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Electric eels can convert ionic concentration gradients into a high-efficiency power via a large number of sub-2
nm transmembrane ion channels, which can exhibit high ion selectivity and strong diode-like ion rectification
property. Inspired by this, herein, we report on a sub-2 nm scale ionic diode membrane, composed of an ultrathin
(~110 nm) p-ketoenamine-linked two-dimensional covalent-organic framework (COF) membrane and a highly
ordered alumina nanochannel membrane (ANM), for highly efficient osmotic energy harvesting. As verified by
our experimental and simulation results, the heterostructured membrane with the features of asymmetric charges
and pore sizes in two aligned COF (1.1 nm) and ANM (100 nm) channels is capable of highly rectifying ion
transport even in high 0.5 M salt solution. Benefiting from the presence of abundant sub-2 nm COF-based ion
channels and the strong ionic diode effect, an unprecedented power density of up to 27.8 W/m? is achieved by
mixing the artificial salt-lake water and river water (500-fold NaCl gradient). This study will open new avenues
of using the rectified ion channel-mimetic nanofluidic membrane as a new platform towards the exploration and
development of an ultrahigh osmotic power generator.

1. Introduction NaCl or KCl) concentration simulating the seawater (~0.5 M) that is

commonly used in osmotic energy conversion is about 0.43 nm [14],

With the ever-increasing demand of energy, the development of
efficient, renewable, and environmentally friendly energy sources is in
an imperative need. Among the explored clean energies, the chemical
energy existing in a salinity gradient, the so-called osmotic energy [1,2]
or blue energy [3], has recently drawn incremental attention due to the
ultrahigh theoretical energy capacity (~0.8 kWh/m?) that can be pro-
duced when seawater is mixed with river water. In order to capture this
type of clean energy in a more efficient way, significant efforts on
developing the reverse electrodialysis (RED)-based ion-selective mem-
branes with nanoscale channels [4-12] have been made. However, these
existing RED membranes suffer from inferior ion selectivity and insuf-
ficient ionic flux [13], leading to the poor osmotic energy conversion
performance. This is expected because the Debye length at the salt (e.g.,

which is much smaller than the pore size (ca. 5-20 nm) used in those
existing nanofluidic membranes. As to enhance the ion selectivity, the
membranes with sub-2 nm-scale (or even subnanometer-scale) por-
es/channels have been developed. For example, considerable efforts
have been made on the two-dimensional (2D) nanofluidic membranes
[15], composed of highly ion-selective and sub-2 nm channels through
the assembly of 2D lamellar materials. But the advancement of the os-
motic energy harvesting performance using 2D lamellar membranes is
still limited owing to high resistance from their highly tortuous ion
pathways [16-19].

Electric eels can realize highly efficient osmotic energy harvesting by
utilizing numerous transmembrane asymmetric ion channels on their
electrocytes [20], and when being stimulated these sub-2 nm channels
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behave like an ionic diode, capable of achieving unidirectional and
amplified ion transport [21-23] (Fig. la). Nanofluidics with such
diode-like rectification property has been shown as promising platform
for improving osmotic energy harvesting [24-26]. Motivated by this, a
series of ionic diode membranes have been designed to harvest osmotic
energy with enhanced efficiency [27-34]. For example, Gao et al. pio-
neered the ionic diode membrane made of mesoporous carbon (with
pore size of ~7 nm) and macroporous alumina channels (with pore size
of ~80 nm), achieving a high power density of 3.46 W/m? [27]. Fol-
lowed by this design concept, Zhou et al. developed the mesoporous
carbon-silica/anodized aluminum oxide ionic diode membrane, which
reached the best rectification ratio of 3.82 at 1 mM KCl and achieved the
power output of 5.04 W/m? [28]. However, so far most of the
state-of-the-art ionic diode membranes are made from nanoscale chan-
nels [27-34], limiting ion selectivity and advancement in power output.
Moreover, it has been shown that the design of membranes based on the
ordered and connected channel structure is capable of decreasing
resistance and promoting permeability, thus enhancing osmotic energy
conversion efficiency [35,36]. As a consequence, to strive for higher
power output, the exploitation of the ionic diode membrane with or-
dered sub-2 nm channels is highly desirable.

Covalent-organic frameworks (COFs), with the advantages of high
porosity of small pores (<5 nm) and uniformly aligned one-dimensional
(1D) channels, have drawn extensive attention in separation, purifica-
tion and energy researches [37-39]. The free-standing COF-based
membranes have been shown to be a promising candidate in highly
efficient osmotic energy harvesting [40-46], because they can offer
abundant aligned 1D nanochannels, which can reduce pathways for ion
transport, resulting in decreased membrane resistance. However, to the
best of our knowledge, the high-performance COF-based ionic diode
membrane for harvesting energy from salinity gradients have yet been
reported.

Inspired by the nanoarchitecture and biological function of ion
channels in the electric eel, herein for the first time we report a sub-
2 nm-scale ionic diode membrane (denoted as TFP-TPA COF@ANM),
composed of an ultrathin (~110 nm) 2D B-ketoenamine-linked COF
(TFP-TPA COF; pore size ~1.1 nm) membrane and an alumina nano-
channel membrane (ANM; pore size ~100 nm;), for enhancing osmotic
energy harvesting (Fig. 1a,b). The TFP-TPA COF thin film was synthe-
sized through a facile Schiff-base reaction [47] via the interfacial
polymerization of 1,3,5-triformylphologlucinol (TFP) and tris
(4-aminophenyl)amine (TPA-3NH,) (Fig. 1b; see details in

a : b NI,
' &
: ngncr Oy,

TPA-3NH,

ll() ()II w
()l{( (llO

L]
e

Interfacial polymerization

‘j

TFP-TPA COF

-1 stacking

TFP-TPA COF

Nano Energy 105 (2023) 108007

Experimental section). The design of asymmetric surface charges and
ordered micro- to macroporous structure endow the COF-based ionic
diode membrane proposed with high rectification ability even in the
high 0.5 M salt environment simulating seawater condition. A large
number of sub-2 nm transmembrane ion channels formed by n-n stack-
ing of TFP-TPA COF (Fig. 1c) render the heterogeneous membrane
highly selective and efficient for ion transport. Benefiting from the
above two reasons, the sub-2 nm-scale COF-based ionic diode mem-
brane reported is capable of achieving an unprecedented power output
of up to 27.8 W/m? in hypersaline environment (5 M/0.01 M NaCl
gradient), surpassing all the reported RED-based membranes under the
same testing condition.

2. Results and discussion

The fabrication of the sub-2 nm-scale ionic diode membrane, TFP-
TPA COF@ANM, was performed through two facial stages (Fig. 1b).
Firstly, the TFP-TPA COF membrane was synthesized by using the tri-
aldehyde linker TFP in dichloromethane as a bottom-organic layer and
the tri-amino linker TPA-3NH; with p-toluenesulfonic acid in deionized
water and acetonitrile as an up-aqueous layer. The Schiff-base reaction
between TFP and TPA-NH, was carried out at the two-layer interface via
a slow diffusion process of the two linkers, then forming the orange TFP-
TPA COF membrane (Fig. S1). The ANM was fabricated by the two-step
anodization process in oxalic acid and one further step of pore widening
in phosphoric acid (Fig. S2), modified from our previous publication
[48]. In the second stage, the resulting TFP-TPA COF membrane was
transferred onto the ANM surface, followed by thermal annealing at 80
°C for 3 days to confirm the immobilization of TFP-TPA COF thin film on
the surface of ANM substrate (Fig. 1d). In view of a significant number of
carbonyl and amine groups in TFP-TPA COF, numerous hydrogen bonds
are formed on the interface between TFP-TPA COF and ANM, contrib-
uting to the enhanced robustness of the interface and stability in water.

The successful fabrication of the sub-2 nm-scale heterogeneous
membrane, TFP-TPA COF@ANM, was confirmed by using scanning
electron microscopy (SEM), high-resolution transmission electron mi-
croscope (HRTEM), Fourier-transform infrared spectroscopy (FTIR),
solid state nuclear magnetic resonance (NMR) spectroscopy, powder X-
ray diffraction (PXRD), and N, adsorption-desorption isotherms (Fig. 2
and S3). The SEM morphology images shown in Fig. 2a-d clearly
revealed that an ultrathin (~110 nm) TFP-TPA COF membrane was
uniformly distributed on the ANM substrate (with a thickness of ~25 pm
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Fig. 1. Fabrication of a bioinspired ionic diode membrane, TFP-TPA COF@ANM. (a) Schematic representation of the electric eel-inspired sub-2 nm-scale ionic diode
membrane for the amplification of energy harvesting from a salinity gradient. (b) Fabrication process of TFP-TPA COF@ANM via interfacial polymerization and
thermal annealing. (c) Schematic of the formation of ordered sub-2 nm-scale ion channels in TFP-TPA COF membrane via the n-n stacking interaction. (d) Photograph

of the prepared TFP-TPA COF@ANM.
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Fig. 2. Characterizations of TFP-TPA COF@ANM. SEM images of the (a) top view (COF side), (b) bottom view (ANM side), and (c) cross-section view of the TFP-TPA
COF@ANM. The pore diameter and thickness of the ANM are about 100 nm and 25 um, respectively. Inset in (a) reveals the HRTEM image of the TFP-TPA COF
membrane, indicating its well-ordered crystalline structure. (d) Magnified cross-section view of the TFP-TPA COF membrane at the COF/ANM interface. The
thickness of TFP-TPA COF membrane is ~110 nm. (e) FTIR and (f) PXRD measurements of TFP-TPA COF, ANM, and heterogeneous TFP-TPA COF@ANM. (g) N,
adsorption and desorption isotherms of TFP-TPA COF, revealing that its BET surface area is ~590 m?g~". Inset denotes the estimated nominal pore size distributions
of TFP-TPA COF using the density functional theory (DFT) model, indicating a majority of uniform ~1.1 nm pore size of ion channels in TFP-TPA COF.

and highly uniform pore size of ~100 nm). The HRTEM image shown in
the inset of Fig. 2a confirmed the well-oriented crystalline structure of
TFP-TPA COF and the clear lattice fringes indicated the well-ordered
nanochannels. The FTIR spectra of TFP-TPA COF, ANM and TFP-TPA
COF@ANM also confirmed the chemical structures of the membranes
prepared. As shown in Fig. 2e, the disappearance of aldehyde (CHO) and
amino (NHjy) stretching bands and the appearance of a new C=C
stretching band at 1583 em™!, C=0 stretching band at 1614 em™!, and
C-N stretching band at 1278 cm ™! confirmed the Schiff-base condensa-
tion between TFP and TPA-NH; linkers and the presence of the
B-ketoenamine form in TFP-TPA COF membrane. Note that the strong
OH stretching vibration of ANM was observed, and after attached a TFP-
TPA COF membrane the OH peak become broader and the peak position
was shifted from 3451 cm ™! to 3434 cm ™. In addition, the C=0 group
at 1614 cm ™! of the TFP-TPA COF membrane was shifted to 1610 cm ™
after attached an ANM membrane, indicating that the intermolecular
interaction such as hydrogen bonding may occur between the TFP-TPA
COF membrane and ANM as expected. Furthermore, we also used the
solid state *C NMR spectroscopy to confirm the fabrication of TFP-TPA
COF (Fig. S3). The TFP-TPA COF membrane can be featured by the three
signals, including 191.80 ppm for C=0 group, 153.35 ppm for =C-NH
group, and 114.45 ppm for C=C group, which are consistent with the
B-ketoenamine form. The PXRD patterns shown in Fig. 2f also
confirmed the highly ordered pore structure of TFP-TPA COF and the
successful fabricaiton of TFP-TPA COF@ANM. The experimental results
was in good agreement with the simulated results from the eclipsed A-A
stacking model. The most intense peak at the lowest 20 value of ~6.78°
can be attributed to the (100) plane with a pore aperture of ~1.3 nm,
demonstrating the formation of ordered 1D sub-2 nm channels. The
peak at the 26 value of ~25.81° was ascribed to the (001) plane caused
by the n-n stacking of TFP-TPA COF layers. The uniformly distributed
sub-2 nm channels formed in TFP-TPA COF membrane was also
demonstrated by N» adsorption/desorption isotherms, which indicated a
majority of ~1.1 nm pores (close to the value of ~1.3 nm estimated by

PXRD) with the high Brunauer-Emmett-Teller (BET) surface area of
590 m?g™! and a total pore volume of 0.35 cm®g™". The hydrophility of
TFP-TPA COF@ANM was demonstrated by the contact angle measur-
ments (Fig. S4), proving its applicability in ionic device applications.
The features of high specific surface area and high density of uniformly
aligned sub-2 nm channels in 2D TFP-TPA COF and the highly ordered
channel array in ANM endow the resulting heterogeneous membrane
with high potential towards high-performance osmotic energy harvest-
ing [35].

We first examined the ion transport property of the prepared sub-
2 nm-scale heterogeneous membrane (TFP-TPA COF@ANM) by assem-
bling it into a manmade conductive cell, which comprises two identical
compartments filled with the same concentration of electrolyte [49].
Here, we used the KCl as working electrolyte because of the nearly the
same diffusivities of K™ and C1~ (~2 x 10-°m?/s). As shown in Fig. 3a,
in all KCI concentrations considered, the TFP-TPA COF@ANM revealed
significant nonlinear diode-like ion current rectification (ICR) property
[21] such that currents at negative voltage were significantly higher
than currents at positive voltage of the same magnitude. Without ANM,
the pure TFP-TPA COF membrane showed linear Ohmic behavior
(Fig. S5), indicating that the incorporation of the ANM into the het-
erogeneous membrane induces the ICR property. Most importantly,
even at high salt concentration of 0.5 M simulating seawater condition,
the TFP-TPA COF@ANM still rectified ionic current with a high recti-
fication ratio of about 10, indicating the realization of a
high-performance sub-2 nm-scale ionic diode membrane. The strong
ICR property can be attributed to the net effects of the creation of
asymmetric surface charges (negatively charged for TFP-TPA COF
(Fig. S6) and positively charged for ANM [48]) and pore sizes of aligned
nanofluidic channels (1.1 nm for TFP-TPA and 100 nm for ANM) in
TFP-TPA COF@ANM [50,51]. For example, at neutral pH, the surface
charge densities of TFP-TPA COF and ANM estimated by the
Gouy-Chapman equation [52] were about — 5.14 mC/m? and 7.18
mC/m?, respectively. The estimated surface charge density of TFP-TPA
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Fig. 3. Highly rectified ion transport. (a) I-V characteristics of TFP-TPA COF@ANM in KCI solutions with various concentrations, revealing apparent diode-like ion
transport behavior even in high 0.5 M salt environment. (b) Salt concentration dependence of the transmembrane conductance (circles), which deviates from the bulk
property (grey line) from below ~0.5M, showing a strong surface-charge-governed ion transport property at high salt concentration. Note that at the critical
concentration of 0.5 M, the Debye length is ~0.43 nm which is close to the half pore size (0.55 nm, inset) of TFP-TPA COF channels. (c) Numerical modeling of the
salt concentration dependent ICR property in the sub-2 nm-scale ionic diode device system under consideration. The solution pH was set at pH 6.2. (d) Simulated
result demonstrating the accumulation (-1.5 V) and depletion (+1.5 V) of ions in the considered ionic diode device system. The bulk salt concentration was set

at 500 mM.

COF (Fig. S6) is consistent with the previously reported COF-SOsH in the
range of negative 3.2-25.2 mC/m> [44], but higher than the Ti3CyTx
MXene of — 2.2 mC/m? [53]. We then analyzed the salt concentration
dependence of transmembrane conductance. As shown in Fig. 3b, the
membrane conductance deviates from the bulk value (grey line) at a
high electrolyte concentration of 0.5 M, revealing an apparent
surface-charge-governed ion transport property [54]. This arises
because at such 0.5 M KCl, whose Debye length (~0.43 nm) is compa-
rable to the half pore size of TFP-TPA COF channels (inset in Fig. 3b),
and therefore, the channel’s surface charges play a role on regulating ion
transport [55].

To further provide the evidence featuring the salt concentration
dependent ICR property of the proposed sub-2 nm-scale ionic diode
membrane, we modeled the current-voltage curves in the hetero-
structured system at various salt concentrations considered in experi-
ments by using the multi-ion Poisson-Nernst-Planck equations (see
details in Experimental section) [56,57]. To save computational cost, we
simplified the TFP-TPA COF channels as a channel array of 1.1 nm in
size and the ANM as a single nanochannel of 101.1 nm in size (Fig. S7).
The surface charge densities of the ANM and TFP-TPA COF channels
were set to be 0.08 and — 0.06 C/m?, respectively [58,59]. As depicted
in Fig. 3c, the simulated I-V results agree very well with the exper-
imental findings (Fig. 3a). The origin of ICR property can be supported
by the voltage-dependent enrichment (—1.5 V) and depletion of ions in
the heterostructured system considered (Fig. 3d). Notably, the simulated
rectification ratio shows a local maximum dependence on salt

concentration, which is also consistent with the experimental results
(Fig. S8) and can be explained by the effect of the competition bewteen
the Debye length screening and amount of depleted/enriched ions in the
confined space [60].

The features of highly rectified and strong surface-charge-governed
ion transport property observed in TFP-TPA COF@ANM (Fig. 3) in-
dicates its potential in harvesting energy from salinity gradients. We
then investigated the osmotic energy conversion performance by using
the same manmade conductive cell (Fig. 4a). Because of the strong ICR
effect in TFP-TPA COF@ANM, we first tested the preferential salinity
gradient direction, which is advantageous to enhance power output
(Fig. 4b). Note that in Fig. 4b, the working electrode was put in the high-
concentration reservoir, and the electrode calibration has been carried
out by subtracting the contribution of the redox potential [27] (Fig. S9
and S10; details in Supporting Information), so that the intercepts of I-V
curves on the voltage- and current-axes are the pure salinity
gradient-driven diffusion potential (Vgis) and diffusion current (Igife),
respectively. In the experiments, we fixed the high-salinity compartment
facing the TFP-TPA COF side and the low-salinity compartment facing
the ANM side (Fig. 4a), because of a significant decrease of ~67.7%
(from 24.3 to 7.86 kQ) in internal resistance under this salinity gradient
configuration (Fig. 4b), advantageous to promoting power output. A
decrease of the internal resistance results from the strong ionic rectifi-
cation of the developed heterogeneous membrane, which causes the
preferential direction for cation transport under this salinity gradient
direction. The observation is consistent with the earlier reports of ionic
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Fig. 4. High-performance osmotic energy harvesting. (a) Schematic of the osmotic energy conversion device used. (b) Two reversed directions of a salinity gradient
were tested for osmotic energy harvesting. The I-V curves presented were the pure salinity gradient-driven results because the contribution of the redox potential at
the electrodes has been subtracted. Thus, the intercepts on the voltage-axis and current-axis are the diffusion potential (Vg;¢) and diffusion current (Iyig), respectively.
(c) The generated Vg and Ly as a function of salinity gradient. The low-concentration was fixed at 1 mM in the ANM-side reservoir. (d) Osmotic power harvested
under various salinity gradients. The power densities achieved were ca. 0.91, 5.41, 7.38, and 18.6 W/m? at the 10-fold, 50-fold, 100-fold and 300-fold salinity
gradients, respectively. (e) The power density outputted by TFP-TPA COF@ANM as a function of salinity gradient. (f) Stability test. The V,. was recorded under a
0.5 M/0.01 M salinity gradient for continuous 48 h without replenishment of electrolyte.

diode membranes with nanoscale channels [27-29]. Fig. 4c summarizes
the variations of Vg and Igir with KCl concentration gradients. The
values of Vi (Igif) increase from — 38.2 to — 72.3 mV (0.077-9.16 pA)
as the concentration increases from 5-fold to 3000-fold, which is ex-
pected due to the increase in the driving force for osmotic ion transport.
Moreover, the corresponding cation selectivity and energy conversion
efficiency decrease from 0.976% to 0.690% and 45.3-7.22%, respec-
tively, estimated from Eq. (S2) and (S3) in Supporting Information
(Fig. S11 and Table S1). A sharp increase in diffusion current at high
salinity gradient (Fig. 4c) implies the potential of using the exploited
sub-2 nm-scale ionic diode membrane in harvesting osmotic energy in
hypersaline environments, as will be shown later.

To estimate the practical power output, we transferred the harvested
osmotic power to an external circuit equipped with an electrical load
(R [27,35]. The generated power can be evaluated as 2 xR, where I is
the measured current. The approach we used to identify the practical
power output is the same as that employed in the previous reports for the
porous membranes, but is different from the method used for the
single-pore membranes [7,61], where the contribution of the redox
potential was deducted and the pure osmosis-driven power was then
estimated. For the porous membranes, significant pore and pore inter-
action will cause severe ion concentration polarization (ICP) and the
increase of the access resistance at the membrane-liquid interfaces,
leading to the decrease of pure osmotic power [62]. To enable fair
comparison, we used the same approach employed for the porous
membranes in later discussion. As expected, the measured current
density decreases with an increase of external resistance (Fig. S12),
leading to a local maximum dependence of the power density on
external resistance (Fig. 4d). As shown in Fig. 4d-e, the power densities
outputted by TFP-TPA COF@ANM were about 0.91, 5.41, 7.38,
18.6 W/m? under the 10-, 50-, 100-, and 300-fold salinity gradients,

respectively. Notably, at the 50-fold salinity gradient simulating the
condition where the seawater is mixed with river water, the achieved
power output of 5.41 W/m? is across the commercial benchmark value
5 W/mz) [63]. Apparently, the enhancement of the osmotic energy
harvesting efficiency of using TFP-TPA COF@ANM can be attributed to
its significant ionic diode effect. To demonstrate this, we compared the
osmotic energy harvesting efficiency from TFP-TPA COF@ANM with the
pure TFP-TPA COF membrane and ANM, both of which did not show ICR
property, indicating the ~209% and ~85% enhancements in output
power, respectively (Fig. S13). The presence of the ANM in TFP-TPA
COF@ANM not only provides ordered aligned channels for facilitating
ion transport but also induces strong ionic diode effect, thus leading to
amplified power output. Note that the output power of ANM is higher
than that of pure TFP-TPA COF membrane, which is due to the fact that
the larger pore size of ANM has higher ionic flux and lower resistance
(Fig. S14). We also tested the stability of osmotic energy conversion with
TFP-TPA COF@ANM by measuring the open-circuit voltage for two
days. As shown in Fig. 4f, only a slightly ~5.1% decrease can be
observed through the entire measurement, indicating a high energy
generation stability of the developed sub-2 nm-scale COF-based ionic
diode membrane.

As shown above, the developed high-performance ionic diode
membrane is based on the sub-2 nm COF channels, which endow the
membrane with high ability to screen and rectify ions in high saline
environments. This drives us to think the possibility of using the TFP-
TPA COF@ANM to harvest osmotic energy between the hypersaline
salt-lake (5 M NaCl) and river water (0.01 M NaCl) with enhanced ef-
ficiency. We thus tested the osmotic energy conversion in such 500-fold
salinity gradient at various pH environments. As shown in Fig. 5a and
S15, the TFP-TPA COF@ANM can reach ca. 24.9, 27.8, and 31.3 W/m?
at pH 3.2, 6.2 and 10, respectively. Under the pH values considered, the
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Fig. 5. Ultrahigh osmotic power generation in the hypersaline condition (5 M/0.01 M NaCl gradient). (a) Osmotic power harvested at the mixing of artificial salt-
lake water and river water (500-fold NaCl gradient) under various pH values. The power densities achieved were ca. 24.9, 27.8, 31.3 W/m? at pH 3.2, 6.2 and 10,
respectively. (b) Osmotic energy conversion efficiency of TFP-TPA COF@ANM measured for continuous three days. (c) Comparison of the power densities generated
by the TFP-TPA COF@ANM and reported state-of-the-art ion-selective membranes [40,53,64-74] at the same testing conditions (i.e., 500-fold NaCl gradient and
0.03 mm? testing area). (d) Schematic diagram of the mechanism underlying the significantly enhanced osmotic energy harvesting with the developed sub-2-
nm-scale ionic diode membrane. Influences of the (e) COF thickness and (f) ANM thickness on the osmotic energy conversion efficiency.

achieved power densities are all higher than the bottleneck (20 W/m?)
reported from most of previous state-of-the-art membranes [40,53,
64-74] (Table S2), indicating high-performance osmotic energy har-
vesting over a wide pH range. The images and PXRD patterns shown in
Fig. S16 and BET surface area measurements (Table S3) also proved that
the prepared TFP-TPA COF membrane had a strong tolerance in acidic,
basic and hypersaline environments, owing to the strong covalent bonds
in molecules. Fig. 5b and S17 also showed that only 1.8% decrease (from
27.8 to 27.3 W/m?) of output power density can be observed when the
TFP-TPA COF@ANM was employed in osmotic power generation for
continuous 3 days, revealing its high stability in energy conversion. Note
especially at neutral condition (pH 6.2) that, an unprecedented power
density of 27.8 W/m? has been achieved, which outperforms all the
reported values under the same testing condition (Fig. 5c). Compared
with earlier studies with similar heterogeneous membranes [27-34],
this is the first one reporting the assembly of sub-2 nm COF channels in
an ionic diode membrane for amplified osmotic energy conversion. It is
thus concluded that benefiting from a large number of aligned sub-2-
nm ion channels in TFP-TPA COF and highly ordered nanochannels in
ANM, and strong ionic diode effect in the resulting heterogeneous
membrane (Fig. 5d), the developed COF-based sub-2 nm-scale ionic
diode membrane is capable of achieving highly efficient osmotic energy
harvesting especially in hypersaline environments.

Furthermore, we also tested the effects of the COF and ANM thick-
nesses on the osmotic power generation performance of TFP-TPA
COF@ANM under a 500-fold NaCl gradient. The COF thickness was
regulated by increasing the interfacial synthesis time. Fig. S18 reveals
that the COF thickness can be increased to 370 and 1110 nm for 4 and 10
days of the synthesis time, respectively. As shown in Fig. 5e and S19, the
increase of COF thickness resulted in the decrease of output power
density. This dependence can be attributed to the increase of membrane
resistance, which hinders ion transport. Similar behavior can be found in
the ANM thickness-dependent osmotic power shown in Fig. 5d and S20.
The thicker the ANM thickness the larger the membrane resistance,

leading to the smaller the output power. Fig. S21 shows the testing area
effect on the osmotic power generation performance of TFP-TPA
COF@ANM. The achieved power densities were about 27.8, 8.61, and
2.27 W/m? when using the testing area of 0.03, 0.196, and 0.785 mm?,
respectively. The decreasing power output with increasing effective
testing area is consistent with earlier reports [64,75,76] and attributed
to the more significant pore and pore interaction and ICP effects, which
result in higher access resistance and smaller transmembrane concen-
tration gradient [62]. Note that due to the reduced ICP effect from the
use of an ionic diode membrane, the power density of 8.61 W/m?>
realized at a larger testing area of 0.196 mm? still reaches a high per-
formance level, compared with the previously reported value (<
2 W/m?) [64].

To further provide more physical insights in ultrahigh osmotic power
generation of the sub-2 nm system considered, we modeled osmotic ion
transport in the TFP-TPA COF@ANM and ANM in a 5 M/0.01 M NaCl
gradient. The pH-dependent surface charge densities of the COF chan-
nels and ANM channel assumed in the modeling can be found in
Table S4, in accordance with the charge natures of TFP-TPA COF
(Fig. S6) and ANM [48,77]. Fig. 6a-b suggests that the severe ICP effect
occurs in the sub-2 nm TFP-TPA COF channel region, thus leading to
promotion (demotion) of total ion concentration at the
high-concentration (low-concentration) entrance of the TFP-TPA
COF@ANM, as compared with the ANM system (Fig. S22). This results
in a huge ~191% enhancement (from 10.21-fold for ANM to 29.75-fold
for TFP-TPA COF@ANM) of the effective salinity ratio (ESR), which is
the major driving force dominating the osmotic power generation per-
formance [25], in the TFP-TPA COF@ANM system. Moreover, the
TFP-TPA COF@ANM possesses higher selectivity to counterions due to
the presence of sub-2 nm COF channels (Fig. 6¢). The net effects of the
strong ionic diode effect (as verified in Fig. 3), higher ESR driving force,
and higher ion selectivity endow the developed sub-2 nm-scale ionic
diode membrane (TFP-TPA COF@ANM) with ultrahigh osmotic power.
More notably, the estimated ESR value in the TFP-TPA COF@ANM is
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Contours of the counterion concentration near the high-concentration entrance of TFP-TPA COF@ANM and ANM. (d) Estimated ESR as a function of pH value. Here,

the bulk concentration gradient of NaCl was set as 5 M and 0.01 M, as those employed in Fig. 5.

nearly independent on pH (surface charge natures of TFP-TPA COF and
ANM channels) and maintains at a relatively high level, as compared to
the ANM (Fig. 6d and S23). This implies the importance of the assembly
of the aligned sub-2 nm channels in an ionic diode membrane and ex-
plains why the TFP-TPA COF@ANM is capable of achieving ultrahigh
osmotic power over a wide pH range (Fig. 5a). This also suggests the
importance of the incorporation of aligned sub-2 nm channels into the
design of high-performance ionic diode membranes in practical appli-
cations of osmotic energy harvesting.

3. Conclusion

In summary, we have developed a bioinspired sub-2 nm-scale ionic
diode membrane (TFP-TPA COF@ANM), composed of an ultrathin TFP-
TPA COF membrane and a highly ordered ANM, for highly efficient
osmotic energy harvesting. Our experimental and simulation results
prove that the asymmetric surface charges and pore sizes (1.1 nm for
TFP-TPA COF and 100 nm for ANM) of two aligned channels in the
heterogeneous membrane we built endow it with high ionic rectification
even in high 0.5 M salt concentration. Benefiting from the strong ionic
diode effect and abundant sub-2 nm ion channels, the developed
membrane, at the condition at which the synthetic salt-lake water (5 M
NaCl) and river water (0.01 M NaCl) is mixed, can reach a record power
output of 27.8 W/m?2, outperforming all the state-of-the-art membranes
under the same testing condition. This proof-of-concept research paves a
new way of using the rectified ion channel-mimetic membrane to realize
fabulous osmotic power generation.

4. Experimental section
4.1. Fabrication of ANM

The alumina nanochannel membrane (ANM) with highly ordered
straight channel arrays was fabricated by the two-step anodization
process, modified from our previous study [35]. First, a high purity
aluminum (Al, 99.9995%) sheet was washed with acetone, ethanol, and
water in sequence and then electrochemically polished with the
HClO4/ethanol solution (1:4, v/v) under 20 V for 90 s. The first anod-
ization was carried out in 0.3 M oxalic acid under 50 V at 20 °C for
30 min. Then, the disordered oxide layer was removed using the mixed
solution (H3PO4/CrOs/water) at 60 °C for 90 min. The second anod-
ization was performed under the same condition of first anodization for
1 h, followed by the pore widening process with 5 wt% phosphoric acid.
To obtain a free-standing ANM support, the remaining Al was removed
by the mixed solution (CuCly,/HCl/water), followed by the etching of
barrier layer carried out by 5 wt% H3sPO4 for 1 h at 30 °C.

4.2. Fabrication of TFP-TPA COF@ANM

The continuous TFP-TPA COF membrane was fabricated via inter-
facial polymerization of 1,3,5-triformylphologlucinol (TFP) and tris(4-
aminophenyl)amine (TPA-3NHj), as depicted in Fig. 1b. The TFP
(15.8 mg, 0.073 mmol) was first dissolved into 100 mL of dichloro-
methane in glass beaker, followed by addition of 60 mL of deionized
water on the top of TFP solution. The resulting aqueous-organic layered
solution was sonicated for 5 min to release dissolved air bubbles. Then, a
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solution of TPA-3NH; (21.8 mg, 0.075 mmol) and p-toluenesulfonic
acid (65 mg, 0.377 mmol) in 70 mL of deionized water and 30 mL of
acetonitrile was gently placed on the above-mentioned aqueous-organic
solution. The resulting layered solution was kept at room temperature
for 2 days. The formed TFP-TPA COF membrane at the aqueous-organic
solution interface was then rinsed with water and acetone several times
for 1h to remove any residual monomers. Finally, the TFP-TPA
COF@ANM was prepared by transferring the above TFP-TPA COF
membrane onto the ANM, followed by the thermal annealing at 80 °C for
3 days in oven.

4.3. Characterizations

The SEM images were captured on a JEOL JSM-7900 F operating at
an accelerating voltage of 5 kV. The HRTEM image was captured on a
field emission gun TEM (FEI Tecnai G2 F30) operating at a voltage of
300 kV. PXRD patterns were measured on a Simens D5000 at room
temperature with monochromated Cu Ka radiation (A = 0.1542 nm).
TFP-TPA COF membranes were first grinded into powders and then
tested in the 20 degree of 4-40°. FTIR spectra were recorded using a
Bruker Tensor 27 FTIR spectrophotometer. Contact angle measurements
were measured on a contact angle instrument OSA60-G (Ningbo NB
Scientific Instruments Co., Ltd., China). BET surface area and pore size
distribution of as-grinded TFP-TPA COF powders were analyzed by
measuring Ny adsorption/desorption isotherms at 77 K using a Micro-
meritics ASAP 2020 Surface Area and Porosity analyzer. Solid state NMR
spectrum of TFP-TPA COF membrane was recorded using a Bruker
Avance 400 NMR spectrometer and a Bruker magic angle spinning
(MAS) probe, running 32,000 scans. Cross-polarization with MAS
(CPMAS) was used to acquire 13C NMR spectral data at 75.5 MHz. The
zeta potential measurements were performed using the Zetasizer Nano
7S (Malvern Instruments, UK) in 0.01 M KCl solutions with various pH
values.

4.4. Electrical measurement

ITon transport property and osmotic energy conversion of all mem-
branes, which were mounted between two-compartments of a manmade
conductive cell, were tested using Keithley 6487 picoammeter and a pair
of manmade Ag/AgCl electrodes. The working electrode was placed in
the compartment facing the COF side, while the other side was groun-
ded. For ion transport tests, the voltage changed from — 1.5 Vto+ 1.5V
with 0.05 V steps was applied. For osmotic ion transport tests, all the
current-voltage (I-V) curves presented are the pure osmosis driven re-
sults because the contribution of the redox potential, which was ob-
tained by measuring the potential drop of a non-ion-selective micro-hole
silicon wafer without TFP-TPA COF@ANM, has been subtracted. To
measure the practical power output, an external load resistor (RS-200,
IET Labs Inc.) was connected to the electrochemical cells through a pair
of Ag/AgCl electrodes (Fig. S24), which is the same measurement
method, as used in the publications listed in Table S2 [40,53,64-74].
The testing area for ion transport was 0.03 mm?, the same as employed
in previous publications [40,53,64-74].

4.5. Multiphysics simulation

Ion transport property of the heterostructured COF/ANM channel
system under consideration was modeled by solving the multi-ion
Poisson-Nernst-Planck equations (see details in our previous studies
[56,57]) using the commercial finite element software, COMSOL Mul-
tiphysics 4.3a. To simulate the practical condition, we considered four
kinds of ionic species, namely, K* (or Na*), ClI~, H", and OH". To save
computational cost, we simplified the COF channels as a nanochannel
array of 1.1 nm in diameter and 400 nm in length and the ANM as a
nanochannel of 101.1 nm in size and 1500 nm in length (Fig. S7). The
heterostructured COF/ANM channel system was connected to two
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identical large reservoirs. Because the simulated system is at the
sub-2 nm-scale, the effect of electroosmotic flow [78] was neglected in
the modeling. The pH dependent surface charge densities of COF
channels and ANM channel used in the modeling can be found in
Table S4. For example, at pH 6.2, we assumed the surface charge density
of COF channels is — 0.06 C/m? and that of the ANM channel is
0.08 C/m? [58].
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