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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Large-scale, robust mushroom-shaped nanochannel 
array membrane for ultrahigh osmotic  
energy conversion
Chao Li1, Liping Wen2,3, Xin Sui1, Yiren Cheng1, Longcheng Gao1*, Lei Jiang1,2,3

The osmotic energy, a large-scale clean energy source, can be converted to electricity directly by ion-selective 
membranes. None of the previously reported membranes meets all the crucial demands of ultrahigh power density, 
excellent mechanical stability, and upscaled fabrication. Here, we demonstrate a large-scale, robust mushroom-
shaped (with stem and cap) nanochannel array membrane with an ultrathin selective layer and ultrahigh pore 
density, generating the power density up to 22.4 W·m−2 at a 500-fold salinity gradient, which is the highest value 
among those of upscaled membranes. The stem parts are a negative-charged one-dimensional (1D) nanochannel 
array with a density of ~1011 cm−2, deriving from a block copolymer self-assembly; while the cap parts, as the se-
lective layer, are formed by chemically grafted single-molecule–layer hyperbranched polyethyleneimine equiva-
lent to tens of 1D nanochannels per stem. The membrane design strategy provides a promising approach for 
large-scale osmotic energy conversion.

INTRODUCTION
The osmotic energy existing between the seawater and river water 
is a large-scale renewable and sustainable energy source, which can 
be converted to electricity directly by reverse electrodialysis (RED) 
(1–3). In the RED systems, one of the most important parts is the 
ion-selective transport membrane. However, the conventional mem-
branes show poor power density due to their high resistance. To 
increase the energy conversion ability, two typical approaches have 
been developed. The first one is the nanopores. Single nanopores in-
dicate ultrahigh power density by decreasing the membrane thick-
ness (4–7). Continuous effort is devoted to expanding to multipore 
membranes with high pore density, but the crucial mechanical prob-
lem is still unsolved (8, 9). The other approach is the bioinspired 
nanochannel membranes (BNMs). They are made by physical com-
bination of two separated membranes, acting the roles of selective 
layer and supporting layer, respectively (10–12). The BNMs realize 
high output power density by increasing the effective pore density 
and decreasing the membrane thickness. However, the membrane 
(especially the selective layer) thickness minimization is limited by 
the mechanical problem (typically on the scale of hundreds of nano-
meters or even bigger). On the other hand, the nanochannel density 
maximization is restricted by the mismatch between the nanochan-
nels with different diameters and periodic sizes (typically in the range 
of 106 to 1010 cm−2). Further increasing the nanochannel density is 
limited for the reason of mechanical failure. None of previously re-
ported membranes meets all the crucial demands of ultrahigh power 
density, excellent mechanical stability, and upscaled fabrication.

In nature, electric eels can generate action potential as high as 
600 V, owing to the large number of the electrocytes stacked in their 
bodies. In the electrocytes exist densely packed ion channels, which 
are chemically and geometrically asymmetric (13–15). Taking a 

Cl− channel as an example, amide nitrogen atoms from amino acids 
gather together to form an electrostatically favorable narrow tunnel 
as the Cl− ion–selective filter, with an extremely short length of about 
1.2 nm (15). The remainder of the channel is wider and has negative 
charges provided by the carboxylate groups from glutamate side chains 
(16, 17). The asymmetric ion channels, exhibiting unidirectional ion 
transport (18), can be analogized to the semiconductor diodes. It is 
known that the short diodes have much higher diffusion current than 
that of long diodes (19). Similarly, the extremely thin selective filter 
in the Cl− channel contributes to the rapid ion diffusion, which must 
be a key factor for the high power density (20). These features inspire 
us to design the next generation of short ionic diode membranes for 
high osmotic energy conversion.

In this work, we demonstrate an ultrahigh-density mushroom-
shaped nanochannel array membrane with an ultrathin selective layer 
on a large scale. The nanochannels are composed of two parts: The 
stem parts are a negative-charged one-dimensional (1D) nanochan-
nel array with a density of ~1011 cm−2, deriving from a block copo-
lymer (BCP) self-assembly; the cap parts are positive-charged 
three-dimensional (3D) channel networks formed by single-molecule–
layer hyperbranched polyethyleneimine (h-PEI), equivalent to tens 
of 1D nanochannels per stem. The total areal density of the nanopores 
in the selective layer reaches up to ~1012 cm−2. The extremely high 
density of ion channels exhibits unidirectional ion transport and 
excellent ion selectivity, leading to high-performance energy con-
version. The output power density is up to 22.4 W·m−2 at a 500-fold 
salt gradient, which is the highest value among those upscaled 
membranes. Notably, the membrane fabrication is well-controlled, 
without sacrificing the upscale and mechanical stability. The mem-
brane design strategy provides a promising approach for large-scale 
osmotic energy conversion.

RESULTS
Membrane design strategy and fabrication
The nanochannel array membrane is realized by a bottom-up ap-
proach (Fig. 1, A to C, and fig. S1). First, a thin film with high-density 
hexagonally packed cylinders is self-assembled (SA) by a BCP (Fig. 1D 
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and figs. S2 to S4). The BCP contains ultraviolet (UV)–cross-linkable 
chalcone groups and an UV-cleavable o-nitrobenzyl ester (ONB) 
linker. Second, the nanochannel array structure is formed by UV treat-
ment. During this step, the chalcone-containing blocks cross-link and 
the ONB linker groups cleave with the in situ generation of carbox-
ylate groups (21). Transmission electron microscopy (TEM) and 
atomic force microscopy (AFM) confirm hexagonally packed nano-
channels (Fig. 1E and fig. S5), with the diameter of ~8.4 nm and 
center-to-center distance of 18.2 nm (fig. S6). Notably, hexagonally 
packed nanopores are seen on the back side of the membrane, and 
transmembrane nanochannels are observed from the cross section 
image (fig. S7). The areal density of the nanochannels is ~1011 cm−2. 
Third, the nanochannels are one-end–modified with single-molecule–
layer h-PEI to form mushroom-shaped nanochannels in a robust 
way. h-PEI contains abundant amino groups, offering reaction sites 
and providing the highest positive-charge density when protonated 
(22). h-PEI is spin-coated onto the nanochannel membrane surface, 
and h-PEI fully covers the surface. The used h-PEI has a hydrodynam-
ic diameter of ~19.4 nm (fig. S8), much bigger than the nanochan-
nel diameter (8.4 nm). Thus, h-PEI blocks the entryways instead 

of entering into the nanochannels (23, 24). Meanwhile, carboxylate 
groups only exist on the nanochannel surface. Thus, only h-PEI ami-
no groups that contact with the nanochannel surface react with the 
carboxylate groups, while the unreacted h-PEI is easily washed away 
by water. As a result, the chemical specificity and steric recognition 
allow the formation of h-PEI caps on the nanochannels. TEM image 
provides the evidence for the successful modification, as isolated dark 
domains covering the nanochannels (Fig. 1F). Nitrogen element ap-
pears on the h-PEI–modified side, while no nitrogen is detected on the 
other side from the x-ray photoelectron spectroscopy spectra (fig. S9). 
Besides, the membrane exhibits Janus-like zeta potentials and wetta-
bility (figs. S10 and S11). On the cap side, the surface shows more 
positive potential and hydrophilic wettability, due to the presence of 
h-PEI. While on the other side, the surface shows more negative po-
tential and is slightly hydrophobic, due to the carboxyl groups on the 
nanochannel surface. The mechanical strength of the membrane af-
ter UV treatment is markedly enhanced, and the membrane can be 
self-standing on a large scale (Fig. 1, G and H). The fabricated mem-
brane is mounted into a two-compartment cell as a separator to eval-
uate the osmotic energy conversion performance (Fig. 1I).

Fig. 1. Nanochannel array membrane for osmotic power generator. (A) BCP molecular structure and SA nanostructure. (B) The formation of nanochannels by UV 
treatment. (C) The formation of robust h-PEI–capped nanochannels by amidation reaction. Only h-PEI amino groups that contact with the nanochannel surface react with 
the carboxylate groups. (D) TEM image of the BCP SA membrane, showing the hexagonally packed cylinder structure. (E) TEM image of the nanochannel array membrane, 
showing the hexagonally packed nanochannel structure. (F) TEM image of the h-PEI–capped membrane, indicating the successful modification. (G) The photograph of a 
large-scale free-standing membrane (>50 cm−2), indicating scalable fabrication and excellent mechanical property. (H) Stress-strain curves of the SA membrane before 
and after UV treatment, as well as the h-PEI–capped membrane, exhibiting highly enhanced mechanical strength after UV cross-linking. (I) Illustration of the osmotic 
energy conversion based on the h-PEI–capped nanochannel membrane. Photo credit: Chao Li, Beihang University.
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Ultrahigh-density nanochannels
The ultrahigh density of nanochannels is theoretically analyzed. The 
h-PEI adapts a 3D conformation with a lot of void space, as simulated 
by Materials Studio (fig. S12). In aqueous solution, the h-PEI void 
space is filled with water, i.e., so-called swollen process. As shown on 
the AFM images, the average height increases from 5.0 to 12.5 nm 
after swelling (see Fig. 2, A and B, and fig. S13). The local volume 
fraction () of h-PEI in the cap is about ~0.06, exceeding the crit-
ical overlap concentration * (~10−3) while being much lower than 
1 (* <  << 1), which can be regarded as semidilute condition (25). 
The h-PEI chains interpenetrate with each other, forming a 3D 
network–like structure composing of densely packed correlation 
volumes. These correlation volumes provide ion transport pathways. 
The correlation length , i.e., the average distance between two over-
lap points of the chains, is calculated according to the de Gennes’ 
scaling argument (25)

	​   ≈  b ​​​ −​  υ _ 3υ−1​​​	 (1)

where b is the repeating unit size (~0.31 nm).  is the volume frac-
tion of h-PEI. υ is an exponent and it is υ = 3/5 under good solvent 
condition. The correlation length  is calculated to be ~2.4 nm.

Since h-PEI is grafted onto the end of the nanochannels, mushroom-
shaped 1D-3D hybrid nanochannels are formed (Fig. 2C). To sim-
plify the model, the ions are hypothesized to transport in straight 
1D nanochannels, which are integrated in parallel and connected in 
series with the stem nanochannels. The diameter equals to the PEI 
correlation length  (~2.4 nm). The number of equivalent 1D cap 
nanochannels is estimated as

	​ n  ∝ ​ ​(​​ ​ D ─ 

 ​​)​​​​ 

2
​​	 (2)

where D is the average distance between the stem nanochannels 
(~18.2 nm). Thus, the number of 1D nanochannels in each cap is on 
the order of 10. The areal density of the stem nanochannels is on the 
scale of ~1011 cm−2, equal to that of the original SA nanostructure. 
Thus, the total areal density of 1D-1D hybrid nanochannels, con-
structed by positive-charged 1D cap nanochannels and negative-
charged stem nanochannels, reaches ~1012 cm−2 (Fig. 2C).

Unidirectional ion transport
The ultrahigh-density nanochannel membrane exhibits unidirec-
tional ion transport. As shown in Fig. 2D, the ion transport through 
the h-PEI–capped nanochannel membrane exhibits a diode-like fea-
ture. The current value under positive potential is much bigger than 
that of under negative potential. In contrast, the membrane with 
symmetric nanochannels shows linear and ohmic current-voltage 
(I-V) curves. The asymmetric nanochannels, similar to p-n semicon-
ductor junctions, can accumulate or deplete ions efficiently (26–28). 
Under positive bias, the anions (Cl−) preferentially transport from 
bulk solution into the positive h-PEI nanochannels. Meanwhile, the 
cations (K+) preferentially transport from bulk solution into the neg-
ative BCP nanochannels. The diffusion of cations and anions forms 
an ion-enrichment region that results in a higher ionic conductivity. 
Under a negative bias, ion transport proceeds in the opposite direction. 
The ion migration from bulk solution into nanochannels is blocked 
due to electrostatic repulsion, causing an ion-depletion region and 
leading to a lower ionic conduction (fig. S14). The rectification-ratio 

comparison between the asymmetric nanochannels and symmetric 
nanochannels is around 17.3, in agreement with the theoretically 
estimated number of equivalent nanochannels on the caps.

The ionic rectification property is quantitatively supported by 
a numerical simulation based on Poisson-Nernst-Planck equations 
(29). To simplify the analysis, we take one 1D-1D hybrid nanochan-
nel as the model (Fig. 2E). From the ion concentration profile along 
the axis, we can see ions enrichment zone under positive bias and 
ion depletion zone under negative bias, which is in well agreement 
with the experiment result of Fig. 2D.

The unidirectional ion regulation ability maintains over a wide 
range of salinity concentrations from the I-V curves (Fig. 3, A and B). 
The rectification ratio varies as the concentration changes and shows 
the highest value in 0.1 M solution. The currents are still rectified 

Fig. 2. Ultrahigh-density mushroom-shaped nanochannel array membrane. 
(A) AFM height image of the h-PEI–capped nanochannel membrane surface in air. 
h-PEI caps collapse with average height of 5.0 nm (I). (B) AFM height image of the 
h-PEI–capped nanochannel membrane surface in aqueous solution. h-PEI caps are 
swollen with an average height of 12.5 nm (II). (C) The schematic illustration of 
mushroom-shaped nanochannels. The mushroom-shaped nanochannel is com-
posed of the stem and the cap (I). The cap is a 3D network (II), which is simplified 
into tens of 1D nanochannels (III and IV). The density of arrayed stems is ~1011 cm−2 
(V), and the density of asymmetric 1D-1D hybrid nanochannels further reaches to 
1012 cm−2 (VI). (D) I-V curves of the nanochannel membranes (at 0.1 M solution) 
before and after h-PEI modification. The symmetric SA nanochannels show a linear 
feature, while the h-PEI–capped nanochannels exhibit a diode-like feature, with 
the rectification ratio of 17.3. (E) Numerical simulation results for the ionic concen-
tration distribution for an asymmetric nanochannel, showing the accumulation (at 
+2 V) and depletion (at −2 V) of ions along the axial position.
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even in 3.0 M solution. These properties promise applications in-
volving various water resources.

Excellent ion selectivity
The ultrahigh-density nanochannel membrane also exhibits excel-
lent ion selectivity, which is essential for energy conversion. To ver-
ify the ion selectivity, the ion transport through the membrane is 
measured using highly asymmetric concentrations (30). The con-
centration on the cap side is 0.1 M, and the concentration on the 
other side is 1 M. The concentration gradient ratio is up to 105. Thus, 
the ion migration contribution to the measured ionic current from 
the low concentration side is negligible. The ionic currents carried 
separately by cations and anions from the high concentration side 
are compared (Fig. 3C). The currents at positive potentials (Cl−) are 
substantially higher than the currents at negative potentials (K+), in-
dicating the strong anion selectivity. The h-PEI caps at the entryway 
of the nanochannel array play a role similar to that of the Cl− selec-
tivity filter in Cl− channels (15, 18). The high content of positive-
charged nitrogen atoms in h-PEI offers numerous coordinating sites 
for Cl− ions, markedly decreasing the internal resistance. These struc-
tural and chemical properties favor a high Cl− throughput. Mean-
while, the counterions, such as K+ ions, are effectively prevented by 
the Donnan effect. The excellent anion selectivity can also be deter-
mined by a cyclic voltammetry (CV) test in the presence of electro-
active redox probes, [Fe(CN)6]3− and [Ru(NH3)6]3+ (Fig. 3, D and E). 
The CV curves show a high electrochemical response with a peak 
current of 382 A using [Fe(CN)6]3− while a weak response with a 
peak current of 5.1 A using [Ru(NH3)6]3+. The marked contrast 

results from the preferential anion diffusion. Only the anions selec-
tively transport toward the electrode through the h-PEI–capped 
nanochannels.

Moreover, the Cl− ion selectivity is quantitatively expressed by 
the ion selectivity coefficient (S, equals 1 for ideal selectivity and 0 
for nonselectivity), which can be calculated from the following equa-
tion (31, 32)

	​ S  = ​   ​E​ diff​​ ─ 
​RT _ F ​ ln​(​​ ​​​KCl​ 

HC ​ _ 
​​KCl​ 

LC ​
 ​​)​​

 ​​	 (3)

where Ediff is the diffusion potential. R, T, and F are the universal 
gas constant, the temperature, and the Faraday constant, respec-
tively, while ​​​KCl​ 

HC ​​ and ​​​KCl​ 
LC ​​ are the activities of the Cl− in the high-

concentration and low-concentration solutions. At a concentration 
gradient of 500-fold, the open-circuit voltage (UOC = 241.3 mV) and 
short-circuit current (ISC = 4.0 A) of the hybrid membrane are ob-
tained from the I-V curve. After subtracting the redox potential of 
the base window, the open-circuit voltage of the nanochannel array 
membrane is approximately 136.5 mV, and the diffusion current 
reaches 2.3 A (Fig. 3F). The calculated S is ~0.91, suggesting excel-
lent anion selectivity. The high ion selectivity of the membrane would 
benefit the high efficiency energy conversion.

Ultrahigh osmotic energy conversion
The energy conversion ability of the mushroom-shaped nanochan-
nel array membrane is systematically researched. First, we explored 

Fig. 3. The ion transport regulation of the nanochannel array membrane. (A) I-V curves obtained over a wide salinity concentration range. The ionic current values at 
positive potentials are substantially higher than those at negative potentials. (B) Corresponding rectification ratios at different concentrations, indicating excellent ion 
transport regulation over a wide range of concentrations. (C) I-V curve for an extremely high salinity gradient (1 M/0.1 M), showing excellent Cl− ion selectivity. (D) CV 
curves of the membrane when using [Fe(CN)6]3− as the cationic electroactive probe and [Ru(NH3)6]3+ as the anionic electroactive probe. (E) Peak currents of the CV curves 
when using [Fe(CN)6]3− and [Ru(NH3)6]3+ probes. (F) I-V curves of the membrane at 1 mM/0.5 M gradient, with the high-concentration solution on the cap side.
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the current density and power density of the membrane as func-
tions of external resistance and concentration gradient. Consider-
ing that the salinity concentration of sea water is around 0.5 M, the 
high-salinity solution with 0.5 M KCl is placed on the cap side, and 
the low-salinity solution is varied from 1 mM to 0.1 M with gradient 
ratios of 5, 50, and 500 (Fig. 4, A to C). The current densities de-
crease with load resistance increasing (Fig. 4A). The electric power 
(PR) is directly obtained from PR = I2 × RM, where I is the generated 
current and RM is the membrane resistance. When a load resistance 
(RL) is connected to extract the generated power, the maximum ex-
tractable power reaches its maximum when RL = RM. The output 
power density increases with the salinity gradient and reaches a max-
imum of 22.4 W·m−2 for a 500-fold salinity gradient. The energy 
conversion system shows excellent endurance. The output power den-
sity maintains nearly unchanged within 2 weeks (fig. S14). Besides, 
the asymmetric membrane also presents pretty high performance 
using NaCl solution (fig. S15). Considering that the concentration 
of salt lakes is even higher, the energy conversion ability is evaluated 
using higher salinity solution (Fig. 4D and fig. S16). With the in-
creasing salinity gradient, the power density increases and reaches 
an even higher value of 33.2 W·m−2 for a 1000-fold salinity gradient. 
In addition, the performance of the membrane for a 50-fold NaCl 
gradient and real seawater/river water is determined, and the power 
density is up to 13.2 and 14.6 W·m−2, respectively (Fig. 4E and fig. 
S17), much higher than those of traditional ion-exchange membranes 
(33). The traditional ion-exchange membranes show really high area 
resistance and thus poor power density (34). Even for the symmetric 

BCP nanochannel array membrane, the power density is one order 
lower (fig. S18), due to the severe concentration polarization (35–37). 
The numerical simulation results show that the counterion concen-
tration at the channel outlet is much higher than that of the bulk 
solution (fig. S19A). On the contrary, for the asymmetric membrane 
with dipolar charge distribution, the counterion (Cl−) concentration 
at the channel outlet is much lower than the bulk value, indicating 
that the counterions are depleted (fig. S19B). Thus, the concentra-
tion polarization at the low concentration side is highly suppressed, 
contributing to the ultrahigh power density of the mushroom-shaped 
nanochannel array membrane. As shown in fig. S20, the current values 
increase as the number of cap nanochannels increases by numerical 
simulation. Notably, the economic cost is a crucially important factor 
for the industrial prospect. The cost is calculated to be about 3 USD·m−2 
(fig. S21), which is quite lower than the commercially accepted target 
(4.8 USD·m−2) (38). Thus, it promises a substantial payback by 
applying the designed membrane for osmotic energy conversion.

Next, we proceed to demonstrate the influence of membrane thick-
ness on power density. The results present that the thinner the mem-
brane is, the better performance it exhibits (Fig. 4F and fig. S22). It 
is mainly because the BCP nanochannel length decrease leads to the 
resistance decrease. It is worth noting that the ion selectivity, deter-
mined by the selective layer, is independent of the BCP nanochannel 
length. The numerical simulation shows that the current values de-
crease as the membrane thickness increases (fig. S23). For its excel-
lent mechanical strength, the minimal thickness of the free-standing 
nanochannel array membrane is as thin as 118 nm in contrast to those 

Fig. 4. The ultrahigh osmotic energy conversion. (A) The current densities at different concentration folds as a function of the external resistance. (B) The power den-
sities at different concentration folds as a function of the external resistance. (C) The maximum output power densities at different concentration folds. The high-salinity 
solution placed on the cap side is fixed at 0.5 M KCl, and the low-salinity solution is varied from 1 mM to 0.1 M. The maximum value is 22.4 W·m−2. (D) The maximum out-
put power densities using high-salinity solutions. The maximum value reaches 33.2 W·m−2 for a 1000-fold salinity gradient. (E) The power densities obtained by using 
natural seawater and river water ( □ ) and 10 mM/0.5 M NaCl solution (○). (F) The maximum output power density at 500-fold as a function of membrane thickness, 
showing that the power density increases as the membrane thickness decreases.
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of the BNMs, which are usually in the range of micrometers. The de-
sign strategy overcomes the contradiction between pore density and 
mechanical strength. With pore density several orders higher, the out-
put power density is much higher compared with upscaled mem-
branes over a wide range of pore densities (table S1). By decreasing the 
BCP molecular weight, the areal density of the nanochannels could 
increase one order higher, up to ~1012 cm−2. In this case, the estimated 
power density would reach ~102 W·m−2. Furthermore, we are design-
ing a continuous manufacturing process of a 25-cm-wide membrane, 
which would provide the prospect for industrial application.

DISCUSSION
Here, we have demonstrated an ultrahigh-density mushroom-shaped 
nanochannel array membrane, generating the power density up to 
22.4 W·m−2 for a 500-fold salinity gradient and an even higher value 
of 33.2 W·m−2 for a 1000-fold salinity gradient, which is the best 
performance among the upscaled membranes. The explanation con-
siders the ultrathin selective layer and ultrahigh density of nano-
channels. The mushroom-shaped nanochannels are formed by way of 
single-molecule–layer h-PEI capping the BCP-derived nanochan-
nels. The negative-charged stem parts have a density of ~1011 cm−2, 
while the positive-charged cap part is 3D channel networks, equiv-
alent to tens of 1D nanochannels per stem. Thus, the total density 
of the asymmetric nanochannel reaches up to ~1012 cm−2. The ex-
tremely high density of ion channels exhibits unidirectional ion 
transport and excellent ion selectivity, leading to high-performance 
energy conversion. Besides, the controlled process of membrane fab-
rication provides a promising approach for industrial production. 
This work represents a significant step toward developing the next 
generation of asymmetric nanopore membranes and opens up a 
promising prospect for large-scale osmotic energy conversion.

MATERIALS AND METHODS
Fabrication of the BCP SA membrane
Ten milligrams of BCP was dissolved in 0.5 ml of toluene and the 
solution was filtered. Four weight % poly(styrene sulfonic acid) sodium 
salt (PSS) aqueous solution was spin-coated onto silicon wafer at 
2000 rpm for 120 s. Then, the BCP solution was spin-coated onto 
the PSS layer at 2000 rpm for 60 s. The prepared sample was dried in 
a nitrogen atmosphere for 2 hours. Then, the sample was annealed 
at 80°C for 6 hours.

Fabrication of the nanochannel membrane
The SA membrane was exposed under UV radiation (max = 365 nm) 
for 30 min and then rinsed into methanol solution for 30 min to re-
move the polyethylene oxide.

Fabrication of the h-PEI–capped membrane
h-PEI (0.3 g), 0.005 g (0.026 mmol) of 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide, and 0.001 g (0.008 mmol) of 4-dimethylamino-
pyridine were dissolved in 10 ml of ethanol, and then the solution was 
filtered. The filtered solution was spin-coated onto the nanochannel 
membrane at 3000 rpm for 120 s and stored under N2 atmosphere 
at 40°C overnight. Then, the membrane was washed with ethanol 
for several times to remove the unmodified h-PEI. Then, the sample 
was immersed into the water to dissolve the PSS sacrificial layer. 
The free-standing h-PEI–capped membrane was obtained.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabg2183/DC1
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