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ABSTRACT: Generating electricity from a salinity gradient,
known as osmotic power, provides a sustainable energy source,
but it requires precise nanoscale control of membranes for
maximum performance. Here, we report an ultrathin membrane,
where molecule-specific short-range interactions enable giant
gateable osmotic power with a record high power density (2
kW/m? for 1 M||1 mM KCI). Our membranes are charge-neutral
two-dimensional polymers synthesized from molecular building
blocks and operate in a Goldilocks regime that simultaneously
maintains high ionic conductivity and permselectivity. Molecular
dynamics simulations quantitatively confirm that the functionalized
nanopores are small enough for high selectivity through short-
range ion—membrane interactions and large enough for fast cross-

™
Power density ~ 2000W/m? .

Short-range interaction

membrane transport. The short-range mechanism further enables reversible gateable operation, as demonstrated by polarity

switching of osmotic power with additional gating ions.

B INTRODUCTION

Osmotic power or “blue energy”, is emerging as a new form of
renewable energy suitable for a wide range of applications
including megawatt power plants at estuaries, medical implant
devices, and microscopic iontronics.'~* The key component to
osmotic power generation is a permselective membrane that
enables selective transport of cations over anions (or vice
versa), which leads to a higher current II'| for one kind of ions
over the other II'| (Figure 1A). The requirement for high
osmotic power generation is straightforward in principle: the
membrane needs to maximize the product of net ionic current
(I, = II' + I'l) and the voltage (V,; determined by
permselectivity II'/I'l) across the membrane for a given
concentration gradient (A = Cy/Cy, where Cy and Cy are the
ionic concentrations on either side of the membrane).
Therefore, an ideal permselective membrane should have
both large ionic conductivity and high selectivity, although
existing membranes generally increase one aspect at the
expense of the other.

Recently, nanoporous two-dimensional (2D) materials have
emerged as a platform with exceptional ionic conductivity
because of their nanoscale thickness and high porosity.
However, despite significant improvements in power density,
the permselectivity of these membranes still has much to be
improved.”™"" For high permselectivity, there are two principal
driving forces: long-range and short-range interactions. A well-
known example of the former is charge—charge Coulomb
interactions. When a membrane is electrically charged, it
attracts/repels the ions of the opposite/same charge, therefore
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creating a concentration imbalance and permselectivity. This
effect, however, becomes ineffective in nanoporous membranes
with reduced physical space (i.e., in membranes that are
thinner and more porous) to accommodate charges because it
relies on volumetric charge screening.s’1 -
range interactions (Figure 1B) rely on the specific nature of
pairwise interactions (e.g., hydrogen bonding, coordination,
dipole—dipole) between the ions, membrane, and water
molecules and become significant for membranes with smaller
pore sizes (below a few nanometers). If an ion’s binding energy
to the membrane (&y;,4) is larger than that to water (ey ), the

'S In contrast, short-

ionic movement will slow down as the ion easily binds to the
membrane (red ions, Figure 1B). On the other hand, if &y;,4 <
€y,0, the ion prefers remaining fully hydrated (blue ions,

Figure 1B, left) and therefore diffuses faster than the bound
ions. This mechanism enables permselectivity with unique
properties different from the long-range mechanism; it is
effective for a charge-neutral membrane; the selectivity is
determined by the binding strength rather than the charge
polarity of the ion; and it can be further tuned by the
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Figure 1. Osmotic power generation using 2DNP. (A) Schematic illustration of osmotic power generation using the permselective 2DNP
membrane. (B) (Left) Illustration of permselectivity through pairwise short-range interaction and (right) the corresponding energy diagram sketch.
(C) Structural backbone of the 2DNP membrane. (D) CI~ (red) and Na* (blue) distribution within a single 2DNP (4-layer) nanopore calculated
using CG-MD simulations. Center-to-center distance of edge carbon atoms is 2.25 nm, resulting in an open pore size of ~1.9 nm. The dashed
circles indicate the positions of —OH groups, and each pixel is 1 X 1 A%

composition of ions and pore dimensions for advanced
operations such as gated ionic transport and sensing.lé’17

Despite such advantages, there exist to date limited reports
of high osmotic power generation primarily based on short-
range interactions. Ideally, such studies would require 2D
nanoporous membranes with (a) high ionic conductance and
permselectivity, (b) nanoscale pores with precisely known
functional groups, and (c) a theoretical model based on
specific short-range interactions predicting further performance
optimization. Instead, permselectivities in previously reported
nanoporous membranes, made of single-layer polycyclic
aromatic hydrocarbons® and ultrathin holey-graphene-like
membranes,” were all attributed to the Coulomb screening
effect from the membrane surface charges. This also includes
recent reports of high-power membranes showing opposite
permselectivities despite very similar imine-linked porphyrin
backbones.'”"® This apparent discrepancy and the nanoscale
pore sizes of these membranes suggest that the short-range
interactions may play an important role in explaining these
previous studies and further development.

Here, we report an ultrathin 2D nanoporous polymer
(2DNP) membrane, where short-range interactions enable
giant gateable osmotic power generation. Our study, including
both experiments and simulations, shows that our 2DNP
membrane meets all of the requirements listed above: it
demonstrates high ionic conductance thanks to nanoscale
thickness and large nanopore density; its pores are precisely
defined through bottom-up synthesis; and despite the charge-
neutral structure, it shows a high permselectivity and osmotic
power densities. Molecular dynamics (MD) simulations
explain the high permselectivity and identify the optimal
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“Goldilocks” zone for the nanopore size. Furthermore, the
short-range selectivity mechanism enables new functionalities,
including ion-gated switching of osmotic power.

B RESULTS AND DISCUSSION

Membrane Design and Device Fabrication. The design
of our 2DNP membrane is illustrated in Figure 1C. The imine-
linked backbone results in a high density of ~2 nm nanopores
(~2.5 nm center-to-center distance between neighboring
pores) that are decorated by phenolic —OH groups introduced
through one of the monomers. Here, —OH, one of the most
common functional groups, is specifically chosen for two
reasons: (i) at moderate pH conditions (5—8), —OH is
virtually free of deprotonation due to its large pKa (~10) and
leaves the 2DNP charge neutral and (ii) due to the large
polarity and hydrogen bonding capability, it can bind strongly
to various ions, with &gy, the ion—OH binding energy,
comparable to £y o, the ion—water binding energy (Table S1).

As an important example, the previous studies showed that C1~
binds more strongly to —OH (i.e., £oy > SHZO),D’ZO while Na*

prefers binding to a water molecule (o < EHZ()).zl’22 Such

binding preferences make —OH groups play an important role
in permselective ion transport. This is clearly demonstrated by
our coarse-grained molecular dynamic (CG-MD) simulations,
shown in Figure 1D. It plots the density distribution of Na*
(blue color) and Cl~ (red) during the diffusion process across
a membrane with ~2 nm nanopores decorated by —OH
(dotted circles). Clear patterns emerge: while Cl™ is strongly
localized near the —OH groups, Na* stays away from —OH.

https://doi.org/10.1021/jacs.2c12853
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Figure 2. Fabrication and characterization of the 2DNP membranes with high ionic conductivity. (A) SEM image of 2DNP suspended over a 2 ym
hole in the carbon film. (B) (Left) AFM image of 2DNP transferred on a SiO,/Si substrate. A line profile across the 2DNP edge is overlayed.
(Right) Height histograms for the corresponding areas in the AFM on the left (purple: SiO,/Si substrate, green: 2DNP). (C) Fabrication of 2DNP
microfluidic devices. (D) I-V responses of a representative 2DNP membrane with different salt concentrations (Cy; = C; ). (E) Conductance of the
2DNP membrane in (D) at different KCI concentrations. The dashed lines are calculated for different constant surface charge densities, and the
solid line is the best fit of the data to a variable surface charge model. (F) Relative mobility ratios of different tetraalkylammonium cations to CI~
(normalized by their mobilities in bulk solutions). The dashed line is the best fit to the data using a hydrodynamic model. The extracted pore size

from the fit is ~1.9 nm.

This indicates a preferential binding of CI” to the —OH
groups, enabling selective transport of Na* over CI™.

Our 2DNP membrane was synthesized using a recently
developed interfacial synthesis technique named laminar
assembly polymerization (LAP).”* 2,5-Dihydroxyterephthalal-
dehyde (TPA-OH) and $,10,15,20-tetrakis(4-aminophenyl)-
21H,23H-porphine (TAPP) were crosslinked through a Schiff-
base reaction at a pentane/water interface to form the designed
2DNP membranes. The absorption spectrum of the membrane
shows a strong peak from the porphyrin Soret band (~440
nm), and the formation of an imine linkage was confirmed by
Fourier-transform infrared (FTIR) spectroscopy (Figures Sl
and S2), although no X-ray or electron diffraction data could
be collected. The synthesized 2DNP membrane is optically
homogeneous over a cm-scale and mechanically robust. As a
result, the membrane can be transferred to various substrates
and suspended over micron-sized holes (Figures 2A and S3).
The 2DNP membrane has a uniform thickness of less than 2
nm (3—4 layers) and a smooth surface with roughness (~0.1
nm) comparable to that of the underlying SiO,/Si substrate, as
measured using atomic force microscopy (AFM) (Figures 2B
and S4).

High Cross-Membrane lonic Conductivity. For ion-
transport measurements, customized microfluidic devices
(illustrated in Figure 2C) integrating a 2DNP membrane
(diameter between 200 and 500 nm) were fabricated, and the
current—voltage (I—V) characteristics were collected using a
pair of Ag/AgCl electrodes. The ionic concentrations of the
solutions on either side of the membrane were controlled
independently (Cy and C.), generating a concentration
gradient A = Cy/Cy, ranging between 1 and 1000.

Figure 2D shows I-V curves measured from a representative
device using KCl solutions of three different concentrations
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(C; A = 1). The ionic conductance (G) of the membrane,
measured from the slope of these linear I-V curves, is plotted
at different C values in Figure 2E. It shows that G
monotonically decreases with C; at higher C (>10 mM), G
decreases linearly with C, whereas the dependence is sublinear
at lower values of C. Such behavior is significantly different
from that of an electrically charged membrane, where G
remains constant at low salt concentrations as the ionic
conductance is dominated by surface charges.”**** For
comparison, G versus C curves (dashed lines) expected for
three different surface charges (1, 0.1, and 0 mC/m?) are
shown in Figure 2E. In contrast, our data do not show a
constant minimum; instead, they agree well with a variable
surface charge model where G scales with C'3 at low
concentrations (solid line).”® This behavior is related to the
adsorption of charged species onto a neutral surface, consistent
with the charge-neutral structure of our 2DNP membrane. Our
data also confirm that the 2DNP membrane is highly
permeable to ions. The areal ionic conductance G/A of our
membrane reaches ~500 S/cm?* for 1 M KCI, where A is the
membrane area defined by the aperture of the SiN, support
(Figure SS). This is one of the highest values reported to date
for osmotic power membranes (Table S2).

The pore size of the 2DNP membrane was estimated by
measuring the transmembrane conductance of a series of
tetraalkylammonium chlorides [(C,H,,,;),N]Cl with increas-
ing alkyl chain lengths (n = 1—5). Thanks to their small sizes
(~1 nm in diameter) and the rigidity of the alkyl chains, the
interaction between these ions and the 2DNP membrane is
dominated by their ionic nature. Therefore, these ions allowed
us to only increase the size of the cation without significantly
affecting the ion—membrane interactions. As # increases, the
cross-membrane mobility of the cation (a,,) will decrease

https://doi.org/10.1021/jacs.2c12853
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Figure 3. Giant osmotic power generation from 2DNP membrane. (A) I-V characteristics of a 2DNP membrane at A = 10 and A = 1000. (B)

Vo and I,

osm osm

of 2DNP measured at different A. (C) P,,,, of 2DNP membrane at different pH. (D) Comparison of power densities (P) for our

2DNP membrane (stars) and previously reported materials (squares for sub-10 nm nanoporous membranes, triangles for composite membranes,
and rhombuses for polymeric membranes). All power densities are taken from ambient pH conditions.

relative to the bulk value (@) because of the small pore size
and steric hindrance, and a simple hydrodynamic model

predicts
2
o
D 1)

where a,, and oy, are each normalized using the mobilities of
CI” as a reference, d is the diameter of the hydrated cations, D
is the diameter of the pores, and ¢ is a constant coefficient”’
(details in the Supporting Information). Figure 2F plots our
experimental results (also see Figure S6). It shows a significant
mobility reduction for larger cations; the best fit to the data
(dashed curve) yields D ~ 1.9 nm, close to the designed size of
the pores in our membrane (see Figure 1C). Therefore, the
data in Figure 2 confirm that our 2D polymer membranes have
properties closely following the molecular design, including
nanoscale thickness, high porosity, and a nanoscale (~2 nm)
pore size.

Giant Osmotic Power Generation. The ion-transport
measurements conducted with a salinity gradient A (>1)
confirm high permselectivity and osmotic power generation.
Figure 3A shows I-V curves measured using our 2DNP
membrane under A = 10 and 1000 with KCI solutions (also
see Figure S7). Both curves show positive current I, at a zero
bias, confirming the net osmotic current. The osmotic
potential V,  is measured from the x-intercept as it measures
the external potential that stops the osmotic current; for
example, we measured Vo, ~ 120 mV for A = 1000. These
observations are the results of permselective ion transport, and

am

Qpulk
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the positive I, suggests that the membrane is cation-selective
(see Figure S7, the circuit diagram). Other monovalent ionic
solutions (i.e., NaCl, LiCl) also show similar properties (Figure
S8), which are consistent with the short-range interaction
mechanism introduced in Figure 1 and the preferential binding
of CI” to —OH. Both V,, and I, increase with increasing A

(Figure 3B), and the cation selectivity S of the membrane can
be calculated using the equation®®

y..C
_ R 1[_]
nCo )

where R is the universal gas constant, T is the ambient
temperature (296 + 3 K), z is the charge valence of ions, F is
the Faraday constant, and yy and y; are the activity
coefficients™ of KCl at concentrations Cyy and Cy, respectively.
S here is defined as S = t, — t_, where f, and t_ are the
transference numbers of cations and anions across the
membrane, respectively. From our data, we extract S ~ 0.6,
which is higher than the values for previously reported
ultrathin 2D nanoporous membranes and single pores in 2D
materials.”%%>°

Because the I—-V response is linear within the range of
interest, the maximum power density (P,,,,) of the membrane

max)
can be estimated as P, = I i, Vool /4A. For the device shown

osm

in Figure 3A, P, is higher than 2 kW/m” at A = 1000 (KCI
solutions), setting a record for any reported porous
membranes. When NaCl solutions were used for osmotic
power generation in a more practical scenario, the 2DNP

retained its high performance, and a power density of 350 W/

https://doi.org/10.1021/jacs.2c12853
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Figure 4. CG-MD simulated ion transport for optimal performance. (A) Snapshot of a representative simulation box used in CG-MD simulations.
Inset: permeation of Na* and Cl™ across the 2DNP membrane from the simulation. (B) S and Q as a function of Dyore (6 = 1.3 and Oy, = 0.8).

(C) Power output of the membrane (§ X Q) as a function of Dy,
and Dy (E) Schematics for ion transport at different pore sizes.

(61 = 1.3 and Oy, = 0.8). (D) Heatmap of S X Q for various combinations of O

m? was achieved with artificial seawater and river water (0.5
M||0.01 M NaCl, Figure S9). Surprisingly, our 2DNP
membrane can generate high osmotic power under a large
range of pH (Figure 3C). This is drastically different from the
case of charge-based membranes whose power performance is
sensitive to pH, which modulates the membrane surface charge
densities. The pH tolerance of power output from charge-
neutral membranes is consistent with permselectivity based on
short-range interactions, whose pairwise specificity is less
sensitive to pH conditions.”"* Figure 3D compares the
osmotic power density reported from the previous studies with
our results (red stars). It clearly shows that our 2DNP
produces the highest power density at various
A>7H10182533739 Thig high performance is a direct result of
the combination of high ionic conductance and high
permselectivity, without a strong trade-off between the two
that limits the performance of many ultrathin mem-
branes.>*%'?

Our results demonstrate that both the permselectivity and
ionic conductance can remain high because short-range
interactions are effective even in a porous and ultrathin
membrane. The effectiveness of this mechanism will change
sensitively, depending on the nature and strength of each
interacting pair and the precise geometry of the membrane
system. For systematic optimization and advanced application
developments, it is essential to understand the role of short-
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range interactions and the nanopore dimensions during the ion
transport.

MD Simulation for Optimization. For this, a CG-MD
model incorporating realistic elements was developed.*”*" The
essential structural features of the 2DNP are represented by
porous carbon networks with —OH groups placed at all edges
of each pore (Figure S10). Thereafter, a wide spectrum of
membranes with different pore-to-pore distances D, (which
is about 0.4 nm larger than the actual pore size due to the van
der Waals volume of carbon atoms), 2DNP layer numbers #,
and &gy were investigated using CG-MD simulations. A key
parameter for the short-range interaction in our simulations is
0,0y the ratio between a specific ion’s binding energies to —OH
versus H,O (eon/ SHZO) , making the ion more likely to bind to
—OH if 8,,, > 1. The previous studies indicate that ¢ = 1.2 ~
1.4, whereas Oy, ~ 1.”%**

Figure 4A is a snapshot taken from a simulation run (at t =
25 ns) with parameters that closely represent our experiments
(DPC,re =225 nm, n = 4, and O, = 1.3). High concentration of
NaCl (Cy = 3 M) was introduced from one side to diffuse
across the membrane to pure water, and the total number of
permeated ions N’ (normalized by the membrane area) was
recorded as a function of time t. Figure 4A (inset) plots N'(t)
for Na* and CI” up to t = 25 ns. Ny, is larger than Ng,
throughout the simulation with the Na*/Cl™ flux ratio ~5; this
corresponds to S ~ 0.7, a value similar to our experimental

https://doi.org/10.1021/jacs.2c12853
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values (Figure 3A,B). While the actual permselective process
may involve complicated effects such as the rearrangement of
the hydration structure, our results in Figures 4 and SII
suggest that the relative binding strength 6, was the dominant
factor in our tested conditions with both the polarity (i.e.,
cation selectivity) and the magnitude of the permselectivity
reproduced by our simulations. However, as the pore sizes
enter the sub-nanometer regime, we expect the hydration
structure to become much more important and it must be
considered for an accurate description.

In addition to S (which is proportional to the generated
osmotic potential), the simulated N’ is used to calculate Q, the
net number of permeated charges (representing osmotic
current). Studying how they change with D, or ¢ will
quantify these parameters’ effects on the osmotic power
performance (proportional to S X Q). First, our simulations
show that, as 6 is gradually reduced from 1.4 to 1.2, both S
and Q decrease rapidly leading to vanishing osmotic power
generation (Figure S12). This demonstrates the dominant role
of the short-range —OH—CI™ interaction for high power
generation. Second, as D, increases from 1.5 to 2.5 nm, S
continuously decreases (I;‘ed points, Figure 4B). Q, on the
other hand, initially increases but saturates at larger D, (blue
points, Figure 4B), even though individual fluxes of Na* and
Cl™ continue to go up (Figure S13). This shows that there
exists a narrow range for D, where both S and Q remain high
for osmotic power generation, as confirmed by the plot of § X
Q in Figure 4C. Below this range, D, is too small and the
steric hindrance of the pore significantly blocks ionic transport
leading to a small Q (Figure 4E, bottom); above this range, the
short-range effect of the —OH—CI™ binding is too diluted,
leading to a small S (Figure 4E, top).

To maximize the osmotic power output from a membrane, it
is essential to find a molecular design by employing an
approach that systematically balances the steric hindrance and
the short-range interactions. Our CG-MD simulations provide
a powerful tool for identifying such designs. Figure 4D shows a
2D map of § X Q simulated as a function of O, (x-axis) and
Do (y-axis), where we find the maximum D, = 2.25 nm and
Oc = 1.4. In addition, it identifies a region of parameters
(dashed boundary) with a high expected power (>70% of the
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maximum ), which can be considered a “Goldilocks zone”. The
power generation is efficient only for a very narrow range
(~0.5 nm) of Dyore and for O, larger than 1.2. While a larger
Oc, is preferred in general (Figure S12), the optimal value of
Dyore slightly changes for each 6g. Our simulations are
consistent with several recent experimental results on
membranes of similar structures'”'®** and confirm that the
parameters for our 2DNP membranes are found within the
Goldilocks zone, which explains the giant osmotic power
shown in Figure 3. Significant permselectivity and osmotic
power generation were also observed from a membrane with
randomly positioned —OH groups (producing less long-range
order), which indicates the generality of the short-range
permselectivity (Figure S14). Although our MD simulation
and experimental realization are based on specific —OH—ion
(K*, Na*, and CI7) interactions, the same paradigm can be
applied to different functional groups (such as —NH, and
>C=0) and ionic species to realize the desired permselective
ion transport in a wide range of systems (e.g, halogen salts,
nitrate salts, and sulfate salts). This signifies the critical role of
a precise molecular design for high-performance osmotic
power generation as well as other membrane applications
based on effective short-range interactions.

Gated Switching of Osmotic Power. One expected
consequence of the short-range interaction mechanism is that
the relative, not absolute, strengths of the binding energy
determine which ions move faster across the membrane. For
example, if we replace the monovalent cations (Li*, Na*, K*)
with other ions that interact with —OH more strongly than (or
as equally as) CI, the same 2DNP membrane could become
anion-selective (or non-selective). This is indeed what we
observed in our experiments. First, the I-V curve taken from
our 2DNP membrane with AICl; (upper inset, Figure SA; red
curve) shows a high osmotic power generation, but the polarity
of the current and potential is reversed compared to that seen
with KCI (blue), confirming the anion selectivity. Figure SA
plots the ratio of ionic mobilities for the faster ions (u,) and
slower ions (yg,,) in different metal chloride salts. The high
cation selectivity observed for monovalent cations (K*, Na*,
and Li*) flips to high anion (CI7) selectivity for multivalent
cations (Mg*", Fe**, and AI**), with Ca*" producing nearly no
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selectivity. The polarity switching and the ambipolar operation
are consistent with the increased binding energy expected
between polar —OH and multivalent ions. This makes Mg*,
Fe®*, or A’ (not CI”) bind more strongly to —OH, freeing
Cl™ to move faster for anion selectivity (see the schematics,
Figure SA).

Moreover, preferential binding to certain cations enables
gated switching of osmotic current, where a small number of
ions that strongly bind to —OH drastically alters the transport
of other ionic species, through the combination of steric and
electrostatic interactions (see the schematics in Figure SB). For
example, adding AP at a low concentration to KCl solution
can saturate the binding sites of the nanopores. While this
enables both K* and Cl™ to move freely without binding to
—OH, the transport of Cl™ is preferred thanks to the Coulomb
attraction between CI” and AI’*, as demonstrated by our
experiments in Figure SB. The addition of 0.1 mM AP** to KCl
solutions (1 M||0.1 M) across a 2DNP membrane completely
reverses the osmotic current and potential (I — II). The
original I-V curve was almost fully recovered when we
regenerated the membrane using EDTA, a strong binding
agent that removes AI’** from the solution (II — III). This
series of experiments demonstrates that our 2DNP membranes
operating with short-range interactions can generate giant
gateable osmotic power, which can be used for ionic logic
devices and sensitive ion detection. Additional experiments
strongly suggest that these behaviors cannot be explained by
the direct binding of multivalent (e.g, AI’*) ions at the
porphyrin moieties, which usually requires much harsher
conditions. First, similar gated switching of osmotic power was
observed in a 2DNP made with Ni(II)-metalated porphyrin
monomers (Figure S15). Second, 2DNP membranes made
with Co(III)-metalated porphyrin monomers showed the same
cation selectivity as in the 2H-TAPP membrane (Figure S16).

B CONCLUSIONS

Our high-power osmotic membranes based on precise
molecular design and MD-based optimization highlight the
importance and exciting opportunity of chemical specificity
and short-range interactions for permselective ion transport,
which are often overlooked. The Goldilocks design principle
also provides an additional guideline for future membrane
design and optimization with both scientific and practical
applications. For example, combining MD simulations with ab
initio quantum chemical calculations*’ can generate a deeper
understanding and more accurate predictions of cross-
membrane ionic transport with atomistic details. While our
2DNP membrane demonstrates great potential for osmotic
power generation, production and application of upscaled
2DNP membranes remain challenging despite recent advan-
es.'®** A combination of precise molecular synthesis and
new strategies for large-scale membrane fabrication and
integration would be necessary to unleash the full potential
of 2DNP membranes for high-performance osmotic power
generation, water desalination/purification, and ion separa-
tion/extraction.**~*®

B EXPERIMENTAL SECTION

Materials. All chemicals were commercially available and used
without further purification.

Synthesis of 2DNP Membranes. 20 yL of 0.2 mM 2H-TAPP
solution in pyridine/methanol (3:1 v/v) was introduced to a pentane/
water interface using a syringe pump equipped with a 100 yL syringe.
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Aqueous TPA-OH solution was then introduced to the water phase to
reach a final concentration of 5 X 107> M. The reaction system was
then kept undisturbed for at least 12 h to allow complete
polymerization. After the polymerization, the membrane was either
drained onto a pre-submerged substrate or horizontally transferred
from the top.

lon Transport with Customized Microfluidic Devices. The
2DNP membrane was first transferred to a SiN, support (50 nm) with
a submicron hole at the center. The hole was created using a focused
ion beam. The SiN, support and the 2DNP membrane were then
mounted between two customized acrylic compartments using
silicone O-rings. A pair of Ag/AgCl electrodes was used to apply
voltage and collect current from the microfluidic device. The voltage
was supplied using a NI-6341 I/O device, while the current was first
amplified by a SR-570 preamplifier and then analyzed by the I/O
device. To eliminate the capacitance effect from SiN,, in all -V
measurements, a dc current was obtained by applying a constant
voltage for at least 5 s and then using an exponential fit to get the
steady-state current. The redox potentials of the Ag/AgCl electrodes
were measured against a saturated Ag/AgCl reference electrode, and
the contribution from their potential difference in the osmotic power
generation was subtracted.

Characterizations. The UV—vis absorption spectrum of the
2DNP was taken by an Agilent Cary 5000 UV-vis—NIR
spectrophotometer. FTIR spectra of the 2DNP membrane, TAPP
powder, and TPA-OH powder were collected using a Thermo Nicolet
NEXUS 670 with an attenuated total reflection (ATR) accessory.
SEM imaging was done by either a Zeiss MERLIN field emission
scanning electron microscope (FE-SEM) or a TESCAN LYRA3 FE-
SEM (with FIB), both at 3 kV. Ambient AFM imaging was conducted
using a Bruker Dimension Icon on 2DNP membranes transferred
onto a SiO,/Si substrate.

MD Simulation. MD simulations of the 2DNP membranes were
performed with LAMMPS.* We modeled water with the monatomic
water model mW."" NaCl is modeled with a coarse-grained ion
model*® parameterized to reproduce the water’s solvation of ions. The
backbone of the two-dimensional polymer is represented by a chain of
CH, groups with the Lennard-Jones interactions of the UA-OPLS*
force field. The hydroxyl groups were modeled with mW. The
interactions between the OPLS carbon and mW water/Na*/Cl™ ions
were described by the same Lennard-Jones potential parameterized in
a previous study to reproduce the surface tension of the nonane—
water interface.”’ The interaction between OH and mW water was
the same as that between mW water molecules. We scaled the
interactions between OH and Na*(Cl”) from the interactions
between water and Na"(Cl™). We refer to this ratio of specific ion’s
binding energies to —OH versus H,0 (goy/ EHZO) as the key

parameter for the short-range interaction. We fixed the positions of
the two-dimensional membrane, so that there were no effective
interactions between OPLS carbon and OH groups in the membrane.

We performed MD simulations of ion transport across the two-
dimensional membrane. Each simulation box contained a 32 nm water
slab and a membrane of 4 X 4 pores. The membrane was fully
immersed in water, with a 16 nm water slab on each side (Figure 4A).
The pore-to-pore distance D, ranged from 1.5 to 2.5 nm (Figure
S10). Periodic boundary conditions were applied in the two directions
parallel to the membrane (x & y), and fixed walls were placed at the
ends of the simulation box along the z direction to confine the ions in
the box. We placed 3 M of the ions on one side of the box and
referred to this side as the high-concentration side and the other side
as the low-concentration side. A typical simulation box of a D, = 2
nm membrane contained 68020 water molecules and 1840 Na* and
CI” ions, respectively. Each simulation box was equilibrated for 50 ns
at 300 K in the NVT ensemble. After ions diffused across the
membrane, we moved the ions on the low-concentration side of the
membrane back to the high-concentration side of the box, while
keeping the ions within the membrane in place. We then equilibrated
the high-concentration side of the simulation box for 5 ns at 300 K in
the NVT ensemble before we performed the ion-transport
simulations. To compute the number of permeated ions N'(t) and
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the Na*/CI™ flux ratio, we ran five independent repetitions of each
simulation condition and counted the numbers of Na* and CI~ ions,
N'(t), that were transported across the membrane every 1 ns for the
first 25 ns (Figure 4A inset). To avoid overcounting ions stabilized by
the membrane, we excluded ions within 0.5 nm of the membrane.
Note that we normalized the number of permeated ions N'(t) by the
corresponding membrane area A. We fit a linear curve N'(t) = Rt
to the data points obtained from these five repetitions and computed
the Na*/Cl™ flux ratio as Ry,/R¢. The net number of permeated
charges was computed as Q = Ny,(t = 25 ns) — Ng(t = 25 ns)
(Figure S13). The ion density maps in Figure S11 were computed
from the density of ions within the membrane for the five 25 ns
simulations with Dy, = 2.25 nm and 6, = 1.3. The grid size was 0.1
nm in both directions. The density plot in Figure 1D was computed
from the average ion density of all pores from the same simulation set.
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