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The transition of the global energy system towards low-carbon and

Yu Chen"3, Chengwei Ye'?, Jiajun He', Liangti Qu®?2/ © & Shaochun Tang'

Seawater evaporation-induced electricity generation (SEG) holds potential in
alleviating global energy and freshwater demands. However, conventional
SEGs suffer from non-selective ion transport in seawater, leading to severe
Debye screening effect and low output current (<10 yA). To overcome this
bottleneck, we develop an ion-engine hydrogel based solar-powered SEG
(SSEG), achieving milliampere level peak current of 1.2 mA from seawater due
to molecular-level ion control, surpassing previously reported SEGs by 1 to 2
orders of magnitude. Molecular dynamics simulations and Hittorf's method
confirm that the hydrogel dramatically enhances anion transference number
(-0.83) while suppresses cation-induced Debye screening via chemical gating,
which is attributed to synergistic effect of metal-polymer coordination and
ion-preferential association. The integrated SSEG system operating outdoors
can generate power up to 24 mW, sufficient to charge small electronics, while
producing freshwater at a high-yield over 2.0 kg m? h. Additionally, the ion
modulation mechanism boosts the regeneration potential of waste con-
centrated by-products in SSEG systems, enabling the recovery of up to

16.7 W m? of blue energy through reverse electrodialysis, improving sustain-
ability and economic value. This work demonstrates an approach for devel-
oping off-grid integrated water-energy cogeneration systems.

However, most existing water evaporation-induced electricity

renewable energy is highly imperative for sustainable future'’. Nowa-
days, renewable energy accounts for approximately 30% of global
electricity generation, and it must increase to 80% by 2050 to meet
decarbonization goals®. The Earth’s hydrological cycle, absorbing 35%
of incoming solar energy (-60 trillion kW annually), exceeds global
human energy consumption by three orders of magnitude®. Hydro-
voltaics, particularly power generation leveraging the electrokinetic
effect at the liquid-solid interface during water evaporation and flow™,
holds immense potential to accelerate renewable energy transition.

generators’” rely on freshwater as energy carrier source, creating a
trade-off between the freshwater consumption and electricity gen-
eration, thus limiting their scalability for applications.

The ocean, with an enormous area of 360 million square kilo-
meters, serves as an essential energy reservoir for achieving carbon
neutrality'>. Seawater evaporation-induced electricity generation
(SEG)™", an emerging water-energy coupling technology, has attrac-
ted considerable attention for its great potential to cogenerate green
electricity and valuable freshwater. Recent efforts toward improve-

"National Laboratory of Solid State Microstructures, Collaborative Innovation Center of Advanced Microstructures, Jiangsu Key Laboratory of Artificial
Functional Materials, College of Engineering and Applied Sciences, Nanjing University, Nanjing, P. R. China. 2State Key Laboratory of Flexible Electronics
Technology, Key Laboratory of Organic Optoelectronics & Molecular Engineering, Ministry of Education, Department of Chemistry, Tsinghua University,

Beijing, P. R. China. ®These authors contributed equally: Yu Chen, Chengwei Ye.

e-mail: lqu@mail.tsinghua.edu.cn; tangsc@nju.edu.cn

Nature Communications | (2025)16:10321


http://orcid.org/0000-0002-0161-3816
http://orcid.org/0000-0002-0161-3816
http://orcid.org/0000-0002-0161-3816
http://orcid.org/0000-0002-0161-3816
http://orcid.org/0000-0002-0161-3816
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65280-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65280-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65280-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65280-3&domain=pdf
mailto:lqu@mail.tsinghua.edu.cn
mailto:tangsc@nju.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65280-3

(@ Freshwater harvesting

A B
Solar input

c
S
T
£
T
[}
()
©
g

CNT layer o 8

Vapor generation?
(Water molecules) |

Hydrovoltaic effect

Reverse electrodialysis
(Cations)

@ Streaming current

Seawater

(Anions)

Electrodee I —

© Positive charge

Seawater transport

Fig. 1| Design and operating principle of the SSEG. A Schematic of the hier-
archically assembled SSEG device. The layered structure, from top to bottom,
comprises a CNT layer (photothermal), a top electrode, a central ion-engine
hydrogel, a bottom electrode, a foam separator, and a bottom ion-engine hydrogel
layer that wicks seawater upward. B Diagram of the working mechanism of the
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SSEG. The positively charged ion-engine hydrogel functions as a chemical gate,
facilitating anion diffusion while hindering cation migration during seawater eva-
poration process. This selective ion transport generates a streaming current via the
electrokinetic effect. The rejected cations accumulate in the residual brine, which
can be valorized to produce blue energy through reverse electrodialysis.

ment of SEG performance have focused primarily on physical and
structural modifications, such as optimizing solid-liquid interfacial
interactions'®", constructing micro/nanofluidic channels to promote
ion movement™”, and introducing asymmetric structures to create
charge gradients®”. The output voltage of SEG devices has increased
from millivolt levels in individual units to several hundred volts in
integrated systems. However, progress in output current remains
significantly lagging, with most SEGs generating current below 10 pA,
far below practical requirements. The limitation stems from co-
directional migration of anions and cations (Na*, CI, K*, Mg?*, Br™, Ca*,
etc.) during seawater evaporation. As elucidated by the classic Gouy-
Chapman-Stern model**, the non-selective ion transport forms a
dense counterion cloud at the solid-liquid interface, causing severe
Debye screening that neutralizes surface charges and suppresses
streaming potential, posing a fundamental obstacle to advancement of
SEG technology.

Addressing this obstacle demands a paradigm shift from passive
structural optimization to active regulation of ion transport. For
instance, ionic thermoelectric materials leverage thermal gradients
(AT) via the Soret effect to drive specific ion diffusion*, while ion-
selective membranes exploit concentration gradients (AC) to sepa-
rate counterions®. Their efficacy is highly dependent on macro-
scopic gradients. Under near-isothermal evaporation conditions of
SEG, both AT and AC are exceedingly weak, insufficient to overcome
the strong electrostatic confinement within the Debye layer for
effective ion separation. Solar-driven interfacial evaporation pro-
vides a powerful and sustainable driving force for SEG**?, while
concurrently offering the prospect of harvesting valuable freshwater
and energy from its byproducts. However, effective strategies to

decouple and control the water-ion interactions during interfacial
evaporation are lacking, resulting in inefficient energy dissipation
through non-selective charge neutralization. Consequently, con-
structing an integrated material system capable of actively orches-
trating ion and water transport to achieve optimal energy conversion
between power and water modules is highly desirable but extremely
challenging.

To overcome these challenges, this work introduces an innova-
tive ion-engine hydrogel for solar-powered SEG (SSEG), capable of
simultaneously harvesting streaming current, osmotic energy, and
freshwater from seawater (Fig. 1A). The ion-engine hydrogel employs
chemical gating, leveraging synergistic metal-polymer coordination
and ion-preferential association to achieve precise molecular-level
control over ion transport. During seawater evaporation, the selec-
tive gating facilitates an anion transference number (t_CI"=0.83)
while effectively inhibiting cation-induced Debye screening (Fig. 1B).
Consequently, the SSEG achieves a streaming current output of up to
1.2mA under AML5G illumination, exceeding previously reported
devices by 1 to 2 orders of magnitude. Based on its multistage
structure and ionic separation design, the SSEG system leverages the
cation-rich residual seawater byproducts, coupling it with a Nafion-
117 ion exchange membrane to generate clean osmotic energy out-
put of up to 16.7 Wm>, further enhancing energy efficiency. Addi-
tionally, the SSEG can be flexibly assembled and integrated into
systems to efficiently produce freshwater at a rate exceeding
2.0 kg m2h™ while simultaneously powering electronic devices such
as mobile phones and capacitors, demonstrating its significant
potential for real-world applications and expanding the field of
seawater-derived water-electricity cogeneration.
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Fig. 2 | Design principle for PVA/Cu(TFSI),-GdmCI hydrogels with metal coor-
dination and ion-preferential association. A MD snapshots of PVA/Cu(TFSI),
(System I). B MD snapshots of PVA/Cu(TFSI),-GdmCI (System Il). C RDFs and CNs of

Cu?*-Opya. D Binding energies of Cu?*-TFSI" and Gdm*-TFSI", with an inset showing
the corresponding structure and electrostatic potential distribution. E Diffusion
coefficients calculated from MD simulations.

Results

Design of ion-engine hydrogels

The theoretical framework for streaming potentials (£) and currents
(/,) is described by the classical Helmholtz-Smoluchowski equation*:
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where ¢,, &5, AP, n, k,, Q, {, and L represent relative permittivity,
vacuum permittivity, pressure difference, dynamic viscosity, electrical
conductivity, volumetric flow rate, zeta potential, and channel length,
respectively. As reported in previous studies>***°, electrokinetic phe-
nomena, manifested as £, and /, are fundamentally governed by the
material's {, AP, and Q. According to the electrokinetic effect®, the
robust solid-liquid interactions at the charged interface facilitate
charge separation, thereby accelerating the migration of target
charges within the electric double layer. The high surface zeta
potential diminishes the screening effect of counterions in the Stern
layer, ultimately enhancing electrical output. To develop solar
evaporators capable of efficiently harnessing the ionic potential
energy inherent in seawater, the ion-engine hydrogel was synthesized
from polyvinyl alcohol (PVA), copper(ll) bis(trifluoromethanesulfoni-
mide) (Cu(TFSI),), and guanidinium chloride (GdmCl). The abundance
of hydroxyl groups in PVA confers desirable characteristics such as
hydrophilicity®?, film-forming ability, and chemical stability, rendering
it an ideal candidate for this application. Cu(TFSI), was selected as the
ion source for binding to PVA due to its electrochemical stability and
weak cation-anion coordination®, which promotes ion dissociation.
The resulting hydrogels, denoted PVA/Cu(TFSI),, exhibit strong
coordination complexes formed between Cu®* and the hydroxyl
groups of PVA. This positively charged framework then attracts

dissociated TFSI™ anion to establish the electric double layer (EDL),
while TFSI” acted as mobile counterions to diffuse within the EDL.
However, the diffusion of the TFSI is relatively slow due to their
electrostatic interaction with the immobilized Cu* ions and steric
hindrance. To address this limitation, the introduction of GdmCl into
the system provides more dissociated anions*. The resulting hydrogel
was named PVA/Cu(TFSI),-GdmCl. By introducing abundant ionic
conjugation and ion-dipole interactions, this design is expected to
significantly increase ionic conductivity and diffusion rates, ultimately
leading to improved power generation performance.

To validate the design principle of PVA/Cu(TFSI),-GdmCI hydro-
gels, molecular dynamics (MD) simulations were conducted using
water as the solvent**. The interaction mechanisms were elucidated
by analyzing the microstructure and diffusion dynamics of ions in both
PVA/Cu(TFSI), (System I) and PVA/Cu(TFSI),-GdmCI (System II). In
System I, the dissociated Cu?* ions coordinate with the hydroxyl (-OH)
groups of PVA, forming a cation-centered Cu-Opyy structure (Fig. 2A),
which effectively immobilizes the Cu? ions and hinders their migra-
tion. Upon the addition of GdmCI (System II), Gdm* preferentially
associates with TFSI". This interaction releases TFSI” ions previously
bound to Cu?, resulting in a higher concentration of freely diffusing
anions (TFSI” and CI") (Fig. 2B). Radial distribution function (RDF) and
coordination number (CN) calculations reveal characteristic sharp
peaks at 2.025 A for Cu-Opy, and Cu-Oq (Fig. 2C and Supplementary
Fig. 1), indicating that Cu® is simultaneously coordinated with PVA
chains and TFSI” in the first coordination shell, with competition
between -OH and TFSI. The higher RDF amplitude for Cu-Orgg
compared to Cu-Opyj, is attributed to the formation of GAm*-TFSI™ ion
pairs. CN calculations indicate an average of 4.845 oxygen atoms sur-
rounding each Cu® ion in PVA/Cu(TFSI),, with 3.122 originating from
TFSI” and 1.723 from PVA (Supplementary Table 1). Following the
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introduction of GdmCI (System 1I), the CN of Cu-Ors; significantly
decreased from 3.122 to 1.716, while the CN of Cu-Opy, remained lar-
gely unchanged, suggesting that GAmCI primarily influences the Cu**-
TFSI” interactions. Further analysis of RDF and CN of anions and
cations reveals that the first peak of Gdm*-TFSI” appears at 2.425A
(Supplementary Fig. 2), shorter than that of Cu*-TFSI". Furthermore,
Gdm*-TFSI” exhibits a higher CN in System II, indicating a stronger
electrostatic interaction between Gdm" and TFSI", which drives the
observed structural changes.

lonic interactions dictate the alterations in solvent structure fol-
lowing metal coordination and ion-preferential association. Density
functional theory calculations reveal binding energies of -3.86 eV and
-6.37 eV for the Cu*-TFSI" and Gdm'-TFSI" ion pairs, respectively
(Fig. 2D). Electrostatic potential maps indicate a localized positive
charge on the central atoms of both Cu*-TFSI- and Gdm*-TFSI~ ion
pairs, resembling the structure observed in Cu-Opys coordination
(Supplementary Fig. 3). This tailored ionic configuration enhances the
degrees of freedom for anions, effectively boosting their diffusion
rates. To directly compare ionic transport characteristics, we calcu-
lated the self-diffusion coefficients (D) of ions in the two systems using
the three-dimensional diffusion relationship derived from the mean-
square displacement curves (Supplementary Fig. 4). Figure 2E presents
the D values for Cu*, TFSI', and CI". Notably, in PVA/Cu(TFSI),, the D
value for TFSI” exceeds that of Cu?". This disparity is further amplified
in PVA/Cu(TFSI),-GdmCl, where the preferential association of Gdm"*
with TFSI™ liberates additional TFSI, leading to an increase in its D
value. Concurrently, this association results in a higher population of
freely diffusing CI” ions, significantly enhancing overall anionic con-
ductivity. This differential ionic mobility between cations and anions in
PVA/Cu(TFSI),-GdmCl imparts an “ion-engine” characteristic, enabling
selective manipulation and utilization of cations and anions. To further
validate the “ion-engine” strategy, we replaced the system with 3.5 wt%
NaCl. The results reveal that the diffusion rate of Na* is significantly
restricted (Supplementary Fig. 5), while CI” maintains the highest self-
diffusion coefficient. Collectively, in our designed ion-engine hydro-
gels, the diffusion coefficients of anions are demonstrably higher than
those of cations. This observation underscores the profound influence
of solid-liquid interactions and ionic selectivity within the hydrogels,
thereby enhancing the streaming potential and current generation in
high-salinity solutions such as seawater.

Structure and ion selection performance of ion-engine hydrogel
Figure 3A illustrates the synthesized PVA/Cu(TFSI),-GdmCl hydrogel,
where the photothermal evaporation interface was constructed by
incorporating carbon nanotubes (CNTs) (see “Methods”). Scanning
electron microscopy (SEM) images reveal a uniformly interconnected,
porous structure for both the PVA/Cu(TFSI),-GdmCl hydrogel and CNT
layer. This dense polymer network confers both high tensile strength
and a low swelling ratio to the hydrogel, ensuring excellent mechanical
stability during the water-electricity cogeneration process (Supple-
mentary Fig. 6). Elemental mapping confirms the homogeneous dis-
tribution of the elements C, N, O, F, Cu, S, and CI within the hydrogel
(Supplementary Fig. 7). X-ray photoelectron spectroscopy (XPS) was
employed to investigate the metal-polymer coordination and ion-
preferential association effects. High-resolution O 1s spectra shows a
redshift in binding energy upon the incorporation of Cu®* (Fig. 3B).
This shift is attributed to the coordination interaction between the
oxygen atoms in the hydroxyl groups of PVA and Cu?, which reduces
the electron cloud density around the oxygen atoms®. The introduc-
tion of GdmCl induces further redshift, as Gdm* preferentially
associates with TFSI, thereby reducing the competition for coordi-
nation with Cu** from TFSI". This observation is consistent with find-
ings from fluorine nuclear magnetic resonance (“F-NMR)
spectroscopy and high-resolution N 1s spectra (Supplementary Fig. 8).
'H-NMR spectroscopy provides further evidence for the ion-

preferential association between Gdm* and TFSI. A 0.083 ppm
downfield shift of the signal corresponding to the -NH, group of
GdmCl, from 6.567 to 6.650 ppm (Fig. 3C), indicates a weakened
hydrogen bonding interaction due to the preferential association of
the -NH, group with TFSI". These findings are further substantiated by
vibrational modes of specific chemical bonds observed in Fourier
transform infrared (FTIR) spectroscopy (Supplementary Fig. 9). Col-
lectively, these results confirm that strong metal-polymer coordina-
tion and ion-preferential association are established within the PVA/
Cu(TFSI),-GdmCI hydrogel. This synergistic effect not only ensures the
operational stability of the ion-engine hydrogel but also effectively
prevents ion loss during seawater evaporation.

The remarkable ion selectivity and modulation of the PVA/
Cu(TFSI),-GdmCI hydrogel are attributed to the synergistic effect of
metal-polymer coordination and ion-preferential association, as evi-
denced by the dramatic shift in the zeta potential of the PVA surface
from a weakly negative value to a highly positive value of +41.6 mV
(Fig. 3D). This pronounced positive zeta potential is crucial for facil-
itating anionic transport®®”, which is essential for efficient power
generation. Electrochemical impedance spectroscopy analysis further
reveals that the charge transfer resistance of PVA/Cu(TFSI),-GdmClI is
only 92.6 Q (Fig. 3E), a stark reduction compared to the much higher
values observed for pristine PVA (2601.2Q) and PVA/Cu(TFSI),
(148.9 Q). This reduction underscores the enhanced ionic conductivity
introduced by the synergistic metal-polymer coordination and ion-
preferential interactions within the hydrogel. To further investigate
the ionic conductivity, we quantified the influence of varying Cu(TFSI),
and GdmCI doping levels (Fig. 3F). For the binary system PVA/x
Cu(TFSI),, where “x” represents the weight ratio (WR) of Cu(TFSI), to
PVA, a clear trend was observed: the ionic conductivity (o;) escalated
with increasing Cu(TFSI), content, rising from 0.096 mS cm™ for PVA
to 1.012 mS cm™ for PVA/60 wt% Cu(TFSI),. However, exceeding 60 wt
% copper salt loading compromised the structural integrity and pro-
cessability of the samples. Thus, PVA/60 wt% Cu(TFSI), was selected as
the benchmark for further investigation. As for the ternary hydrogel,
PVA/x Cu(TFSI),-y GdmCI, where “y” denotes the WR of GdmCI to
Cu(TFSI),, we employed PVA/60 wt% Cu(TFSI), as the base material.
Remarkably, the introduction of GdmCI dramatically enhanced ionic
conductivity. When “y” was increased to 40 wt%, the ionic conductivity
(0,) reached an impressive value of 1.472 mS cm™. A slight decrease in
02 to 1.283 mS cm™ was observed for PVA/60 wt% Cu(TFSI),-60 wt%
GdmCl, likely due to the disordered migration of Gdm™* at higher
GdmcCl loadings, which impedes anion diffusion.

Furthermore, the high-performance of SSEG system relies on the
synergistic interplay of several complex factors, including photo-
thermal conversion, water transport, vapor generation, and resistance
to salt crystallization. The photothermal effect in the SSEG device is
attributed to the localized m-bonds of the CNT layer, which exhibit a
high light absorption rate of over 96% across a broad wavelength range
of 300-2500 nm (Supplementary Fig. 10). Meanwhile, the hierarchical
architecture of the SSEG reduces heat conduction to bulk water,
enhancing photothermal conversion and thermal utilization efficiency
(Supplementary Fig. 11). The PVA-based hydrogel matrix, rich in
hydrophilic hydroxyl (~OH) groups, facilitates rapid seawater trans-
port to the evaporative interface (Supplementary Fig. 12). It also
reduces the vaporization enthalpy of water molecules from 2240) g™
to 1485] g via the “intermediate water” effect (Supplementary Fig. 13),
significantly boosting the evaporation rate. Consequently, under
AMLS G illumination, the SSEG achieves a remarkable evaporation rate
of 2.64kgm™h™ from simulated seawater (3.5wt% NaCl solution),
corresponding to a high energy efficiency of 91.6% (Supplemen-
tary Note 1).

As evaporation proceeds, the salt concentration in residual solu-
tion increases rapidly (Fig. 3G). lon chromatography (IC) reveals that
the Na* concentration in the residual solution significantly increases
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Fig. 3 | Characterization and performance of the ion-engine hydrogel.

A Photographs (left) and corresponding SEM images (right) of the PVA/Cu(TFSI),-
GdmCI hydrogel and CNT layer, with scale bars of 5cm and 5 um, respectively.

B High-resolution O 1s spectra of Cu(TFSI),, PVA/Cu(TFSI),, and PVA/Cu(TFSI),-
GdmCl, showing a redshift in binding energy upon the incorporation of Cu?".

C 'H-NMR spectra showing the chemical shift for Gdm®, with an inset showing the
locally magnified spectrum. D Zeta potential of the PVA, PVA/Cu(TFSI),, and PVA/
Cu(TFSI),-GdmCl hydrogels. E Nyquist diagram of the PVA, PVA/Cu(TFSI),, and
PVA/Cu(TFSI),-GdmCl hydrogels, with an inset showing an enlarged view for PVA/
Cu(TFSI),, and PVA/Cu(TFSI),-GdmCI hydrogels. F lonic electrical conductivity of

PVA/x Cu(TFSI), (bottom) and PVA/60 wt% Cu(TFSI),-y GdmClI (top) hydrogels.

G Schematic diagram (top left), photograph (top right), evaporation flux and cor-
responding salinity changes (bottom) in the residual solution over time using an
ion-engine hydrogel under 3.5 wt% NaCl and 1 kW m solar illumination. H IC
reveals changes in Na* and CI” concentrations in residual solution. I Transference
numbers of Na" and CI” determined by Hittorf method in an H-type electrolytic cell,
confirming the high anion selectivity of the ion-engine mechanism, with an inset
showing the schematic of the Hittorf method test. All the error bar represents the
standard deviation of three-time measurements.

from 10.2g L™ to 17.6 g L™ after 4 h of evaporation (Fig. 3H), whereas
the CI' concentration increases relatively modestly. This disparity
highlights the anion-selective nature of the PVA/Cu(TFSI),-GdmClI
hydrogel. We further validated the selectivity based on Hittorf’s
method through constant-current electrolysis (0.2mA, 4h) in an
H-type electrolytic cell (Supplementary Fig. 14), using the PVA/
Cu(TFSI),-GdmCI hydrogel as the separator (Supplementary Note 2).
The calculated transmembrane ion transference numbers (t) are
t Na*=0.17 and t CI"=0.83 (Fig. 3I), signifying that CI" transport
accounts for 83% of the ionic current, while Na* is restricted to just 17%.
Collectively, these findings substantiate the “ion-engine” mechanism
of the PVA/Cu(TFSI),-GdmCI hydrogel, which effectively regulates the
complex ionic environment in seawater and disrupts the cation-

induced Debye screening effect, thereby ensuring efficient electricity
generation. Furthermore, this ion regulation imparts exceptional
resistance to salt crystallization by selectively impeding the influx of
Na*. Remarkably, no salt crystal deposition was observed on the sur-
face of the SSEG even after 100 h of continuous operation, while the
E. R. remained consistently stable at ~2.6 kgm2h™ (Supplementary
Fig. 15). Elemental mapping reveals a higher distribution density of CI-
and a lower concentration of Na" within the hydrogel, further
demonstrating the hydrogel’s “ion-engine” characteristics.

Electrical generation performance of SSEG
The SSEG device features an integrated design, where the top elec-
trode is sandwiched between the photothermal layer and the upper
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ion-engine hydrogel, while the bottom electrode is positioned at the
hydrogel-foam interface (Supplementary Fig. 16). The selected poly-
ethylene terephthalate/CNT electrode exhibits excellent adhesion (4B
rating, ASTM D3359) and superior corrosion resistance (Supplemen-
tary Fig. 17), ensuring robust stability during the prolonged seawater
evaporation process. The electrical output performance was char-
acterized using current-voltage (/-V) measurements (Fig. 4A). Under
AMLS5 G illumination in 3.5 wt% NaCl, the /-V curve of the SSEG device
(effective cross-sectional area of 4 cm?) exhibited quasi-linear beha-
vior, yielding an open-circuit voltage (V) of 0.68 V and a short-circuit
current (Js.) of 1.2 mA, corresponding to a remarkable current density
of 3.0 Am™. The maximum output power was determined based on
the largest rectangular area on the /-V curve (shaded area in Fig. 4A),
that is, when external resistance equals internal resistance. Maximum
output power was determined to be 204 uW, a value confirmed by
load-matching tests (Supplementary Fig. 18). As shown in Fig. 4B, V.
and J,. of the SSEG were continuously monitored under AMLS5 G illu-
mination over 24 h. V,. remained highly stable throughout the test,
whereas J;. dropped slightly over time after an initial stable output,
attributed to the excessive accumulation of anions. Moreover, the
SSEG demonstrates long-term operational stability under photo-
thermal conditions and in seawater. A one-month durability test (30
cycles, 10 h/cycle, 1 sun) showed a stable output voltage (= 0.68 V) and
evaporation rate (= 2.6 kgm2h™, Supplementary Fig. 19). The internal
impedance of the SSEG remained stable with less than 5% variation,
demonstrating reliability of the entire system (Supplementary Fig. 20).
FTIR spectroscopy confirmed that the key Cu-Opy, coordination and
ion-preferential association structures within the hydrogel remained
intact post-operation (Supplementary Fig. 21), further indicating the
exceptional durability of the SSEG.

To elucidate the fundamental mechanisms underpinning this
enhanced electrical output, we compared the performance of the SSEG
with control devices based on PVA and PVA/Cu(TFSI), hydrogel. These
control devices yielded markedly lower total power outputs of 0.12
and 75.4 pW, respectively (Fig. 4C). This compelling contrast strongly
suggests that the synergistic effect between metal-polymer coordina-
tion and ion-preferential association within the SSEG is crucial for
achieving the observed power output enhancement. Another key
design feature of the SSEG is its hierarchical architecture, where the
CNT layer is simply deposited on the surface of the PVA/Cu(TFSI),-
GdmCl hydrogel (Fig. 4D). This structure decouples photothermal
evaporation from streaming potential generation, thereby enhancing
both ion selectivity and photothermal conversion efficiency (Supple-
mentary Fig. 22). Comparative tests show the SSEG outperforms an
unlayered device (where CNTs are evenly dispersed throughout the
hydrogel), achieving a higher evaporation rate (2.64 vs.2.42kgm™2h,
Supplementary Fig. 23) and a fourfold higher total power output (204
vs. 50 uW). Concurrently with electricity generation, SSEG produces a
cation-enriched concentrated brine. This byproduct was valorized by
coupling it with a commercial Nafion-117 membrane to harness salinity
gradient energy. Under the gradient between the brine and freshwater,
this setup generated a V,,. of approximately 164 mV and a 5. of 12.8 pA.
As external resistance varied, the current density gradually decreased,
reaching a maximum osmotic power density of 16.7 Wm™? (Supple-
mentary Fig. 24). A detailed energy balance analysis reveals that the
SSEG system achieves a high total energy utilization efficiency of 93.3%
under 1 sun illumination, combining a 91.6% solar-to-vapor efficiency
with a 1.72% solar-to-electrical efficiency (Supplementary Note 3). This
demonstrates the ability of the SSEG system to exploit the full
potential of seawater by transforming a waste stream into a valuable
resource.

To comprehensively evaluate and benchmark the electrical out-
put performance of the SSEG, we compared its V., Jsc, and output
power with those of recently reported hydrovoltaic systems (Supple-
mentary Table 2). The theoretical maximum output power is defined

as: Py = Y222=. The Js. and output power of the SSEG are 1 to 2 orders
of magnitude higher than those reported in most hydrovoltaic devices.
Furthermore, we compared its water-electricity cogeneration perfor-
mance with those of state-of-the-art water-energy cogeneration devi-
ces (Supplementary Table 3). As shown in Fig. 4E, the SSEG achieves a
Jsc of L.2mA, which is =11.4 times higher than the average of these
recently reported devices (105.2pA)"*"*¢*, The maximum power
output (Ppax) of 204uW is =14.9 times higher than the average
(13.7 uW). The V,,. and evaporation rate (E. R.) of the SSEG also exceeds
the averages (0.52V and 2.56 kg m™h™). Moreover, the brine by-pro-
duct, enriched with cations, can harvest significantly higher osmotic
energy through reverse electrodialysis compared to traditional sea-
water/lake water systems, far exceeding the commercial standard for
blue energy (SW m™). To sum up, the designed SSEG exhibits com-
prehensive advantages, demonstrating great potential in the field of
water-electricity cogeneration.

The electrical output performance of the SSEG is intricately linked
to water transport dynamics and solid-liquid interactions**, which are,
in turn, influenced by factors such as solar irradiance, ionic con-
centration, and electrode configuration. The impact of solar illumina-
tion on the SSEG’s performance was investigated under intermittent
illumination at 1kW m™ (Supplementary Fig. 25). Upon illumination,
the V,. of SSEG rose to 0.68 V, subsequently decreasing to 0.33 V when
the light was turned off. This observation is supported by the
Helmholtz-Smoluchowski theory, which posits that accelerated liquid
diffusion enhances ion diffusion and gradient distribution, thereby
improving device performance. As anticipated, the SSEG’s power
generation increases with rising solar flux. Specifically, the E. R. of the
SSEG exhibits a linear increase as the solar intensity escalates from O to
500, 1000, 1500, and 2000 W m™2 (Supplementary Fig. 26). However,
at 2000 W m™, an anomalous decrease in the electrical output of the
SSEG is observed (Fig. 4F). This reduction is attributed to the exces-
sively rapid loss of water from the hydrogel’s surface, which disrupts
the internal ion gradient, thereby diminishing the efficacy of the
electrokinetic mechanism. The impact of ionic concentration on the
SSEG was evaluated using various aqueous solutions: deionized water,
lake water, artificial seawater, and a 10 wt% NaCl solution. The Js
exhibited two distinct trends. Initially, it increased from 1.05A m2mA
in deionized water to 1.05 A m™ in lake water and 3.0 A m™ in artificial
seawater (Fig. 4G). This enhancement is attributed to the interaction of
abundant anions in seawater within the hydrogel, generating a higher
streaming potential and concentrated Coulombic field, as predicted by
Debye-Hiickel theory. However, with a further increase in salt con-
centration to 10wt% NaCl, the EDL is compressed, resulting in a
reduction of the Debye length. Consequently, a more tightly bound
anionic layer is adsorbed onto the charged surface, which is less sus-
ceptible to shearing during flow, thereby diminishing the charge
separation efficiency and reducing the electrical output.

To evaluate the potential influence of Faradaic current effects at
the electrode-electrolyte interface on SSEG’s electrical output, we
investigated the redox reactions in SSEG device configuration using
cyclic voltammetry (CV). As shown in Fig. 4H, the quasi-rectangular CV
curves observed at scan rates from 10 to 100 mV s™ indicate that the
charge storage process is predominantly governed by ion transport
within the EDL, with minimal contribution from Faradaic reactions.
Given that high flux evaporation is crucial for enhancing the streaming
potential, we optimized the electrode design. A hollow-structured
electrode was found to represent an optimal trade-off between effi-
cient evaporation and charge collection (Supplementary Fig. 27).
Furthermore, we investigated the impact of hydrogel thickness on
SSEG'’s electrical performance. The results revealed a positive corre-
lation between V. and increasing thickness, while J;. exhibited a cor-
responding negative trend (Supplementary Fig. 28). This phenomenon
is likely attributable to an increase in the device’s internal resistance
with increasing hydrogel thickness.
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Diffusion time -
osmotic energy (power density) of the SSEG compared to those of averages
reported for existing water-energy cogeneration devices'*"****, F Power genera-
tion performance of the SSEG under different solar illumination intensities.
G Power generation performance of the SSEG in different liquids. H CV curves at
scan rates of 10-100 mV s™. I Schematic depiction of the working mechanism of the
SSEG. J Numerical simulation of the Na* and CI” ion concentration distribution in
the SSEG. All error bar represents the standard deviation of three-time
measurements.
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Fig. 5| Scalable integration and outdoor applications of the SSEG. A Photograph
with a scale bar of 10 cm and schematic illustration of the SSEG array. B Output
voltage and current characteristics of the SSEG devices connected in various series
(bottom) and parallel (top) configurations, with an inset showing the schematic of
SSEG series-parallel structure. C Charging rate of a 1 F commercial capacitor using
the SSEG array, with an inset photograph demonstrating the SSEG array’s capacity
to power a mobile phone. D Optical photograph of SSEG system condensation
process (top) and comparison of typical ionic concentrations in the initial seawater
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and the purified condensate collected after evaporation (bottom). E Schematic
depicting the simulated all-weather solar illumination process on the SSEG system.
F Stability assessment of four SSEG arrays (120 units total) during outdoor diurnal
cycle, with a single seawater replenishment per cycle. G Voltage output and salinity
of the residual concentrated seawater from a single cycle, with an inset photograph
of areverse electrodialysis device. All error bar represents the standard deviation of
three-time measurements.

The designed PVA/Cu(TFSI),-GdmCl hydrogel possesses excellent
electrochemical properties and ion modulation capabilities, which
facilitate the establishment of a bulk streaming potential within SSEG.
The synergistic metal-polymer coordination and ion-preferential
association effects accelerate anion diffusion rates and enhance ionic
conductivity. During the phase transition from seawater to water
vapor, a substantial accumulation of dissociated anions (e.g., CI, TFSI",
OH") occurs at the top of the SSEG, resulting in a significant potential
difference and a strong Coulombic field (Fig. 41). Consistent with
streaming potential theory, the top electrode of the SSEG acts as the
negative pole, while the bottom electrode serves as the positive pole.
Reversing the connection to a multimeter invert the signal polarity
while maintaining the same absolute voltage (Supplementary Fig. 29),
further corroborating the proposed working mechanism. Con-
currently, cations, including Na’, are effectively confined within the
residual seawater, representing a potential source of harvestable blue
energy. Numerical simulations employing Nernst-Planck and

Butler-Volmer equations validate the ion diffusion and potential dif-
ference within the SSEG. The resulting concentration profiles of Na*
and CI” inside the electrolyte (Fig. 4)) are significantly different. Spe-
cifically, CI” ions predominantly accumulate at the top electrode, while
Na* ions are confined near the bottom electrode, which is fully con-
sistent with our proposed SSEG mechanism.

The application potential of SSEG for water-electricity
cogeneration

To realize large-scale, high-performance water-electricity cogenera-
tion platforms, we interconnected multiple SSEG devices in series and
parallel configurations to meet practical demands. An integrated sys-
tem was constructed to validate the feasibility of outdoor freshwater
and electricity cogeneration from seawater (Supplementary Fig. 30).
This platform, comprising 120 SSEG units fabricated using a “forest-
like” assembly process (Fig. 5A), integrates four key modules: photo-
thermal seawater evaporation, water vapor condensation and
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collection, evaporation-induced electricity generation, and osmotic
energy harvesting. Simple series and parallel connections enable lin-
early scalable voltage and current outputs. As illustrated in Fig. 5B, 120
SSEG units connected in series or parallel readily generate a V. of
75.8V or a Js. of 102.4 mA under sufficient outdoor sunlight (average
Cope > 800 W m™). For practical applications, a power supply system
composed of 8 x 15 series-parallel connected SSEG units yields a peak
electrical output of 5.12 V and 16.8 mA (Supplementary Fig. 31), capable
of charging a 5 V/1F commercial supercapacitor in only 400 s (Fig. 5C),
demonstrating the ability to directly power electronics without a bat-
tery. Moreover, the water vapor from the integrated system condenses
on the surface of a transparent acrylic plate via natural convection heat
transfer and is collected as droplets flowing down an inclined surface
(Fig. 5D), achieving a maximum freshwater production rate of
approximately 2.0Lm™>h™. Analysis of the collected freshwater
reveals near-complete removal (approaching 100%) for major salt ions
such as Na*, K*, Ca*, and Mg*, meeting global drinking water safety
standards.

The evaporation and power generation performance of the inte-
grated system was further evaluated under alternating light and dark
conditions to simulate real-world, all-day scenarios (light incidence
angle from 0° to 180°), as depicted in Fig. SE. During the “daytime”
period, as solar irradiance increased (Supplementary Fig. 32), the
system’s evaporation rate rose from 0.32kgm™2h? (6:00 AM,
Copc=75Wm™, 0°) to a maximum of approximately 2.02kg m?>h™
(12:00 PM, Cope =896 Wm™2, 90°). Subsequently, the decline in solar
irradiance (12:00 PM to 6:00 PM, 90° to 180°) led to a gradual decrease
in the evaporation rate to ~0.63 kg m= h™.. Consistent with the changes
in evaporation rate, the V, (ranging from 1.45V to 5.32V) and max-
imum power output (ranging from 5.3 mW to 24.0 mW) of the 8 x15
series-parallel SSEG integrated system also varied accordingly (Fig. 5F).
In stark contrast to the strong dependence of water evaporation-based
electricity generation on daytime solar irradiance, the osmotic energy
module can play a more significant role during the night. As light
intensity gradually decreases from 90° to 180° (12:00 PM to 6:00 PM),
the salinity of the seawater progressively increases, reaching a near-
stable value during the nighttime (10:00 PM-6:00 AM). As shown in
Fig. 5G, the corresponding salinity gradient energy exhibited a similar
trend, with the measured V,, increasing from 132 mV (initial seawater,
6:00 AM) to 174 mV (12:00 PM), 244 mV (6:00 PM), and a peak of
263 mV (12:00 AM). This demonstrates an all-weather operational
mechanism: leveraging solar-driven evaporation for simultaneous
water and electricity production during the day and harnessing
osmotic energy from the residual brine at night. This seamless inte-
gration effectively exploits the potential of seawater for water-
electricity cogeneration. In contrast to complex conventional
photovoltaic-driven reverse osmosis (PV+RO) systems discarding
significant energy as waste heat and brine, the SSEG offers a fully
integrated, passive solution. By simultaneously converting solar ther-
mal energy to freshwater and chemical potential energy (in brine) to
electricity, the single-unit device demonstrates a more holistic
approach to resource utilization and ideal for off-grid water-energy
cogeneration (Supplementary Note 4). Therefore, the SSEG-based
integrated evaporative system simultaneously achieves freshwater
production, evaporation-induced electricity generation, and salinity
gradient power generation, offering a promising solution to the
impending global water-energy crises.

Discussion

In summary, we have developed an ion-engine hydrogel for solar-
driven integrated system, capable of simultaneously harvesting milli-
ampere streaming current, osmotic energy, and freshwater from sea-
water. It is demonstrated that the ion-engine hydrogel works via
chemical gating mechanism that leverages molecular-level synergy
between metal-polymer coordination and ion-preferential association

to precisely control and orchestrate ion transport. This design facil-
itates anion diffusion and effectively inhibits cation-induced Debye
screening. Under AMLS5G illumination, the SSEG delivers a V,,. of 0.68 V
and aJ;. of 1.2 mA. Furthermore, the system ingeniously leverages the
concentrated cations in the residual seawater to generate blue energy.
This ion-engine mechanism selectively drives anions and cations for
streaming potential generation and salinity gradient power genera-
tion, thereby maximizing the energy potential of seawater. Crucially,
the SSEG demonstrates ease of integration and scalability, enabling
effective water-energy cogeneration in outdoor environments. This
work presents a promising solution to tackle future freshwater and
energy challenges.

Methods

Preparation of materials

PVA (MW =13,000-23,000) was purchased from Sigma-Aldrich.
Cu(TFSI), (98%), GAMCI (99%), and glutaraldehyde (25.0-28.0%) were
obtained from Macklin Biochemical Co., Ltd. (Shanghai, China).
Hydrochloric acid and anhydrous ethanol were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Nafion-117 membrane was pur-
chased from DuPont, USA. (Poly(3,4-ethylenedioxythiophene)/
Poly(styrenesulfonate)) (PEDOT: PSS, 1.3-1.7% solid content) and
conductive CNT ink was purchased from Alibaba (China). All reagents
were used as received without further purification.

Fabrication of PVA/Cu(TFSI),-GdmCI hydrogels
PVA/Cu(TFSI),-GdmCI hydrogels were fabricated using a solution-
casting and freeze-thaw method. Typically, an 8.5wt% PVA solution
was prepared by dissolving PVA powder in a 1wt% HCI aqueous solu-
tion at 90 °C with continuous stirring until fully dissolved. Subse-
quently, desired amounts of Cu(TFSI), and GdmCI were sequentially
added to the PVA solution and stirred until dissolved. Finally, a 1 wt%
glutaraldehyde solution was introduced as a crosslinking agent. The
resulting solution was cast into polytetrafluoroethylene (PTFE) molds.
To induce physical-chemical crosslinking and create a porous struc-
ture, the molds were subjected to three freeze-thaw cycles. Each cycle
consisted of freezing at —20 °C for 4 h, followed by thawing at room
temperature for 1 h. The hydrogel compositions were defined as fol-
lows: for binary hydrogels, denoted as PVA/x Cu(TFSI),, “x” represents
the weight percentage of Cu(TFSI), relative to the total weight of PVA
and Cu(TFSI),. For ternary hydrogels, designated as PVA/60 wt%
Cu(TFSI),-y GdmCI, “y” represents the weight ratio of GdmCI to the
added Cu(TFSI),.

Fabrication and assembly of SSEG devices

The SSEG devices were assembled in a layered architecture comprising
the ion-engine hydrogel, a photothermal evaporation layer, and two
electrodes. The assembly process was as follows: first, the PVA/
Cu(TFSI),-GdmCl hydrogels precursor solution was cast into custom-
designed PTFE molds. The top electrode was then immediately placed
on the surface of the precursor solution. Next, a portion of the same
precursor solution was mixed with 0.5 wt% CNT powder (as the pho-
tothermal agent) to form a slurry, which was then cast as a1 mm thick
layer on top of the electrode. This created a hierarchical, pre-gelled
assembly. Subsequently, the entire mold was subjected to three freeze-
thaw cycles (freezing at —20 °C for 4 h, thawing at room temperature
for 1h per cycle) to simultaneously form the porous hydrogel and
integrate all components. After demolding the integrated structure,
the bottom electrode was attached to the bottom surface of the ion-
engine hydrogel to complete the SSEG device. The electrodes were
fabricated by uniformly brush-coating a conductive CNT ink (doped
with 10wt% PEDOT: PSS) onto perforated PET films for efficient
interfacial charge transfer and collection. The SSEG’s fabrication pro-
cess, based on a simple, one-pot synthesis and low-energy freeze-thaw
crosslinking, is designed for scalability and is compatible with
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industrial roll-to-roll manufacturing, indicating a viable path to cost-
effective production (see Supplementary Note 5 for a cost analysis).

Material characterizations

The morphology and elemental composition of the materials were
analyzed using a SEM (Hitachi SU-8100). Zeta potential measurements
were conducted using a NanoBrook Zeta PALS (Brookhaven Instru-
ments). Spectral infrared emissivity was determined using a FTIR
spectrometer (Nicolet iS50, Thermo Fisher). LF-NMR measurements
were performed on a 22.4 MHz NMR analyzer (NMI20-Analyst). The
solar absorptance of the samples was recorded using a UV-Vis-NIR
spectrophotometer (Agilent Cary 5000). XPS data were acquired using
an ESCALAB 250 spectrometer (Thermo Fisher Scientific). lon con-
centrations were measured using an IC (Thermo Fisher Aquion,
Wanton 883).

Performance evaluation of the SSEG system

Photothermal evaporation experiments were conducted using a CEL-
HXF300-T3 Xe lamp as a simulated solar source. Infrared thermal
images were captured using an infrared camera (FOTRIC 320). Real-
time mass changes of the solar-driven water evaporation generator
(SSEG) during evaporation were monitored using a precision electro-
nic balance (QUINTIX35-1CN). All electrical measurements were
recorded in real-time using a RIGOL 3068 multimeter controlled by a
LabView-based data acquisition system. CV measurements were per-
formed using an electrochemical workstation (CHI760E, CH
Instruments).

Computational details

Computational details of the theoretical simulations are given in the
Supplementary Materials (Supplementary Note 6). The theoretical
simulation configurations are provided in Source data file.

Data availability
The data supporting the findings of the study are included in the main
text and supplementary information files. Raw data can be obtained
from the corresponding author upon request. Source data are pro-
vided with this paper.
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