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Abstract

In nature, iontronic power generation often arises from complex mixtures of monovalent
and multivalent ions, exemplified by osmotic power between seawater and river water. In
contrast, most laboratory studies have relied on single-ion systems, overlooking the
intricate interplay and additional free energy associated with multi-ion environments.
Efficiently harvesting energy from such multi-ionic systems remains challenging due to
strong ion-ion interactions, the inherent trade-off between ionic selectivity and
permeability, and the limited efficiency of multi-ionic-electronic coupling at interfaces.
Recent advances in iontronics offer new pathways to overcome these barriers by
modulating multi-ionic dynamics through nanofluidic channel design, interface engineering,
and external-field regulation. These approaches enable selective transport, cooperative
migration, and dynamic coupling among diverse ions, thereby enhancing energy conversion
efficiency and device stability. Looking ahead, the rational control of multi-ion interactions
and transport dynamics may unlock a new generation of high-performance iontronic power
sources rooted in natural multi-ionic systems.
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INTRODUCTION

Multi-ion dynamics are ubiquitous in both natural and artificial systems, underpinning a wide range of
processes, including neural signal transmission*, metabolic energy conversion™*, and ionic conduction in
synthetic devices'>°. In biology, the orchestrated transport of multiple ion species ensures precise
information coding and efficient energy utilization. For instance, in the nervous system, the propagation of
nerve impulses relies on the coordinated influx of Na* ions and efflux of K" ions across neuronal membranes,
enabling the continuous and stable transmission of action potentials along nerve fibers'”. Upon reaching
synaptic terminals, the arriving action potential activates voltage-gated Ca** channels, inducing Ca*" influx,
which subsequently triggers the rapid release of neurotransmitters from synaptic vesicles into the synaptic
cleft, thereby mediating information transfer between neurons®. Beyond neural signaling, ionic dynamics
also underpin biological energy supply. In mitochondria, electrons derived from the oxidation of metabolic
substrates - such as Nicotinamide adenine dinucleotide (NADH) generated during glucose metabolism - are
transferred along the electron transport chain to drive proton pumps that transport H* ions across the inner
mitochondrial membrane, establishing a transmembrane proton gradient®’. The subsequent passive
transport of H" ions back through ion channels (i.e., osmosis) converts the stored electrochemical potential
into free energy that drives the synthesis of adenosine triphosphate (ATP) from adenosine diphosphate
(ADP) and inorganic phosphate. Similarly, mechanosensitive ion channels in skin tactile cells transduce
external mechanical stimuli into Na* influx, generating tactile action potentials'>'’. In contrast, in visual
systems, photon-induced conformational changes of rhodopsin in rod and cone cells initiate a cascade of
receptor-mediated processes that ultimately produce ionic neural signals'"*?!. Collectively, these biological
processes illustrate that ionic species and their electrochemical potentials serve as the fundamental
physicochemical basis for signal encoding, transmission, and amplification, while being intrinsically coupled
to metabolic energy input.

In contrast, many artificial iontronic systems have traditionally emphasized the transport of a single
dominant ion while neglecting the coexistence, competition, and cooperative interactions among multiple
ionic species'*"l. This simplification has constrained both the efficiency and functionality of
energy-harvesting technologies. For example, osmotic power generation from the ocean, commonly termed
“blue energy”, inherently involves a complex mixture of ions, including Na*, K*, Mg**, Ca**, Cl and SO>I,
Nevertheless, most laboratory-scale studies have concentrated on harvesting the flux of individual ions,
primarily due to the complexity of ion-ion interactions and the intrinsic trade-off between selectivity and
permeability in ion-exchange membranes!"?. As a result, achieving simultaneous high selectivity and
sufficient ionic flux across multiple ion species remains a formidable challenge, hindering the effective
utilization of multivalent and coexisting ionic signals. In such a multi-ionic system, differences in ion
valence, mobility, solvation structure, and interfacial affinity may lead to competitive or cooperative
interactions that collectively determine ionic transport behavior, local electric-field distribution, and
interfacial dynamics. In this context, iontronic systems offer an ideal platform to probe and exploit multi-ion
dynamics"*'”. Tontronic power refers to a class of energy harvesting and storage systems in which ionic
dynamics are actively modulated through material, physical and chemical strategies, inducing efficient,
directional ion transport and generating ionic current. By transcending the traditional focus on single-ion
transport, the controlled modulation of multi-ion dynamics enables enhanced energy conversion efficiency,
expanded device functionality, and seamless integration with biological and soft-matter systems.

Herein, we first underscore the fundamental significance of multi-ion systems in iontronic power
technologies, detailing their critical roles in ionic-electronic energy transduction, including intrinsic ion
properties, interionic interactions, and multi-ion-electronic coupling at interfaces. We then review recent
strategies for regulating multi-ion dynamics through material design, interfacial chemistry, and external
physical fields. Building on these advances, we outline potential approaches for achieving more precise
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control, including hierarchical channel architectures for selective ion transport and machine-learning
(ML)-assisted external-field modulation. Looking forward, deliberate modulation of multi-ion dynamics
promises not only to advance our understanding of iontronic processes but also to accelerate the
development of next-generation energy, sensing, and bio-interfacing technologies.

HOW MULTI-ION INTERACTIONS GOVERN IONTRONIC POWER CONVERSION

In a typical iontronic device, ions are transported through ion-conductive media and are subsequently
converted into electronic signals at electrochemical or electrode interfaces via redox reactions or electric
double-layer (EDL) processes'®. Specifically, ionic conductors such as aqueous or solid electrolytes, gel
polymer electrolytes, and hydrogels primarily serve as ion-transport media, providing continuous pathways
for ion migration, the formation of concentration gradients, and multi-ion modulation in soft or confined
environments"*?". Nanostructured and nanoconfined materials, including layered oxides, graphene oxide
(GO), and MXenes, further enable directional and selective ion transport by amplifying nanoconfined effects
and interfacial interactions””*?*. In contrast, electronic conductors and mixed ionic-electronic conductors,
such as carbon-based electrodes, metals, metal oxides, and conducting polymers, play a dominant role at
interfaces, where ionic signals are coupled to electronic currents through redox reactions or EDL
charging**I. It is the deliberate integration of these complementary material systems and the interfacial
ionic-electronic coupling that underpins the operation of iontronic devices.

Therefore, the performance of iontronic power systems is closely related to the intrinsic properties of the
transported ions. The differences of valence state, size, charged state and hydration energy of different ions
not only determine their transport behavior in confined space and interface, but also deeply affect the charge
distribution and energy conversion process of the system!">>”**/. In the multi-ion system, the electrostatic
effect, the shielding effect and the short-range interaction jointly regulate the dynamic behavior of ions.
Competition and cooperative transport further determine the ionic selectivity and conductivity, while
ionic-electronic coupling at the electrode interface would affect the efficiency of charge storage and
transformation. These complex and coupled processes work together to determine the energy density, energy
efficiency, and functional adaptability of ion power sources in different environments.

Intrinsic properties of ions

One of the key distinctions arises from their intrinsic physicochemical properties [Figure 1A], which dictate
the charge-carrying capacity and mobility of ions, particularly within nanofluidic systems. As shown in
Figure 1B, monovalent ions, such as Na*, K*, and Li*, usually migrate rapidly because they face smaller
hydration barriers and weaker electrostatic binding*’’. This enables them to sustain high ionic flux and
conductivity, although the charge density they deliver per ion remains relatively low. In contrast, multivalent
ions such as Ca’*, Mg’", or AI’* can, in principle, contribute more charge per unit, but their ionic flux is
lower®'. Another intrinsic factor is electrostatic interaction based on charge state. Cations and anions
interact asymmetrically with charged channel walls or electrode surfaces owing to the presence of EDLs,
resulting in preferential ion transport behaviors”. For instance, cations are typically favored in negatively
charged nanofluidic channels, while anions dominate in positively charged or suitably functionalized
systems”**". This charge-state-dependent selectivity profoundly influences the electrochemical potential
gradient across the interface, thereby governing ionic selectivity and energy conversion efficiency. Moreover,
ionic hydration energy and effective radius play pivotal roles in modulating ion transport dynamics"*>**!. The
ability of ions to shed or reorganize their hydration shells dictates their accessibility to confined spaces and
proximity to solid-liquid interfaces™'. For instance, lithium ions possess high hydration energy and a large
hydration shell, which substantially hinders their mobility within narrow pores (Figure 1B, bottom). In
contrast, weakly hydrated ions such as K* and Na* can traverse confined pathways more readily. These
hydration-dependent size effects underpin the intrinsic trade-off between ionic selectivity and permeability
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Figure 1. Intrinsic factors of multi-type ions. (A) Schematic of the intrinsic ionic properties, including valence state, size, charge, and
hydration state; (B) Conductivity of various 0.1 M electrolytes measured in a device with bulk graphite walls and single-layer
angstrom-size slit MoS, spacers (top). lon mobility under confinement as a function of different hydrated diameters (bottom). This figure
is quoted with permission from the American Association for the Advancement of Science!”; (C) Schematic of the Grotthuss mechanism;
(D) Schematic of the ligand-channel mechanism.

in nanofluidic membranes and channels”?). In addition, ion mobility can be markedly enhanced by
specialized transport mechanisms. Protons (H*) and hydroxide ions (OH") exhibit exceptionally high
mobility through the Grotthuss hopping mechanism [Figure 1C], in which charge is transmitted along a
hydrogen-bonded network rather than by the physical diffusion of hydrated ions"***.. Recent studies have
revealed that solvated Li* ions can be extracted from their secondary solvation sheath through the use of
tailored electrolytes, forming rapid ion-conduction ligand channels that significantly enhance ion
transport [Figure 1D]. This ligand-channel mechanism is broadly applicable and can be extended to other
metal-ion battery electrolytes. Such unique transport behavior enables ultrafast ion conduction and supports
higher power output than conventional hydrated-ion migration, offering distinct advantages for iontronic

power sources.

Interaction between ions

Interactions among ions play a decisive regulatory role in iontronic power systems, as they directly govern
ion transport pathways, electric field distribution, and interfacial charge dynamics. These interactions
originate from a combination of Coulombic forces, volume effects, and the structure and rearrangement of
hydration shells, all of which become increasingly pronounced under nanoconfinement and interfacial
coupling. Depending on the ionic composition, confinement geometry, and operating conditions, ion-ion
interactions may manifest as either competitive or cooperative transport behaviors, thereby exerting opposite
influences on ionic mobility, selectivity, and internal resistance.

Competitive transport typically dominates when multiple ionic species simultaneously access limited
transport channels or adsorption sites at confined interfaces [Figure 2A]. This scenario is most prevalent in
strongly charged nanochannels or membranes under low-to-moderate ionic strength, where ions compete
for energetically favorable pathways. Such competition reduces effective ion mobility and selectivity, leading
to an increase in internal resistance during energy conversion. For example, the introduction of divalent ions
(e.g., Mg*") into osmotic power systems significantly increases membrane resistance, resulting in reduced
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Figure 2. Interactions between ions. (A) Schematic of the ion-ion competitive interactions; (B) The osmotic power and (C) Open circuit
voltage in NaCl varies with the concentration of divalent Mg?* salt. Those figures are quoted with permission from the Royal Society of
Chemistryt™!; (D) Schematic of the ion-ion cooperative interactions; (E) lon transport resistance with increasing salt concentration. This
figure is quoted with permission from the American Association for the Advancement of Science®®); (F) Average number of hydrogen
bonds (HBs) in the first hydration shell of metal ions with and without the counterions. This figure is quoted with permission from the
Royal Society of Chemistry!*2.,

open-circuit voltage and power density"*** [Figure 2B and C]. This behavior can be attributed to the
stronger electrostatic interactions between divalent ions and negatively charged channel walls compared with
monovalent ions such as Na', which effectively hinders Na* migration. Consequently, competitive ion-ion
interactions suppress selective transport and degrade overall energy-harvesting efficiency.

Beyond competition, ions can also exhibit cooperative transport behavior under specific conditions.
Cooperative interactions emerge from enhanced electrostatic correlations among ions, as well as between
ions and channel walls"**, and are further facilitated by solvent-layer rearrangements within confined
spaces™ [Figure 2D]. To maintain electroneutrality, co-ion transport frequently occurs in systems such as
bipolar membrane electrodialysis'*’’. Notably, under high ionic strength or strong external electric fields,
increasing salt concentration can reduce overall system resistance by promoting correlated co-ion motion, as
illustrated in Figure 2E. While such cooperative transport stabilizes ionic flux and improves charge-transfer
efficiency across membranes, it often occurs at the expense of reduced ionic selectivity”®.

In multicomponent ionic systems, the coexistence of different ions further induces continuous
reorganization of solvation shells***). Each ionic species perturbs the local hydration environment,
dynamically modifying the effective ionic size, interaction strength, and transport characteristics'*” [Figure
2F]. Depending on the ionic composition, these hydration rearrangements can either impede or facilitate
channel permeation. In particular, cooperative hydration effects that weaken desolvation barriers can
significantly enhance transport efficiency. For instance, stable metal ion-water networks formed through
strong ion-ion interactions have been shown to promote proton transport, delivering superior rate
performance in confined iontronic systems'**.
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Overall, the dominance of competitive or cooperative ion-ion interactions is not intrinsic to a specific
material or device architecture; rather, it emerges from the combined effects of ion valence, concentration,
confinement scale, interfacial charge density, hydration structure, and external driving fields. Understanding
and deliberately regulating this balance provides a powerful strategy for optimizing ion transport, selectivity,
and energy conversion efficiency in advanced iontronic power systems.

lonic-electronic coupling interfaces

The essence of iontronic power conversion resides in ionic-electronic coupling at interfaces, which dictates
both the efficiency and directionality of converting ionic energy into electronic signals'**). In multi-ion
systems, such interfaces are not passive charge-exchange boundaries but highly dynamic regions where ionic
transport and electronic response are strongly interdependent. The local interfacial behavior is jointly
governed by ion species, concentration distributions, migration dynamics, and solvation characteristics,
while simultaneously being regulated by the electronic properties of the electrode. As a result, iontronic
power generation emerges from a bidirectional feedback process rather than a unidirectional transduction
pathway.

At electrochemical interfaces, ionic transport directly controls redox reaction kinetics by regulating the
availability, identity, and local concentration of reactive species [Figure 3A]. Ions participating in redox
reactions convert ionic free energy into electrical energy through electron transfer, with reaction reversibility
and rate determined by the redox activity, reaction potential, and coordination environment of each ion.
Redox-active species, such as protons (H"), hydroxide ions (OH"), and multivalent transition-metal ions
(Zn*, Cu*, Co™)", typically dominate interfacial charge-transfer processes due to their favorable energetics.
In contrast, inert ions such as Na' or K do not directly participate in electron transfer but instead modulate
local electric fields, screen interfacial charges, and reshape reaction pathways. In multi-ion systems,
competitive adsorption, cooperative accumulation, and differential migration of multiple ionic species
collectively determine interfacial potential distributions and reaction barriers, thereby directly influencing
energy conversion efficiency and power output'”.. Meanwhile, the electronic properties of the electrode,
including work function alignment and density of states*”, could govern electron injection and extraction
rates, feeding back to influence interfacial potential drops and ionic redistribution. This mutual constraint
establishes a coupled kinetic bottleneck at the ionic-electronic interface.

Beyond Faradaic processes, ionic-electronic coupling also occurs through EDL dynamics, where ion
adsorption, desorption, and rearrangement generate time-dependent interfacial electric fields that drive
non-Faradaic energy conversion [Figure 3B]. In multi-ion environments, the structure and dynamics of the
EDL are strongly ion-specific. Selective adsorption of cations and anions modulates surface potential,
interfacial capacitance, and charging dynamics*’. Multivalent ions often amplify interfacial electric fields and
enhance energy-storage capacity, whereas small or strongly hydrated ions, such as H* or K7, tend to retain
stable solvation shells that limit direct interfacial charge exchange'®*?. These microscopic ion-dependent
processes collectively define interfacial capacitance, energy density, and response speed. Furthermore,
short-range ion-ion interactions, including hydrogen bonding and ion pairing, together with solvent
polarization effects, strongly influence EDL reconstruction, giving rise to nonlinear coupling between ionic
transport and electronic response**,

Overall, the ionic-electronic coupling interface in multi-ion systems constitutes a critical node where ionic
transport dynamics and electronic response are continuously co-regulated, ultimately determining iontronic
power performance. By engineering interfacial architectures, such as constructing heterointerfaces,
introducing surface functional groups, or imposing nanoscale confinement, and by judiciously selecting ion
species, including mixed-valence or multivalent ions, synergistic enhancement of both electrochemical
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reactions and EDL processes can be achieved. Recent studies further demonstrate selective ion transport and
response by mimicking the target-recognition mechanisms of biological ion channels, exploiting intrinsic
ionic properties to interact selectively with channels or material interfaces"”. Such interfacial coupling not
only underpins the performance of iontronic power sources and self-powered sensing systems, but also
establishes the physicochemical foundation for next-generation iontronic devices capable of adaptive energy
conversion and signal-responsive functionality””.

lonic dynamics in different confined systems

The ion dynamics in multi-ionic systems are fundamentally governed by the degree of spatial confinement,
which determines how ions interact, transport, and couple with electronic processes at interfaces. Depending
on the characteristic dimension of the confined environment, ionic behavior transitions from bulk diffusion
to strongly correlated and quantized transport, profoundly affecting the energy conversion and storage
performance of iontronic systems. Generally, three regimes can be distinguished: bulk systems (> 100 nm),
nanoconfined systems (2-100 nm), and sub-nanoconfined systems (< 2 nm), each exhibiting distinct
physicochemical characteristics and coupling mechanisms"* [Figure 4].

In bulk systems, ions exist in a relatively homogeneous environment dominated by long-range electrostatic
interactions screened by the solvent. The ionic transport follows classical diffusion and migration behaviors,
governed by concentration gradients or external electric fields™. Consequently, energy conversion processes,
such as redox reactions and EDL formation, are primarily controlled by ionic concentration and mobility.
When the characteristic dimension is reduced to the nanoconfined range (2-100 nm), ionic dynamics
become increasingly influenced by the surrounding interfaces and structural heterogeneity"”’. Here, the
effective dielectric environment, surface charge density, and pore geometry induce partial EDL overlap,
leading to ion-selective transport and enhanced coupling with surface potential fluctuations. These factors
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jointly redefine how ions interact with both their surrounding solvent molecules and the confining surfaces,
leading to unconventional transport behaviors that underpin modern iontronic technologies. The spatial
range of these interactions is primarily determined by surface proximity, such as pore dimensions or the
reduction of interlayer spacing, and encompasses several fundamental forces. These include steric and
hydration interactions acting over 1-2 nm, van der Waals forces extending roughly 1-50 nm, and electrostatic
interactions dominating within 1-100 nm"**/. Specifically, hydration interactions, governed by hydrogen
bonding, are typically repulsive; bringing two hydrophilic surfaces closer requires breaking the intervening
hydrogen-bond network. Van der Waals forces, in contrast, originate from transient dipoles induced by
fluctuations in local charge distributions. Electrostatic interactions, manifested through the formation of an
EDL or characterized by the Debye screening length, generally span 1-100 nm depending on the ionic
environment. Nanoconfined systems can induce both competitive and cooperative interactions among ions
and solvent molecules, including preferential adsorption, selective migration, and electrostatic screening,
which dynamically reshape the local potential landscape™*'. For example, previous studies have shown that
different cations can exhibit a “fixing effect” on GO layers, effectively preventing the interlayer spacing from
swelling'*®. This fixing effect results from cation adsorption at regions where oxygen-containing groups and
aromatic domains coexist. As a consequence, the confined channel leads to enhanced ionic selectivity,
efficiently blocking cations with larger hydration volumes.

The interplay between nanoconfined ion ordering and electrochemical reactivity could also result in
improved charge storage efficiency and tunable redox kinetics'*>*. At the extreme sub-nanoconfined scale (<
2 nm), ionic behavior deviates markedly from continuum theories and enters the regime of discrete and
correlated transport. In these ultranarrow channels, ions experience strong steric hindrance, dehydration,
and quantum-level electrostatic interactions'®>**. The effective ion size, valence, and hydration structure
dominate mobility and selectivity, while strong electrostatic correlations and ion-surface interactions induce
phenomena such as Coulomb blockade**), superionic states'*”’, and drastic changes in diffusion
coefficients!*®. Sub-nanoconfinement could break charge symmetry and establish directional ion flows or
rectification effects, significantly enhancing the energy transduction efficiency of iontronic devices.
Moreover, the coupling between confined ion transport and interfacial electronic states can lead to emergent
behaviors such as nonlinear conductance and memory-like response!*, offering new opportunities for
multifunctional energy and neuromorphic applications. Nanoconfined systems therefore offer a powerful
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platform for coupling ionic and electronic processes with high precision, enabling efficient iontronic energy
conversion and signal modulation.

Overall, the degree of nanoconfinement emerges as a key design parameter for regulating multi-ion
dynamics and optimizing iontronic power systems. By rationally engineering confinement geometry, surface
chemistry, and charge distribution, selective ion transport and synergistic coupling of electrochemical and
capacitive processes can be achieved across multiple scales. This confinement-guided control of ionic
dynamics offers a pathway toward high-performance, multifunctional iontronic devices, capable of
delivering elevated energy density, enhanced conversion efficiency, and broad environmental adaptability.

STRATEGIES TO MODULATE MULTI-ION DYNAMICS

In multi-ion systems, ion migration is governed by a combination of factors, including charge, ionic size,
hydration structure, and interionic interactions. Consequently, multi-dimensional strategies are required to
effectively modulate ion dynamics. Current research approaches remain relatively limited, largely focusing
on bidirectional transport kinetics of cations and anions'”’?, whereas strategies for simultaneously directing
the transport of multiple ions in a single direction are scarce. Existing regulatory methods can be broadly
categorized into three approaches: material design, chemical modulation, and physical field modulation.
These strategies provide essential tools for probing and controlling the complex behavior of multi-ion
systems. Nonetheless, achieving higher spatial resolution, stronger directionality, and programmable control
of multi-ion transport remains a critical challenge for future research.

Material strategies

Material engineering offers a versatile and foundational strategy for regulating multi-ion dynamics by
tailoring the physicochemical properties of ion transport pathways. To modulate multiple ion species, a
common intrinsic feature may be the incorporation of multiregional designs within the material, where
different regions possess distinct ion transport capabilities. In addition, selective interactions between ions
and the channel wall - such as specific chemical affinity, coordination, or hydration-structure matching - can
also be harnessed to achieve selective and multi-ionic regulation. By precisely designing channel
architectures, surface chemistries, and internal microenvironments, materials design can realize selective,
efficient, and directional ion transport, which is essential for high-performance iontronic power systems.

In nanoconfined channels, material engineering provides a classical yet powerful strategy by tuning channel
dimensions, modulating surface charge distributions, and constructing Janus-type asymmetric
architectures!””? [Figure 5A]. For example, a biomimetic Janus MXene membrane featuring negatively and
positively charged domains (NP-MXene), with sub-nanochannels (~ 6.0 A) and exceptional structural
integrity, was designed to enable controlled, simultaneous Na*/Cl" transport with unprecedented
permselectivity”” [Figure 5B and C]. Under a 500-fold salinity gradient, the NP-MXene membrane achieved
arecord current density of ~ 2,500 A m™. The asymmetric Janus architecture, together with the volume
exclusion effect of sub-nanoconfined channels, effectively suppresses the transport of larger or multivalent
ions (such as SO, and Mg*"), while allowing selective bidirectional migration of Na* and CI ions. When the
channel size approaches the ionic hydration radius, steric and dehydration effects dominate, allowing smaller
or weakly hydrated ions to preferentially migrate while excluding bulky or strongly hydrated species. As a
result, this system represents a well-defined multi-ion transport scenario in which different ionic species
coexist in solution but are selectively regulated based on size, valence, and interfacial interactions, leading to
record-high ionic current density under a large salinity gradient. In addition, by optimizing the surface
charge and structure of the channels, forward/reverse directions of the ionic channel and the degree of
rectification can be well-regulated”". Surface charge distributions further induce electrostatic attraction or
repulsion, leading to charge-based selectivity, whereas asymmetrical structures create directional potential
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quoted with permission from the American Association for the Advancement of Science’?; (D) Schematics of the bidirectional gel; (E)
Schematic illustration of the DIG-enabled HEG structure. This figure is quoted with permission from the Royal Society of Chemistry3; (F)
Open-circuit voltage and short-circuit current of traditional HEGs and the DIG-enabled HEG. This figure is quoted with permission from
the Royal Society of Chemistry”3l. N-MXene: Negatively charged MXene; P-MXene: positively charged MXene; CSE: cation-selective
electrolyte; ASE: anion-selective electrolyte; HEG: hydrovoltaic electricity generation; DIG: dual-interfacial gating.

gradients that enable ionic rectification or one-way flow. Such physical modulation effectively enhances ion
transport efficiency by reducing resistance and improving ion flux, while also providing a structural
foundation for ionic logic and energy conversion functionalities.

Material engineering further enables the manipulation of multi-ion dynamics through chemical design,
including heterogeneous or dipolar gel membranes and surface functionalization, which precisely tailor the
solvation environment and transport pathways of ions"*”>7*! [Figure 5D]. By integrating regions of distinct
polarity, charge density, or dielectric constants, these materials induce spatially varying solvation energies
and electrostatic fields, leading to bidirectional or differential transport of cations and anions within a single
system. For example, by establishing spatially segregated pathways for cation and anion migration, a
dual-interfacial gating architecture was proposed, enabling simultaneous, bidirectional ion transport and
significantly enhancing the utilization of ionic current to 1.48 mA cm”"" [Figure 5E and F]. Specifically,
-SO,Na and -N(CH.,),Cl functional groups were introduced into the hydrogel polymer backbone to impart
cation and anion selectivity, respectively, allowing Na* and Cl ions to be independently transported on
opposite sides of the membrane. This design highlights a key feature of multi-ion systems, namely the
coordinated regulation of different ionic species within a single device. Moreover, the ability of this system to
directly interface with human skin and continuously harvest sweat ions for over 3 h further demonstrates its
robustness in complex, real-world multi-ion conditions. Beyond Na*/C" systems, such an architecture is, in
principle, extendable to more complex multi-ion environments, such as real seawater and river water,
enabling the harvesting and regulation of multiple ions including Ca**, Mg, Br and I'. This performance
originates from the establishment of independent ion-selective pathways in antagonistic hydrogels,
effectively maximizing charge carrier utilization while ensuring precise ionic transport control. In addition,
the incorporation of polar functional groups, such as hydroxyl, carboxyl, or amine moieties, further
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reconfigures local hydrogen-bonding networks and modifies ion-solvent coupling”*. As a result, the
solvation shells and re-solvation dynamics can be tailored to favor specific ionic species or transport
directions™.

In addition, chemical environment modifications within channels provide a highly tunable strategy to
regulate ion binding energies and migration barriers. Incorporating polar functional groups, proton
donor/acceptor sites, or coordination-active moieties within the confined spaces enables precise tailoring of
the free-energy landscape for ion transport!’®7*. For example, coordinating ligands, such as
ethylenediaminetetraacetic acid (EDTA), enable transient ion capture and release in the 2D metal-organic
framework backbone, achieving reversible and selective transport of metal cations"””. This approach allows
selective discrimination based on ionic valence states. In mixed-salt systems, EDTA selectively chelates
divalent cations (e.g., Mg*"), while monovalent ions (e.g., K*) are regulated through electrostatic interactions
and selective transport. This ligand-mediated strategy allows selective discrimination among multiple ionic
species based on valence state and coordination chemistry, demonstrating a fundamentally different
multi-ion regulation mechanism compared to size- or charge-based exclusion. Similarly, proton-conductive
sites such as sulfonic or amino groups facilitate Grotthuss-type hopping and enable ultrafast H"
conduction”. Moreover, engineering hydrophobic-hydrophilic microdomains allows dynamic control over
dehydration and rehydration processes, optimizing both selectivity and transport rate!””. Such chemical
environment modification of nanoconfined channels transforms ion transport from a passive diffusion
process into an actively tunable, stimuli-responsive behavior.

Chemical strategies

Chemical strategies provide powerful means to precisely regulate multi-ion dynamics in iontronic systems by
tailoring interfacial reactions, local chemical environments, and ion-channel interactions. These strategies
can generally be categorized into ordered and disordered approaches, depending on whether the ion
transport is guided by well-defined pathways or governed by coupled chemical reactions at heterogeneous
interfaces.

Through ordered chemical regulation, material engineering combines rationally designed redox-active
interfaces with structurally defined nanoconfined ion channels to achieve selective, independent transport of
multiple ions without mutual interference [Figure 6A]. For example, a photochemical iontronic system was
developed that exploits controlled multi-ion transport within nanoconfined channels, coupled with precisely
engineered photochemical redox reactions, to generate high-throughput iontronic signals®®’. By coupling the
light-triggered silver halide (AgX, where X = Cl, Br, and I) redox reactions with anionic transport in
positively charged nanoconfined channels of anodic aluminum oxide (AAO), specific photovoltages of about
0.88, 0.7, and 0.3 V can be detected at one pixel [Figure 6B]. The integration of redox-active moieties into
well-defined nanochannels further allows modulation of the local potential and interfacial ion distribution,
thereby achieving controlled ion migration with high selectivity and directionality. Such ordered chemical
frameworks could be an effective way to improve both energy conversion efficiency and device stability in
iontronic power systems.

In contrast, disordered chemical regulation relies on the coexistence and coupling of multiple chemical
reactions involving various ions at complex interfaces. These reactions include interfacial redox,
coordination, and intercalation processes, where different ions directly participate in electron transfer,
complex formation, or lattice insertion®" [Figure 6C]. For example, a high-entropy Na alloy cathode was
designed, where the entropy-driving stepwise Fe*'/Fe**, V>*/V*/V**, Mn**/Mn’*/Mn*, and Cr*"/Cr"* redox
couples could trigger the multi-ion and electron transfer chemistry®?!. Consequently, it exhibits a high
reversible capacity of 151.3 mAh g with an admirable energy density of 520.5 Wh kg'. The Na-insertion
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Figure 6. Chemical strategies to modulate multi-ionic dynamics. (A) Schematics of the ordered redox-active interfaces and nanoconfined
channels to modulate multi-ion dynamics; (B) Characteristic photovoltages of each iontronic with light writing (purple region) and voltage
erasing (blue regions). This figure is quoted with permission from Elsevier inc.t2%; (C) Schematics of the disordered multi-ionic interfacial
reactions to modulate ion dynamics; (D) The experimental and calculated voltage profiles of the cathode. This figure is quoted with
permission from John Wiley and Sons!®?; (E) CV curves at different scan rates of the cathode. This figure is quoted with permission from
John Wiley and Sons!®2,

voltage platform of each ionic redox couple is verified by theoretical calculation and experimental discharge
curve and cyclic voltammetry (CV) profiles [Figure 6D and E]. In this condition, redox reactions may
proceed concurrently with ion coordination to surface functional groups or transition-metal sites,
dynamically reshaping the interfacial charge distribution and ion migration pathways. Similarly, intercalation
reactions within layered or amorphous materials can accommodate multiple ionic species with varying
valence states, enabling adaptive charge storage and conversion™. Unlike ordered systems, these disordered
processes often generate dynamic and self-regulating ionic environments, leading to emergent behaviors
such as cooperative ion transport, fluctuating EDL structures, and nonlinear ionic-electronic coupling.

Opverall, chemical regulation provides a versatile toolbox for controlling multi-ion dynamics across ordered
and disordered regimes. By combining precise interfacial redox design with multi-reaction coupling, it
becomes possible to synchronize ionic transport and electronic conduction, optimize reaction kinetics, and
construct adaptive, multi-functional iontronic power systems capable of efficient energy transduction and
self-regulated signal response.

Physical strategies

Physical fields provide a powerful and dynamic approach for actively regulating ion dynamics in iontronic
systems. By applying external stimuli, such as electric, optical, thermal, piezoelectric, or triboelectric fields, it
is possible to control ion transport, selectivity, solvation states, and interfacial adsorption with high
efficiency™*. While most studies to date have focused on single-ion modulation, the regulation of multi-ion
dynamics under external fields remains largely unexplored. Given that multiple ionic species commonly
coexist and interact in electrochemical, energy, and biological systems, understanding and controlling their
competitive or cooperative transport under diverse physical fields is critical for the development of
next-generation iontronic power devices.
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Among physical stimuli, electric fields represent the most direct and widely employed approach for
controlling ion transport”®*”. Steady or alternating electric potentials can induce directional ion migration
and reconfigure interfacial charge distributions via the electric gate effect [Figure 7A]. Direct current (DC)
fields predominantly affect ion mobility, whereas alternating current (AC) or pulsed fields can selectively
modulate ions with distinct channel properties by adjusting frequency and amplitude® .. However, in
multi-ion systems, the electrical signals of different ions are very small due to their subtle Coulomb
differences'®, limiting selectivity. A recent study has shown a cascade-heterogated biphasic gel iontronics to
achieve diverse electronic-to-multi-ionic signal transmission®. The cascade-heterogated property
determined the transfer free energy barriers experienced by ions and ionic hydration-dehydration states
under an electric potential field, fundamentally enhancing the distinction of cross-interface transmission
between different ions by several orders of magnitude.

Optical fields provide another versatile and non-contact means of ionic regulation. Light-induced energy
input can modulate the local chemical and electrostatic environment through photoelectronic effects [Figure
7B]. For instance, an artificial light-driven ion pump was fabricated by carbon nitride nanotube and AAO for
photoelectric energy conversion®. The surface charge of the carbon nitride is enhanced under illumination,
resulting in selective regulation of ions and generating ionic energy. To realize multi-ion transport, a
mesoporous carbon-titania/AAQ is constructed with dual-functional cation selectivity and photo
response!””.. It can achieve bidirectionally adjustable osmotic power and cation/anion transport by alternating
the configurations of concentration gradients.

Moreover, mechanical and piezoelectric fields offer a direct coupling between mechanical deformation and
ionic motion [Figure 7C]. Piezoelectric materials generate localized electric potentials under external stress,
which can guide ion transport along preferential directions®***. Simultaneously, mechanical deformation can
modify nanochannel geometry and porosity, regulating ionic flux"*?'. Although mechanical stress generally
affects all ions similarly, spatial strain gradients or dynamic deformation can be designed to selectively
modulate specific ion species through local variations in binding energy or diffusion barriers. Thermal fields
influence ion transport via thermos-diffusion (Soret effect, Figure 7D)"**’\. Temperature gradients can
induce directional ion migration and modify interfacial kinetics, while elevated temperatures reduce
solvation barriers and enhance ion mobility. Although intrinsic Soret coefficient differences among ions are
typically small, these effects can be amplified using thermos-responsive ligands, phase-change materials, or
pulsed photothermal heating to achieve selective, temperature-gated ion migration"”*.

Notably, the triboiontronics effect provides a self-sustained approach to generating transient potential
gradients through periodic contact and separation of materials [Figure 8]. The resulting electrostatic fields
drive ion migration without the need for continuous external bias. By engineering the surface chemistry,
polarity, and dielectric constant of frictional materials, it is possible to achieve selective migration of ions,
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offering a promising low-power mechanism for dynamic ion regulation. This progress is underpinned by the
advancement of EDL models. While classical EDL theories successfully describe interfacial charge behavior
at conduct-liquid interfaces and allow electrochemical tuning [Figure 8A], they fall short in capturing the
complex charge dynamics at dielectric interfaces. To address this limitation, Wang et al. proposed a two-step
EDL model in 2019, representing a key conceptual breakthrough!"*' [Figure 8B]. In this model, thermal
fluctuations and pressure-driven collisions between water molecules and ions promote electron cloud
overlap at the dielectric surface, enabling interfacial electron transfer and forming a compact inner
Helmholtz plane (IHP). Subsequently, oppositely charged ions migrate toward the surface to establish the
outer Helmholtz plane (OHP), together constituting the Stern layer, with a diffuse layer extending into the
bulk solution. This framework provided deeper insight into interfacial charge transfer mechanisms at
dielectric interfaces. The triboiontronics EDL model was later introduced to real-time and reversible
modulate EDL by utilizing triboelectric-induced polarization"*"'°*) [Figure 8C]. Through contact
electrification (CE), the ionic charge density within the nanoconfined diffuse layer is regulated by
CE-induced charges, enabling the realization of a DC triboiontronic nanogenerator (DC-TING) with an
ultra-high peak power density of 126.40 W-m ™"/, Such a strategy can also enable highly portable,
interference-resistant underwater transmission systems by multi-type ions with minimal energy
consumption, effectively addressing challenges of acoustic multipath interference, environmental noise, and
severe signal attenuation.

Overall, physical-field-based strategies provide multi-dimensional, reversible, and real-time control over
ionic dynamics. Compared with static structural or chemical modulation, field-based approaches offer
superior spatial and temporal tunability, as well as non-invasive programmability. Nevertheless, achieving
precise control in multi-ion systems remains challenging. Different physical fields often couple multiple
processes, such as local heating, charge redistribution, and fluid motion, which can interfere with selective
ion regulation. Furthermore, Coulombic interactions, electrostatic shielding, and cooperative ion migration
add complexity to the system’s dynamic response. Future research should therefore emphasize synergistic
multi-field coupling, such as photoelectric or piezo-thermal effects, alongside field-material co-design and
multi-scale modeling integrated with in situ characterization to uncover the intrinsic mechanisms of
multi-ion transport under external stimuli. By combining field modulation with advanced material
engineering and spatial or frequency-resolved control, programmable, selective, and adaptive regulation of
multi-ion dynamics can be achieved. Such advances will not only improve the efficiency and functionality of
iontronic power sources but also enable intelligent, energy-adaptive iontronic systems for next-generation
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applications in energy, biointerfaces, and information processing.

CHALLENGES AND PERSPECTIVES FOR MODULATING MULTI-ION DYNAMICS

Achieving effective modulation of multi-ion dynamics is essential for advancing iontronic power generation
and information processing; however, several fundamental and practical challenges remain unresolved. A
key difficulty lies in developing general and straightforward methods for distinguishing among different ion
species, as the electrical responses of various ions often differ only subtly, making selective recognition and
separation highly challenging!*>'**. Moreover, in realistic environments, multiple ions coexist and interact
through competition for transport channels, solvent molecules, or interfacial binding sites. Such interactions
can induce nonlinear, collective behaviors, such as ionic polarization and Coulomb blockade, particularly
within nanoconfined systems*"*!. Establishing predictive models and experimental tools capable of
capturing these effects is therefore essential for rational multi-ion transport design. In nanofluidic channels
and membrane architectures, enhancing ionic selectivity typically compromises permeability!"*”?, as spatial
confinement and strong electrostatic interactions restrict overall ion flux, thereby limiting both energy
conversion efficiency and device scalability. Creating structures that simultaneously discriminate between
ions and sustain high transport rates remains a formidable challenge.

From the point of field modulation, although external fields provide real-time and reversible control over ion
migration***?), establishing a quantitative correlation between field parameters and multi-ion transport
behavior is still lacking. Because external stimuli affect ion motion through multiple coupled mechanisms,
such as variations in field intensity, frequency, or wavelength, current studies fall short of providing a precise
and predictive framework. Future efforts should therefore focus on constructing comprehensive field-ion
dynamics mapping models, integrating theoretical simulations with in situ characterization to enable
deterministic, programmable control over multi-ion transport.

In addition, a series of noncovalent recognition effects could be used for distinguishing different ion species
through noncovalent interactions, including n-r interactions, ion-dipole and dipole-dipole interactions,
hydration and steric interactions"**. Based on this effect, the field of anion recognition and sensing has
become one of the most important areas of supramolecular chemistry due to the important role that anions
play in numerous biological and environmental processes”.

Overall, future advances in multi-ion dynamics modulation are likely to hinge on the synergistic integration
of identification technologies, multiscale modeling, and high-resolution field control. For instance,
hierarchical channel architectures can be engineered to achieve multistage ionic sieving within confined
environments [Figure 9A]. In such systems, primary channels permit high-flux cation transport, while
secondary subchannels provide refined discrimination among specific ionic species. This multilevel selection
mechanism effectively overcomes the long-standing trade-off between permeability and selectivity in
ion-selective membranes, enabling both efficient ion transport and precise ionic recognition. Hierarchically
regulated ion migration may also promote cooperative transport behaviors in multi-ion systems, thereby
advancing the development of next-generation iontronic interfaces. In parallel, ML-assisted external field
modulation represents a powerful avenue for intelligent regulation of multi-ion dynamics [Figure 9B]. By
establishing comprehensive databases correlating ion-specific characteristics with field parameters, ML can
identify and classify subtle ionic signals and map them to optimized external stimuli. Such data-driven
feedback control would enable real-time, adaptive, and programmable adjustment of field conditions,
thereby enhancing ionic selectivity and transport efficiency for next-generation self-adaptive iontronic power
and logic systems.
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Finally, to realize the practical application of iontronics, it is important to note that the ion transport and
response are generally slower than electronic conduction in bulk systems. In contrast, in biological systems,
ionic signal transmission relies on rapid interfacial polarization and local electric field redistribution rather
than long-range ion diffusion, enabling fast and efficient transport, as exemplified by action potential
transmission. To overcome the intrinsic speed limitations of ion transport in artificial systems, nanoconfined
channels can be engineered to suppress disordered diffusion and promote directional ion transport, thereby
significantly accelerating ionic responses. In parallel, ionic-electronic coupling allows slow yet
information-rich ionic signals to be seamlessly integrated with fast electronic signal transmission at the
interfaces. Collectively, these strategies transform the apparent speed disadvantage of ionic systems into a
complementary advantage, positioning iontronics as a promising platform for efficient energy-information
coupling beyond conventional electronics.

CONCLUSION AND OUTLOOK

The modulation of multi-ion dynamics represents a critical frontier in advancing iontronic power sources
and related technologies. Recent advances in materials design, interface engineering, and external-field
modulation have enabled selective control of multi-type ions, cooperative flux regulation, and
multi-ionic-electronic coupling at interfaces. These strategies collectively offer promising routes to enhance
energy conversion efficiency, operational stability, and environmental adaptability in complex ionic systems.
However, significant challenges still persist, including material stability, complex multi-ion interactions, and
limited control of external fields, which hinder the practical application of multi-ionic iontronics.
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Figure 10. Schematic of potential applications based on multi-ionic modulation.

Looking ahead, the ability to finely manipulate multi-ion dynamics is expected to drive paradigm shifts
across diverse fields ranging from energy to information systems, as conceptually illustrated in Figure 10. In
sustainable energy harvesting, future iontronic platforms may exploit tailored multi-ion transport pathways
to enhance ionic energy conversion efficiency, particularly by leveraging high-valence ions that can carry
greater charge per carrier, thereby reshaping strategies for energy generation and storage. In seawater
desalination, advanced multi-ionic regulation could enable simultaneous high-throughput transport and
selective ion separation, overcoming the long-standing trade-off between permeability and selectivity.
Likewise, in bio-integrated interfaces and brain-machine communication, precise multi-ionic modulation
may serve as a general and biocompatible signaling language, enabling information encoding through
ion-specific attributes. This is because the size, valence and charge state of different ions have the potential to
be encoded to achieve multi-mode information storage. Collectively, these envisioned advances highlight the
potential of multi-ion-enabled iontronics to evolve toward intelligent, adaptive, and sustainable technologies,
in which energy and information are co-processed and interconverted through ionic dynamics.
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