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This review systematically summarizes osmotic energy-driven integrated self-powered sensors, covering their fundamentals, design strategies,

and analyzes sensing mechanisms in nutrient/pressure/humidity/image sensing, and emerging applications driven by osmotic energy (lithium
extraction, hydrogen production). The future development directions and challenges are also discussed.
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ABSTRACT: With the rapid development of nanofluidic materials and the urgent demand for low-power self-sustaining sensing
systems, developing osmotic energy-driven self-powered sensors has become a research focus. Osmotic energy, a promising
blue energy with enormous reserves, has long been underutilized due to the limitations of traditional harvesting technologies. In
contrast, integrated self-powered sensing driven by osmotic energy achieves seamless integration of energy conversion and
sensing via advanced nanofluidic membranes and selective ion transport, exhibiting superior miniaturization and efficient signal
transduction. However, previous research focuses on separated design of such systems, a systematic review focusing on the
integrated design of osmotic energy-driven self-powered sensing remains lacking. Herein, we first summarize its fundamentals,
including the osmotic energy conversion mechanism, advanced nanomaterials for ion-selective membranes as well as their
selection criteria. Next, typical sensing applications in nutrient, pressure, humidity and image sensing are discussed, with
emphasis on the specific sensing mechanisms underlying each category, such as light-regulated surface charge density for image
sensing. Additionally, other emerging applications like self-powered lithium extraction and hydrogen production are presented.
Finally, critical challenges and future research directions are proposed, aiming to guide the practical development and large-scale
integration of such sensing systems.

KEYWORDS: osmotic energy, self-powered, flexible sensing, lithium extraction, hydrogen production

advances in 1D nanotubes, 2D layered materials, and 3D
porous frameworks have further greatly improved ion
selectivity and permeability, pushing the power density of

1. Introduction
Osmotic energy, harnessed from the salinity gradient
between seawater and freshwater, stands out as a highly

promising renewable energy source for the global carbon
neutrality transition [1-8]. Boasting a theoretical global
reserve of over 30 terawatts [9], it features unique
advantages of stable output independent of weather
conditions, complementing intermittent energy sources such
as wind and solar power [10-13]. Despite its enormous
energy potential, however, osmotic energy has long
remained drastically underutilized in practical applications
[14-18]. This predicament stems from the inherent
limitations of traditional osmotic energy harvesting
technologies including pressure-retarded osmosis (PRO) and
reverse electrodialysis (RED) [19-24], such as low power
density [25, 26], exorbitant membrane material costs
[27-29], and an inescapable trade-off between membrane
permeability and selectivity [30-32]. These drawbacks have
prevented this abundant energy source from being
integrated into the renewable energy application system.
Fortunately, the development of biomimetic nanofluidic
channels has brought a pivotal breakthrough for the efficient
utilization of osmotic energy: these channels mimic the
selective ion transport behavior of biological ion channels to
achieve efficient osmotic energy conversion [33-41]. Recent

osmotic energy devices to unprecedented heights [24,
41-48]. These technological breakthroughs have not only
unlocked the practical application potential of osmotic
energy but also laid a solid foundation for its integration
with sensing technology. The rise and development of
osmotic energy-driven self-powered sensing technology is
an excellent proof of the practical application value of
osmotic energy, and has become an important research
achievement in this field.

As a typical “blue energy” source, osmotic energy
conversion relies on the selective transport of ions across
functional membranes to convert chemical potential energy
from salinity gradients into electrical energy [49-52]. The
core component of this process is the ion-selective
membrane [53-55], whose performance is dominated by the
electric double layer (EDL) effect within nanoscale channels
[56-61]. When the channel size is comparable to the Debye
length, the EDL formed on the membrane surface overlaps
significantly, leading to the preferential adsorption of
counterions and effective repelling of co-ions. This selective
ion transport mechanism, derived from electrostatic
interactions and steric hindrance, is the fundamental basis
for osmotic energy conversion and subsequent self-powered

2/30


mailto:wanglonglu@hnu.edu.cn
https://www.sciopen.com/article/10.26599/NR.2025.94906990

Nano Research | Vol. XX, No. XX

Shi et al.

sensing. Early ion-selective membranes, such as
cation-exchange membranes (CEMs) and anion-exchange
membranes (AEMs) used in RED systems [62-65], suffer
from low ion selectivity and high transport resistance. The
development of nanomaterial-based membranes, including
graphene oxide (GO) membranes [66], metal-organic
framework (MOF) membranes [67], and layered double
hydroxide (LDH) composite membranes [68], has
revolutionized this field. These advanced membranes feature
well-defined nanochannels, high surface charge density, and
tunable pore structures, which significantly enhance ion
selectivity and permeability. For example, NiAl-LDH coated
anodic aluminum oxide (NiAl-LDH@AAO) composite
membranes exhibit intrinsic anion selectivity due to
positively charged LDH layers, enabling efficient osmotic
energy conversion under salinity gradients [69]. The precise
regulation of membrane properties provides a flexible
platform for the design of high-performance osmotic energy
devices and their integration with sensing functions.

The rapid development of Internet of Things (IoT) and
wearable electronics has spurred an urgent demand for
low-power [70, 71], cost-effective and portable sensing
systems [72-77]. Among various self-powered platforms [78,
79], osmotic energy-driven self-powered sensors, which
convert chemical potential energy from salinity gradients
into electrical signals for sensing, have emerged as a
promising solution to this challenge [80]. These sensing
systems can be categorized into two types: separated
self-powered sensors and integrated self-powered sensors.
Separated systems employ independent osmotic energy
generators to supply power to external sensors, which suffer
from complex structures, energy loss during transmission,
and poor miniaturization potential. In contrast, integrated
self-powered sensors are those devices in which the sensing
element itself simultaneously acts as the energy converter.
The concentration gradient employed by such sensors can
originate from either the external environment or a built-in
source, and the choice between them is typically determined
by practical application scenarios. The use of an external or
built-in gradient does not affect the classification of
integration, as long as the single element serves as both the
sensing and energy-converting unit. This integration
eliminates the need for additional power modules and
transmission components, enabling miniaturization, reduced
energy loss, and enhanced structural stability. Moreover, the
intrinsic coupling between ion transport and sensing
responses in integrated systems allows for direct signal
transduction, improving sensing sensitivity and response

speed.

The superior performance of integrated self-powered
sensors stems from their structural and functional synergy.
Firstly, the shared material platform ensures that the energy
conversion and sensing processes are regulated by the same
ion transport mechanism, enabling efficient signal
transduction. For example, in pressure sensing systems
based on 2D nanofluidic membranes, external pressure
modulates interlayer spacing to simultaneously alter ion
transport efficiency and generate distinguishable electrical
signals [81]. Secondly, the integrated design minimizes
interfacial resistance and energy dissipation associated with
external circuits, significantly improving the overall energy
utilization efficiency [82]. Additionally, the compact
structure of integrated sensors facilitates their application in
confined spaces, such as wearable devices and in-situ
environmental monitoring [83]. Their inherent self-powered
merit also extends the service life of sensing systems, making
them suitable for long-term unattended monitoring in
remote areas.

Despite these advances, the research on osmotic
energy-driven integrated self-powered sensors remains in its
fancy, with several critical challenges to be addressed.
Current studies in this field mostly focus on separated
self-powered sensors, lacking systematic analysis of
integrated devices and in-depth discussion on their core
design concepts, material optimization strategies or sensing
mechanisms. This review aims to provide a comprehensive
overview of osmotic energy-driven integrated self-powered
sensing systems. First, the fundamentals of osmotic energy
conversion, including energy conversion mechanisms,
advanced membrane materials and selection criteria for
them, are elaborated. Then, through Table 1, the design
strategies, sensing mechanisms and performance of
integrated sensors in major application fields (nutrient,
pressure, humidity, image sensing), as shown in Figure 1, are
systematically discussed. Subsequently, other emerging
applications of osmotic energy-driven self-powered
technology, such as self-powered lithium extraction and
hydrogen production, are also presented. Finally, current
challenges and future research directions, including material
innovation, structural optimization, and large-scale
integration, are analyzed. This review offers wvaluable
insights for researchers in materials science, energy
engineering, and sensor technology, promoting the
development of high-performance integrated self-powered
systems.
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Figure 1. Schematic illustration of the application driven by osmotic energy, including self-powered sensing.



Nano Research | Vol. XX, No. XX

Shi et al.

2. Fundamental of osmotic energy-driven
self-powered systems

2.1 Energy conversion mechanisms

The energy conversion of osmotic energy-driven
self-powered sensing is fundamentally governed by the EDL
effect and ion-selective transport dynamics, forming a
seamless link between salinity gradient potential and usable
electrical energy for sensing. When high-concentration
solutions and low-concentration solutions are separated by
ion-selective nanofluidic membranes, the membrane’s
surface charges derived from functional groups or material
intrinsic properties, interact with electrolyte ions to form
EDLs at the membrane-solution interface. As illustrated in
Figure 2, each EDL consists of a Stern layer and a diffusion
layer. The characteristic thickness of the EDL, known as the
Debye length ( Ap ), is determined by the electrolyte
concentration and temperature, typically ranging from a few
nanometers to tens of nanometers. It is mathematically
defined by the Equation 1:

Ap = |——2#(1)

In this expression, kg denotes the Boltzmann constant, T is
the absolute temperature, e represents the elementary
charge, z; is the valence of the i-th ionic species, and n; is
the number density of the i-th ionic species in the electrolyte
solution.

Figure 2 vividly demonstrates the relationship between

Radius > Ap
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nanochannel radius and EDL overlap behavior across three
distinct scenarios. For wide-radius channels, the channel
width far exceeds the Ap, so the EDLs on opposite channel
walls remain not overlap. In this case, co-ions can freely
diffuse into the channel center, resulting in weak ion
selectivity. For intermediate-radius channels, the channel
size matches the Ap, making EDLs from both channel walls
begin to overlap. This overlap creates a continuous
electrostatic field that fills the entire channel, where
counterions are highly concentrated in the channel interior
while co-ions are effectively excluded, maximizing ion
selectivity. For narrow-radius channels, the channel width is
smaller than the Ap, resulting in fully overlapped EDLs that
completely dominate the channel space. In this scenario,
co-ions are almost entirely repelled from the channel, and
counterions become the exclusive charge carriers, achieving
the highest level of ion perm-selectivity. This size-dependent
EDL overlap behavior directly modulates the ion transport
environment, laying the physical foundation for converting
the chemical potential energy of the salinity gradient into
electrical energy.

Beyond the classical EDL effect, ion transport in confined
nanofluidic systems is governed by multi-scale mechanisms
at the structural, interfacial, atomic and electronic levels,
which provide critical guidance for the design of osmotic
energy-driven self-powered sensing systems. For 2D layered
nanofluidic membranes most widely used for osmotic
energy conversion, ions are transported via three typical

pathways: vertical transport through nanopores of single
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Figure 2. Schematic illustration of EDL overlap behavior in nanofluidic channels with different radii.
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nanosheets, horizontal transport along interlayer gaps of
stacked nanosheets, and composite transport through the
interpenetrating network of the two channels [2]. These
channels are generally sub-nanometer scaled, and the
traditional EDL theory requires substantial supplementation
and extension to describe ion transport at this scale. The
classical EDL model has two inherent limitations. First, it
simplifies ions in the Stern layer as point charges and
neglects the critical role of ionic size. Moreover, its core
assumption that surface charge determines ion selectivity
fails to explain the selective transport dominated by
ion-membrane binding energy in electrically neutral 2D
materials. However, the electrostatic interaction between
interfacial surface charges and ions revealed by the classical
EDL theory remains the fundamental physical basis for
confined ion transport. At the solid-liquid interface, ion
transport exhibits significant valence-dependent behavior
[84]. The transport capacity of divalent cations is
remarkably inferior to that of monovalent cations, which can
be fully explained by the interfacial binding rope theory. The
stronger electrostatic attraction between divalent cations
and negatively charged pore walls, combined with the
rearranged hydration shell structure and interfacial
hydrogen bond interactions, collectively enhances the
interfacial binding effect and hinders ion migration. At the
atomic scale, existing studies have also identified distinct
transport mechanisms for different ions. Hydrated CI°
migrate via the vehicular mechanism, moving as a whole
with constant identity, while OH- follow the mixed
vehicular-Grotthuss mechanism, where frequent proton
transfer between adjacent water molecules enables ion
hopping with a significantly reduced migration energy
barrier [85]. In addition, the intrinsic electronic properties
of channel materials play a non-negligible role in regulating
ion transport: at the same surface charge density,
semiconducting channel materials exhibit lower liquid-solid
friction and higher ion mobility than metallic materials,
originating from the quantum electrokinetic coupling
between the electronic degrees of freedom of solids and the
fluctuation of interfacial water molecules [86]. The above
multi-scale regulatory mechanisms collectively determine
the ion transport efficiency and the subsequent osmotic

energy conversion process.

The specific energy conversion process relies on the
directional migration of counterions driven by the chemical
potential difference between high and low concentrations,
with the EDL overlap effect ensuring the formation of a net
ion flux and transmembrane potential. The theoretical
maximum osmotic energy ( dG ) available for powering
sensing processes is quantified by the thermodynamic

Equation 2:
RT 1
dG =— —In2L (|1, | + |I_]dt#(2)
F Ty,

where R is the universal gas constant, T is the absolute
temperature (in Kelvin), F is the Faraday constant, 7y and
T, are the activities of high- and low-concentration
electrolytes, respectively, and I,. I_ represent the diffusion
currents of cations and anions. This equation indicates that
the available energy is positively correlated with the
concentration difference and the net ion flux, where
counterions (the primary charge carriers due to
EDL-induced selectivity) dominate the energy output. For
practical sensing applications, the actual usable power is
determined by the maximum power density (P, ) of the
conversion system, which is derived from the osmotic
potential (E,,,) and membrane internal resistance (Ry), as

shown in Equation 3:

Prax = % #(3)
max = Zp

Here, E,s, is equivalent to the Nernst potential across the
membrane, which depends on the salinity gradient and ion
selectivity enhanced by EDL overlap. Ry 1is influenced by
the channel length, pore density, and ion mobility within the
membrane, with the EDL overlap effect reducing ion
transport resistance by concentrating counterions in the
channel. Electrodes placed in the high and low concentration
electrolytes play a critical role in this process. They mediate
redox reactions to maintain system electroneutrality,
enabling continuous ion migration and converting the net
ion flux into a stable electrical current in the external circuit
that directly powers the sensing element. This integration of
EDL-induced ion selectivity and thermodynamic energy
conversion ensures efficient and sustained self-power
supply for sensing systems.

Notably, as the core driving force for osmotic energy

conversion, the ion concentration gradient critically governs
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ion transport behavior and output power performance,
which are jointly regulated by the surface charge density
within nanochannels and the bulk electrolyte concentration.
In the low-concentration gradient, the Ap is comparable to
or larger than the characteristic dimension of nanochannels,
enabling fully overlapped EDLs inside the channels. Ion
transport is thus dominated by surface charge effects with
exceptional ion selectivity. The output power remains
relatively low due to the limited driving force. With an
increasing concentration gradient, the thermodynamic
driving force is substantially enhanced, giving rise to
remarkable improvements in ion flux and output power, yet

the )\D

compressing the EDL thickness, weakening ion selectivity,

on the high-concentration side decreases,
and creating a bulk-like central region unaffected by surface
charge, so that ion transport becomes governed by the
chemical potential difference derived from the concentration
gradient. Notably, a higher concentration gradient provides
stronger driving force but simultaneously aggravates
interfacial ion concentration polarization (ICP) [87], which
compromises energy conversion efficiency and causes
output power to rise first and then decline, and introducing
charge-gradient structures can generate a built-in electric
field to accelerate ion

transport and mitigate

polarization-induced resistance for maintaining high

efficiency under large concentration gradients [88].

Nevertheless, when the system enters an
ultrahigh-concentration gradient regime, the high-salinity
electrolyte enters the water-in-salt (WIS) state or even
transforms into a neat ionic liquid system, where classical
dilute-solution EDL theories are no longer valid because
strong ion correlation effects and hierarchical concentration
distributions emerge in highly concentrated aqueous
electrolytes, leading to deviations of ion transport from the
classical Nernst-Einstein relation [89], and ionic liquids
exhibit unique oscillatory

layered aggregation and

anisotropic interfacial dynamics [90]. these complex
interfacial structures and transport behaviors cannot be
described by

indicating  that

accurately conventional  theoretical

frameworks, further systematic
investigations focusing on ultrahigh-concentration systems
and ionic liquid-based interfaces are urgently required to

establish more accurate predictive models for ion transport

and energy conversion efficiency.

2.2 Advanced materials for membranes

Ion-selective nanofluidic membranes are the core
component of osmotic energy-driven self-powered systems.
Their ion transport selectivity, permeability, and
environmental adaptability directly determine the energy
conversion efficiency and long-term stability of the devices
[91]. These membrane materials achieve selective ion
transport under salinity gradients by virtue of well-defined
nanoscale channels and tailored surface charge properties
[92, 93]. They lay the foundation for energy harvesting and
sensing functions. Based on structural characteristics and
material compositions, the advanced nanofluidic membranes
widely studied currently mainly include 2D layered
membranes and 3D porous framework membranes as
shown in Figure 3. Each category of materials possesses
distinct advantages and inherent limitations.

2D layered membranes have become the most widely
applied type of nanofluidic membrane in sensing systems
due to their balanced performance in ion selectivity,
processability, and compatibility with flexible device
integration. These membranes form interlayer nanofluidic
channels through the stacking of nanosheets. They cover
representative materials such as GO membranes [94], MXene
membranes [95], and layered LDH nanosheet membranes
[68]. MXene membranes exhibit outstanding performance in
interlayer spacing tunability and high surface charge density.
Interlayer spacing can be precisely regulated through
chemical modification. This

physical compression or

regulation makes it comparable to the A in solutions,
thereby realizing ion-selective transport based on charge
repulsion. Abundant surface functional groups such as -0,
-OH, and -F endow MXene membranes with high negative
charge density and strong cation selectivity [96, 97]. The
surface of GO membranes is also rich in oxygen-containing

functional groups [98, 99]. Hydroxyl and epoxy groups are
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Figure 3. Advanced membrane materials for self-powered systems driven by osmotic energy. (Reproduced with permission from Ref

[94], Copyright 2023, Wiley-VCH Verlag. Reproduced with permission from Ref. [95], Copyright 2024, Wiley-VCH Verlag. Reproducec

with permission from Ref. [68], Copyright 2023, Wiley-VCH Verlag. Reproduced with permission from Ref. [109], Copyright 2021

American Association for the Advancement of Science. Reproduced with permission from Ref. [110], Copyright 2022, Americar

Chemical Society.)
distributed on the basal plane, while carboxyl groups are

abundant at the edges. These groups dissociate in aqueous
environments. This dissociation makes the surface of GO
membranes negatively charged and endows them with a
certain degree of cation selectivity. However, their charge
density is usually lower than that of MXene. The charge
density and ion selectivity of GO membranes can be further
modifications such as
101].

modifications increase the complexity of preparation. LDH

improved through chemical

carboxylation and sulfonation [100, But these
membranes are a unique type of anion-selective 2D layered
material. Their laminates carry positive charges, and
exchangeable anions can be accommodated between the
layers [102, 103]. Thus, they can efficiently transport anions
while repelling cations. This fills the gap in the development
of anion-selective membranes. LDH membranes are usually
prepared on porous substrates such as AAO by in-situ
growth. This composite structure integrates the mechanical
stability of the substrate and the ion selectivity of LDH. It
ensures the structural integrity of the device under repeated
stimuli. In addition, 2D layered membranes can be prepared
by methods such as vacuum filtration [104], spin coating
[105], or in-situ growth [106]. These methods provide

convenience for practical applications. However, 2D layered

membranes also have inherent drawbacks. For MXene and
GO membranes, the combination between nanosheets relies
on weak van der Waals forces [107, 108]. This leads to poor
mechanical stability. They are prone to swelling in
high-humidity environments, which reduces ion selectivity.
For LDH composite membranes, the growth of LDH
nanosheets may excessively narrow the substrate channels.
This increases ion transport resistance. Moreover, their ion
selectivity is highly sensitive to pH. Performance is prone to
degradation in alkaline environments. In addition, the
large-scale synthesis of uniform LDH layers still faces
technical challenges. This limits their commercial promotion.
The tortuous transport paths between the layers of 2D
layered membranes also increase ion transport resistance.
This restricts the further improvement of energy conversion
efficiency.

3D porous framework membranes such as HOF
membranes and MOF membranes have interconnected
nanochannel networks and ultrahigh specific surface areas
[109, 110]. They exhibit unique advantages in osmotic
energy conversion by virtue of customizable pore structures
[111, 112]. HOF membranes are formed by the self-assembly
of organic monomers through reversible hydrogen bonds

[113]. As a representative of metal-free crystalline porous
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Figure 4. (a) FTIR spectra of HOF-H4TCPB, CNF-C, and H4TCPB membranes.

(b) Zeta potential measurement of HOF-H4TCPE

suspension. (c) Contact angle images of HOF-H4TCPB, CNF-C, and HOF/CNF membranes. (Reproduced with permission from Ref. [102]

Copyright 2022, Wiley-VCH Verlag.) (d) Average cation and anion concentration profiles along the nanofluidic channel with a radius of ¢

nm (simulation results). (e) Average cation and anion concentration profiles along the nanofluidic channel with a radius of 15 nm

(simulation results). (f) Average cation and anion concentration profiles along the nanofluidic channel with a radius of 25 nmr

(simulation results). (g) Calculated normalized power output of nanofluidic channels with various channel sizes and lengths (simulatior

results). (Reproduced with permission from Ref. [69], Copyright 2022, Wiley-VCH Verlag.).

materials, they possess uniform pore structures [113], large
specific surface areas [114], and tunable pore morphologies
and sizes [115]. The potential for surface modification
enhances their in ion-selective

further performance

transport and osmotic energy conversion. Uniformly
distributed hydrogen bonding sites endow HOF membranes
with unique environmental response characteristics. The
presence of a large number of reversible hydrogen bonds
results in significant differences in their ion transport
performance under high-humidity and low-humidity
environments. They exhibit rapid humidity response and
stable ion selectivity. However, 3D porous framework
membranes face challenges in practical applications. MOF
materials are prone to structural hydrolysis in aqueous
environments, leading to insufficient long-term durability
[116]. HOF membranes have weak mechanical strength.
They are often compounded with reinforcing materials such
as cellulose nanofibers (CNF) to improve toughness. In
addition, the synthesis of framework materials often

involves complex processes and toxic solvents. This

increases preparation costs and environmental burdens.

2.3 Selection criteria for membranes

The rational selection of ion-selective nanofluidic

membranes is critical to the performance optimization of
osmotic energy-driven self-powered sensing systems. The
selection process should comprehensively consider key
material properties that directly govern ion transport
efficiency, energy conversion and

stability, sensing

responsiveness, including surface charge characteristics
nanochannel
length),

the

(surface charge density, zeta potential),

structural  parameters (radius and and

hydrophilicity. Surface acts as

of

charge primary

determinant ion selectivity, while other criteria
synergistically regulate ion transport kinetics and practical
applicability.

Surface charge provides the essential basis for selective
ion transport and mainly depends on functional modification
to introduce charged groups. A central selection principle is
to match the membrane charge polarity with the target ion
type: negatively charged membranes favor cation transport,
whereas positively charged membranes enable anion
selectivity. For example, the HOF-H4TCPB membrane used in
self-powered humidity sensor carries abundant carboxyl
groups (Figure 4a), and shows a zeta potential of
approximately -48.8 mV (Figure 4b), providing strong

negative charge for efficient cation migration. Currently,
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anion-selective membranes with stable positive charge are

still insufficient, limiting the expansion of sensing
applications. Sustaining charge stability under working
conditions is also essential to maintain consistent ion
selectivity.

Hydrophilicity acts as a key complementary factor that
ensures unobstructed ion transport pathways. While surface
charge offers the driving force for ion selectivity,
hydrophilicity promotes water adsorption and hydrated ion
migration, especially in aqueous or humid environments.
The  HOF-H4TCPB membrane  exhibits  excellent
hydrophilicity with a contact angle of 17.2° (Figure 4c),
which accelerates ion flux and response speed. After
compounding with HOF-H4TCPB, the hydrophilicity of
CNF-C is significantly improved, which helps homogenize
charge distribution and reduce interfacial ion aggregation.

Nanochannel radius serves as a crucial structural
parameter that amplifies ion selectivity through the EDL
overlap effect. For effective selection, the channel radius
should be tuned to match the A, under target operating
conditions.  Studies on LDH@AAO anion-selective
membranes ultilized for nutrient sensing demonstrate that a
channel radius of 5 nm supports full EDL overlap and
outstanding ion selectivity (Figure 4d), whereas selectivity
gradually diminishes as the radius increases to 15 nm and
25 nm (Figure 4e, f). Therefore, adjusting the channel radius
to enter the EDL overlap region is a critical criterion for
achieving high-performance ion-selective membranes.

Nanochannel length further balances ion flux and energy
conversion efficiency, which cannot be resolved by charge
and hydrophilicity alone. A shorter channel reduces
migration resistance but may impair selectivity; a longer
channel enhances electrostatic interactions but increases
energy loss. Simulations based on LDH@AAO membranes
reveal that the normalized power output decreases notably
with increasing channel length at a radius of 5 nm (Figure
4g), while larger radii show a trade-off between selectivity
and conductance. Thus, channel length should be optimized
according to the required flux and sensitivity for specific
sensing scenarios.

In summary, the core selection criteria for ion-selective
nanofluidic membranes exhibit distinct characteristics and

synergistic relationships in regulating ion transport and

sensing performance. Surface charge, achieved through
functional modification and matched to target ion polarity,
lays the foundation for ion selectivity, with anion-selective
membranes requiring further development. Hydrophilicity
optimizes transport kinetics, while nanochannel radius and
length, as structural parameters, further tailor selectivity
and flux to match practical application demands. A
comparative analysis of these criteria, considering factors
such as modification feasibility, environmental adaptability,
and structural tunability, provides valuable guidance for the
rational design of high-performance membranes for
self-powered sensing systems.

3. Osmotic

energy-driven self-powered

sensing

3.1 Nutrient sensing enabled by 2D NiAl-LDH

Ion concentration detection represents a direct application
of osmotic energy conversion in nanofluidic systems. Since
osmotic power generation arises from salinity gradients, the
electrical output of ion-selective nanochannels inherently
depends on ionic concentration. This coupling enables
concentration sensing without external power input. Thus,
the sensing of nutrients in hydroponic agriculture can be
achieved by detecting specific ions in the nutrient solution.
However, stable and quantitative detection requires
controlled nanochannel structure and defined surface
charge characteristics to ensure selective ion transport.

In this context, Liu et al. [69] reported a
NiAl-LDH@AAO composite membrane prepared by a
precipitant-free in situ growth strategy. Figure 5a
schematically illustrates the osmotic power generation and
anion-selective transport mechanism of the NiAl-LDH@AAO
composite membrane, where positively charged LDH layers
repel cations, while anions pass through the nanochannels
driven by the salinity gradient. EDX elemental mapping
results for Na* and Cl° further confirm the composite
membrane’s anion selectivity, with Cl- highly enriched in the
nanochannels, while Na* show almost negligible signals due
to electrostatic repulsion. The cross-sectional SEM image in
Figure 5b clearly reveals the dense, parallel growth of LDH
sheets along the inner surfaces of the AAO nanochannels.
This growth process not only narrows the original pore size

of the
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Table 1 Key characteristics of self-powered sensors driven by osmotic energy.

Sensing type Working mechanism

membrane materials

Nanofluidic

Concentration Signal response

gradient construction manner

Nutrient sensing Nutrient anion

concentration-govern
[69, 87]
ed selective transport

Pressure sensing Pressure-modulated

interlayer spacing and GO
[81] yer spacing
EDL overlap
Humidity sensing Humidity-regulated
water adsorption and
[117]

ion migration barrier
Image sensing Light-modulated
surface charge density
[125]
and ion entrance

barrier

(1) NiAl-LDH@AAO

KOH-modified GO /

HOF/ CNF

Photoacid-grafted GO

External Nutrient ion

environmental salinity concentration —

(2) polypyrrole-GO

gradient anion/ cation flux —»
short-circuit current
Built-in gradient Pressure — cation flux
inside the membrane = — open-circuit voltage
Built-in gradient Humidity — Na* flux
inside the membrane — current density
Built-in gradient Light illumination —
inside the sensor cation flux — ionic
(outside the current

membrane)

AAO template and increases the effective length of the
nanochannels but also modulates the membrane’s ion
conductivity by establishing a positively charged interface.
The practical performance of the composite membrane is
also influenced by external environmental factors. In
practical tests, the power density of the composite
membrane in sodium chloride solution decreases steadily as
pH rises from 3 to 11, indicating that acidic conditions favor
the retention of higher positive surface charge density. This
is attributed to the decrease in Zeta potential of NiAl-LDH
with increasing pH, leading to a reduction in the membrane’s
positive surface charge density. This finding further
demonstrates that the membrane is pH-responsive,
suggesting potential for future pH sensing applications. In
terms of overall performance, Figure 5c categorizes existing
nanofluidic membranes into negatively charged, positively
charged, and bipolar types. The NiAl-LDH@AAO composite
membrane shows excellent output power density and
energy conversion efficiency among positively charged
anion-selective membranes. Its straightforward fabrication
method, which requires no chemical modifications, further
underscores its

application advantages. For practical

hydroponic ion concentration sensing, a real-time
self-powered detection system based on this composite
membrane was developed, as shown in Figure 5d. This

device presents a fully integrated structure and belongs to a

typical integrated self-powered sensor. For hydroponic
agricultural monitoring, the external nutrient concentration
gradient is an inherent environmental condition rather than
an independent energy harvester, and whether a built-in or
external gradient is used depends on the actual application
scenario instead of determining the integration property.
The ion-selective nanofluidic membrane itself undertakes
both osmotic energy conversion and nutrient concentration
sensing simultaneously, fully complying with the definition
of integrated design. This system, consisting of the
NiAl-LDH@AAO composite membrane and an electrometer
data acquisition board, successfully collects and transmits
the electrical signal generated by osmotic energy conversion.
Figure 5e shows the measured short-circuit current and
conductivity values for various nutrient solution
concentrations, confirming that the short-circuit current
generated by the system is significantly positively correlated
with nutrient concentration and can serve as a direct
indicator of ion concentration. Long-term monitoring of
romaine lettuce cultivation (Figure 5f) further validates the
practical sensing capability of the system. During the 7-day

monitoring period, the trend of the measured short-circuit
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Figure 5. (a) Schematic illustration of osmotic power generation and anion-selective transport of the LDH@AAO composite membrane. (b
Cross-sectional SEM image of the LDH@AAO composite membrane. (c) Performance comparison of the LDH@AAO composite membrane with reporte«
nanofluidic membranes. (d) Photograph of the self-powered real-time nutrient solution detection system based on the LDH@AAO compositi
membrane. (e) Measured short-circuit current and electrical conductivity corresponding to different nutrient solution concentrations. (f) Variation o
measured short-circuit current and EC during 7-day monitoring of romaine lettuce hydroponic cultivation. (Reproduced with permission from Rei
[69], Copyright 2022, Wiley-VCH Verlag.) (g) Schematic illustration of the PyGO heterochannels under light irradiation. (h) Schematic diagram of th:
sunlight-amplified self-powered real-time system based on the PyGO membrane. (i) Measured short-circuit current and ionic conductance under ligh
irradiation corresponding to different nutrient solution concentrations. (j) Dynamic variation of measured short-circuit current and ionic conductanc
under light irradiation during hydroponic cultivation monitoring. (Reproduced with permission from Ref. [87], Copyright 2022, Wiley-VCH Verlag.)

current closely matched the changes in nutrient solution track dynamic changes in nutrient concentration. Although

conductivity, demonstrating that the system can accurately the membrane experienced a slight performance decay of
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12.8% after prolonged immersion, it still maintained stable

signal output, highlighting its potential for in-situ

agricultural monitoring applications.
Apart from the nutrient

sensing enabled by

anion-selective  membranes, more widely present
cation-selective membranes can also be used to detect
nutrients in hydroponic agriculture. Apart from the nutrient
sensing enabled by anion-selective membranes, more widely
present cation-selective membranes can also be used to
detect nutrients in hydroponic agriculture. Guo et al. [87]
fabricated a free-standing polypyrrole-GO (PyGO) lamellar
membrane via a facile

which

conductive  heterochannel

super-assembly  strategy, possessed  tailored

channel-sized gradients and inherent optical-electrical
coupling sensitivity. As schematically illustrated in Figure 5g,
negatively charged PyGO heterochannels repel anions
through electrostatic repulsion and enable efficient
cation-selective transport driven by salinity gradients; under
light illumination, efficient separation of photogenerated
carriers in PPy and GO further enhances surface negative
charge density and electric double-layer overlap, thus
remarkably promoting cation-selective transmembrane
transport. Benefiting from the distinctive optical-electrical
coupling property, a sunlight-amplified self-powered
nutrient detection system was constructed based on the
cation-selective PyGO membrane for real-time hydroponic
monitoring, as displayed in Figure 5h. Similar to the
anion-selective sensing system, this fully integrated device
belongs to a typical self-powered sensor, in which the
cation-selective nanofluidic membrane undertakes both
osmotic energy conversion and nutrient concentration
sensing simultaneously, fully complying with the integrated
design principle. As depicted in Figure 5i, the short-circuit
current and ionic conductance measured under light
illumination show a significant positive correlation with
nutrient solution concentration, which can be directly
sensitive indicators for

adopted as quantitative ion

concentration  detection. During long-term in-situ
monitoring of hydroponic cultivation (Figure 5j), the
short-circuit current and conductance signals under light
illumination decrease gradually with the consumption of
nutrients in the solution, and the variation trends of

electrical signals are highly consistent with the dynamic

change of nutrient concentration.

Notably, the short-circuit current and conductance
values obtained under illumination are considerably higher
than those measured in the dark state, presenting an
obvious light-induced enhancement in sensing signals and
detection sensitivity. The membrane maintains stable signal
output with only slight performance decay after continuous
operation, demonstrating its favorable long-term stability
for in-situ agricultural monitoring. This optical-electrical
coupled cation-selective system introduces light regulation
into self-powered nutrient sensing. With high cation
selectivity, light-enhanced ion transport, and stable sensing
performance, the PyGO heterochannel membrane provides a
novel and efficient strategy for real-time and in-situ nutrient

monitoring in smart hydroponic agricultural systems.

3.2 Pressure sensing enabled by 2D GO Composite

Inspired by the ion concentration gradient-driven
mechanoreceptors in human skin biosensing systems, ion
electronic pressure sensors based on 2D nanofluidic effects
have emerged as a key direction for the direct utilization of
osmotic energy. By mechanically tuning the interlayer
spacing of 2D materials to precisely control ion selective
migration, osmotic energy is directly converted into
encodable electrical signals, providing a novel paradigm for
constructing self-powered pressure sensing systems. This
approach also opens new pathways for the direct application
of osmotic energy in practical scenarios.

To achieve the direct and efficient utilization of osmotic
energy, Yu et al. [81] constructed a flexible all-solid-state 2D
nanofluidic pressure sensor powered by osmotic energy,
with a nanofluidic membrane made from KOH-modified GO
(KGO) and pristine GO serving as its functional component
(Figure 6a). The surface of GO is rich in oxygen-containing
functional groups such as -OH and -COOH, giving it high
electronegativity and imparting cation selectivity. After KOH
modification, KGO and GO form a stable built-in ion
concentration gradient. Specifically, DFT calculations
confirm that the adsorption energy of K* on GO is much
higher than that of OH" (Figure 6b), indicating that K* can be
more stably adsorbed onto the GO surface, with a low

migration barrier of 0.20 eV. In contrast, OH" experiences a
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Figure 6. (a) Schematic diagram of the flexible all-solid-state 2D nanofluidic pressure sensor based on KGO and GO nanofluidic membrane. (b

Adsorption energies of K* and OH™ on the GO surface from DFT calculations. (c) Migration barrier of K* and OH™ on the GO surface from DF

calculations. (d) Cation distribution in the vertical nanochannel with the channel size compressed from 2 to 1 nm. (e) Variations of catior

selectivity, diffusion flux and membrane potential difference with the nanochannel size. (f) Electrochemical impedance spectroscopy of the

pressure sensor during the pressing process. (g) Response and recovery time of the pressure sensor under different pressure stimuli. (h

Cycling stability test of the pressure sensor. (i) Schematic illustration of the training and real-time recognition process of the human-machine

interaction system. (j) Confusion matrix of gesture recognition for five gestures. (Reproduced with permission from Ref. [81], Copyright 2025

Wiley-VCH Verlag.)

high migration barrier of 8.21 eV due to electrostatic
repulsion (Figure 6c). This allows for the directional and
rapid adsorption and migration of K* while effectively
repelling anions, forming stable ion-selective characteristics
within the nanochannels. In 2D GO nanofluidic channels, K*

transport follows two distinct patterns: in-layer diffusion

inside single-layer nanosheets and interlayer diffusion
between adjacent nanosheets. In-layer diffusion shows a low
and steady energy barrier that is hardly affected by
interlayer distance. By comparison, interlayer diffusion
possesses a much higher energy barrier and is more

sensitive to the change of interlayer spacing. As the
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interlayer channel becomes narrower, the interlayer
diffusion barrier decreases significantly. Thus, the interlayer
diffusion serving as the rate-determining step that
dominates the pressure-sensing behavior. Upon applying
pressure to the sensor, the interlayer spacing of the 2D
materials compresses (Figure 6d), enhancing the EDL
overlap effect within the nanochannels. This increases cation
selectivity, diffusion flux, and the potential difference across
the membrane (Figure 6e). Consequently, the device
resistance decreases as the interlayer spacing reduces,
leading to an increase in the open-circuit voltage and direct
conversion of pressure into electrical signals (Figure 6f).
After geometric optimization, the sensor demonstrates
excellent performance with a response/recovery time as low
as 115.0/128.0 ms (Figure 6g). After 40,000 pressure cycles,
the electrical signal only experiences a 5% loss, indicating
strong stability of the pressure sensor (Figure 6h). When 12
units are stacked vertically, the output voltage reaches up to
13.10 V, with a pressure detection range extending to 360
kPa. The sensor can be integrated with deep learning
algorithms (Figure 6i) to capture minute fluctuations of the
human wrist tendon, achieving an impressive recognition
accuracy of 95.78% for five hand gestures (Figure 6j). This
successful practical utilization enables high-resolution
human-machine interaction and addresses the redundancy
issue associated with traditional multi-sensor systems.

3.3 Humidity sensing enabled by 3D HOFs

The key challenge of self-powered humidity sensing lies in
realizing efficient energy conversion and high-performance
humidity response simultaneously, which requires the
rational osmotic conversion

integration  of energy

mechanisms and humidity-responsive ion transport
behavior. Traditional self-powered humidity sensors are
limited by the single ion transport path and weak
environmental responsiveness of electrolytes, leading to low
energy conversion efficiency and slow humidity response
speed, which severely restricts their practical application in
flexible wearable and non-contact sensing. In contrast,
HOF-based electrolytes with Na* concentration gradient
design break through the above limitations by virtue of their
reversible

humidity-responsive ion migration barrier

regulation and excellent cation selective transport

properties, enabling the efficient conversion of humidity

gradient into electrical signals and thus becoming a
promising candidate for high-performance self-powered
humidity sensing.

Chen et al. [117] fabricated a flexible self-powered
MHCNM humidity sensor with a built-in concentration
gradient by employing MXene as symmetric electrodes and
HOF/CNF and HOF/CNF/NaCl as dual electrolytes (Figure
7a). Energy-dispersive spectroscopy (EDS) characterization
of the two electrolytes confirmed the uniform distribution of
C and O elements in the HOF/CNF electrolyte (Figure 7b), as
well as the homogeneous dispersion of C, O, Na, and ClI
elements in the HOF/CNF/NaCl electrolyte (Figure 7c),
which not only ensures the uniform loading of electrolyte
components but also establishes a structural foundation for
the stable construction of a Na* concentration gradient
between the two electrolytes and for the subsequent
uniform ion transport. To optimize electrolyte performance,
this work fabricated the HOF/CNF nanochannel membrane
by compositing HOF-H4TCPB with CNF. Such modification
overcomes the brittleness of the pure HOF-H4TCPB
membrane while endowing the composite membrane with a
negatively charged surface (zeta potential of approximately
-48.8 mV, Figure 7d), which indicates that the nanochannel
surface is negatively charged due to the presence of
unprotonated carboxyl groups, and excellent hydrophilicity
(contact angle of 27.5°, Figure 7e), creating favorable
conditions for selective Na* transport and water molecule
adsorption. The humidity sensing mechanism is based on
the reversible regulation of the Na* migration energy barrier
within the HOF nanochannels by environmental water
molecules, which play multiple physicochemical roles during
this process (Figure 7f). Specifically, under low-humidity
conditions, the lack of water molecules maintains a high
migration energy barrier for Na*, and NaCl in the solid-state
electrolyte cannot dissociate into free ions, thereby
hindering the directional migration of Na* along the
concentration gradient; under high-humidity conditions, the
hydrophilic HOF/CNF membrane absorbs a large number of
water molecules, which not only effectively lower the Na*
migration energy barrier within the nanochannels but also
act as a solvent to dissociate NaCl into hydrated sodium and
chloride ions capable of moving freely within the channels,

while the accumulation of water molecules in the
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Figure 7. (a) Schematic diagram of the MHCNM humidity sensor structure. (b) EDS images of C and O distribution in HOF/CNF electrolyte. (c

EDS images of C, O, Na and Cl distribution in HOF/CNF/NaCl electrolyte. (d) Zeta potential of HOF-H4TCPB. (e) Contact angle of HOF/CNI

composite membrane. (f) Schematic illustration of ion transport mechanism of MHCNM humidity sensor in on/off states. (g) Current density

and power density of MHCNM humidity sensor. (h) Response/recovery time of the sensor. (i) Dynamic current response of MHCNM humidity

sensor at 11-95% RH. (j) Non-contact sensing performance of the sensor. (k) Respiratory detection performance of the sensor. (Reproducec

with permission from Ref. [117], Copyright 2025, Wiley-VCH Verlag.)

hydrophilic pores forms continuous ion transport pathways
that promote high ion flux and drive efficient directional
migration of Na* from the high-concentration side to the

low-concentration side of the electrolyte. The negatively

charged nanochannels strongly repel Cl, suppressing their
concurrent migration and thereby generating a stable
potential difference across the electrolyte membrane,

converting humidity variations into a stable electrical signal
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and achieving a high current density of 164 mA-m™ and a
power density of 5.625 mW-m? (Figure 7g). The MHCNM
sensor exhibits excellent humidity sensing performance,
with a response time as low as 1.06 s and a recovery time of
only 1.41 s (Figure 7h). Its dynamic response curves over a
relative humidity range of 11%-95% further confirm the
wide humidity response range and high sensitivity of the
sensor, with the current signal continuously increasing as
humidity rises (Figure 7i). After more than 200 humidity
cycles, the sensor still maintains stable electrical signal
output, demonstrating outstanding sensing stability. In
practical sensing applications, the device enables
non-contact monitoring of human skin humidity, producing
distinct current response signals at distances of 1 mm, 3 mm,
and 5 mm from a human finger (Figure 7j), and can
accurately capture dynamic changes in human respiration,
clearly distinguishing slow, normal, and rapid breathing
patterns by characteristic frequency (Figure 7k),
highlighting its significant potential in flexible wearable
electronics, intelligent non-contact sensing, and medical
diagnostics.

3.4 Image sensing enabled by 2D GO nanosheets

The evolution of image sensors has laid a core foundation for
the advancement of modern visual perception systems
[118-120]. From early analog photosensitive devices to the
current high-pixel, high-frame-rate intelligent imaging
modules, it has realized the leaping development of image
capture and signal processing technologies [121, 122]. With
the ever-rising demands for imaging precision, response
speed and scene adaptability in diverse fields such as
consumer electronics, industrial inspection, biomedicine and
security monitoring, image sensors have become an
indispensable core component of various visual systems
[123, 124], and their technological innovation is constantly
advancing toward the directions of low power consumption,
miniaturization and self-powering. Osmotic energy-driven
self-powered ionic image sensing technology is precisely an
important research direction under this development trend.
A core bottleneck in osmotic energy-driven self-powered
ionic image sensing is achieving efficient optical-to-ionic
signal transduction and high-density device integration
without external power supply. Conventional ionic sensing

systems often fail to balance response sensitivity and

practical applicability due to low single-channel transport

efficiency and poor consistency after integration.
Photoresponsive highly aligned nanochannels (pHANCs)
offer a novel solution to this dilemma through the
synergistic effect of ordered structure and light-responsive
regulation.

Huang et al. [125] developed a pHANCs-based biomimetic
photoreceptor array, establishing the core architecture of an
osmotic energy-powered ionic imaging sensor (Figure 8a).
In this design, photoacid molecules were noncovalently
grafted onto graphene oxide nanosheets, and after ordered
stacking, the interlayer spacing was expanded from 0.86 nm
to 1.09 nm, directly reducing ionic hydrodynamic resistance
and markedly enhancing ionic conductivity compared with
the pristine structural

system, thereby providing a

foundation for efficient ion transport. The response

mechanism of the sensor relies on light-regulated
modulation of the entrance energy barrier. Under dark
conditions, cations accumulate within the negatively charged
nanochannels, and ion transport is governed by the entrance
barrier (Figure 8b). Upon light irradiation, the photoacid
molecules release protons and increase the surface charge
density of the channels (Figure 8c), while the variation of
ionic conductivity with the reciprocal of temperature
exhibits typical Arrhenius behavior, and the entrance energy
barrier for cation transport decreases from 0.21 eV to 0.176
eV (Figure 8d), ultimately resulting in an ionic current
response three times higher than that in the dark state. In
addition, after light irradiation, the contact angle of the
pHANCs decreases from 21° to 16° indicating significantly
enhanced hydrophilicity, which further facilitates electrolyte
infiltration and ion migration. On this mechanism basis, an 8
x 8 biomimetic photoreceptor array, integrated with a
flexible layered structure based on a PET substrate (Figure
8e), was successfully developed into an imaging sensor that
precisely accomplished digital decoding of incident light
patterns through current ratio differences among individual
units (Figure 8f). The device maintained stable performance
after repeated bending and successfully achieved accurate
recognition of numerical patterns from 0 to 9, laying an
important foundation for the practical implementation of
wearable self-powered visual sensing technologies. Notably,

a single photoreceptor exhibited outstanding performance,
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Figure 8. (a) Schematic illustration of the biomimetic photoreceptor array architecture based on pHANCs for self-powered ionic image sensing

(b) Schematic of ion transport through pHANCs under dark conditions. (c) Schematic of ion transport through pHANCs under light irradiation

(d) Arrhenius behavior of ionic conductivity for pHANCs, with the inset showing the contact angle change upon illumination. (e) Layerec

structure schematic of the flexible PET-based device for ionic image sensing. (f) Digital decoding of incident light patterns via current ratic

differences in the 8x8 photoreceptor array. (g) Integration performance of serially connected pHANC photoreceptors, demonstrating the recor«

output voltage and scale. (Reproduced with permission from Ref. [125], Copyright 2024, American Association for the Advancement of Science.)

delivering a power density of 148.3 W-m? under 405 nm

illumination, comprehensively surpassing previously
reported membrane-based osmotic systems; after series
connection of 640 units, the output voltage exceeded 76 V,
setting new records in both integration scale and output
performance (Figure 8g).

In  summary, multiple concentration gradient
construction strategies have been developed for osmotic

energy- driven self- powered sensing, including external

environment- dependent gradients and various built- in
concentration gradients. The above research represents
three divergent trajectories: realizing nutrient sensing by
virtue of extrinsic concentration gradients, achieving
pressure and humidity sensing through built-in gradients
within the membrane, and accomplishing image sensing by
constructing built-in gradients inside the sensor but outside

the membrane. Compared with extrinsic gradients, built-in

gradients completely break away from the dependence on
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the ionic concentration distribution of the external
environment and enable the autonomous construction of
stable ionic concentration differences. This not only greatly
enhances the environmental adaptability and scenario
compatibility of the sensing system, effectively avoids the
instability of sensing signals caused by the dynamic
fluctuation of environmental gradients and ensures
detection accuracy and long-term operational reliability, but
also is highly suitable for the application requirements of
flexible wearable sensing due to the flexibility and
integration of structural design, emerging as a strong
competitor for the next-generation intelligent sensing
technology. In contrast to the built-in gradients inside the
sensor but outside the membrane, the built-in gradients
within the membrane realize the deep coupling of ion
transport and gradient regulation in the core sensing
membrane layer, which greatly reduces energy loss during
gradient transmission and significantly improves the
efficiency and response speed of signal transduction.
Meanwhile, it makes the device structure more compact,
further strengthening the application advantages of flexible

and miniaturized sensing.
4. Other emerging applications

Beyond osmotic energy-driven self-powered sensing, recent
studies have also witnessed emerging breakthroughs of
self-powered lithium extraction and self-powered hydrogen
production driven by osmotic energy. As highly promising
extensions of osmotic energy utilization, both applications
are in an early and highly emerging stage. Although
numerous advances have been achieved in functional
membranes on osmotic energy harvesting and ion-selective
transport, their practical implementation toward efficient,
stable, and scalable lithium extraction and hydrogen
production systems remains challenging. In the following
sections, we summarize the currently developed technical
routes, analyze their inherent advantages and existing
bottlenecks, and aim to provide meaningful guidance for the
future exploration of more diversified osmotic energy
self-powered applications.

4.1 Osmotic lithium

energy-driven self-powered

extraction

With the acceleration of global electrification lithium-ion
batteries are increasingly used in portable electronic devices
electric vehicles and renewable energy storage systems
highlighting the strategic importance of lithium resources
[126-128]. Global lithium production has more than tripled
over the past decade and multiple studies predict that
lithium demand will triple again in the next decade [129,
130]. Conventional lithium reserves are limited and are
expected to be depleted by 2080 [131, 132]. Therefore,
developing  efficient  extraction  technologies  for
unconventional lithium sources such as oil-produced water
geothermal brines and Dead Sea brines has become crucial
to ensuring the stability of the lithium supply chain
[133-135]. Against this backdrop, direct lithium extraction
technologies have emerged rapidly due to their high
efficiency flexibility and environmental compatibility. Among
them, osmotic energy self-powered lithium extraction
technology by capturing the intrinsic osmotic energy in ion
separation processes achieves the synergy of lithium
extraction and energy utilization offering a new path for
low-energy-consumption lithium recovery.

However, traditional unconventional lithium extraction
technologies have numerous drawbacks that hinder their
practical application. Evaporation methods are not only
time-consuming and wasteful of water resources but also
unsuitable for low-lithium brines [136, 137]. Chemical
precipitation methods involve toxic chemicals leading to
[138, 139].

membrane-based lithium extraction technologies such as

environmental  pollution Traditional
electrodialysis and nanofiltration although offering certain
selectivity, require substantial external electrical input and
suffer from high

[134, 135, 140,

thermodynamic
141].

potentials and
overpotentials More critically,
membrane technology has an inherent weakness, fouling.
Preventing fouling requires expensive brine pretreatment,
which may completely offset the benefits of osmotic energy
harvesting [142]. Additionally traditional electrochemical
lithium extraction technologies often suffer from ion back
mixing due to poor membrane selectivity or limited
throughput due to the cumbersome post-treatment required
for adsorbent regeneration [143, 144]. These limitations
have driven the development of novel lithium extraction

technologies such as membrane-free decoupling and in-situ
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osmotic energy utilization.

Osmotic energy is inherently present in lithium extraction
devices and the entire separation process. Its utilization
requires no additional auxiliary equipment and can be
perfectly integrated into electrochemical electrolysis
systems featuring excellent integration and device unity
making it the most direct pathway for coupling osmotic
energy utilization with electrolytic lithium extraction.
However traditional membrane-based lithium extraction
technologies have failed to tap into this intrinsic energy and
even require massive external electrical input for ion
migration, resulting in low energy utilization efficiency and
poor process integration. In recent years, two representative
technical routes have been developed to realize in-situ
harvesting and utilization of osmotic energy in lithium
extraction

systems, achieving the synergy of lithium

separation and energy output/consumption reduction.

Therefore, the in-situ integration of osmotic energy
harvesting into lithium extraction electrolysis systems
presents a promising avenue for the development of
high-integration energy-saving lithium recovery
technologies.

The first technical route is the membrane-based
spontaneous lithium extraction system developed by Zhang
et al. [145] which achieves net energy output by coupling Li-
selective ceramic membranes with Cl-storing electrode
pairs. The self-powered mechanism with net energy output
originates from the huge Cl" concentration gradient between
the feeding brine and receiving solution (Figure 9a). This
gradient generates abundant osmotic energy forming an
electrochemical potential difference consisting of membrane
potential and electrode potential. Closing the external circuit
drives electrons to flow spontaneously from the Ag electrode
to the AgCl electrode forming a continuous electron current
for direct net energy output. Meanwhile Li* migrates through
the Li-selective membrane to balance the charge of CI
stored/released by the electrodes realizing spontaneous Li
extraction without external energy input. The Li-selective
membrane adopts NASICON-type Li1sAlosGe1s(P04)3 (LAGP)
ceramic whose crystal structure features triangular
transport bottlenecks with a diameter of less than 1.8 A
(Figure 9b). Dehydrated Li* (1.2 A) can pass through these

bottlenecks freely while Na* (1.9 A) is blocked by size effects

and Mg?* is hindered by ultrahigh dehydration free energy.
XRD patterns confirm that the LAGP membrane maintains
structural stability after 300 hours of operation ensuring
sustained selective performance. This highly integrated
system exhibits excellent lithium extraction performance
with net energy output. Using 0.5 M MgCl; and 0.03 M LiCl as
the feed, it achieves stable operation for over 300 hours after
15 electrode switches, maintaining a near-unity Faraday
efficiency of ~100% (Figure 9c) and an ultrahigh Li/Mg
molar selectivity of 450 with Mg?* leakage of less than 4%
(Figure 9d). The average net energy output reaches 1.6
Wh-mol;;! and it even realizes 10-fold spontaneous Li*
enrichment in brine with a Mg/Li molar ratio of 1667 while
outputting energy. Figure 9e further confirms that this
lithium extraction is fully self-powered and can also be
utilized to power external devices, in sharply contrast with
conventional systems. However, this system has an
operational limitation: continuous lithium extraction relies
on repeated electrode switching after the Ag/AgCl electrode
pair is exhausted, which brings practical inconvenience for
large-scale application. Moreover, the discharge voltage
gradually declines with each electrode switch, as the CI
concentration gradient between the feed and receiving
solution dissipates progressively during lithium migration,
weakening the electrochemical driving force. Fortunately,
these issues are not insurmountable and can be effectively
addressed by engineering optimizations, such as adopting a
stacked device with anion

configuration exchange

membranes to enable continuous operation without
electrode switching, and implementing continuous feed
supplementation and effluent separation to maintain a
stable CI" concentration gradient.

Inspired by the concept of decoupled electrolysis, Li et al.
[146] have developed a membrane-free technical route that
eliminates the need for separation membranes thus
fundamentally addressing the problems of membrane
fouling and excessive pretreatment costs. This decoupled
membrane-free (DCMF) electrochemical system enables
harvesting the electrical potential energy inherent in the
concentration gradient between brine and receiving solution
without any separation membrane. The self-powered

auxiliary mechanism of this membrane-free system

originates from the concentration gradient of halide anions
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(CI'/Br) between the brine and extraction solution (Figure
9f). Based on the Nernst equation of Ag/AgX electrodes this
gradient generates an osmotic potential (Figure 9g) which
acts as an internal power source (Figure 9h) reducing the
external energy demand for lithium extraction. The

FeP04/LiFePO4 electrodes serve as the core selective
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Figure 9. (a) Schematic illustration of the spontaneous lithium extraction system based on Li-selective LAGP membrane and Ag/AgC
electrode pair. (b) Crystal structure of NASICON-type LAGP ceramic with triangular Li* transport bottlenecks. (c¢) Faradaic efficiency anc
amount of extracted Li versus discharge capacity. (d) Mg?* leakage and Li/Mg molar selectivity versus discharge capacity. (e) Energy
consumption and extraction rate of this spontaneous method with other methods. (Reproduced with permission from Ref. [145]
Copyright 2024, Springer Nature.) (f) Schematic illustration of the DCMF electrochemical lithium extraction system. (g) Theoretica
dependence of the Ag/AgX electrode potential on the halide anion (Cl'/Br-) concentration. (h) Equivalent circuit diagram of the DCM}
system, where the osmotic potential acts as an internal power source. (i) Li/Mg extraction selectivity of the DCMF system for brines wit}
different Mg/Li molar ratios. (j) X-ray diffraction (XRD) pattern and elemental analysis results of the produced battery-grade Li.CO3

(Reproduced with permission from Ref. [146],Copyright 2024, American Association for the Advancement of Science.)

components. Li* is preferentially intercalated into the compared to Na*, K*, Mg?* and Ca?* while other cations are

FePOs framework due to its higher intercalation potential effectively excluded. The Ag/AgX electrodes mediate the
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transfer of halide anions maintaining charge balance across
the physically isolated cathode (brine) and anode (extraction
solution) compartments. This membrane-free design
ensures stable long-term operation. The system exhibits
excellent lithium extraction performance. When treating
brines with Mg/Li molar ratios up to 3258 and Li*
concentrations as low as 0.71 mM it achieves Li/Mg
selectivities of 3247-11987 (Figure 9i) and near-unity
coulombic efficiency (>99%) over 1000 cycles. A pilot-scale
system with a 33.75 m? electrode area realizes 84.0%
lithium recovery from Dead Sea brine producing
battery-grade Li,CO3 (>99.95% purity) with 21.5% energy
savings via osmotic energy harvesting (Figure 9j). However
the DCMF system has inherent limitations. The osmotic
energy harvesting efficiency is relatively low with the
harvested osmotic energy accounting for only 3.48% of the
direct lithium extraction energy consumption in the
pilot-scale test. It cannot achieve fully osmotic energy-driven
self-powered lithium extraction and still relies on external
power supply as the main energy source. Meanwhile the
membrane-based system faces challenges in stability in
Na-rich brines and relatively high material costs.

These studies yield crucial insights for osmotic energy
utilization and ion separation. Osmotic energy can be
harvested for lithium extraction without separation
membranes, as realized in the DCMF system via Ag/AgX
redox electrodes that respond to halide anion (Cl/Br)
concentration gradients between brine and extraction
solution. Following the Nernst equation, the gradient
generates a spontaneous osmotic potential on Ag/AgX
electrodes, which acts as an internal power source to drive
charge transfer. Essentially, this osmotic energy is the
chemical potential energy derived from the halide anion
concentration difference across the physically isolated
compartments. Moreover, ion selectivity is not only
achievable via electric field regulation but also can be
realized through the size-sieving effect of nanochannels in
solid membranes. These findings broaden the design ideas
for osmotic energy-driven ion separation technologies,
providing new directions for developing more flexible,
diverse and efficient separation systems for resource
recovery from complex aqueous solutions.

In summary, osmotic energy-driven self-powered lithium

extraction is still in an emerging and initial research stage,
and the reported technical schemes have certain inherent
limitations to be addressed. Besides the aforementioned
operational inconveniences, voltage decay, low osmotic
energy utilization efficiency and material cost issues, the
technology also faces challenges such as insufficient
scalability and stability in complex brine systems for
practical industrial application. Nevertheless, these routes
possess irreplaceable advantages that traditional lithium
extraction technologies cannot match: they realize lithium
extraction with net energy output or significant energy
saving by harvesting intrinsic osmotic energy from brines,
break the energy consumption logic of conventional
methods, and achieve ultrahigh Li/Mg selectivity with
simple processes and low environmental impact. These
unique merits make osmotic energy-driven self-powered
lithium extraction a promising alternative for sustainable
lithium production, with broad development potential in the

future.

4.2 Osmotic energy-driven self-powered hydrogen
production

Driven by the global goal of carbon neutrality, hydrogen
energy has become a pivotal carrier in the decarbonized
energy system due to its ultra-high gravimetric energy
density [147], zero-carbon combustion byproducts [148],
and renewable nature [149], showing broad application
prospects in power, transportation, and other fields [150].
However, current hydrogen production remains highly
dependent on fossil fuels [151], resulting in significant
greenhouse gas emissions [152]. Although traditional water
electrolysis technology can produce high-purity hydrogen, it
faces bottlenecks such as high-power consumption and
reliance on external power grids [153-155]. Furthermore,
renewable energy sources like wind and solar power suffer
from geographical limitations and seasonal fluctuations [155,
156], which further restrict the large-scale application of
green hydrogen. Electrochemical water splitting, the core
technology for green hydrogen production, relies on two key
electrochemical reactions under alkaline conditions: the
hydrogen evolution reaction (HER: 2H;0 + 2e- = Hz + 20H")
at the cathode and the oxygen evolution reaction (OER: 40H~

— 2H20 + 0 + 4¢€’) at the anode. Despite advances in catalyst
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design and electrolyzer optimization to reduce
overpotentials, the OER involves a four-electron transfer
process with slow kinetics, requiring continuous, stable, and
environmentally friendly electrical input [157, 158]. Most
current research focuses on improving catalytic activity and
electrolyzer efficiency, while harnessing natural renewable
energy to directly drive water electrolysis for self-powered
hydrogen production without external power supply has
emerged as an important direction with both academic value
and application prospects, offering new ideas to break the
power dependence bottleneck in large-scale green hydrogen
applications [159-163].

Osmotic energy derived from the salinity gradient at the
seawater-river water interface has become an ideal energy
source for self-powered hydrogen production due to its
abundant reserves, stable output, and independence from
weather and seasons. It is estimated that the theoretical
global reserve of osmotic energy at the seawater-freshwater
interface reaches 30 terawatts, showing enormous
development potential. The collection and conversion of
osmotic energy mainly rely on RED devices, whose core is to
convert the chemical potential difference generated by the
salinity gradient into electrical energy through the selective
ion transport of ion-selective membranes, thereby powering
water electrolysis for hydrogen production. Compared with
traditional hydrogen production technologies, osmotic
energy-driven self-powered hydrogen production requires
no additional energy input, enabling direct conversion from
“blue energy to electrical energy to hydrogen energy”. It not
only reduces carbon emissions but also efficiently utilizes
the natural energy endowments of oceans and rivers,
opening up a sustainable new pathway for green hydrogen
production. However, conventional ion-selective membranes
suffer from limitations such as insufficient ion selectivity,
poor mechanical robustness, and difficulties in large-scale
fabrication, hindering the practical implementation of
salinity gradient-powered water electrolysis for hydrogen
production. To address these challenges, researchers have
conducted a series of studies on the design and synthesis of
high-performance ion-selective membranes and device
integration optimization. Among them, the works of He et al.
[164] and Liang et al. [165] have achieved breakthrough
progress in fabrication and

large-scale complex

environmental  adaptability,  respectively,  providing
important support for the development of this technology.

He et al. [164] developed a precisely designed polyamic
acid (PAA37)

integration of ultra-high cation selectivity and large-area

ion-selective membrane, realizing the
scalable preparation. Combined with an optimized module

assembly strategy, they constructed an integrated
self-powered hydrogen production device, breaking the
scalability bottleneck of osmotic energy harvesting for
hydrogen production and opening up a new practical
pathway for blue energy utilization and green hydrogen
synthesis. The integrated self-powered hydrogen production
device is composed of PAA37-based osmotic energy power
(OEPMs)

electrocatalytic water electrolysis unit, where the OEPMs

modules connected in series with an
convert salinity gradient energy into electrical energy
through cation-selective directional ion transport. The core
material of the device is the PAA37 membrane, which is
synthesized via a one-step polycondensation reaction of
dianhydride

benzene (Figure 10a). The ultra-high cation selectivity of the

pyromellitic and 1,4-bis(4-aminophenoxy)
membrane originates from the synergistic effect between
high-density carboxylic acid groups and sub-nanometer
channels with a central pore size of approximately 9 A
(Figure 10b): the negatively charged carboxylic acid groups
enable preferential adsorption of cations and repulsion of
anions, while the confinement effect of the sub-nanometer
channels further enhances the electrostatic interaction
between ions and the channel walls. Ultimately, the
membrane achieves a cation transference number of 0.96,
approaching the ideal value, and this excellent selectivity
also guarantees the high Faraday efficiency of the
subsequent hydrogen evolution reaction. The team also
realized the large-area preparation of the PAA37 membrane
via a roll-to-roll method, with the membrane area reaching
up to 9000 cm?, and for the first time proposed an equation
which clarifies that the electrode impedance in the
low-concentration zone (Rpg) is the core factor causing

power density decline in large-area testing, providing crucial
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Figure 10. (a) Schematic diagram of the synthesis reaction of PAA37 membrane. (b) Schematic illustration of the ion selectivity

mechanism of PAA37 membrane with high-density carboxylic acid groups and sub-nanometer channels. (c) The relationship between th¢

maximum output power density and the effective test area. (d) Digital photograph of the series-parallel configured system (5 paralle

branches, each with 22 OEPM units in series) connected with a water electrolysis device. (e) Schematic diagram of the series-paralle

configuration of 110 OEPM units powering the electrolyzer to achieve 1.51 V output voltage. (Reproduced with permission from Ref

[164], Copyright 2025, Wiley-VCH Verlag.) (f) Schematic diagram of the dual-path superassembly strategy for fabricating PA-CF/AAC

hybrid membrane and Pd-CF/GCE hybrid electrode. (g) Digital photograph of the integrated osmotic energy-driven hydrogen productior

device with 10 serially connected PA-CF/AAO membrane units. (h) Long-term stability curve of hydrogen evolution rate for the

integrated device with 10 serially connected PA-CF/AAO membrane units. (Reproduced with permission from Ref. [165],Copyright 2024

Springer Nature.)

theoretical basis for the design optimization of large-scale
osmotic energy devices (Figure 10c). In terms of hydrogen
production performance, He et al. stacked 110 PAA37-based
OEPMs in series to achieve a high open-circuit voltage of

24.34 V, and adopted a hybrid series-parallel configuration

(5 parallel branches with 22 OEPMs in series each) to
optimize the output voltage across the electrolyzer to 1.51 V
(Figure 10d and Figure 10e), which meets the voltage
threshold for continuous hydrogen evolution. The PAA37

membrane achieves a power density of 6.0 W-m? over a



Nano Research | Vol. XX, No. XX

Shi et al.

macroscopic area of 3.14 mm? under a 50-fold KCI
concentration gradient, successfully realizing the efficient
conversion from osmotic energy to hydrogen energy.
However, the PAA37 membrane shows limited adaptability
to pH variations and a relatively short continuous operation
lifespan of 5 days, with cracks forming on the membrane
surface after long-term immersion in saline solutions, which
restricts its practical application in complex marine
environments.

Different from the work of He et al, Liang et al’s study
[165]

shortcomings,

successfully addressed the aforementioned

demonstrating superior adaptability to
diverse pH environments and sustaining stable hydrogen
production rates-two key performance metrics that He et
al's system failed to achieve. While He et al’'s PAA37
membrane struggled with durability and narrow pH
adaptability, Liang et al. overcame these limitations through
innovative structural engineering and material integration,
offering a more robust solution for practical osmotic
energy-driven hydrogen production. They designed an
osmotic energy-powered hydrogen production device by
constructing core components through a dual-path
superassembly strategy and completing the integration
(Figure 10f): In Path 1, zeolitic imidazolate framework-8
(Z1F-8)-derived carbon framework (CF) was used as the
substrate. Phytic acid (PA) combined with N atoms on the CF
surface via evaporation-induced assembly to form PA-CF,
which was then loaded onto an AAO substrate through
fluid-oriented  assembly, yielding the PA-CF/AAO
ion-exchange hybrid membrane (the core of the osmotic
energy generation terminal). In Path 2, Pd atoms were
selectively assembled on the CF surface by adjusting pH to
form Pd-CF, which was mixed with Nafion solution and
deposited on a glassy carbon electrode (GCE) to obtain the
Pd-CF/GCE electrocatalytic hybrid electrode, the core of the
hydrogen production terminal. Finally, the two components
were connected to the same circuit, enabling seamless
coupling of osmotic energy generation and electrocatalytic
hydrogen production without the need for external energy
storage devices. Notably, the PA-CF/AAO hybrid membrane
adopts an asymmetric structure, with the PA-CF layer and
AAO substrate forming a Janus heterocharge distribution.

The strong electronegativity and superhydrophilicity of the

PA-CF layer synergize with the composite structure
consisting of two-dimensional narrow channels between
facets and three-dimensional sponge-like channels between
vertices and facets, collectively endowing the membrane
with excellent high cation selectivity. This structural design
not only guides the directional and rapid transport of Na*
but also effectively suppresses interfacial polarization,
resulting in a cation transference number significantly
higher than that of traditional symmetric membranes. The
transport current of K* is consistently much higher than that
of CI', and the cation transport efficiency is further enhanced
when the PA-CF side is at high concentration. The membrane
also exhibits outstanding pH adaptability, with no significant
attenuation in osmotic energy conversion power density
over a wide pH range of 4~10, meaning it can stably harvest
osmotic energy in seawater environments with varying
acidities and alkalinities. Benefiting from these advantages,
the hydrogen production terminal powered by 10 serially
connected membrane units achieves a Faraday efficiency
close to 100% (Figure 10g). Under artificial salinity gradient,
the hydrogen evolution rate continuously exceeds 300
L-m2h? and remains stable for more than 12 days (Figure
10h). The output voltage of the 10 serially connected
membrane units shows a good linear relationship with the
number of units, stably providing a working voltage of 1.55 V
for hydrogen production. Compared with traditional
Pt-C/Pd-C electrocatalytic hydrogen production devices, it
can save 38.08~44.02 kWh of electricity per 1 kg of
hydrogen produced, demonstrating excellent practical
application potential.

In summary, renewable energy-driven hydrogen
production has achieved considerable progress in recent
years, yet osmotic energy-powered hydrogen production
remains in an emerging developmental stage with multiple
challenges hindering its industrialization. Current systems
mostly adopt a disconnected design where osmotic
energy-harvesting devices are separated from hydrogen
production units, failing to realize highly integrated device
construction. Besides, the large-area and scalable
preparation of high-performance ion-selective membranes
still faces technical hurdles, and issues such as limited
membrane stability and narrow environmental adaptability

further restrict practical application. These bottlenecks in
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structural design, material preparation and performance
stability mean that osmotic energy-powered hydrogen
production requires more in-depth research and exploration

for large-scale industrial application and commercialization.

4. Conclusion and perspectives

This review systematically summarizes the fundamentals,
material advances, and application progress of osmotic
energy-driven self-powered sensing systems, offering
strategic guidance for the development of nanofluidic-based
self-sustaining technologies. First, the core energy
conversion mechanisms governed by the EDL effect and
ion-selective transport are outlined, clarifying the critical
role of the Ap in modulating EDL overlap and ion selectivity,
alongside key thermodynamic equations describing
theoretical energy conversion limits. Second, advanced
nanofluidic membrane materials are categorized into 2D
layered membranes and 3D porous framework membranes,
with representative materials including GO membranes,
MXene membranes, LDH-based membranes, HOF
membranes, and MOF membranes, and their structural
characteristics, ion transport properties, advantages, and
inherent limitations analyzed comprehensively. Third, the
ion-selective membranes,

core selection criteria for

including surface charge characteristics, nanochannel
structural parameters, and hydrophilicity, are discussed,
highlighting their synergistic regulation of ion transport
efficiency and sensing performance. Following this, four
typical intergrated self-powered sensing applications driven
by osmotic energy are presented, including nutrient sensing,
pressure sensing, humidity sensing, and image sensing, with
in-depth analysis of the sensing mechanism. The transition
of  concentration external

gradient design from

environment-dependent modes to Dbuilt-in gradient

configurations is underscored, as this transition enhances
system adaptability and stability. Additionally, other osmotic
energy-driven  self-powered  technologies such as
self-powered lithium extraction and hydrogen production
are introduced as extended applications. Despite the notable
advantages of osmotic energy-driven self-powered systems,
remain in

challenges scalable membrane fabrication,

long-term  operational stability, precise mechanism

elucidation, and practical device integration. Addressing

these challenges will be crucial for advancing the field and
realizing the large-scale deployment of osmotic energy
self-powered technologies in flexible electronics and

sustainable energy systems.

(1) Elucidation of microscopic mechanism elucidation

Deepening the understanding of microscopic mechanisms

underlying osmotic energy conversion and sensing
responses is a fundamental prerequisite for optimizing
system performance. Current research has preliminarily
clarified the core role of the EDL effect and ion-selective
transport, but many dynamic processes and interfacial
interactions remain insufficiently explored. Future studies
should in-situ  characterization

leverage  advanced

techniques such as synchrotron X-ray scattering,
time-resolved electrochemical measurements, and Atomic
Force Microscopy to track ion migration trajectories at the
membrane-solution interface in real time. By monitoring the
dynamic evolution of nanochannel radius and charge
distribution under external stimuli including pressure,
humidity and ion concentration changes the regulation law
of nanochannel structure on ion transport can be accurately
revealed. Additionally, combining multi-scale simulation
methods from molecular dynamics to continuum mechanics
can help analyze the interaction energy between membrane
surface functional groups and ions as well as the steric
hindrance effect during ion migration. Exploring the
correlation between nanochannel size surface charge
density and ion selectivity will clarify the intrinsic
mechanism of energy conversion efficiency improvement.
This in-depth investigation of microscopic mechanisms will
provide a precise theoretical basis for the rational design of
high-performance membranes and the optimization of
sensing response characteristics enabling breakthroughs in

the performance limitations of current systems.

(2) Exploration of suitable concentration gradient interfaces

Exploring stable accessible and environment-adaptive
osmotic concentration gradient interfaces is a key challenge
restricting the practical application of osmotic energy-driven
self-powered systems. The core demand for gradient
interfaces lies in maintaining long-term stability while

adapting to diverse application scenarios. For wearable and
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biomedical sensing systems research should focus on
developing biocompatible gradient solutions that avoid skin
irritation and microbial contamination. Designing
microfluidic reservoir structures with gradient retention
capabilities such as porous hydrogel-based reservoirs can
reduce ion diffusion loss and extend gradient lifespan. For
environmental and marine sensing, the focus should be on
constructing gradient interfaces resistant to temperature
interference.

fluctuations and salt  concentration

Investigating the dynamic balance between gradient
maintenance and ion consumption under different flow rates
and pressure conditions can provide theoretical support for
Additionally

that utilize

gradient interface  design. developing

self-regenerating gradient systems
environmental substances to supplement ion loss such as
extracting ions from seawater or soil can further enhance
the long-term operational reliability of gradient interfaces.
The successful exploration of such gradient interfaces will
lay a solid foundation for the stable operation of

self-powered systems in complex practical environments.

(3) Optimization of membrane material performance

Continuous  optimization of nanofluidic ~membrane
performance is the core driving force for the advancement of
osmotic energy-driven self-powered technology. For
two-dimensional layered membranes such as graphene
oxide and MXene membranes the primary focus is to
improve mechanical stability and anti-swelling properties.
Cross-linking modification using organic molecules with
multi-functional groups can enhance the interaction force
between nanosheets reducing structural deformation under
high humidity conditions. Composite strategies combining
two-dimensional materials with inorganic nanoparticles or
polymer matrices can simultaneously improve mechanical
strength and ion selectivity. For three-dimensional porous
framework membranes including hydrogen-bonded organic
framework and metal-organic framework membranes the
key directions are enhancing aqueous stability and reducing
Modifying

hydrophobic functional groups can suppress water molecule

synthesis costs. framework ligands with

intrusion and prevent structural collapse. Developing

low-cost and scalable synthesis methods such as

template-assisted batch synthesis can promote the industrial

application of framework membranes. Additionally
exploring novel membrane materials with intrinsic dual ion
selectivity or multi-response capabilities such as
light-responsive or pH-responsive membranes can expand
the application boundaries of self-powered systems. The
development of high-performance membranes with
integrated advantages of high selectivity high permeability
and long-term stability will significantly improve the
comprehensive performance of osmotic energy-driven

self-powered systems.

(4) Expansion of multi-scenario sensing application scope

Expanding the application scope of osmotic energy-driven
self-powered sensing in diverse scenarios is crucial for
realizing its practical value. For wearable healthcare sensing,
research should focus on developing flexible and conformal
sensing devices integrated with multiple sensing functions.
Integrating nutrient sensing pressure sensing and humidity
sensing into a single wearable patch can enable real-time
monitoring of physiological indicators such as sweat
composition skin pressure and respiratory humidity.
Optimizing device thickness and flexibility to ensure
comfortable wear and movement adaptability is essential.
For agricultural and environmental monitoring, the focus
should be on developing in-situ sensing systems with high
stability and anti-interference capabilities. Integrating
wireless transmission modules and low-power consumption
chips can realize remote data collection and analysis. For
underwater exploration and marine resource detection,
developing high-pressure resistant and corrosion-resistant
sensing systems is necessary. Utilizing the waterproofness of
nanofluidic membranes and optimizing electrode materials
to resist seawater corrosion can extend the service life of
underwater sensors. Expanding the application scope of
self-powered sensing in these specialized scenarios will fully
leverage the technical advantages of osmotic energy-driven

systems and promote their large-scale practical deployment.

(5) Integration of artificial intelligence (AI) technology

The deep integration of Al and data science can provide an
efficient strategy for the development of osmotic energy
self-powered systems. Using machine learning algorithms

such as transfer learning and deep learning, high-precision
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prediction models can be established under small-sample
conditions to rapidly predict diffusion potential, output
power, and energy conversion efficiency under coupled
concentration and temperature fields, with computational
efficiency improved by more than one million times
compared with traditional numerical simulations [166].
Through descriptor importance analysis, the contribution
weights of key parameters including channel size, surface
charge, and concentration gradient, to output performance
can be quantified, providing clear guidance for targeted
optimization of nanofluidic channel structures and
membrane material compositions [167]. Combined with
multi-objective  optimization  algorithms,  synergistic
improvement of high-power density, high conversion
efficiency, and long-term stability can be achieved,
overcoming the inherent trade-off between ion selectivity
and permeability. In addition, data-driven models can
uncover hidden structure-performance relationships in
experimental data, guiding high-throughput screening and
rational design of hydrogel membranes and 2D layered
membranes with high selectivity and stability [168]. In the
future, combining autonomous laboratories and digital twin
technologies, Al will cover the entire chain of material
preparation, device assembly,

system testing, and

performance regulation, significantly shortening the
research cycle, reducing experimental costs, and promoting
the rapid development of intelligent, high-throughput, and
large-scale osmotic energy self-powered sensing systems

[169].

(6) Promotion of industrialization and commercialization

The practical deployment of osmotic energy-driven
self-powered sensors counts on systematic pathways that
achievements  with  industrial

bridge  laboratory

manufacturing and market application. Scalable and
cost-effective fabrication of high-performance nanofluidic
membranes represents the primary prerequisite for
industrialization, which demands the development of
roll-to-roll deposition, continuous assembly, and large-area
printing techniques to ensure batch uniformity and reduce
overall production cost. In addition, standardized protocols
for device integration, packaging, and interfacial connection

are also required to construct modular, miniaturized, and

mechanically robust systems compatible with automated
industrial assembly lines. Long-term operational stability
under realistic environments can be effectively improved by
enhancing the structural robustness, anti-swelling capability,
antifouling performance, and corrosion resistance of
membrane materials, thereby extending service life in
marine, soil, high-humidity, and other harsh conditions. The
establishment of unified industrial standards for
performance characterization, including power density,
sensitivity, cycling stability, and service life, will further
facilitate product certification and market access. Targeted
demonstration projects in agricultural monitoring, marine
environmental detection, and wearable healthcare can
accelerate market validation, and gradual expansion into the
Industrial Internet and intelligent infrastructure will
ultimately drive the large-scale commercialization of this

emerging self- powered sensing technology.
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