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ABSTRACT: Engineered asymmetric membranes for intelligent molecular and ionic
transport control at the nanoscale have gained significant attention and offer
prospects for broad application in nanofluidics, energy conversion, and biosensors.
Therefore, it is desirable to construct a high-performance heterogeneous membrane
capable of coordinating highly selective and rectified ionic transport with a simple,
versatile, engineered method to mimic the delicate functionality of biological
channels. Here, we demonstrate an engineered asymmetric heterogeneous membrane
by combining a porous block copolymer (BCP) membrane, polystyrene-b-poly(4-
vinylpyridine) (PS,g400-b-P4VP,1500), with a track-etched asymmetric porous
polyethylene terephthalate membrane. The introduction of chemical, geometrical,
and electrostatic heterostructures provides our heterogeneous membrane with
excellent anion selectivity and ultrahigh ionic rectification with a ratio of ca. 1075,
which is considerably higher than that of existing ionic rectifying systems. This anion-
selective heterogeneous membrane was further developed into an energy conversion
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device to harvest the energy stored in an electrochemical concentration gradient. The concentration polarization phenomenon
that commonly exists in traditional reverse electrodialysis can be eliminated with an asymmetric bipolar structure, which
considerably increases the output power density. This work presents an important paradigm for the use of versatile BCPs in
nanofluidic systems and opens new and promising routes to various breakthroughs in the fields of chemistry, materials science,

bioscience, and nanotechnology.

B INTRODUCTION

Living organisms make extensive use of nanosized asymmetric
ion channels as highly selective filters and ionic rectifiers to
control the movement of various ions that play critical roles in
life processes, including mass delivery, energy conversion, and
signal transmission.' ~* However, it is difficult to integrate these
lipid-membrane-based nanochannels into devices because they
are fragile and susceptible to deterioration in changing external
environments such as pH, temperature, mechanical stress, etc.’
The efficiency of these nanochannels in coordinating ionic
transport in a highly directional and selective way has been a
source of inspiration for scientists seeking to mimic such
processes using synthetic asymmetric nanochannel membranes.
These synthetic membranes are expected to exhibit similar or
stronger functionality compared to their biological counter-
parts, with superior stability and robustness.®

To date, many ingenious asymmetric membranes with
homogeneous materials have been developed using various
functionalization protocols, such as solution chemical mod-
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ification, plasma grafting, and ion sputtering technology.”~ '’

These challenging nanoscale functionalization processes
seriously constrain device performance and future applica-
tions," "> which has motivated emerging research of heteroge-
neous membranes (i.e, hybrid membranes composed of two
chemical compositions).'” Heterogeneous membranes with
inherent functional groups are superior because they do not
require artificial functionalization. Additionally, compared with
homogeneous membranes, heterogeneous membranes are
particularly attractive because they can be endowed with
novel functionality not available when using two homogeneous
membranes separately.'* For example, Wang et al. demon-
strated a multifunctional nanowire-based inorganic heteroge-
neous membrane that can provide multifunctionality as a single
membrane."”” Our group recently developed an inorganics-
based heterogeneous membrane that provides ionic rectifica-
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Figure 1. Engineered asymmetric heterogeneous membrane. (a) Schematic of the engineered asymmetric heterogeneous membrane composed of a
pH-responsive porous BCP membrane (top layer) and a pH-responsive porous PET membrane with conical nanochannels (bottom layer). (b, c)
SEM images of the base (b) and the tip (c) of the conical nanochannels (pore density: 10’ cm™2). (d) AFM image of the as-prepared BCP
membrane atop the PET membrane and a histogram of pore size distribution (pore density: 10" cm™) with Gaussian fit (e). The scale bars are all

100 nm.

tion with a ratio of ca. 450."® The reported results have shown
that the fabrication process of inorganics-based heterogeneous
membranes is complicated and that material selection is
constrained.'*'™'? Therefore, with regard to mimicking the
delicate design of biological channels, it would be desirable to
construct a high-performance heterogeneous membrane
capable of coordinating highly selective and rectified ionic
transport with a simple, versatile, engineered method.

Block copolymer (BCP) is a promising candidate for the
construction of a heterogeneous membrane.”’”** One- and
two-dimensional nanofluidic channels can be easily obtained by
simply tailoring self-assembled morphologies of the BCP
membrane, such as its cylindrical and lamellar structure.”*~>
Because of the structural and functional richness of macro-
molecular building blocks, the material system is highly
versatile, engineered, and scalable and provides well-defined
pores.”*"*° Additionally, compared with small molecules,'~**
end-tethered polymer brushes can provide more effective
control over ionic transport because they can increase the
spatial density of functional groups on the channel walls by
extending the two-dimensional distribution of functional
groups to three dimensions.”* "

In this article, we demonstrate an engineered asymmetric
heterogeneous membrane that can coordinate highly selective
and rectified ionic transport by directly coating an porous BCP
membrane, polystyrene-b-poly(4-vinylpyridine) (PS,g400-b-
P4VP,,3,), onto a robust and flexible porous polyethylene
terephthalate (PET) substrate with conical nanochannels. The
hybrid membrane, which features asymmetric chemical
composition, geometry, and surface charge polarity, exhibits
ultrahigh ionic rectification with a notably high ratio of ca. 1075
and excellent anion selectivity. We further developed this anion
selective bipolar membrane into a concentration-gradient-
driven energy harvesting device. The output power density
can be considerably increased because the concentration
polarization phenomenon that commonly exists in traditional
reverse electrodialysis can be eliminated using the asymmetric
bipolar structure. Our newly designed membrane offers several
distinct advantages: (1) the heterogeneous membrane can be
prepared using a rapid and simple hybridization technique; (2)
the rectification ratio (~1075) is impressive—more than twice

the highest ratio reported to date; and (3) the design strategy is
versatile and engineered. Various BCPs with different
predefined functionalities can be used to further enhance the
performance of the heterogeneous membrane. Such a system
can trigger further experimental and theoretical efforts to
construct “smart” heterogeneous membrane systems for
sustasigable power generation, water purification, and desalina-
tion.

B RESULTS AND DISCUSSION

To fabricate the asymmetric heterogeneous membrane, a
concentrated viscous solution of BCP in dioxane was spin-
coated on a porous PET membrane to form a membrane via
microphase separation (Figure 1a).*" The porous PET
membrane substrate (12 gm thick) with conical nanochannels
was first prepared by the well-developed ion track etching
technique (Figure S1). The large opening of the conical
nanochannel is termed the base, and the small opening is
termed the tip. In all cases, the diameters of the bases and the
tips are approximately S00 and S0 nm, respectively (Figure
1b,c). The nanochannel is electrically neutral as a result of the
carboxylate groups generated by the etching process when the
membrane is exposed to a solution with a pH below the pK,
(~3.8). If the pH is above the pK, the carboxylate groups
deprotonate to produce negative charges on the nanochannel
walls.*!

The as-prepared BCP membrane (~1.5 pm thick) is
composed of a 100 nm-thick layer of hexagonally packed
pores (Figure 1d, ~10 nm) atop a disordered network-like
layer. A cross-sectional image of the as-prepared BCP
membrane and the corresponding formation mechanism is
shown in Figure S2. As shown in Figure 1a, the green segments
represent porous matrix formed by the major component, PS,
and the blue segments represent channels formed by the minor
component, P4VP. The conformational changes of P4VP
chains on the inner pore walls and the ionization equilibrium of
the pyridine groups (pK, ~ 5.2) are also thermodynamically
controlled by the pH value.**” The P4VP chains exhibit a
swollen, positively charged, and hydrophilic state when the pH
is below the pK, and a collapsed, neutral, and hydrophobic state
when the pH is above the pK,.*> The conformational changes
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Figure 2. Ultrahigh ionic rectification. (a) I-V curve of the heterogeneous membrane recorded in 10 mM KCI (pH 4.3) when a sweep voltage
ranging from —2 to 2 V is applied. The anode is on the PET side, and the cathode is on the BCP side (inset). (b) I-T curve of the heterogeneous
membrane recorded in 10 mM KCl (pH 4.3) for an external bias alternating between +2 V/—2 V. (c) Influence of electrolyte concentration on ionic
conductance, which displays two distinct regions divided by the red dashed line: a surface charge dominant zone (left) and a bulk concentration
dominant zone (right). The transmembrane ionic conductance (black squares) deviates from the bulk value (black dashed line) when the electrolyte
concentration is <1 M, indicating a surface charge governed ionic transport. The insets display how the electrical potential profile is altered by
electrolyte concentration. (d) Influence of electrolyte concentration on rectifying behavior. The rectification ratio reaches its maximum value of
approximately 1075 at intermediate concentration (10 mM); the ratio is sharply reduced at lower and higher KCI concentration regions.

and charged properties of P4VP chains under different pH
values are confirmed by Cryo-SEM (Figure S3) and
fluorescence characterization (Figure S4), respectively.
Through simple hybridization, we get a heterogeneous
membrane with chemical, geometrical, and electrostatic
heterostructures. In addition, because the solvent evaporates
within several seconds during spin coating, the BCP solution
with its high viscosity only minimally penetrates into the small
PET pores,*” as confirmed by the SEM image of the interface of
the heterogeneous membrane (Figure S5). For simplicity, this
minimal penetration is neglected in the following discussion
(Figure S9).

The ionic transport properties of the heterogeneous
membrane were examined with a simple electrochemical device
by measuring the transmembrane ionic current (Figure S6). A
pair of Ag/AgCl electrodes was used to apply a transmembrane
potential. When placed in a 10 mM KCl electrolyte solution at
pH 4.3, the BCP membrane is positively charged, and the PET
membrane is negatively charged. They each exhibit slight ionic
rectification because of their asymmetric channel geome-
tries.'”** Once the heterogeneous membrane is formed, we
observed high-performance ionic rectification in the form of an
extremely nonlinear current—voltage (I-V) curve (Figure 2a).
The negative currents are sufficiently small that they are
concentric with the x-axis, whereas the positive currents are
extremely large. The rectification ratio was as large as 1075 +
50; such pronounced rectification behavior has not been
reported previously.'***** Figure 2b shows the current—time
(I-T) curve of the heterogeneous membrane when an external
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bias of +2 V/=2 V is alternately applied. Both negative and
positive currents are relatively constant, indicating the excellent
stability of our membrane system.

In general, the ionic rectification originates from broken
symmetry, including that of the geometry and surface charge
distribution.*® From the geometry asymmetry, for example, the
rectification can be realized in an asymmetric conical PET
nanochannel in combination with a homogeneously distributed
surface charge.”” Compared with asymmetric geometry, the
asymmetric surface charge distribution (ie., opposite charge
distribution) can achieve higher rectification that cannot be
achieved solely by asymmetric geometry. Because for a bipolar
nanochannel, the cations and anions are predominantly
enriched in the negatively charged side and positively charged
side, respectively. Different external bias voltages will cause
cations and anions to migrate toward or outward from the
junction, resulting in remarkable ion accumulation or depletion
in the nanochannel.*® The ionic rectification can be further
strengthened by the two factors synergistically.”’ A typical
example is the inorganics-based composite membrane
composed of negatively charged mesoporous carbon and
positively charged macroporous alumina.'® In addition to
opposite charge distribution, the hybridation of these two
symmetric membranes with different pore sizes can provide an
incorporated asymmetric geometry that strongly rectifies the
ionic current with a ratio of approximately 450; this value is
further restricted because of the relatively low degree of
geometry asymmetry. Notably, in our case, the existence of a
conical PET nanochannel can provide a larger degree of
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Figure 3. Numerical simulation of ultrahigh ionic rectification. (a) Current density distribution along the axial line of the heterogeneous nanochannel
when applying a positive bias of 2 V (red line) and a negative bias of —2 V (blue line). The inset shows the position of the axial line, in which x = 0
nm refers to the PET side. The gray zone refers to the BCP nanochannel. (b) Influence of the BCP nanochannel length on the theoretical
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Figure 4. Excellent anion selectivity. (a) I-V curve of the heterogeneous membrane. The membrane is in contact with 0.5 M KCI (pH 4.3) on the
BCP side and 10 4uM KCl (pH 4.3) on the PET side. Under such a high concentration ratio, the anion selectivity can be verified by the considerably
higher CI™ current compared to the K* current. (b, c) Numerical simulation demonstrates excellent anion selectivity. The ion selectivity of the
bipolar membrane is dominated by the BCP part because of its smaller pore size (b). Furthermore, the presence of a negatively charged PET channel
at the end of the BCP channel promotes anion selectivity across the heterogeneous membrane when the absolute value of charge density in the PET

channel is larger than 0.12 C/m?* (c).

geometry asymmetry, which can accumulate and deplete ions
more efficiently and results in a higher rectification of
approximately 1075.

The ionic conductance measured in a heterogeneous
membrane under the same pH conditions (pH 4.3) is shown
in Figure 2c as a function of the electrolyte concentration
(KCl). The ionic conductance exhibits a surface charge
dominant zone (left) and a bulk concentration dominant
zone (right) divided by the red dashed line. The black dashed
line represents the bulk behavior of ionic conductance, which is
proportional to the ionic concentration. The measured
conductance deviates from bulk behavior and exhibits a sharp
transition when the electrolyte concentration is less than 1 M.
This observation indicates that ionic transport through the
heterogeneous membrane is fully governed by the surface
charge.12’°0 As the concentration decreases, the electrical
potential (red color in insets) generated by the surface charge
gradually extends well into the nanochannel as a result of the
increasing screening length, which finally results in a more
unipolar ionic environment.”’ The electrolyte concentration
also has a strong influence on ionic rectification as characterized
by the rectification ratio. As shown in Figure 2d, the ratio first
increases from S0 to 107S as the concentration increases from
0.1 to 10 mM. After reaching the maximum value, the ratio
decreases to 600 and levels off at approximately 8.0 as the KCl
concentration continues to increase (from 10 mM to 3 M).
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This behavior is in agreement with previous theoretical
predications and experimental demonstrations. The ratio is
reduced sharply at higher concentrations because of the
significantly reduced screening length. In the region of low
KCI concentrations, enhanced water dissociation in the bipolar
membrane junction under negative bias could be the reason for
the reduced ionic rectification.”>**

The aforementioned experimental ultrahigh ionic rectifica-
tion property is quantitatively supported by theoretical
simulation based on solving the Poisson and Nernst—Planck
(PNP) equations.”* > Considering the larger pore size of the
thick network layer, in which case the overlapping of double
electric layer is much more difficult, ionic transport in the top
asymmetric BCP membrane depends strongly on the top thin
layer with smaller cylindrical pores.”” For simplicity, we idealize
the nanochannel of the BCP membrane as a straight channel
over the entire width of the membrane; additionally, the
charges in the polymer brushes are assumed to be strictly
confined to the channel walls. This simplification was
previously reported by Peinemann et al.>®*” The simulation
model contains a 12 ym-long PET conical nanochannel and a
1500 nm-long cylindrical BCP nanochannel array (Figure S8).
The rectifying behavior is illustrated by calculating the current
density distribution along the axial line of the heterogeneous
channel (Figure 3a). With positive bias, the current density (red
line) gradually increases from the base to the tip and undergoes
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Figure S. Energy harvesting from a concentration gradient. (a) Jsc and V¢ recorded under various concentration gradients (KCI). The
concentration (KCl) on the PET side remains at 10 M, and the concentration on the BCP side gradually increases from 10 M to 3 M. (b) The
harvested electrical power can be transferred to an external circuit to supply an external load resistance. For a mixture of 0.5 M NaCl with 0.01 M
NaCl, the current density decreases with increasing load resistance, and the corresponding output power density P; reaches a maximum of
approximately 0.35 W/m? (c, d) Numerical simulation of high-performance energy harvesting. High anion selectivity is beneficial to the energy
harvesting process because it facilitates the generation of net diffusion current (c). Additionally, the asymmetric channel structure and bipolar charge
distribution help suppress concentration polarization at the low-concentration side (d). The calculated ion concentration at the orifice of the
unipolar symmetric channel (red line) is considerably larger than the bulk value (black dashed line), indicating severe concentration polarization;
however, this polarization phenomenon can be eliminated using the bipolar asymmetric channel (blue line).

perturbation across the PET/BCP interface. The current
density along the BCP channel is higher than that along the
PET channel because the fluid pathway through the BCP
channel is narrower than that through the PET channel. In
contrast, with negative bias, the current density (blue line) is
sufficiently small that it approaches the x-axis. This difference in
current behavior upon switching the voltage bias is consistent
with the experimental data (Figure 2b). The theoretical
rectification ratio is approximately 682 (Table S1). The
influence of the BCP nanochannel length on the rectifying
property is also simulated (Figure 3b). The rectification ratio
reaches the maximum value of a%)proximately 1100 with a BCP
nanochannel length of 100 nm. 0

In addition to ultrahigh ionic rectification, the heterogeneous
membrane also exhibits excellent anion selectivity. Ion
selectivity of the bipolar membrane is probed by ionic current
measurements under a concentration gradient.61 The BCP side
is in contact with 0.5 M KCl, and the PET side is in contact
with 10 yuM KCl, which we believe is sufficiently low to ensure
negligible contribution to the measured ionic current. To a
good approximation, this method allows us to compare the
currents carried by K* and Cl~ separately. When the anode is
on the PET side, the external bias causes Cl~ to move across
the membrane, in which case the ClI™ current is measured
(Figure 4a, squares), whereas only a very weak K* current is
measured if the anode is on the BCP side (Figure 4a, circles).
The anion selectivity can be verified by the significantly higher
CI” current compared to the K* current. The symmetric ionic
diode with equal pore size, channel length of opposite charge
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zones, and identical chemical composition is not ion-selective.”*
However, this is totally different from our hybrid system. The
introduction of chemical, geometrical, and electrostatic
asymmetries not only renders our hybrid membrane ultrahigh
ionic rectification but also endows it with excellent anion
selectivity.**

Because the pore size of BCP part is considerably smaller
(and overlapping of the electrical double layers occurs more
readily), the overall ion selectivity of the bipolar membrane is
dominated by the BCP component. This hypothesis is
confirmed by numerical simulation based on PNP theory. If
the electrical double layers overlap, the counterion concen-
tration (C) inside the nanochannel is dictated by electro-
neutrality and depends on the surface charge density: C « o.
This implies that the total ion selectivi?r can be regulated by
varying the surface charge density.”*®> The overall anion
selectivity can be quantified via the calculated anion trans-
ference number (t,).°>%” If we fix the surface charge density on
the BCP side to be 0.24 C/m? and vary the surface charge
density on the PET side from —0.24 to 0.24 C/m? the anion
transference number is approximately 0.9 (Figure 4b, blue
circles), indicating strong anion selectivity regardless of the
charge polarity of the PET side. Notably, the presence of a
negatively charged PET channel at the end of the BCP channel
augments the selectivity of the device if the absolute value of
charge density in the PET channel exceeds 0.12 C/m? (Figure
4c). The actual charge density of the PET membrane is larger
than this value.”® The ion selectivity can be reversed by fixing
the surface charge density on the PET side to be —0.24 C/ m?
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and varying the surface charge density on the BCP side from
—0.24 to 0.24 C/m* (Figure 4b, red squares). The calculated
anion transference number changes from 0.03 (cation-selective)
to 0.87 (anion-selective). Thus, the ion selectivity of the bipolar
membrane is dominated by the BCP component because of its
smaller pore size. Additionally, if we maintain the surface charge
density of the BCP and PET channel at —0.24 and 0.24 C/m’
and increase the channel size to 20 and 50 nm, the anion
transference number is reduced from 0.87 to 0.65 and 0.40,
respectively. The increased pore size causes the anion selectivity
to decrease to zero. For the nanochannel with a large pore size,
the overlapping of electrical double layers is reduced, which
consequently causes low ion selectivity.

This anion-selective bipolar membrane was further devel-
oped into an energy conversion device to harvest the energy
stored in the concentration gradient. Under a concentration
gradient, Cl” diffuses spontaneously across the heterogeneous
membrane.”” Part of the Gibbs free energy inherently available
from the concentration gradient can be harvested continuously
from the heterogeneous membrane system via the net diffusion
current. In the experiment, the heterogeneous membrane was
mounted between a two-compartment electrochemical cell.
Energy conversion was studied by measuring the scanning I-V
cycles in the presence of a concentration gradient across the
membrane. All of the electrolyte solutions were adjusted to pH
4.3 to maintain the bipolar charged state. The observed
intercept on the current axis (short-circuit current density, Jsc)
represents the net current flow when no external bias is applied.
The intercept on the voltage axis (open-circuit voltage, Vo c)
represents the diffusion potential, which is contributed by the
bipolar power source. Importantly, the contribution from the
redox potential on the electrodes can be readily subtracted
through the subsequent data analysis (Figure $10)."*”° The
concentration (KCI) on the PET side remains at 10 M, and
the concentration on the BCP side gradually increases from 10
UM to 3 M. The corresponding values of Jsc and V¢ gradually
increase from 0 to 50 A/m* and 103 mV, respectively, as the
concentration gradient increases from 1 to 3 X 10°-fold (Figure
5a). Under a reversed salinity gradient from the PET side to the
BCP side (e.g., cppr/cpcp = 3 M/10 uM), the inner resistance of
the bipolar membrane system increases considerably by
approximately 50%, which suppresses energy generation
(Figure S11).

The harvested power can also be transferred to an external
circuit containing an electrical load resistor. The power
consumption of the resistor (R;) in the circuit can be
calculated as P, = I’R;. When 0.5 M NaCl is mixed with
0.01 M NaCl, the measured values of Vo and Jgc are
approximately 80 mV and 20 A/m? respectively. The current
density (Iz) decreases with increasing load resistance, and P,
reaches its maximum value with an intermediate load resistance
(Figure Sb). Similar to the normal voltaic battery, approx-
imately one-fourth of the maximum power (P, = Voc X Jsc)
can be transferred to the external circuit.”” The maximum
output from the bipolar heterogeneous membrane is as high as
0.35 W/m?, which exceeds the power efficiency generated by
some commercially available cation exchange membranes,
including Tonsep, Neosepta, and Qiangiu (Table S6).””
Regarding the relatively low pore density of the PET membrane
(107 cm™), the power density values can be further enhanced
using ion-track-etched pores with higher pore density (10°—
10" cm™2). By exploiting parallelization, the predicted power
density can reach thousands of watts per square meter, which is

comparable to classical reverse electrodialysis with alternative
exchange membranes.”*”*

A numerical simulation is also performed to reveal the
underlying mechanism of high-performance energy harvesting.
The generation of electrical energy under a concentration
gradient originates from the high anion selectivity of the bipolar
membrane. The high anion selectivity is beneficial to the energy
harvesting process and facilitates the generation of net diffusion
current (Figure 5¢).”® Furthermore, in the typical membrane-
based reverse electrodialysis process, the practical power output
is limited by nonohmic mass-transfer resistances because of the
severe concentration polarization occurring at the membrane—
solution interface.”® However, in our reverse electrodialysis
process, this polarization phenomenon is rationally eliminated
by the physical and chemical design of the nanochannel
structure. Under a concentration gradient, the anion (CI7)
concentration profile at the low concentration side of two types
of membrane channels is theoretically compared in Figure Sd.
The symmetric unipolar channel exhibits severe concentration
polarization (red line), and the anion concentration at the
orifice of the low concentration side is considerably higher than
the bulk value (dashed line). This implies that the trans-
membrane ClI™ is enriched at the low-concentration side, which
lowers the concentration difference over the membrane and
suppresses selective Cl™ transport.”” This polarization phenom-
enon disappears when we analyze the asymmetric bipolar
channel by simulation because the anion concentration at the
channel orifice is lower than the bulk value. In this case, the
transmembrane Cl™ is not enriched at the low concentration
side because of the negative-charged PET channel, which
consequently promotes CI~ transport.””’® Thus, the asym-
metric bipolar structure helps to eliminate concentration
polarization at the low concentration side, which enables the
generation of considerably larger net diffusion currents.

B CONCLUSIONS

In summary, we demonstrate an engineered heterogeneous
membrane with chemical, geometrical, and electrostatic
heterostructures by combining a porous BCP membrane and
a track-etched asymmetric porous PET membrane. The
presence of the PET membrane enables the anion-selective
hybrid membrane to exhibit ultrahigh ionic rectification at the
remarkably high ratio of ca. 1075 and also promotes overall
anion selectivity. We further incorporated the heterogeneous
membrane into a concentration-gradient-driven energy harvest-
ing device. Using 0.5 and 0.01 M NaCl solutions, the maximum
power output on external electrical load is as high as 0.35 W/
m?, which is notable for a membrane with relatively low pore
density. This considerable energy output can be ascribed to the
excellent anion selectivity and the elimination of concentration
polarization using the asymmetric bipolar structure. This work
demonstrates the feasibility of the design strategy of
constructing a nanofluidic ion channel membrane system
using BCPs. We expect that improved heterogeneous
membranes can be fabricated by optimizing the composition
and self-assembled morphology of the BCP membrane, thereby
opening up applications in sustainable power generation, water
purification, and desalination.”

B EXPERIMENTAL SECTION

Materials. Polystyrene-b-poly(4-vinylpyridine) (PS,g400-b-
P4VP, 500 M, /M, = 1.13) was purchased from Polymer Source,
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Inc., Canada. Other chemicals were analytical-grade reagents, and all
solutions were prepared using degassed Milli-Q water (18.2 MQ-cm).

Membrane Fabrication. The conical nanochannels (pore density:
107 cm™2) were produced in a PET polymer membrane using the well-
developed ion track etching technique (Figure S1). To fabricate the
heterogeneous membrane, a viscous solution of BCP in dioxane (7 wt
%) was spin-coated on the PET membrane and formed an asymmetric
membrane via microphase separation.

Electrical Measurement. The ionic transport property of the
heterogeneous membrane was determined, and the subsequent energy
conversion test was performed by measuring the ionic current through
the heterogeneous membrane. The ionic current was measured by a
Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH).
The heterogeneous membrane was mounted within a two-compart-
ment electrochemical cell (Figure S6). Ag/AgCl electrodes were used
to apply a transmembrane potential.

Numerical Simulation. The steady-state distributions of the ionic
current density under external bias were calculated by solving the two-
dimensional Poisson and Nernst—Planck (PNP) equations using the
commercial finite-element package COMSOL Multiphysics (version
4.4). The “Electrostatics (AC/DC Module)” and “Nernst—Planck
without Electroneutrality” modules were used to perform the
calculations. The simulated system contained a heterogeneous channel
connected by two electrolyte reservoirs. The heterogeneous channel
contained a 12 gm-long conically shaped PET channel connected by a
cylindrical BCP nanochannel array. Here, we idealized the nano-
channel of the BCP membrane as a straight nanochannel system in
which the charges of polymer brushes were strictly confined to the
channel walls (Figure S8).
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