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With the impact of energy crisis and environmental problems, it is urgent to develop green sustain-
able energy. Osmotic energy stored in the salinity difference between seawater and river water is one of
the sustainable, abundant, and renewable energy. However, the membranes used to capture osmotic en-
ergy by reverse electrodialysis (RED) always suffer from low ion selectivity, low stability and low power.
Hydrogels with three-dimensional (3D) networks have shown great potential for ion transportation and
energy conversion. In this work, based on the homogeneity and porosity characteristics of acrylamide
(AM) hydrogel, as well as the remarkable stability and abundant negative charge of 3-sulfopropyl acrylate
potassium salt (SPAK), a high-performance AM/SPAK cation-selective hydrogel membrane was successfully
developed for harvesting osmotic energy. Compared to AM hydrogels, utilizing AM/SPAK as a monomer
mixture greatly facilitated the preparation of homogeneous polymers, exhibiting a porous structure, ex-
ceptional ion selectivity, and remarkable stability. A maximum output power density of 13.73 W/m? was
achieved at a 50-fold NaCl concentration gradient, exceeding the commercial requirement of 5 W/mZ. This
work broadens the idea for the construction and application of composite hydrogel in high efficiency os-

motic energy conversion.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Under the threat of energy crisis, osmotic energy is considered
a promising alternative to fossil fuel burning owing to its cleanli-
ness, renewability and abundance [1,2]. Based on global river dis-
charge to the ocean, the total hypothetical energy available from
salinity gradients is in the range of 1.4-2.6 TW. At present, en-
ergy harvesting devices based on ion selective membranes can ef-
ficiently capture osmotic energy and convert it into electrical en-
ergy [3]. Reverse electrodialysis (RED) has been developed as a key
technology toward harvesting osmotic energy [4]. In a RED system,
the anion/cation selective membranes placed between salt solu-
tions with different concentrations play vital roles for directly con-
verting osmotic energy into available electric power [5-9]. How-
ever, the commonly used RED technology to obtain osmotic energy
has some shortages, such as poor ion selectivity, excessive internal
membrane resistance, low ion flux and poor stability, leading to
low osmotic energy conversion efficiency, power density, and can-
not meet commercial standards [10,11].

Inspired by biological ion channels, artificial ion channels have
been extensively explored to harvest osmotic energy [12-15]. By
controlling the structure and surface properties of channel mem-
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branes, the ion transport behavior can be controlled and the os-
motic energy can be efficiently captured using reverse electrodial-
ysis [14,16,17].

Hydrogel, a “soft and wet” material with a 3D network
structure, shows potential in facilitating fast mass transport of
ions/electrons with its interconnected pathways and the ability
of being space charged [18,19]. In this work, we constructed a
polyacrylamide-based anionic hydrogel with acrylamide (AM) and
3-sulfopropyl acrylate potassium salt (SPAK) as network for har-
vesting osmotic energy. At the same time, AM monomer hydrogel
was prepared for comparison. Due to the advantages of porosity
from AM and the presence of amino groups, the hydrogel can facil-
itate ion transport while ensuring wettability [20,21]. And SPAK is
an ionic monomer with a large number of sulfonic acid groups on
its surface, having a high charge density [22]. The high densities
of sulfonic and amino groups make hydrogel contain a high con-
centration of counter ions and generate high ion selectivity [23].
Compared with AM hydrogels, the prepared composite hydrogels
broke the trade-off between selectivity and permeability, improv-
ing power density with high cation selectivity. Benefiting from ul-
trahigh ion selectivity and porous structure, the AM/SPAK hydro-
gel achieved a maximum output power of 13.73 W/m? at a 50-fold
NaCl concentration gradient. This work demonstrates that the com-
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Fig. 1. (a) Schematic for preparation of the AM/SPAK hydrogel membranes. (b, ¢) Chemical reaction equations of the AM/SPAK hydrogel.

posite hydrogel has an excellent osmotic energy harvesting perfor-
mance, broadening idea for the efficient utilization of green energy.

Fig. 1a shows the synthetic route of AM/SPAK hydrogel mem-
brane. Firstly, different molar ratios of AM and SPAK (1:1, 2:3,
3:2) were mixed with water in the beaker, then stirred with a
magnetic stirrer to achieve a homogeneous solution. After that,
N,N’-methylenebisacrylamide (BIS) as a crosslinker was added into
the beaker. Next, ammonium persulfate (APS) initiator and tetram-
ethylethylenediamine (TEMED) catalyst were added to the solu-
tion as soon as possible. Subsequently, the prepared solution was
dripped onto a slide (25.4 mm x 76.2 mm) with a pipette at a uni-

form rate, and then another slide of the same size was slowly cov-
ered on the surface of the solution. Finally, it was placed in the
oven and dried for 2 h at 45 °C to obtain three-dimensional porous
hydrogel membranes. Figs. 1b and c show the chemical reaction
equations of the AM/SPAK hydrogel. This reaction is a vinyl addi-
tion polymerization initiated by a free radical-generating system.
Polymerization is initiated by APS and TEMED, where TEMED ac-
celerates the formation rate of free radicals from APS and thus free
radicals in turn catalyze polymerization. APS radicals convert AM
and SPAK monomers into free radicals, which subsequently react
with inactivated monomers, initiating the polymerization chain re-
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Fig. 2. Characterizations of the AM/SPAK hydrogel membrane. (a) SEM micrograph
of the AM/SPAK hydrogel. (b) Pore size distribution corresponding to (a). (c) EDS
mappings of the AM/SPAK hydrogel. (d) FTIR spectra of AM, AM/SPAK hydrogel
membranes and SPAK. (e) Zeta potentials of the AM/SPAK hydrogel with a 1:1 molar
ratio at different pH values. (f) Schematic of the experimental setup for ion trans-
port and osmotic energy conversion of the hydrogel membrane. (g) V,c and I of
the AM/SPAK hydrogel membrane as a function of the salt concentration gradient.

action. Thus, the elongated polymer chains are cross-linked by BIS
to form a gel with multiple porosity [24].

Figs. 2a and b show the scanning electron microscopy (SEM)
image of the AM/SPAK hydrogel surface and its corresponding pore
size distribution. There are a large number of pores, with diameter
between 0.8um and 1.5pum, which is due to the porous and ho-
mogeneous nature of the gel formed using AM [25]. In addition,
the energy dispersive X-ray spectroscopy (EDS) mapping of the hy-
drogel membrane was performed. Fig. 2c shows the EDS spectrum
of the AM/SPAK hydrogel, with C, O, S and K elements uniformly
distributed on the surface.

As shown in Fig. 2d, Fourier-transform infrared spectroscopy
(FTIR) was used to investigate the chemical structure of the pre-
pared hydrogels. Amino group at 3405cm! ensure the wettability
of the membrane surface, and amino group is a hydrophilic group,
which is conducive to ion transport. Located at 523 cm™! is sulfonic
acid group, which can provide plentiful negative charges, thereby
the polymerized hydrogel membrane has good electrical conductiv-
ity and high-power density. The C=0, C-N and C-S groups are ap-
peared at 1720, 1250 and 602 cm™, respectively. The C=C stretch-
ing vibration peak at 1448 cm™ and the O=S out-of-plane bending
vibration peak at 1060 cm™ on the sulfonic acid group are signif-
icantly reduced, indicating cross-linking between polymer chains
[26,27]. In addition, the X-ray photoelectron spectroscopy (XPS) re-
sults show the elemental compositions of the prepared AM/SPAK
hydrogel membrane (Fig. S1 in Supporting information), also indi-
cating the successful reaction [28].
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The zeta potentials of the AM/SPAK hydrogel at different pH
conditions were measured with a zeta potential analyzer (ZS90).
As shown in Fig. 2e and Fig. S2 (Supporting information), the zeta
potentials of AM/SPAK hydrogels with three different molar ratios
of 1:1, 2:3, and 3:2 were investigated. The hydrogel with the 1:1
ratio has zeta potentials of —8.15, —17.1, and —37mV at pH values
of 3, 7, and 11 respectively, proving that the hydrogel membrane
is negatively charged [29]. Specially, the surface of the hydrogel
membrane is negatively charged in the neutral condition, showing
cation selective.

In order to evaluate the wettability of the as-prepared AM/SPAK
hydrogels, the water contact angle was measured. As shown in Fig.
S3 (Supporting information), the contact angle is 84.9°, and hy-
drophilicity greatly enhances the water flux and ion transport in
the membrane [30]. Moreover, the surface of the membrane is neg-
atively charged, so the hydrogel can attract cations and repel an-
ions, which is conducive to improving the osmotic energy conver-
sion performance [31].

Fig. 2f shows the schematic of ion transport and osmotic energy
harvesting process, and a homemade setup was used to test os-
motic energy harvesting performance of the hydrogel membranes
(Fig. S4 in Supporting information). In order to further explore the
ion transport and osmotic energy conversion of the hydrogel mem-
branes, the effect of potassium chloride (KCl) on the I-V curves
at different concentrations was investigated. A series of hydrogel
membranes with different proportions of AM/SPAK (1:1, 2:3, and
3:2, respectively) were prepared, with the thickness of 500 pm. As
shown in Fig. S5 (Supporting information), the I-V curves of the
hydrogel membranes are all linear and show linear ohmic behav-
ior, indicating that the hydrogels have homogeneous symmetrical
structure [14,32,33].

Then, the I-V curves data was used to calculate the conductivity
(Notes S1 and S2 in Supporting information). As the concentration
of the solution increases, the conductivity of the hydrogel mem-
branes also has a linear correlation with the concentration (Fig.
S6 in Supporting information). However, at low solution concen-
tration, the transmembrane conductance of ions deviates signifi-
cantly from the bulk value, and the lower the concentration, the
more obvious the deviation is, indicating that the ion migration is
controlled by the surface charge [34].

In the electrolytic cell, the KCl concentration in the low con-
centration side was 107> mol/L, and the other side was set from
109 mol/L to 10~ mol/L to perform gradient transformation. The
short circuit current (Is¢) and open circuit voltage (Vo) of AM/SPAK
hydrogel membranes were measured. Vo of the AM/SPAK hydrogel
membrane increases from 52.32mV to 356.7 mV with increasing
concentration gradient, and Isc increases from 0.048 pA to 0.297 pA
(Fig. 2g).

The composite hydrogels show the cation selectivity (t;) of 0.92,
0.91, 0.9, 0.88, and 0.85 from 10-fold to 100,000-fold KCI concen-
tration gradients (Fig. 3a), corresponding to energy conversion ef-
ficiency (1) of 35.28%, 33.62%, 32%, 28.88%, and 24.5%, respectively
(Fig. 3b and Table S1 in Supporting information). It can be found
that the concentration has little influence on ion selectivity, which
is because that AM/SPAK hydrogel has many negative charges and
the distribution of pores [35,36]. However, the change of energy
conversion efficiency is relatively large, and the reason is that as
the electrolyte concentration increased, the thinner the electrical
double layers, the weaker the ability to control ion transport [37-
39]. The high cation selectivity and power density of AM/SPAK
hydrogel membranes demonstrate their potential for high perfor-
mance osmotic energy generation applications.

As shown in Figs. 3c and d, when the ratio of AM/SPAK is
1:1, and the thickness of the hydrogel membranes is 500 um, the
power and current densities for AM/SPAK hydrogel membranes
were evaluated at three salinity gradients of 5- (0.05/0.01 mol/L
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Fig. 3. lon transport properties of the AM/SPAK hydrogel membrane. (a) lon se-
lectivity of the AM/SPAK hydrogel under five concentration gradients. (b) Energy
conversion efficiency of the AM/SPAK hydrogel under five concentration gradients.
(c) Power and (d) current densities of the AM/SPAK hydrogel under three salinity
gradients. (e) The maximum power density of the AM/SPAK hydrogel membranes
with different thicknesses at a 50-fold salinity gradient. (f) Power density with dif-
ferent AM/SPAK ratio for the thickness of 500 um. (g) The maximum power density
of the AM/SPAK hydrogel membranes with different electrolytes. (h) Stability of the
AM/SPAK hydrogel in 7 days.

Nacl), 50- (0.5/0.01 mol/L NaCl), and 500-fold (5/0.01 mol/L NacCl),
respectively. Compare with 2:3 and 3:2 (Fig. S7 in Supporting
information), the power densities can reach 1.37W/m? (5-fold),
13.73 W/m?2 (50-fold), and 29.73 W/m? (500-fold), and the current
densities are 104.35 A/m? (5-fold), 463.88 A/m? (50-fold), and
633.44 A/m? (500-fold) respectively, showing the possibility of col-
lecting osmotic energy in brackish water (5-fold), seawater (50-
fold) and salt lake (500-fold) during mixing with rivers [40].

In addition, the effect of thickness of the hydrogel on the power
density was also studied. The power densities of the AM/SPAK hy-
drogel membranes with three thicknesses (200, 500, and 800 pum)
were investigated. As shown in Fig. 3e and Fig. S8 (Supporting in-
formation), the maximum power density of the hydrogel mem-
brane is the highest when the thickness is 500 um. For the thin
hydrogel membrane, the functional groups are less sufficient to
achieve the optimal power density. However, the spatial potential
resistance increases and the transmembrane ion flux decreases for
the thicker hydrogel membrane, resulting in a decrease in power
density [31,41]. Fig. 3f shows that 1:1 of AM to SPAK performs
the highest power density with thickness of 500 um. As shown in
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Fig. 4. Comparison of the power density with previous work at a 50-fold concen-
tration gradient.

Fig. 3g, the maximum output power densities of the AM/SPAK hy-
drogel membrane (500um) in KCI, NaCl, and LiCl solutions were
40.86 + 1.16, 29.57 + 1.28, and 28.48 4+ 1.32W/m? respectively, fol-
lowing the general trend of KCl > NaCl > LiCl. The efficiency of
charge separation is proportional to the diffusion rate with cations,
and since the diffusion coefficient of K* is the largest (1.96 x 10~°
m?/s), resulting in the maximum power density. While the dif-
fusion coefficient of Li* is the smallest (1.03 x 10° m?2/s), so the
smallest power density is obtained [42,43].

The long-term working stability of the AM/SPAK composite hy-
drogel membrane for osmotic energy conversion was also investi-
gated. As shown in Fig. 3h, the composite hydrogel still maintains
the power output after 7 days, and the power density is higher
than 12.48 W/m?2 under a 50-fold salinity gradient, only decayed by
9.1%. The prepared AM/SPAK hydrogel performed good long-term
working stability, indicating great application viability for harvest-
ing osmotic energy.

The performance of AM hydrogels has also been characterized,
and the results reveal that the AM/SPAK composite hydrogel mem-
brane exhibits superior performance (Figs. S9 and S10 in Support-
ing information). Moreover, the power density obtained in this
study was also compared with previously reported membranes
(Fig. 4), and the details are shown in Table S2 (Supporting infor-
mation). Comparing with other state-of-art membranes reported
in recent years, the power density of our designed membrane is
higher than most of them, showing great potential for efficient os-
motic energy conversion.

In this work, the AM/SPAK hydrogel was successfully synthe-
sized utilizing APS as a thermal initiator, TEMED serving as a cat-
alyst, and BIS as the crosslinker. The successful cross-linking of
AM and SPAK was confirmed through FTIR and XPS analysis. Fur-
thermore, SEM and EDS results revealed that the hydrogel ex-
hibited a porous and homogeneous structure. By optimizing the
monomer concentration ratio and thickness screening, the optimal
performance was determined when the ratio of AM/SPAK was 1:1
and the thickness was 500 um. Due to the hydrogel’s spatial neg-
ative charge and its distinct ion transport network structure, the
AM/SPAK composite membrane exhibited superior cation selectiv-
ity. In simulated seawater/river water with a 50-fold NaCl concen-
tration gradient (0.5 mol/L/0.01 mol/L), it achieved a maximum out-
put power density of 13.73 W/m2, outperforming the commercial
benchmark of 5W/m?. Therefore, the AM/SPAK hydrogel represents
an exceptional material for enhancing ion transport through mem-
branes, and elevating osmotic energy harvesting. Its implementa-
tion in high-performance osmotic energy generator systems holds
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immense potential and offers innovative insights for integrated en-
ergy designs.
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