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Abstract: Two-dimensional polymers (2DPs) and their layer-stacked 2D covalent organic frameworks (2D COFs)
membranes hold great potential for harvesting sustainable osmotic energy. The nascent research has yet to
simultaneously achieve high ionic flux and selectivity, primarily due to inefficient ion transport dynamics. This is directly
related to ultrasmall pore size (<3 nm), much smaller than the duple Debye length in the diluted electrolyte (6–20 nm),
as well as low charge density (<4.5 mCm� 2). Here, we introduce a π-conjugated viologen-based 2DP (V2DP) membrane
possessing a large pore size of 4.5 nm, strategically enhancing the overlapping of the electric double layer, coupled with
an exceptional positive surface charge density (~6 mCm� 2). These characteristics enable the membrane to facilitate high
anion flux while maintaining ideal selectivity. Notably, V2DP membranes realize an impressive current density of
5.5×103 Am� 2, surpassing benchmarks set by previously reported nanofluidic membranes. In the practical application
scenario involving the mixing of artificial seawater and river water, the V2DP membranes exhibit a considerable ion
transference number of 0.70 towards Cl� , contributing to an outstanding power density of ~55 Wm� 2. Theoretical
calculations reveal the important role of the large quantity of anion transport sites, which act as binding sites evenly
located in the positively charged N-containing pyridine rings. These binding sites enable kinematic coupling and
decoupling between anions and the V2DP skeleton, establishing a continuous Cl� ion transport pathway. This work
demonstrates the great promise of large-area ultrathin 2DP membranes featuring highly organized charged ion transport
networks when applied for osmotic energy conversion.

Introduction

Exploiting renewable and sustainable energy from nature is
of paramount importance, especially given the persistent
reliance on fossil fuels as well as the growing threat of global
warming. A vast reservoir of clean energy exists between
river water and seawater, also known as blue energy or
osmotic energy.[1–3] This energy source can be harvested
through reverse electrodialysis technology by employing
ion-selective membranes.[4,5] In recent years, studying two-
dimensional (2D) materials as nanofluidic membranes has
aroused worldwide interest in osmotic energy harvesting,
owing to their potential to overcome the limitations of
conventional ion-exchange membranes, such as high

resistance.[6–10] Nevertheless, the commonly applied 2D
laminar membranes, constructed by stacked thin nanosheets,
suffer from elevated resistance caused by the long and
zigzag ion transport pathways.[11–14] Encouragingly, ultrathin
2D membranes are emerging as compelling candidates to
address this problem. Several pioneering attempts have
been made, such as using single-layer MoS2 with drilled
nanopores as osmotic and solar-osmotic power
generators.[15–17] However, these membranes are still con-
strained by low pore density and limited control over pore
functionality.

Ultrathin 2D polymers (2DPs) and their layer-stacked
2D covalent organic frameworks (2D COFs) exhibit great
superiority owing to their inherent direct ion transport
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channels and designable building blocks.[18–20] However,
existing studies have struggled to achieve both large ion flux
and high selectivity simultaneously due to the inefficiency of
the ion transport process. This inefficiency stems from an
incomplete understanding of the relationship between the
channel geometry, charge density, and membrane perform-
ance. In the ideal case, the channel diameter should closely
match the duple Debye screening length, leading to an
extremely unipolar ionic environment. The counterions will
be the dominant charge carriers and concentrate inside the
nanochannels, substantially enhancing the ionic conductivity
compared to the bulk conditions. In the osmotic energy
harvesting process, the duple Debye length of the charged
surface in the low concentration side (1–10 mM) falls within
the range of 6–20 nm, which appears much larger than the
investigated 2DP membranes’ pore sizes (<3 nm). There-
fore, it would greatly compromise the ionic flux when the
previous strategies monotonously focus on minimizing pore
size down to nanometer or even sub-nanometer scale.
Meanwhile, reported 2DP membranes generally suffer from
insufficient charge density, resulting in low ion
selectivity.[18,21,22] Given this intricate interplay, constructing
large-area 2DP membranes with highly charged surfaces and
smartly designed channels is imperative for enhancing the
ion transport properties comprehensively.

In this work, we demonstrate a fully crystalline viologen-
based 2DP (V2DP) membrane capable of simultaneously
achieving high ionic flux and selectivity. This V2DP
membrane with a thickness of ~35 nm and a great positive
charge density (~6 mCm� 2), possesses abundant nanoscale
ion transport channels (~5.8×1016 m� 2). Especially, the
precisely tailored pore size of 4.5 nm could enable electric
double layer overlap and also ensure large ion flux
concurrently. Leveraging these structural advancements,
V2DP membranes demonstrate exceptional anion transport
capabilities, realizing an impressive current density of
5.5×103 Am� 2, a significant improvement over previously
reported anion transport nanofluidic membranes. Further-
more, when mixing artificial seawater and river water, the
V2DP membranes achieve a substantial transference num-
ber of 0.70 towards Cl� ions and a remarkable power density
of 55 Wm� 2, outperforming most reported 1D and 2D anion
transport membranes. Density functional theory (DFT) and
molecular dynamics (MD) simulations underscore the work-
ing role of the abundant binding sites located within
positively charged pyridine rings on the V2DP backbones.
These binding sites enable kinematic coupling and decou-
pling between the viologen units and ions, forming a
continuous and efficient Cl� ion transport pathway with a
low energy barrier. This study unveils the immense potential
of large-area 2DP membranes with highly ordered and
charged ion transport networks, showcasing their possibil-
ities in propelling the frontier of sustainable energy gen-
eration.

Results and Discussion

Fully Crystalline Viologen-Based 2DP (V2DP) Membrane

The V2DP membranes, featuring adequate and efficient
anion transport space, were synthesized using the surfactant
monolayer-assisted interfacial synthesis strategy (Figure 1a,
Figure S1 and Methods in Supporting Information).[19] The
synthesis involved the Schiff-base polycondensation between
positively charged monomer 1 (1,1’-bis(4-aminophenyl)-
[4,4’-bipyridine]-1,1’-diium chloride) and monomer 2 (2,4,6-
trihydroxybenzene-1,3,5-tricarbaldehyde) on the water sur-
face. Fourier transform infrared spectra demonstrated the
disappearance of the characteristic absorption peaks of
� NH2 groups from monomer 1 and the � CHO groups from
monomer 2, indicating the efficient conversion of amine and
aldehyde groups into imine linkages (Figure S2). Following
the polymerization under trifluoromethanesulfonic acid
condition, the counter-ions (Br� ) within the viologen units
were replaced by CF3SO3

� ions, as evidenced by the X-ray
photoelectron spectroscopy results (Figure S3). The resul-
tant membrane with shiny reflection, exhibited optical
uniformity and robustness that allows for transfer onto
desired substrates such as SiO2/Si wafer and transmission
electron microscopy (TEM) grid (Figure 1b and Figure S4–
S5). Meanwhile, the V2DP membranes have great scalabil-
ity, their sizes can be synthesized from 28 cm2 to 113 cm2 as
displayed in Figure S6. Atomic force microscopy (AFM)
image demonstrates a nanoscale thin thickness of ~35 nm
(Figure 1c), which can be potentially tuned by varying the
monomer concentration and reaction time. The selected-
area electron diffraction (SAED) pattern displays a diffrac-
tion ring at 0.22 nm� 1, indicating that the V2DP membrane
is polycrystalline with a pore size of ~4.5 nm (Figure 1d
inset). High-resolution TEM (HRTEM) image shows peri-
odic hexagonal pores (~4.5 nm), showcasing full crystallinity
with domain sizes ranging from 50 to 100 nm (Figure 1d).

By nanoindentation testing, the mechanical strength of
V2DP membranes was measured (Figure 1e). The Young’s
modulus can achieve as high as 7.6 GPa, superior to pure
Kevlar membrane.[23] A hardness of about 0.6 GPa was
obtained, which is better than many high-strength polymers
such as isotactic polypropylene (~0.13 GPa) and high-
density polyethylene (~0.06 GPa) (Figure 1f). With excellent
strength, the V2DP membrane manifests its great potential
for osmotic energy conversion. Moreover, the V2DP mem-
brane exhibits a positively charged backbone with a high
spatial density of cationic sites (8.8×107 m� 3), which would
contribute to the selective anion transport phenomenon. To
further understand this, a continuum-based 2D Poisson-
Nernst-Planck (PNP) model is employed to simulate the
V2DP channel (Figure S7). As demonstrated in Figure 1g,
the ion distribution inside the V2DP channel is predicted, in
which anion concentration is much larger than the cation
concentration along the radial direction, confirming the
anion transport potential of the V2DP membrane.[24,25]
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Electric-Potential-Driven Ion Transport

To investigate the ion transport behaviour, the V2DP
membrane was first transferred onto a silicon wafer with a
single hole in the center, then mounted between a two-
compartment electrochemical cell (Figure 2a and Figure S8–
S9). Figure 2b shows the I–V curves of the V2DP membrane
recorded under symmetric KCl electrolyte conditions. Dif-
ferent from the separate silicon hole (Figure S10), the
current in the negative bias is much larger than that
measured in the positive bias. Such a non-linear ion trans-
port behaviour is the so-called ionic diode that resembles
the rectification effect in semiconducting p–n junction,
which can be ascribed to the intrinsic positive charged
nature of the V2DP membrane.[26,27] The charged V2DP
membranes and the uncharged conical Si hole are combined
as asymmetric channels with asymmetric geometry and
charge density (Figure 2c). Such junction between a charged
zone and a neutral zone formed a unipolar diode, which
possesses a typical ion rectification phenomenon. When the
positive voltage bias is applied, the depletion zone forms
between the charged tip (V2DP membranes) and the neutral
base (Si hole). Consequently, the current is reduced and the

ion rectification phenomenon occurs.[28,29] The transmem-
brane conductance is proportional to the concentration at
high KCl concentrations and starts to deviate from the linear
dependence at ~10� 1 M, which is a signature of the existing
surface charge within the membrane (Figure 2d).[30] Then,
we evaluated the surface charge density of V2DP by fitting
the conductance data with the existing conductance
model.[31] The use of a constant surface charge model results
in a significant deviation from the measured values. There-
fore, the surface charge is not constant but should depend
on the ion concentration. By assuming a variable model, the
surface charge density is estimated to be ~1 mCm� 2 at
0.001 M and ~6 mCm� 2 at 0.1 M, which is higher than the
reported ZnTPP-COF monolayer, black phosphorus, gra-
phene oxide, and boron nitride nanosheets (less than
4.5 mCm� 2).[13,18,31,32]

The pH is found to have a remarkable influence on the
ionic diode effect of V2DP membranes, as shown in
Figure 2e. The rectification ratio decreases from 2.7 to 2.6,
then to 1.8 upon increasing pH from 3 to 11, indicating the
decreasing surface charge density, especially in the alkaline
solution. The influence of various halogen electrolytes is
also investigated in Figure 2f: the V2DP membrane exhibits

Figure 1. Fully crystalline viologen-based 2DP (V2DP) membrane. (a) Chemical structure of the highly anion-conductive V2DP membrane. (b)
Optical image of the V2DP membrane transferred onto a Cu grid (scale bar: 100 μm). (c) AFM image of the V2DP membrane (scale bar: 100 nm).
Inset, the profiles of the section marked by white lines. (d) HRTEM and FFT of the V2DP in different magnified zone (scale bar: left, 50 nm, right
top: 0.5 nm� 1, right bottom: 5 nm). (e) The load-displacement curve of V2DP in nanoindentation testing. (f) Modulus and hardness of the V2DP
membrane. (g) Calculated concentration of anion (Cl� ) and cation (K+) along the V2DP channel under a 0.1/0.01 M KCl concentration gradient.
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the highest rectification ratio in the KBr electrolyte (3.0)
and the lowest in the KF electrolyte (2.4), according to their
mobility trend (F� <Cl� <Br� ).[33]

Selective Anion Transport and Osmotic Energy Conversion

Because of the high density of vertically oriented channels
(5.8×1016 m� 2) and well-defined cationic sites, the V2DP
membrane is capable of efficiently conducting anions,
shedding light in osmotic energy conversion under a trans-
membrane concentration gradient. Figure 3a shows the I–V
curve of the V2DP membranes recorded under 0.1/0.01 M
KCl concentration gradient. Obvious intercepts are ob-
served on the x/y axis, which is the so-called osmotic current
(Ios) and osmotic voltage (Vos).

[34] The redox potential
generated by the unequal voltage on the electrode has been
offset by using a pair of saturated potassium chloride salt
bridges.[35] As the concentration gradient increases, the Vos

first increases from 27 to 37 mV, and then decreases to
33 mV (Figure 3a, inset and Figure S11). The weakened
osmotic potential is due to the decrease in thickness of
electric double layer as concentration increases.[36–38] The
transference number is also reducing as the Vos decreases,
but it still can achieve a fair value around 0.7 even at 50-
fold, because the pore size of 4.5 nm is still enough for the

overlap of the electric double layer with length of 3.1 nm at
low concentration side (Methods and Table S1 in Supporting
Information).[23,39, 40] Nevertheless, the Ios keeps increasing as
the gradient increases, and the V2DP membranes deliver a
great current density of 4.6×103 Am� 2 at 50-fold since it has
a fully crystalline structure as well as a high spatial density
of positively charged sites.

We also found that the Vos and Ios are electrolyte-
dependent (Figure S12), where Vos shows a monotonous
decrease from KF to KBr (40 mV to 36 mV). This can be
ascribed to the decreasing charge density of anions, which
will weaken the interaction between anions and V2DP
skeleton (Figure 3b). Ios of KCl and KBr are the same
(20 nA) and Ios of KF is the lowest (14 nA), due to the
combined effect of ion mobility (F� <Cl� <Br� ) and the
charge density (F� >Cl� >Br� ). Specifically, Cl� and Br� can
move faster and have less interaction with V2DP due to the
lower charge density, but F� moves slower and interacts
strongly with V2DP. As a result, the osmotic power density
(Pmax=Vos×Ios) of 16 Wm� 2 under a 10-fold KCl concen-
tration gradient is the highest (Figure 3c). We also inves-
tigated the influence of the cation type, including K+, Na+,
and Li+. As shown in Figure 3d, both the Ios and Vos increase
as the mobility of the cation decreases (Figure S13) because
the decreased mobility will enhance the anion-cation separa-
tion efficiency.[27] Consequently, under a 50-fold concentra-

Figure 2. Electric-potential-driven ion transport. (a) Schematic of the ion transport measurement across the membrane. (b) I–V curve of the V2DP
membrane recorded under KCl electrolyte of different concentrations. (c) Illustration of operation of unipolar diode formed by positively charged
V2DP and neutral silicon hole at negative voltage bias (top) and positive voltage bias (bottom). (d) Transmembrane ionic conductance of the
V2DP membrane as well as the theoretical fit by assuming variable (black) and constant (blue) charge model. (e, f) Influence of the pH (e) and
electrolyte type (f) on the ion transport process.
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tion gradient, KCl obtained the lowest Pmax of 37 Wm� 2 and
LiCl realized the highest Pmax of about 70 Wm� 2 (Figure 3e).
Under 50-fold NaCl as artificial seawater and river water,
the Pmax of V2DP membranes can achieve about 55 Wm� 2,
mainly owing to an impressive improvement of the ion
conductivity (current density of 5.5×103 Am� 2) over previ-
ously reported anion-selective membranes
(Table S3).[22,26,41–45] When the testing area is reduced to
1.2 μm2, there is a slight increase in anion selectivity,
accompanied by a substantial boost in current density to
1.55×104 Am� 2. This enhancement contributes to a great
Pmax of ~155 Wm� 2, outperforming most of the state-of-the-
art 1D and 2D membranes (Figure S14, Table S2 and
Table S3).[46–48] Such a high-power output can be ascribed to
the lower penetrating resistance, fewer grain boundaries,
and fewer stochastic defects in the sub-microscale device.[49]

In addition, the power density shows a decrease upon
increasing the membrane thickness due to the considerable
reduction of Ios in thicker membranes, highlighting the
benefits of this thickness-adjustable membrane (Figure S15).
As predicted, the Vos and Ios of the V2DP membrane are
both pH dependent and undergo significant decreases upon
changing the pH of NaCl electrolytes from 3 to 11 (testing
area: 12 μm2) (Figure S16). The power density obtained at
pH 3 is about 58 Wm� 2 due to the abundant positive sites,
including the inherent positive N in pyridine rings and the
protonated N in the imine bond. At pH 11, the power
density is about 38 Wm� 2 because of the increasing electro-

negativity of ketone oxygens, which would weaken the
positively charged property of V2DP (Figure S17). The
harvested osmotic power can be output to an external
circuit.[41,50] As the resistance increases, the current density
decreases, and the power density, calculated by Pout= I2×R0,
achieves a maximum value of about 48.5 Wm� 2 at 0.6 MΩ as
exhibited in Figure 3f (testing area: 12 μm2). In addition, the
performance of V2DP under mixed salt solution (including
Na+, Mg2+, Ca2+, Cl� and SO4

2� ) was also measured
(Figure S18). Both ion flux and selectivity improved com-
pared to that of 0.5/0.01 M NaCl. The power density realized
a higher value of 67 Wm� 2 than the 55 Wm� 2 of pure NaCl
electrolytes, owing to the increased Cl� quantity and the
lower diffusion coefficient of divalent cations.[18,51]

Identify the Active Sites of V2DP Membranes

To elucidate the active sites of the V2DP membrane during
energy conversion, we synthesized neutral 2DP (N2DP) as a
contrast sample employing neutral monomer 1
([1,1’ : 4’,1’’ : 4’’,1’’’-quaterphenyl]-4,4’’’-diamine) instead of
the viologen-based monomer (Figure 4a and Methods in
Supporting Information). In FTIR spectra, the vanishing
peaks of � NH2 groups in monomer 1 and � CHO groups in
monomer 2 confirm the successful synthesis of the N2DP
membranes (Figure S19). Under a 10-fold KCl concentration
gradient and at pH 6, N2DP obtains different Vos (� 5 mV)

Figure 3. Selective anion transport and osmotic energy conversion. (a) I–V curve of the V2DP membrane recorded under 10-fold KCl (0.1/0.01 M)
concentration gradient. The inset shows the variation of Ios and Vos as a function of the transmembrane concentration gradient. (b) Influence of the
different anion electrolytes on the measured Ios and Vos. (c) The V2DP membrane exhibits the highest power density of about 16 Wm� 2 in KCl
electrolyte (10-fold concentration gradient). (d) Influence of the different cation electrolytes on the measured Ios and Vos (50-fold concentration
gradient). (e) The V2DP membrane exhibits the highest power density about 70 Wm� 2 in LiCl electrolyte (50-fold concentration gradient). (f) The
collected power can be transferred to the external circuit to supply an electronic load. The output power density can achieve about 48.5 Wm� 2.
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and Ios (1 nA) from the Vos (36 mV) and Ios (� 20 nA) of
V2DP. These results indicate that N2DP exhibits cation
selectivity in contrast to V2DP’s anion selectivity (Fig-
ure 4b). With increasing pH, the Vos and Ios of the N2DP
membrane improve to � 14 mV and 6 nA, respectively
(Figure 4c). The power density of the V2DP membrane is
only 0.1 and 2 Wm� 2 at pH 6 and pH 11, respectively, much
lower than the 16 Wm� 2 of the V2DP membrane (Fig-
ure S20). These findings demonstrate that the positively
charged pyridine rings and the electronegative ketone oxy-
gens both serve as the charging unit in V2DP membranes.
They play a competitive role in the overall ion selectivity as
well as the energy conversion process, which is in line with
the pH-dependent performance.

Continuum-based simulations were performed to pro-
vide deeper insights into the selective ion diffusion process.
Two types of nanochannel arrays with different charge
densities (+6 mCm� 2 and � 0.2 mCm� 2) were built to
resemble the inherent nanochannels of V2DP and N2DP
membranes, respectively. Figure 4d shows the distribution of
anions and cations under a steady regime. Unlike the N2DP
channel, the local anion concentration within the V2DP

channel exhibits non-uniformity. The extension of the
electric double layer results in a gradual increase in the
counterion concentration from the channel’s center to its
surface. For cations, the scenario is conversed and the
corresponding concentration distribution exhibits a reverse
shape. Notably, the ionic radial distribution profiles reveal a
strong exclusion and enrichment effect (EEE) of the V2DP
membrane (Figure 4e–f). The concentration of anion is
much higher than that of cation, attributed to the enhanced
electrostatic interaction of the ions with V2DP channel. In
essence, the transport pathway of anions through the V2DP
channel is electrostatically “widened”, while conversely, the
transport pathway of cations is electrostatically “narrowed”,
thus yielding excellent anion selectivity. It is noteworthy
that the enrichment effect also substantially augments the
number of anions in the V2DP channel available for
transport via diffusion, thereby contributing to higher ionic
flux.

Figure 4. Identify the active sites. (a) Synthesis of the contrast sample N2DP with neutral monomer 1. (b) I–V curve of the N2DP membrane
recorded under 10-fold KCl concentration gradient (0.1/0.01 M) of different pH values. I–V curve of the V2DP membrane recorded under pH 6 is
also plotted for a direct comparison. (c) Vos and Ios of the N2DP membrane under different pH values. (d) Calculated cation and anion
concentration of simulated V2DP channel (model 1) and N2DP channel (model 2) under equilibrium using PNP equations. (e) Radial distribution
of anion and cation in simulated V2DP channel and N2DP channel, indicating the strong exclusion and enrichment effect (EEE) of the V2DP
membrane.
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Molecular Insight

To investigate the ion diffusion mechanism across the V2DP
membrane, density functional theory (DFT) calculations
were employed. We first established a single-layer V2DP
structure model, as shown in Figure 5a. In the V2DP model
structure, there are two types of positions where ions can be
readily adsorbed, namely on the pyridine rings containing
positively charged N (A-site) and on the carbonyl groups
(B-site). Figure 5b shows the adsorption energies of these
two types of sites for Cl� and K+ ions, which are about
� 2.2 eV (A-site, Cl� ), � 1.7 eV (B-site, Cl� ), � 0.7 eV (A-
site, K+) and � 2.0 eV (B-site, K+). At the A-site, the
adsorption locations of the Cl� and K+ are different, which
is also revealed by the differential charge density map
(Figure S21). Due to the strongly positively charged nature
of the pyridine rings, Cl� tend to be adsorbed on the charged
part of pyridine ring, while K+ are more likely to be
adsorbed in the middle of the two charged pyridine rings.
The carbonyl group in the B-site includes partially positively
charged C and partially negatively charged O, which leads
to the adsorption of both Cl� and K+ (Figure S22). Overall,
the Cl� ion tends to adsorb at A-sites, while K+ preferen-
tially interact with B-sites. The ion migration pathway and
energy barrier of K+ and Cl� across the V2DP structure are
studied as shown in Figure 5c–d, elaborately illustrating the

efficient anion selectivity mechanism of V2DP. During the
ion migration process, Cl� ions tend to jump from one
adsorption site to another adjacent adsorption site. Ob-
served from electrostatic potential (ESP), the positive
charge not only center at the N but also continuously
distributed on the whole V2DP backbones. This extensive
charge distribution provide more charged sites for the
interaction with anions, enabling efficient ion transport
(Figure S22). Thus, the Cl� ions exhibit a low energy barrier
(0.64 eV) and can migrate quickly with high throughput. In
contrast, K+ ions are repelled by the positively charged N
during migration and adsorbed to the carbonyl group. This
adsorption-repulsion-adsorption migration process results in
a larger barrier (1.94 eV) and a resistant migration path of
K+ than that of Cl� . Molecular dynamics (MD) simulations
present the ion movement process, with snapshots taken at 0
and 3 ns. The top view exhibits the kinematic coupling and
decoupling between the V2DP backbones and Cl� ions,
showing the formation of a continuous Cl� transport path-
way (Figure 5e–f). In contrast, K+ are repelled by the
positive pyridine rings and located at the center of the
nanochannel, indicating that K+ cannot undergo continuous
transport through the adsorption sites on the V2DP back-
bone. This observation is consistent with the results from
DFT calculations. Consequently, Cl� ions can migrate much

Figure 5. Molecular insight. (a) Single-layer V2DP structure model used for density functional theory (DFT) calculations. (b) Calculated adsorption
energies of A- and B- sites for Cl� and K+ ions. (c, d) Ion migration pathway and energy barrier across the V2DP model structure, (c) Cl� ion, (d)
K+ ion. (e, f) Molecular dynamics (MD) of ion movement process across the V2DP model structure, (e) Cl� ion, (f) K+ ion.
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easier across V2DP than K+, ultimately realizing the
efficient anion selectivity of V2DP.

Conclusion

In summary, we present a fully crystalline viologen-based
2DP membrane with tailored pore size and high charge
density for high-performance osmotic energy conversion. By
facilitating efficient anion transport dynamics, V2DP mem-
branes exceptionally overcome the trade-off between ionic
flux and selectivity. The transference number achieves a
substantial value of 0.70 for Cl� , which is considerable for
the large pore size (~4.5 nm) of V2DP. Upon mixing
artificial seawater and river water, V2DP membranes realize
a remarkable current density of 5.5×103 Am� 2 and superior
power density of up to 55 Wm� 2, outperforming the
performance of most anion-selective membranes. Both
experiments and simulations validate the presence of
abundant positively charged anion binding sites distributed
on the V2DP backbones, forming a continuous anion trans-
port pathway and reducing the anion transport energy
barrier, hence realizing the high anion transport efficiency.
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Two-Dimensional Polymer Membranes as
Nanopower Generators

We developed a fully crystalline violo-
gen-based 2DP (V2DP) membrane that
can simultaneously achieve high ionic
flux and selectivity, possessing great
positive charge density and abundant
ion transport nanochannels. Benefitting
from the tailored pore size of 4.5 nm, it
demonstrates an impressive current
density of 5.5×103 Am� 2 and maintains a
substantial anion selectivity of 0.70, as a
result, it realizes a remarkable power
density of 55 Wm� 2.
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