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HIGHLIGHTS

o A facile electrostatic self-assembly strategy simultaneously achieves interlayer expansion and antioxidation passivation of TiS, mem-

branes via quaternary ammonium functionalization.

® The optimized DD-TiS, membrane exhibits > 95% antibiotic rejection with high water permeance and retains stable performance over

30 filtration cycles and 15 days of continuous operation.

® Density functional theory and molecular dynamics simulations reveal that hydrophobic alkyl-chain barriers suppress water-initiated

TiS, hydrolysis, while tunable capillary width governs antibiotic rejection via geometric size sieving.
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introduce a stable 1T phase titanium disulfide * /%
(TiS,) constructing nanolaminate membranes
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from Group IVB, enabling the formation of tuna- N PN e
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ble capillary channels and achieving a permeance membranes

up to 46.8 L m~2 h™! bar~!. Experiments confirm

that water-initiated hydrolysis, rather than direct

Tunable interlayer spacing

Improved anti-water oxidation

oxidation by molecular O,, dominates the degradation of TiS,, while alkyl-chain hydrophobic barriers effectively suppress this water-triggered
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degradation. The enhanced surface hydrophobic properties simultaneously improve antioxidation stability and ensure sustained performance over

30 filtration cycles and 15 days of continuous operation. Functionalized membranes further reached 96.9% rejection for diverse antibiotics, such

as sulfamethoxazole, ciprofloxacin, tetracycline, and rifampicin. This work opens new avenues for exploring emerging TMD materials in the

efficient and reliable removal of trace antibiotics from water, contributing to safer water resources and promoting sustainable ecological practices.

KEYWORDS TiS, membranes; Antibiotic removal; Antioxidation passivation; Molecular sieving

1 Introduction

Pharmaceutical contamination in water poses a grow-
ing threat to public health and ecosystems, with small-
molecule antibiotics, being especially difficult to remove
because they readily permeate conventional treatment bar-
riers and can foster the spread of antibiotic-resistant bacte-
ria [1-3]. Although biological treatment, adsorption, and
advanced oxidation processes have been widely explored
for antibiotic removal, each suffers from intrinsic limita-
tions in selectivity, energy demand, or secondary waste
generation [4—7]. Reverse osmosis (RO) membrane separa-
tion, by contrast, offers the most promising combination of
broad molecular applicability and high rejection efficiency
for trace pharmaceuticals [8, 9]. Yet the performance of
RO membranes is ultimately governed by the durability
of the active layer under prolonged high-pressure aque-
ous operation—particularly its resistance to oxidation in
oxygen- and water-rich environments—which remains the
critical bottleneck for the practical deployment of next-
generation membrane materials.

Among emerging two-dimensional and porous mem-
brane platforms—including metal-organic and covalent
organic frameworks [10, 11], layered double hydroxides
[12], reduced graphene oxide [5, 13, 14], and novel poly-
mer composites [15—-19]—transition metal dichalcogenide
(TMD) nanolaminates have attracted particular interest for
molecular sieving owing to their well-defined two-dimen-
sional capillary channels. Recent studies regarding gra-
phene-based and carbon-based nanomaterials further show
how surface chemistry and nanoscale patterning regulate
antibacterial activity, bio-interface assembly, and catalytic
redox functionality, providing useful context for design-
ing chemically stable 2D interfaces [20—24]. However,
the most widely studied TMDs, MoS, and WS, [25-29],
suffer from an intrinsic crystallographic instability during
lithium intercalation-based exfoliation [30—34]: The parent
2H phase is converted to a metastable 1T  phase that pro-
gressively reverts and degrades under aqueous operation,
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ultimately compromising both structural integrity and
long-term separation performance [35, 36]. In contrast,
Group IVB TMD such as TiS, retains a thermodynami-
cally stable 1T phase throughout exfoliation and post-mod-
ification [37], providing a more robust crystallographic
foundation for RO membrane engineering. The remaining
challenge for TiS, is its inherent water sensitivity: Surface
hydroxylation drives conversion to TiO, with concurrent
H,S release [38, 39], disrupting the layered architecture
and limiting long-term durability. Establishing an effective
antioxidation strategy is therefore essential for translating
TiS,-based nanolaminate membranes into practical RO
platforms.

Compared with prior MoS,-based membrane works that
primarily relied on covalent functionalization to tune inter-
layer spacing or on defect passivation to improve stability
as separate objectives, our approach achieves both simul-
taneously through a single electrostatic self-assembly step
[40]. Moreover, TiS, faces a distinct degradation pathway—
hydroxylation-driven conversion to TiO, with H,S release—
that is mechanistically different from the oxidation path-
ways of MoS,, and our passivation strategy is specifically
designed to address this water sensitivity challenge [38].

The selection of Group IVB TiS, is further supported by
its thermodynamic preference for the 1T polytype: As a d°
transition metal, Ti** favors octahedral coordination with
sulfur ligands according to crystal field theory, whereas
d? metals such as Mo** prefer the trigonal prismatic 2H
arrangement [41]. Consequently, 1T-TiS, is the thermody-
namically stable bulk polytype under ambient conditions,
and the 1T phase is preserved throughout electrochemical
lithium intercalation—exfoliation, in agreement with previous
reports on Group IVB TMDs [42]. This intrinsic 1T phase
stability—a distinguishing feature of Group IVB TMDs rela-
tive to the metastable 1T phases of MoS,/WS, obtained by
intercalation—provides the crystallographic foundation on
which our post-filtration passivation strategy operates [43].

In this work, we developed a post-passivation strat-
egy using quaternary ammonium molecules including

https://doi.org/10.1007/s40820-026-02315-4
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dodecyltrimethylammonium bromide (DTAB), didode-
cyldimethylammonium bromide (DDAB), and tetra-n-
dodecylammonium bromide (TDAB). The selection of these
three modifiers was designed to systematically vary the spa-
tial configuration around the quaternary ammonium head-
group while keeping the alkyl-chain length (C,,) constant:
DTAB has one long chain, DDAB has two, and TDAB has
four. This enables isolation of the effect of headgroup bulk-
iness on interlayer expansion and surface hydrophobicity,
establishing a clear structure—property relationship between
molecular architecture and membrane performance. This
strategy stabilizes TiS, nanosheets against water-induced
oxidation, retaining ~87% of TiS, in the unoxidized state.
In addition, the capillary widths were significantly increased
by expanding the capillary width from ~0.02 nm to up to
1.09 nm, which is a critical factor governing molecular
transport. The fabricated membranes achieved efficient
removal of various sizes of antibiotics including sulfameth-
oxazole (SMX), ciprofloxacin (CIP), tetracycline (TC), and
rifampicin (RIF) with superior stability. Mechanistically,
this antioxidation enhancement is rationalized through a
combined experimental and computational framework:
Time-resolved UV-vis spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) track the surface oxidation kinetics,
humidity-controlled exposure tests decouple the contribu-
tions of molecular O, and water vapor and identify water-
initiated hydrolysis as the dominant degradation pathway,
and density functional theory (DFT) together with molecular
dynamics (MD) simulations quantify the suppressed water
adsorption energy and elevated diffusion barrier on the
alkyl-passivated surface. This integrated approach estab-
lishes a generalizable post-filtration passivation protocol for
water-sensitive TMD nanolaminate membranes and clarifies
the chemical origin of their long-term operational stability.

2 Experimental Section
2.1 Materials

All chemicals from chemical suppliers were used without
further purification. Titanium disulfide (TiS,) bulk powder
was purchased from Sigma-Aldrich. Rifampicin, tetracycline
hydrochloride, ciprofloxacin, sulfamethoxazole, dodecyl-
trimethylammonium bromide, didodecyldimethylammo-
nium bromide, tetra-n-dodecylammonium bromide were
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purchased from Macklin. Hydrochloric acid (HCI) solution
(35-38 wt%), sodium hydroxide (NaOH), polyvinylidene
fluoride (PVDF) were purchased from Aladdin.

2.2 Preparation of TiS, Nanosheets and Membranes

The TiS, nanosheets were prepared via previous reported
electrochemical lithium intercalation and exfoliation meth-
ods. Briefly, a slurry consisting of 80 wt.% bulk TiS, pow-
der, 10 wt.% super P (Imerys, France), and 10 wt.% polyvi-
nylidene difluorides (PVDF (Sigma, China)) was mixed in
a research bowl, followed by the addition of an appropriate
amount of NMP for auxiliary dissolution. Finally, it is uni-
formly coated on aluminum foil and vacuum-dried at 100
degrees for 12 h. The CR2025 cells (Guangdong Canrd New
Energy Technology Co. Ltd., China) were assembled in a
glove box filled with argon gas, using TiS, electrode as the
working electrode, lithium foil (China Energy Lithium Co.,
Ltd) as the counterelectrode as well as reference electrode,
and 1 M LiPF in ethylene carbonate (EC): ethyl methyl car-
bonate (EMC): dimethyl carbonate (DMC) (1:1:1 in volume)
as electrolyte (Suchow DoDoChem Technology) and PP
film (Celgard 2300) as the separator. The galvanostatic dis-
charge was conducted using the Neware battery testing sys-
tem (Neware, China) at room temperature. The current was
0.1C and the cutoff voltage was 0.9 V. The TiS, nanosheets
were acquired by sonication of the lithiated sample (Li,TiS,)
in deionized water. The produced gas (H,) aids in the exfo-
liation of bulk TiS, into individual monolayer nanosheets.
Subsequently, the suspension of these TiS, nanosheets was
purified through centrifugation. A TiS, membrane was then
created by vacuum filtration of the refined TiS, nanosheets
solution onto a PVDF substrate (220 nm pore size, 25 mm
in diameter). The thickness was adjusted by regulating the
volume of the filtered solution.

2.3 Preparation of Functionalized TiS, Membranes

An ethanol solution containing an equal amount of 0.1 mM
DTAB/DDAB/TDAB was mixed with 2 mL of water and
subjected to vacuum filtration on the surface of a freshly wet
TiS, membrane. Following filtration, an additional 20 mL of
water was used for rinsing to remove any unreacted modi-
fiers. Subsequently, the modified membrane was subjected to
vacuum drying at 100 °C for 12 h in a vacuum oven.

@ Springer
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2.4 Characterizations

XPS was conducted using Thermo Fisher Scientific
K-Alpha+ (Thermo Fisher Scientific, USA) with Al Ka
(hv=1486.6 eV) X-ray source. Raman spectra of TiS, mem-
brane were collected at room temperature using a Renishaw
(Renishaw, UK) via Raman microscope with ax 50 objec-
tive lens and lateral spatial resolution of around 1 pm. XRD
data were collected using a Bruker D8 diffractometer with
Cu™Ka radiation (Bruker, USA). SEM images were obtained
using a Scanning Electron Microscope (SEM) (TESCAN
MIRA). The transmission electron microscopy (TEM)
images were taken on transmission electron microscopes
(FEI, Talos). UV—Vis absorption test was taken on Hitachi
UH4150 UV-VIS-NIR Spectrophotometer. Total organic
carbon test was taken on Shimadu TOC-L CPH.

2.5 Antioxidant Performance Tests

Two bottles of pure TiS, ink solution were diluted in equal
proportions, with DDAB subsequently added to one bot-
tle, while the other bottle served as a blank control group.
The change in the UV absorption peak intensity at 580 nm
over time was then compared to assess the extent of the
TiS, -water reaction. The antioxidant testing of the modi-
fied membrane included immersing the TiS, membrane in
pure water for 48 h and observing any changes in color and
structure on the membrane surface. The reverse osmosis
(RO) antioxidant testing involved continuous filtration of
ultrapure water through the TiS, membrane for 24 h, with a
comparison made between the color and structure changes
in the area in contact with water.

2.6 Calculation Setup

To investigate the influences of surface modifications induced
by DTAB, DDAB, and TDAB, we performed density func-
tional theory (DFT) calculations using the CASTEP pack-
age to better understand the reaction mechanism. We have
applied the generalized gradient approximation (GGA) and
Perdew—Burke—Ernzerhof (PBE) functionals to properly
describe the exchange—correlation interactions. For the geom-
etry optimizations, the cutoff energy has been set to 380 eV
based on the ultrafine quality and the ultrasoft pseudopoten-
tials. The k-point is applied with coarse quality based on the

© The authors

Broyden—Fletcher—Goldfarb—Shannon (BFGS) algorithm to
realize efficient energy minimizations. We have applied the
following convergence criteria for all the geometry optimi-
zations, where the Hellmann-Feynman forces should not
exceed 0.001 eV A™', and the total energy difference should be
smaller than 5x 10> eV atom™". For the practical ion strength
and pH values, the corresponding calculation loading will be
ultrahigh to reproduce the exact pH environment and ion con-
centration through the explicit model, which are also very dif-
ficult for current DFT calculations. Although there are some
factors that have not been included, our current simulations
still capture the interfacial water structuring, relative hydra-
tion interaction strength, and comparative energy barriers for
water diffusion.

For interactions between water droplets and TiS,/modified
TiS,, we have applied molecular dynamics (MD) simulations.
The initial water droplets are constructed with 142 water mol-
ecules. The MD simulations are performed based on the NVT
mode at 298 K for 200 ps. The simulation step is 1 fs, and
the total simulation time is 200 ps with 200,000 steps. The
near-surface water concentrations are calculated based on the
number of water molecules located within the range of 10 A
from the surface S sites of the TiS,. For the interactions of TiS,
and TiS,-DDAB in the water solution by MD simulations, we
have built a 40x40x40 A® box with 1607 water molecules
with random distributions. The MD simulations are performed
based on the NVT mode at 323 K. The simulation step is 1 fs,
and the total simulation time is 10 ps with 10,000 steps. The
Nose mode is applied for the temperature control during all
the MD simulations. The calculation of interaction energies
is listed as follows:

E =

interaction total — (ETiS2 /DD-TiS, + EWater) (1)

where E; . action FEPresents the energy of the interaction, E

represents the total energy of the water, and DD-TiS,/TiS,,
Etis, ;pp—Tis, represents the energy of the TiS, and DD-TiS,,
and Ey,., represents the energy of all water molecules.

2.7 Techno-Economic Assessment Setup

To evaluate the economic feasibility of functionalized TiS,
membranes for antibiotic separation, a comprehensive techno-
economic assessment (TEA) was performed based on the
annuity techno-economic assessment method. This method-
ology allows for the estimation of total production costs by

https://doi.org/10.1007/s40820-026-02315-4
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considering the amortization of capital investments and ongo-
ing operational expenditures over the project’s lifecycle.

2.7.1 Analysis Indicators and Formulas

The annual capital investment cost is calculated assuming
funds are borrowed at a fixed interest rate and repaid over the
factory’s operational lifespan. The Annualized Capital Cost
(ACC) is determined as follows:

NIR x (1 + NIR)Y
(1+NIR)M — 1

ACC = FCI x )

where FCI: Fixed Capital Investment. NIR: Nominal Interest
Rate. N: Project lifetime or plant lifecycle (years).

The Total Unit Production Cost (C,,) is then calculated
by summing the annualized capital costs and the cash cost
of operating, divided by the total annual output:

(ACC + CCOP)
Annual Production

Ctntal = (3)
where CCOP represents the Cash Cost of Operating, includ-
ing maintenance, utilities, labor, and management fees.

2.7.2 Assessment Procedure

The cost—benefit analysis followed a standardized three-step
procedure

1. Objective and Scope Definition: Clearly identifying the
primary goals and boundaries of the antibiotic separa-
tion process.

2. Identification of Costs and Benefits: Collecting com-
prehensive data on investment costs (e.g., equipment
procurement, construction) and operating costs (e.g.,
maintenance and management fees). The analysis con-
siders the full lifecycle, from the initial investment stage
to operation and eventual disposal.

3. Present Value Conversion: To account for the time value
of money, future costs and benefits are discounted to
their current value, ensuring a rigorous comparison
between total expenditures and economic returns.

2.8 Antibiotics Desalination Test

A modified TiS, membrane, with an effective diameter
of 1 cm, was affixed to a dead-end device, positioning the
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permeate side under a high pressure approximately 6 bar
to assess its separation performance and stability. For the
stability test, a 50 mL feed solution containing TC was
employed for each cycle, containing antibiotics at a con-
centration of 25 ppm unless specified otherwise. Following
a single cycle, the TiS, membrane underwent a blank RO
with 50 mL DI water before undergoing another filtration
cycle. The permeance (P, in units of L m~ h™! bar™!) was
determined using the equation provided below:

P=V/(AXtXAP) 4)

V represents the volume in the permeate side (in liters),
A stands for the effective surface area of the membrane (in
square meters), t denotes the duration of filtration (in hours),
and AP signifies the applied transmembrane pressure (in
bars). Antibiotic rejection is calculated using Eq. (2) as out-
lined below:

R=(1-C,/Cpx 100% (5)

where Cyand C, are the antibiotic concentration in the feed
side and permeate side measured by UV—Vis spectroscopy,
respectively.

3 Results and Discussion

3.1 Characterization of Restacked TiS, Membrane

Structure

High-quality few-layer TiS, nanosheets were obtained
from their bulk counterparts (Fig. S1) by an electro-
chemical lithium-ion (Li%) intercalation-based exfoliation
method, in which a galvanostatic discharge was applied
with a cutoff voltage of 0.9 V [41, 44-46] (see Methods
for details). Subsequently, the Li-intercalated Li TiS, elec-
trodes were soaked in DI water, where the formation of
hydrogen bubbles together with ultrasonic agitation facili-
tated the disruption of the van der Waals forces between
the layers (Fig. 1a). A nanolaminate membrane with an
ordered nanoscale layered architecture was fabricated via
a vacuum filtration process, which aligned the randomly
restacked nanosheets into a well-organized laminar struc-
ture (Fig. 1b). Then, ethanol-water mixtures containing
different quaternary ammonium salt molecules (DTAB,
DDAB, and TDAB) were used for post-filtration modifica-
tion (Fig. 1c). The post-filtration approach was specifically
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adopted over pre-mixing or co-assembly methods to pre-
serve membrane integrity: Introducing quaternary ammo-
nium molecules prior to filtration would drastically shift
the zeta potential from negative to positive, causing pre-
mature nanosheet aggregation and disordered stacking.
The passivation of the negatively charged nanosheets
occurred rapidly through electrostatic adsorption of the
positively charged quaternary ammonium termini, leading
to the spontaneous self-assembly behavior of the hydro-
phobic alkyl chains on the nanosheet surface. Here, the
three quaternary ammonium molecules possess distinct
long-chain alkyl configurations (Fig. S2), thereby enabling
systematic control over their spatial dimensions. Here, the
interlayer spacing (d) refers to the center-to-center dis-
tance between adjacent TiS, layers as measured by XRD
or HRTEM, and the capillary width () is defined as the
effective free space for molecular transport, calculated as
0=d—t, where t is the thickness of a single TiS, mon-
olayer (~0.57 nm for 1T-TiS,). Based on the interlayer
spacing obtained by XRD and TEM characterization, the
capillary width of the functionalized TiS, increased mark-
edly from 0.02 nm (pristine restacked TiS,) to 0.37 nm
(DT-TiS,), 0.83 nm (DD-TiS,), and 1.09 nm (TD-TiS,),
respectively (Fig. 1d-f). Prior to modification, exfoli-
ated pristine mono- or few-layered TiS, nanosheets were
also characterized by transmission electron microscopy
(TEM, Figs. 2a and S3a) and atomic force microscopy
(AFM, Fig. 2b). For comparison, the lithium-ion inter-
calation expanded the interlayer spacing with the (001)
plane shifting from 15.5° to 14.4°, as confirmed by X-ray
diffraction (XRD) data, and the TiS, (001) peak returned
to its original position upon restacking the exfoliated TiS,
nanosheets (Fig. 2¢). The 1T phase TiS, bulk and exfoli-
ated nanosheets exhibited the same Raman vibration peak
(Fig. S3b), and X-ray photoelectron spectroscopy (XPS)
(Fig. S4) revealed a certain degree of oxidation during
synthesis, as the characteristic peak of TiO, appeared in
XPS spectra. The restacked pure TiS, membrane showed
a distinct layered structure with no apparent particle
impurities as evidenced by cross-sectional scanning elec-
tron microscopy (SEM) images (Figs. 2d, e and S5); the
top-view SEM image and photograph of the membrane
revealed a flat surface with a pronounced metallic luster
and good flexibility (Fig. 2f). The interlayer spacing of
the pristine TiS, was measured to be 0.57 nm (Fig. 2g).

© The authors

3.2 Enhanced Antioxidation Properties of TiS,

XPS analysis confirmed the successful functionalization
of quaternary ammonium molecules on the TiS, nanosheet
surface through the detection of a nitrogen signal (Fig. S6a-
¢). The formation of the hydrophobic protective layer was
evidenced by the uniformly distributed nitrogen element in
Energy-dispersive X-ray spectroscopy (EDS) mapping of
the TiS, nanosheets (Fig. S6d). The DT-TiS,, DD-TiS,, and
TD-TiS, membranes all exhibited a well-restacked layered
structure in cross-sectional views, with expanded interlayer
spacing of 0.94, 1.4, and 1.66 nm, respectively (Fig. 3a—c).
This expansion of interlayer spacing was further confirmed
by XRD data where the (001) plane that shifted system-
atically to lower diffraction angles for functionalized TiS,
membranes (Fig. 3d). All the functionalized membranes
exhibited gold-like metallic luster due to their semi metallic
property along with high flexibility as shown in Fig. S7. The
unchanged Raman peaks before and after exfoliation of the
TiS, indicated that the exfoliation process did not alter its
intrinsic structural or chemical characteristics (Fig. S8). Fur-
thermore, Fourier transform infrared spectroscopy (FTIR)
revealed enhanced methylene peaks, confirming the suc-
cessful grafting of alkyl chains between the membrane lay-
ers (Fig. S9). Notably, after DDAB modification, the TiS,
membrane thickness increased from 2.2 to 4.6 um, further
demonstrating effective intercalation and structural expan-
sion induced by DDAB functionalization (Fig. S10).

In contrast, as shown in Fig. 3e, after 24 h dispersion in
water, the pristine TiS, colloid faded to a transparent state
due to its oxidation to TiO,. The intrinsic instability of
unmodified TiS, is clearly manifested by its morphological
degradation after water exposure. As shown in Fig. S11a—d,
pristine TiS, nanosheets exhibit a smooth surface in AFM,
a defect-free lattice in TEM, and a well-aligned lamellar
stacking structure in cross-sectional SEM, accompanied
by a sharp (001) diffraction peak in XRD. These results
confirm the highly ordered layered architecture of the
fresh TiS, membrane. In contrast, pronounced structural
degradation was observed after oxidation and RO opera-
tion (Fig. S11e-h). AFM images reveal widespread surface
pitting and nanoscale voids, indicating oxidation-induced
etching and nonuniform surface. TEM further shows the
emergence of voids and contrast inhomogeneity, reflecting
disruption of lattice continuity and local structural dam-
age. Consistently, cross-sectional SEM images display a

https://doi.org/10.1007/s40820-026-02315-4



Nano-Micro Lett. (2027) 19:34

Page 7 of 19 34

Li-intercalation & Exfoliation

d Hydrophobic protection
® é e
\ B 4

Attraction ',".\‘

Q’\%@\WW

0.37 ancaplllary

SRR

Vacuum Filtration

‘O\JO

c Positively charged
ammonium headgroups

¢ /
) Negatively charged

TiS, surface
J

© 000 00060606068
| — | —— —— —
69999@699999
R 999@9699999@

T 99@@969@969@

PVDF

Post Functionalization

‘0\16

capillary

0.83 nm width

width

~
@
DT-TiS, DD-TiS,
Bulk TiS, ®Liion “TiS, nanosheets H, bubble @ Water ..eDTAB 71eDDAB , *. TDAB

Fig. 1 Schematic illustration of interlayer spacing regulation and water transport in functionalized TiS, membranes. a Li-ion intercalation and
exfoliation of bulk TiS, powders. b Vacuum filtration of retacking TiS, membrane. ¢ Post-functionalization of TiS, membrane by filtration qua-
ternary ammonium solution. Schematics of dual function of hydrophobic protection and interlayer spacing expansion by d DTAB, e DDAB, f
TDAB molecules. In the legend, each quaternary ammonium modifier is depicted as an individual molecule with its cationic N* headgroup elec-
trostatically anchored to the negatively charged TiS, surface and the hydrophobic alkyl tails oriented outward; these symbols denote individually
adsorbed molecules rather than pre-formed micellar aggregates. The assembly proceeds by electrostatic adsorption followed by spontaneous

self-assembly of the alkyl chains, consistent with the main-text description

disordered lamellar structure with collapsed galleries and
interlayer debris, while the weakened (001) diffraction
indicates a gradual loss of layered ordering upon oxida-
tion. In contrast, DD-TiS, retained its original dark blue
color. In the bottom side image of Fig. 3e, after a 12 h> RO
test, the permeance area of the pristine TiS, membrane had
already changed to a white color (TiO,), while functional-
ized TiS, membranes preserved the original golden color
without decay. The improved antioxidation performance
of TiS, nanosheets modified with quaternary ammonium
molecules was further evidenced by the lack of visible oxi-
dation pores on their surface (Fig. S12a-c). Additionally,
AFM images clearly show that all three ammonium-func-
tionalized TiS, nanosheets possessed smooth and uniform
surfaces, accompanied by an increase in overall thickness

SHANGHAI JIAO TONG UNIVERSITY PRESS

of ~3 nm (DT-TiS,), ~4 nm (DD-TiS,), and ~6 nm (TD-
TiS,). This thickness increment directly reflected the for-
mation of an organic protection layer on the TiS, surface,
originating from the grafted ammonium modifiers. Such a
layer serves to passivate surface defects, enhance environ-
mental stability, and prevent oxidation of the ultrathin TiS,
sheets (Fig. S12d-i). Furthermore, ultraviolet (UV) absorp-
tion was used to evaluate the stability of the TiS, nanosheets
dispersion, since the absorbance intensity showed a strong
linear relationship with TiS, concentration (Fig. S13). For
pristine TiS,, the UV absorption peak intensity decreased
rapidly within 2 h and finally disappeared in 24 h (left part
of Fig. 3f), indicating a fast reaction of TiS, nanosheets
with water molecules, while the UV absorption peak inten-
sity of DD-TiS, nanosheets dispersion remained at 87% of

@ Springer
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Fig. 2 Characterizations of TiS, nanosheets and unmodified membranes. a TEM image of TiS, nanosheet and its corresponding SAED pattern.
b AFM image of pristine TiS, nanosheet. ¢ XRD patterns of bulk TiS, powder, its Li-intercalated Li TiS, and restacked TiS, membrane. d, e
Cross-sectional SEM image of TiS, membrane and its magnified image. f Top-view SEM image of TiS, membrane, inset is its digital photo-

graph. g Cross-sectional HRTEM image of the TiS, membrane

its original intensity after standing for 24 h (right part of
Fig. 3f), demonstrating that DDAB provides highly effective
passivation, preventing oxidation and hydrolysis of TiS, in
aqueous environments. The enhanced antioxidant perfor-
mances of these quaternary ammonium molecules on TiS,
membranes were also confirmed by atmospheric water vapor
exposure experiment (Fig. 3g) and water immersion experi-
ments (Fig. S14). The corresponding quantitative oxidation
kinetics are summarized in Fig. S15, further confirming
that water-induced hydrolysis is the dominant degradation
pathway for pristine TiS,. The XPS results show that after a
24-h exposure to atmosphere, the TiO, composition on DD-
TiS, membrane surface remained minimal, while the pristine
TiS, membrane surface was fully oxidized into TiO,. Zeta
potential tests show that DD-TiS, nanosheets exhibited the
most positive charge (+64.4 mV, Fig. 3h), implying that
DD-TiS, nanosheets possess the strongest colloid stability
contributing to the preservation of a well-defined layered
structure during the RO tests. We note, however, that the

© The authors

zeta potential primarily reflects colloidal dispersion stabil-
ity—governing how uniformly the nanosheets restack dur-
ing membrane fabrication—rather than chemical durability
under RO operating conditions. The long-term RO stability
of the functionalized membranes instead originates from the
densely packed amphiphilic alkyl layer that sterically shields
the TiS, surface from direct water contact, an interpreta-
tion that is corroborated by the energetic, structural, and
mechanical evidence presented in the following sections.
Moreover, concentration-dependent and pH-dependent pro-
files in Fig. S16 reveal that surfactant modification signifi-
cantly elevated TiS, surface potentials. While pristine TiS,
remained negative across all pH levels and DT-TiS, reached
an isoelectric point at pH 5.5, the DD- and TD-modified
samples maintained strongly positive, stable charges from
pH 3 to 10. This persistence confirms the robustness of
the interfacial ammonium layers and the superior aqueous
stability of the functionalized nanosheets. The continuous
passivation of quaternary ammoniums enabled the TiS,

https://doi.org/10.1007/s40820-026-02315-4
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pH~6.5, no background electrolyte, 25 °C). i surface contact angle of pristine and functionalized TiS, membranes

nanosheets to form an effective hydrophobic layer, thereby
isolating TiS, nanosheets from direct contact with water
molecules, as also confirmed by the contact angle tests
(Fig. 3i). Here, the contact angle for pristine TiS, mem-
brane was 65°, while DD-TiS, membrane showed the highest
contact angle of 103°. We further examined the dynamic
wetting behavior of the membranes through time-dependent
static contact angle measurements: Pristine TiS, underwent
rapid hydrophilization with complete droplet spreading

SHANGHAI JIAO TONG UNIVERSITY PRESS
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within 1 min, indicating strong water affinity at the bare
TiS, surface, whereas all ammonium -modified membranes
retained stable droplet shapes over 5 min (Fig. S17). The
strong initial water uptake by pristine TiS, provides a kineti-
cally favorable pathway for the subsequent water-induced
surface oxidation observed on longer timescales, while the
persistent hydrophobicity of the modified membranes sup-
presses this initial water—surface contact step. The contact
angle values can also be tuned by adjusting the quaternary
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ammonium salt concentration (Fig. S18). The calculated
hysteresis (A8=6 [
ous and low-adhesion surface favorable for dynamic water

=~ 17°) indicated a homogene-

adv ~ Yrec

repellence (Fig. S19). The functionalization degree per TiS,
for DTAB, DDAB, and TDAB reached ~19.5, ~41.7, and
~44 .4 at%, respectively, as confirmed by thermogravimetric
analysis, see Fig. S20.

3.3 Atomic and Electronic Origins of Antioxidant
and Hydrophobic Properties

To reveal the electronic modulations induced by long alkyl-
chain surface modifications, we performed theoretical cal-
culations. Surface electronic distributions near the Fermi
level (Ep) were first investigated in terms of pristine TiS,,
DT-TiS,, DD-TiS,, and TD-TiS, (Fig. 4a—d). Compared with
pristine TiS,, the introduction of surface modifiers induces
significant electronic redistribution at the interface. For pris-
tine TiS,, continuous bonding orbitals are present near the
Ep, indicating higher electronic availability for interfacial
charge transfer (Fig. 4a). After surface modification, the
electronic states near Ep become more localized and partially
redistributed due to interfacial interactions between the mod-
ifier molecules and surface S atoms. In contrast, the DT-TiS,,
DD-TiS,, and TD-TiS, show stronger distributions of the
anti-bonding orbitals, which indicates the weakened surface
capability of electron transfer and exchange (Fig. 4b—d). This
suppresses the interactions with H,O for further oxidation.
According to such electronic modulation, the intense order
of DDAB on the surface of TiS, will form a stable hydro-
phobic protection layer from both electronic structure and
steric hindrance. To understand the surface electronic struc-
tures, we calculated the projected partial density of states
(PDOS) (Fig. 4e-h). For pristine TiS,, the valence band
maximum (VBM) is mainly dominated by hybridized Ti-3d
and S-3p states, forming a delocalized electronic structure
near the band edge (Fig. 4e). Such Ti-derived contributions
near VBM provide electronic states that can participate in
interfacial redox reactions. Upon surface modification, the
composition of the VBM progressively changes. For DT-
TiS,, the s,p orbitals of the surface modifier are located at
relatively deeper energy levels from E and are less directly
involved in defining the VBM (Fig. 4f). For DD-TiS, and
TD-TiS, systems, the molecular s,p states exhibit substantial
overlap with Ti-3d and S-3p states near the VBM, indicating

© The authors

strong electronic hybridization at the interface (Fig. 4g, h).
This compositional shift of the VBM from Ti/S-dominated
states to partially molecule-influenced states reflects reduced
Ti-3d participation near the VBM, which is consistent with
suppressed interfacial electron transfer tendency. To explore
the interactions induced between DTAB/DDAB and TiS,,
we demonstrated the electron density difference on the
surface (Fig. 4i-1). Pristine TiS, exhibits surface electron
accumulation around S atoms, consistent with its negatively
charged surface as reflected by the zeta potential measure-
ments. After adsorption of DTAB, DDAB, and TDAB, the
electron density near the surface S sites decreases due to
electrostatic interaction with positively charged N*, leading
to partial neutralization of surface charge. This trend agrees
well with experimental zeta potential measurements, where
DD-TiS, exhibits charge reversal and improved colloidal
stability. These electronic structure analyses confirmed that
surface modifications were able to significantly modulate the
surface activity of the TiS, nanosheets.

From the energetic perspective, we carried out detailed
investigations to explore the interaction between modified
TiS, and water. For the adsorptions of water molecules, we
noticed that only the pristine TiS, surface shows negative
adsorption energy, indicating thermodynamically favorable
water adsorption (Fig. 4m). In contrast, DT-TiS,, DD-TiS,,
and TD-TiS, exhibit positive adsorption energies, demon-
strating energetically unfavorable water interaction with
increasing hydrophobicity. This indicates that surface
coverage and packing configuration collectively influence
interfacial hydration behavior (Fig. 4n). To further simulate
realistic aqueous environments, molecular dynamics (MD)
simulations were performed by placing water droplets above
pristine and modified TiS, surfaces to evaluate interfacial
structuring (Figs. S21 and S22). The density of water mol-
ecules in the near-surface region (~ 10 A)is significantly
reduced after surface modification when compared to TiS,,
especially for DD-TiS,, which is consistent with the contact
angle results. In addition, we also investigated the interaction
energies between pristine TiS, and DD-TiS, in water solu-
tion by MD simulations (Figs. 4k and S23a, b). Compared
to pristine TiS,, the interaction with water requires higher
energy costs for DD-TiS,, which further supports that the
modified TiS, is more hydrophobic with weaker interfacial
affinity to water. Based on DD-TiS,, we systematically stud-
ied the number of alkyl groups to the hydrophobic prop-
erty regarding the adsorption of water (Fig. 40). Notably,

https://doi.org/10.1007/s40820-026-02315-4
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as the alkyl chain becomes longer, the adsorption energy
of water exhibits a good parabolic trend, where the correla-
tion between alkyl number and adsorption energy reaches
R%=0.990. In addition, to directly evaluate oxidation ten-
dency, we calculated the adsorption energy of O, on pristine
and modified TiS, (Fig. S24). Pristine TiS, exhibits nega-
tive O, adsorption energy, indicating a favorable interac-
tion with oxygen molecules. In contrast, DT-TiS,, DD-TiS,,
and TD-TiS, show positive adsorption energies with much
reduced affinity. The simultaneously reduced affinity toward

SHANGHAI JIAO TONG UNIVERSITY PRESS

both H,O and O, for modified TiS, provides thermodynamic
evidence that surface modification suppresses interfacial
redox interactions, supporting the experimentally observed
enhancement in oxidation resistance. Moreover, the water
diffusion barriers were also determined on both TiS, and
DD-TiS, (Fig. 4p). Water diffusion on DD-TiS, is more fac-
ile, as indicated by the significantly reduced energy barrier
of 0.17 eV. In contrast, the diffusion of water on pristine
TiS, is difficult with a high energy barrier of 0.72 eV, which
is attributed to the strong adsorption strength of water on
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the surface. Thus, the DFT/MD results provide molecular-
level evidence that alkyl-chain functionalization suppresses
water—TiS, interactions and stabilizes interlayer nanochan-
nels, rather than directly predicting water permeance. It
should be emphasized that the density-of-states and elec-
tron density difference analyses are used here to provide
mechanistic insight into interfacial electronic tendencies,
whereas the quantitative evidence for oxidation resistance
is derived from the experimental XPS kinetics and time-
resolved UV-Vis spectroscopy described above.

3.4 Water Transport and Antibiotics Rejection

The antibiotics rejection performance of the functional-
ized TiS, membranes was evaluated via a dead-end reverse
osmosis system. The membrane diameter was 1 cm and
the pressure at feed side was 6 bar (Fig. S25). A range
of antibiotics (SMX, CIP, TC, and RIF) with varying
molecular weights were tested (Fig. S26). The modified
membranes exhibited simultaneously high water per-
meation rates and high rejection efficiencies toward all
four antibiotics (Fig. S5a—c). The water permeation rate of
above four antibiotics solution using DT-TiS, membrane
ranged from 0.8 to 1.8 L m™2 h™! bar™! (Fig. 5a); the
results show a trend that antibiotics with larger molecular
weights yielded higher permeation rates. This is because
smaller-sized antibiotics were more effectively hindered
by the sub-nanometer 2D capillaries. The permeation
rates of DD-TiS, membrane and TD-TiS, membrane are
approximately three times (2-6 L m~2 h™! bar™!) and
over ten times (5-31 L m~2 h™! bar™}) higher than that
of DT-TiS, membrane, respectively (Fig. 5b, ¢), owing
to their longer alkyl chains and larger interlayer spacing.
Regarding rejection performance, DD-TiS, membrane
exhibited the highest rejection rates for the four sizes of
antibiotic, with rejection rates of SMX, CIP, TC, and RIF
being 96.3 +0.4%, 92.4+1%, 95.1 £ 1%, and 96.9 +0.6%,
respectively. For TD-TiS, membrane, although permeation
rates increased, the rejection rate of SMX decreased to
85.9%. This decrease is attributed to the fact that the cap-
illary width of TD-TiS, (~1.09 nm) significantly exceeds
the molecular dimensions of SMX (MW =253 g mol~!, the
smallest antibiotic tested), rendering geometric confine-
ment insufficient for complete exclusion. Consistent with
the approximately cubic dependence of slit-channel flow
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on channel height, TD-TiS, delivers the highest permeance
(up to 46.8 L m~2 h~! bar™!) among the three modified
membranes, but the enlarged capillary also crosses the
critical sieving threshold for SMX, leading to partial leak-
age. This exemplifies the classical permeance—selectivity
trade-off for size sieving nanolaminate membranes: DD-
TiS, (capillary width ~0.83 nm) represents the optimal
balance between high flux and tight molecular confinement
for all four antibiotics tested. Framing this as a quantita-
tive structure—property relationship, the rejection of each
antibiotic decreases when the capillary width 8 exceeds
the solute’s effective molecular dimension: For SMX (the
smallest tested antibiotic molecule), DD-TiS, (6 ~0.83 nm)
just barely satisfies § <d,,; and retains 96.3% rejection,
whereas TD-TiS, (6 ~1.09 nm) crosses this cutoff and
shows reduced rejection (85.9%). For the larger antibiot-
ics (CIP, TC, RIF), the capillary width of TD-TiS, remains
below their molecular dimensions and rejection stays high.
This establishes DD-TiS, as the structure—property opti-
mum among the three modifiers examined here. Figure 5d
shows the thickness effect of the functionalized TiS, mem-
branes on pure water permeance (PWP); it can be observed
that the water permeance decreased when increasing the
membrane thickness from around 200 to 3000 nm (corre-
sponding membranes’ thickness was determined by SEM
images in Fig. S27), which is consistent with graphene
oxide (GO) and other two-dimensional (2D)-based mem-
branes. Note that the pure water permeance for DT-TiS,,
DD-TiS,, and TD-TiS, membranes was 4.3, 17.6, and 46.8
L m~2 h~! bar™!, respectively, which were much higher
than their unmodified counterpart, and TD-TiS, membrane
showed the largest variations on changing the membrane
thickness. Figure 5e illustrates the changes in PWP of the
functionalized TiS, membranes during the initial 24 h of
RO testing. The initial decline in flux was a typical start-up
effect of RO membranes and did not contradict the lower
diffusion barrier. It mainly arises from rapid compaction
and progressive wetting of the membrane, which tran-
siently increase hydraulic resistance. After reaching steady
state, the DD-TiS, membrane exhibited a consistently
higher flux, aligning with the reduced energy barrier pre-
dicted by DFT. Although increased surface hydrophobicity
might intuitively be expected to impede water transport,
the net permeation behavior is dominated by the dramatic
interlayer expansion: According to the Hagen—Poiseuille
framework adapted for slit nanochannels, water flux

https://doi.org/10.1007/s40820-026-02315-4
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Fig. S Separation performance and transport characteristics of functionalized TiS, membranes. permeance and rejection of four representative
antibiotics (RIF, TC, CIP, and SMX, 25 mg L1, 25°C) for a DT-TiS,, b DD-TiS,, and ¢ TD-TiS, membranes, respectively. A near-zero perme-
ance for pristine TiS, since pristine restacked TiS, yields an effective capillary width of only ~0.02 nm, far smaller than the kinetic diameter of
H,0 (~0.27 nm), so no measurable transmembrane flux is obtainable under 6 bar. d Pure water permeance (PWP) of decorated membranes with
thickness effect. All membranes were prepared under identical conditions: TiS, nanosheet dispersions (0.5 mg mL~! in DI water) were vacuum
filtered onto PVDF substrates (220 nm pore size, 25 mm in diameter) at a constant vacuum of —(0.1 MPa and room temperature. Membrane
thickness was tuned solely by adjusting the filtered volume (2—40 mL), yielding ~200 to 3000 nm thickness, respectively. For the functionalized
membranes, 2 mL of 0.1 mM DTAB/DDAB/TDAB (ethanol/water=1:1 v/v) was subsequently filtered through the freshly wet TiS, layer under
the same vacuum, followed by rinsing with 20 mL DI water. All samples were then vacuum-dried at 100 °C for 12 h. e Pure water permeability
as a function of time for a membrane with a thickness of approximately 2 pm. f SMX permeance and rejection rate of DD-TiS, in different pH
feed solution. g Recycle properties of RIF and SMX using DD-TiS, membrane. h UV spectra of TC solution (25 mg L™, pH 6.5, 25 °C) on the
retentate side with time. i Pure water permeance and rejection comparison of DT, DD, TD-TiS, membranes and other reported membranes for
antibiotics separation [47-56]. (Note that the pure water permeance (PWP) was measured using pure water, whereas the permeance values were
obtained using antibiotic solutions.)

scales approximately with the cube of channel height,
so the order-of-magnitude increase in capillary width
(0.02—0.37—0.83 —1.09 nm) overwhelms any resist-
ance that might arise from hydrophobic wetting. Moreo-
ver, the hydrophobic surface may reduce water—wall fric-
tion and facilitate a slip-flow contribution, which could

SHANGHAI JIAO TONG UNIVERSITY PRESS

further support the enhanced permeance, consistent with
the markedly reduced water diffusion barrier (from 0.72 to
0.17 eV) established by our DFT calculations above. The
wettability and channel geometry effects therefore act syn-
ergistically, rather than antagonistically, to enhance water
permeance. Among, TD-TiS, membrane maintained the
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highest water flux, due to the largest functionalization mol-
ecules TDAB. Furthermore, we investigated the pH effect
to rejection rate and water flux for DD-TiS, membrane.
The permeance (Fig. 5f) shows sensitivity to pH—Ilikely
due to slight changes in membrane surface hydrophilicity
or protonation state—the rejection performance remains
stable. The quaternary ammonium headgroups (R,N¥) on
the DD-TiS, surface carry a permanent, pH-independent
positive charge, whereas sulfamethoxazole (SMX) exhibits
two acid dissociation constants, with pKa, ~ 1.7 for the
aniline amino group and pKa, = 5.7 for the sulfonamide
N-H group. Accordingly, SMX is mainly neutral at mildly
acidic to near-neutral pH, with limited cationic character
only under strongly acidic conditions, and becomes pre-
dominantly anionic above pH 5.7. Electrostatic repulsion
may therefore assist SMX rejection under acidic condi-
tions, whereas electrostatic attraction could occur under
alkaline conditions. The stable rejection (>95%) across
pH 3-10 confirms that geometric size sieving through the
sub-nanometer nanochannels is the dominant separation
mechanism, while electrostatic interactions serve only as
a secondary, pH-dependent modulation.

3.5 Structural Stability and Long-Term Operational
Durability

For the long-term recyclability and stability evaluation of
the membrane materials, the mechanical properties were
tested first. The flexibility and structural integrity of the
TiS,-based membranes under repeated bending tests were
first examined. As shown in Fig. S28a, the membranes were
pre-folded several times to simulate the mechanical deforma-
tion experienced during cyclic reuse and under RO operating
pressure. Corresponding SEM observations after repeated
folding (Fig. S28b-d) further confirmed that the modified
membranes preserved a continuous and compact lamellar
morphology, with no observable fracture planes or peeling
of nanosheets. In addition, cross-sectional SEM images after
repeated folding are added as Fig. S28e-j (analogous to the
cross-sectional views of fresh membranes shown earlier) to
directly visualize the preserved lamellar architecture after
mechanical deformation. Mechanical tensile tests (Fig. S29)
revealed that quaternary ammonium-functionalized mem-
branes exhibited significantly enhanced mechanical strength
compared with pristine TiS,. Both DT-TiS, and DD-TiS,
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showed higher tensile stress and improved elongation at
break, which we attribute to stronger interfacial interactions
between TiS, nanosheets and the polymer substrate, as well
as increased interlayer friction introduced by the amphiphilic
modifiers. The mechanical enhancements corroborated that
surface functionalization not only stabilized TiS, chemically
but also reinforced the structural integrity of the laminated
architecture, ensuring reliable performance during repeated
handling and long-term membrane operation. Specifically,
these “interfacial interactions” include the electrostatic
attraction between the cationic ammonium headgroups and
the anionic TiS, surface, the hydrophobic—hydrophobic
adhesion between the amphiphilic modifier tails and the
underlying PVDF substrate, and the increased interlayer
friction introduced by the interdigitated alkyl chains, which
collectively enhance both tensile strength and elongation at
break.

To evaluate the structural stability of the membranes, we
analyzed the elemental composition before and after RO
operation. There was no detectable shift in the N 1s peak
position or shape before and after RO operation, with XPS
semi-quantitative analysis showing < 1% change in N atomic
content, indicating no obvious degradation or loss of the
quaternary ammonium functional layer during long-term
filtration (Fig. S30). We quantitatively analyzed the Ti 2p
spectra to determine TiS,/TiO, ratios before and after RO
(Fig. S31). The pristine TiS, membrane underwent complete
oxidation (65% TiS, — 100% TiO,), whereas the functional-
ized membranes retained substantially higher TiS, contents
(DT-TiS,: 60% — 54%, DD-TiS,: 63% — 61%, TD-TiS,:
73% — 32%). These results clearly indicated that DD-TiS,
provided the most effective oxidation protection, while the
reduced stability of TD-TiS, likely arises from steric hin-
drance associated with its longer alkyl chains, which weak-
ens organic—inorganic interfacial bonding and allows partial
oxidation during operation. The XRD patterns of DT-TiS,
and DD-TiS, membranes remained essentially unchanged
after RO, whereas TD-TiS, exhibited a noticeable right shift
of the (001) TiS, reflection—indicative of reduced interlayer
spacing and partial structural collapse. This degradation was
consistent with the weaker bonding between the long-chain
modifier and TiS,, as well as the partial oxidation revealed
by XPS (Fig. S32). The total organic carbon (TOC) levels of
all permeates were close to that of DI water, confirming that
no measurable leaching of quaternary ammonium modifiers
occurred (Fig. S33).

https://doi.org/10.1007/s40820-026-02315-4



Nano-Micro Lett. (2027) 19:34

Page 15 of 19 34

For the cyclic stability evaluation, 30 filtration cycles and
a 15 days continuous operation test were conducted for these
four kinds of antibiotics. The optimized DD-TiS, membrane
retained stable rejection (RIF, TC, and SMX above 91%;
CIP above 89%) across 30 filtration cycles and 15 days of
continuous operation (each cycle included the process of
pressure release and membrane recovery with DI water),
implying good stability of the prepared membrane, as shown
in Figs. 5g and S34-S35. Note that pristine TiS, membranes
were not included as a cycling control because the inter-
layer spacing of restacked pristine TiS, (0.57 nm) yields an
effective capillary width of merely ~0.02 nm—far smaller
than the kinetic diameter of a water molecule (~0.27 nm)—
resulting in essentially no measurable transmembrane water
flux under the 6 bar operating pressure, which precludes
reliable permeance or rejection measurements over repeated
filtration cycles. Figure 5h shows the TC concentration on
the retentate side of the DD-TiS, membrane increasing
linearly over time (via UV-Vis), confirming that size siev-
ing is the predominant mechanism rather than membrane
adsorption. Furthermore, the adsorption of all four antibi-
otics (SMX, CIP, TC, and RIF) onto TiS, nanosheets was
confirmed to be negligible (Fig. S36). This stability across
conditions underscores that physical confinement, not sur-
face charge or adsorption, dictates the superior separation
performance. The theoretical calculations presented above
reveal the electronic origins of the enhanced oxidation
resistance of the functionalized TiS, surface, whereas the
antibiotic separation itself is governed by geometric con-
finement within the sub-nanometer capillaries; these two
findings are therefore complementary rather than contra-
dictory. For DD-TiS, membrane, SEM images showed the
accumulation of four antibiotics on membrane surface after
RO testing (Fig. S37); EDS mapping results indicated a sig-
nificant increase in carbon content after RO test, which was
attributed to the rejected antibiotics that remaining on the
feed side (Fig. S38). AFM image analysis revealed simi-
lar surface roughness, demonstrating the integrity of the
membrane without cracks (Fig. S39). Compared with the
existing literature, our quaternary ammonium molecules
modified TiS, membranes (especially DD-TiS, membrane)
exhibited best rejection rate (96.9%) and permeance (46.8 L
m~2h~! bar™!) for potential practical application in medical
wastewater treatment (Fig. 51, Table S1).

The economic assessment, based on a pouch cell-style
scalable production model (Fig. S40), shows that the
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dominant cost contribution (>75%) arises from the TiS, raw
material itself, whereas the quaternary ammonium modifi-
ers, PVDF substrate, and processing steps account for only
a minor portion of the overall production cost. The Sankey
diagram further confirmed that operational cost overwhelm-
ingly outweighs fixed and capital costs, indicating that the
fabrication route—electrochemical exfoliation followed by
vacuum filtration—was not a cost-limiting step. Because
all reagents involved are industrially available and no high-
temperature or high-pressure conditions were required, the
overall process was compatible with scale-up. As shown in
Fig. S41, conventional liquid-phase exfoliation of graphene
typically requires ~20-30 kWh kg~!, while chemical exfo-
liation of layered MoS, can exceed ~30 kWh kg™'. Even
advanced low-energy processes such as mechanical shear
exfoliation or rapid Joule heating (RJH) graphene still con-
sume ~ 4.8 kWh kg_l. In contrast, the pouch cell-assisted
exfoliation route presented in this work requires only ~0.72
kWh kg~! (based on Tables S2 and S3), owing to the intrin-
sically mild processing conditions and the absence of high-
temperature or high-shear operations. These results dem-
onstrated that the proposed membrane preparation method
had a clear economic feasibility and aligns with the cost
structure reported for large-scale soft-pack battery manufac-
turing. The additional cross-flow filtration tests (Fig. S42)
yielded separation results comparable to those of the dead-
end mode, further validating the membrane’s robust stability
and promising potential for practical, large-scale applica-
tions. To assess membrane performance under model feed
conditions that partially approximate practical wastewater
matrices, we further examined the rejection of all four anti-
biotics (RIF, TC, CIP, SMX) in mixed-solute feeds (each
at 25 mg L™") under varying ionic strength backgrounds to
represent ionic strength effects in practical wastewater, using
both monovalent (NaCl, 1-10 mM) and divalent (CaCl,,
1-10 mM) electrolytes. As shown in Fig. S43, the DD-TiS,
membrane retains rejection above 90% for all four antibiotics
across the entire tested range, with only minimal sensitiv-
ity to ionic strength and a slightly larger perturbation under
CaCl, than under NaCl for the smaller antibiotics—consist-
ent with divalent cation screening of the cationic surface
charge. The relative ranking of the three membranes (DD-
TiS, > DT-TiS, > TD-TiS, for the smaller antibiotics) is pre-
served across all conditions, further confirming that geomet-
ric size sieving remains the dominant separation mechanism.
This study mainly focuses on the effect of membrane ion
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channels on solute rejection under single-variable conditions
in a pure water system; radical-mediated pathways caused
by dissolved oxygen, residual chlorine/ozone from pretreat-
ment, or trace metal ions under actual RO influent condi-
tions may introduce additional degradation mechanisms and
deserve further study.

4 Conclusion

In conclusion, we developed an emerging titanium
disulfide (TiS,)-based nanosheet with a stable 1T phase
for fabricating high-performance nanolaminate mem-
branes. These membranes featured precisely tunable sub-
nanometer capillary widths, enabled by a rapid and univer-
sal electrostatic functionalization strategy using a group
of quaternary ammonium molecules (DTAB, DDAB,
TDAB). The functionalized TiS, membranes exhibited
significantly enhanced surface hydrophobicity and mark-
edly improved resistance to water-induced oxidation,
leading to exceptional structural robustness and sustained
operational stability over the tested duration. Notably,
the membranes demonstrated remarkable rejection rates
up to 96.9% for various antibiotics, with a permeance up
to 46.8 L m~2 h~! bar~!. These results contribute signifi-
cantly toward the efficient and reliable removal of emerg-
ing small-molecule pollutants from water bodies.

Acknowledgements This work gratefully acknowledges financial
support from Hong Kong RGC’s Young Collaborative Research
Grant [No. C1003-23Y], General Research Fund (GRF) [No.
11308923, 11309824 and 11309425, 15306425, 15304023, and
15304724], Junior Research Fellow Scheme (JRFS) [JRFS2526-
1S12], and Hong Kong ITC project ITS/192/23. J. Y. Fang
thanks the support of the Natural Science Foundation of China
(22325607). We also acknowledge the Electrochemical Store
(www.echemstore.cn) for the technological and economic analysis.

Author Contributions Zhiyuan Zeng conceived and guided this
project. Ruixin Yan designed and performed the experiments, ana-
lyzed the data, and drafted the manuscript. Mingzi Sun performed
the theoretical calculations, analyzed the computational results,
and contributed to manuscript preparation. Honglu Hu, Ruijie
Yang, Zhen Zhang, Weikang Zheng, Liang Mei, Ting Ying, and
Yue Zhang assisted with sample preparation, material characteriza-
tion, data collection, and data analysis. Alicia Kyoungjin An and
Chuyang Y. Tang contributed to the interpretation of the experi-
mental results and provided critical comments on the manuscript.
Jingyun Fang contributed to the experimental design, data inter-
pretation, and supervision of the work. Bolong Huang supervised
the theoretical calculations and contributed to the interpretation

© The authors

of the computational results. Zhiyuan Zeng also secured funding
and revised the manuscript. All authors discussed the results and
approved the final version of the manuscript.

Declarations

Conflict of Interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-026-02315-4.

References

1. C.L.Brown, A. Maile-Moskowitz, A.J. Lopatkin, K. Xia, L.K.
Logan et al., Selection and horizontal gene transfer under-
lie microdiversity-level heterogeneity in resistance gene fate
during wastewater treatment. Nat. Commun. 15, 5412 (2024).
https://doi.org/10.1038/s41467-024-49742-8

2. D.G.J. Larsson, C.-F. Flach, Antibiotic resistance in the envi-
ronment. Nat. Rev. Microbiol. 20(5), 257-269 (2022). https://
doi.org/10.1038/s41579-021-00649-x

3. X.Li,Z. Meng, L. Guan, A. Liu, L. Li et al., Glucose-respon-
sive hydrogel optimizing Fenton reaction to eradicate multi-
drug-resistant bacteria for infected diabetic wound healing.
Chem. Eng. J. 487, 150545 (2024). https://doi.org/10.1016/j.
cej.2024.150545

4. Y. Chen, X. Zhang, L. Wang, X. Cheng, Q. Shang, Rapid
removal of phenol/antibiotics in water by Fe-(8-hydroxyquin-
oline-7-carboxylic)/TiO, flower composite: adsorption com-
bined with photocatalysis. Chem. Eng. J. 402, 126260 (2020).
https://doi.org/10.1016/j.cej.2020.126260

5. H.Fu, K.A. Gray, Effect of molecular structure on the adsorp-
tion behavior of sulfanilamide antibiotics on crumpled gra-
phene balls. Water Res. 242, 120177 (2023). https://doi.org/
10.1016/j.watres.2023.120177

https://doi.org/10.1007/s40820-026-02315-4


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02315-4
https://doi.org/10.1007/s40820-026-02315-4
https://doi.org/10.1038/s41467-024-49742-8
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1016/j.cej.2024.150545
https://doi.org/10.1016/j.cej.2024.150545
https://doi.org/10.1016/j.cej.2020.126260
https://doi.org/10.1016/j.watres.2023.120177
https://doi.org/10.1016/j.watres.2023.120177

Nano-Micro Lett.

(2027) 19:34

Page 17 of 19 34

6.

11.

12.

13.

14.

15.

16.

17.

18.

F. Li, K. Liu, Y. Bao, Y. Li, Z. Zhao et al., Molecular level
removal of antibiotic resistant bacteria and genes: a review of
interfacial chemical in advanced oxidation processes. Water
Res. 254, 121373 (2024). https://doi.org/10.1016/j.watres.
2024.121373

. R. Yin, C.E. Anderson, J. Zhao, A.B. Boehm, W.A. Mitch,

Controlling contaminants using a far-UVC-based advanced
oxidation process for potable reuse. Nat. Water 1(6), 555-562
(2023). https://doi.org/10.1038/s44221-023-00094-5

L. Yang, C. Xia, J. Jiang, X. Chen, Y. Zhou et al., Removal of
antibiotics and estrogens by nanofiltration and reverse osmosis
membranes. J. Hazard. Mater. 461, 132628 (2024). https://doi.
org/10.1016/j.jhazmat.2023.132628

H. Guo, R. Dai, M. Xie, L.E. Peng, Z. Yao et al., Tweak in
puzzle: tailoring membrane chemistry and structure toward
targeted removal of organic micropollutants for water reuse.
Environ. Sci. Technol. Lett. 9(4), 247-257 (2022). https://doi.
org/10.1021/acs.estlett.2c00094

Y. Dong, Q. Lyu, L.-C. Lin, C. Violet, B. Lin et al., Ultrast-
able ceramic-based metal-organic framework membranes
with missing linkers for robust desalination. Nat. Water 2(5),
464474 (2024). https://doi.org/10.1038/s44221-024-00218-5

R. Ou, H. Zhang, V.X. Truong, L. Zhang, H.M. Hegab et al.,
A sunlight-responsive metal-organic framework system for
sustainable water desalination. Nat. Sustain. 3(12), 1052—
1058 (2020). https://doi.org/10.1038/s41893-020-0590-x
E.H. Ang, S. Velioglu, J.W. Chew, Tunable affinity separa-
tion enables ultrafast solvent permeation through layered
double hydroxide membranes. J. Membr. Sci. 591, 117318
(2019). https://doi.org/10.1016/j.memsci.2019.117318

Y. Qian, J. Shang, D. Liu, G. Yang, X. Wang et al., Enhanced
ion sieving of graphene oxide membranes via surface amine
functionalization. J. Am. Chem. Soc. 143(13), 5080-5090
(2021). https://doi.org/10.1021/jacs.1c00575

D. Cohen-Tanugi, J.C. Grossman, Mechanical strength of
nanoporous graphene as a desalination membrane. Nano
Lett. 14(11), 6171-6178 (2014). https://doi.org/10.1021/
nl1502399y

M. Al-Shaeli, O.0O. Teber, R.A. Al-Juboori, A. Khataee, I.
Koyuncu et al., Inorganic layered polymeric membranes:
highly-ordered porous ceramics for surface engineering of
polymeric membranes. Sep. Purif. Technol. 350, 127925
(2024). https://doi.org/10.1016/j.seppur.2024.127925

E.K. McGuinness, F. Zhang, Y. Ma, R.P. Lively, M.D. Losego,
Vapor phase infiltration of metal oxides into nanoporous poly-
mers for organic solvent separation membranes. Chem. Mater.
31(15), 5509-5518 (2019). https://doi.org/10.1021/acs.chemm
ater.9b01141

B. Zhu, Z. Hong, N. Milne, C.M. Doherty, L. Zou et al.,
Desalination of seawater ion complexes by MFI-type zeolite
membranes: temperature and long term stability. J. Membr.
Sci. 453, 126-135 (2014). https://doi.org/10.1016/j.memsci.
2013.10.071

Y. Qian, L. Chen, L. Zhu, Electrothermal heating in direct
contact membrane distillation via PTFE membrane coated by

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

tea polyphenols and carbon nanotube for enhanced conductiv-
ity and long-term stability. J. Membr. Sci. 668, 121196 (2023).
https://doi.org/10.1016/j.memsci.2022.121196

S. Wu, L.E. Peng, Z. Yang, P. Sarkar, M. Barboiu et al., Next-
generation desalination membranes empowered by novel
materials: where are we now? Nano-Micro Lett. 17(1), 91
(2024). https://doi.org/10.1007/s40820-024-01606-y

S. Cha, J.Y. Chung, S. Yang, S.C. Lee, C.W. Lee et al., Bio-
compatible but antibacterial mechanism of graphene oxide
for sustainable antibiotics. Adv. Funct. Mater. 36(41), e74695
(2026). https://doi.org/10.1002/adfm.74695

J.M. Yun, K.N. Kim, J.Y. Kim, D.O. Shin, W.J. Lee et al.,
DNA origami nanopatterning on chemically modified gra-
phene. Angew. Chem. Int. Ed. 51(4), 912-915 (2012). https://
doi.org/10.1002/anie.201106198

C.W. Lee, C.H. Kim, S. Cha, G.G. Yang, G.S. Lee et al.,
Fe-N,@Graphene single-atom catalyst-based nanozyme
against influenza a virus. ACS Appl. Mater. Interfaces 17(37),
51578-51587 (2025). https://doi.org/10.1021/acsami.5c05783
T.H. Han, W.J. Lee, D.H. Lee, J.E. Kim, E.-Y. Choi et al.,
Peptide/graphene hybrid assembly into core/shell nanowires.
Adv. Mater. 22(18), 2060-2064 (2010). https://doi.org/10.
1002/adma.200903221

D.H. Lee, W.J. Lee, WJ. Lee, S.O. Kim, Y.-H. Kim, Theory,
synthesis, and oxygen reduction catalysis of Fe-porphyrin-like
carbon nanotube. Phys. Rev. Lett. 106(17), 175502 (2011).
https://doi.org/10.1103/PhysRevLett.106.175502

X. Lu, U.R. Gabinet, C.L. Ritt, X. Feng, A. Deshmukh et al.,
Relating selectivity and separation performance of lamellar
two-dimensional molybdenum disulfide (MoS,) membranes
to nanosheet stacking behavior. Environ. Sci. Technol. 54(15),
9640-9651 (2020). https://doi.org/10.1021/acs.est.0c02364

X. Cui, X. Wu, J. Zhang, J. Wang, H. Zhang et al., A loosely
stacked lamellar membrane of irregular MoS, flakes for ultra-
high water and organics permeation. J. Mater. Chem. A 7(20),
12698-12705 (2019). https://doi.org/10.1039/c9ta03159f

J. Kou, J. Yao, L. Wu, X. Zhou, H. Lu et al., Nanoporous two-
dimensional MoS, membranes for fast saline solution purifica-
tion. Phys. Chem. Chem. Phys. 18(32), 22210-22216 (2016).
https://doi.org/10.1039/c6¢cp01967f

L. Sun, Y. Ying, H. Huang, Z. Song, Y. Mao et al., Ultrafast
molecule separation through layered WS, nanosheet mem-
branes. ACS Nano 8(6), 6304—6311 (2014). https://doi.org/
10.1021/nn501786m

Y. Zhang, M. Sun, R. Yang, T. Ying, L. Mei et al., Scalable
production and covalent functionalization of WS, nanosheets
for membrane fabrication and ion separation. Nano Lett.
26(11), 3768-3775 (2026). https://doi.org/10.1021/acs.nanol
ett.5c04248

L. Ries, E. Petit, T. Michel, C.C. Diogo, C. Gervais et al.,
Enhanced sieving from exfoliated MoS, membranes via cova-
lent functionalization. Nat. Mater. 18(10), 1112-1117 (2019).
https://doi.org/10.1038/s41563-019-0464-7

L. Mei, Z. Cao, T. Ying, R. Yang, H. Peng et al., Simultane-
ous electrochemical exfoliation and covalent functionalization

@ Springer


https://doi.org/10.1016/j.watres.2024.121373
https://doi.org/10.1016/j.watres.2024.121373
https://doi.org/10.1038/s44221-023-00094-5
https://doi.org/10.1016/j.jhazmat.2023.132628
https://doi.org/10.1016/j.jhazmat.2023.132628
https://doi.org/10.1021/acs.estlett.2c00094
https://doi.org/10.1021/acs.estlett.2c00094
https://doi.org/10.1038/s44221-024-00218-5
https://doi.org/10.1038/s41893-020-0590-x
https://doi.org/10.1016/j.memsci.2019.117318
https://doi.org/10.1021/jacs.1c00575
https://doi.org/10.1021/nl502399y
https://doi.org/10.1021/nl502399y
https://doi.org/10.1016/j.seppur.2024.127925
https://doi.org/10.1021/acs.chemmater.9b01141
https://doi.org/10.1021/acs.chemmater.9b01141
https://doi.org/10.1016/j.memsci.2013.10.071
https://doi.org/10.1016/j.memsci.2013.10.071
https://doi.org/10.1016/j.memsci.2022.121196
https://doi.org/10.1007/s40820-024-01606-y
https://doi.org/10.1002/adfm.74695
https://doi.org/10.1002/anie.201106198
https://doi.org/10.1002/anie.201106198
https://doi.org/10.1021/acsami.5c05783
https://doi.org/10.1002/adma.200903221
https://doi.org/10.1002/adma.200903221
https://doi.org/10.1103/PhysRevLett.106.175502
https://doi.org/10.1021/acs.est.0c02364
https://doi.org/10.1039/c9ta03159f
https://doi.org/10.1039/c6cp01967f
https://doi.org/10.1021/nn501786m
https://doi.org/10.1021/nn501786m
https://doi.org/10.1021/acs.nanolett.5c04248
https://doi.org/10.1021/acs.nanolett.5c04248
https://doi.org/10.1038/s41563-019-0464-7

34 Page 18 of 19

Nano-Micro Lett. (2027) 19:34

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

of MoS, membrane for ion sieving. Adv. Mater. 34(26),
€2201416 (2022). https://doi.org/10.1002/adma.202201416

L. Mei, M. Sun, R. Yang, Y. Zhang, Y. Zhang et al., Metallic
IT/1T’ phase TMD nanosheets with enhanced chemisorption
sites for ultrahigh-efficiency lead removal. Nat. Commun. 15,
7770 (2024). https://doi.org/10.1038/s41467-024-52078-y

T. Ying, Y. Xiong, H. Peng, R. Yang, L. Mei et al., Achieving
exceptional volumetric desalination capacity using compact
MoS, nanolaminates. Adv. Mater. 36(31), e2403385 (2024).
https://doi.org/10.1002/adma.202403385

L. Mei, Z. Gao, R. Yang, Z. Zhang, M. Sun et al., Phase-
switchable preparation of solution-processable WS, mono- or
bilayers. Nat. Synth. 4(3), 303-313 (2025). https://doi.org/10.
1038/s44160-024-00679-2

D. Voiry, A. Mohite, M. Chhowalla, Phase engineering of
transition metal dichalcogenides. Chem. Soc. Rev. 44(9),
2702-2712 (2015). https://doi.org/10.1039/c5¢s00151j

X. Zhao, S. Ning, W. Fu, S.J. Pennycook, K.P. Loh, Differ-
entiating polymorphs in molybdenum disulfide via electron
microscopy. Adv. Mater. 30(47), €1802397 (2018). https://doi.
org/10.1002/adma.201802397

S. Jeong, D. Yoo, M. Ahn, P. Mir6, T. Heine et al., Tandem
intercalation strategy for single-layer nanosheets as an effec-
tive alternative to conventional exfoliation processes. Nat.
Commun. 6, 5763 (2015). https://doi.org/10.1038/ncomm
$6763

V. Vega-Mayoral, R. Tian, A.G. Kelly, A. Griffin, A. Harvey
et al., Solvent exfoliation stabilizes TiS, nanosheets against
oxidation, facilitating lithium storage applications. Nanoscale
11(13), 6206-6216 (2019). https://doi.org/10.1039/c8nr0
9446b

J.H. Han, S. Lee, D. Yoo, J.-H. Lee, S. Jeong et al., Unveil-
ing chemical reactivity and structural transformation of two-
dimensional layered nanocrystals. J. Am. Chem. Soc. 135(10),
3736-3739 (2013). https://doi.org/10.1021/ja309744c

Y. Chen, G. Zhang, H. Liu, J. Qu, Confining free radicals in
close vicinity to contaminants enables ultrafast Fenton-like
processes in the interspacing of MoS, membranes. Angew.
Chem. Int. Ed. 58(24), 8134-8138 (2019). https://doi.org/10.
1002/anie.201903531

Q. Zhang, J. Jiang, R. Yan, R. Yang et al., Li+ intercalation
chemistry on 2D transition metal dichalcogenides towards
phase evolution, scalable production and application. Natl.
Sci. Rev. (2026). https://doi.org/10.1093/nsr/nwag165

C. Wan, R. Tian, M. Kondou, R. Yang, P. Zong et al., Ultra-
high thermoelectric power factor in flexible hybrid inorganic-
organic superlattice. Nat. Commun. 8(1), 1024 (2017). https:/
doi.org/10.1038/s41467-017-01149-4

M. Chhowalla, H.S. Shin, G. Eda, L.-J. Li, K.P. Loh et al.,
The chemistry of two-dimensional layered transition metal
dichalcogenide nanosheets. Nat. Chem. 5(4), 263-275 (2013).
https://doi.org/10.1038/nchem.1589

R. Yang, L. Mei, Q. Zhang, Y. Fan, H.S. Shin et al., High-
yield production of mono- or few-layer transition metal

© The authors

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

dichalcogenide nanosheets by an electrochemical lithium ion
intercalation-based exfoliation method. Nat. Protoc. 17(2),
358-377 (2022). https://doi.org/10.1038/541596-021-00643-w

Z.Zeng, Z. Yin, X. Huang, H. Li, Q. He et al., Single-layer
semiconducting nanosheets: high-yield preparation and
device fabrication. Angew. Chem. Int. Ed. 50(47), 11093—
11097 (2011). https://doi.org/10.1002/anie.201106004

L. Mei, C.M. How, M. Sun, R. Yan, W. Zheng et al., A tai-
lored MoS, membrane with strong DNA-binding capability
enhances aquatic biota detection through environmental DNA
metabarcoding. Natl. Sci. Rev. 13(6), nwag055 (2026). https://
doi.org/10.1093/nsr/nwag055

Y.T. Nam, J. Choi, K.M. Kang, D.W. Kim, H.-T. Jung,
Enhanced stability of laminated graphene oxide membranes
for nanofiltration via interstitial amide bonding. ACS Appl.
Mater. Interfaces 8(40), 27376-27382 (2016). https://doi.org/
10.1021/acsami.6b09912

L.-X. Dong, X.-C. Huang, Z. Wang, Z. Yang, X.-M. Wang
et al., A thin-film nanocomposite nanofiltration membrane
prepared on a support with in sitru embedded zeolite nanopar-
ticles. Sep. Purif. Technol. 166, 230-239 (2016). https://doi.
org/10.1016/j.seppur.2016.04.043

S. Zhao, Y. Yao, C. Ba, W. Zheng, J. Economy et al., Enhanc-
ing the performance of polyethylenimine modified nanofil-
tration membrane by coating a layer of sulfonated poly(ether
ether ketone) for removing sulfamerazine. J. Membr. Sci. 492,
620-629 (2015). https://doi.org/10.1016/j.memsci.2015.03.
017

H. Fan, J. Gu, H. Meng, A. Knebel, J. Caro, High-flux mem-
branes based on the covalent organic framework COF-LZU1
for selective dye separation by nanofiltration. Angew. Chem.
Int. Ed. 57(15), 4083—4087 (2018). https://doi.org/10.1002/
anie.201712816

V. Vatanpour, S.S.M. Khadem, A. Dehqan, M.A. Al-Nagsha-
bandi, M.R. Ganjali et al., Efficient removal of dyes and
proteins by nitrogen-doped porous graphene blended poly-
ethersulfone nanocomposite membranes. Chemosphere 263,
127892 (2021). https://doi.org/10.1016/j.chemosphere.2020.
127892

G.-H. Yang, D.-D. Bao, D.-Q. Zhang, C. Wang, L.-L. Quet al.,
Removal of antibiotics from water with an all-carbon 3D nano-
filtration membrane. Nanoscale Res. Lett. 13(1), 146 (2018).
https://doi.org/10.1186/s11671-018-2555-9

R. Dai, H. Han, T. Wang, X. Li, Z. Wang, Enhanced removal
of hydrophobic endocrine disrupting compounds from waste-
water by nanofiltration membranes intercalated with hydro-
philic MoS, nanosheets: role of surface properties and internal
nanochannels. J. Membr. Sci. 628, 119267 (2021). https://doi.
org/10.1016/j.memsci.2021.119267

S. Zhao, C. Ba, Y. Yao, W. Zheng, J. Economy et al., Removal
of antibiotics using polyethylenimine cross-linked nanofiltra-
tion membranes: relating membrane performance to surface
charge characteristics. Chem. Eng. J. 335, 101-109 (2018).
https://doi.org/10.1016/j.cej.2017.10.140

https://doi.org/10.1007/s40820-026-02315-4


https://doi.org/10.1002/adma.202201416
https://doi.org/10.1038/s41467-024-52078-y
https://doi.org/10.1002/adma.202403385
https://doi.org/10.1038/s44160-024-00679-2
https://doi.org/10.1038/s44160-024-00679-2
https://doi.org/10.1039/c5cs00151j
https://doi.org/10.1002/adma.201802397
https://doi.org/10.1002/adma.201802397
https://doi.org/10.1038/ncomms6763
https://doi.org/10.1038/ncomms6763
https://doi.org/10.1039/c8nr09446b
https://doi.org/10.1039/c8nr09446b
https://doi.org/10.1021/ja309744c
https://doi.org/10.1002/anie.201903531
https://doi.org/10.1002/anie.201903531
https://doi.org/10.1093/nsr/nwag165
https://doi.org/10.1038/s41467-017-01149-4
https://doi.org/10.1038/s41467-017-01149-4
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/s41596-021-00643-w
https://doi.org/10.1002/anie.201106004
https://doi.org/10.1093/nsr/nwag055
https://doi.org/10.1093/nsr/nwag055
https://doi.org/10.1021/acsami.6b09912
https://doi.org/10.1021/acsami.6b09912
https://doi.org/10.1016/j.seppur.2016.04.043
https://doi.org/10.1016/j.seppur.2016.04.043
https://doi.org/10.1016/j.memsci.2015.03.017
https://doi.org/10.1016/j.memsci.2015.03.017
https://doi.org/10.1002/anie.201712816
https://doi.org/10.1002/anie.201712816
https://doi.org/10.1016/j.chemosphere.2020.127892
https://doi.org/10.1016/j.chemosphere.2020.127892
https://doi.org/10.1186/s11671-018-2555-9
https://doi.org/10.1016/j.memsci.2021.119267
https://doi.org/10.1016/j.memsci.2021.119267
https://doi.org/10.1016/j.cej.2017.10.140

Nano-Micro Lett. (2027) 19:34

Page 19 of 19 34

55.

56.

S.P. Sun, T.A. Hatton, T.-S. Chung, Hyperbranched polyeth-
yleneimine induced cross-linking of polyamide—imide nano-
filtration hollow fiber membranes for effective removal of cip-
rofloxacin. Environ. Sci. Technol. 45(9), 4003-4009 (2011).
https://doi.org/10.1021/es200345q

H. Croll, A. Soroush, ML.E. Pillsbury, S. Romero-Vargas Cas-
trillén, Graphene oxide surface modification of polyamide

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

reverse osmosis membranes for improved N-nitrosodimethyl-
amine (NDMA) removal. Sep. Purif. Technol. 210, 973-980
(2019). https://doi.org/10.1016/j.seppur.2018.08.070

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1021/es200345q
https://doi.org/10.1016/j.seppur.2018.08.070

	Enhanced Antibiotics Sieving by Exfoliated TiS2 Membranes via Surface Functionalization and Passivation
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of TiS2 Nanosheets and Membranes
	2.3 Preparation of Functionalized TiS2 Membranes
	2.4 Characterizations
	2.5 Antioxidant Performance Tests
	2.6 Calculation Setup
	2.7 Techno-Economic Assessment Setup
	2.7.1 Analysis Indicators and Formulas
	2.7.2 Assessment Procedure

	2.8 Antibiotics Desalination Test

	3 Results and Discussion
	3.1 Characterization of Restacked TiS2 Membrane Structure
	3.2 Enhanced Antioxidation Properties of TiS2
	3.3 Atomic and Electronic Origins of Antioxidant and Hydrophobic Properties
	3.4 Water Transport and Antibiotics Rejection
	3.5 Structural Stability and Long-Term Operational Durability

	4 Conclusion
	Acknowledgements 
	References


