if 18 mg of the nanomaterial
was collected on the filter by passing 3 mL of the suspension, the resulting con-
centration of the nanomaterial in the original suspension was 6 mgmL~1.

Preparation of membranes. Freestanding membranes were prepared by vacuum
filtration of the aqueous suspension of porous MoS, or peptide-decorated porous
MoS, (3 mL, 6.2+ 0.5 mgmL~!) through a porous Anodisc alumina filter
(Whatman, 0.02 pm pore size and a diameter 25 mm; Sterlitech 0.02 um pore size
and a diameter 47 mm). In order to prepare (pep.+, pep.—) porous MoS, mem-
branes, positive peptide-decorated and negative peptide-decorated porous MoS,
was mixed well and left for 20 min for the reaction before forming membranes. As-
prepared membranes were then baked in a vacuum oven at 50 °C for 12 h, which
results in highly compact membranes with a slight disturbance in its uniformity. To
regain smooth and homogenous membranes, 1 mL of the aqueous suspension of
the porous MoS, or peptide-decorated porous MoS, were added by vacuum fil-
tration and waited for a few hours for the membrane to completely dry prior to
carrying out a water-separation experiment. We find that water-separation per-
formance of the baked peptide-MoS, composite membrane is much better than the
baked MoS, membrane, which could be due to a number of reasons: first, the
enhanced charge afforded by the charged peptide; second, the tighter vertical
assembly of the NSs promoted by the peptide spacing; third, mechanical integrity
that is provided by the peptides®®, which form extended networks with inter-
molecular interactions on top of the MoS, surface.
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Membrane fouling test. The fouling behavior of a membrane essentially depends
on several factors chemical and physical features of the membrane surface, such as
pore morphology, pore size, pore charge, and most importantly the hydro-
phobicity>%. The molecules of the organic foulant are likely to attach to the
hydrophobic surface because of the hydrophobic-hydrophobic interaction, for
example, graphene and synthetic polymers such as polyvinylidene fluoride, poly-
sulfone, polyethersulfone, and polyacrylonitrile, are highly prone to organic and
biological fouling due to hydrophobic-hydrophobic interactions. On the other
hand, water molecules are likely to be adsorbed at the hydrophilic interface, thereby
minimizing adsorption of organic foulants®®. To evaluate the membrane dynamic
fouling behavior, BSA (0.5 g L~!) was chosen as a model organic foulant. The loop
filtration process performed consisted of three steps: filtration of pure water, fil-
tration of BSA, and filtration of pure water after rinsing the membrane with pure
water. The loop process was repeated for five cycles (times) to determine the flux
recovery (FR), which was obtained by using the following equation:

FR(%) = G) % 100(%) (1)

where ] is the initial flux of the membrane for pure water and J; is the membrane
flux for water at the end of each loop process (after rinsing the membrane with
pure water) after cycle i. The calculated average flux recovery value was 96 + 2%,
which can be attributed to the possible hydrophilic nature of our membrane, as
well as its surface charge and smoothness.

Contact angle (CA) measurements. To understand the wettability of the mem-
branes, water and NaCl solution CA measurements were performed by drop-
casting DI water and 0.5 M NaCl on the surface of the membranes. To be con-
sistent in all the measurements, the volume of the droplets is controlled to ~10 uL,
and the photographs of the droplets were taken using a camera within 2 min of
casting the droplets on the membrane surface (Supplementary Fig. 10). The
measurements were performed at least in three different areas of the membrane
and the average value of the CA is reported. The CA values for NaCl were slightly
less than water CA values for all the membranes except Anodisc support (Sup-
plementary Fig. 10), which can be linked to the interactions between charged ionic
solution and the charged surface of the membranes.

Calculation of permeability and salt rejection. Permeability of the membrane
was calculated using the following relation:

V.
P 2
t.A.VP @

where V, is the permeate volume, ¢ is the permeation time, A is the effective area of
the membrane, and VP is the applied pressure.
Rejection (NaCl and dye) of the membrane in RO mode was calculated by:

Permeability =

Rejection(%) = (1 - %) x 100(%) (3)
f

where C,, and C; are the concentrations of salt or probe molecule in the permeate

and the feed solution, respectively.

For several days of continuous operation in FO mode where one needs to add
salt solution in the feed compartment and extract filtrate solution from the
permeate compartment, salt rejection can be calculated by using the following
relation:

(cP + ACP) x (VP + Av) -GV, W
CAV

R=|1-

where
AC, = increase in the concentration of salt in the permeate side when its
volume goes from V,, to (V,, + AV);
V,, = initial volume in the permeate side;
AV = increase in volume in the permeate side;
C¢ = concentration of salt in the feed side;

(Cp + ACP) X (Vp + AV) is the final amount of salt on permeate side;
G,V is the initial amount of salt on permeate side; and

CfAV is the amount of salt that would have gone through in the case of zero
rejection.

If the condition C, < (1 — R)Cy is satisfied, then the expression simplifies to:

R=|1 VohGy 5
U GaAv ®)

This follows from comparing the V,AC, and C,AV terms. From Eq. (4)

(G, +4G,)x (V, +4V) = GV, = (1 = RICAV. For small AV, neglecting
the second-order term, we get

V,AC, + C,AV = (1 — R)C;AV, which gives

AC, = [(1 ~RIC - cp] 47, Hence,

CAV C,AV G /(1=R)G G,

V,8C, ~ [1-RIG -G, Jav = 1-G/1-RG <1 for aong < L
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