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Giant Blue Energy Harvesting in Two-Dimensional Polymer
Membranes with Spatially Aligned Charges

Xiaohui Liu, Xiaodong Li, Xingyuan Chu, Bowen Zhang, Jiaxu Zhang, Mike Hambsch,
Stefan C. B. Mannsfeld, Mino Borrelli, Markus Loffler, Darius Pohl, Yuanwu Liu,

Zhen Zhang,* and Xinliang Feng*

Blue energy between seawater and river water is attracting increasing interest,
as one of the sustainable and renewable energy resources that can be
harvested from water. Within the reverse electrodialysis applied in blue energy
conversion, novel membranes with nanoscale confinement that function as
selective ion transport mediums are currently in high demand for realizing
higher power density. The primary challenge lies in constructing well-defined
nanochannels that allow for low-energy barrier transport. This work proposes
a concept for nanofluidic channels with a simultaneous dual electrostatic
effect that can enhance both ion selectivity and flux. To actualize this, this
work has synthesized propidium iodide-based two-dimensional polymer
(P1-2DP) membranes possessing both skeleton charge and intrinsic space
charge, which are spatially aligned along the ion transport pathway. The dual
charge design of PI-2DP significantly enhances the electrostatic interaction
between the translocating anions and the cationic polymer framework, and a
high anion selectivity coefficient (~0.8) is reached. When mixing standard
artificial seawater and river water, this work achieves a considerable power
density of 48.4 W m~2, outperforming most state-of-the-art nanofluidic
membranes. Moreover, when applied between the Mediterranean Sea and the
Elbe River, an output power density of 42.2 W m~2 is achieved by the PI-2DP.
This nanofluidic membrane design with dual-layer charges will inspire more

1. Introduction

Water, a ubiquitous and essential element
on our planet, holds immense potential as
a source of energy in various forms, such as
hydropower, tidal energy, and blue energy.
Among these renewable and sustainable
energy resources, blue energy derived from
the encounter of oceans and rivers shows
significant promise due to its daily con-
stancy compared to others.!!] Reverse elec-
trodialysis is the main technology to harvest
and convert the Gibbs free energy available
in a salinity gradient into electrical power,
in which the ion-exchange membrane is a
fundamental component.[>?! However, tra-
ditional membranes such as commercial
ion-exchange membranes are hindered by
their high ion transport resistance, which
results in low power densities of less
than 2 W m~21%6] Therefore, developing
novel membranes with nanoscale confine-
ment serving as a selective ion transport
medium is crucial.l’l Towards this end, sin-
gle nanofluidic channels with high power

innovative development of ion-selective channels for blue energy conversion

that will contribute to global energy consumption.

densities have been explored through com-
plicated fabrications, such as single boron
nitride nanotubes and single-layer MoS,
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membranes with drilled pores.®1% Recently, two-dimensional
(2D) membranes that can be facilely integrated with nanofluidic
channels are becoming promising candidates, such as restacked
exfoliated graphene and transition metal carbide/nitride
nanosheets that use the interplanar spacings and interstitial
gaps as ion transport channels.''"*°l To date, the major chal-
lenge is to construct well-defined nanochannels that allow for
low-energy barrier transport under the water salinity gradi-
ents. In general, ion transport relies strictly on the collective
interaction of confined charges with the mobile ions, and thus
the charge distribution inside the membrane channels plays a
decisive role. The post-introducing spatial charge can slightly
increase the charge density of 2D restacked membranes, but
it fails to effectively alleviate the ion transport barrier posed by
their tortuous long channels.l'>] As a result, the achieved power
densities remain limited for the state-of-the-art 2D membranes
(less than 10 W m~2).

In this study, we unveil a confined simultaneous dual elec-
trostatic effect within ultrathin 2D polymer (2DP) membranes,
characterized by precisely defined ion transport channels, which
can significantly augment both ion selectivity and flux, leading
to a marked enhancement in the overall osmotic power output.
Building upon this foundation based on the theoretical design of
dual electrostatic effect (Figure 1a), we successfully synthesized
two types of fully crystalline cationic 2DP membranes using the
on-water surface chemistry: ethidium bromide-based 2DP (EB-
2DP) possessing only skeleton charges, and propidium iodide-
based 2DP (PI-2DP) possessing both skeleton charge and in-
trinsic space charge. The PI-2DP membrane with a pore size
of ~1.8 nm, synthesized from PI monomer with a double unit
positive charge, possesses intrinsic space charges that are spa-
tially aligned, which could couple with the inherent skeleton
charges, synergistically enhancing the anion (Cl~, Br~, I7) trans-
port. Specifically, the PI-2DP achieves an ultrahigh osmotic cur-
rent (I ;) of 4.8 kA m™?, surpassing 2.3 kA m~2 of the contrast-
ing EB-2DP. Moreover, the anion selectivity coefficient of PI-2DP
is nearly twice that of EB-2DP, indicating a low-energy barrier
within its nanochannels. When employed in harvesting the os-
motic energy between artificial seawater and river water, the PI-
2DP membranes deliver a maximum power density of 48.4 W
m~2. When the testing area is reduced to a sub-micrometre scale
(<1 um?), a record value of 259 W m~2 is achieved, outperform-
ing the state-of-the-art nanofluidic membranes. In a real-world
application scenario, combining water from the Mediterranean
Sea and the Elbe River yields an exceptionally high blue power of
42.2' W m~2. This innovative PI-2DP membrane promises to in-
spire advanced ion-exchange membranes and accelerate the har-
nessing of blue energy from the abundant water resources in the
world’s vast oceans and rivers.
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2. Results

2.1. Guided Theoretical Design

We first design the dual electrostatic effect in pore channels based
on numerical simulations using the Poisson and Nernst-Planck
(PNP) equations.[?] As demonstrated in Figure 1a, three types
of models are constructed to simulate the inherent nanochan-
nels: models (i) and (ii) simulate the nanochannels having one
positive charge layer of 1.2 and 1.8 nm diameters, respectively;
model (iii) simulates the nanochannel which has both inner (d =
1.2 nm) and outer (4 = 1.8 nm) positively charged layers. The
cross-section three-dimensional (3D) anion concentration pro-
files corresponding to the simulated models under a concentra-
tion gradient are demonstrated on each model’s right side. It
is clear that the concentration of anions increases closer to the
channel wall due to the attraction from charged sites. Compared
to model (ii), model (i) has a higher anion concentration, which
is attributed to the more overlapping area of the electric double
layer (EDL) in its narrower charged channel. The anion concen-
tration is even higher inside model (iii), indicating its superior
ion-selective transport due to the existence of another charged
layer. We then plotted the ion concentration along both the radial
and axial directions (Figure S1, Supporting Information). Along
the radial direction, the closer to the positively charged sites in the
nanochannel wall, the higher the concentration of anions and the
lower the concentration of cations. Model (iii) has the topmost an-
ion concentration and the least cation concentration compared to
the other two channel models, both in radial and axial directions
benefiting from its dense charge distribution along the channel,
suggesting the most efficient charge separation effect. The cal-
culated electric potential shows the same trend with the anion
concentration along the radial direction (Figure 1b), exhibiting
a sub-peak in the position of the second charge layer. The cou-
pled PNP model allows us to calculate the exact value of the os-
motic current (I ) and osmotic voltage (V) as demonstrated in
Figure 1c. The much higher V_  and I ; of the model (iii) indi-
cates the considerable effects of the inner charged layer on the
osmotic conversion process. As a result, model (iii) yields an os-
motic power density of 7.3 W m~!, which is 16% higher than the
sum (6.3 W m™!) of model (i) and (ii) (Figure 1d).

2.2. Fully Crystalline 2DP Membranes

According to the charge distribution and channel structure in
the above numerical model (ii) and (iii), we thus designed
two types of cationic 2DPs as shown in Figure 2a,b, which
are ethidium bromide-based 2DP (EB-2DP) and propidium
iodide-based 2DP (PI-2DP), respectively. PI-2DP possesses both
spatially aligned skeleton charge and space charge along the
nanochannel, while EB-2DP has only skeleton charge. To investi-
gate the effects of the spatially aligned charge on the selective
ion transport, we also choose another monomer, 3,8-diamino-
6-phenylphenanthridine (DP) as M1 (monomer 1) to synthe-
size DP-2DP that has a similar backbone structure but with-
out charged sites. As illustrated in Figure S2 (Supporting In-
formation), the continuous 2DP membranes are synthesized via
the Schiff-base 2D polycondensation between M1 (PI, EB, DP)
and M2 (monomer 2) (1,3,5-triformylphloroglucinol (TFP), and

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. A model design for the high-performance nanofluidic channel. a) Numerical simulation models of 1D nanochannels and anion concentration
profiles obtained from models (i), (ii), and (iii), respectively. Model (i) and (ii) simulate the nanochannels that have one charged layer of 1.2 and 1.8 nm
diameters, respectively; model (iii) simulates the nanochannel which has both inner (d = 1.2 nm) and outer (d = 1.8 nm) charged layers. b) Variation of
potential along the radial directions of three models. ¢,d) Simulated V¢ and I, (c), and power density (d) of the three models.
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Figure 2. Design and characterization of 2DPs. a,b) Schematics of PI-2DP (a) and EB-2DP (b) designed based on model (iii) and model (ii); X~ represents
CF3;SO;~ and Y~ represents Cl™. ¢,d) Optical microscopy image (c) and SEM image (d) of synthesized PI-2DP membrane. e) FTIR spectra of monomers
and synthesized PI-2DP membrane. f) HRTEM image and SAED (top inset) of the synthesized PI-2DP. Middle inset: magnified HRTEM image of PI-2DP.
Bottom inset: Intensity profiles along the yellow line. g) GIWAXS image of PI-2DP membrane.

2" bistance (nm)

Adv. Mater. 2024, 2310791 2310791 (3 of 11) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob afe saolie O ‘8sn JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SULBYWI0D A8 | ARe.d1jBu 1 {UO//:SANL) SUONIPUOD pue SWe 1 8y} 88S *[202/20/.2] uo Akeidiauliuo (1M 'SO5AUd 21nonnsoliN 6v€ IdIN AQ T620TEZ02 BWIPe/Z00T OT/I0p/LI00 A 1M AlIq U1 |UO//:SANY Wo.) pepeojumod ‘0 ‘G60YTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a b

www.advmat.de

(2}

T
! / 1054 Constant charge model 's
I — === \/ariable charge model
400+ Oigcl:/l Oigc'?/' ; / () = Measured s
< | g ot
c " O 1094 i L
= = <,
—— =T i S A [}
(= T -05 7
: : S g
5 p ! T -~
o & 107 -
-400 ‘ : (&) o =
i
; . : . . 108 - : : .
-0.2 -0.1 0.0 0.1 0.2 10 102 10" 10°
Voltage (V) Concentration (M)
d e f
a5l PI-2DP eisiaisll e—m—
' -0 -EB-2DP 5 PI-2DP9 o o 0o o o o o
o o + + + + + + + + ¥ +
= — 0O -DP-2DP = [ [T+ + + + |
823 . --0--Blank Sihole | < 15
g & g I T S S S | | J
= N — . .
5 20t N 5 EB-2DP® ¢ o ©
[$) o_ . © 0.0+ [ + + + F] \ |
5 ~o N =
g o RN S, | W PI2DP \ | \
BT -0 - -1.51 - + + +
@ 8>-g ——8 o« EB-2DP DP-2DPe- @ o
Tl Qe miommimim=d Ommmemsci D= o DP-2DP 3 T e \ \
1 1 1 1 1 _30
0.0 0.2 0.4 0.6 0.8 1.0 3 6 1 ;
K* @ Cl- pH increases

Concentration (M)

pH

Figure 3. Charge-governed transmembrane ion transport. a) Schematic illustration of the experimental setup for measuring the ionic transport across
the PI-2DP membrane. b) I-V curves of the PI-2DP membrane and blank Si hole measured in 0.1 m KCl electrolyte solution. c) The ionic conductance of
PI-2DP under a series of KCl solution concentrations. The constant charge model assumes the surface charge as 3.45 mC m~2. d,e) Rectification ratio
of PI—, EB—, and DP-2DP membranes under various KCl concentrations (d) and as a function of pH values in 0.1 m KCl solutions (e). f) lllustration of
the selective ion transport inside the Pl—, EB, and DP-2DP channel with different pH values of KCl solutions.

the surfactant-monolayer-assisted interfacial synthesis (SMAIS)
method is employed (Figure S3, Supporting Information).(21:22]
The resultant 2DP membranes from the on-water surface were
then transferred onto various substrates for subsequent char-
acterizations. Under optical microscopy, the 2DP membranes
with homogeneous morphologies were visualized (Figure 2c and
Figure S4, Supporting Information). The thickness of three thin
2DP membranes is in the range of 12-14 nm according to the
atomic force microscopy (AFM) studies (Figure S5, Supporting
Information). In addition, all these three 2DPs can suspend over
large holes on a copper grid, suggesting excellent mechanical sta-
bility (Figure 2d and Figure S6, Supporting Information). The
successful formation of PI-, EB—, and DP-2DPs is further con-
firmed by the lack of the amino peak at 3190 cm™! of M1 and
aldehyde peak at 1642 cm™! of M2 in the Fourier transform in-
frared (FTIR) spectra (Figure 2e and Figure S7, Supporting Infor-
mation). The constituent elements in the membranes are char-
acterized by the X-ray photoelectron spectroscopy (XPS) analysis
(Figure S8, Supporting Information). Then the crystallinity and
lattice structure of 2DPs were characterized by selected-area elec-
tron diffraction (SAED) and high-resolution transmission elec-
tron microscopy (HRTEM) imaging (Figure 2f and Figure S9,
Supporting Information), which demonstrate that the fully crys-
talline 2DPs with crystal domain sizes of 10-70 nm were ob-
tained. The diffraction rings in the SAED pattern also indicate
the polycrystalline nature of these three 2DP membranes (in-
set of Figure 2f, and Figure S9, Supporting Information, insets).

Adv. Mater. 2024, 2310791 2310791 (4 of 11)

The nearest reflection at 0.38 nm~! corresponds to the interpla-
nar spacing of 2.6 nm. Synchrotron grazing incidence wide-angle
X-ray scattering (GIWAXS) analysis was used to study the crys-
tallinity of 2DPs on the macroscopic scale (Figure 2g and Figure
S10, Supporting Information). The resultant unit cell is assigned
with a = b = 3.0 nm, which agrees well with the lattice structure
derived from DFT calculation (Figure S11, Table S1, Supporting
Information) and SAED pattern. The in-plane peaks at Q,, = 0.25
A1 of PI- and EB-2DP correspond to the 100 Bragg reflections
of a hexagonal lattice. A diffuse arc at Q, = 1.82, 1.85, and 1.89
A-1of PI—, EB—, and DP-2DP in the out-of-plane direction reveals
the face-on orientation of 2D polymer layers with a z—x stacking
distance of 0.35, 0.34, and 0.33 nm of PI—, EB—, and DP-2DP,
respectively.

2.3. Transmembrane lon Transport

The achieved PI-2DP membranes have intrinsic nanochannels
with positively charged sites that would attract counter-ions to
form an EDL. Especially, when the channel size is compara-
ble to the Debye length, the EDL would overlap, which would
transport the counter-ions (Cl7) more effectively, while reject-
ing the co-ions (K*) (Figure 3a). To experimentally evaluate
the transmembrane ion transport behavior, we transferred the
cationic 2DP on a silicon wafer which has an open hole of
about 12 um?. The PI-2DP membrane exhibits ionic rectification

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob afe saolie O ‘8sn JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SULBYWI0D A8 | ARe.d1jBu 1 {UO//:SANL) SUONIPUOD pue SWe 1 8y} 88S *[202/20/.2] uo Akeidiauliuo (1M 'SO5AUd 21nonnsoliN 6v€ IdIN AQ T620TEZ02 BWIPe/Z00T OT/I0p/LI00 A 1M AlIq U1 |UO//:SANY Wo.) pepeojumod ‘0 ‘G60YTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

behavior, evidenced by a nonlinear current—voltage (I-V) curve,
which is totally different from the linear I-V curve of the blank
Sihole (Figure 3b and Figure S13, Supporting Information).[2>24
In the plot of the conductance of PI-2DP against the concentra-
tion, the conductance deviates from the linear bulk behavior at
low concentration, and decreases much more slowly as the con-
centration decreases (Figure 3c). This result reveals that PI-2DP
is enabled with charge-governed behavior in the transmembrane
ionic transport, which can be ascribed to its inherent charge.[*’!
By fitting the conductance—concentration data (Section 4.2), we
obtained the surface charge density of about +3.45 mC m~2 for
PI-2DP at 0.1 m KCl, which is higher than other reported 2D
materials such as black phosphorus, graphene oxide, and boron
nitride nanosheets (0.2-2 mC m~2).126%] Both the EB- and DP-
2DP membranes also exhibit ionic rectification behavior (Figure
S14, Supporting Information), implying that they all exhibit net
surface charge in the electrolyte solution. The zeta potential of
the PI—, EB—, and DP-2DP membranes was measured which
are 32.4, 14.2, and —9.1 mV, respectively, indicating the strong
positive charge property and great potential of the PI-2DP in os-
motic energy conversion (Figure S15, Supporting Information).
The ionic diode property of the three 2DP membranes can be
quantified by the rectification ratio, which is calculated as the
ratio of current at a negative potential (—0.2 V) and positive po-
tential (0.2 V) (Figure 3d).2% PI-2DP membranes with spatially
aligned charges in the channels have more effective ion transport
ability which leads to a much higher rectification ratio than that
of EB— and DP-2DP at every concentration of KCl electrolyte. At
0.1 m KCI, PI-2DP reaches a high rectification ratio of 3.1, when
that of EB-2DP and DP-2DP are only 2.4 and 1.9. It is worth not-
ing that the rectification ratio of all the 2DPs decreases with the
increasing KCl concentration, which is due to the thinner EDL at
the higher concentration.3!]

We also found that PI-2DP membrane exhibits more consis-
tent selectivity toward Cl~ ion than EB—and DP-2DP under dif-
ferent pH conditions (blank Si hole shows nonselectivity, Figure
S16, Supporting Information), as judged from PI-2DP’s consis-
tent positive rectification ratio in the pH range 3 to 11 (Figure 3e).
The measured zeta potential of PI-2DP also keeps positive in this
pH range, confirming the stable positive charged property of the
PI-2DP membrane (Figure S17, Supporting Information). At pH
3, they all demonstrate anion selectivity (rectification ratios are
+3.1, +3.0, and +1.2 for PI-, EB-, and DP-2DP, respectively) that
can be ascribed to the positively charged sites already existing in
the PI— and EB-2DP structure, as well as the protonated phenan-
threne N and imine N in all three 2DP membranes (Figure 3f). As
pH increases from 3 to 11, the hydroxyl groups in the skeletons
of these three 2DPs would be deprotonated to a large degree. PI-
2DP shows stable anion selectivity in this pH range (rectification
ratio from +3.1 to +1.7) due to the large population of cationic
sites existing in the PI-2DP’s channel which counteracts the ef-
fect from the deprotonated hydroxyl groups. In contrast, EB-2DP
and DP-2DP change their selective ion type from anion to cation
at pH 9.1 and 3.4, respectively (Figure S14, Supporting Informa-
tion). Because EB— and DP-2DP lack positively charged sites in
the backbone structures, their selectivity is driven by the depro-
tonated hydroxyl groups. Thereby, the stable anion selectivity of
PI-2DP enables its high promising potential in transmembrane
ion transport.
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2.4. Osmotic Energy Conversion

To quantitively demonstrate the influence of charge population
on the selective ion transport process, we applied a range of
KCI concentration gradients on the two sides of the 2DP mem-
branes (Figure 4a). The 2DP membranes can selectively transport
K* or Cl~ depending on their charge polarity, then the net os-
motic potential difference (V) and I, are generated (Figure 4b
and Figure S18 | Supporting Information), which can be directly
recorded from the intercepts of the I-V curves, respectively. As
shown in Figure 4c and Figure S19a (Supporting Information),
the V, of PI-2DP and EB-2DP membranes is both positive, indi-
cating a preferential selectivity toward anions, but with the val-
ues of PI-2DP (+49.4 mV) much higher than that of EB-2DP
(+22.3 mV) at 25-fold KCL. In contrast, the negative V  of the
DP-2DP membrane shows its selective cation diffusion behavior.
The corresponding ion selectivity can be quantified by the selec-
tivity coefficient, S = V, F/RTA In C3233] As shown in Figure 4d,
S of PI-2DP is much higher than that of EB- and DP-2DP in all
concentration gradients, approaching ~0.8 at a 10-fold, which
demonstrates the considerable impact of dual charge sites dis-
tributing along the PI-2DP channel. Moreover, lower S was ob-
served for all three 2DPs in the high-concentration region, which
is because the increased concentration leads to thinner EDL,
and hence lower ion selectivity (Figure 4d, inset). The calculated
transference number t_ = (S + 1)/2 of these three membranes
has the same trend with selectivity coefficient (Figure S20, Sup-
porting Information). For all three 2DPs, the current increases
with the rise of the concentration gradient since I is driven by
the concentration gradient (Figure 4e and Figure S19b, Support-
ing Information). Similar to the case of V,, PI-2DP also exhibits
the highest I, (—58 nA) compared with EB-2DP (—26.7 nA) and
DP-2DP (+22.5 nA), about 120% and 160% higher at 100-fold
concentration gradient, respectively. The osmotic energy conver-
sion performance can be evaluated by the theoretical power out-

put, P = I, X V. /4A (Figure 4f). Due to the higher I, and
V., PI-2DP can achieve a maximum P_, of 40.4 W m=2 at

50-fold KCl, surpassing EB— and DP-2DP by more than 300%.
Next, the salinity gradient between the standard artificial seawa-
ter (0.5 M NaCl) and river water (0.01 m NaCl) was applied to
evaluate the actual working performance. The P, ,, of PI-2DP
membrane reaches 46.8 W m~2, higher than that under 50-fold
KCl (40.4 W m~2) (Figure S21, Supporting Information), which
can be ascribed to the lower diffusion coefficient of Na* ions
(1.33 x 107 m? s7!) versus K* ions (1.96 X 107 m? s71).34 [n
the case of NaCl, the Cl~ diffuses faster, contributing to more ef-
ficient charge separation.®! The influence of the PI-2DP mem-
brane thickness on the performance is also investigated as shown
in Figure S22 (Supporting Information). The enough thickness
can enable sufficient functional groups in the membrane, achiev-
ing an optimal ion selective functionality. Consequently, this re-
alizes enhanced anion selectivity and enlarged anion flux. How-
ever, further increase in thickness causes larger resistance, lead-
ing to a subsequent decrease in I .

The harvested osmotic power can be exported by applying an
external load resistance, and the output power density is cal-
culated as P, = I> X R. Between the artificial sea water and
river water, PI-2DP membranes achieved an outstanding P, of
48.4 W m~2 at 10° Q when the current density equals 2 kA m~2
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Figure 4. Osmotic energy conversion behavior. a) Schematic illustration of the osmotic energy conversion process. b) I-V curves of Pl—, EB, and DP-

2DP under 10-fold KCI concentration gradient. c) V. of PI—, EB, and DP-2D

P membranes measured under 25- and 100-fold KCI concentration gradient.

d) Variations of ion selectivity coefficient in response to increasing KCl solution concentration gradient. e) I, of Pl—, EB, and DP-2DP membranes
measured under 25- and 100-fold KCl concentration gradient. f) The power density calculated based on the measured I, and V,, under different KCI

concentration gradients. g) The current density and power output of PI-2

DP membrane on the external circuit under a 50-fold NaCl concentration

gradient. Inset: schematic of the experimental setup for measuring the osmotic power with an external load resistor. h) Power output of PI—, EB—, and
DP-2DP membranes by mixing natural seawater and river water. i) Power density of PI-2DP membrane with various working areas.

(Figure 4g). The EB-2DP and DP-2DP can only achieve 15.4 and
1.2 Wm™2 at 10° Q with the current density of 1.1 and 0.3 kA m~2
(Figure S23, Supporting Information). We also measure the per-
formance of PI-2DP membranes in long-term (Figure S24, Sup-
porting Information). Under 10° Q external resistance, the cur-
rent density only declines 8% overall after 3 h with replenishment
every hour. After 7 days, PI-2DP is capable of maintaining the P,
of 30 W m~2. These results exhibit that the PI-2DP has consider-
able stability and robustness when applied in osmotic energy con-
version. Furthermore, the natural seawater from Mediterranean
Sea and river water from Elbe River were used to evaluate the
practical osmotic energy conversion (Figure S25, Supporting In-
formation). P, of 42.2 W m™ is obtained by PI-2DP, nearly
three times the 15 W m™ of EB— and DP-2DP (Figure 4h).
The superior P, values of PI-2DP certify the enhanced effect

Adv. Mater. 2024, 2310791 2310791 (6 of 11)

of dual-layer charge in ion selectivity compared to the contrast-
ing 2DPs. When the testing area is reduced to sub-micrometre
scale (<1 um?), PI-2DP achieves an exceptionally high P, of 259
and 310 W m~? in artificial and natural seawater and river water,
respectively (Figure 4i). The outstanding performance in the sub-
microscale device can be ascribed to the lower penetrating resis-
tance, fewer grain boundaries, and fewer stochastic defects in the
2DP membranes.[?2) Such a high power output outperforms the
traditional ion-exchange membranes and the reported nanoflu-
idic membranes, and is even double the value of the state-of-the-
art 2DP and 2D COF membranes (=135 W m~ in artificial sea-
water and river water, Table S3, Supporting Information).[¢! The
outstanding performance of the PI-2DP in experiments agrees
well with our theoretical designs, confirming that enhancement
is achieved by the synergistic effect between the surface charge
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Figure 5. Anion transport mechanism. a—c) I-V curves (a), recorded V. and I ¢ (b), and calculated ion selectivity coefficient and power density (c)
of PI-2DP membranes measured under a 10-fold concentration gradient of KCl, KBr, or Kl solutions, respectively. d) MD simulations of halide ions

diffusion through the PI-2DP membranes in 1 m KCl, KBr, or Kl solutions

, respectively. e) Transfer quantity of CI~, Br~, and |~ ions transport across

PI-2DP membranes as a function of simulation time. f) The ratio of transferred and adsorbed ion quantity of CI~, Br~, and I~ ions when diffusing through
the PI-2DP membrane with and without electric field. g—h) DFT calculation model (g) and adsorption energy (h) of hydrated halide ions adsorbed to the

positively charged sites of the PI-2DP.

and spatially aligned charge inside the well-defined PI-2DP
channel.

2.5. Anion Transport Mechanism

The selective anion diffusion process under a concentration gra-
dient was also investigated using varied potassium halide elec-
trolytes including KCI, KBr, and KI (Figure 5a). Similar to Cl~
ion, the PI-2DP membrane also shows preferential selectivity to-
ward Br~ and I~ ion, but with lower selectivity and ionic flux,
evidenced by the lower V, and I  recorded in Figure 5b. The cal-
culated ion selectivity coefficients in Figure 5c follow the order of
Cl~ (0.68) > Br~ (0.57) > I~ (0.50). Accordingly, the power density
of the KCI system is about 11.2 W m~2, higher than that of KBr
(9.3 W m~2) and KI (7.5 W m~2) when the concentration gradi-
ent is 10-fold. It is interesting that these three halide ions lead
to different selective transport behavior although they have sim-
ilar hydrated diameters and ion mobilities (Table S4, Supporting
Information).>”!
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Molecular dynamics (MD) is performed to provide insight into
the adsorption interaction between the anions and inside chan-
nel of PI-2DPs. The initial simulation model is demonstrated in
Figure S26 (Supporting Information).* The diffusion snapshots
of halide electrolyte (1 M, KX, X = Cl~, Br~ or I7) at 800 ps are
demonstrated in Figure 5d, in which the transport flux across the
membranes follows the order of CI~ > Br~ > I~. Observed from
Figure Se and Figure S27 (Supporting Information), the transfer
quantity of Cl~ is always the highest among the anions until they
are stable, suggesting the preferable transport of CI~ ions. In con-
trast, there is a very obvious gap in the transfer quantity between
I” and the other two (i.e., Cl~ and Br~) that can be ascribed to their
different electrostatic interaction with the channel wall.?®! This
phenomenon implies that I~ ions encounter more friction in-
side the channel and thus their much slower diffusion behavior.
The corresponding ionic currents, calculated as the product of the
slope values for the linear regions of charge transfer—-time curves
and the elementary charge, follow the order of Cl~ (0.0207 uA)
> Br~ (0.0143 pA) > I~ (0.0039 pA), consistent with the experi-
mental trend in Figure 5b. Limited by the simulation size, the
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transfer quantity of each anion would reach the maximum in
3000 ps. At that time, not all anions passed through the polymer
framework, since they were adsorbed on it due to electrostatic
interaction. The calculated ratio of transferred and adsorbed ion
quantity based on Figure S22 (Supporting Information) also fol-
lows the same order (Figure 5f), and the results are more pro-
nounced in the case of applying external driven force (i.e., electric
field), in which CI- (3.15) > Br~ (2.62) > I~ (1.62).

DFT simulations are further performed to understand the in-
teraction of anions with the 2DP frameworks.?2*] As illustrated
in the optimized binding structure in Figure 5g, the number of
H, O absorbed between the halide ion and N* increases from Cl~
to I7, indicating the stronger interaction between the N* in the
quaternary ammonium group and the halide ion. Specifically, the
N* acts as an effective site, which makes the H in the methyl
group positively charged. Then the H attracts the oxygen in the
hydration layer of the halide ion, which pulls the halide ion close
to the positively charged skeleton of 2DP. The corresponding ad-
sorption energies, E,jqpion, ar€ all negative values, represent-
ing the preferential attraction between the halide ion and PI-2DP
framework (Figure 5g), with the values following the order of I~
(=0.53 eV) > Br~ (—0.31 eV) > Cl~ (-0.27 eV) (Figure 5h). Since
stronger adsorption results in a larger energy barrier, the anion
diffusion through PI-2DP membrane follows a reverse order. The
highest E,yqoption Of I” causes a tight binding to the N* site in the
polymer skeleton, which corresponds to its slow velocity through
the membrane in MD simulations.

3. Conclusion

In summary, giant blue energy is harvested by novel PI-2DP
membranes with well-defined pore channels and dual electro-
static effect. The fully crystalline PI-2DP exhibits charge gov-
erned ion transport behavior, and achieves superior anion selec-
tivity among wide pH and concentration ranges than the con-
trast EB-2DP with only skeleton charges. A great power density
of 48.4 W m~? is achieved when mixing artificial seawater and
river water in the sub-microscale device, outperforming the tra-
ditional ion-exchange membranes and most reported nanoflu-
idic membranes. The outstanding power output is attributed to
the high density of well-defined cationic sites, and the synergistic
coupling effect between the inherent spatially aligned and skele-
ton charges, enabling low-energy-barrier transport. The realiza-
tion of this dual-layer charge distribution within the 2DP mem-
branes sheds light on the design principles for achieving low-
energy-barrier nanoscale confinements, the future works includ-
ing upscaling the membrane preparation, and integrating them
into practical reverse electrodialysis setup are also needed. This
work has significant implications for various applications such
as nanofiltration, electrodialysis, and water desalination, consid-
ering the key role played by ion transporting membranes in these
areas.

4. Experimental Section

Materials:  Propidium iodide, ethidium bromide, and 3,8-diamino-6-
phenylphenanthridin were purchased from Sigma—Aldrich. Sodium n-octyl
sulfate was purchased from abcr. 2,4,6-Triformylphloroglucinol was pur-
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chased from Fluorochem. Sodium dodecyl sulfate was purchased from
TCl.

Numerical Simulation: Based on the 2D Poisson—Nernst—Planck
(PNP) model, the theoretical simulation was conducted by using COM-
SOL Multiphysics.[2040-43] Three models were constructed to simulate
three types of inherent nanochannels: model (i) simulates the nanochan-
nel that has one charged layer of 1.2 nm diameter; model (ii) simulates
the nanochannel that has one charged layer of 1.8 nm diameter; model
(iii) simulates the nanochannel which has both inner (d = 1.2 nm) and
out (d = 1.8 nm) charged layers. The channel length of all three models is
36 nm. Two electrolyte reservoirs were introduced in order to decrease the
effect of entrance/exit mass transfer resistances on the overall transport of
ions. The surface charge density of all charged wall is uniformly set to 3.45
mC m~2. The coupled PNP equations can be solved utilizing appropriate
boundary conditions and generate anion concentration profiles, potential
and ion flux through the nanochannel. The Nernst—Planck Equation (1) is
able to describe the ion transport properties of a charged nanochannel:

. z;Fc;
Ji=D(Ve + FV(P) +ou (]

where ji, D;, ¢;, and z; are the ionic flux, diffusion coefficient, ion concen-
tration, and valence number for each ion species i; ¢ and e are electrical
potential and dielectric constant, respectively; F, R, T, and u are the Faraday
constant, universal gas constant, absolute temperature, and fluid velocity,
respectively.

The Poisson Equation (2) can describe the relationship between elec-
trical potential and ion concentration:

vip=-Le @

where €, €, are the permittivity of free space and the relative permittivity
of the medium. The space charge density (p,) is given as Equation (3). The
ion flux j; for each ion should satisfy the continuity Equation (4) when the
system reaches stationary regime:

Pe= FZ Yo ZiCi (3)

V.)i=0 )

where m is the number of ionic species. The boundary condition for po-
tential @ on the channel wall is:

n-Ve=--—2 (5)
Eo&y

where ¢ is the surface charge density. Impermeable boundary conditions
are applied at both entrances for ionic concentration and electric field. The
ionic flux has the zero normal components at boundaries:

n-j;=0 (6)

The ion transport property inside the nanochannel can be known by
solving the coupled Equations (1)—(4) with boundary conditions (5)—(6).

Synthesis of PI-2DP Membranes: Polycrystalline PI-2DP membranes
were synthesized by the surfactant monolayer assisted interfacial synthe-
sis (SMAIS) method. First, at room temperature, 50 mL of deionized wa-
ter was injected into a cleaned glass dish with a diameter of 50 mm and a
height of 60 mm. After the static air—water interface formed, 20 uL sodium
n-octadecyl sulfate (0.086 umol in mixture of methanal, hexane, and chlo-
roform) was carefully spread onto the interface dropwise by syringe. Then
the dish was transferred into the 50 °C oven steadily to keep the sur-
face static. After 1 h for the evaporation of surfactant solvent, monomer 1
(M1) (2.24 umol propidium bromide in 0.5 mL 5.7 mmol mL~" CF;SO3H)
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was slowly injected into the water subphase by pipetting gun. After an-
other 1 h for the dispersion of M1, monomer 2 (M2) (0.014 mmol 2,4,6-
triformylphloroglucinol in 3 mL water) was injected into the solution by sy-
ringe successively. This reaction was kept at 50 °C without disturbance for
2 days. Then the continuous membrane with orange colour was formed
on the water—air surface by the polycondensation between M1 and M2.
The PI-2DP membrane was fished out by Si wafer and cleaned with water
to remove the surfactant and ligands. Then the membrane was deposited
on different substrates and dried at 80 °C for 1 h.

General Characterization: Optical microscopy (Zeiss), AFM (Bruker,
USA), scanning electron microscopy (SEM, Zeiss Gemini 500), transmis-
sion electron microscopy (TEM, Zeiss Libra 200KV), and GIWAXS were
used to investigate the morphology and structure of the PI—, EB—, and
DP-2DP membranes. FTIR (SHIMADZU, QATR-S) and surface-enhanced
Raman spectra were used to characterize the formation of the 2DP mem-
branes.

For the GIWAXS measurements the 2DP membranes were transferred
onto Si wafer. The measurements of PI-2DP and EB-2DP were performed
at the BL11 — NCD-SWEET beamline at ALBA Synchrotron, Spain. The X-
ray beam energy was set to 12.4 keV and the beam size was 50 um (verti-
cally) and 130 um (horizontally). The angle of incidence was 0.12° and the
samples were exposed to the beam for 30 s. The scattering patterns were
recorded using a Rayonix LX255-HS area detector and the average of four
images was used for analysis. The detector was positioned about 170 mm
behind the sample and Cr,O; was used to calibrate the sample—detector
distance and the position of the beam on the detector. The measurement
of DP-2DP was performed at the SIRIUS beamline at SOLEIL, France. Here,
the beam energy was 12 keV and the beam had dimensions of 70 um verti-
cally and 500 um horizontally. The incidence angle was 0.1° and a Dectris
Pilatus 1 m area detector was used for recording the images. The sample—
detector distance was 380 mm and a silver behenate reference was used to
verify the distance and direct beam position on the detector. The sample
was then exposed to the beam for 5 x 30 s and the final image was then an
average of the five recorded images. Data visualization and analysis was
performed with the software package WxDiff.

Electrical Measurements:  After fished out and washed with water, three
layers of 2DP membranes were deposited on a silicon wafer with a con-
ical hole (area of the small side is 12 um?) in the center, and the small
side of the hole was covered with 2DP membranes. Then the Si wafer
was sandwiched between two chambers tightly (Figure S12, Supporting
Information). Standard electrodes (saturated Ag/AgCl salt bridge elec-
trodes, HANA Instruments) were used to record the voltage and cur-
rent signals.[*4] KCl electrolyte solution was selected as the standard elec-
trolyte owing to the similar diffusion coefficients of K* and Cl~ ions (about
1.96 X 1072 and 2.03 x 107° m? s~1).["*] An amount of 0.5 and 0.01 m NaCl
electrolyte solutions were chosen as artificial seawater and river water. All
the testing solutions except natural seawater and river water were prepared
by mixing deionized water and pure salts. The salinity of natural sea water
and river water is 0.4 M and 0.003 m NaCl that is obtained by ionic con-
ductivity measurement. A standard conductivities-concentration curve is
plotted by measuring a series of standard NaCl electrolytes with known
concentrations. Then, the conductivities of the natural seawater and nat-
ural river water were measured, which were 36 500 and 442 us cm™', re-
spectively. The corresponding salt concentrations were calibrated with the
standard curve. During the measurements, the KCl electrolyte solutions
were adjusted to the expected pH and then injected slightly into each com-
partment by dropper. The pH tester (Orion Star) was used to confirm the
pH value of the solutions. The linear sweep voltammetry (LSV) and amper-
ometric i—t curve measurements were carried out with an electrochemical
workstation (CHI).

lonic Conductance Model: When there was no concentration gra-
dient applied on the two sides of 2DP membrane, the ionic con-
ductance was obtained. The ionic conductance G of a nanofluidic
channel, which is the sum of bulk conductance Gy, dominates in
high concentration and surface conductance G dominates in low
concentration:

surface

G = Gy + Gaugface = (ks + M=) CgNawh /1 + 2uci_osh/l ()
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where g is the elementary charge (1.6 x 107" C). py, and ug. are the
mobility of K* (7.6 x 1078 m? s=1 v=2) and CI~ (7.9 x 1078 m? s™1 v2),
respectively; Cg is the bulk solution concentration; Ny is Avogadro’s num-
ber; Here, w and | are the dimensions of the unit pore of about 2.42 nm. [ is
2DP membrane thickness for conductance measurement of about 45 nm;
o is the surface charge density.

When Cg is 1M, G is assumed to equal to Gy, .. Since G is the conduc-
tance per channel, the channel number can be calculated from the ratio
between the experimental value and Gy, at 1 M. Then the experimen-
tal values of conductance were obtained under different KCl concentra-
tions, and were fitted by variable surface charge density model as shown
in Figure 3c. Meanwhile, the conductance values depending on constant
surface charge density (3.45 mC m~2) were also plotted as the orange dash
line. Through the same approach, we calculated the surface charge density
of EB— and DP-2DP which are 1.93 and —1.4 mC m~2, respectively.

lon Selectivity Coefficient: lon selectivity coefficient Sis a parameter for
evaluating the ion-selective ability of the membranes. For anion-selective
membranes, the value of S ranges from 0 to 1, in which 0 represents non-
selective case and 1 represents the ideal anion-selectivity. S is calculated
by:

Vs F

S= @)
Chigh
RT In C_

low

where V, is the osmotic potential recorded from the I-V curve under con-
centration gradient; F is Faraday constant; R is universal gas constant; T is
the absolute temperature. Gy, and C,, are the concentration of the con-
centrated side and diluted side of the 2DP membranes, separately.

Molecular Dynamic Simulations: ~ For the simulations with electric filed,
a triclinic box witha=5.1nm, b=5.24 nm, ¢ =21.6 nm, « = 90°, f = 90°,
and 6 = 62.4° was used. The structure of PI-2DP was obtained from DFT
calculation. Two stacked layers of PI-2DP were placed in the middle of the
simulation box and perpendicular to the c-axis,and only side chains are
allowed to move (Figure S21, Supporting Information). An 1 m KX solu-
tions was placed in one side of PI-2DP where X~ represents CI~, Br~, and
17, and pure water was placed in the other side. Since PI-2DP was pos-
itively charged, additional X~ ions were added to neutralize the system.
The density of the solutions was determined by experiments. The packing
of water molecules and ions was performed using Packmol software.[*’]
Parameters of the atomistic models of PI-2DP were based on the GAFF
force field.[*6] The parameters of CI~, Br~, and I~ were obtained from the
literature.[47] For water molecules, the OPC model was used.[*®] Periodic
boundary conditions were performed in xy plane. Temperature coupling
was performed using a v-rescale thermostat.l*’! Prior to the dynamics
simulation, the steepest descent algorithm was used to pre-equalize the
system for eliminating the excessive stress in initial structures.>°] After
pre-equilibrium, an NVT ensemble without electric field was used to equi-
librate the system under room conditions (298.15 K) for 100 ps. Then, a
10 ns production simulation in the NVT ensemble at 298.15 K was carried
out for ion transport simulation under 1V nm~" electric field along c-axis.
For the simulations without electric field, two vacuum layers with thickness
of 10 nm were introduced at both ends of the c-axis and 3D periodic bound-
ary conditions were adopted. The steepest descent algorithm was used to
pre-equalize the system. Then, a 10 ns production simulation in the NVT
ensemble at 298.15 K was carried out for ion transport simulation. All sim-
ulations were performed via GROMACS 2019.4 software package.[>'l Al
visualization structures were provided by VMD 1.9.3 software.[>?]

DFT Calculation Details: The first-principles calculations were carried
out with the Vienna ab initio simulation package (VASP).[33%4] The inter-
action between ions and valence electrons was described using projector
augmented wave (PAW) potentials, and the exchange-correlation between
electrons was treated through using the generalized gradient approxi-
mation (GGA) in the Perdew—Burke—Ernzerhof (PBE) form.[>*] DFT-D3
method was employed to calculate the van der Waals (vdW) interaction.[3¢]
To achieve the accurate simulations, the plane wave cutoff energy was
450 eV, a Gamma centered k-point grid of 1 x 1 x 3 was used for bulk
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models. lonic relaxations were carried out under the conventional energy
(107 eV) and force (0.03 eV A=) convergence criteria.

For adsorption energy calculations of different anions on PI-2DP mod-
els, two-layer slab models of 2DP were constructed as the substrate, in
which 15 A vacuum layer along z direction was applied to avoid the inter-
action of anions. A single Gamma centered k-point grid was performed for
the calculations of slab models. One anion (CI~, Br~, and I7) and six wa-
ter molecules were used to simulate the hydrated anions in the solution.
Adsorption energies E,gsomption Were given with reference to the isolated
surface Egpce relaxed upon removing the molecule from the unit cell us-
ing identical computational parameters and the energy of the molecule
Erolecule @s following:

E,

~ Emolecule (9)

adsorption moleculeonsurface surface

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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