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ARTICLE INFO ABSTRACT

Keywords: Nanoconfined channels constructed from functional materials provide versatile platforms for regulating ion
Nanoconfined transport, enabling tailored ion dynamics and high-performance iontronic functionalities. The rational design of
Iontronics

such nanoconfined systems is therefore central to advancing next-generation ion regulation and device archi-
tectures. In this Review, we establish a unified nano-brick framework that treats nanoconfined spaces as pro-
grammable building blocks defined by four key dimensions: geometry, surface charge, chemical functionality,
and topology. We emphasize that nanoconfinement is the fundamental prerequisite for high-performance ion-
tronic systems, as confined nanoscale architectures enable selective ion transport and unique ionic dynamics
inaccessible in bulk environments. Within these confined spaces, interfacial surface charge governs cation-anion
transport and ionic selectivity, while chemical functionalities regulate ion affinity and transport kinetics. Beyond
local interfacial modulation, topological engineering introduces asymmetric transport pathways and hierarchical
connectivity, enabling directional ion transport and enhanced device performance. We further discuss repre-
sentative nano-brick platforms based on two-dimensional materials, metal-organic frameworks, and covalent
organic frameworks, highlighting how their controlled assembly enables rational design of ion-selective systems
for applications in energy harvesting, ionic information processing, and desalination. Finally, we outline the key
challenges and future directions toward the practical implementation of nanoconfined iontronics.

Ion transport
Functional group structural design
Nanoblock architecture

1. Introduction nanoconfined spaces, where the channel geometry, chemical function-

ality, charge distribution, and topological connectivity govern ion mo-

Biological systems offer a quintessential example of ion transport
that combines exceptional precision and efficiency within nanoconfined
spaces [1-3]. Ion channels and nanopores in biological membranes
regulate ionic flux with remarkable selectivity, speed, and energy effi-
ciency, enabling essential physiological processes such as neural signal
transmission, osmotic regulation, and energy conversion [4-6]. The
interest in and demand for understanding these biological ion transport
mechanisms have led to extensive research on ion transport through
nanoconfined channels. These phenomena arise from precisely defined

tion that is markedly distinct from bulk behavior [7-9]. Inspired by
these natural systems, researchers have developed artificial nano-
confined platforms to emulate controllable biological ion transport
[10-12]. Unlike natural channels constructed from complex proteins,
these systems feature tunable structures, controllable surface function-
alities, and superior chemical stability and scalability [13-15]. Ad-
vances in nanofabrication and materials chemistry have enabled the
construction of nanoconfined channels with precise dimensions and
tailored physicochemical properties, providing new opportunities for
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the rational design of ion transport at the nanoscale. Moreover, nano-
confined systems exhibits several unique features, such as large surface
area, abundant surface charge, scales comparable to the range of various
surface/interfacial forces, and size similar to biomolecules or ions [5].
These unique physical and chemical features endow nanoconfined sys-
tems with exceptional ionic transport properties, including ion selec-
tivity, ion rectification, surface-charge-governed ion transport, and ionic
gating [16-19]. However, despite rapid progress, current research has
largely focused on specific materials or device configurations, and a
unified framework that systematically links nanostructure design with
nanoconfined iontronic functionality is still lacking. Moreover, the latest
advances in achieving precise ion transport control through nano-
confined structures and functionalized materials have not been fully
reviewed.

Nowadays, various nanoconfined systems have been developed to
construct high-performance ion transport channels, including platforms
based on two-dimensional (2D) materials [6], metal-organic frame-
works (MOFs) [5], covalent organic frameworks (COFs) [9], and func-
tionalized nanoparticles [20]. These materials can form nanostructures
of varying dimensionality and topology, such as stacked 2D materials
creating nanoscale channels, three-dimensional interconnected net-
works composed of ordered pores, and heterogeneous architectures
assembled from different materials. Through precise control of geo-
metric dimensions, pore size distribution, chemical functionality, charge
distribution, and topological connectivity, these nanostructures can be
regarded as “modular nano-bricks”, providing programmable pathways
for ion transport. For example, graphene oxide membranes achieve se-
lective transport of cations and anions by tuning the interlayer spacing
and surface functional groups [1]. Graphene-like 2D materials, such as
boron nitride [21] and molybdenum disulfide [22], can also realize ion
rectification and molecular sieving through control of interlayer spacing
and surface chemistry. MOFs, such as zeolitic imidazolate framework—8
(ZIF—8) [23] and university of oslo—66 (UiO—66) [24], offer tunable
pore sizes and functional groups, enabling selective transport of specific
ions while restricting diffusion rates. COFs provide highly controllable
two-or three-dimensional scaffolds, where side-chain modifications-in-
troducing carboxyl [25], amine [26], or sulfonic acid [27]
groups-regulate  the electrostatic environment and hydro-
philicity/hydrophobicity within the channels, thereby enabling precise
ion sieving and rectification. The combination of these materials and
structures gives rise to 2D layered nanochannels, three-dimensional
interconnected pores, and heterogeneous composite channels,
enabling high-precision ion regulation within individual channels while
establishing scalable ion transport networks across macroscopic or
nanoscale membranes, thereby providing a foundation for device-level
applications. The concept of modular design plays a key role in this
context, with different materials, pore geometries, functional groups,
and charge distributions regarded as programmable units. Through
controlled assembly, customized ion transport systems can be con-
structed. For example, a carboxyl-functionalized COF combined with an
amine-functionalized MOF can create regions of positive and negative
charge within the same channel, enabling differential regulation of
cations and anions [28]. Similarly, functionalized nanoparticles intro-
duced into 2D layered materials can locally alter channel hydrophilicity
or charge density, thereby modulating ion migration pathways and
transport rates [29]. These nanoconfined systems achieve precise con-
trol over ion selectivity, rectification, surface charge-governed trans-
port, and gating behavior through the synergistic effects of electrostatic
interactions, molecular sieving, and confinement-induced dynamics
[30-32]. They provide a foundation for functional applications such as
energy harvesting, ion-based signal transmission, ionic logic devices,
and seawater desalination, while also offering insights into the mecha-
nisms of biological ion channels and opening new avenues for the
development of nanoconfined iontronics.

Focusing on the ion transport behaviors in nanoconfined iontronic
systems, this review covers the design and construction of nanoconfined
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platforms, the fundamental properties and basic principles of ion regu-
lation, and their potential in functional applications (Fig. 1). First, we
propose a unified theoretical framework that treats nanoconfined spaces
as modular “nano-bricks”, defined collectively by geometry, chemical
functionality, charge distribution, and topological connectivity, which
can be precisely designed to provide programmable pathways for ion
transport. Then the fundamental properties and mechanisms of ion
transport under nanoconfined conditions are systematically presented.
These characteristics depend on the unique geometry of the nano-
structures, channel design, and surface chemical environment, and
strategies for achieving precise control of ion transport through func-
tional group engineering and structural design are summarized. As the
main part of this review, the diverse nano-bricks composed of 2D ma-
terials, MOFs, and COFs, as well as the ion transport systems are thor-
oughly discussed. We further demonstrate that controlled assembly and
system integration can yield functional platforms with high ion selec-
tivity and precise regulatory capability, enabling applications in energy
harvesting, ion-based signal and information processing, and seawater
desalination. Finally, we delineate the prevailing challenges, quantita-
tively assess the gaps between current achievements and practical
benchmarks, and prospect future trajectories for advancing nano-
confined iontronics from concept to application.

2. A unified theoretical framework for modular nano-brick
architectures

2.1. Nanoconfined domains as modular nano-bricks for iontronic design

In nanoconfined iontronic systems, each confined domain can be
regarded as a discrete yet integrable functional unit. Distinct from
continuum-based descriptions, nanoscale confinement introduces well-
defined physical boundaries and interfacial characteristics, with di-
mensions often comparable to the Debye length, ion hydration radius, or
even molecular scales [36-38]. Under such conditions, interfacial ef-
fects, surface charge interactions, and confinement-induced transport
kinetics dominate ion behavior, rather than acting as perturbative cor-
rections [39-41]. Key parameters, including channel geometry, pore
size distribution, surface functionalization, charge density, and local
potential profiles, can be precisely engineered to regulate ion migration,

Fig. 1. Schematic diagram showing the main topics of this review: ion trans-
port regulation and applications based on modular nano-brick design [33-35].



L. Yang et al.

selectivity, rectification, and gating with high fidelity.

Importantly, these nanoconfined units exhibit not only functional
autonomy but also inherent modularity and scalability. Diverse
confinement motifs can be systematically assembled through stacking,
arraying, or heterogeneous integration, forming hierarchical ion trans-
port networks with emergent functionalities. At the system level, local
transport behaviors, such as ion selectivity and rectification, can be
amplified, coupled, or collectively orchestrated to achieve directional
ion flux control. Conceptualizing nanoconfined domains as modular
“nano-bricks” thus transcends a descriptive analogy, establishing a
design paradigm with methodological significance. Rather than treating
geometric dimensions, chemical functionality, charge distribution, and
topological connectivity as isolated factors, the nano-brick framework
views them as interconnected modules whose collective arrangement
may give rise to emergent transport characteristics. This framework
enables the explicit definition of structure-property relationships at the
unit level and supports their hierarchical integration into complex sys-
tems, providing a robust theoretical foundation for the rational design of
next-generation iontronic architectures.

2.2. Programmable dimensions of nano-bricks

The functionality of nano-bricks is not determined by a single factor
but is defined synergistically by multiple programmable dimensions,
including geometric dimensions, chemical functionality, charge distri-
bution, and topological connectivity. First, geometric dimensions
directly determine the degree of confinement and the overlap of the
electrical double layer (EDL) [42]. When the channel size approaches or
is smaller than the thickness of the EDL, ion distributions become
significantly constrained, thereby affecting ion selectivity and transport
rates. The size and shape of the pores also dictate the strength of mo-
lecular sieving effects, leading to differential sieving of ions with varying
radii or hydration structures. Second, chemical functionalities regulate
interactions between ions and the interface. By introducing functional
groups such as carboxyl, amino, or sulfonic groups, the interfacial hy-
drophilicity, charge density, and local polarity environment can be
modulated, thereby influencing ion adsorption, desorption, and migra-
tion kinetics. Furthermore, the spatial heterogeneity of charge distri-
bution and its gradient structures affect the directionality and driving
mechanisms of ion transport, with non-uniform charge domains capable
of creating selective transport regions or functional partitions within the
channels. Finally, the topological connectivity determines the coupling
and synergistic effects between different “nano-bricks”. For example,
series arrangements can enhance selective sieving capabilities, while
parallel or networked structures help improve overall ion flux and sys-
tem stability [43-45]. These programmable dimensions are not inde-
pendent of one another but collectively determine the overall ion
transport behavior through synergistic regulation. A typical example
[46] is the guanidinium-based COF membrane with 1D sub—2 nm
channels (geometric dimensions), abundant guanidinium groups
(chemical functionality), high positive surface charge (charge distribu-
tion), and ordered eclipsed stacking topology (topological connectivity).
The synergistic effect of these four dimensions enables exceptional
mono/divalent cation selectivity (K*/Mg?t~202). Specifically, the
sub—2 nm geometry matches hydrated ion sizes; guanidinium groups
provide charge-assisted hydrogen bonds; high positive charge creates
strong electrostatic repulsion toward divalent ions; and the ordered to-
pology ensures continuous low-resistance pathways, fully demon-
strating the necessity of multidimensional synergy. Another
representative case [47] is this biomimetic Janus NP-MXene membrane,
which possesses sub-nanochannels of approximately 6.0 A and stable
interlayer spacing (geometric dimensions). Through chemical modifi-
cation with EDTA and PDDA (chemical functionality), it achieves se-
lective transport of cations and anions respectively, forms a Janus
structure with asymmetric positive and negative charge distribution on
the surface (charge distribution), and features a continuously connected
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topological structure stacked by two-dimensional nanosheets inside
(topological connectivity), combining structural stability and scalable
fabrication. Under a 50-fold salinity gradient, it delivers an osmotic
potential of 181.5mV and a power density of 85.1 W-m 2 with
long-term stable performance, and enables gate-free iontronic logic
control and signal transmission relying on salinity gradients. By sys-
tematically designing geometric, chemical functionality, charge distri-
bution, and topological factors, it is possible to achieve a transition from
single-function modulation to multifunctional synergistic integration,
thereby laying a solid foundation for constructing high-performance,
multi-responsive, and scalable iontronic systems.

These programmable dimensions suggest several structure-
performance correlations that can guide nano-brick design.
Confinement-charge interplay: When channel dimensions approach the
Debye length, surface charge effects dominate over bulk behavior,
leading to concentration-independent transport regimes. Asymmetric
architecture: Gradient pore geometries combined with non-uniform
charge distributions favor directional ion transport and rectification.
Chemical selectivity: Pore sizes matched to hydrated ion dimensions,
coupled with specific binding sites, enhance selectivity beyond pure
electrostatic effects. Stimuli responsiveness: Responsive functional
groups integrated into rigid frameworks enable dynamic gating of ion
transport. These correlations are quantitatively analyzed in Section 3
and experimentally validated by the nano-brick systems discussed in
Sections 4-6.

Despite the great potential of the four programmable dimensions for
constructing advanced iontronic systems, several critical limitations
remain to be addressed for practical applications. (1) Geometry di-
mensions: Sub-nanometer channels are vulnerable to structural collapse
or pore clogging under realistic operating conditions, especially under
pressure fluctuations or fouling environments. (2) Chemical function-
ality: Many functional groups exhibit limited chemical and thermal
stability under harsh operating conditions (for example, hypersaline
environments or extreme pH), resulting in progressive performance
degradation. (3) Charge distribution: Surface charge is easily screened
or attenuated in high-ionic-strength solutions, which weakens electro-
static control and reduces ion selectivity. (4) Topological connectivity:
Complex hierarchical topologies require high-precision synthesis, which
is difficult to scale up and increases manufacturing costs. Overcoming
these limitations will be essential for translating nano-brick-based ion-
tronics into real-world technologies.

3. Properties and basic principles of ion transport in
nanoconfined systems

Based on recent advances in the field of nanoconfined iontronics,
numerous theories and models have been proposed to elucidate ion
transport behavior in nanoconfined systems [48-50]. Ion selectivity, ion
rectification, and ion gating are the most fundamental characteristics of
nanoconfined systems, primarily arising from surface charge distribu-
tion, EDL overlap, and localized chemical environments within the
confined space. Ion selectivity is determined collectively by the geo-
metric dimensions, surface functional groups, and charge characteristics
of the nanoconfined channels, typically enabling differential transport
through electrostatic interactions and molecular sieving effects. Ion
rectification manifests as asymmetric transport behavior in different
directions, while ion gating refers to the channel’s ability to switch or
modulate ion transport under specific conditions. This work first pro-
vides an overview of the fundamental properties and principles of ion
transport in nanoconfined systems, where such behaviors are closely
related to precisely engineered nanostructures, controlled channels, and
chemical functionality, thereby laying the foundation for understanding
and designing high-performance iontronic systems.
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3.1. Surface-charge-governed ion transport

In nanoconfined channels with surface charges, ion transport
behavior is highly dependent on the fixed charges on the channel walls.
Typically, counter-ions preferentially pass through the channel, while
co-ions are repelled. This phenomenon, known as ion selectivity, is
primarily governed by the EDL effect [51]. The EDL composed of the
Stern layer tightly adsorbed on the surface and the outer diffuse layer,
forms the basis for various ion transport phenomena in nanoconfined
channels (Fig. 2A). At the nanoscale, when the channel radius is com-
parable to the Debye length, the charge distribution within the EDL
significantly affects ion concentration and migration kinetics, thereby
determining the channel conductivity and ion selectivity [18,52]. As the
channel radius further decreases to approach the thickness of the double
layer, surface-charge-governed transport becomes increasingly pro-
nounced, and the system exhibits high ion selectivity.

Surface charge density and solution concentration are key parame-
ters that determine the thickness of the EDL. Under conditions of high
salt concentration or low surface charge density, the double layer is
relatively thin, and ion transport approaches bulk solution behavior. In
contrast, at low salt concentration or high surface charge density, the
double layer becomes significantly thicker, and ion transport is domi-
nated entirely by surface effects, resulting in excellent ion selectivity.
For example, measurements of ionic conductivity in nanoconfined
channels as a function of solution concentration show that at high
concentrations, the conductivity increases approximately linearly with
concentration, consistent with the bulk solution conductivity ypux, but
at low concentrations, the conductivity deviates from bulk behavior and
reaches a plateau, indicating the dominant role of surface charge in ion
transport (Fig. 3) [52].

Youtk = ZﬂiCiNAe: (s +  pg )CNae @

Here, y; is the ion mobility, ¢; is the ion concentration, N4 is Avo-
gadro’s number, and e is the elementary charge. The conductivity
plateau observed at low concentrations is primarily attributed to the
excess mobile counter-ions present at the channel surface, which carry
the majority of the current within the channel. Under the condition of
overall electroneutrality, the concentration of mobile counter-ions
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Fig. 3. Schematic illustration of ion conductance in a nanoconfined system as a
function of KCl concentration, showing the impact of the surface charge density
o5, the width w, the length d, and the height h of the nanofluidic system on its
conductance.

within the channel can be calculated based on the surface charge den-
sity and the channel geometry, providing a theoretical basis for
explaining the deviation of conductivity from bulk solution behavior at
low concentrations. This indicates that in nanoconfined systems, even at
very low bulk solution concentrations, surface effects can still dominate
ion transport, enabling highly controllable ion selectivity and conduc-
tivity [52,53].

205
hNAe

Ce = (2)

Here, o, refers to the effective surface charge density, and h is the
channel height. When the bulk salt concentration is lower than the
concentration of excess mobile counter-ions inside the channel, the
negative surface charge of the nanoconfined channel attracts cations to
maintain electroneutrality, while anions are repelled due to electrostatic
interactions. The total channel conductance G can be considered as the
sum of the bulk conductance and the contribution from excess counter-
ions:
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Fig. 2. Properties and basic principles of ion transport in nanoconfined and the typical curves. (A) Schematic diagram of the EDL mechanism and the potential profile
as a function of distance from the charged surface (solid line). (B) Ion selectivity in a surface-charged nanochannel. (C) Ion rectification in a conical charged
nanochannel. (D) Schematic representation of ion gating. (E)-(H) Typical curves of surface-charge-governed ion transport, ion selectivity, ion rectification, and ion

gating in nanoconfined systems.
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Here, w and d refer to the channel width and length, respectively.
This model not only explains the conductance plateau observed at low
concentrations but also highlights the central role of surface charge in
governing ion transport in nanoconfined systems.

When the bulk salt concentration exceeds the concentration of excess
mobile counter-ions in the channel (c.), the conductance of the nano-
confined channel is primarily governed by the channel geometry, cor-
responding to the first term in Eq. (3) The second term in Eq. (3)
indicates that when the salt concentration is below (c.), ion conduction
is dominated by the effective surface charge density (o5) and is insen-
sitive to the channel height, exhibiting the typical characteristics of
surface-charge-governed ion transport. When the contributions of the
two terms in Eq. (3) are equal, the transition salt concentration (c,) can
be defined. Below this concentration, the channel enters the conduc-
tance plateau region, where the conductance shows a weakened
dependence on salt concentration. This analysis clearly illustrates the
dominant role of surface charge in ion transport within nanoconfined
channels, as well as the regulatory interplay between channel geometry
and surface effects.

The geometric dimensions of the channel have a significant impact
on the conductance behavior of nanofluidic systems: increasing the
channel width (w) enhances the overall conductance, whereas reducing
the channel height (h) decreases it. Although decreasing the height does
not alter the magnitude of the conductance plateau, it results in an in-
crease in the critical salt concentration (c.) required to reach the
plateau. The effective surface charge density (o) is a key parameter
influencing the conductance of nanofluidic systems. Whenosdecreases,
both the conductance plateau and its corresponding critical concentra-
tion shift toward lower values (Fig. 3). This pronounced sensitivity to
surface charge density provides a new strategy for the precise regulation
of ion transport. For instance, the responsiveness of surface charge
density to solution pH can enable differential selectivity between cations
and anions under varying conditions, thereby inducing ion rectification
behavior. Furthermore, from the perspective of energy conversion,
increasing the surface charge density or reducing the thickness of
nanomembranes can enhance osmotic energy harvesting efficiency,
providing theoretical guidance for the design of high-performance ion-
tronic devices [54,55].

I — 27Ro; kgT
osm — L }1},3

log(C) @

where I, is the osmotic current, and R, 7, 4, kg, and T are the channel
radius, the viscosity, the Bjerrum length, the Boltzmann constant, and
the absolute temperature, respectively. C; is the concentration gradient.
L and o; refer to the channel length (membrane thickness) and surface
charge density, respectively.

In conclusion, surface charge not only determines the transport
preference of counter-ions versus co-ions, but also provides precise
control over ion selectivity and conductivity in nanoconfined systems by
regulating the local ion concentration and electric potential distribution.

3.2. Ion selectivity

Ion selectivity is one of the fundamental characteristics of nano-
confined systems, referring to the preferential transport of certain ions
(such as cations versus anions, or ions of different valence or size) over
others through the channel. This property directly influences rectifica-
tion, gating, and energy conversion functions in nanoscale iontronic
systems. In nanoconfined channels, ion selectivity primarily arises from
the synergistic effects of surface charge, channel geometry, chemical
functionality, and topological structure. In nanoconfined channels with
fixed surface charges, the wall charges repel co-ions and attract counter-
ions through electrostatic interactions. Due to thermal fluctuations and
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Brownian motion, counter-ions are not strictly confined to the channel
walls but instead form a concentration profile that gradually decays
from the surface toward the channel center [56]. This region is known as
the diffuse layer, where the electric potential decays exponentially along
the direction perpendicular to the channel wall (as illustrated by the
solid line in Fig. 2A). The thickness of the EDL is typically characterized
by the Debye length, (4p), which depends on parameters such as the
ionic concentration, temperature, and dielectric constant of the solution.
It provides a quantitative measure of the range over which surface
charges in the nanochannel influence the ion distribution [57].

iy — ( ee0kT >%: < £60RT >% )
2leuu(2262 2Cbu1kZZFZ

Here, ¢, is the relative permittivity of water, &, is the vacuum
permittivity, k is the Boltzmann constant, cpy is the bulk solution con-
centration, z is the ion valence, and e is the elementary charge. T, F, and
R represent the absolute temperature, the Faraday constant, and the
universal gas constant, respectively. As the solution concentration in-
creases, the Debye length gradually decreases. When the channel width
approaches the Debye length, the EDL inside the nanochannel signifi-
cantly overlap. This overlap leads to a concentration profile dominated
by counter-ions, while co-ions are excluded from the channel, resulting
in highly selective ion transport. The combined effects of geometric
confinement at the channel entrance and surface charge enable
controlled and predictable ion transport at the nanoscale. The ion
selectivity of nanofluidic systems can be quantitatively characterized by
measuring the diffusion rates of tracer ions, fluorescent probes, or dye
molecules, thereby revealing the channel’s ability to discriminate be-
tween different ions (Figs. 2B and 2F) [14,15,58,59]. In recent years,
sub-nanometer nanofluidic membranes based on MOFs and COFs have
attracted widespread attention, owing to their ordered channel struc-
tures, sub-nanometer pore sizes, rich channel topologies, and tunable
chemical functionalization [60-62]. For example, in ZIF—8 nano-
membranes, efficient selective filtration of cations with different hy-
dration diameters is achieved through sub-nanometer pores, which
endows the system with excellent ion selectivity and energy conversion
performance [24]. It is worth noting that the high output current of the
nanomembrane is not solely dependent on ion selectivity, for instance,
in the case of a single-layer 1,3,5-triformylphloroglucinol-p--
phenylenediamine (TpPa—1) COF membrane, its high porosity plays a
decisive role in achieving high current density, with ion selectivity being
just one of the contributing factors [63].

3.3. Ion rectification

Ton rectification refers to the directional asymmetry of ion transport
in nanoconfined systems, where ions preferentially pass through the
channel in one direction while being hindered in the opposite direction.
This phenomenon is typically reflected in the current-voltage (I-V)
characteristics (Fig. 2G), where the current at the same absolute voltage
differs significantly under opposite polarities, exhibiting diode-like
behavior [64-66]. Ion rectification is a hallmark of nonequilibrium
transport in nanofluidic systems, primarily arising from the combined
effects of structural asymmetry in the nanochannels, surface charge
distribution, and electrostatic interactions within the confined space.

Mechanistically, ion rectification typically relies on asymmetric ge-
ometries of nanopores or nanoslits, or on nonuniform surface charge
distributions. In asymmetric channels, the local potential distribution
creates energy barriers that hinder ion transport in one direction while
allowing freer movement in the opposite direction. This asymmetric
potential typically arises from the overlap of the EDL with the channel
walls, which alters the local ion concentration profile and thus generates
directional differences in ion transport. Rectification efficiency is typi-
cally quantified by the rectification ratio (), defined as the ratio of
forward to reverse current. A higher rectification ratio indicates stronger
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control over the directionality of ion transport [64,67,68].
Trec = |17U/ I+U‘ (6)

A classic example is a conical nanopore with a negatively charged
surface. Siwy et al. proposed the “ratchet model” to qualitatively explain
its rectification behavior [66]. In the conical pore, the electric field is
stronger at the tip, producing an asymmetric, sawtooth-like potential
distribution. When a forward voltage is applied, the electrostatic po-
tential forms an energy well that suppresses ion flow; under reverse
voltage, this energy well is absent, allowing increased ion transport. This
indicates that, to achieve significant rectification, nanopores generally
require high surface charge density, small channel dimensions, and low
bulk solution concentration.

In addition to geometric asymmetry, the spatial distribution of sur-
face charge can also induce rectification. Nanopores can be functional-
ized with chemical groups to create uneven charge distributions at the
entrance and exit, or heterostructures can be formed by combining
membrane materials with different pore sizes and surface functional-
ities. For example, heterostructured nanofluidic membranes based on
COFs and ZIF-67, composed of highly ordered angstrom-scale pores
and cavities, can achieve efficient ion rectification through differences
in pore size distribution, surface charge density, and wettability [69].
Another example is a three-layer continuous pore membrane con-
structed by integrating an ultrathin, dense Zr-based UiO—66-NHy MOF
layer with highly aligned anodic aluminum oxide (AAO) nanochannels:
the angstrom-scale windows of UiO—66-NH; provide highly selective
ion transport, while the geometric gradient promotes directional ion
flow, significantly enhancing rectification performance and osmotic
energy harvesting efficiency [70].

Overall, by tuning the channel geometry, surface charge, and the
combination of membrane materials, ion rectification can not only
achieve unidirectional transport but also simultaneously optimize
overall ion permeability and selectivity. In osmotic power harvesting,
ion-selective membranes, and bioinspired ion transport systems, precise
control of ion flow is crucial for enhancing performance. With advances
in material design, surface functionalization, and environmental regu-
lation, the controllability and efficiency of ion rectification are expected
to improve further, offering more effective solutions for energy con-
version, separation technologies, and sensing applications.

3.4. Ion gating

Ion gating refers to the ability of a nanoconfined system to actively
regulate or switch ion transport, enabling the channel to alternate be-
tween “open” and “closed” states in response to external stimuli or
intrinsic triggers, or to modulate the magnitude of ion flux (Fig. 2D).
When the gate is in the closed state, ions cannot pass through the
channel, resulting in negligible ion current; when the gate is open, ions
can flow freely, generating a significant ion current (Fig. 2H) [55].
Unlike passive ion selectivity or ion rectification, ion gating enables
dynamic control over ion flow. This feature is crucial in both biological
ion channels and artificial nanofluidic devices, providing a foundation
for applications in signal transduction, sensing, and energy conversion
[71-74]. Depending on the triggering mechanism, ion gating can be
classified into voltage-gated, light-gated, ligand-gated, pressure-gated,
and other types. By designing smart materials and applying specific
external stimuli, ion-gated systems can precisely regulate the transport
of chemical or biomolecular species. The on-off ratio (ron.off) is an
important metric for evaluating gating performance, typically deter-
mined by measuring the transmembrane ion current. It is defined as the
ratio of the current in the open state to that in the closed state.
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Ion gating is a mechanism that enables the regulation of ion transport
and can be realized through various strategies. One approach involves
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controlling the surface charge density, where altering the local elec-
trostatic potential modulates the energy barrier for ion migration, thus
enabling controllable ion transport. Another key mechanism relies on
the responsive changes of the channel’s internal structure, such as the
expansion or contraction of polymeric, MOF, or COF frameworks under
external stimuli like pH, temperature, light, or chemical triggers.
Additionally, stimulus-responsive functional groups, such as proto-
natable amines, carboxyls, or azobenzene moieties, can dynamically
modify the channel’s internal surface charge or hydrophilicity/hydro-
phobicity, thereby achieving reversible gating behavior. Many studies
have demonstrated effective ion gating in nanoconfined systems [26].
For example, -carboxyl-functionalized COF membranes exhibit
pH-responsive gating behavior: at low pH, protonation of the carboxyl
groups reduces the negative charge, thereby suppressing cation trans-
port through the channel; at high pH, deprotonation of the carboxyl
groups reopens the channel, restoring ion transport. Similarly, embed-
ding stimulus-responsive polymer or MOF layers within nanoconfined
channels allows the channel permeability to be modulated under
external stimuli, enabling precise control over ion flux [75]. Ion gating
not only enables selective and switchable ion transport at the level of a
single channel, but can also be integrated across multi-channel arrays to
construct programmable ionic circuits and logic systems [76-78]. This
capability opens new avenues for applications of nanofluidic systems in
ion-based signaling, energy conversion, sensing, and information
processing.

In addition, the tunability of nanofluidic systems can be further
enhanced through chemical modification with smart materials or by
incorporating stimuli-responsive elements [79,80]. By designing func-
tional molecules that respond to light, temperature, or chemical stimuli
and integrating them into nanofluidic systems, multi-responsive ion
regulation mechanisms can be realized [79,81]. For example, photo-
responsive molecules such as azobenzene and spiropyran have been
used to construct light-driven isomerizable nanofluidic systems,
achieving ion gating by altering channel dimensions and surface
wettability [82]. Thermoresponsive nanofluidic channels, on the other
hand, rely on the expansion or contraction of temperature-sensitive
polymers to modulate pore size, thereby enabling controlled ion trans-
port [83]. For example, Sheng et al. [84] reported a COF membrane with
a thickness of less than 2 nm, which exhibited high permeability for
monovalent cations and extremely low permeability for multivalent
cations, achieving a K'/Mg?" selectivity of approximately 765,
demonstrating ultrahigh monovalent ion sieving performance. This
study not only advanced the understanding of ion selectivity and recti-
fication effects but also provided new insights for achieving efficient
energy harvesting and sensing.

These derived theoretical formulas quantitatively correlate channel
geometric parameters, interfacial surface charge properties and solution
environmental conditions with macroscopic ionic transport perfor-
mances, and their respective applicable regimes and internal physical
mechanisms are fully clarified throughout the above discussion, which
provides systematic theoretical guidance and quantitative criteria for
the rational design and performance optimization of various
nanochannel-based ion transport systems.

4. Functional group engineering and structural design strategies

In nanoscale confined systems, ion transport behavior is governed
not only by geometric confinement effects within channels but also more
profoundly by the delicate regulation of interfacial chemical environ-
ments and local structural features. Therefore, systematic optimization
of charge distribution, chemical interactions, and spatial configuration
inside channels through functional group engineering and structural
design strategies has emerged as a core pathway for achieving highly
selective, high-flux, and multifunctional ion regulation [85-87]. On the
one hand, the introduction of charged functional groups can effectively
modulate the EDLstructure and local electrostatic potential, enabling
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precise control over ion sieving and transport directionality. On the
other hand, chemical regulation mechanisms beyond purely electro-
static interactions, such as coordination interactions, hydrogen bonding,
and specific ion—framework interactions, further expand the regulatory
dimensions and application potential of nanofluidic systems under
complex environments. Based on this, the following sections will sys-
tematically elaborate on charged functional group regulation and
chemical mechanisms beyond electrostatics.

4.1. Charged functional groups and selective regulation

In nanoscale confined systems, charged functional group engineering
is one of the most direct and effective strategies for achieving selective
ion regulation. By introducing tunable charge sites on the inner walls of
channels, a stable electrostatic potential gradient can be constructed
across spatial scales, thereby altering the EDL structure and modulating
ion migration pathways. The type, density, and spatial arrangement of
functional groups all exert significant influences on the local potential
distribution. Generally, high-density and uniformly distributed charged
sites help form a continuous charge screening effect, enabling the
channel to exhibit stronger ion sieving capability, whereas irregularly
distributed charges may induce local ion accumulation or create het-
erogeneous transport pathways.

Negatively charged functional groups (such as carboxyl, sulfonic,
and phosphoric groups) primarily facilitate cation transport while sup-
pressing anion migration through electrostatic attraction, thereby
regulating ion selectivity and the transport kinetics of hydrated ions.
Among them, sulfonic groups, owing to their strong electronegativity
and stable ionization behavior, can generally endow nanochannels with
higher cationic conductivity. In contrast, the ionization behavior of
carboxyl groups is more strongly influenced by environmental pH,
making them more suitable for constructing environment-responsive ion
regulation systems. Based on the above design concept, various nega-
tively charged functionalized nanochannel membranes have been
developed sequentially. For example, the freestanding TpPa-SOsH COF
membrane with vertically aligned one-dimensional nanochannels in-
troduces sulfonic groups onto the pore walls to provide abundant
negative charge sites, achieving not only high water flux but also
excellent size and charge-dependent sieving performance for various
water-soluble drugs and dyes (Fig. 4A) [88]. Furthermore, sulfonated
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poly (ether ether ketone) (SPEEK) nanochannel membranes with high
spatial charge density enhance cation selectivity and ionic conductivity
by regulating channel structures, achieving high power density output
under salinity gradient conditions while maintaining good mechanical
stability (Fig. 4B) [89]. In addition, carboxylate-functionalized nano-
channel network membranes with pore sizes of 1-3 nm can achieve
highly selective separation based on differences in molecular charge and
size, while also exhibiting excellent water flux and considerable poten-
tial for tunable functionalization [90].

Positively charged functional groups mainly include amino groups,
quaternary ammonium groups, and other protonatable moieties. Among
them, amino groups tend to undergo protonation under low pH condi-
tions, rendering the interior of channels positively charged and thereby
promoting anion transport. In contrast, deprotonation under high pH
conditions weakens electrostatic attraction and reduces anion flux.
Compared with amino groups, quaternary ammonium groups, owing to
their structural stability, can generally maintain a constant charge state
over a relatively wide chemical environment, making them more suit-
able for constructing long-term stable ion sieving systems. Based on the
above charge regulation mechanisms, researchers have further devel-
oped various positively charged nanomembrane design strategies. For
example, Zhao et al. constructed a positively charged nanofiltration
membrane system with coexisting polyamine and quaternary ammo-
nium groups, increasing the surface charge density of the membrane and
enhancing the Donnan exclusion effect, thereby enabling efficient se-
lective separation of Mgt and Li*[91]. On this basis, biomimetic
structural design has also been introduced into the development of ion
separation membranes. Inspired by the charge-embedded structure of
sandstorms, Wang et al. constructed an anti-Janus biomimetic nano-
filtration membrane, where quaternary ammonium groups provide a
stable positively charged environment, significantly improving Li*
selectivity, permeability, and lithium recovery stability under complex
electrolyte conditions (Fig. 4C) [92]. In addition, interfacial polymeri-
zation technology has provided an effective approach for the fabrication
of high-performance positively charged nanofiltration membranes. Zhao
et al. (Fig. 4D) [93] developed a polyamine nanofiltration membrane
with an ultrathin selective layer of approximately 95 nm, an effective
pore size of 6.5 A, and a high positive zeta potential. The membrane
enables efficient divalent salt ion separation, significantly reducing the
Mg?/Li* ratio in a three-stage nanofiltration process, while also
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Fig. 4. Schematic illustration of ion transport regulation mediated by functional groups with different charge characteristics, including negatively charged functional
groups: (A) Sulfonic acid COF membrane [88]. Copyright 2024, American Chemical Society. (B) SPEEK nanochannel membrane [89]. Copyright 2020, Oxford
University Press on behalf of China Science Publishing & Media Ltd. Positively charged functional groups: (C) Quaternary ammonium-based reverse Janus nano-
filtration membrane [92]. Copyright 2025, Nature. (D) Polyamine nanofiltration membrane [93]. Copyright 2023, American Chemical Society; pH-responsive
functional groups: (E) GO-PEI functionalized pH-responsive nanofiltration membrane [94]. Copyright 2021, American Chemical Society. (F) Amphoteric MOF
sub-nanometer channel membrane [95]. Copyright 2023, Royal Society of Chemistry.
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exhibiting excellent water flux and long-term operational stability.

In addition, pH-responsive functional groups provide important dy-
namic regulation capability for nanoscale confined systems. By modu-
lating the acidity or alkalinity of the solution environment, reversible
surface charge conversion can be achieved, thereby dynamically tuning
the transport characteristics of channels. For example, under low pH
conditions, carboxyl groups undergo protonation, reducing surface
negative charge and thereby suppressing cation transport. Conversely,
under high pH conditions, deprotonation enhances electrostatic repul-
sion, significantly increasing cation flux. This reversible regulation
mechanism enables nanofluidic systems to adapt to complex and vari-
able external environments, holding significant application value in
intelligent sensing and controllable separation. Based on the above
regulatory mechanisms, such strategies have been widely applied in the
design of smart nanofiltration membranes. Inspired by the glomerular
filtration mechanism, Zhang et al. (Fig. 4E) [94] constructed a
pH-responsive smart graphene oxide (GO) nanofiltration membrane
based on GO-PEI (polyethyleneimine) modification. By synergistically
regulating nanochannel size, surface hydrophilicity, and electrostatic
interactions, the membrane achieves high water flux and efficient se-
lective removal of organic molecules, demonstrating excellent tunable
gating separation performance. Similarly, Hou et al. (Fig. 4F) [95]
developed an amphoteric MOF sub-nanochannel membrane containing
amino and carboxyl groups, which enables reversible switching of ion
selectivity through pH regulation. Under acidic conditions, the mem-
brane exhibits excellent anion sieving capability, whereas under alka-
line conditions, cation sieving performance is significantly enhanced,
further validating the application value of pH-responsive strategies in
intelligent ion separation.

Recent studies have shown that functionalized COF membranes
exhibit excellent performance in monovalent ion sieving. Sub-
nanochannels constructed from molecular recognition units can ach-
ieve preferential ion transport through host-guest interactions. Crown
ether structural motifs can selectively encapsulate cations with specific
sizes and hydration states, enabling efficient ion recognition in complex
electrolyte systems [96-98]. This structure-matching and chemical
affinity-based sieving mechanism has become an important research
direction for surpassing the limitations of traditional electrostatic
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sieving.

4.2. Chemical regulation mechanisms beyond electrostatics

In addition to traditional electrostatic repulsion and attraction, ion
transport in nanoscale confined systems can also be regulated through
higher-level chemical recognition mechanisms. This mechanism is
essentially similar to the selective filtering process in biological ion
channels, where specific molecular sites form weak and reversible in-
teractions with target ions, thereby enabling high-precision sieving.

Coordination interaction is an important means of achieving chem-
ically selective regulation. MOF materials often contain metal center
sites that can form coordination bonds or coordination complexes with
specific ions, thereby altering ion hydration structures and migration
energy barriers. For example, MOF channels containing transition metal
nodes may exhibit stronger binding affinity toward soft alkali metal
ions, thereby enhancing the preferential transport of target ions [99].
Chi et al. (Fig. 5A) [100] investigated Zr metal nodes and coordination
defects in a 2D UiO—66-NH; membrane, which impart positive charge to
the framework. By strengthening electrostatic interactions between ions
and metal nodes within the membrane, ion migration behavior was
regulated to preferentially promote K' transport while suppressing
Mg2" diffusion, synergistically combining with pore-size sieving effects
to achieve high ion selectivity. Mo et al. (Fig. 5B) [101] regulated the
functional groups and pore size of MOF sub-nanochannels, utilizing
coordination and binding interactions within the channels to modulate
ion transport energy barriers and selectivity, thereby achieving efficient
separation of monovalent and divalent cations. Notably, the K*/Mg?*
selectivity of the UiO—66-(OCH3); membrane reached 1567.8.
Hydrogen-bond networks also play an important role in ion regulation.
Hydrogen-bond donor or acceptor sites constructed within channels can
form transient interactions with hydrated ions, thereby modulating the
energy barrier of the ion dehydration process. Since transmembrane ion
transport usually involves partial dehydration, reducing the dehydration
energy barrier is an important strategy for improving ion permeation
efficiency. Wang et al. [102] clarified the regulatory mechanism of
hydrogen bonding and water structure evolution on nanochannel ion
selectivity by tuning the hydrophobicity and rigidity of polymer side
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Fig. 5. Chemical regulation mechanisms beyond electrostatics. (A) Zr node coordination defects in UiO—66-NH, membranes [100]. Copyright 2025, American
Chemical Society. (B) Coordination-binding interactions in MOF sub-nanometer channels [101]. Copyright 2024, Nature. (C) Aromatic n-system coupled COF ion

channel membranes [103]. Copyright 2022, American Chemical Society.
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chains. By restricting the hydration shell and constructing a confined
water environment, the membrane significantly enhanced monovalent
cation transport selectivity while suppressing divalent ion migration.
n-electron systems can also participate in ion regulation processes. Some
COF structures contain aromatic conjugated backbones that can influ-
ence the solvation environment surrounding ions through induced
dipole interactions, thereby indirectly regulating ion migration
behavior. Lin et al. constructed large-area, ultrathin TpPa-series 2D COF
separation membranes via interfacial polymerization, achieving
angstrom-scale pore size regulation and revealing the significant influ-
ence of the coupling between aromatic © systems and ion channels on
solvent and ion transport flux as well as sieving selectivity (Fig. 5C)
[103].

Notably, chemical regulation mechanisms beyond electrostatics can
often overcome the limitation of the traditional Debye screening effect,
enabling nanoscale confined systems to maintain good selectivity even
under high-salinity conditions. This is of great significance for seawater
energy harvesting, complex electrolyte separation, and biomedical ion
regulation. Lin et al. [104] proposed an ion regulation strategy by
confining highly spatially charged polyelectrolyte hydrogels within or-
dered nanochannels. The sieving mechanism differs from conventional
approaches relying on Debye screening and instead mainly depends on
the synergistic regulation of nanochannel structural confinement and
interfacial chemical interactions. This strategy suppresses hydrogel
swelling and reduces concentration polarization while achieving highly
selective ion transport, leading to relatively high power density and
energy conversion efficiency under salinity gradient conditions.

Overall, the combination of functional group engineering and
chemical recognition strategies provides a multiscale synergistic opti-
mization pathway for ion regulation in nanoscale confined systems,
enabling ion transport to be governed not only by macroscopic struc-
tural design but also by the fine control of the microscopic chemical
environment.

5. Ion transport system based on nanoblock architecture

With the continuous advancement of controllable synthesis tech-
niques for nanomaterials, constructing ion transport systems based on
the nanobuilding block concept has emerged as an important strategy
for achieving precise structural regulation and functional integration.
Various materials, such as 2D layered materials, MOFs, and COFs, pro-
vide highly designable platforms for constructing sub-nanoscale
confined transport channels [105-107]. These materials not only
enable geometrical confinement of ion migration pathways with high
precision but also offer abundant chemically tunable sites, allowing ion
transport behavior to be synergistically optimized across structural,
interfacial, and molecular recognition dimensions. By treating these
structural units as programmable functional modules, hierarchical ar-
chitectures can be constructed ranging from single-component homo-
geneous channels to multicomponent heterogeneous systems. The
synergistic assembly of different nanobuilding blocks not only integrates
their respective advantages but also generates new transport mecha-
nisms and coupling effects at interfaces, thereby overcoming the
trade-offs among selectivity, flux, and stability that are inherent in
single-material systems. Therefore, nanobuilding block-based ion
transport systems provide a systematic design framework for con-
structing efficient, tunable, and integrable nanofluidic platforms. In this
section, the design strategies and functional realization pathways of
nanobuilding block-based ion transport will be systematically discussed
from four aspects: hierarchical confinement structures of 2D materials,
programmable pore networks of MOFs, ordered and stable frameworks
of COFs, and the synergistic construction of homogeneous and hetero-
geneous systems.
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5.1. Hierarchical structures of two-dimensional materials

2D materials (such as graphene, transition metal dichalcogenides
(TMDs), and black phosphorus) have become important platforms for
constructing nanoconfined ion transport channels due to their atomic-
scale thickness, high in-plane crystallinity, and excellent electronic/
ionic conductivity [108-110]. Their unique structural characteristics
confer significant advantages in ion transport regulation, particularly in
the tunability of interlayer spacing and the ordered confined spaces
formed by the stacking of monolayers or few-layer assemblies.
Compared with conventional porous materials, 2D materials primarily
rely on interlayer nano-gaps or artificially engineered sub-nanoscale
pores to establish ion migration pathways. Such layered confinement
structures enable the formation of vertically aligned, size-precise, and
highly ordered ion transport channels, thereby demonstrating superior
performance in ion selectivity, transport rate, and channel regulation
precision. Building on these structural advantages, researchers have
further explored specific strategies for constructing 2D confined trans-
port channels. Liu et al. (Fig. 6A) [111] assembled polymeric carbon
nitride nanosheets with intrinsic nanopores and combined them with a
MXene defect-healing strategy to fabricate a 2D layered separation
membrane. Relying on the ordered intralayer nanopore structure and
tightly stacked arrangement, this system achieved efficient molecular
sieving performance and revealed the critical role of precisely regulating
interlayer spacing and pore size in governing transport behavior. While
maintaining high selectivity, the membrane also exhibited a hydrogen
permeance as high as 8046 GPU, highlighting the role of structural
regulation in promoting the synergistic optimization of flux and selec-
tivity. Similarly, Hong et al. (Fig. 6B) [112] employed a vacuum filtra-
tion method to assemble TizCyTx MXene nanosheets, constructing a
high-density sub-nanoscale interlayer channel network. Through the
synergistic regulation of channel size confinement and surface chemical
environment, the system achieved highly selective cation transport
under different ionic concentration conditions and attained a power
density of approximately 21 W m™2 during salinity gradient energy
harvesting, demonstrating the application potential of 2D confined
channels in blue energy conversion. Furthermore, ion channel regula-
tion in 2D materials depends not only on intrinsic structural design but
also on precise modulation through various external stimuli. For
example, applying an electric field can alter the interfacial potential
distribution and regulate the ion migration energy barrier; mechanical
pressure can affect interlayer spacing and channel geometry; and surface
chemical modification can optimize interfacial charge states and the
localized chemical microenvironment [113]. Through these multiscale
regulation strategies, 2D material systems can dynamically balance the
relationship between ion selectivity and transport flux under different
operating conditions, thereby maintaining stable and efficient ion
transport performance.

In 2D material ion transport systems, interlayer spacing is one of the
key structural parameters for achieving confinement regulation. The
interlayer spacing of 2D materials can be precisely tuned through
various approaches, including chemical modification, molecular inter-
calation, environmental control of solution conditions, temperature
variation, and mechanical compression, thereby endowing nano-
confined channels with programmable geometric design capability.
Taking GO as a representative example, its layered structure can be
optimized by regulating the degree of oxidation-reduction and the dis-
tribution state of water molecules within the interlayers, allowing the
channel dimensions to gradually approach the hydration structural
characteristics of target ions. When the confined space scale approaches
the hydrated diameter of ions, ions typically undergo partial dehydra-
tion or hydration shell reconstruction during transport across the
nanochannel [114]. Such structural and dynamic transformations
further enhance ion sieving selectivity while also significantly influ-
encing migration energy barriers and overall transport kinetics. Based
on the above confinement-size regulation concept, Joshi et al. (Fig. 6C)
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Fig. 6. Ion transport systems based on hierarchical 2D material nano-building blocks. (A) Nanoporous polymeric carbon nitride nanosheets coupled with MXene
defect-repair ion transport systems [111]. Copyright 2026, Science. (B) Vacuum-filtrated Ti3C,Ty MXene membranes with high-density sub-nanometer interlayer ion
transport channels [112]. Copyright 2019, American Chemical Society. (C) Vacuum-filtrated graphene oxide-based micron-scale layered ion transport systems [115].

Copyright 2014, Science.

[115] precisely controlled the interlayer spacing of graphene oxide to
construct hydration-confined nanochannels of approximately 9-10 A,
bringing the channel dimensions close to the hydration structural size of
specific ions and thereby achieving efficient sieving of ions with hy-
drated diameters smaller than 4.5 A. This work not only verified the
critical role of size matching in regulating ion selectivity but also
revealed the partial dehydration mechanism induced by interlayer
nanochannels as well as the ultrafast ion transport characteristics driven
by capillary pressure, highlighting the profound influence of geometric
confinement in nanoscale spaces on transport kinetics.
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In addition to geometric size regulation, the transport performance
of 2D material systems is also significantly influenced by the interfacial
chemical environment. The surfaces of 2D materials are typically rich in
tunable functional sites such as hydroxyl, carboxyl, and phosphate
groups. These functional groups can modify the interfacial charge dis-
tribution, the strength of localized electrostatic interactions, and the
wettability of channel walls, thereby further regulate the degree of EDL
overlap and exerting a systematic influence on ion migration pathways
and transport rates. Based on this, Zhang et al. (Fig. 7A) [115] con-
structed an electrostatically tunable ion transport interface by
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Fig. 7. Ion transport systems based on hierarchical 2D material nano-building blocks. (A) Charge-regulated GO membrane ion transport system achieved by
polyelectrolyte modification on pre-stacked GO surfaces [116]. Copyright 2019, Nature. (B) Ion transport system of graphene hydrogel membranes regulated via
chemical transformation [117]. Copyright 2016, Science. (C) Self-supporting GO membrane ion transport system fabricated by drop-casting GO colloidal suspension
followed by drying and peeling at room temperature [119]. Copyright 2013, American Chemical Society.
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regulating the surface charge density and distribution of charged func-
tional groups in graphene oxide membranes. The results demonstrated
that the EDL structure and electrostatic repulsion effect can effectively
regulate the migration behavior of monovalent and divalent salt ions.
While maintaining the high water flux characteristics of 2D capillary
channels, the membrane achieved efficient rejection of multivalent ions,
systematically revealing the coupled regulation mechanism of interfa-
cial electrostatic interactions on ion flux and sieving performance.
Furthermore, Cheng et al. (Fig. 7B) [117] used a layered graphene
hydrogel membrane as a structural regulation platform and combined
experiments with theoretical simulations to investigate transport be-
haviors within cascaded graphene nanochannels ranging from sub—10
nm to sub-nanometer scales. The study found a pronounced synergistic
regulation relationship among the distribution of interlayer functional
groups, interfacial charge states, and channel structural parameters. By
modulating the local EDL overlap and the stability of hydration struc-
tures, anomalous nonlinear enhancement of ionic conductivity was
induced, and the mechanisms by which multiscale structural factors
influence ion migration and conductivity regulation were systematically
elucidated. Furthermore, surface chemical modification of 2D materials
provides more refined molecular recognition strategies for regulating
ion selectivity. By introducing specific functional groups at channel in-
terfaces, size exclusion effects, electrostatic interactions, and the coop-
erative interactions between solvated ions and interfaces can be
comprehensively utilized to achieve differential screening of various
ions. For example, Chen et al. [118] prepared amine-functionalized
graphene oxide (am-GO) membranes and constructed heterogeneous
nanochannel structures with tunable positive and negative interfacial
potentials. Through functional group-induced interfacial charge
reconstruction and hydration structure regulation, the system achieved
highly selective anion sieving. Strong electrostatic interactions effec-
tively blocked multivalent anions such as SOF and PO3 while facili-
tating the rapid transport of CI', demonstrating the application value of
interfacial charge engineering in ion transport regulation. In addition,
the chemical selective transport mechanism is not limited to electro-
static interactions but also involves more complex intermolecular in-
teractions. Sun et al. (Fig. 7C) [119] further revealed the specific
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interactions between oxygen-containing functional groups in graphene
oxide membranes and various ions and organic molecules, including
coordination interactions and n—x stacking interactions. This multi-level
chemical recognition mechanism enables rapid transport of Nat while
effectively blocking ions or organic molecules such as Cu?>*, Mn?*, Cd?*,
and rhodamine B, highlighting the important role of selective in-
teractions between interfacial functional groups and target transport
species in regulating transport behavior. Overall, this regulation strat-
egy relies not only on geometric size matching of ions but is also influ-
enced by multiple factors, including ionic charge density, solvation
structure stability, and the localized chemical microenvironment,
thereby providing an important theoretical foundation for the design of
high-performance 2D confined ion transport systems.

In addition, 2D materials can be assembled into hierarchical struc-
tures through layer-by-layer stacking or ordered self-assembly methods,
enabling the material to exhibit processable membrane morphologies at
the macroscopic scale while maintaining continuous and stable nano-
confined transport networks at the microscopic level. Such hierarchical
architectures help establish a dynamic balance between high ion flux
and high selectivity, providing a robust structural foundation for func-
tional applications such as osmotic energy harvesting, ion rectification
transport, intelligent gating regulation, and environment-responsive ion
transport. More importantly, hierarchical structures are not merely
simple spatial stacks but are achieved by regulating the synergistic
coupling effects among channels of different length scales, enabling ion
migration pathways to exhibit continuous and low-energy-barrier
characteristics, thereby significantly improving overall transport effi-
ciency. Based on the above structural design concept, Zhang et al.
(Fig. 8A) [120] combined vacuum filtration with
micro-electro-mechanical systems (MEMS) microfabrication technology
to construct graphene oxide membranes with vertically preferential
growth characteristics. Relying on the hierarchical architecture, this
system significantly shortened ion migration pathways and established a
continuous network of confined nanochannels, allowing ions to main-
tain low energy dissipation during transmembrane transport. The results
showed that structural optimization not only promoted the synergistic
enhancement of flux and selectivity but also effectively reduced ion
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Fig. 8. Ion transport systems based on hierarchical 2D material nano-building blocks. (A) Graphene oxide membrane ion transport system with vertically preferential
growth characteristics constructed by combining vacuum filtration and MEMS microfabrication [120]. Copyright 2020, Wiley-VCH GmbH. (B) MoS,/GO composite
membrane ion transport system prepared by vacuum filtration of a mixed dispersion of graphene oxide and MoS, on a polycarbonate substrate [121]. Copyright

2025, Elsevier B.V.
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migration energy barriers. Under salinity gradient energy conversion
conditions, the membrane achieved a power density output of up to
10.6 Wm 2, demonstrating the advantages of vertically confined
structures in osmotic energy harvesting. On this basis, researchers
further explored multicomponent composite strategies to enhance the
functional complexity of confined transport systems. He et al. (Fig. 8B)
[121] constructed a 2D molybdenum disulfide (M0S3)/GO composite
nanochannel membrane that synergistically regulated interlayer spacing
distribution, interfacial charge states, and external field-responsive
properties through a multilevel layered architecture. This system
exhibited tunable transport responses to external environmental stimuli
such as pH variation, light irradiation, and temperature perturbation,
thereby expanding the application dimensions of intelligent ion regu-
lation. The results demonstrated that hierarchical structures not only
play an important role in osmotic energy harvesting but also enable ion
rectification transport and gate-controlled transport modulation while
exhibiting high cation selectivity. Benefiting from the synergistic opti-
mization of structural and interfacial properties, the system ultimately
achieved a power density output of approximately 17.68 W m™2, further
validating the potential of multiscale structural engineering in
improving energy conversion efficiency. In addition, 2D material sys-
tems typically possess high mechanical strength and structural flexi-
bility, enabling them to maintain relatively stable transport performance
under complex flow conditions, pressure fluctuations, and external
disturbances [122]. Such structural stability is particularly critical for
practical applications, as ion transport membranes must not only exhibit
high-performance transport characteristics but also ensure structural
reliability during long-term operation. By strengthening interlayer in-
teractions and optimizing composite interface structures, 2D confined
systems can preserve the overall integrity of channel architectures under
mechanical stress, thereby providing important support for the practical
implementation of highly stable ion transport devices.

Taken together, these 2D material systems reveal three design prin-
ciples centered on interlayer engineering and surface chemistry. First,
interlayer spacing matched to hydrated ion diameter enables size-
selective sieving, as demonstrated by GO membranes with approxi-
mately 9-10 A channels. Second, surface charge density modulates EDL
overlap and thus ion selectivity, with higher o5 enhancing cation selec-
tivity but simultaneously increasing electrostatic repulsion that may
reduce flux. Third, hierarchical architectures, namely vertical versus
horizontal channels, determine the flux-selectivity balance: vertically
aligned channels shorten transport pathways and enhance flux, while
horizontal stacking maximizes interlayer confinement for higher selec-
tivity. However, narrower interlayers improve sieving precision but
increase hydraulic resistance and vulnerability to swelling-induced
structural instability. Furthermore, interlayer spacing controlled by
hydration or intercalants fluctuates with environmental humidity,
compromising long-term operational reliability.

5.2. Metal-organic frameworks (MOFs)

MOFs are a class of porous crystalline materials constructed through
the ordered coordination assembly of metal ions or metal clusters with
organic ligands. Owing to their highly ordered structures and excellent
designability, MOFs have gradually become important functional plat-
forms in nanoconfined ion transport systems. The core advantages of
MOF structures lie in their programmable pore topologies, high specific
surface areas, and tunable pore sizes, enabling the construction of or-
dered ion migration networks within nanoconfined spaces. By rationally
selecting metal centers and organic ligand structures, the pore geometry,
charge distribution characteristics, and localized chemical microenvi-
ronment can be systematically regulated, allowing the precise design of
ion transport processes. The pore architecture of MOF systems not only
exhibits static geometric designability but can also be further optimized
through synthesis regulation or post-modification strategies, enabling
promising applications in chemical separation, electrochemical energy
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storage, and energy conversion.

In ion transport systems, the pore sizes of MOFs typically range from
the angstrom scale to the sub-nanometer scale, enabling effective sieving
of hydrated ions through spatial confinement effects. When the pore size
is comparable to the hydration structure size of target ions, ions may
undergo partial dehydration or hydration configuration rearrangement
during migration, which alters the migration energy barrier and signif-
icantly influences transport kinetics. Based on this mechanism, many
studies have explored ion selectivity regulation strategies within sub-
nanoscale confined spaces from different perspectives. For example,
Zhang et al. (Fig. 9A) [24] reported the ion sieving mechanism of
sub-nanometer channels in ZIF-8 MOF membranes, systematically
revealing the partial dehydration process induced by pore confinement
and the dominant role of effective ionic size differences in governing the
transport behavior of alkali metal ions. Both experimental results and
molecular dynamics simulations demonstrated that partial hydration
shell removal is a key factor leading to migration differences among
monovalent ions such as Li*, Na*t, and K*, as the structural changes in
ion hydration directly affect the energy barrier for ions entering the
pores. In terms of anion-selective transport, Li et al. (Fig. 9B) [123]
inspired by biological fluoride ion channels, constructed UiO—66-X
MOF sub-nanometer synthetic channels. By regulating pore size, func-
tional group type, and surface charge state, they successfully achieved a
window structure of less than 1 nm and obtained high conductivity and
highly selective sieving performance for anions such as F". In particular,
the positively charged UiO—66-N"(CHz)3 channel, owing to its mini-
mum pore size and highest local positive charge density, exhibited an
F/CI selectivity of approximately 240 and an F~ conductivity of about
10 S m~ L. The study further confirmed that when the pore size ap-
proaches the ion dehydration scale, functional group regulation can
significantly enhance anion transport performance.

In addition to spatial confinement and electrostatic interactions, the
abundant metal nodes within MOF frameworks can also provide po-
tential coordination-active sites, enabling selective regulation mecha-
nisms beyond traditional electrostatic repulsion. Peng et al. (Fig. 9C)
[124] immobilized thylenediaminetetraacetic acid (EDTA) functional
groups within the MOF—808 framework to construct a broad-spectrum
heavy metal capture material. By utilizing the metal-ligand selective
binding microenvironment formed by multidentate ligands, the material
achieved highly efficient removal of up to 22 types of heavy metal ions,
including hard acids, soft acids, and borderline acids (all with removal
efficiencies exceeding 99%). The study further revealed the critical role
of differences in metal-ion coordination affinity within the
framework-anchored ligands in selective capture processes. Further-
more, Sun et al. (Fig. 9D) [125] constructed a Fe-BTC/polydopamine
composite adsorption system. This work utilized open metal sites in
the MOF framework to induce in situ polymerization of dopamine
within the channels, forming a high-density metal-chelating network.
Through coordination chemistry-mediated regulation of metal ion af-
finity, the system significantly enhanced the capture rate, adsorption
capacity, and selectivity for target metal ions such as Pb>" and Hg?*,
while also demonstrating the important role of open metal sites in metal
ion separation. Overall, the differences in localized chemical environ-
ments formed by various metal nodes (such as Cu2+, Zn2+, and AI*H) can
significantly regulate ion migration pathways and sieving efficiency. In
particular, during multivalent ion separation and specific metal ion
recognition processes, the synergistic regulation of metal node chemis-
try and confined structural features is of great significance. In addition,
the ion transport performance of MOFs is also influenced by the syner-
gistic regulation between metal nodes and organic ligands. Through
rational design of functionalized ligand structures, the interfacial po-
tential distribution within the channels and the interactions between
solvated ions and channel walls can be precisely tuned. Among these,
nitrogen-based ligands (such as imidazole and pyridine moieties) can
enhance local electron density and coordination interactions, thereby
improving the material’s recognition capability for specific ions or
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Fig. 9. Ion transport systems based on MOF nano-building blocks. (A) ZIF—8/GO/AAO composite membrane ion transport system constructed via the “nanoporous
GO-assisted interfacial growth” strategy [24]. Copyright 2018, Science. (B) Ion transport system of Zr-based UiO—66-X crystals grown in situ within
single-nanochannels of PET membranes [123]. Copyright 2019, Nature. (C) Ion transport system of EDTA-grafted MOF—808 heavy metal ion capture materials
(MOF—808-EDTA) constructed via solvent-assisted ligand exchange [124]. Copyright 2018, Nature. (D) Fe-BTC/PDA composite ion transport system formed by
anaerobic polymerization of dopamine induced by open Fe®** metal sites in porous Fe-BTC, with polydopamine immobilized on the inner surface of MOF channels

[125]. Copyright 2018, American Chemical Society.

molecular guests [126]. Meanwhile, the introduction of charged func-
tional groups can reconstruct the charge distribution inside the chan-
nels, further modulating the migration energy barriers and transport
kinetics encountered by ions when traversing confined spaces [127].
Regulation of the interfacial chemical environment is particularly
important in hierarchical MOF systems. Tonnah et al. (Fig. 10A) [128]
constructed a MOF-on-MOF bilayer heterostructure membrane based on
functionalized UiO—66-NH, and MIL—88B layered architectures.
Through amine functionalization and polystyrene sulfonate (PSS)
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intercalation strategies, the study achieved synergistic regulation of
interfacial charge gradients and asymmetric channel structures, high-
lighting the critical role of ligand functional design in modulating
interfacial ion potential and transport pathways. Benefiting from the
coupled optimization of structural and chemical environments, the
membrane achieved highly selective cation transport under salinity
gradient conditions and generated an osmotic energy output power
density of up to 32.47 Wm™2. The electronic structure and spatial
configuration of ligands themselves can also profoundly influence the
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Fig. 10. Ion transport systems based on MOF nano-building blocks. (A) UiO—66-NH(PSS)/MIL—88B bilayer membrane ion transport system constructed via a layer-
by-layer deposition strategy [128]. Copyright 2024, Elsevier B.V. (B) Laminated ion transport membrane assembled by exfoliation of bulk Al-MOF followed by
vacuum filtration [133]. Copyright 2020, Science. (C) UiO—66-(OH), ion transport system synthesized via microwave-assisted method [134]. Copyright

2025, Nature.
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microenvironment of MOF channels. Marshall et al. [129] constructed a
doubly interpenetrated Zr/Hf MOF modified with peb? ligands and
systematically synthesized a series of functionalized Zr-MOFs containing
substituents such as methyl, fluorine, naphthyl, and benzothiadiazole
groups. The results showed that although ligand structural variations
did not alter the overall topological framework, they induced subtle yet
important structural rearrangements in ligand torsion angles, local
crystal symmetry, and channel polarity environments, thereby modi-
fying the binding affinity of the material toward guest molecules and
providing an experimental basis for understanding ligand-mediated
regulation of internal MOF potential and chemical recognition capa-
bility. Meanwhile, the regulation of channel interfacial hydrophilicity or
hydrophobicity also significantly affects ion transport behavior in
confined aqueous environments. Yang et al. [130] systematically
revealed the synergistic regulation mechanism of hydro-
philic/hydrophobic functional groups on channel water adsorption
states, hydration ion structural stability, and ion—pore wall interaction
strength through combined experimental and molecular dynamics
simulation studies. The work primarily clarified the physical basis of
water cluster network formation and partial dehydration processes
within channels for achieving highly selective ion transport. Further-
more, free energy calculations provide an important theoretical tool for
understanding gated transport mechanisms. Nordquist et al. [131]
employed umbrella sampling and metadynamics methods to reveal the
energetic nature of hydrophobic gating. The study found that the free
energy barrier associated with transitions between hydrated and dehy-
drated states within the channel directly determines the open—closed
equilibrium of ion channels, and demonstrated that variations in chan-
nel hydrophobicity can enable fine regulation of ion migration behavior
by modulating hydration free energy.

Some MOF systems can also exhibit structural responsiveness, such
as framework breathing effects or reversible pore-size variation phe-
nomena, enabling materials to dynamically regulate ion flux under
external environmental stimuli. This allows MOFs to function not only as
static sieving materials but also as intelligent ion transport platforms
with adaptive regulation capabilities. Wannapaiboon et al. [132] con-
structed alkyl ether—functionalized copper-based pillared-layer MOF
flexible membranes through a surface anchoring strategy, revealing
guest adsorption-induced structural phase transition behavior and the
underlying mechanism governed by crystal size and interfacial in-
teractions. This work demonstrated the fundamental role of controllable
structural flexibility in intelligent sieving, flux regulation, and sensing
applications. Overall, the advantages of MOFs in ion transport mainly
arise from tunable pore structures, synergistic chemical regulation ef-
fects between metal nodes and ligands, and multiscale interfacial
interaction mechanisms. Through chemical modification strategies,
environmental condition regulation, and external physical stimuli (such
as electric fields or temperature variation), the ion permeation perfor-
mance of MOF systems can be further precisely optimized.

However, the stability of MOFs in aqueous environments remains
one of the key factors limiting their practical applications. Water mol-
ecules may affect framework integrity and channel stability through
hydrolysis or coordination competition effects. To address this issue,
research efforts have commonly adopted strategies such as constructing
ultrathin MOF layers or introducing multicomponent composite systems
to enhance structural stability and long-term operational performance.
For example, interfacial coupling between MOFs and 2D materials,
polymer matrices, or other nanofunctional materials can improve both
the mechanical stability and environmental tolerance of the material.
Jian et al. (Fig. 10B) [133] reported an ultrathin water-stable 2D
membrane constructed from single-layer aluminum-porphyrin MOF
nanosheets. The membrane achieved high water flux and near-complete
ion rejection by combining intrinsic nanopore size sieving with vertical
through-channel transport, while the = interaction-induced
self-locking structure enhanced long-term operational stability. Akai
et al. (Fig. 10C) [134] reported a water-resistant UiO—66-(OH)y
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redox-active MOF that achieved excellent structural stability in acidic
aqueous solutions by strengthening Zr-O coordination bonds and inte-
grating conductive composite strategies, enabling high-capacity storage
performance, long cycling lifetime, and high Coulombic efficiency,
thereby providing an important paradigm for designing functional MOF
materials for aqueous environments. Meanwhile, the structural desig-
nability of MOFs also allows their applications to extend beyond ion
sieving membranes to multifunctional fields such as gas separation,
environmental monitoring, as well as energy conversion and storage.

Drawing from the diverse MOF systems discussed above, three
distinctive design principles emerge. First, pore aperture matched to
hydration diameter induces partial dehydration, enabling high ion
selectivity as seen in ZIF—8 and UiO—66 systems. Second, metal-node
chemistry, specifically open metal sites and coordination defects, pro-
vides specific recognition beyond electrostatics, exemplified by the Zr
nodes in UiO—66-NH; and the EDTA-functionalized MOF—808. Third,
framework flexibility, namely breathing effects, enables dynamic pore
tuning for stimuli-responsive gating. However, inherent trade-offs limit
practical deployment, smaller apertures enhance selectivity but increase
transport resistance and susceptibility to pore blockage; open metal sites
enable specific binding but are prone to hydrolysis and coordination
competition in aqueous media. Additionally, the aqueous instability of
many MOF frameworks, particularly under extreme pH or high salinity,
remains a fundamental barrier, and scalable fabrication of defect-free
ultrathin MOF membranes remains technically demanding.

5.3. Covalent organic frameworks (COFs)

COFs are a class of crystalline porous materials formed by the or-
dered linkage of organic monomers through covalent bonds, possessing
both high structural regularity and excellent chemical stability, and
exhibiting unique advantages in nanoconfined ion transport. Unlike
MOFs, COFs do not contain metal nodes in their structures and are
composed entirely of light elements such as C, H, N, O, and B. This all-
organic covalent skeleton endows the material with superior corrosion
resistance, thermal stability, and environmental adaptability, allowing it
to maintain structural integrity under relatively harsh conditions such as
strong acid, strong base, high salinity, or elevated temperature. Mean-
while, the absence of metal centers that may trigger hydrolysis or co-
ordination competition enables COFs to generally demonstrate more
stable long-term operational performance in certain aqueous systems.

At the structural design level, the pore system of COFs is mainly
constructed in a controllable manner based on the geometric configu-
ration and linkage modes of organic monomers. By regulating monomer
symmetry and condensation reaction pathways, precise control of pore
size, porosity, and pore topology can be achieved. Meanwhile, solvent
systems, reaction conditions, and post-treatment processes further in-
fluence the crystallinity and channel dimensions of the framework,
enabling the formation of regular and continuous nanoconfined trans-
port networks. Such highly predictable and programmable structural
features make COFs an important platform for constructing ordered ion
transport channels. In particular, 2D COFs are more suitable for con-
structing well-oriented sub-nanometer ion transport channels due to
their relatively rigid planar frameworks and layered stacking charac-
teristics. When membrane thickness is reduced to the nanoscale or even
the single-layer limit, ion migration pathways are significantly short-
ened. While preserving the size exclusion effect, ion flux can be effec-
tively enhanced, thereby achieving a better balance between selectivity
and transport efficiency. Based on this structural advantage, Wang et al.
(Fig. 11A) [135] designed a “confined cascade separation” architecture
with alternating acidic and non-acidic microdomains within function-
alized 2D COF ordered nanochannels. By constructing a multilevel
chemical environment to regulate ion migration processes, this strategy
achieved high-flux and high-selectivity synergistic separation of K*/Li",
overcoming the traditional trade-off between permeability and selec-
tivity in membrane materials and demonstrating the application
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Fig. 11. Ion transport systems based on COF nano-building blocks. (A) COF nanosheets prepared via an oil-water—oil three-phase interfacial polymerization strategy
and assembled into a PTFE-supported membrane by vacuum filtration [135]. Copyright 2022, Nature. (B) N*-PAPD COF membrane ion transport system constructed
via condensation reaction and in situ ionization [136]. Copyright 2025, American Chemical Society. (C) DHTA-Hz—15C5 ion transport system constructed via
interfacial polymerization and pore post-modification [86]. Copyright 2025, Nature. (D) TpPa-SOsH COF membrane fabricated on an AAO substrate via a

dual-regulation interfacial polymerization strategy [140]. Copyright 2025, Science.

potential of 2D COF nanochannels in complex ion separation. Further-
more, framework charge engineering provides a more precise means of
regulating ion transport. Zheng et al. (Fig. 11B) [136] introduced
high-density atomic-scale positive charges into 2D COF ordered nano-
channels and quantitatively tuned the charge distribution within the
framework, achieving deep regulation of anion migration behavior. The
high charge density not only strengthened electrostatic adsorption but
also reconstructed the internal potential gradient of the channels,
thereby promoting rapid directional transport of anions and exhibiting
excellent energy output performance in osmotic energy conversion
scenarios.

In addition to channel orientation regulation, the fine design of the
interfacial chemical environment is also an important factor influencing
the transport performance of COFs. COF frameworks possess high des-
ignability during synthesis or post-modification processes, allowing
various functional units to be introduced into the channels, such as
charged groups, hydrogen bond donors or acceptors, n-conjugated sys-
tems, and other active sites capable of selective interactions [137-139].
These functional sites can reconstruct the local electric field distribution
inside the channels and regulate the interfacial charge environment as
well as the stability of solvated ions, thereby influencing the migration
energy barrier and hydration structure rearrangement processes when
ions traverse confined spaces. Meanwhile, molecular intercalation or
post-modification strategies can further tune the hydrophilic and
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hydrophobic characteristics of channel surfaces, enabling the material
to maintain good selective sieving performance across different elec-
trolyte systems. In terms of functional ion recognition design, Wang
et al. (Fig. 11C) [86] constructed an artificial sodium-ion selective
transport channel by introducing 15-crown—5 ether functional units
into COF pores. By integrating size confinement effects and chemical
affinity interactions, the structure achieved specific recognition and
efficient directional transport of Na' and revealed that functional
groups can enhance ion sieving performance by modulating local
transport energy barriers, providing important inspiration for bio-
mimetic ion channel design. Furthermore, interfacial charge engineer-
ing offers a more effective strategy for regulating multivalent ion
sieving. Hu et al. (Fig. 11D) [140] constructed a COF membrane with
pore sizes approaching the theoretical limit through a dual-regulation
interfacial polymerization method and introduced —SO3H sulfonic acid
groups to synergistically modulate channel charge distribution and
spatial structure. This strategy enabled rapid transport of K™ while
significantly suppressing the migration of multivalent ions such as Mg?",
systematically revealing the functional group-mediated ion sieving
mechanism in confined spaces. In addition, the introduction of
high-density fixed charges has also been proven to significantly enhance
electrostatic confinement effects. You et al. [141] constructed charged
COF nanochannels by incorporating sulfonic acid groups into the
framework to establish a strong local electric field environment. While
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maintaining excellent water permeation performance, the structure
effectively improved ion-selective sieving capability, highlighting the
important role of charge regulation in nanoconfined transport systems.

In addition, COFs also exhibit favorable processability, enabling
them to be constructed into continuous membrane structures through
interfacial polymerization, solution transformation, and other control-
lable synthesis strategies, thereby forming large-area, integrable ion
transport networks. Such structural programmability and potential
scalability make COFs not only highly valuable in the field of ion-
selective transport but also promising for applications in molecular
sieving, electrochemical energy storage, and osmotic energy conversion.
In terms of membrane fabrication and scalable applications, Pan et al.
(Fig. 12A) [142] proposed an inverse microemulsion interfacial poly-
merization strategy. This method enables the rapid construction of
high-crystallinity, large-area COF membranes, which improves water
flux and desalination performance while effectively overcoming tech-
nical limitations associated with the large-scale fabrication of conven-
tional COF membranes, providing an important implementation
pathway for the application of COF materials in energy conversion and
separation fields. Furthermore, interfacial charge regulation and
three-dimensional transport network construction are considered key
directions for enhancing ion sieving performance. Zhu et al. (Fig. 12B)
[27] successfully prepared a three-dimensional sulfonic acid-
—functionalized COF membrane through a dual-acid-mediated interfa-
cial polymerization strategy, constructing highly interconnected
sub-nanometer ion transport channels. By introducing high-density
fixed negative charges, this structure generated an enhanced EDL
confinement effect, improving ion selectivity while maintaining rela-
tively high ion migration efficiency, fully demonstrating the application
potential of functional interface design in energy conversion systems. In
addition, directional regulation of ion transport pathways can also
significantly influence overall transport efficiency. Shin et al. (Fig. 12C)
[143] constructed a negatively charged asymmetric COF membrane
through a surface asymmetrical modification strategy. Based on a
continuous vertical nanochannel architecture, the membrane achieved
directional ion transport and enhanced selectivity. This structure
effectively improved ion flux and increased power output in energy
conversion processes such as osmotic and reverse osmotic energy har-
vesting. Overall, by systematically optimizing pore topology, surface
functional group distribution, and interfacial chemical environment,
COFs are expected to achieve more precise ion transport regulation in
complex electrolyte systems and play an important role in the design of
high-performance nanofluidic devices.

By contrast, COF systems leverage covalent bond stability and pro-
grammable organic linkages, offering three design principles. First, rigid
backbones with precisely defined pore geometries enable angstrom-

Nano Energy 155 (2026) 112113

level size sieving, as demonstrated by TpPa-series membranes. Second,
post-synthetic modification allows high-density charge introduction
without compromising framework integrity, exemplified by sulfonic
acid-functionalized COFs with enhanced EDL confinement. Third,
n-conjugated backbones modulate local solvation environments, influ-
encing ion migration energetics. However, high crystallinity ensures
selectivity but fabrication defects (grain boundaries, misaligned chan-
nels) reduce effective flux; post-synthetic functionalization enhances
tunability yet requires preserving crystallinity, limiting modification
extent. Moreover, n-n stacking between layers may cause irreversible
aggregation during processing, and controlled crystallization for large-
area membranes remains challenging, hindering scalable
manufacturing.

In conclusion, in nanoconfined ion transport systems, geometric
dimension serves as the primary prerequisite for achieving nano-
confinement effects. Only when the channel size is reduced to the
nanoscale can the unique confinement effect be activated, making ion
transport behaviors distinct from macroscopic mass transfer and laying a
structural foundation for the controllable regulation of ions. On the
premise of satisfied geometric dimensions conditions, chemical func-
tionality, and charge distribution act as core approaches to modulate ion
dynamics. They effectively regulate ion adsorption, migration and
diffusion, enabling fine optimization of ion selectivity and transport
efficiency. As a higher-level design dimension, topological connectivity
further optimizes the transport pathways and overall architecture of
devices. It overcomes the performance limitations of individual regu-
lation strategies and improves the comprehensive performance and
operational stability of devices. In summary, the four dimensions
including geometric dimensions, chemical functionality, charge distri-
bution and topological connectivity form a progressive and synergistic
design system. Covering basic confinement conditions, ion modulation
strategies and device performance optimization, they jointly realize the
optimal design of nanoconfined iontronic systems.

Overall, distinct nano-brick platforms exhibit significant differences
in programmable dimensions, performance characteristics, and appli-
cable scenarios, with their key properties, ion transport behaviors, and
typical applications summarized in Table 1. Table 2 provides a quanti-
tative comparison of key ion transport properties among representative
nanofluidic materials, including ion selectivity, conductivity, rectifica-
tion ratio, and gating performance.

6. Applications
Nano-confined ion transport systems are gradually advancing from

fundamental transport mechanism studies toward engineering and
system-level applications. Unlike conventional electron-conducting
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Fig. 12. Ion transport systems based on COF nano-building blocks. (A) Large-area, highly crystalline TpPa-COF composite membrane ion transport system rapidly
fabricated within seconds via an inverse microemulsion interfacial polymerization strategy [142]. Copyright 2025, Nature. (B) Self-supporting membrane ion
transport system based on 3D sulfonic acid-functionalized 3D SCOF constructed via dual acid-mediated interfacial polymerization [27]. Copyright 2023, Nature. (C)
Asymmetric polymer-anchored COF membrane ion transport system constructed via a three-step strategy [143]. Copyright 2025, American Chemical Society.
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Table 1
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Summary of programmable dimensions, key advantages, limitations, ion transport performance, and typical applications of representative nano-brick platforms.

Materials

Programmable
dimensions

Key Advantages

Main Limitations

Ion Transport Performance

Application Ref.

2D materials
MXene/PCN

MXene

GO

GO/PDDA/
PSS

am-GO

MoS,/GO

MOFs
ZIF-8/
Ui0—-66

N*(CHs)s)
MOF—-808-
EDTA

Fe-BTC/PDA
MOF

Ui0—-66-
NH,(PSS)/
MIL—-88B

Al-MOF

Ui0—-66-
(OH),

COFs

TpPa-POsH,/
TpPa-
SOsH/
TpPa-CO,H

N*-PAPD

DHTA-
Hz—-15C5

TpPa-SOsH

PCN pores + MXene
repair, C/N + -OH, Strong
chemical group-CO2
interaction, Layered
stacking

0.64 nm interlayer
channels,
pH/temperature-tunable
surface charge, Ordered
stacking

~9A capillary network,
Hydrophobic graphene
regions and oxygen-
containing functional
group regions

Surface charge (positive/
negative)

Amino/carboxyl charge
distribution, Nanochannel
size (~7.5 A)

pH-modulated surface
charge, GO doping
controlled interlayer
spacing, Light-
programmable

f\ngstrém-scale windows
(ZIF-8 ~3.4 A, Ui0—66
~6.0 A) - Nanoscale
cavities, Neutral pores
~6A windows, ~1 nm
cavities, Functional groups
(-H, -NHy, -N"(CHs)3)
regulate charge/size
EDTA ligand, ~11.3 A
Pore Size

PDA amino/catechol
groups,

MOF small pore-large cage
(pore sizes 5.5/8.6 10\)

~6 A pores, PSS-induced
negative surface charge

6.1A channels, AB
stacking

Tunable particle size
(~70 nm), Strong bonds
(Zr-0)

1.4 nm ordered channel,
Acidic group chemistry

Pore size: ~1.2 nm, High-
density framework
positive charge

Pore size: ~8.4 A — 6.0 }D\,
Na' recognition by
hydroxyl/crown ether sites
Pore size: 8.4 A - 6.3 A,
Sulfonate groups (high
negative charge)

Simple and scalable,
Long-term stability (over
130 h)

Simple, scalable fabrication
via vacuum filtration

Perfectly blocks solutes
with hydration radii

> 4.5 A, Small ion
permeability enhanced by
several thousand times
Breaking the selectivity-
permeability trade-off

Tunable ClI'/N3 transport,
Cl-gated chemtronic effect

Good stability

High selectivity for alkali
metals

Broad-spectrum and high-
efficiency, Multi-
component processing
capability,

Stable and recyclable
High capacity,
Anti-interference/stable
and recyclable

Stability (>750 h)

Long cycle life (>98%@100
cycles),
Recyclable

Programmable hydration
energy

Crystalline straight
channels, Wide pH
applicability, Stable
operation

High selectivity/high flux

High selectivity/high flux

Selectivity and permeability
trade-off, Poor homogeneity
in large-area membranes,
Competitive adsorption
reduces actual selectivity
Water/oxygen stability,
Homogeneity in large-scale
fabrication

Functionality dependent on
hydration, Poor pore size
tunability

Poor selectivity for
monovalent salts,
Performance declines at high
salt concentrations

High energy barrier for high-
valence anion permeation

Poor scalability, Weak
performance in real seawater

Stringent requirements for
structure/chemical properties

High selectivity dependent on
high F concentration

Performance/stability
degradation under extreme
conditions

Complex mercury treatment

Water flux affected by ion
species

Poor intrinsic conductivity
Particle-size sensitive

Binary ion competition
reduces selectivity,
Performance depends on
acidic groups with high
hydration energy

High synthesis control
demand, Performance
depends on anion type

Binary ion competition affects
performance

Ion coupling in binary system
reduces actual selectivity
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H, Permeance of 870 GPU,
H,/CO2~ 30.2

t,~ 0.95,
21 W-m 2-54 W.m 2

Ultrafast diffusion in
capillary, confinement,
Precise 4.5 A size sieving

High rejection rate (~96%),
High water flux (~57 LMH/
bar)

CI" fast, NOj3 tunable, SO3/
PO3 blocked

17.68 W/m?>

LiCl/RbCl~ 4.6

F/Cl' ~ 13-240
UiO—66-N"(CHj3); exhibits
optimal performance

High adsorption capacities for
La®*, Hg?", Pb?* (205, 592,
313 mg/g)

Removes > 99.8% Pb%t/
Hg?", Adsorption capacity:
Pb>* 394 mg/g; Hg?"
1634 mg/g

32.47 W/m?

Ion rejection rate: > 99.99%,
Water flux: 2.22 mol m 2 h™*
bar~!

Discharge capacity: 171.2
mAh g~?

Coulombic efficiency: 99.9%

K'/LiT ~ 4.2-4.7

High CI selectivity (t
~0.2-0.3)

Power density: 239.6 W m 2
(50000 folds gradient)
Na“/K'~ 58.31, Na*
permeability:

9.33 mmolm >h™!

High K*/Mg>* selectivity
(ideal ~267, actual 234)

H, Separation and [111]

Purification

Salinity gradient
energy

[112]

Nanofiltration, Water [115]

treatment

Water softening
Selective desalination

[116]

Anion exchange [118]
membrane
(electrolysis,
batteries, water
treatment)

Salinity gradient
energy, Light-salt co-
generation

[121]

Efficient extraction [24]
and purification of
lithium Ions

Water defluoridation
F-selective
Separation Membrane

[123]

Broad-spectrum [124]
adsorption, Resource

recovery

Rapid treatment of [125]
drinking water lead/
mercury
contamination
Salinity gradient

energy

[128]

Desalination,
Wastewater reuse

[133]

Aqueous MOF-air [134]

battery anode

Lithium extraction
from salt lake

[135]

Anion-selective [136]
salinity gradient

power generation

Artificial Na* [86]
channels

Water purification [140]

recovery

(continued on next page)
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Table 1 (continued)
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Materials Programmable Key Advantages Main Limitations Ion Transport Performance Application Ref.

dimensions

iCOFM Large-pore geometry Electrostatic sieving, Driving pressure sensitive NayS04: ~93.5% Nanofiltration for [141]

(~1.4 nm), High surface Stable & durable (200 h) H,0:357.0Lm 2h ! bar ! water purification
charge density (~200 mC
m?)
Cg-IL-TbPa- Membrane continuity/ Ultrafast fabrication, - High water flux (111.3 LMH/  Dye separation, [142]
COF thickness regulation Large-area, high bar), protein desalting,
crystallinity High Evans blue dye rejection ~ water treatment
(99.4%)

Table 2
Comprehensive comparison of material properties including ion selectivity, ionic conductivity, ion rectification, and ion gating mechanisms.

Materials Ion selectivity Ionic conductivity Ion rectification Ion gating Ref.

Cu-TCPP@SNF t,= 0.995, Cation (10- fold NaCl), Vo= 136 mV 1 M KCl, Surface-charge-dominated, - - [150]

(0.5 M/0.001 M) Pax= 29.5 W/m? (5 M/0.01 M NaCl)

ZnTPP-COF t,= 0.35, Anion (0.5 M/0.01 MNaCl), 65= + 4.1  Ios= 20 kA m 2, Py,= 135.8 W m ™2 - - [151]

mCm 2 (0.5 M/0.01 M NaCl)

UiO—66-NH, / - < 10 mM NacCl Surface-charge-dominated, R=|Li1v| / L] - [28]
TFP-TPA Jse= 4483 A/m? (100-fold HCI) =~ 350 (NaCl)

UiO-66- Anion, Br'/NO3~ = 1240 < 1 M KCl Surface-charge-dominated, R = |Lav| / |Lv] - [152]
NH,@ANM ClI'/NO3 = 509, t,= 0.968 (1000 mM/10 mM Prnax= 26.8 W/m? (100-fold KBr) ~ 2.06 (0.001 M KCD)

KBr)

Zn-TCPP MOF/ Cation, t,= 0.92 (1 mM/1 mM KCI) < 0.1 M KCl, Surface-charge-dominated, R = |Liav| / |Lav] - [143]
AAO Ppnax= 6.26 W/m? (3000-fold KCI), Prax, ~ 6.45 (10 mM KCl)

light= 7.74 W/m>

Ni3(HITP),MOF - 8 pF cm 2 - - [157]

Mg-MOF—74 t, (LiY) =0.71 0.14 mS cm ™! - - [158]

Co-HAB MOF - 1.57Sem ™! - - [159]

Si0,/SizNy Cation < 100 pM, Surface-charge-dominated R~ 83 (1 mM, Vg= Ion/ Totr= I(Vg= [166]

—1V,Ver=1V) —1V) /1(Vg=
+1V)=10
(100 uM )

Si0,/Al,03 Si0, segment: K*-selective, Al,03 segment: Cl- < 1 mM KCl, Surface-charge-dominated R = L] / |Liv] = - [167]

selective 321 (1 mM KCI)

PAZT / PHEC - 1.6 = 0.2 mS/cm R = |Liv| / L] - [33]

~ 23.11
PAIDs - 218.42 pF cm 2 R= |Lsy|/ Lisy = 10° - [168]
(1 mM HCD
Pillararene- Cation Pg/Po~ 104.9 20.6 +£ 0.3 (1 M/ - [169]
Cyclodextrin 0.5 M KCI)
Hybrid
GnC7 (n = 3,4) G3C7 : P{/Py.= 34.38 G3C7 : 66.2 + 1.2 pS, G4C7 : 37.4 £ 1.6 pS - pH-controlled [170]
GAC7 : P{/Pi,= 41.31 (1 M KCD)
2D Cu-TCPP Cation, t"> 0.85 1074 M KCl, Nano-confinement enhanced - - [171]
ion enrichment effect, Pa= 16.64 W m 2
(0.5M/0.01 M NaCl)

PNIPAM-GO - - - Jos/ Jso~ 7, 12.4 vs  [173]

1.8Lm 2h !bar )

PNIPAm/PPy - RT: ~0.02 S mfl, HT (>LCST): ~0.08 S m! - - [174]

hBN Cation, K/Na™ = 10° G(w) continuously tunable from 0 (blocked) - - [175]

to 1 (fully conductive)

PAMPSA/ - - I(H1V)/1(-1V) Small device (2.5 [176]
pPEGDMA ~ 86.5 (small) | 79.0 mHz): 20.5, Large
/pPDADMAC (large) device (0.25 mHz): 8

PEDOT:PSS - - R=|I1(1V) | /|1 - [1771

(-1V)|~25(25nA
vs. —10 nA)
NASICON Pri/na: 2707.4 (single) | 1325.2 (mixed), Pyi/x: - - - [35]
5109.8 (single) | 13695.9 (mixed), Py g
36161.7 (single) | 25283.7 (mixed), Py;/ca:
60269.6 (single) | 14048.2 (mixed)

N-LTO-PA-1.5 PLi/Na~ 13.58, PLi/ca~ 173.90, (20 mM mixed 2.14 mS/cm (20 mM NaCl/LiCl) - - [178]

salt solution)

r-TpPa-SOsH COF  High K'/Li* and Na'/Li" selectivity Jaig~ 0.4 mol-h~1m~2 (0.1 M KCD) - - [179]

TpPa COF Mg>*/Lit= 9.0 - - - [180]

TNC-MCM t,=0.91 (0.5 M/0.01 M NaCl) Joe~ 58 Am ™2 (Ac = 10°, KC), - - [181]

Ppax™ 5.9 W m~2 (SW/BW) | 9.8 W m~2
(saline lake)
V-NbP/ANF t,= 0.70 (1000-fold NaCl) G ~ 0.5 mS (1 M NaCl) | ~0.4 pS (low c, - - [182]

6-dominant), Ppayx~ 10.7 W m~2 (SW/RW) |
21.5 Wm 2 (Ac = 50-fold, KCI)

devices, ion-based systems operate in liquid environments and
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differences, electrochemical reactions, and fluid dynamics. Therefore,
confined ion channels function not only as separation units but also as
energy conversion units, information processing units, and functional
interfaces. In practical applications, ion transport behavior is often
coupled with EDL overlap effects, solvent reorganization, interfacial
polarization, and non-equilibrium thermodynamic processes. This
complex multi-physics coupling endows nano-confined systems with
unique cross-scale functional integration capabilities. Accordingly,
nano-confined ion transport systems show promising prospects in en-
ergy conversion, intelligent information processing, and sustainable
separation technologies.

To contextualize the progress of nano-brick systems within practical
energy frameworks, it is instructive to benchmark their performance
against commercial requirements. For osmotic energy harvesting, cur-
rent state-of-the-art nano-brick membranes deliver power densities of
10-30 W m™2 in laboratory settings, whereas large-scale blue energy
installations require sustained outputs exceeding 50-100 Wm ™2 to
achieve economic viability [144]. In ion separation, K*/Mg?" selectivity
values of 200-600 [101] have been demonstrated for mono-
valent/divalent discrimination, but industrial lithium extraction from
salt-lake brines demands selectivity ratios above 1000 [145] to ensure
competitive recovery yields. For ion-based information processing,
rectification ratios of 10-350 and gating ratios of 10-10* are achiev-
able, yet reliable logic operations require rectification exceeding 500
and gating ratios surpassing 10°[146-149]. These quantitative gaps
underscore that nano-brick materials, while scientifically elegant,
remain in the pre-competitive stage for most energy applications. The
following sections detail how specific nano-brick architectures address
these performance targets while acknowledging the remaining engi-
neering barriers.

6.1. Energy harvesting and conversion

Energy conversion systems based on confined ion transport funda-
mentally rely on regulating the asymmetric migration of ions within
nanoscale spaces to efficiently convert chemical potential differences or
hydrodynamic driving forces into electrical energy output. Such systems
depend on interfacial charge regulation within nanochannels and the
ordered ion transport mechanisms in confined spaces, enabling the
transition from stochastic thermal motion to macroscopic directional

Nano Energy 155 (2026) 112113
current transport.

6.1.1. Salinity gradient energy

Salinity gradient energy conversion is an important approach for
harvesting energy from the salinity difference between seawater and
freshwater, with its core mechanism relying on the generation of an
electric potential difference induced by selective ion migration across
membranes. By constructing charged nanochannel structures, differen-
tial screening and directional transport of various ions can be achieved
to maximize energy recovery efficiency. Physically, this mechanism is
analogous to the reverse osmosis process, but the primary driving force
arises from selective ionic diffusion rather than electron transport. At the
material design level, the pore size, surface charge properties, and
geometric structure of nanochannels significantly influence energy
conversion efficiency. Generally, constructing channel structures with
high cation mobility facilitates the rapid transport of monovalent ions
such as Na* while suppressing the migration of multivalent ions and
large-sized solutes, thereby improving power density while maintaining
high energy conversion efficiency. In recent years, MOF- and COF-based
engineered porous materials have emerged as important platforms for
salinity gradient energy harvesting. For example, a 2D Cu-tetrakis (4-
carboxyphenyl) porphyrin (TCPP) MOF composite membrane inte-
grated with silk fibroin nanofibers forms one-dimensional (1D) straight
transport nanochannels, which reduce ion transport resistance and
achieve relatively high osmotic energy output, reaching a power density
of 29.5 W-m~2 in a lake-river water mixing system (Fig. 13A) [150].
Furthermore, Yang et al. constructed a metal-porphyrin COF monolayer
membrane that, owing to its atomic-scale thickness, high pore density,
and anion-selective transport characteristics, achieved an ultrahigh
power output of 135.8-203.8 W-m~2 under seawater-river water
salinity gradient conditions (Fig. 13B) [151]. Meanwhile, Chen et al.
designed a fully sub-nanometer MOF-COF bilayer heterostructured
membrane, where asymmetric pore size and charge distribution induced
ion diode-like transport behavior, enabling a power density of approx-
imately 192.9 W-m™2 in an acidic concentration gradient system
(Fig. 13C) [28].

6.1.2. Flow-driven energy conversion
In addition to salinity gradient energy, streaming potential is also an
important form of energy recovery in nano-confined systems. When
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Fig. 13. Energy conversion systems based on nanoconfined system. (A) Shortened ion-channel structure of a 2D Cu-TCPP@SNF metal-organic framework/silk
fibroin nanofiber composite membrane for enhanced salinity gradient energy harvesting [150]. Copyright 2024, Elsevier B.V. (B) Periodic ordered pore array
structure of metal-porphyrin COF (MTPP-COF) monolayer membranes for efficient salinity-to-energy conversion [151]. Copyright 2022, Nature. (C) Sub—2 nm,
acid-stable MOF-COF ion diode membrane for high-efficiency osmotic energy generation [28]. Copyright 2025, Elsevier B.V.

19



L. Yang et al.

fluids flow through nanochannels, ion migration and separation occur
under the coupled effects of shear flow and electrostatic interactions,
ultimately generating a transmembrane potential difference and
enabling the recovery of mechanical energy or low-grade thermal en-
ergy. Therefore, the surface charge density and structural characteristics
of nanochannels are key parameters for regulating streaming potential
conversion efficiency. In terms of material systems, MOF materials
exhibit unique advantages in flow-driven energy conversion due to the
high tunability of their pore structures. Their regularly ordered nano-
channels can effectively reduce ion migration resistance while enabling
precise control of ion transport pathways through interfacial charge
engineering. For example, Liu et al. constructed a UiO—66-NH;-based
heterogeneous sub-nanochannel membrane, where angstrom-scale
window pores synergistically enabled size sieving and electrostatic
regulation, resulting in excellent ion selectivity and achieving an os-
motic energy output of 26.8 W-m~2 under concentration gradient con-
ditions [152]. In addition, Li et al. prepared a photoresponsive
porphyrin MOF membrane via cathodic electrodeposition. By utilizing
photogenerated charge carriers to modulate the surface charge density
of the channels, the streaming potential was further enhanced under
salinity gradient conditions, thereby improving energy conversion effi-
ciency [153].

6.1.3. Chemical potential difference and electrochemical coupling systems

In addition to salinity gradient and flow-driven mechanisms, nano-
confined spaces can also utilize chemical potential differences to ach-
ieve multi-physical-field coupled energy conversion. By regulating sol-
vation structures, temperature gradients, or chemical reaction
equilibria, transmembrane potential differences can be induced within
nanochannels to enable efficient energy recovery. Such coupled mech-
anisms are of significant importance in flow batteries and

A
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electrochemical energy storage systems [154-156]. In the design of
specific electrode materials, porous structures are typically integrated
with electrochemically active sites to synergistically enhance charge
storage and transport efficiency. For example, Sheberla et al. (Fig. 14A)
[157] reported a conductive MOF, nickel hexaiminotriphenylene
framework (Nig(HITP),), which possesses a high specific surface area
(630 m? g1), ordered sub-nanochannel architecture, and ultrahigh
electrical conductivity (>5000 S m™!), achieving a mass specific
capacitance of 111 F g~! and an areal capacitance of 18 uF cm ™2 while
maintaining over 90% capacity retention after more than 10,000 cycles.
Further studies have shown that regulating membrane thickness, chan-
nel structure, and functional group type can effectively enhance charge
storage density and extend electrode lifespan. In addition, solvation
structure regulation is also an important strategy for improving ion
migration efficiency. Farina et al. [158] constructed a nano-confined
electrolyte space using Mg-MOF—74 to optimize the solvation struc-
ture in LiClO4—propylene carbonate electrolytes, reduce ion diffusion
energy barriers, and increase the Li* transference number to t; > 0.7,
significantly enhancing lithium-ion transport performance. In
high-performance charge storage systems, 2D conductive MOFs with
multiple transport pathways also exhibit excellent potential. Park et al.
(Fig. 14B) [159] designed a 2D conductive MOF electrode, Co-HAB,
based on hexaminobenzene ligands. Through high-density redox--
active sites and ordered sub-nanochannels, it enabled synergistic fast
electron-ion transport, exhibiting a high capacity of 291 mAh g~! and
good rate capability. First-principles calculations further revealed that
2D conductive MOFs such as copper hexaiminotriphenylene framework
(Cus(HITP),) can regulate polysulfide adsorption and catalytic conver-
sion through the synergy of ordered nanochannels and surface charge
effects, significantly lowering the reaction energy barriers for sulfur
reduction and LisS decomposition (approximately 0.84 eV), thereby
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Fig. 14. Chemical potential difference and electrochemical coupling systems and their representative performance. (A) All-MOF electrode based on highly
conductive Niz(HITP), for electrochemical double-layer capacitors with high areal capacitance and excellent cycling stability [157]. Copyright 2017, Nature. (B)
Co-HAB conductive MOF with high-density redox-active sites and high intrinsic electrical conductivity for high-power sodium-ion storage [159]. Copyright 2018,
American Chemical Society. (C) 2D conductive Cuz(HITP), as an efficient bifunctional electrocatalyst for improving lithium-sulfur battery performance [160].

Copyright 2021, American Chemical Society.
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confirming the critical role of confined structures in electrochemical
reaction kinetics regulation (Fig. 14C) [160].

Overall, energy conversion technologies based on nano-confined ion
transport are undergoing rapid development. With continuous advances
in nanoscale structural design and interfacial regulation strategies, it is
expected that energy harvesting systems with both high stability and
high conversion efficiency will be constructed in the future, demon-
strating broad application prospects in micro self-powered devices,
environmental remediation, and waste heat recovery.

6.2. Ion-based signal and information processing

Ions are not only important carriers of energy transport but also serve
as media for information transmission. In biological systems, the gen-
eration and propagation of neural signals rely heavily on the dynamic
regulation of ion channels, providing important inspiration for the
artificial construction of nano-confined ion information processing sys-
tems [161-163]. By designing nanochannel structures with nonlinear
response characteristics, ion flux can be logically regulated and

A W B
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encoded, thereby promoting the development of ionotronic systems.
From a physical mechanism perspective, ion signal processing essen-
tially involves the dynamical regulation of non-equilibrium transport
systems. Unlike conventional electronic transport, which primarily re-
lies on directional electron migration, ion transport is usually governed
by multiple factors, including electrostatic interactions, solvation
structure rearrangement, thermal motion randomness, and interfacial
chemical reactions. Consequently, ion transport in nano-confined spaces
often exhibits pronounced nonlinear response behavior. Under external
field stimulation, when the applied voltage or changes in the chemical
environment exceed a specific threshold, ionic conductivity may un-
dergo abrupt transition-like jumps. This threshold-responsive behavior
is functionally analogous to the switching logic structures of electronic
devices. In other words, by regulating channel interfacial charge den-
sity, hydrophilicity/hydrophobicity, and ion binding energy barriers,
“on-off” controllable ion transport can be achieved, providing a physical
basis for ion-based logical computation and signal modulation systems.
Furthermore, such nonlinear ion transport characteristics can not only
be used for information encoding but also enable the design of
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Fig. 15. Ion rectification and diode effects and their representative performance. (A) Field-effect reconfigurable nanochannel ion diode for electrostatically pro-
grammable ion transport control and logic circuit construction [166]. Copyright 2011, Nature. (B) SiO2/Al;,O3 heterogeneous nanochannel ion rectification and
switching regulation system [167]. Copyright 2009, American Chemical Society. (C) PMMA/PVDF-HFP heterogeneous GPE ion diode and its applications in logic
operations and TENG rectification [33]. Copyright 2022, Nature. (D) Particle-assembled heterogeneous charged nanopore array for in situ gas permeation-driven
ionic current rectification, enabling programmable ionic signal amplification and (bio)chemical sensing. Copyright 2024, Wiley-VCH GmbH [168]. (E) Artificial
acidic pocket structure constructed from pillar [5] arene-cyclodextrin hybrid molecules for millisecond-scale switching and pH-responsive bidirectional gated
biomimetic ion channels [169]. Copyright 2025, Royal Society of Chemistry. (F) 2D Cu-TCPP photoresponsive nanofluidic membrane for coupled osmotic and

photonic energy conversion [171]. Copyright 2024, Nature.
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multifunctional integrated nanoionic devices. For example, by
combining biomimetic ion channel structures, stimuli-responsive func-
tional interfaces, and dynamically confined transport pathways, it is
possible to construct ion-regulated systems with neuromorphic
computing capabilities, showing promising applications in intelligent
sensing, neural interfaces, and low-power information processing [164].

6.2.1. Ion rectification and diode effects

Ion rectification is one of the important physical foundations for
constructing ion logic devices. In nanochannels with structural asym-
metry, the uneven distribution of local electric potential leads to dif-
ferences in ion migration energy barriers under forward and reverse
voltages, resulting in direction-dependent transport behavior. This
rectification phenomenon is usually closely related to EDL overlap ef-
fects. When the channel dimension is comparable to the Debye length,
interfacial charges dominate the local ion concentration distribution,
thereby forming preferential unidirectional transport pathways. There-
fore, ion rectification performance can be systematically optimized by
regulating nanochannel geometry, charge gradients, and interfacial
wettability. At the device design level, researchers have explored
various nanoionic structures capable of modulating rectification
behavior [165]. For example, Guan et al. constructed a field-effect
reconfigurable nanoionic diode, where the ion distribution inside
nanochannels was regulated by gate voltage, enabling in situ dynamic
control of rectification direction and intensity, with a maximum recti-
fication ratio of 83, providing an important basis for programmable
nanoionic circuits (Fig. 15A) [166]. Furthermore, Cheng et al. developed
a SiOy/Aly03 heterogeneous nanochannel ion diode, achieving a high
rectification ratio of 321 in 1 mM KCl solution and demonstrating
electrically controlled ionic current modulation capability in a
three-terminal structure, indicating that heterogeneous interface engi-
neering offers significant advantages in enhancing rectification perfor-
mance (Fig. 15B) [167].

In addition to fundamental rectification functions, ion diode struc-
tures can also be used for advanced information processing functions
such as signal shaping and noise suppression. For example, by con-
structing multistage cascaded rectifying channels, the amplitude of ionic
currents can be finely regulated, allowing ion signals to maintain higher
stability and recognition accuracy during transmission. Based on this
concept, Jiang et al. fabricated a heterojunction ion diode using a gel
polymer electrolyte. The rectification behavior was induced by differ-
ences in ion migration rates between two polymer phases, achieving a
rectification ratio of 23.11 under +1 V bias and exhibiting wide tem-
perature stability from —20 °C to 125 °C, while preliminarily demon-
strating the integration potential of ion-based logic gate circuits
(Fig. 15C) [33]. In addition, external field stimulation can also serve as
an important means to regulate ion rectification behavior. Seo et al.
dynamically and reversibly modulated ionic rectification in polymer
membranes by controlling the local pH environment of microfluidic
devices through gas permeation. This approach not only enabled tunable
rectification coefficients but also supported reverse-operating modes of
the device, further expanding the application scope of ion diodes in
signal modulation and intelligent ion transport (Fig. 15D) [168].

6.2.2. Gating mechanisms and stimuli-responsive regulation

Ion gating mechanisms are an important means of endowing nano-
confined systems with active regulation of transport states, with the
core principle being the reversible switching between channel open and
closed states through external stimuli. Common stimulation modes
include pH, light, temperature, and chemical signals. By constructing
intelligent interfaces with stimulus-responsive characteristics, the elec-
trostatic environment, spatial structure, and host-guest interaction
strength within nanochannels can be dynamically regulated, enabling
programmable control of ion transport behavior.

In pH-responsive regulation, nanochannels containing protonatable
functional groups can modulate local potential distribution by altering
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their charge states. When the environment shifts from alkaline to acidic
conditions, partial amino groups become protonated, changing the
surface charge properties of the channel and weakening electrostatic
repulsion, thereby promoting cation migration. Conversely, under
alkaline conditions, deprotonation processes often enhance interfacial
charge density, further improving separation selectivity. Based on this
principle, Zhao et al. developed a biomimetic artificial ion channel
inspired by ASICs (acid-sensing ion channels) by introducing carboxyl-
functionalized structures. The reversible protonation of carboxyl
groups regulated channel conformation and enabled conductivity
switching behavior, exhibiting rapid and reversible gating responses
under varying pH conditions (Fig. 15E) [169]. Furthermore, Wu et al.
designed a dual-responsive artificial potassium ion channel that in-
tegrates mechanical force and pH responsiveness. By modulating the
protonation state of inhibitor molecules to alter the electrostatic envi-
ronment of the channel, reversible regulation of K" transport was ach-
ieved, with a Kt/Na™ selectivity as high as 41.3, demonstrating the
potential of multi-stimuli-coupled ion recognition regulation [170].

In addition to chemical stimuli-responsive systems, photoresponsive
regulation has also attracted significant attention in recent years. Light
stimulation offers advantages such as fast response speed, remote
controllability, and flexible spatial modulation. By introducing photo-
isomerizable molecules or photothermal-active components, light en-
ergy can be used to induce structural or interfacial property changes
within channels. For example, Wang et al. constructed a light-responsive
ion regulation system based on a Cu-TCPP 2D nanochannel membrane.
The photothermal effect generated a temperature gradient inside the
membrane to drive directional ion migration. Meanwhile, light stimu-
lation also regulated surface charge distribution and ion-active transport
behavior within the channels, increasing osmotic energy output power
from 16.64 W-m 2 to 31.9 W-m 2, demonstrating the advantages of
light-assisted ion transport regulation (Fig. 15F) [171]. In addition, Wu
et al. developed a programmable artificial nanochannel system based on
multifunctional DNA gating strategies. This system could sequentially
respond to chemical and optical stimuli, enabling intelligent recognition
and regulation of multiple physiological signals such as Ca%*, HyOy, and
pH, highlighting the potential applications of ion-based information
processing in complex environments [172].

On the other hand, temperature-responsive regulation mainly relies
on the thermally induced phase transition behavior of smart polymers.
When the temperature crosses the critical phase transition temperature
of the polymer, polymer chains may undergo swelling or collapse,
thereby altering the effective pore size and ion migration resistance
within nanochannels. Based on this mechanism, Liu et al. constructed a
poly (N-isopropylacrylamide) (PNIPAM)-grafted graphene oxide bio-
mimetic smart membrane. The temperature-induced phase transition of
PNIPAM regulated the interlayer channel size, enabling reversible gated
transport of water and solutes and achieving approximately a sevenfold
modulation capability of water flux (Fig. 16A) [173]. Similarly, Kim
et al. designed a PNIPAM/polypyrrole (PPy) thermoresponsive com-
posite membrane that regulated coupled electron—ion transport path-
ways through polymer volume changes. While maintaining structural
stability, the membrane exhibited enhanced electrical conductivity and
selective protein filtration performance, further expanding the applica-
tion scope of thermoresponsive smart membranes (Fig. 16B) [174].

6.2.3. Neuromorphic information processing and memristive behavior
Nano-confined ion transport systems not only enable energy con-
version and signal regulation but are also gradually demonstrating the
potential for neuromorphic information processing. In particular,
certain ion channels exhibit response characteristics similar to biological
synaptic plasticity under periodic electrical stimulation, where the
conductance state of the channel may undergo reversible changes
depending on stimulation history, displaying pronounced hysteresis
regulation behavior. This memory-like characteristic typically arises
from non-equilibrium transport processes such as interfacial ion



L. Yang et al. Nano Energy 155 (2026) 112113

o :_:_‘_ PNIPAM and water molecule | Intramolecularintermolecular )
\ . hydrogen bonding hydrogen bonding
> é = -
P & [ L. .} foead
AP e '_‘ b & & & )
’_-'E Y e WO L e, \'\
TS - g > LCST e -
\ ...Jrrgn'\r.'{—""“ “" ’_b___! .—-—r—ri 3
=y ﬂ\t OPNIPAM ¢ [ E
e ek el TP ) <LCST T AV E
A l_.-.-mn‘.'-‘*: el N ,
) & & é »
Open Closed
1004 + + DFF ON OFF ON OFF e
—t—Cu?* 12:9 =
_ ——[FelCN)] T *i"‘
£ ——nR8B 85
s ——CBB £8 81 ¥
E 604 ——Cyt.c | g T s
g i E= 5
g_ 40 % 47 €
g - g
20 4 ) 0 - E
0 T v T T T T h ¥ * % z b, .
25 30 35 40 45 50 0 30 60 90 120 150 180 210 Yioss ol
Temperature (“C) Time (min)

Fig. 16. Thermoresponsive and adaptive nanofluidic membrane systems. (A) Temperature-responsive graphene nanosheet membrane with tunable interlayer
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accumulation, local structural relaxation, and spatial reconstruction of periodic voltage pulse stimulation, this system regulated the dynamic
electric fields. By constructing multi-level transport network architec- migration behavior of Na™ and K, allowing ion flux to reversibly
tures, the information computing capability of the system can be further change with stimulation history and exhibiting stepwise conductance
expanded. For example, multi-channel arrays can enable spatially par- memory storage characteristics, reflecting the synergistic effect of
allel signal processing, while gradient potential structures can be used competitive ion adsorption and electric field regulation within confined
for ion signal encoding and storage [167]. spaces. Furthermore, Zhang et al. (Fig. 17B) [176] constructed a trilayer
In specific research examples, Noh et al. (Fig. 17A) [175] combined bipolar polyelectrolyte gel ion memristor, where the ion concentration
molecular dynamics simulations with experiments to reveal the synaptic polarization effect within the intermediate gel layer was used to regulate
plasticity mechanism driven by competitive ion adsorption in the conductance state. The channel geometric scale was also designed to
sub-nanometer hexagonal boron nitride (hBN) membranes. Under enable predictable regulation of memory retention time (approximately
hBN Input
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polyelectrolyte hydrogel ionic memristor with geometry-scalable memory time regulated by concentration polarization for neuromorphic computing and ionic in-
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200-4000 s). This structure not only demonstrated ion synaptic plas-
ticity but also highlighted the important role of macroscopic structural
parameters in regulating neuromorphic behavior. In addition, Xu et al.
[177] developed a nano-confined ionic conductance-type biomimetic
spiking synaptic device, where a geometrically asymmetric channel
structure was used to induce ion concentration polarization, thereby
simultaneously achieving memristive characteristics and ion rectifica-
tion effects. Under electrical pulse stimulation, the device exhibited
typical current response hysteresis and memory retention capability,
revealing an electron-ion coupling-driven conductance regulation
mechanism.

Overall, ionic memristive devices provide a new physical platform
for neuromorphic computing. Compared with conventional electronic
memristive systems, ionic memristive structures can operate stably in
aqueous environments and are expected to directly interface with bio-
logical neural systems, thus showing significant application prospects in
neural repair, intelligent sensing, and bioelectronic interfaces.

6.3. Seawater desalination and ion separation

Seawater desalination and ion resource recovery are among the most
practically valuable engineering applications of nano-confined ion
transport technology [37]. With the growing global shortage of fresh-
water resources and increasing demand for critical metal resources, the
development of low-energy-consumption and high-selectivity separa-
tion technologies has gradually become a research focus. Although
traditional reverse osmosis technology has achieved industrial applica-
tion, it still faces limitations such as relatively high operating energy
consumption, severe membrane fouling, and insufficient multivalent ion
sieving capability. Therefore, membrane systems based on
nano-confined transport mechanisms are considered a promising di-
rection for future high-efficiency separation technologies. From a
physical mechanism perspective, the primary advantage of
nano-confined ion separation systems lies in their ability to synergisti-
cally regulate size exclusion effects, electrostatic interactions, and sol-
vation structure reconstruction at the sub-nanometer scale. Unlike
macroscopic porous membranes, ion migration within confined spaces is
often accompanied by partial stripping and rearrangement of hydration
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shells. Since different ions exhibit significantly different hydration en-
ergies, the dehydration energy barriers required for ions to traverse
confined channels also differ, providing a fundamental physical basis for
achieving highly selective separation of multivalent ions. In practical
separation processes, ion transmembrane migration generally involves
three key stages. First, ions enter the nanochannel entrance region.
Second, the hydration structure is partially disrupted and competes with
interfacial adsorption sites. Finally, ions achieve directional migration
within the confined space. Therefore, precise regulation of pore size,
charge distribution, and interfacial chemical properties can effectively
optimize the energy barrier landscape across these stages, thereby
improving overall separation performance.

6.3.1. High-selectivity ion sieving mechanisms

High-selectivity ion sieving typically relies on the synergistic regu-
lation of size exclusion effects and charge selectivity. When the nano-
channel size approaches the hydrated diameter of ions, ion entry into the
channel usually requires partial dehydration. Since multivalent ions
possess higher hydration energies, their dehydration energy barriers are
generally significantly larger than those of monovalent ions, leading to
stronger migration suppression within confined systems. In terms of
material design, introducing charged functional groups is an important
strategy for enhancing selective regulation capability. Negatively
charged channel structures usually promote cation transport while
suppressing anion migration. Based on this design concept, related
studies have been applied to lithium resource extraction from salt-lake
brines and other complex electrolyte systems. For example, Fan et al.
(Fig. 18A) [35] reported a biomimetic separation membrane based on a
NASICON-type structure. Through sub-nanometer channel size optimi-
zation and surface chemical regulation, ultrahigh selective transport of
Li* was achieved. In complex salt-lake environments, the membrane
could effectively distinguish Li* from competing ions such as Na™ and
K*, demonstrating the application potential of high-efficiency lithium
extraction materials. Building on this, Feng et al. [178] further devel-
oped an ion-selective membrane composed of amino-functionalized
lithium titanate nanoparticles embedded in a polyamide matrix.
Through the synergistic effects of size sieving and charge-guided
transport mechanisms, the system achieved highly selective Li"
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Charge-regulated nanoporous COF membrane with tunable hydrophilicity for preferential Mg>" permeation and Li" rejection in high Mg/Li ratio brines [180].
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extraction and exhibited excellent selectivity in both LiCl/NaCl and
LiCl/CaCl; systems, while maintaining good long-term operational sta-
bility under high-salinity complex environments.

With continued research progress, 2D materials and designable
porous systems such as MOFs and COFs have gradually become impor-
tant platforms for ion separation membranes. For example, Bao et al.
[179] constructed a COF composite membrane with randomly oriented
bottleneck channel structures. Through the synergistic regulation of size
exclusion and sulfonic acid group chemical affinity, efficient separation
of Li" from multiple competing ions was achieved. Further studies
showed that under an applied electric field, the membrane flux was
significantly enhanced, making it suitable for selective lithium enrich-
ment from salt-lake brines. Meanwhile, Liu et al. used molecular dy-
namics simulations to reveal the regulation mechanism of COF
membrane hydrophilicity on ion adsorption and migration behavior,
finding that strongly hydrophilic pore walls could preferentially adsorb
Li™ and form localized blocking effects, thereby enhancing Mg>*/Li*
separation efficiency and providing a new interfacial chemistry design
strategy for lithium extraction from salt lakes (Fig. 18B) [180].

6.3.2. Low-energy separation pathway design

Reducing the energy consumption of separation processes is one of
the key objectives in promoting the industrial application of nano-
separation technologies. Confined transport systems can reduce
external driving energy requirements through multiple mechanisms.
First, hydrophilic low-friction channels can significantly reduce trans-
membrane ion migration resistance by weakening the interactions be-
tween water molecules and ions, thereby improving transport efficiency.
Second, gradient potential structures can form spontaneously driven ion
migration pathways within membranes, enabling directional diffusion
of ions under concentration gradient conditions. In addition, some sys-
tems can also couple energy utilization with separation processes by
exploiting chemical potential differences in the natural environment,
which is considered an important direction for future green separation
technologies. In specific studies, Zou et al. [181] proposed a Turing-type
multistage nanochannel membrane design. Using a sacrificial template
strategy, an interwoven transport network was constructed within a
MoS; 2D membrane. While maintaining high cation transport selectivity
(with a transference number of approximately 0.91), the design signif-
icantly enhanced ion flux and achieved stable osmotic energy output
under natural salinity gradient conditions. Safaei et al. [182] further
introduced phosphorus vacancy structures into 2D niobium phosphate
nanosheets via acid etching. This approach increased the membrane
surface negative charge density and hydrophilicity, reduced ion diffu-
sion energy barriers, and achieved an osmotic energy power density of
approximately 10.7 W-m 2 in a seawater—freshwater gradient system.

6.3.3. Anti-fouling capability and long-term stability optimization

Membrane fouling is a major bottleneck restricting the engineering
application of separation membranes. Biofouling, organic fouling, and
inorganic salt deposition can all lead to channel blockage and reduced
separation efficiency; therefore, improving interfacial anti-fouling per-
formance is of great importance. One effective strategy is to construct
interfaces with low surface energy and stable hydration layer structures
to reduce contaminant adsorption. For example, hydration layers can
form a stable protective barrier on the membrane surface, suppressing
the adhesion of proteins, bacteria, and organic molecules. He et al. [183]
constructed a dynamic sliding supramolecular anti-fouling interface
composed of cyclodextrin and polydimethylsiloxane (PDMS) chains. By
stabilizing the hydrophilic hydration layer to reduce the binding
strength of hydrophobic pollutants, the membrane exhibited a flux
decline rate of only 14.2% under low-speed stirring filtration conditions,
with an initial water flux reaching 550 Lm ™2 h™L.

On the other hand, regulating the surface chemical structure and
roughness of the membrane can further enhance anti-fouling perfor-
mance. For example, Taghipour et al. (Fig. 19A) [184] fabricated an
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anti-fouling modification layer enriched with sulfonic acid and carboxyl
groups on the surface of a nanofiltration membrane via an ultrasonic
aerosol interfacial polymerization method. By reducing surface rough-
ness and enhancing electrostatic repulsion, the adsorption of protein and
polysaccharide contaminants was effectively suppressed, achieving
approximately 90% flux recovery. Meanwhile, improving the intrinsic
stability of membrane materials is also crucial. The adoption of cova-
lently cross-linked structures, in situ growth synthesis methods, or
multilayer composite architectures can enhance the mechanical and
chemical stability of membranes, enabling their application in
high-salinity and complex contaminated water environments. For
example, Liao et al. (Fig. 19B) [185] constructed a thiazole-linked co-
valent organic framework membrane using a “monomer-solvent dual
engineering” strategy. The irreversible covalent bonding significantly
improved chemical resistance and structural stability, allowing the
membrane to maintain high separation performance under strongly
acidic and organic solvent conditions. Li et al. fabricated a
high-salinity-resistant distillation membrane via interfacial polymeri-
zation using tetraaldehyde-functionalized calixarene monomers, form-
ing a rigid three-dimensional porous network that achieved the
synergistic optimization of high water flux and low salt rejection
(Fig. 19C) [186]. Furthermore, Yuan et al. constructed an interdigitated
ultramicroporous crystalline COF desalination membrane through an
acid-regulated interfacial synthesis strategy. Hydrogen-bond-regulated
reaction diffusion kinetics enhanced membrane crystallinity and
cross-linking density, enabling a NaCl rejection rate of 99.7% and
significantly improving long-term operational stability (Fig. 19D) [187].

Overall, through the synergistic optimization of multiscale structural
regulation and interfacial chemical engineering, nano-confined ion
separation membranes are expected to play a more important role in
complex water purification, salt-lake resource recovery, and low-energy
seawater desalination.

6.4. Practical challenges and engineering considerations

While the nano-brick framework provides a powerful conceptual
paradigm for designing programmable ion transport systems, translating
these laboratory demonstrations into practical energy technologies re-
quires addressing several critical engineering challenges. In this section,
we systematically analyze the scalability, stability, and fabrication
barriers that currently limit the deployment of nanoconfined iontronic
systems, and identify strategies to bridge the gap between proof-of-
concept materials and device-level implementation.

6.4.1. Scalability and manufacturing precision

A fundamental challenge in nano membranes is achieving large-area,
defect-free fabrication while maintaining the precise structural control
that defines their transport properties. For 2D material membranes,
vacuum filtration and layer-by-layer assembly methods are simple and
scalable, yet they often suffer from inhomogeneous stacking, wrinkles,
and interlayer spacing fluctuations across macroscopic areas. For
example, MXene membranes exhibit excellent intrinsic properties in
small-scale tests, but large-area fabrication remains plagued by non-
uniform channel dimensions and mechanical fragility (Table 1). Simi-
larly, MOF and COF membranes require precise control over crystalli-
zation kinetics to avoid grain boundaries and misaligned pores that
compromise selectivity. Recent advances such as the inverse micro-
emulsion interfacial polymerization strategy for rapid COF membrane
preparation (Fig. 12A), enabling highly crystalline, large-area mem-
branes within seconds. However, the reproducibility of sub-nanometer
pore dimensions across batches and the elimination of pinhole defects
remain significant hurdles for industrial manufacturing. The trade-off
between fabrication throughput and structural precision must be care-
fully balanced, rapid synthesis methods may introduce disorder,
whereas overly stringent conditions reduce yield and increase cost.
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6.4.2. Long-term operational stability

The aqueous instability of many nano materials, particularly MOFs,
poses a severe constraint for practical deployment. Water molecules can
hydrolyze metal-ligand coordination bonds or induce framework
collapse, especially under extreme pH, high salinity, or elevated tem-
peratures. For instance, ZIF—8 membranes demonstrate exceptional ion
selectivity but degrade in acidic or alkaline environments due to ligand
protonation/deprotonation. To address this, recent strategies have
focused on strengthening intrinsic coordination bonds, as exemplified
by UiO—66-(0H),, where Zr-O bond reinforcement enables excellent
structural stability in acidic aqueous solutions (Fig. 10C). Alternatively,
Al-MOF monolayer membranes exploit n—n interaction-induced self-
locking to enhance long-term operational durability (Fig. 10B). For 2D
materials, interlayer spacing controlled by hydration or molecular
intercalants is sensitive to environmental humidity fluctuations, causing
channel dimension drift and compromised sieving reliability over time.
Sub-nanometer channels are particularly vulnerable to structural
collapse or pore clogging under pressure fluctuations, fouling condi-
tions, or mechanical stress, necessitating robust interlayer reinforce-
ment strategies.

6.4.3. Performance trade-offs and system optimization

Nano-brick systems inherently face device-level trade-offs between
selectivity, permeability, and stability that must be balanced in practical
operation. Narrower interlayer spacing or pore apertures enhance mo-
lecular sieving precision but exponentially increase hydraulic resistance,
reducing ion flux and power density below commercially viable
thresholds. Higher surface charge density improves cation selectivity
through enhanced EDL overlap, yet simultaneously intensifies electro-
static repulsion that diminishes effective pore volume and transport
rates (Table 1), as reflected in the sub—30 W m~2 power outputs of
current state-of-the-art membranes. These gaps highlight the need for
system-level multidimensional optimization rather than single-
parameter materials tuning. Furthermore, in real-world high-salinity
operation, concentration polarization at membrane interfaces reduces
effective driving forces, necessitating engineered module designs with
optimized flow geometries to mitigate boundary layer effects, an aspect
rarely addressed in laboratory-scale demonstrations.

6.4.4. Device integration and anti-fouling engineering

Beyond material-level performance, practical iontronic devices
require hierarchical integration of nano-brick units into scalable mod-
ules with optimized flow configurations. The assembly of heterogeneous
nano-bricks, such as MOF-COF bilayers or 2D material composites, de-
mands precise interfacial matching to avoid transport bottlenecks and
mechanical delamination. In continuous operation, membrane fouling
by organic matter, biofilms, or inorganic scaling progressively degrades
channel performance. Anti-fouling strategies must therefore be co-
designed with the nano-brick architecture. For example, sulfonic acid
and carboxyl group-enriched surfaces reduce protein adsorption
through enhanced electrostatic repulsion and hydrophilic hydration
layers (Fig. 19A), while dynamic sliding supramolecular interfaces
maintain stable flux decline rates below 15% (Section 6.3.3). The
development of self-cleaning or regenerable nano-brick surfaces repre-
sents a critical future direction for extending operational lifespan.

6.4.5. Cost effectiveness and lifecycle assessment

Finally, the economic viability of nano-brick membranes depends on
raw material costs, synthesis complexity, and recyclability. Precursor
chemicals for MOFs and COFs can be expensive, and multistep post-
synthetic functionalization adds manufacturing overhead. Conductive
MOFs such as Ni3(HITP), offer exceptional electrochemical performance
but require costly ligands and controlled redox conditions (Fig. 14A).
For widespread energy applications, low-cost, earth-abundant alterna-
tives, such as GO derivatives or clay-based 2D materials, may provide
more sustainable pathways, albeit with moderated performance.
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Lifecycle assessment frameworks should be integrated early in the
design process to evaluate the environmental footprint of nano-brick
fabrication, operation, and disposal, ensuring that technological ad-
vances align with sustainable energy goals.

In summary, while the nano-brick framework enables unprecedented
precision in ion transport regulation, its practical impact hinges on
overcoming these engineering challenges through interdisciplinary
collaboration across materials synthesis, process engineering, and de-
vice architecture. Future research should prioritize scalable
manufacturing protocols, robust anti-fouling interfaces, and system-
level performance benchmarking to accelerate the transition from lab-
oratory innovation to real-world energy solutions.

7. Conclusion

This review systematically summarizes recent progress in nano-
confined iontronics, emphasizing the modular nano-brick framework,
core research challenges, and quantitative benchmarks for practical
applications. Focusing on ion selectivity, rectification, and gating, it
outlines the fundamental principles of ion transport regulation. At the
materials level, 2D materials, MOFs, and COFs are highlighted as key
platforms for constructing sub-nanochannel architectures. The regula-
tory roles of pore size, charge distribution, and interfacial chemistry in
governing ion migration pathways and energy barriers are analyzed.
Strategies including surface charge engineering, functional group
modification, and chemical recognition enable the programmable con-
struction of ion transport systems. Based on these structure-property
relationships, the review discusses the application potential of nano-
building block networks in energy harvesting, ion-based information
processing, seawater desalination, and ion separation. It reveals the
pathway from molecular-scale design to system-level integration, and
highlights key challenges toward practical translation. Nano-confined
iontronics stands at the frontier of materials science, nanofluidics, and
electrochemistry. Precise control of sub-nanochannels, electrical double
layer, and interfacial states enables molecular-scale ion transport con-
trol, transforming confined systems from passive separators into multi-
functional platforms. However, scaling to large-scale applications faces
core bottlenecks: fabrication scalability, long-term operational stability,
and multifunctional performance balancing. Future research should
advance the nano-building block concept, strengthen cross-scale
modeling, and foster the synergistic convergence of energy, water
desalination, and bioelectronics. With progress in nanofabrication,
interface regulation, and multiscale simulation, nano-confined ion-
tronics will evolve toward practical integrated systems, enabling effi-
cient energy conversion, precise separation, and intelligent response,
opening new paradigms for sustainable energy, water management, and
information processing.
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