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ABSTRACT: Traditional desalination methods face criticism due to high energy
requirements and inadequate trace ion removal, whereas natural light-driven ion pumps
offer superior efficiency. Current synthetic systems are constrained by short exciton lifetimes,
which limit their ability to generate sufficient electric fields for effective ion pumping. We
introduce an innovative approach utilizing covalent-organic framework membranes that
enhance light absorption and reduce charge recombination through vertical gradient
protonation of imine linkages during acid-catalyzed liquid—liquid interfacial polymerization.
This technique creates intralayer and interlayer heterojunctions, facilitating interlayer
hybridization and establishing a robust built-in electric field under illumination. These
improvements enable the membranes to achieve remarkable ion transport across extreme
concentration gradients (2000:1), with a transport rate of approximately 3.2 X 10'? ions per
second per square centimeter and reduce ion concentrations to parts per billion. This
performance significantly surpasses that of conventional reverse osmosis systems,
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representing a major advancement in solar-powered desalination technology by substantially reducing energy consumption and

secondary waste.

B INTRODUCTION

Deionized water is essential across various sectors, including
electronic manufacturing, pharmaceuticals, and boiler water
supply, where it impacts both product quality and operational
efficiency.'~* The predominant method for deionizing water is
reverse osmosis, a process known for its extensive energy
consumption and limited ability to reduce ion concentrations
to only a few parts per million (ppm).>® When even lower ion
levels are required, industries typically turn to ion-exchange
resins. Although effective at removing ions, these resins
produce substantial secondary waste and necessitate frequent,
labor-intensive chemical regeneration.” Alternative methods
like electrochemical deionization reduce reliance on chemicals
but still suffer from low ion removal rates and high energy
usage.”” These limitations highlight the critical need for more
efficient and environmentally friendly solutions, especially for
the last-mile desalination of water with exceptionally low salt
concentrations. In nature, biological ion pumps that move ions
against concentration gradients usin$ li$ht energy provide an
intriguing blueprint for innovation."”'" By emulating these
natural processes, significant advancements in water desalina-
tion can be achieved. Although various synthetic membrane
systems designed as ion pumps have been explored for energy
conversion and storage, their application in desalination is
limited.'*~*° This is largely due to their insufficient ability to
handle large concentration gradients—often only up to a 50-
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fold difference—compounded by poor light absorption and
brief exciton lifetimes, as well as light-induced transmembrane
potential, which is thought to be at the heart of the pumping
phenomenon (Table S1).

Covalent organic frameworks (COFs) are crystalline, porous
materials distinguished by their versatility in membrane
applications.”® >’ Their customizable properties enable precise
control over charge transfer behaviors by integrating functional
building blocks into a covalently bonded periodic structure.
These materials find extensive use in light-responsive
applications like photocatalysis and photothermal pro-
cesses.”*™** Current research focuses on enhancing intralayer
charge transfer by employing topology-guided conjugation and
incorporating donor and acceptor units within their lattice
#=5! This approach tends to confine electrons and
holes within individual layers, causing significant overlap and
reducing the lifetimes of these charge carriers. To address this
issue, the concept of interlayer-hybridized excitons has been

structures.
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introduced, designed to prolong their lifespan and increase
their population by capitalizing on the robust light interaction
properties of intralayer excitons combined with the longer
lifetimes of spatially indirect interlayer excitons.’>** Although
2D COFs naturally tend toward electronic hybridization across
layers due to their delocalized orbitals in the out-of-plane
direction, fine-tuning these layer-hybridized excitons to
enhance interlayer hybridization remains a significant challenge
due to the intricate integration required between two distinct
membrane materials with unique band structures and
interfacial properties.

Building on recent advancements that demonstrate how
protonating imine linkages within COFs can significantly boost
light conversion efliciency by enhancing light absorption and
extending exciton lifetimes, we propose creating a vertical
protonation gradient within COF membranes.”*™’ This
strategy could promote interlayer hybridization through the
formation of both intralayer and interlayer heterojunction
structures, exploiting the energy band differences between
imine-linked building blocks and their protonated counter-
parts. Furthermore, the lattice-matched eclipsed 7—n stacking
of the 2D COF layers minimizes energy losses, optimizing the
process. Indeed, COF membranes with a vertical protonation
gradient not only improve light absorption but also enhance
electron—hole separation. This results in a greatly enhanced
light-induced electric field, which substantially increases the
efficiency of ion pumping. Our innovative approach of
implementing a vertical gradient protonation in COF-based
membranes allows them to transport various salts against
concentration gradients by as much as 2000 times. This offers
a promising, sustainable, and energy-efficient solution for
applications like desalination (Table 1).

Table 1. Summary of Features for Three Desalination
Methods: Reverse Osmosis, Ion Exchange, and Light-
Driven Ion Pump

®* 00% %899
® »®© €% o ® 2’
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Desalination method &@ 9?3’ © @ o @
® @ F ' o © © vo
® ? ® @ 0
Reverse osmosis lon-exchange resins Light-driven ion pump
Driving Force Pressure Concentration gradient Light
lon removal efficiency High High
Environment impact Low High Low
Energy requirement High Low Lowal

“The light source can be sunlight. The energy requirement refers
specifically to the energy consumption during the desalination
process.

B RESULTS AND DISCUSSION

Synthesis and Structural Analysis. To evaluate the
feasibility of our approach and investigate the role of imine
linkage protonation, we conducted a proof-of-concept study
using 1,3,6,8-tetrakis(4-aminophenyl)pyrene (Py) and various
thiophene dicarbaldehydes. These components were selected
for their minimal donor—acceptor contrast and enhanced
electron density at the imine sites, facilitating protonation.
Pyrene was chosen for its robust light-absorbing capabilities.

Given that acid-catalyzed condensation between carbonyl
compounds and primary amines initially produces protonated
imine bonds, which then undergo deprotonation,58 we
hypothesized that controlling membrane distribution across
acidic aqueous and organic phases could establish a
protonation gradient. Contact with the acidic solution inhibits
deprotonation, while removal of the acid allows deprotonation
to proceed. To achieve this, we employed acid-catalyzed
liquid—liquid interfacial polymerization (Figure la). As the
membrane formed at the water—oil interface and expanded
outward, the degree of deprotonation increased with the
distance from the acidic solution, creating a protonation
gradient. To investigate this mechanism, we dissolved Py in
various concentrations of aqueous acetic acid, while 2,2'-
bithiophenyl-5,5'-dicarbaldehyde (Ta) was dissolved in a
mixture of mesitylene and ethyl acetate. These biphasic
solutions were incubated at 35 °C for 3 days in sealed vials,
resulting in optically uniform, glossy membranes. The intensity
of membrane coloration deepened with increasing acetic acid
concentration (Figure S1). Scanning electron microscopy
(SEM) revealed a dense, void-free surface morphology, with
membrane thickness ranging from 150 to 800 nm (Figures 1b
and S2-S5), dependent on the acid and monomer
concentrations used. Detailed information about the mem-
brane prepared using 3 M acetic acid is provided in the main
text (referred to as COF-PyTa), with other variants detailed in
the Supporting Information.

Nanoindentation tests conducted on the COF-PyTa
membrane demonstrated a hardness value of 18.2 MPa,
indicating a commendable level of mechanical strength (Figure
S6). Transmission electron microscopy (TEM) indicated
locally ordered one-dimensional pore channels with a pore
size of 1.7 nm, characteristic of a porous crystalline structure
(Figure S7). N, sorption analysis confirmed the microporous
nature of the COF-PyTa membrane, which exhibited a
Brunauer—Emmett—Teller (BET) surface area of 468 m”> g~*
(Figure S8). Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) characterized the COF-
PyTa membrane, highlighting a prominent IR band at
approximately 1612 cm ™" attributed to the stretching vibration
of the —C=N— bond.>® This observation, combined with the
significant reduction in NH, group vibrations at 3300—3400
cm™" in the Py spectrum and the aldehyde stretching vibration
of Ta at 1650 cm™!, indicated extensive Schiff base
condensation (Figure S9). Comparative ATR-FTIR analysis
of the COF-PyTa membrane segments facing the organic
phase (COF-PyTa(O)) versus the acid aqueous phase (COF-
PyTa(W)) revealed distinct differences, particularly at 1735,
1665, and 1612 cm™'. COF-PyTa(O) exhibited a stronger
peak at 1612 cm™, while COF-PyTa(W) demonstrated
enhanced intensities at 1735 and 1665 cm™’, corresponding
to the protonated —C=NH"— and —C=0O-— stretch from
acetate ions, respectively (Figure 1c).”” This demonstrated
varying degrees of imine linkage protonation by acetic acid
across different sections of the membrane. Water contact angle
tests further indicated increased hydrophilicity on the
protonated side of the membrane compared to the non-
protonated side (Figure S10).

To further explore the asymmetric protonation gradient
across the COF-PyTa membrane, X-ray photoelectron spec-
troscopy (XPS) was utilized to analyze the chemical states of
nitrogen species on both the COF-PyTa(O) and COF-
PyTa(W) sides. XPS, known for its depth sensitivity to
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Figure 1. Membrane synthesis and characterization. (a) Schematic representation of acid-catalyzed liquid—liquid interfacial polymerization used for
creating a vertical gradient (perpendicular to the membrane plane) of protonation in the imine linkages across the membrane. (b) SEM image of
the COF-PyTa membrane; inset shows a photograph of the membrane. (c) ATR-FTIR spectra comparing COF-PyTa(O) and COF-PyTa(W). (d)
XPS spectra of the COF-PyTa membrane following sequential etching with Ar* ions at various durations from the COF-PyTa(W) to the COF-
PyTa(O) side. (e) AFM-IR intensity maps at 1665 cm™' showing the distribution across the membrane cross-section. (f) PXRD patterns
illustrating crystalline structure variations. (gh) TEM images of COF-PyTa and COF-PyTa(Sc), respectively.

elemental composition and chemical states up to about 3—5
nm from the surface, helped in distinguishing the sides. The N
1s XPS spectra showed clear differences: a single peak at 399.2
€V was observed on the COF-PyTa(O) side, indicative of the
—C=N- configuration, while the COF-PyTa(W) side
displayed peaks at 398.7 eV (—C=N-) and 399.8 eV
(protonated —C=NH*-) (Figures 1d and S11).°" To
visualize the distribution of the protonated amine —C=
NH'— within the membrane, atomic force microscope-infrared
spectroscopy (AFM-IR) intensity maps were produced at 1665
cm™' across the membrane cross-section. This analysis
identified distinct layers with more pronounced AFM-IR

signals on the COF-PyTa(W) side, penetrating about halfway
through the membrane (Figure le). To verify that the 1665
cm™! peak on the COF-PyTa(O) side was not attributable to
protonated amine groups, we synthesized the COF-PyTa
powder under solvothermal conditions without added acid,
which minimized acid-related effects. This powder also
exhibited a 1665 cm™" IR band, albeit with a lower intensity.
We attribute the higher intensity observed on the COF-
PyTa(O) side to the greater penetration capabilities of ATR-
FTIR, which can detect protonated layers more effectively
within the membrane (Figure S12). For a quantitative
assessment of the protonation gradient, Ar" ion etching was
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Figure 2. Analysis of optical properties. (a) NTO particle—hole diagrams for (i) nonprotonated and (ii) protonated segments of COF-PyTa,
illustrating electron distribution variations (gold; C, blue; N, yellow; S, and white; H). (b) Band structure evolution with varying protonation levels
of imine linkages: (i) nonprotonated, (ii) 1/4 protonated, (iii) 1/2 protonated, and (iv) fully protonated, including (v) energy level alignments
showing differences between COF-PyTa(W) and COF-PyTa(O). (c) Schematic representation of intralayer and interlayer heterojunction
structures enhancing charge separation. (d) CPD measurements for COF-PyTa(W) and COF-PyTa(O) in darkness and under 400 nm light. (e)
TA kinetics with femtosecond resolution for COF-PyTa, COF-PyTa(Sc), and COF-PyTa(6 M) at excitation peaks (690, 698, and 680 nm),

showing average relaxation lifetimes. (f) EIS Nyquist plots in darkness.

conducted on the COF-PyTa(W) side of the membrane
samples. Initially, N 1s XPS spectra indicated that protonated
—C=NH'- constituted approximately 57% of the total
nitrogen content, indicating significant surface protonation.
This percentage decreased to 49.4% after 600 s of etching and
further to 36.5% after 1860 s. Remarkably, protonated —C=
NH'— became undetectable after 2160 s, approximately
halfway through the total etching time required to reach the
full thickness of the membrane. This pattern illustrates a
progressive reduction in protonation from the COF-PyTa(W)
side toward the COF-PyTa(O) side, culminating in the
absence of protonated —C=NH'— at the midpoint of the
membrane (Figures 1d and S11). To elucidate the formation
mechanism of veridical gradient protonated membrane
structures, we analyzed membranes synthesized using 1.5 and
6 M acetic acid. N 1s XPS spectra revealed uniform
protonation across the entire membrane rather than a gradient
structure (Figure S13). We hypothesized that the thinness of
the membrane synthesized using 1.5 M acetic acid (150 nm)
facilitated full contact with the acid solution. Conversely, the

higher acid concentration (6 M) promoted the more extensive
diffusion of acetic acid into the organic phase, resulting in
symmetrical protonation. To deepen our understanding of the
protonation process, we compared in situ protonation with
postprotonation methods. For this comparison, we synthesized
membranes catalyzed by scandium triflate (Sc(OTf),), referred
to as COF-PyTa(Sc) (Figures S14 and S15). ATR-FTIR
spectra indicated that the —C=N— bonds in these membranes
remained predominantly unprotonated (Figure S16). Further
experiments with COF-PyTa(Sc) membranes treated with
increasing acetic acid concentrations from 3 M to pure acetic
acid showed escalating peak intensities at 1735 and 1665 cm™
(Figure S17). Powder X-ray diffraction (PXRD) analysis of the
ground COF-PyTa membrane revealed sharp, well-defined,
higher-order reflections indicative of high crystallinity. These
patterns were Pawley refined by using an AA-stacked model in
a C2/m configuration tailored for the protonated COF
structure, achieving satisfactory agreement factors. PXRD
patterns of COF-PyTa(Sc) and those treated with 9 M acetic
acid exhibited a noticeable shift at the 100 peak compared to
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Figure 3. Evaluation of light-driven ion transport. (a) I—V curves for a symmetric 1 mM KCI solution. (b) Performance comparison of light-driven
ion transport across different membrane types under a Xenon lamp with a power density of 200 mW cm™ and a 0.1 mM KCI solution. (c)
Dependence of current amplitude on light intensity and KCl concentration: current measurements at different light intensities with a 0.1 mM KCI
solution (left) and at various KCI concentrations under constant illumination of 300 mW cm™ (right). (d) I—t traces for the COF-PyTa
membrane in both dark and illuminated (200 mW cm™2) conditions before and after various treatments. (e) Activation energy variations for ion
transport through the membrane, measured before and after light exposure. (f) Long-term stability of light-driven ion transport in the COF-PyTa

membrane, assessed using a symmetric 0.5 mM KCI solution.

COF-PyTa, closely aligning with the pattern of the non-
protonated AA-stacked model in a C2/m configuration
(Figures 1f, S18—S20 and Tables $2—SS). Transmission
electron microscopy (TEM) imaging revealed interlayer
spacings of 0.4 and 0.38 nm for COF-PyTa and COF-
PyTa(Sc) membranes, respectively, confirming their lattice
differences (Figure 1gh). These findings suggest that the
protonated imine linkages in COF-PyTa resulted from in situ
acid-catalyzed condensation, preserving the lattice parameters
of the protonated COF structure.

Membrane Optical Property Investigation. To evaluate
the effects of gradient protonation on the photoadsorptive
properties, optical bandgap, energy level alignment, and excited
state lifetimes of the COF membrane, we performed extensive
characterizations. The UV—vis absorption spectrum of COF-
PyTa(W) exhibited enhanced broadening and a significant
redshift compared to those of COF-PyTa(O) and COF-
PyTa(Sc). Bandgap energies, derived from Tauc plots,
indicated that protonation reduces the bandgap: 2.12 eV for
COF-PyTa(W), 2.16 eV for COF-PyTa(O), and 2.21 eV for
COF-PyTa(Sc) (Figure S21). Density functional theory
(DFT) calculations for both the nonprotonated COF-PyTa
and its protonated forms—1/4, 1/2, and fully—demonstrated
decreases in both the conduction band minimum (CBM) and
valence band maximum (VBM), leading to bandgap reductions
from 1.14 to 0.97, 0.77, and 0.40 eV, respectively. These
reductions were driven by the distinct donor—acceptor
contrast between the imine-linked building blocks and their
protonated counterparts (Figures 2a and S22). This facilitated
the formation of continuous interlayer type-II heterojunctions
along the ?rotonation gradient, enhancing interlayer hybrid-
ization.””®* Ultraviolet photoelectron spectroscopy (UPS)
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supported these theoretical predictions by displaying varied
energy levels across different sides of the membrane (Figures
2b and S23). The defined bandgap energies and specific
localizations of the CBM on the protonated side and the VBM
on the nonprotonated side confirmed the formation of type-II
heterojunctions (Figure 2c). Kelvin probe force microscopy
(KPFM) measurements conducted under dark conditions
revealed a potential difference of about 40 mV between the
COF-PyTa(O) and COF-PyTa(W) sides (Figures 2d, S24,
and S25). This difference suggests the presence of an inherent
electric field within the membrane. The lower surface potential
observed on the COF-PyTa(O) side aligns consistently with
the band alignment depicted in Figure 3c. Upon illumination
with superband-gap light, both sides exhibited a significant
negative surface photovoltage signal (Figure S25), which
directly supports the occurrence of photoinduced charge
separation within the COF-PyTa membrane. When the COF-
PyTa(O) side was illuminated, a potential drop of approx-
imately 65 mV was observed (Figures 2d and S24). This
further increased the potential difference between the two
sides, confirming the presence of a photoinduced driving force
that potentially facilitates ion transport. In comparison,
illuminating the COF-PyTa(6 M) resulted in a potential
decrease of about 45 mV, which is less than that observed in
the COF-PyTa membrane (Figure S26). This comparison
underscores the advantages of gradient protonation in
enhancing light-driven ion transport. Transient absorption
spectroscopy revealed prolonged exciton relaxation times for
COF-PyTa (190 ps) in comparison to those of COF-PyTa(Sc)
(70 ps) and COF-PyTa(6 M) (131 ps), which is consistent
with the SPV measurements (Figure 2e). Electrochemical
impedance spectroscopy (EIS) Nyquist plots indicated smaller
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Figure 4. Ion pump performance evaluation. (a) Zero-volt current as a function of KCI concentration gradient, from S0-fold to 2000-fold,
illustrating the COF-PyTa-based ion pump’s capacity to transport ions against a gradient as steep as 2000-fold. (b) Cyclic zero-volt currents
recorded under alternating illumination through a COF-PyTa membrane against a 1000-fold salt concentration gradient for (i) KCl, (ii) NaCl, (iii)
MgCl,, (iv) CaCl,, and (v) a quaternary mixture (equal molarity of each), highlighting concentration differences between 1 mM and 1 yM, under a
400 mW cm™* Xenon lamp. The gray background indicates passive diffusion currents, while the colored background delineates active ion pump
currents. (c) Zero-volt current trace across the COF-PyTa membrane when exposed to sunlight, with a 1000-fold KCl concentration gradient (1
mM and 1 uM). (d) Cyclic zero-volt currents measured with alternating exposure to natural sunlight through a COF-PyTa membrane from a low
concentration of 0.1 uM (0.025 uM each of KCl, NaCl, CaCl,, and MgCl,) to 2 M in a quaternary mixture (0.5 uM each). The gray background
indicates passive diffusion currents, while the colored background delineates active ion pump currents. To verify the membrane’s excellent
photoreactive reversibility, we specifically varied the time intervals to assess the ion pump performance of the membrane. (e) Zero-volt current
trace across the COF-PyTa membrane under sunlight illumination using symmetric water samples treated by primary reverse osmosis with a

-1

conductivity of 1.2 uS cm

arc radii in COF-PyTa compared to those in COF-PyTa(Sc)
and COF-PyTa(6 M), with resistances of 112.5, 208.2, and
121.7 Q, respectively (Figure 2f), highlighting enhanced light
absorption and electron transfer efficiency in the COF
membrane with vertical gradient protonation.

Light-Driven lon Transmembrane Transport. To
investigate ion transport through vertically aligned COF
membranes, samples were examined in a two-compartment
electrochemical cell filled with 5 mL of a 1 mM KCl solution in
each compartment. The choice of KCl was intentional to
minimize spontaneous electric fields at the membrane
interfaces due to the similar diffusion coefficients of K* and
CI™ ions.’* ™ Tonic currents were monitored by using Ag/
AgCl electrodes. Under scanning voltage, the COF-PyTa
membrane displayed a rectified current—voltage (I-V)
response, with an ionic current rectification ratio of about
1.5 at £1.0 V at a symmetric 1 mM KCl solution, suggesting an
asymmetric protonation within the membrane (Figure S27).
This was supported by the observation that rectification effects
disappeared after a brief treatment with a triethylamine
solution. Moreover, membranes synthesized with 6 M acetic
acid showed nearly symmetrical protonation, and the non-
protonated COF-PyTa(Sc) exhibited nonrectified -V re-
sponses (Figures 3a and S27).

Ion transport experiments induced by light were performed
to assess the photoresponse of the COF membranes under
unilateral illumination from a Xenon lamp (Figure $28) while
maintaining consistent ionic concentrations across the
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membranes (Figures S29 and $30). The membranes produced
significant currents and voltages without the need for an
external bias (Figure 3b) and demonstrated substantial
switching capabilities, toggling on and off in response to the
light with varied signal amplitudes in current—time (I—t) and
voltage—time (V—t) traces (Figure S31). Current amplitude
increased linearly with both light intensity and KCI
concentration (Figures 3c, $S32 and S33). Specifically, when
illuminated from the COF-PyTa(O) side, the COF-PyTa
membrane showed reversible increases in current and voltage,
approximately S1 + 3 nA and 95 + 3 mV, respectively. These
increases were significantly higher—3 to S times for current
and 5 to 30 times for voltage—compared to those observed
with other COF membranes synthesized with different
catalysts. Treatment of the COF-PyTa(W) side with triethyl-
amine led to a reduction in the photoinduced current to 9 nA.
However, immersion in acetic acid on the same side increased
the light-induced current to 27 nA (Figure 3d). These
observations highlight the critical role of asymmetric
protonation in enhancing light-responsive ionic transport.
This conclusion is supported by ATR-FTIR analyses, which
demonstrate the reversible protonation and deprotonation of
the imine linkages (Figure S34). Additionally, changes in
solution pH—whether increased or decreased—negatively
affect the membrane’s ability to facilitate light-driven ion
transport, as variations in pH disrupt the necessary protonation
gradient (Figures S35 and $36). To demonstrate the broader
utility of protonation gradients in enhancing the light
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responsiveness of membranes, we postprotonated the initially
nonprotonated COF-PyTa(Sc) membrane using a 9 M acetic
acid solution. ATR-FTIR spectroscopy confirmed that the
membrane achieved full protonation after a 10 min treatment.
Light-responsive ion transport tests revealed that the photo-
current followed a volcano-shaped curve relative to the
duration of acid treatment, initially increasing and then
decreasing, with peak photocurrent observed at S min. This
peak performance was comparable to that of COF-PyTa,
suggesting that membranes with a half-protonated thickness
provide the best light-responsive ion transport, assuming
constant diffusivity of acid molecules within the membrane
(Figures S37 and S38). To further validate this, we synthesized
a series of COF membranes with varying thicknesses by
adjusting the monomer concentrations as membrane thickness
influences the protonation gradient. The COF membrane with
an approximate thickness of 360 nm, where half of the
membrane was protonated, demonstrated optimal light-
responsive ion transport (Figures SS and $39).

Further investigations into the effects of asymmetric
protonation on the activation energy for light-induced ion
transport revealed a more significant reduction in the
activation energy (AEa) for COF-PyTa compared to that for
COF-PyTa(Sc), with reductions of 14.7 and 7.2 kJ mol™},
respectively (Figure 3e). In the absence of illumination, the
COF-PyTa membrane exhibits a higher ion transmembrane
activation barrier than the COF-PyTa(Sc) variant. This
elevated barrier is primarily attributed to the partial
protonation of imine linkages, which leads to the Donnan
exclusion effect, impeding K" transport along the ion transfer
path. However, the protonation gradient plays a critical role in
enhancing the membrane’s photoresponsive properties. Upon
illumination, the membrane with a protonation gradient
generates a stronger built-in electric field, which facilitates
ion transport and subsequently lowers the activation energy
barrier under illuminated conditions.

In addition to its excellent light responsiveness, the
membrane demonstrated long-term stability in light-driven
ion transport, effectively concentrating ions on one side while
depleting them from the other (Figure 3f). SEM images
confirmed that the morphology of the COF-PyTa membrane
remained stable over time. Moreover, ATR-FTIR and XPS
spectra revealed that the relative intensity of the —C=NH"—
peak compared to the —C=N-— peak remained consistent
before and after prolonged irradiation, indicating the
membrane’s chemical stability (Figure S40). We also assessed
the membrane’s antifouling properties against Escherichia coli
(E. coli), a common fouling agent in water systems. After 1
week of exposure to natural light, no significant bacterial
colonization was observed under SEM (Figure S41). This
suggests that the membrane possesses strong antifouling
properties, likely due to its photoreactive nature, which may
generate reactive oxygen species upon light exposure,
inhibiting bacterial growth.

lon Pump Performance Evaluation. To evaluate the
COF-PyTa membrane’s ion pumping performance, we
conducted experiments with a 1 yM KCl solution on the
COF-PyTa(O) side and solutions with concentrations up to 2
mM on the COF-PyTa(W) side (Figure S$42). Without light,
the membrane showed a negative current due to passive ion
diffusion. Under illumination, ion transport was activated on
the lower concentration side, reversing the direction of passive
diffusion and improving pumping capability with increased

light intensity (Figures 4a and S43—S45). Specifically, at 500
mW cm ™ light intensity, the membrane reversed the current
from approximately —0.1 to 0.01 uA, overcoming a 2000-fold
concentration gradient with a pumping rate of about 3.2 X 10"
ions st em™?, making it one of the most efficient artificial ion
pumps available (Figure S46 and Table S1). In contrast, the
nonprotonated COF-PyTa(Sc) membrane could only pump
ions against a 50-fold KCI concentration gradient under
identical conditions, highlighting the importance of asym-
metric protonation in enhancing ion pumping efficiency
(Figure S47). Additionally, the COF-PyTa-based pump
exhibited quick and stable light-responsive behavior across
various ions, including NaCl, CaCl,, and MgCl,, even under a
1000-fold concentration gradient, suggesting its utility in
desalination applications (Figures 4b and $48). To this end, we
further evaluated its pumping capability using a mixed salt
solution. Under a 400 mW cm™> xenon lamp, the membrane
effectively pumped ions from an initial concentration of 1 M
(0.25 uM each of KCl, NaCl, CaCl,, and MgCl,) to 1 mM
(0.25 mM each), as evidenced by the reversal of the current
direction (Figure 4b). To further evaluate its practical
performance, we tested the ion pumping efficiency of the
COF-PyTa membrane under natural sunlight, with light
intensities ranging from 3.0 to 82.3 W m™> (Figure $49).
The membrane can continuously pump a KCI solution from 1
uM (39 ppb for K*) to 1 mM (39 ppm for K*), demonstrating
its ability to reduce ion concentration from at least 19.5 ppm to
39 ppb, thus showcasing its desalination potential (Figure 4c).
These variations in intensity were attributed to cloud cover and
the movement of the sun. We then tested its performance in
deep desalination scenarios using a mixed salt solution from a
low concentration side of 0.1 uM (0.025 uM each of KC],
NaCl, CaCl,, and MgCl,) to 2 uM (0.5 uM each). Under
natural sunlight, the membrane successfully reversed the
current direction, indicating its capability to lower ion
concentrations at the parts per billion level (Figures 4d and
S50). Furthermore, the COF-PyTa membrane proved effective
in concentrating ions from water that had been initially treated
by primary reverse osmosis with a conductivity of 1.2 uS cm™,
highlighting its high desalination efficiency (Figure 4e). This
performance was further validated by reducing ion concen-
trations by approximately 91% to 6.9 ppb from an initial
concentration of 79.4 ppb KCI after 3 h of sunlight exposure.
To demonstrate the practical applicability of our desalination
device, we carried out a continuous operational experiment.
The results showcased effective ion transport even under
daytime cloudy conditions, with a light intensity of 5 to 10 mW
cm™% At night, the process was efficiently sustained by using
laboratory lighting with a light intensity of 2.5 mW cm™
(Figure SS1). To rule out the influence of a temperature
gradient—which might develop between the solutions in the
two reservoirs due to asymmetric illumination during
desalination—our experiments were carefully structured.
Results indicate that after 1 h of irradiation at a light intensity
of 500 mW cm™?, the solution temperature was only about 0.5
°C higher compared to conditions without irradiation (Figure
S52). According to the principle of entropy increase, ions tend
to migrate from areas of lower to higher temperatures. This
would contradict the observed ion transport in our ion pump,
where ions move from the side with lower concentration to the
side with higher concentration. Consequently, we can conclude
that the slight temperature increase does not contribute to the
desalination process.

https://doi.org/10.1021/jacs.4c12829
J. Am. Chem. Soc. 2024, 146, 33973—-33982


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12829/suppl_file/ja4c12829_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B CONCLUSIONS

We have successfully developed COF membranes with both
intralayer and interlayer heterojunction structures through the
vertical gradient protonation of imine linkages. These
membranes exhibit improved light absorption and sustain a
long-lived charge-separated state characterized by rapid light
responsiveness and pumping efficiency. A significant light-
induced electric field within the membranes drives ion
transport across a 2000-fold concentration gradient, markedly
enhancing the deep desalination efficiency. Under natural
sunlight, these membranes can further concentrate ions from
water that had been initially treated by primary reverse
osmosis. Our versatile synthesis method for asymmetrically
protonated COF membranes can be extended to various
monomers such as 2,5-thiophenedicarboxaldehyde and thieno-
[3,2-b]thiophene-2,5-dicarboxaldehyde (Figures S53—S62),
demonstrating superior light-responsive ion transport capa-
bilities. Future research focusing on optimizing these building
units is anticipated to further improve ion pump efliciency,
offering a cost-effective, robust, and environmentally friendly
solution for advanced desalination technologies.
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