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ABSTRACT: In nature, ultrafast signal transfer based on ion
transport, which is the foundation of biological processes,
commonly works in a hydrogel−water mixed mechanism. Inspired
by organisms’ hydrogel-based system, we introduce hydrogel into
nanofluidics to prepare a hydrogel hybrid membrane. The
introduction of a space charged hydrogel improves the ion
selectivity evidently. Also, a power generator based on the hydrogel
hybrid membrane shows an excellent energy conversion property;
a maximum power density up to 11.72 W/m2 is achieved at a 500-
fold salinity gradient. Furthermore, the membrane shows excellent
mechanical properties. These values are achievable, which indicates
our membrane’s huge potential applications in osmotic energy
conversion.

■ INTRODUCTION

Ion transport in a charged channel with dimensions
comparable to the Debye length shows different behavior
from the bulk.1,2 The charge-governed ion transport, for
example, ion selectivity, has drawn enormous research
attention.3−7 On the basis of this unique phenomenon, a
number of applications have been explored such as sensing
devices,8 water desalination,9 and ionic neural electrodes.10

Also, in recent years, the ion selective membrane has been used
to harvest osmotic energy from the salinity gradient between
seawater and river water, which is a promising alternative to
fossil fuel burning owing to its cleanliness, renewability, and
abundance.11−16 Nevertheless, state-of-the-art ion selective
membranes are caught in low ion selectivity or high internal
resistance, leading to the poor performance.17,18 Therefore,
investigating the efficient transmembrane transport of ions and,
meanwhile, exploiting membranes with high selectivity and
conductance are desperately demanded.
Hydrogel, a “soft and wet” material with a three-dimensional

(3D) network structure, shows potential in facilitating fast
mass transport of ions/electrons with its interconnected
pathways and the ability of being space charged.19,20 However,
the pore size of hydrogel is generally on the micrometer scale,
which would lead to the poor performance. In nature, various
hydrogels with different forms arose in organisms to satisfy the
requirements of different functions based on charge-governed
ion transport.21−23 For example, in order to defend itself and
incapacitate prey, the electric eel can generate discharges up to
600 V from gradients of ions, contributed by the unique

hydrogel electric organs with excellent ion selectivity and low
internal resistance.22 In human bodies, skeletal muscles, which
help the signal transmission, are composed of well-ordered
hydrogel fibers with a size range from micrometers to
nanometers.23 Therefore, exploring the effect of structural
variations of hydrogels on ion transport would lay the
groundwork for a deeper understanding of efficient ion
transport. Also, incorporating hydrogel into nanofluidics may
enable new properties to solve the bottleneck of state-of-the-art
systems.
Herein, inspired by the natural systems, we designed a

hydrogel hybrid membrane by constructing hydrogel nano-
fibers in 1D channels of a polycarbonate (PC) membrane
through radical initiated polymerization. The supporting
framework is a commercialized polycarbonate (PC) film with
cylindrical channels, and acrylic acid (AAc)−co-acrylamide
(AAm)−co-methyl methacrylate (MMA) hydrogels are filled in
the channels (Figure 1). Compared with the present
nanofluidics, our membrane works in an organism-like
hydrogel−water ambient. The hybrid membrane which
features unique nanochannels and space negative charges
exhibits high cation selectivity (Figure 1a). Under a salinity
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gradient, the hydrogel hybrid membrane-based osmotic power
generator can convert osmotic energy to electric power
efficiently; the power density reaches 11.72 W/m2 by
mimicking the salt-lake/river water conditions. Furthermore,
the hydrogel hybrid membrane shows a prominent mechanical
property, which is favorable for practical applications. This
work investigates the ion transport in 1D hydrogel, meanwhile
providing guidance for the design of high-performance
membranes for sustainable power conversion, desalination,
and water purification.

■ RESULTS AND DISCUSSION
The fabrication processes of the hydrogel hybrid membrane
are shown in Figure 1b. To construct the hybrid membrane,
precursor solution was poured on PC film (with cylindrical
channels, pore density ∼5 × 1012 m−2), and precursor solution
would penetrate the channels of PC via the capillary effect.
After removing the redundant solution, precursors would only
exist in channels and filled the space due to their hydrophilic
characteristic. Lastly, AAc, AAm, and MMA would form the
hydrogel network though free radical polymerization. This

Figure 1. Illustration of the hydrogel hybrid membrane-based osmotic power generator. (a) Schematic depiction of the excellent cation selectivity
of the hydrogel hybrid membrane benefiting from space charge. An osmotic power generator as the figure depicts can convert the salinity gradient
to electric power. (b) Fabrication processes of the hydrogel hybrid membrane. (i) Precursor solution was poured on a PC film. (ii) Precursor
solution filled the space of channels. (iii) The redundant solution was removed. (iv) The hydrogel was fabricated by UV irradiation. (c) Excellent
mechanical property of the hydrogel hybrid membrane. The inset figure shows the whole view of the hydrogel hybrid membrane; the scale bar is 1
cm.

Figure 2. Ion transport properties of the hydrogel hybrid membrane. (a) Ion conductance of the 15% AAc/m membrane versus concentration,
showing a charge-governed ion transport. (b) Permeability rate curves of rhodamine 6G (Rh (+), square symbols) and sulforhodamine (Rh (−),
circular symbols), which indicate the excellent cation selectivity of the 15% AAc/m membrane. (c) Simulation results of anion concentration
profiles of two models reveal the improved ion selectivity of the channel with space charge.
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kind of structure composed of hydrophilic-co-hydrophobic
polymer chains could avoid the excessive swelling of the
hydrogel,24 which would be instrumental in keeping the
construction and morphology of the hybrid membrane. The
hydrogel hybrid membranes were denoted as X% AAc/m
membrane (X refers to the mass fraction of AAc). As shown in
Figure 1c, the hydrogel hybrid membrane with a width of 0.5
mm and thickness of 0.025 mm can lift up 300 g of weight,
showing the outstanding mechanical property. As shown in
Figures S1 and S2, the channels of the PC film are fully filled
with hydrogel after hybridization. Additionally, the appearance
of the C 1s peak at 288.8 eV (−COOH group) in the XPS
spectrum (Figure S3),25 the characteristic absorbance at 1700
and 1560 cm−1 (corresponding to −COOH and −CONH2,
respectively) in the FT-IR spectrum (Figure S4),26 and
confocal microscopy characterizations (Figure S5) all confirm
the successful syntheses of the hydrogel hybrid membrane.
The characteristic of ion transport was measured by a

current−voltage (I−V) measurement employing an electro-
chemical device (Figure S6). The hybrid membrane (15%
AAc/m membrane) was nipped in two cells with different
concentrations of potassium chloride (KCl) solution (from
10−6 to 3 M), and the electrodes were a pair of Ag/AgCl.
Figure 2a shows the change of the membrane’s ion
conductance with the decrease of electrolyte concentration
(red curve). The ion conductance of the hydrogel hybrid
membrane deviates from the bulk behavior (black curve)

obviously when the concentration is below 1 M, showing a
charge-governed ion transport.27 In a relatively low concen-
tration, the curve is gentler for the increase of Debye length.28

The ion selective property of the 15% AAc/m membrane was
assessed with the help of the permeation of fluorescent dye
(Figure 2b). The inset in Figure 2b shows the molecular
formulas of fluorescent dyes (sulforhodamine and rhodamine
6G), which were selected for their similar structure but
opposite charges. As a result, the concentration of rhodamine
6G (Rh (+)) increases distinctly with the test time, while the
concentration of sulforhodamine (Rh (−)) remains quite low
after 30 min. The transmembrane transport speed of Rh (+) is
much larger than that of Rh (−), which indicates the excellent
cation selectivity of the membrane. This high cation selectivity
of the membrane can be illustrated by the space charge
provided by the carboxylic group of the hydrogel 3D network.
To investigate the function of the space charge of 1D

hydrogel, the theoretical simulation based on steady-state
Poisson−Nernst−Plank (PNP) equations was performed
(Note S1 and Figure S7).29−31 Cylinder models (3D) with
surface charge (1) or space charge (2) were designed. The
calculation was carried out at a +0.1 V bias, and the profiles of
surface charge and space charge were homogeneous. The anion
concentration profiles of two channels are shown in Figure 2c.
The longitudinal section of the surface charged channel shows
a high anion concentration, which indicates its poor ion
selectivity. However, the anion concentration in the space

Figure 3. Significant improvement in osmotic energy conversion by using hydrogel hybrid membrane. (a) Open circuit voltage and short circuit
current of the PC film and 15% AAc/m membrane at a 50-fold salinity gradient. The inset is their statistics. (b) Current densities and power
densities of PC and the 15% AAc/m membrane at a 50-fold salinity gradient. (c) The statistical power density increases with AAc content. (d)
Calculated output power of the surface charged nanochannel and space charged nanochannel.
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charged channel is low, showing the improved ion selectivity.
As shown in the transversal section of the channels (Figure
S8), the functional region of the ion-selective surface charged
channel is only on its inner surface. The thickness of the Debye
length (λD) can be calculated by eq 1:

RT
n Z F2D

0

bulk
2 2λ

εε
=

(1)

where ε, ε0, F, T, R, nbulk, and Z are the permittivity of water,
the permittivity of a vacuum, Faraday’s constant, the absolute
temperature, the universal gas constant, the concentration of
solution, and the valence number, respectively.28 λD in 0.01 M
KCl solution is about 3.1 nm, whose scale is not compatible
with PC channels. However, for the space charged channel, the
charge not only is on the surface but also distributes in the
whole channel region, and the influence of charge would be
more effective. Therefore, the whole area of it could contribute
to excellent cation selectivity (Figure S8).
Hydrogel hybrid membrane with outstanding cation

selectivity can be used for harvesting the osmotic power
from the gradient between seawater and river water. As shown
in Figure 1a, two cells were filled with artificial seawater (0.5 M
NaCl) and artificial river water (0.1 M NaCl), respectively,
separated by the AAc/m membrane. In virtue of the cation
selectivity, Na+ would diffuse predominantly from the high-
concentration cell (H-side) to the low-concentration cell (L-
side), but Cl− would be screened. The charges of the two sides
would be different due to the asymmetric ion diffusion, leading
to a continuous diffusion potential (Ediff). Then, the Gibbs free
energy of the salinity gradient can be converted to electric
energy by the reaction of electrodes connecting the external
circuit.32 First, I−V measurements were performed to evaluate
the open circuit voltage (Voc) and short circuit current (Isc) of
the PC film (without modification) and 15% AAc/m
membrane. Figure 3a shows the I−V curves of the PC film
and 15% AAc/m membrane, and the inset is the statistical data
of Voc and Isc. The Voc of the PC film is 72 mV, and the Isc is
2.6 μA. This is due to the channel of the PC film being
negative charged (−OH group) after the ion track-etched
(Figure S9). After being filled with 1D hydrogel, the Voc
generated from the 15% AAc/m membrane is up to 100 mV,
and the Isc increases to 4.22 μA, which shows a clear
improvement. The measured Voc is the superposition effect of
Ediff and redox potential (Eredox).

33 The contribution of Eredox
during the process is discussed in Note S2, Figure S10, and
Table S1. The energy conversion properties of membranes
were further evaluated via an external circuit with an electrical
load resistor (Rel).

34 The generated currents (I) were recorded,
and the output power (P) can be calculated according to eq 2:
P = I2 × Rel.

34 When the Rel is moderate (Rel = membrane
resistance, Rm), the maximum output power can be obtained.
As Figure 3b shows, the membrane resistance increases 30%
after being filled with 1D hydrogel (thickness of 25 μm), which
is low compared with the reported studies. For the energy
conversion, the maximum output power density of the PC film
is only 1.77 W/m2, while that of 15% AAc/m is up to 3.18 W/
m2 (test area was approximately 3 × 104 μm2, Figure S11).
Benefiting from the preeminent cation selectivity attributed to
the space charge of 1D hydrogel, the energy conversion of the
hydrogel hybrid membrane improves substantially (∼180%).
Also, the corresponding energy conversion efficiencies were
computed (Note S3 and Figure S12).

The relationship between electric quantity of the hydrogel
and osmotic energy conversion was further analyzed. The total
monomer content of hydrogel was kept at 20% for it would
have a marked impact on the hydrogel network and ion
transport.35 As shown in Figure S13, the current density
increases with the concentration of AAc. This result agrees
with the statement that the high electric quantity contributes
to a better ion selectivity and ion conductance. The maximum
output densities of 0% AAc/m, 5% AAc/m, 10% AAc/m, 15%
AAc/m, and 20% AAc/m are 1.54, 2.22, 2.78, 3.18, and 4.08
W/m2, respectively (Figure 3c), which indicates that the
output power density can be modulated by tuning the ratio of
electriferous monomer. The energy conversion properties of
hybrid membranes with different monomer contents were also
discussed (Figure S14), which show that both the electric
quantity and structure of the hydrogel network would influence
the energy conversion.
In addition to the salinity gradient that arose by seawater

and river water, wastewater extracted from oil drilling or brines
generated by desalination plants can be used to harvest
energy.16 Therefore, the energy conversions in different salinity
concentration gradients were measured. The salinity concen-
tration (NaCl) in the L-side was kept at 10 mM, while the
concentration in the H-side was changed from 20 mM to a
saturated solution. The output power densities are shown in
Figures S15 and S16. With the increase of salinity gradients,
the output power density increases, and a maximum power
density of 11.72 W/m2 is achieved at a 500-fold salinity
gradient. This demonstrates that the hydrogel hybrid
membrane could still work at a high-concentration solution.
Moreover, the stability was assessed by measuring the output
power of the hybrid membrane immersed in water for 1−3
weeks (Figure S17), as well as a long-term run (Figure S18).
As a result, the membrane retained an excellent power output
indicating its outstanding stability. These experiments
demonstrate that the combination of nanofluidics and hydrogel
has great potential in enhancing the performance of osmotic
power conversion.
To provide further physical insight into the effect of

integrating hydrogels with nanochannels, steady-state Pois-
son−Nernst−Planck equations were performed (based on the
3D model, Note S1 and Figure S7).29−31 In the simulation, the
quantity of electric charge (Q) of the surface charged model
and space charged model was set to the same value, and the
value was selected according to the space charge density (σspa).

σspa can be estimated by eq 3, sur
0

D
σ = εε ξ

λ (σsur is the surface

charge density), and eq 4,
S

Vspa
surσ = σ

, where ξ, S, and V

represent the ζ potential, superficial area, and volume.36,37 The
calculated σspa is about −4.46 C/cm3, which is consistent with
the reported data.38 The quantity of electric charge can be
obtained by eq 5, Q = σspaV,

39 which is approximately 0.18 pC.
Therefore, Q was set from 0.08 to 0.32 pC (negative charge).
The calculated output power densities of channels with surface
charge and space charge are shown in Figure 3d and Table S2.
As the value increases, the output power densities of the two
models increase. Furthermore, the generated power of the
space charged nanochannel is always higher than that of the
surface charged. This indicates that constructing space charges
is an effective and convenient method to improve the energy
conversion efficiency.
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The adequate mechanical strength of the membrane is an
important factor for its practical application.18 Therefore, the
mechanical properties of the hydrogel hybrid membrane were
evaluated. First, the mechanical properties of the 15% AAc/m
membrane, PC film, and 15% AAc/m hydrogel were measured
by the tensile test (Figure S19). The thickness of the hydrogel
was 1 mm, while the thicknesses of the PC and hybrid
membrane were 25 μm (Figure S20). As shown in Figure 4a,
the strength of pure hydrogel is much lower than those of the
PC and hybrid membrane. The strength changes from the
kilopascal (kPa) level to megapascal (MPa) level after
hybridization. Figure 4b shows the exact tensile stresses of
the pure hydrogel, PC, and 15% AAc/m membrane, which are
26.10 kPa, 40.36 MPa, and 45.87 MPa, respectively. Then, the
tearing test was performed to evaluate the toughness of
membranes (Figure S21). The tear resistance of 15% AAc/m is
much better than that of the hydrogel (Figure 4c). The
fracture energy G can be calculated by eq 6: G = 2F/s, where s

is the sample’s thickness, and F is the average tearing force.40

As Figure 4d shows, the fracture energy of hydrogel is only 57
J/m2, while the fracture energy of 15% AAc/m is up to 4048 J/
m2 which increases 71-fold. It should be pointed out that both
the tensile stress and fracture energy of 15% AAc/m are larger
than those of PC, which indicates that the materials are not
simply superposed. To illustrate the enhancement of
mechanical properties, the cross-section of the 15% AAc/m
membrane was observed. Figure 4e shows the channels’
morphologies before and after the modification, and a strong
interface between hydrogel and the channel wall is found. This
is due to the fact that hydrogen bonds would form between
amide groups of the hydrogel’s network and hydroxyl groups of
the channel wall.41

Durability is another important mechanical property of the
membrane, and a friction test was carried out (Figure 5a).
Figure 5b shows the wear curve of the 15% AAc/m membrane;
the friction force maintains a low range after 100 cycles,

Figure 4. Mechanical properties of the hydrogel hybrid membrane. (a) Tensile stress of the hydrogel hybrid membrane (15% AAc/m), PC film,
and pure hydrogel. (b) Statistical tensile stress of the membranes. (c) Tearing force curves of 15% AAc/m, PC film, and pure hydrogel. (d)
Calculated toughness of the membranes. (e) Cross-section SEM images of the 15% AAc/m membrane before and after hybridization (i); the scale
bar is 500 nm. The strong interface is formed by the hydrogen bonds between the hydrogel and channel.
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showing the excellent durability. Another test using a
rheometer was performed (Figure S22), and the membrane
can still exhibit an outstanding performance after a probe
friction for 100 cycles. This indicates that the PC film would
not only provide channels for constructing the 1D hydrogel
but also protect the hydrogel from being wrecked.
Furthermore, the superoleophobic property underwater
(Figure S23) and low oil adhesion force of the hydrogel
hybrid membrane (Figure S24) would be propitious to resist
the attachment of fouling organisms,42,43 which is favorable for
its long service.

■ CONCLUSION
In summary, we have revealed the ion transport and reverse
electrodialysis of 1D hydrogel both experimentally and
theoretically. Benefiting from the space negative charges of
hydrogel and its unique network structure for ion transport,
the hydrogel hybrid membrane exhibits an excellent cation
selectivity, and the hydrogel hybrid membrane-based osmotic
power generator outperforms the ordinary one in osmotic
energy conversion. The power density is up to 4.08 W/m2 by
mixing artificial seawater and river water, and the maximum
power density at a 500-fold salinity gradient is 11.72 W/m2.
The hydrogel hybrid membrane also exhibits excellent
mechanical properties that are instrumental in maintaining
the high performance. Moreover, the superoleophobic
property and low oil adhesion force of the hybrid membrane
could prevent it from being invalid caused by biofouling. This
work provides a guidance for designing high-performance
membrane systems in osmotic power generation and other
mass transfer processes include desalination and water
purification.
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