
Surface-Charge-Regulated MoS2 Membrane for Induced
Agglomeration and Efficient Removal of Nanopollutants
Weikang Zheng,† Qutong Yang,† Mingzi Sun,† Honglu Hu, Yue Zhang, Ruixin Yan, Yang Zhou,
Jingyun Fang, Alicia Kyoungjin An, Chuyang Y. Tang, Zhiguo Yuan, Kenneth M. Y. Leung,
Bolong Huang,* and Zhiyuan Zeng*

Cite This: https://doi.org/10.1021/acs.nanolett.6c02107 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Conventional membranes for nanopollutant remov-
al are constrained by the permeability−selectivity trade-off
inherent in size-exclusion mechanisms. Here, we report a
surface-charge-regulated MoS2 membrane engineered by anchor-
ing copper nanoparticles and quaternary ammonium groups onto
MoS2 nanosheets. This functionalization creates a porous 3D
architecture while tuning the surface charge density to induce the
agglomeration of oppositely charged nanopollutants (e.g., nano-
plastics and metal oxides), effectively increasing their size for
enhanced rejection. The optimized copper-functionalized mem-
brane (M-I-Cu0.63) achieves an exceptional water permeance of
804.3 ± 35.4 L/(m2·h·bar) with 99.68% rejection of positively
charged pollutants. Conversely, the cetyltrimethylammonium bromide-functionalized counterpart (M-I-C2.4) provides a water
permeance of 512.9 ± 21.1 L/(m2·h·bar) and 99.43% rejection for negatively charged species. This charge-directed strategy
overcomes intrinsic filtration limits, offering a promising route for high-efficiency, next-generation water purification.
KEYWORDS: molybdenum disulfide, surface-charge regulation, permeability−selectivity trade-off, water purification, high rejection rate

Severe global water pollution, stemming from industrial
discharges and the overuse of plastic products, has sparked

heightened concerns over clean water availability.1−4 Nano-
pollutants, such as nanoplastics [polystyrene (PS) and
polyethylene]5−7 and metal oxide nanoparticles (TiO2,
Fe2O3, and ZnO),8,9 have attracted wide attention due to
their high stability, ecotoxicity, and human neurotoxicity and
facile penetration of biological barriers.10,11 Among various
water purification technologies, membrane-based separation
has become an essential approach, valued for its high efficiency,
energy savings, and operational simplicity.12−15 However,
conventional commercial membranes often struggle to
effectively reject nanopollutants and are susceptible to fouling
and clogging during filtration.16−18 Consequently, the rational
design of advanced filtration membranes has become a
paramount priority for addressing this pressing environmental
challenge.
In recent years, two-dimensional (2D) layered nanomateri-

als�such as graphene,19,20 MXenes,21,22 and molybdenum
disulfide (MoS2)

23−26�have emerged as promising building
blocks for high-performance filtration membranes. Among
these materials, MoS2, a representative transition-metal
dichalcogenide (TMD) material, stands out due to its superior
chemical stability and resistance to interlayer swelling
compared to other 2D materials.27−29 Nevertheless, MoS2-

based membranes still face challenges in achieving both high
water permeance and a strong rejection rate for nano-
pollutants. The dense stacking of nanosheets often restricts
water permeability because the rejection performance for
nanoscale contaminants tends to decline as flux increases,
highlighting a typical permeability−selectivity trade-off.30−32

Therefore, innovative strategies to balance water permeability
and contaminant rejection are urgently required to advance the
practical application of MoS2 membranes in next-generation
water-treatment technologies.
Herein, we report a straightforward strategy that combines

lithium intercalation-based exfoliation with surface functional-
ization to introduce copper nanoparticles (Cu NPs) and
quaternary ammonium groups onto 2D MoS2 nanosheets
(NSs). The functionalization strategy not only creates a more
disordered porous architecture in the resulting filtration-
assembled membrane but also effectively promotes the
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agglomeration of oppositely charged nanopollutants. This
innovative structural and chemical optimization successfully
overcomes the intrinsic permeance−rejection trade-off that
commonly existed in conventional separation membranes. This
work presents an effective strategy for designing and fabricating
next-generation MoS2-based nanofiltration membranes with
high permeability (>500 L/m2·h·bar), high rejection rate
(>99%), and excellent stability (the performance remains
unchanged after 10 cycles) for advanced water purification.
The building units of the modified MoS2 membrane were

fabricated by following the schematic diagram shown in Figure
1a. First, a controllable electrochemical lithium-ion (Li+)
intercalation-based exfoliation strategy was employed to
prepare monolayered MoS2 NSs.33−36 By setting the cutoff
voltage to 0.9 V, Li+ ions uniformly inserted into the interlayers
of bulk MoS2, inducing a phase transformation from 2H to
1T.37−39 Subsequent reaction of the intercalated materials with
water generated gas bubbles to accelerate exfoliation of MoS2-
layered materials, thereby producing single-layer MoS2 NS.40

Next, the MoS2 NSs were functionalized by copper acetate
[Cu(OAc)2] and hexadecyltrimethylammonium bromide
(CTAB) in an isopropyl alcohol (rationale shown in Figure
S1) solution to regulate the surface charge. The purpose of
adding Cu(OAc)2 is to introduce a large number of Cu NPs
onto the surface of the nanosheets, thereby enhancing the
negative charge density. Similarly, the addition of CTAB

attaches positively charged carbon chains to the nanosheet
surfaces through electrostatic adsorption, thus introducing
positive charges to the nanosheets. Such charge modification
significantly influences the interaction between the nanosheets
and various nanopollutants, which further enhances their
performance in water purification. Finally, as illustrated in
Figure 1b, the M-I-Cu/M-I-C membranes were formed
through a straightforward vacuum filtration process, during
which the modified nanosheets restacked to create the layered
structure. All membranes were stored submerged in water
before testing to prevent any structural alterations that could
occur upon drying.41 The modifiers introduced between the
layers significantly enlarge the interlayer spacing during the
restacking process, allowing for faster water permeation.
Additionally, the charge on the nanosheets enhances the
aggregation of nanopollutants with opposite charges, which
effectively enhances the contaminant rejection performance.
The growth mechanism of Cu NPs on the surface of MoS2

NSs was systematically investigated. As revealed by the
transmission electron microscopy (TEM) images in Figures
2a and S2, both the size and density of the nanoparticles
increase progressively with increasing Cu(OAc)2 concentra-
tion. The few-layer structure of the functionalized MoS2 NS
was confirmed by two distinct sets of diffraction patterns (inset
image of Figure 2a) and atomic force microscopy (AFM)
images (Figure S3). The pristine exfoliated MoS2 NSs possess

Figure 1. (a) Schematic diagram showing the preparation and functionalization process of MoS2 NSs. Inset images are the TEM images of MoS2
NSs functionalized by 2 mM Cu(OAc)2 and 5 mM CTAB. (b) Rejection mechanism of positively/negatively charged nanopollutants by MoS2
membranes functionalized by Cu(OAc)2 and CTAB. Inset images are the digital photographs of the corresponding bent membranes.
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a monolayer structure with a thickness of ∼1.10 nm (Figure
S3a). Upon Cu functionalization, the intensive growth of dense
Cu NPs expands the topographic thickness to nearly 3-fold
(∼3.50 nm), successfully driving a structural transition from a
monolayer to a distinct few-layer form (Figure S3b−d). High-
resolution TEM (HRTEM) images (Figure 2b,c) clearly show
lattice fringes corresponding to the (100) plane of MoS2 (2.74
Å) and the (111) plane of metallic Cu (2.06 Å), indicating the
successful reduction of Cu(OAc)2 to Cu(0).42 This reduction
is further corroborated by X-ray photoelectron spectroscopy
(XPS) analysis of the M-I-Cu NSs (Figures 2d and S4).
Consistent with these findings, Cu K-edge XANES spectra
(Figure 2e) show that the absorption edge of M-I-Cu closely
aligns with that of metallic Cu, confirming the dominant
presence of Cu(0). The Fourier-transformed Cu K-edge
EXAFS spectrum (Figure 2f) exhibits a prominent peak at
2.23 Å and a weaker peak at 1.72 Å, which are assigned to Cu−
Cu and Cu−S coordination shells, respectively. This suggests
that Cu atoms initially anchored to S sites on the MoS2 surface
tend to aggregate and form larger Cu NPs as the Cu(OAc)2
concentration increases. Consequently, the Cu content in the
M-I-Cu NSs gradually rises with increasing precursor
concentration, as quantified in Figures 2g, S5, and S6.
Interestingly, the modification of Cu NPs induces distortion
of the nanosheet lattice (Raman spectra shown in Figure S7)
and the increase of S defects.43,44 Electron paramagnetic

resonance (EPR) measurements (Figure 2h) reveal a sharp
symmetric resonance centered at ∼3510 G, corresponding to a
g factor of ∼2.002, which is commonly assigned to unpaired
electrons localized at intrinsic S vacancies.45 Compared with
M-I-Cu0, the markedly enhanced EPR intensity of M-I-Cu2
indicates an increased concentration of S-vacancy-related
paramagnetic centers after Cu deposition. In addition, the
appearance of broad anisotropic resonance features at ∼3310
G (g ≈ 2.12) and ∼3670 G (g ≈ 1.91) suggests that metallic
Cu NPs interact with S-vacancy sites, giving rise to a more
anisotropic local electronic environment.46 To elucidate the
growth mechanism of Cu NPs on the surface of MoS2 NSs, we
performed density functional theory (DFT) calculations. The
stepwise evolution from adsorbed Cu2+ precursors to mature
Cu NPs was systematically examined (Figure 2i). The initial
reduction step from Cu(OAc)2 to Cu(OAc) (Cu2+ → Cu+) is
endothermic with an energy increase of 0.46 eV. Strikingly,
once this initial barrier is overcome, the subsequent nucleation
and aggregation to form small Cu clusters (Cu2 to Cu10)
become highly exothermic, driving a downhill energy profile
that thermodynamically promotes the rapid growth of localized
Cu clusters. However, as the clusters further grow and
transition into mature nanoparticles (Cu NPs), the reaction
curve undergoes an endothermic upward shift with an energy
increase of 0.48 eV. This terminal energetic barrier effectively
constrains the unconstrained bulklike agglomeration, thereby

Figure 2. (a) TEM image of MoS2 NSs functionalized by 2 mM Cu(OAc)2. The inset image is the electron diffraction pattern. HRTEM images of
(b) MoS2 NS and (c) Cu NPs. (d) Cu 2p XPS spectra, (e) Cu K-edge XANES spectra, and (f) EXAFS spectra of M-I-Cu2 NSs. (g) XPS spectra of
M-I-CuX [CuX = 0.05, 0.1, 0.5, and 2 mM Cu(OAc)2]. (h) EPR measurements of M-I-Cu0 and M-I-Cu2. (i) Reaction trends for the reduction
from Cu2+ to form Cu NPs on MoS2. Insets are the structural configurations of Cu during the reduction and growth process. Balls: orange, Cu;
cyan, Mo; yellow, S.
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dictating a self-limiting size threshold for the anchored
nanoparticles.
In contrast to the complex chemical growth mechanism of

Cu NPs, CTAB is immobilized on the surface of MoS2 NSs
through physical interactions, which are primarily driven by
hydrophobic forces and electrostatic adsorption. As shown in
the TEM images (Figure S8), this functionalization process
does not significantly alter the overall morphology of the
nanosheets. However, a slight increase in thickness observed in
the AFM images (Figure S9), the distinct nitrogen signal
detected in the XPS spectrum (Figure S10), and an emerging
broad organic scattering envelope in Raman spectra (Figure
S11) provide compelling evidence for the successful surface
attachment of CTAB molecules onto MoS2. Increasing the
CTAB concentration progressively enhances surfactant anchor-
ing on the nanosheets, reaching a maximum modification of
15.9 wt % as X varies from 0 to 5 mM. The impact of CTAB
modification on the surface charge of the nanosheets is clearly
demonstrated by ζ-potential measurements (Figure S12). With
increasing CTAB concentration, the ζ potential undergoes a
reversal from negative to positive, indicating effective surface-
charge modulation. Consequently, the resulting membrane
acquires a positive surface charge that can influence its
interfacial and electrostatic properties.
Membranes were freeze-dried before scanning electron

microscopy (SEM) characterization to preserve their original
wet-state structure.47−49 Compared to the pure M-I membrane
(Figure 3a), the M-I-Cu membranes filtered on the poly-
(vinylidene fluoride) substrate exhibits a unique three-

dimensional (3D) porous network (shown in Figures 3b and
S13), which is attributed to the nanoparticle−nanosheet
structure. The highly ordered stacking of M-I-Cu0 NSs
forms a typical layered structure. Nevertheless, as the copper
concentration increases, this layered arrangement becomes
progressively disordered [see the X-ray diffraction (XRD)
patterns in Figure S15a]. A similar structural transition is
observed in the M-I-C membrane, in which an increase of the
CTAB concentration leads to enhanced disorder (illustrated in
Figures 3c, S14, and S15b). This distinctive network
significantly enhances the water permeance of the membrane
when intercepting nanopollutants. As shown in Figures 3d,e
and S16, dead-end filtration was employed to measure the
water permeability of functionalized membranes under an
applied pressure of 1 bar. With increasing modifier
concentration, the water permeances of both M-I-Cu and M-
I-C membranes rise linearly until reaching a plateau. Notably,
in addition to the unique network structure, the enhanced
surface hydrophobicity imparted by the modifier also
contributes to the improvement in water permeance (Figure
S17). The maximum water permeances�achieved at Cu-
(OAc)2 and CTAB concentrations of 0.63 and 2.4 mM,
respectively�reach exceptionally high values of 804.3 ± 35.4
and 512.9 ± 21.1 L/m2·h·bar. These values surpass those of
most polymer or inorganic membranes reported to date (Table
S1). Furthermore, the functionalized membranes exhibit
excellent antiswelling stability and maintain macroscopically
intact structures even after 72 h of continuous immersion in
deionized water (Figure S18).

Figure 3. SEM images of (a) M-I, (b) M-I-Cu2, and (c) M-I-C5. Water permeances of (d) M-I-CuX [CuX = 0, 0.05, 0.1, 0.15, 0.2, 0.5, 0.63, 1, and
2 mM Cu(OAc)2] membranes and (e) M-I-CX (CX = 0, 0.5, 0.8, 1, 2, 2.4, 3, 4, and 5 mM CTAB) membranes. (f) Surface ζ potentials of different
membranes. (g) Mulliken charge evolutions of Cu sites during the reduction from Cu2+ to Cu0. (h) Mulliken charges of the Mo and S sites and the
Mo 4d band center before and after modification.
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Meanwhile, the incorporation of Cu NPs and CTAB enables
effective modulation of the membrane surface charge,
facilitating the agglomeration and subsequent removal of
nanopollutants. Figure 3f presents the surface ζ potential of the
functionalized membranes measured at various pH values.
Notably, as the concentration of the modifying agent increases,
the ζ potential of the membrane surface shifts further away
from that of the pristine MoS2 film, becoming increasingly
negative for M-I-Cu membranes and increasingly positive for
M-I-C membranes. This trend indicates successful surface
functionalization, which significantly alters the surface charge
characteristics of the membranes. Cationic CTAB adsorbs onto
MoS2 via hydrophobic interactions, reversing the membrane’s
surface potential to positive.50 Interestingly, the presence of Cu
NPs on the nanosheets enhances the negative surface charge of
the already negatively charged membranes. Moreover, the ζ
potential exhibits an abnormal further decrease as the pH
drops. Mulliken charge analysis (Figure 3g,h) elucidates the
electronic mechanism behind charge modulation. During Cu
NP formation, the average charge on Cu drops from 1.11 in
Cu(OAc)2 to 0.31 in Cu2 clusters, with a parabolic correlation
(R2 = 0.914) between the cluster size and charge. This
indicates increased charge transfer from Cu to the MoS2
surface upon aggregation, enhancing the negative surface
potential. Conversely, M-I-C increases the average charges of
Mo and S sites, whereas M-I-Cu decreases them, directly

governing their respective positive and negative surface
polarities. This is further corroborated by a continuous upward
shift in the Mo 4d band center from M-I-Cu to M-I-C, aligning
with the increased positive charge on Mo sites. Such a distinct
electronic modulation enables high selectivity for removing
oppositely charged nanopollutants.
To evaluate the ability of the modified membranes to

promote the agglomeration of nanopollutants, aqueous
dispersions of PS nanoparticles (negatively charged) and
TiO2 nanoparticles (positively charged, as confirmed in Figure
S19) were employed as model nanopollutants with opposite
surface charges. After immersion of the membranes in each
dispersion and standing for 10 min, the particle size of the
colloidal suspensions was measured. The results in Figure 4a,d
demonstrate that the functionalized membrane effectively
promotes the aggregation of nanoparticles carrying opposite
surface charges, while having no significant effect on those with
the same charge. Furthermore, the extent of aggregation
increases with the magnitude of the surface charge, as
evidenced by the larger aggregate sizes observed. To examine
the time-dependent aggregation behavior, time-resolved
dynamic light scattering (TR-DLS) was performed (Figure
S20). The 3D trajectory profiles explicitly capture a
continuous, concentration-dependent particle size escalation
across the 0−10 min timeline, directly validating the high-
efficiency operational kinetics of the charge-induced aggrega-

Figure 4. (a and d) Average particle size of PS and TiO2 dispersions after immersion in M-I-CuX [CuX = 0, 0.05, 0.1, 0.15, 0.2, 0.5, 0.63, 1, and 2
mM Cu(OAc)2] and M-I-CX (CX = 0, 0.5, 0.8, 1, 2, 2.4, 3, 4, and 5 mM CTAB) membranes, respectively. Water permeance and rejection
performance of M-I-CuX membranes for (b) PS(−) and (c) TiO2(+) dispersions. Water permeance and rejection of M-I-CX membranes for (e)
PS(−) and (f) TiO2(+) dispersions. The inset images in parts c and e show digital photographs of the filtrates collected using M-I-CuX [for
TiO2(+)] and M-I-CX [for PS(−)], respectively. (g and h) Cyclic stability of the functionalized membranes in TiO2(+) and PS(−) dispersions. (i)
Comparison of the water purification performance between the functionalized membranes and previously reported 2D inorganic nanosheet-based
membranes.
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tion platform under dynamic environments. The rejection rates
of the M-I-Cu and M-I-C membranes for PS(−) and TiO2(+)
dispersions were evaluated (UV spectra with different
concentrations are shown in Figure S21). Figure S22 shows
that the M-I-CuX membrane exhibits excellent rejection
performance for both PS(−) and TiO2(+) dispersions,
although the rejection trends differ significantly between
them. For negatively charged PS(−) particles, the rejection
rate is primarily governed by size exclusion. Consequently,
membranes with higher water permeance (indicating larger
pore sizes) show a lower rejection rate (Figure 4b), which
aligns with most literature reports. In contrast, positively
charged TiO2(+) nanoparticles experience strong electrostatic
attraction to the negatively charged membrane surface,
promoting significant particle agglomeration. This process
increases the effective particle size, leading to enhanced
rejection rate�reaching up to 99.68%�even as the water
permeance increases to 804.3 L/m2·h·bar (Figure 4c). A
similar behavior is observed for the M-I-CX membrane, as
displayed in Figures 4e,f and S23; that is, with increasing
modification, both the water permeance and rejection rate of
oppositely charged PS(−) particles rise simultaneously. Even
at a water permeance of 512.9 L/m2·h·bar, the M-I-C2.4
membrane achieves a high rejection rate of 99.43% for PS(−)
dispersion. Subsequently, the cycling stability of the mem-
branes was evaluated by repeatedly rejecting nanopollutants
following brief cleaning steps. As shown in Figure 4g,h, both
functionalized MoS2 membranes exhibit excellent stability over
10 cycles when rejecting nanopollutants carrying an opposite

charge. In contrast, for pollutants with the same charge, the
rejection rate gradually decreases with successive cycles. This
difference can be attributed to the distinct behaviors of the
pollutants: oppositely charged pollutants tend to agglomerate
into larger particles that accumulate near the membrane
surface and can be readily removed by rinsing, whereas
similarly charged nanopollutants, which remain dispersed and
do not agglomerate, are more likely to penetrate and block the
membrane pores after repeated filtration cycles. When these
water purification performances are compared with other
reported 2D inorganic nanosheet membranes (Figure 4i and
Table S2), our functionalized MoS2 membranes exhibit higher
rejection rates than most other 2D materials-based mem-
branes.
DFT and molecular dynamics (MD) simulations were

performed to elucidate the electronic-level mechanisms of the
membrane performance. Projected density of states (PDOS)
analysis (Figure 5a,b) confirms the structural stability of M-I-
Cu, where Cu 3d orbitals (peak at EV = −1.84 eV) align well
with Mo 3d and S 3p orbitals. For M-I-C, CTAB modification
elevates the Mo 4d band center from EV = −1.11 eV to EV =
−0.65 eV and upshifts S 3p orbitals, increasing the surface
valence states. Electron density difference maps (Figure 5c,d)
reveal distinct charge-transfer pathways: in M-I-Cu, electrons
transfer from Cu to the MoS2 surface (electron accumulation),
whereas in M-I-C, electrons transfer from MoS2 to CTAB
(electron depletion), dictating their respective negative and
positive surface potentials. Both modifications exhibit stable
adsorption energies (−0.39 eV for Cu and −0.37 eV for

Figure 5. PDOS of (a) M-I-Cu and (b) M-I-C. Insets are the relaxed structures. Balls: orange, Cu; cyan, Mo; yellow, S. Electron density differences
of (c) M-I-Cu and (d) M-I-C. Blue isosurface = electron accumulation, and green isosurface = electron depletion. (e) Adsorption energies of Cu
NPs and CTAB on MoS2. (f) Calculated rejection ratios of PS and TiO2 through M-I-Cu and M-I-C. (g) Digital photographs of M-I-Cu0.63 and
M-I-C2.4 membranes up to 10 cm in diameter. The insets above and below are the TiO2 dispersion feed and M-I-Cu0.63 filtrate and the PS
dispersion feed and M-I-C2.4 filtrate, respectively.
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CTAB). MD simulations (Figures 5f, S24, and S25)
corroborate these findings, showing that charge-driven
agglomeration dictates selectivity: M-I-Cu achieves higher
TiO2(+) rejection (97.8%), while M-I-C excels in PS(−)
removal (99.0%), aligning perfectly with experimental
observations.
To establish the operational universality, the rejection

performance was examined under a severe ionic strength
gradient (Figure S26). Even when the Debye screening length
is compressed to ∼0.96 nm under 100 mM NaCl, the
membranes securely retain >98.3% of nanopollutants. This
outstanding screening resilience is driven by the spatial
confinement effect within the subnanometer 2D channels,
where the ultrahigh local charge density forces close-range
interactions. While baseline steric size exclusion provides a
rigorous safeguard, the charge-directed agglomeration breaks
the conventional permeability−selectivity trade-off limit. Then,
sequential elution leaching tests verify the outstanding
chemical stability and environmental safety of this platform
for long-term operations; the cumulatively released Cu2+ and
total organic carbon residuals rapidly decay to negligible
background levels within four runs, with the maximum copper
leaching concentration (∼0.13 ppm) staying far below the
strict regulatory limits required by the World Health
Organization (Figure S27). Furthermore, to cross-validate
the operational feasibility and delineate the boundary
conditions of this technology in mixed-charge environments,
a two-step sequential filtration cascade was evaluated using a
multicomponent feed stream containing coexisting PS and
TiO2 nanoparticles (Figure S28). By operating complementary
M-I-Cu0.63 and M-I-C2.4 membranes as consecutive tandem
stages, the system dynamically overcomes the polarity
limitation of a single layer, yielding a near-complete macroscale
coprecipitation and purification with a stellar combined
rejection efficiency of 99.82%. Coupled with large-scale
module evaluations [Figure 5g; the membrane area was
successfully scaled up to π × 52 cm2, and the filtrate remained
clear after a single filtration of 500 mL of PS(−) and TiO2(+)
suspensions], these insights confirm that our platform is highly
generalizable for complex wastewater treatment through
modular configuration.
This study demonstrates a surface-charge-regulated strategy

for MoS2 membranes through functionalization with Cu NPs
and CTAB. The M-I-Cu membrane achieves an unprecedented
performance in rejecting positively charged TiO2(+) nano-
particles (99.68%) while maintaining a high water permeance
of 804.3 ± 35.4 L/m2·h·bar. In contrast, the M-I-C membranes
effectively remove negatively charged PS(−) nanoparticles
(99.43%) at a high water permeance of 512.9 ± 21.1 L/m2·h·
bar. The synergistic combination of 3D porous architecture
and charge-selective agglomeration overcomes the intrinsic
permeability−selectivity trade-off, providing a scalable platform
for high-efficiency nanopollutant removal. Moreover, the
charge-directed regulation strategy offers a generalizable
approach for designing other 2D membrane materials, with
significant potential for advancing future water purification
technologies.
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