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ABSTRACT: It has long been a challenge to fabricate angstrom-sized functional
pores for mimicking the function of biological channels to afford selective
transmembrane transport. In this study, we describe a facile strategy to incorporate
ionic elements into angstrom-sized channels using de novo encapsulation of charged
dye molecules during the interface polymerization of a three-dimensional covalent
organic framework (3D COF). We demonstrate that this approach is tailorable as it
enables control over both the type and content of the guest and thus allows
manipulation of the membrane function. The resulting membranes exhibit excellent

permselectivity and low membrane resistance, thereby indicating the potential for

harvesting salinity gradient (blue) energy. As a proof-of-concept study, the reverse

electrodialysis device coupled with positive and negative dye encapsulated COF membranes afforded a power density of up to 51.4
W m™? by mixing the simulated seawater and river water, which far exceeds the commercialization benchmark (5 W m™2). We
envision that this strategy will pave the way for constructing new multifunctional biomimetic systems.

B INTRODUCTION

Many natural phenomena involve angstrom-sized functional
pores.”” A paradigmatic example is the biological pores in
cellular membranes, representing the essential elements in
various crucial life processes, such as energy production and
storage. A common structural feature shared by these pores is
that the selectivity filter regions containing the charged groups
are situated on the hydrophobic pore lining.”* To mimic and
better understand the sophisticated functions of nature, it is
desirable to create artificial channels with similar functional
dimensions. However, controllably fabricated angstrom-sized
artificial channels have long been a distant goal.’ ™"’ The
advent of reticular chemistry has fundamentally changed the
state of affairs as it offers opportunities to construct materials
of bespoke pore shape, size, and functionality.'* Covalent
organic frameworks (COFs) with intrinsically hydrophobic
order pore channels offer a compelling opportunity to mimic
the function of biological channels.">™>° However, despite the
promise of synthetic flexibility in terms of pore structure and
environment, direct fabrication of ionic COFs with the
angstrom-sized pores remains a challenge.”®’” Thus, to
develop the application of COF chemistry to mimic the
function of ionic biological channels, a new strategy to
functionalize the COF membrane is required.

Host—guest assemblies have been a versatile platform for a
broad spectrum of applications including catalysis, sensors, and
biorelated applications.*®™** De novo encapsulation of func-
tional species into the host materials during their synthesis is
useful for generating functional materials such as biocompo-
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sites, which are otherwise inaccessible or impossible to achieve
directly. Moreover, the host components self-assemble around
the functional species encapsulating them within a porous
matrix, which requires neither particular host porous materials
nor guest molecules. This allows fundamental investigation of
multiple-level control over the interplay between hosts and
guests.”** Given these properties, we envisioned that
encapsulating the ionic molecules during the assembly of
COF membranes offers a promising solution, which also
circumvents the lengthy synthetic procedures or incompatible
crystallization conditions.

Owing to the abundance and relatively large size of dyes,
which can be held in the framework matrix with angstrom-
sized apertures, we sought to immobilize the charged dye
molecules to create COF-based ionic channels, but in
principle, various types of functional molecules can be
encapusulated. To maximize the impact of the framework, a
three-dimensional (3D) confinement is preferred over one-
dimensional (1D) pore infiltration, as the blocked or partially
blocked pores by the guest molecules can be alleviated.””**
Therefore, we propose a proof-of-concept synthesis of dye-
encapsulated COF membranes through an interface-driven
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assembly and polymerization strategy. The successful imple-
mentation of this strategy was demonstrated by encapsulating
the various dye molecules into the robust 3D COF membrane,
COF-300. Given that a large amount of energy is available
from the salinity difference, they can be harvested via
membrane-based reverse electrodialysis (RED), which, with
massive parallelization, could work as a useful nonconventional
energy source.””™®" To curb the undesired mixing of river
water and seawater and thereby the power generation
efficiency, a major challenge is building nanochannels with
high permselectivity. Therefore, to test the applicability of the
created ionic nanochannels, we evaluated their performance in
harvesting osmotic energy. Because of the well-defined
angstrom-sized ionic channels, the resulting membranes
exhibited high permselectivity, up to a salinity ratio of 1 M/
0.1 mM. Given the general applicability of this strategy, both
anionic and cationic nanochannels can be created (Figure 1).

. CHO

Cationic Dyes Anionic Dyes
Figure 1. Conceptual scheme. (a) Diagrammatic sketch of a pair of
the cation- and anion-selective membranes mounted in a three-
compartment conductive cell to harvest osmotic energy. (b) Bottom-
up assembly of ionic dye modified COF-based nanofluidic
membranes. Oppositely charged COF membrane pairs can be readily
obtained by encapsulating positively and negatively charged dye
molecules, respectively.

The output power density of the RED stack assembled by
positively and negatively charged dye@COF membranes
reached 514 W m™ by mixing simulated seawater (0.5 M
NaCl) and river water (0.01 M NaCl), which is more than 10-
fold greater than the commercialization benchmark and places
it among the best developed nanofluidic osmotic power
generators (Table S1). These findings provide a powerful and
straightforward way to construct artificial ionic channels.

B RESULTS AND DISCUSSION

Membrane Preparation and Characterization. COF-
300 was selected as an immobilization matrix because of its
high chemical stability and angstrom-sized pores (7.2 A),
which are smaller than numerous dye molecules.”” This
prevented the encapsulated dyes from leaching. Enveloping
dye molecules in the COF-300 membrane was accomplished
using de novo assembly. As schematically illustrated in Figure
1b, a terephthalaldehyde organic solution was layered onto the
tetraphenylmethaneamine-dye—acidic acid aqueous solution

for 3 days at 35 °C. During the interface polymerization, the
conjugated dye molecules can be readily absorbed by the COF
layers via 7—m interactions, guaranteeing strong physical
adsorption forces for dye loading (Figure S1). The dye
molecules were therefore embedded within the COF matrix.
The resulting membrane was washed sequentially with ethanol
and water to remove the unreacted monomers and dye
molecules that may have remained weakly adsorbed on the
outer surface of the membrane. The presence of dye molecules
within the COF membrane could be directly observed by the
resulting color change from yellow to the corresponding dye
color (Figure S2). Both cationic and anionic dyes could be
successfully immobilized, demonstrating the general applic-
ability of this strategy. In addition, the dye content in the
resulting membranes can be readily adjusted by varying the
concentration of the aqueous dye solution. As a representative
sample among the synthesized dye-encapsulated COF
membranes, the membranes bearing Janus green B, a positively
charged dye molecule (JG,@COF, where x refers to the
content of Janus green B (JG) in the resulting membranes),
have been illustrated in detail. In addition, to confirm the
critical role of the encapsulated dye molecules in their
subsequent ion screening performance, the COF-300 mem-
brane was fabricated for comparison (Figures S3—SS).

The successful formation of COF-300 and immobilization of
JG in the membrane were supported using the Fourier
transform infrared (FT-IR) spectra. The appearance of a
characteristic imine stretching vibration band at 1620 cm™'
validates the occurrence of amine-aldehyde condensation to
imine Iinkages.62 Meanwhile, a new band at 1590 cm™
originating from the JG (C=C stretching mode) was observed
in the spectra of JG,@COF with an increase in the
concentration of the JG solution. Notably, the absorbance
corresponding to aldehyde C=0 (1690 cm™") and amine N—
H bonds (3200 cm™) of the starting materials, lacking in the
COF-300 membrane, appeared in the spectra of JG,@COF
and became stronger as the JG content increased. This can be
rationalized, as the dye molecule is larger than the pore size of
COEF-300, which prevents full condensation of the monomers
(Figures S6 and S7). The exact content of JG in the resulting
membranes was determined using ultraviolet—visible spectros-
copy (UV—vis) of the digested samples, with JG,,@COF,
JG2@COF, JGgo;@COF, and JG,,7s@COF referring to the
dye content of 4.2, 24.2, 80.1, and 117.6 mg g_l, respectively
(Figure S8). The homogeneous distribution of JG in the
resulting membrane was revealed using laser scanning confocal
microscopy (LSCM) with an excitation wavelength of 405 nm,
where characteristic fluorescence of JG was observed across the
entire membrane (Figure S9). The introduction of ionic sites
on the backbone is usually accompanied by water uptake, a
side effect that results in the ionic membrane swelling, which is
detrimental to their long-term run stability. In our case, the dye
molecules were embedded in the rigid COF framework, and
the membrane swelling resulting from water adsorption could
be significantly depressed (Figure S10).

To increase the processing stability of the membranes, we
grew them on a polyacrylonitrile (PAN) ultrafiltration
membrane (Figure S11). As shown in Figures S12—S17,
high-quality membranes could be grown on the surface of PAN
with the resulting thicknesses of the spongy top layer ranging
from 190 to 215 nm. Water contact angle (WCA) measure-
ments revealed that these membranes are hydrophobic, with
WCA values ranging from 104.3° to 92.1° (Figure S18). The ¢
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Figure 2. Investigation of ion transport stability and property of JG,@COF/PAN. (a) Schematic illustration of the experimental setup for

measuring the transmembrane ionic transport (cation, green; anion,

yellow). (b) I-T curves of JGgy;@COF/PAN recorded in various

concentration gradients KCI electrolytes with an external bias alternating between +0.5 V and —0.5 V to investigate the stability of the membrane
with each cycle lasting for 8 h. (c) I-V plots recorded for JGgy;@COF/PAN in various salt solutions having a concentration ratio of 0.1 M/1 mM.
(d) I-V plots for JGgy;@COF/PAN recorded in KCl electrolytes with concentrations ranging from 0.01 mM to 3 M. (e) Conductivity versus KCI
concentration for JG,@COF/PAN. The ionic conductivity deviates from the bulk value (dashed line) in the low-concentration region, suggestive of

surface-charge governed ion transport.

potential measurements on JG,@COF/PAN consistently
suggested that the COF active layers were positively charged,
with the values increasing in response to an increase in the JG
content (Figure S19). Tests for membrane leakage were
carried out using dye removal from water. Rhodamine B, a
positively charged dye molecule with a diameter of 1.58 X 1.36
nm, could be fully cut off by the JG,@COF membrane, as
evidenced by the fact that no dye in the filtrate was detected by
UV—vis and the increased dye concentration in the feed
solution after dead-end filtration (see details in the
experimental section and Figures S20 and S21). To further
confirm the defect less of the membrane, MgCl, rejection
experiments were carried out, considering that the size of
hydrated Mg** ion is 8.5 A, slightly larger than that of the pore
size of COF-300, which showed that 96% of MgCl, solute can
be excluded (Figure S22).

Investigation of Transmembrane lon Transport. With
the ionic membranes available, we investigated their potential
applications. The ever-growing energy demands have moti-
vated the exploration of nonconventional energy. Salinity
gradient energy in the form of Gibbs free energy has been
recognized as a sustainable energy source. Inspired by the
advanced skills of some living organisms to convert intra-
cellular osmotic energy into potentials enabled by ion channels
(an electric eel can generate electric shocks up to 600 V by
linking stacks of electrolytes in series®), enormous scientific
research on ion-channel-mimetic nanofluidic membrane-based
RED to capture this energy has been comprehensively
investigated. The obstacles that impede the practical
application of this technology are the uncontrolled mixing
and high membrane resistance.*’ >

We first evaluated the stability of dye@COF/PAN for ion
transport. To do so, the membrane was squeezed between two
fluid reservoirs filled with various concentrations of symmetric
KCl solutions (Figure 2a). Ag/AgCl electrodes were employed
to measure the electric current passing through the
membranes. Current—time (I—T) plots were recorded by
alternatively applying a bias of +0.5 V/—0.5 V to various
electrolytes, and a total period of 24 h was collected with each
cycle lasting for 8 h. This revealed that both the positive and
negative currents were constant over various salt concen-
trations, indicative of the stable transmembrane ion transport
(Figure 2b). Furthermore, no dye leaching was observed
throughout this process.

To understand the ion transport behavior, molecular
dynamics (MD) simulations were performed, which showed
that only CI” ions can translocate from the KCl aqueous
solution to the COF layers, suggestive of the higher transport
activity of anions than that of cations through JG,@COF
(Figure S23). To quantitatively determine the charge
selectivity of JG,@COF, reversal potentials (V,,,) of various
electrolytes (MgCl,, LiCl, NaCl, and KCI) were measured.
Asymmetric salt solutions with a concentration gradient of 0.1
M/1 mM were applied with the COF active layer facing the
high concentration side. The x-intercepts of the current—
voltage (I-V) plots afforded V., values of 20.2 mV, 20.3 mV,
27.6 mV, and 36.5 mV for MgCl,, LiCl, NaCl, and KCI,
respectively, indicating that the membrane was anion-selective
(Figure 2c). According to the Goldman—Hodgin—Katz
equation, the permeability ratios of chloride ion to metal ion
were calculated to be 1357, 452, 296, and 189 for MgCl,, LiCl,
NaCl, and KCI, respectively.®*
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Next, we investigated the transmembrane ionic transport
properties of the composite membranes. The I-V measure-
ments were conducted over a wide range of symmetric KCl
solutions. KCl was selected as a representative electrolyte
because K" and CI” showed comparable bulk mobilities and
thus exhibited negligible liquid junction potentials.”> The I-V
plots recorded in KCI solutions with concentrations ranging
from 0.01 mM to 3 M exhibited ohmic behavior (Figure 2d).
The plots of the conductivity of JG,@COF/PAN versus KCl
concentrations revealed that the transmembrane conductivities
significantly deviated from the bulk value (dashed line) when
the KCI concentration was lower than 1 M, indicating that the
ion transport through the membranes was predominantly
surface-charge governed (Figure 2e). By sharp contrast,
conductivities of COF-300/PAN approach the bulk con-
duction value, with values proportional to the corresponding
KCl concentration. These phenomena can be reasonably
ascribed to the electrostatic effects of the encapsulated ionic
dye molecules on the fluid. Charged surfaces in contact with
electrolytes repel co-ions while attracting counterions to form
electric double layers (EDLs), which screen the net and
immobilized surface-charge density. The requirement of charge
neutrality implies that the number of mobile counterions in the
membrane will exceed the contribution of bulk ions and thus
dominate transport. Therefore, the ion conductivity in JG,@
COF/PAN exceeded that in the noncharged channels by
orders of magnitude, and the measured conductivities deviated
from the bulk value more significantly from bottom to top
along with modulation of the JG content in the membrane
from 0 to 117.6 mg g_1.66’67

To measure the permselectivity of JG,@COF/PAN
quantitatively for achieving an optimal dye percentage to
maximize the RED energy conversion efficiency, I-V curves
were recorded under a wide range of KCl concentration
differences across the membranes. To eliminate the potential
generated from redox reactions on the electrodes in different
KCl concentrations, an in-house conductive cell with three
fluid reservoirs was used, whereby the KCI concentration of
the two side reservoirs was fixed at 0.1 mM while that in the
middle reservoir increased from 1 mM to 1 M (Figure 3a). An
example plot of open-circuit voltage (V,.) and short-circuit
current (I,.) versus concentration gradients for JGgo;@COF/
PAN is shown in Figure 3b. Given that I is produced only if
one ion diffuses at a higher rate than the other through the
pore, the detected I, confirmed the discrepancy in the
transmembrane activity of K" and Cl™. Because of ion-selective
accumulation, transmembrane potentials were generated,
which followed a trend similar to that of I in response to
the concentration differences, showing an increasing and then
a decreasing trend. The V,_ peaked at a concentration gradient
of 0.5 M/0.1 mM (Figure S24). To calculate the ionic charge
selectivity quantitatively, the transference number (t_) under
different salinity gradients was calculated using the following
equation:

1{ VF
2| RT In 2

arc

where ayc, ac, F, R, and T are the activities of high
concentration and low concentration solutions, Faraday
constant, gas constant, and temperature, respectively. Figure
3c shows the t_ values as a function of the concentration
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Figure 3. Investigation of permselectivity of JG,@COF/PAN. (a)
Schematic illustration of the experimental setup used to evaluate the
permselectivity of the membranes (cation, green; anion, yellow). (b)
Plots of the recorded V. and I versus various KCI concentration
difference across JGgo;@COF/PAN. The KCl concentration of the
side reservoirs was set to 0.1 mM. (c) Plots of transference number
(t_) versus various KCl concentration difference across JG,@COF/
PAN. (d) Numerical simulation of the distribution of Cl~ (solid line)
and K* (dashed line) and in the nanochannels of JGg,;@COF/PAN.

gradient of JG,@COF/PAN, which reveals that the charged
dye content has a significant impact on the ion screening
capability of the membrane. COF-300/PAN shows negligible
ion screening ability, giving rise to t, values close to 0.5. The
slight cation transport selectivity is owing to the negative
charge of PAN. Introducing JG resulted in significantly
improved permselectivity. JG,,@COF/PAN with a dye
content of 42 mg g ' exhibited a sharp increase in
permselectivity, generating a t_ value of 0.77 even at a very
high concentration gradient of 0.5 M/0.1 mM. By increase of
the dye weight content from 4.2 mg g~ to 80.1 mg g™, the ion
screening performance over the tested concentration gradient
ranges gradually improved; with further increasing of the dye
weight content to 117.6 mg g™, a slight decrease in selectivity
was observed. To explain these phenomena, we reasoned that
at low dye content, the ionic channels are not continued;
however, too many dye molecules inevitably result in defects in
the crystalline matrix, which are deleterious to screening ions.
The optimal material JGgy;@COF/PAN exclusively transports
CI” when the concentration gradients are smaller than 0.1 M/
0.1 mM, affording a t_ value close to 1. By further increase of
the concentration difference to 10 000-fold, the t_ value is still
maintained at 0.84. The decrease in permselectivity is because
EDL is attenuated in high electrolyte concentrations, which
weakens the surface-charge governed ionic transport (Table
S2).

To gain additional insight into ion transport in these
membranes, numerical simulations based on steady-state
Poisson—Nernst—Plank (PNP) equations were carried out. A
2D model with 0.72 nm width and 200 nm length was
employed to simulate the fluidic pathway (Figure S24). The
charge density of the inner channel surface was varied from 0
to 52.2 mC m™* (Table S3). To simulate the salinity gradient,
the KCI concentration in the left reservoir was fixed at 0.1 mM,
and that in the right reservoir was varied from 1 mM to 1 M.
The ion distribution profiles in response to the salinity gradient
showed that the concentration of CI” ions was significantly
higher than that of K" ions, although the ratio decreased with
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an increase in the concentration gradient, validating the
experimental trends (Figures 3d, S25, and $26).

Osmotic Energy Harvesting. The high permselectivity of
these membranes prompted us to investigate their osmotic
energy conversion efficiency. To harvest the energy continu-
ously from salinity gradients via the net diffusion current, an
RED device is usually designed by assembling alternating
anion-exchange membranes and cation-exchange membranes.
Therefore, we coupled HBy,,@COF/PAN, an anionic dye
(hydroxynaphthol blue) encapsulated COF-300 membrane,
with JGgy ;@ COF/PAN. The generated power can be exported
by supplying an external load resistor (R_). A standard
simulated seawater (0.5 M NaCl) and river water (0.01 M
NaCl) solution was applied, and four configurations were
arranged to optimize the osmotic energy conversion efficiency
by manipulating the order of solutions and the orientation of
membranes (Figure S27). The highest output power density
was achieved when the middle reservoir of a three-compart-
ment conductive cell was filled with 0.5 M NaCl and the two-
side reservoirs were filled with 0.01 M NaCl, and the COF
layers faced the low concentration side. With the increase in
R;, the diffusion current gradually decreased; however, the
output power density peaked at Ry of 14 kQ (Figure 4a).
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Figure 4. Performance of the RED device assembled by dye@ COF/
PAN membranes. (a) The power was output to an external circuit to
supply an electronic load. The diffusion current of the RED device
decreased with increasing load resistance, and the output power
reached its peak at ~14 kQ by mixing simulated river water and
seawater. (b) Plots of V,, I, and output power density of the RED
device over time. (c) Theoretically extractable energy from the mixing
of a dilute stream with saline solutions.

Calculated according to P, = I* X Ry, the power density of
514 W m™ can be obtained (see the equivalent circuit
diagram in Figure S28); this is more than10-fold superior to
the commercialization benchmark (~5 W m™), ranking the
system among the best developed systems. Previous research
has proven that the extractable power density reaches its
maximum when R; is equal to the membrane resistance, thus
suggesting that the internal resistance of dye@COF pairs is 14
k€, which represents one of the lowest values ever reported for
membrane systems. Notably, the RED device afforded a V.
value of 150 mV, corresponding to an energy conversion
efficiency of 36.8%, which exceeds most of the state-of-the-art
membranes. Operational stability is one of the key properties
of all systems for practical applications. We thus conducted a

9419

long-term stability test for the resulting COF-based RED stack,
showing that the current and transmembrane potential did not
decline for at least S days (Figures 4b and S29).

To further extend the applicability of the developed RED
devices, we estimated the salinity gradient power from a series
of solutions with different concentrations, given that in
addition to the salinity difference at the river mouth, brines
generated by desalination plants could also be used to harvest
energy. To evaluate the output power density of the dye@
COF/PAN RED device, the salt solution of the two-side
reservoirs was maintained at 10 mM and the salt concentration
of the middle reservoir was increased from 0.5 to 5 M. The
output power density was increased from 51.4 to 112.3 W m™
as the salinity ratio increased from 50- to 5S00-fold (Figures 4c
and S30).

B CONCLUSION

In summary, we presented a general and straightforward
strategy to construct angstrom-sized ionic channels, as
demonstrated by de novo incorporation of ionic dye molecules
during the assembly of COF membranes. Given that the size of
encapsulated dyes is larger than that of the pore aperture of
COF-300, the resulting functional membranes are very stable
and suitable for use as platforms in biomimic processes. The
accommodated dye molecules impart the membrane with
outstanding ion screening ability, as validated by the pristine
COF-300 exhibiting negligible permselectivity (Figure S31).
With these attributes, the RED stack, assembled by cationic
and anionic dye molecules encapsulated membranes, exhibits
excellent performance in harvesting osmotic energy, placing it
within striking distance of the all-time best RED membrane-
based system in terms of power density. We believe that this
strategy integrated with the control over the topology, pore
structure, and chemistry offered by COFs would provide new
opportunities to mimic the sophisticated functions of bio-
logical channels.
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