Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

REVIEW ARTICLE

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2025,
54, 9685

Received 7th July 2025

DOI: 10.1039/d5cs00785b

rsc.li/chem-soc-rev

1. Introduction

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Electrochemical power sources enabled by
multi-ion carriers

Yu Zhang,?® Pingping Wu,” Chunxiao Chen,” YangJie Liu,” Xiaogi Cai,” Wenli Liang,”
Minghao Li,° Xinyu Zhuang,® Yujie Li,° Xipeng Chen,® Mengyuan Sun,” Lan Wei,®
Xiang Hu (2 *°¢ and Zhenhai Wen () *>©

The pursuit of high-performance, sustainable, and adaptable energy storage systems stands at the
forefront of addressing the ever-growing demands of our modern world. Among the most compelling
frontiers in this endeavour are electrochemical technologies empowered by multi-ion carriers, which
transcend the intrinsic limitations of conventional single-ion systems. By harmonizing the transport and
redox behaviour of diverse cations and anions, these systems give rise to novel mechanisms of charge
balance, extended electrochemical stability windows, and cooperative redox pathways. This review
offers a panoramic exploration of recent advances in multi-ion carrier-enabled electrochemical energy
technologies, with a particular focus on hybrid batteries, capacitors, fuel cells, and redox flow batteries.
Through these case studies, we elucidate how the interplay of multiple ions governs structure—function
relationships and enhances overall electrochemical performance. Central to this discussion are the underly-
ing working principles, representative device architectures, and the latest innovations in electrode and elec-
trolyte materials. Special attention is devoted to the way multi-ion transport phenomena unlock new
electrochemical landscapes, accelerating ion kinetics, stabilizing interphases, and enabling emergent
pathways unavailable to single-ion systems. We further highlight forward-looking trends in hybrid ionic
configurations, such as the integration of cations, co-transport of cation—anion pairs, and the engineering
of agueous—nonaqueous hybrid systems. In closing, we provide a critical assessment of the electrochemical
advantages, scalability prospects, and practical challenges that lie ahead, ranging from kinetic harmonization
across multiple ions to scalable device fabrication and the mitigation of complexity-driven safety concerns.
By weaving together insights from materials science, electrochemistry, and systems engineering, this review
lays a foundation for the rational design of next-generation multi-ion electrochemical energy devices that
promise to redefine the limits of performance and versatility.

Therefore, electrochemical energy technologies play a pivotal role
in powering portable electronics, electric vehicles, and stationary

Electrochemical energy systems are devices that enable the
reversible conversion between electrical and chemical energies
through redox reactions at the interface of electrodes and
electrolytes.’™ Electrolyzers and batteries represent two fundamen-
tal forms of electrochemical systems, operating in opposite direc-
tions of energy conversion. While electrolyzers use electrical energy
to drive non-spontaneous reactions for the production of target
chemical products, batteries harness energy from spontaneous
electrochemical reactions to deliver usable electrical power.*®
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energy storage systems. More importantly, in the context of global
decarbonization and energy transition, these devices serve as
foundational technologies for the efficient utilization, storage,
and high-quality integration of intermittent renewable energy
sources such as solar, wind, and hydropower. These technologies
encompass batteries, fuel cells, supercapacitors, and electrolyzers,
all of which rely on electrochemical reactions to store, convert, or
utilize energy in a controllable and sustainable manner.

A defining feature of electrochemical energy devices is their
reliance on the coordinated transport of two distinct types of
charge carriers (i.e. electrons and ions) to complete a closed
electrical circuit. During operation, electrons are generated at the
anode through oxidation reactions, travel through the external
circuit to the cathode, and are consumed via reduction reactions.
Simultaneously, ions migrate through the internal electrolyte
media, such as liquid, polymeric, or solid-state electrolytes, to
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maintain charge neutrality and sustain the electrochemical reac-
tions at the electrode interfaces. The interplay between electronic
and ionic charge carriers is mediated by electrochemical
reactions at the electrode/electrolyte interfaces. In this context,
the electrochemical reaction can be regarded as a medium that
conducts both electrons and ions, effectively bridging the exter-
nal and internal segments of the circuit, thus closing the loop
and enabling continuous operation of the electrochemical energy
devices.

What makes these systems particularly complex and tunable
is the fundamentally different nature of the two types of charge
carriers. Electrons are uniform in nature, possessing identical
charge, mass, and behaviour across all systems, and are trans-
ported primarily through electronic conductors or first-class
conductors in external circuits. By contrast, ions exhibit a high
degree of chemical and physical diversity. This diversity
includes variations in charge polarity and magnitude, ionic
radius, hydration energy, mobility, solvation behaviour, and
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electrochemical reactivity. Such diversity renders ionic charge
carriers inherently more complex and dynamic than electrons,
and their behaviour is highly sensitive to the surrounding
electrolyte composition, temperature, and the structure and
chemistry of the electrode/electrolyte interface. Ionic charge
carriers play a fundamental role in governing the efficiency,
energy and power density, reversibility, safety, and durability of
electrochemical power devices. In fact, the selection and pre-
cise control of ionic species can profoundly influence both
device design and overall performance.

In electrochemical devices, ionic charge carriers encompass
both the ions involved in redox reactions at the anode and
cathode, as well as those responsible for charge transport within
the electrolyte. Although ions exhibit remarkable diversity in
terms of charge, size, mobility, and solvation behaviour, some
conventional electrochemical systems have predominantly relied
on a single ionic species to fulfill all these roles. That is, the same
ion is responsible for both participating in electrode reactions
and migrating through the electrolyte to maintain charge neu-
trality and complete the internal circuit. For example, Li* and Na*
function as the dominant charge carriers in lithium-ion and
sodium-ion batteries (LIBs and SIBs), respectively.”'° Likewise,
protons (H') are the sole ion current carriers in proton exchange
membrane fuel cells (PEMFCs), while hydroxide ions (OH ™) act as
the primary carriers in alkaline fuel cells and batteries."* ™

Although this single-ion carrier system offers advantages in
terms of simplified design, streamlined material selection, and
ease of theoretical modelling, it also imposes fundamental
limitations, including material compatibility, limited ion trans-
port efficiency, sluggish reaction kinetics, reduced system tun-
ability, and ultimately, compromised overall performance.
Relying on a sole ionic carrier narrows the range of viable
electrode and electrolyte chemistries, which can lead to subopti-
mal charge-transfer processes, a constrained electrochemical
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stability window, and diminished adaptability to varying opera-
tional or environmental conditions.

In an electrochemical system, any oxidizable reaction can
theoretically serve as the anodic process, while any reducible
reaction can be used at the cathode. This inherent flexibility
offers a broad reaction space for the design of electrochemical
systems. On this basis, employing multiple ionic species as
charge carriers for both anodic and cathodic reactions not only
breaks the conventional reliance on single-ion systems, but also
opens up diverse opportunities for developing novel and multi-
functional electrochemical devices. For instance, the coopera-
tive migration of different ions can enable the coupling of
energy storage with value-added chemical synthesis, thereby
advancing the design of electrochemical systems featuring
multi-energy integration and multi-scale regulation. Hence,
electrochemical systems enabled by multi-ion carriers repre-
sent a paradigm shift from single-ion designs by decoupling or
diversifying the functional roles of ionic species within the
device. Rather than relying on single-ion carriers to mediate both
electrode reactions and ionic conduction, these systems harness
the complementary properties of multiple ionic species, which
may vary in valence, size, mobility, or redox activity, to fulfill
distinct functional roles. This emerging strategy enables one ion
species to primarily engage in redox reactions, while another is
optimized for rapid ionic transport or enhanced interfacial
stability within the electrolyte, or vice versa, depending on the
system design.

There is growing interest in such multi-ion electrochemical
architectures, where distinct ions either activate separate electro-
chemical pathways or synergistically cooperate to enhance charge
transport across electrodes and electrolytes. By decoupling these
roles, multi-ion systems offer significantly greater design flex-
ibility, enabling the use of previously incompatible materials,
tailoring of interfacial chemistries, and fine-tuning of reaction
environments.**'> Moreover, the incorporation of diverse ion
species expands the range of accessible redox potentials,
enhances the electrochemical stability window, and opens ave-
nues for new charge compensation mechanisms, ultimately
leading to improved reaction kinetics, higher energy density,
and better operational stability under diverse conditions. This
shift toward cooperative ionic functionality holds great promise
for the next generation of energy storage and conversion devices,
including hybrid batteries, capacitors, and advanced fuel cells.

Despite the growing momentum in this field, a comprehensive
understanding of multi-ion electrochemical systems remains
fragmented, with relevant studies often isolated across distinct
device types, chemistries, or ionic configurations. While tradi-
tional multi-ion systems, such as supercapacitors with electrolyte
ion pairing or inorganic redox flow batteries, have been exten-
sively reviewed in earlier works, these discussions are often
constrained to specific device classes and well-established
mechanisms. However, recent breakthroughs in electrochemical
technologies have given rise to a new generation of multi-ion
energy devices, wherein multi-ion carriers are intentionally inte-
grated to perform distinct and cooperative functions, ranging
from charge compensation and redox activity to transport
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enhancement and interface stabilization. These include, for
example, hybrid-ion batteries utilizing both monovalent and
multivalent cations, dual-anion systems, pH-gradient modula-
tors, and emerging devices that combine aqueous and non-
aqueous electrolyte environments to enable broader electroche-
mical tunability.

Despite the growing interest in multi-ion carrier-enabled
electrochemical systems, the current body of literature remains
highly fragmented, with existing discussions often limited to
specific device types, such as redox flow batteries or hybrid
supercapacitors, or narrowly focused on particular ionic
species.”®™" To date, no systematic review has holistically
captured the design principles, ion-specific functionalities,
and broad material strategies that underpin this emerging
class of electrochemical architecture. As a result, there remains
a lack of integrated understanding regarding how multiple
ionic species can be synergistically utilized to optimize electro-
chemical performance across diverse platforms.

This review aims to address that critical knowledge gap by
providing a comprehensive and forward-looking analysis of
multi-ionic carrier-enabled electrochemical energy devices, with
a particular emphasis on newly developed, reimagined, or under-
explored systems that go beyond traditional implementations.
These include devices that exploit decoupled redox-transport ion
roles, hybrid ion electrolytes, asymmetric ionic configurations,
and interface-modulating ions, all of which represent a deviation
from conventional single-ion paradigms. To this end, we adopt a
cross-disciplinary perspective, bridging advances in electrochem-
istry, materials science, and systems engineering, to deliver a
unifying framework for understanding and advancing multi-ion
strategies. Our goal is not only to highlight current progress but
also to provide design guidelines, mechanistic insights, and
emerging challenges that will inform the rational development
of next-generation energy storage and conversion technologies.

This review provides a comprehensive and logically struc-
tured overview of electrochemical power sources (EPSs) enabled
by multi-ion carriers. We begin by establishing a fundamental
framework that classifies multi-ion EPSs based on ionic function-
ality, device architecture, and synergistic ion interactions, laying
the groundwork for understanding how multi-ion strategies
enhance energy storage and conversion. Building on this founda-
tion, we systematically examine various device types, including
hybrid batteries (cationic, anionic, mixed-ion, and multi-cathode
systems), hybrid battery-capacitors employing mono- and multi-
valent ions, and a diverse range of fuel cells, such as hybrid acid-
alkali systems, solid oxide fuel cells with mixed conduction, and
metal-air or H,0,-based configurations. Flow battery systems are
also discussed, with emphasis on redox-active species design,
membrane engineering, and system-level ion transport optimiza-
tion. Finally, we explore key challenges and opportunities in
multi-ion EPSs, covering material design, interfacial chemistry,
performance metrics, and emerging applications from grid-scale
storage to advanced fuel cells and integrated electrosynthesis.

By synthesizing insights across these sections, this review
offers a multidimensional perspective on the design, mechan-
isms, and future directions of multi-ion electrochemical systems.
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Our analysis not only consolidates foundational understanding
but also highlights emerging trends, critical challenges, and
promising opportunities that are reshaping the field. Designed
to serve as both a comprehensive reference and a strategic guide,
this article aims to bridge the gap between fundamental science
and practical engineering, empowering the advancement of multi-
ion carrier-enabled energy technologies. Ultimately, we aspire to
inspire interdisciplinary collaboration among researchers, engi-
neers, and industry stakeholders by fostering a deeper under-
standing of ion transport mechanisms, interfacial dynamics, and
sustainable material strategies. Through this integrated approach,
we aim to accelerate the development of efficient, adaptable, and
environmentally responsible electrochemical energy devices that
meet the complex demands of the future energy landscape.

2. Fundamentals of multi-ion EPSs

2.1. Concept

The operation of EPSs fundamentally depends on the coupled
transport of electrons and ions, forming a closed-loop circuit
essential for charge conservation and sustained energy conver-
sion. During charge and discharge processes, electrons flow
through the external circuit, while ions migrate through the
electrolyte to maintain electroneutrality within the cell. To
accommodate this dual transport mechanism, electrochemical
reactions at the interface between electrodes and electrolytes
serve as the critical junction where electronic and ionic charge
carriers converge, acting as a dual-conduction gateway that
enables electron flow through the external circuit and ion trans-
port within the cell. Ion carriers in electrochemical systems may
serve as transport-mediating ions within the electrolyte, redox-
active ions and product ions involved in electrochemical redox
reactions, or interfacial modulators.

While traditional systems typically employ a single ionic
species to perform all these roles, multi-ion EPSs are energy
storage or conversion systems that intentionally employ two or
more distinct ionic species to fulfill a specific electrochemical
function. For instance, one ion may engage in redox reactions or
be produced as a reaction product, while others ensure efficient
ionic transport, buffer charge imbalances, or stabilize electrode/
electrolyte interfaces. By decoupling these functions across
multiple ions, multi-ion EPSs allow independent tuning of
redox chemistry, transport dynamics, and interfacial behaviour,
leading to enhanced system performance.

The identity, mobility, and redox activity of each ionic species
significantly influence key performance metrics such as reaction
kinetics, operating voltage, energy density, and long-term stability.
To support these differentiated roles, multi-ion systems often
incorporate hybrid electrolytes or multi-channel ionic conductors,
paired with electrodes engineered for selective responsiveness to
specific ions. During operation, this configuration enables coop-
erative behaviour. For instance, one ion may undergo intercalation
or conversion-type redox reactions, while another concurrently
regulates interfacial properties or maintains charge neutrality,
cooperatively improving system efficiency and stability.

9688 | Chem. Soc. Rev., 2025, 54, 9685-9806
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This collaborative approach to ion transport yields several
compelling advantages over conventional single-ion systems.
First, enriched redox mechanisms allow for tandem or simulta-
neous redox processes, potentially enhancing energy efficiency
and capacity. Second, broader material compatibility enables
the use of a wider range of electrode and electrolyte materials,
accelerating innovation and optimization. Third, improved
charge/discharge kinetics result from synergistic ion transport,
reduced interfacial impedance and mitigated ion concentration
gradients. Fourth, tailored interfacial chemistry can be achieved
by leveraging the interplay of multiple ions, promoting the
controlled formation of stable and functional solid-electrolyte
interphases (SEI) or cathode electrolyte interphases (CEI),
thereby enhancing cycling life and safety. Altogether, the struc-
tural and mechanistic flexibility of multi-ion EPSs enables
precise control over ion transport, redox processes, and inter-
facial dynamics, making them highly adaptable for a wide range
of applications, including grid-scale energy storage, high-power
batteries, and flexible electronics.

2.2. Historical perspective

In the dynamic landscape of electrochemical energy storage
and conversion, multi-ion carrier power supply devices stand as
a cornerstone of innovation, with their development intricately
tied to the manipulation of diverse ionic species. The timeline
of these devices, categorized into hybrid batteries, hybrid
battery capacitors, fuel cells, and redox flow batteries (Fig. 1),
vividly illustrates how multi-ion carriers underpin advance-
ments in energy technology, enabling breakthroughs in perfor-
mance, efficiency, and application versatility.

Hybrid batteries mark an early and pivotal chapter in the
exploration of multi-ion carriers. The journey began in 1800
when the Italian scientist Alessandro Volta invented the Voltaic
Pile. In this pioneering battery, zinc ions (Zn**) migrated toward
the Cu cathode, while protons (H") moved toward the Zn anode,
maintaining charge balance in the solution. Then exploration
advanced in 1966 with the emergence of Li-Cl, batteries, where
the interplay of Zn>" and ClI~ ions drives energy storage and
release. A major milestone followed in 1996 with the advent of
Li-based dual-ion batteries (Li-DIBs), which employed both Li"
and PFs ions, marking a critical advancement in understand-
ing dual-ion electrochemistry. As research progressed, the ionic
landscape expanded with the emergence of Li-Na hybrid ion
batteries (Li-Na HIBs) in 2006 and Zn-Mn hybrid ion batteries
(zn**/Mn*") in 2011, broadening the spectrum of multi-ion
configurations. These hybrid batteries utilize multi-ion carriers,
including different metal cations and, in some cases, accom-
panying anions, to orchestrate electrochemical reactions. By
combining ions with distinct properties, hybrid batteries push
beyond the limitations of single-ion systems, aiming for higher
energy densities, wider voltage windows, and improved cycle
stability. A representative example is the Zn-Al HIBs developed
in 2015, where the synergistic behavior of Zn>" and AI** facil-
itates unique redox pathways and interfacial dynamics, enabling
performance metrics that are difficult to attain in traditional
single-ion counterparts.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 A brief development history of representative multi-ion EPSs.

Building on the foundations laid by hybrid batteries, hybrid
battery capacitors further exemplify the power of multi-ion
carriers. The emergence of sodium-ion hybrid capacitors (SIHCs)
in 2012 marked a significant step forward, where the combi-
nation of Na' and ClO,~ ions enabled the integration of battery-
like and capacitor-like behaviours within a single device. As the
field progressed, the development of aluminum-ion hybrid capa-
citors (ATHCs) based on AI*" and NO;~ ions in 2014, followed by
zinc-ion hybrid capacitors (Zn*/S0,>") in 2016, highlighted the
importance of controlled ion transport and synergistic ion inter-
actions. These systems exploit the complementary electrochemi-
cal properties of multiple ionic species to simultaneously deliver
high-energy and high-power outputs. The continued evolution of
ion chemistries, exemplified by the emergence of ammonium-ion
hybrid capacitors (AmIHCs) based on NH," and SO,>~ in 2022,
highlights how multi-ion strategies drive functional diversifica-
tion and performance enhancement across a broad spectrum of
electrochemical energy storage applications.

Fuel cells represent a critical frontier in multi-ion carrier-
driven energy conversion, where the efficient transfer of ions
dictates power generation. The Zn-air batteries (ZABs) reported
in 1878 pioneered this path, with hydroxide ions (OH ) and Zn
related species (e.g., Zn(OH),>") facilitating the electrochemical
oxidation of Zn and O, reduction. As technology advances,
systems like Al-air batteries (Al(OH), /OH™) reported in 1981
and dual-ion Li-air batteries (Li'/OH ") reported in 2011 expand
the ion-mediated reactions, each leveraging specific cations
and anions to drive fuel oxidation and oxygen reduction reac-
tions (ORRs). Modern developments, such as the anticipated
hybrid acid-alkali formaldehyde fuel cell (HCOO~, H', and

This journal is © The Royal Society of Chemistry 2025

OH™) reported in 2025, highlight the growing complexity of
multi-ion carriers. In fuel cells, protons (H"), OH™, or other
ionic species must be precisely shuttled to enable the electro-
chemical conversion of fuels like hydrogen (H,) and formalde-
hyde into electricity. The multi-ion dynamics here are not just
about energy storage but about sustained energy conversion,
where the movement and reaction of ions at electrodes and
through electrolytes determine the efficiency, durability, and
scalability of fuel cell systems. Thus, fuel cells demonstrate how
multi-ion carriers are indispensable for unlocking the potential
of electrochemical energy conversion, bridging the gap between
chemical fuels and electrical power.

Redox flow batteries (RFBs) close this evolutionary loop,
emphasizing the sustained role of multi-ion carriers in large-
scale energy storage. The iron-chromium flow batteries (Fe-Cr
FBs) reported in 1974 initiated this journey, with Fe**/Fe** and
Cr’*/Cr** ions shuttling between tanks to store and release
energy. Subsequent RFBs, like the zinc bromine flow batteries
(Zn-Br, FBs) based on Zn*'/Br~ reported in 1977 and zinc iron
flow batteries (Zn-Fe FBs) based on Zn>*/Fe**/Fe** reported in
1979, continue to rely on ion shuttling, each introducing unique
cation—-anion combinations to tailor energy density, solubility,
and reaction kinetics. The aqueous organic redox flow batteries
(AORFBs) further illustrated the adaptability of multi-ion carriers
in 2014, using H" and Br~ to enable organic-based, potentially
more sustainable energy storage. In RFBs, the separation of
redox-active electrolytes and the continuous flow of multi-ion-
laden solutions allow for scalable energy storage, making them
ideal for grid-level applications. The multi-ion carriers here
dictate the battery’s capacity (through ion concentration), voltage
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(via redox potential differences), and cycle life (influenced by ion
stability). As such, redox flow batteries exemplify how mastering
multi-ion carrier dynamics is key to developing reliable, large-
scale energy storage solutions that can support the transition to
renewable energy grids.

Across hybrid batteries, hybrid battery capacitors, fuel cells,
and redox flow batteries, the common thread is the centrality of
multi-ion carriers. These ionic species are not just passive
components but active enablers of performance optimization,
functional diversification, and technological scalability. From
tailoring electrochemical reactions in hybrid batteries to facil-
itating energy conversion in fuel cells and enabling large-scale
storage in redox flow batteries, multi-ion carriers underpin the
past, present, and future of multi-ion carrier power supply
devices. As research continues to push boundaries, the delib-
erate design and manipulation of multi-ion systems will remain
pivotal in unlocking next-generation energy technologies, meet-
ing global demands for efficient, sustainable, and versatile
energy storage and conversion.

2.3. Classification and categories

Multi-ion EPSs encompass a broad class of energy storage and
conversion systems that strategically incorporate two or more
distinct ionic species to perform complementary roles. These
systems can be classified from various perspectives, including
ion types or function, configuration, origin, and dynamic
behavior, each reflecting a different aspect of their operational
complexity and design philosophy.

From a function-based perspective, multi-ion EPSs can be
categorized according to the roles fulfilled by each ion type. In
complementary-ion systems, the ionic species are assigned dis-
tinct functions: ions participate directly in or may be produced
during energy conversion via electron transfer; transport-
mediating ions support ionic conductivity and maintain charge
balance; and interface-modulating ions enhance interfacial sta-
bility or regulate reaction kinetics. Alternatively, some systems
utilize multi-redox-ion configurations, where two or more ionic
species are electrochemically active. These systems often exhibit
broad electrochemical windows or novel redox mechanisms, as
exemplified by hybrid acid/alkali batteries or fuel cells involving
both OH™ and H' in aqueous environments.?*

A configuration-based classification focuses on how ionic
species are spatially arranged and interact within the system. In
spatially separated ion systems, different ions operate in dis-
tinct compartments, such as the anode and cathode regions,
typically separated by ion-selective membranes. This configu-
ration is common in dual-ion batteries and some flow batteries.
Conversely, in mixed-ion systems, all ionic species coexist in a
single electrolyte and operate simultaneously, often resulting in
complex but synergistic ion-ion and ion-electrode interactions
that enhance overall performance.

Multi-ion EPSs can also be differentiated based on the origin
of their ionic diversity. Intrinsically multi-ion systems arise
from materials or electrolytes that naturally host multiple
mobile ions, such as mixed-cation solid-state electrolytes or
multi-component ionic liquids.>**” In contrast, extrinsically
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engineered systems involve the deliberate introduction of sec-
ondary or tertiary ionic species, either through additives, co-
electrolytes, or electrode functionalization, to achieve targeted
performance enhancements such as improved cycling stability
or interfacial protection.

Finally, a dynamics-based classification considers the tem-
poral role of each ion during device operation. In sequential-ion
systems, different ions dominate at different stages of charge/
discharge or under specific operating conditions. For example, a
primary redox ion may be active during normal operation, while
a secondary ion stabilizes the interface during rest or over-
potential events. In simultaneous-ion systems, multiple ions
participate concurrently throughout the electrochemical cycle,
often requiring finely tuned ion transport and reaction coordi-
nation to avoid interference and maximize synergy.

This multi-dimensional classification not only reflects the
growing complexity of multi-ion EPS architectures but also
provides a useful framework for guiding material design,
mechanistic understanding, and system-level optimization in
next-generation electrochemical technologies.

3. Hybrid batteries

Hybrid batteries have recently emerged as a distinct family of
electrochemical energy-storage devices that transcend the intrin-
sic limitations of single-ion “rocking-chair” chemistries by
orchestrating the concerted transport of multiple ionic species.
By mobilizing multiple types of charge carriers either simulta-
neously or sequentially, these systems leverage complementary
redox potentials, diffusion kinetics, and solvation behaviors,
thereby opening new avenues toward enhanced energy density,
improved rate performance, and extended cycle life. Architectu-
rally, multi-ion systems encompass a diverse array of configura-
tions, ranging from purely cationic (e.g., Li*, Na*, K*, Ca®>", Mg*",
Zn**, AI**, NH,", and H") designs that shuttle two or more metal
ions to mixed cation-anion (e.g., ClO,, PFs, TFSI", Cl™, Br ™,
and 1) systems, wherein oppositely charged species operate
cooperatively, and further to more complex triple or quadruple
ion frameworks that integrate multiple cations and anions within
a unified electrochemical circuit.”® Each configuration enables a
dynamic interplay of intercalation, alloying, conversion, and
capacitive processes, thereby offering unprecedented flexibility
in both material selection and cell architecture design.

A practical framework for understanding these architectures is
to classify them based on the charge type (cationic or anionic)
and the number of principal mobile species, as illustrated
schematically in Fig. 2. In dual-cation systems, two distinct metal
ions, referred to as “M;” and “M,”, may originate from either the
electrodes or the electrolyte. The most straightforward configu-
ration operates analogously to a two-lane shuttle (Fig. 2a). During
the charging process, M, is de-intercalated from the cathode,
whereas M, undergoes plating, alloying, or intercalation at the
anode. These processes are reversed during discharge. Since
many multivalent ions (typical M, species such as Mg”*, Zn*",
or AI*") exhibit sluggish diffusion kinetics or unfavourable
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intercalation thermodynamics in conventional cathode materi-
als, the simultaneous participation of a fast-diffusing monovalent
ion (e.g, Li" or Na') can help mitigate kinetic limitations and
stabilize the cathode host structure.>?° A more synergistic
design involves the co-insertion of both cations into a single
electrode, while the counter electrode accommodates only M,
(Fig. 2b). This co-intercalation strategy has been demonstrated to
alleviate volume strain, extend the accessible redox potential
window, and markedly enhance rate capability compared to
single-cation systems.

When one mobile species is a cation (M;) and the other an
anion (N,), the system constitutes a cation-anion dual-ion battery
(Fig. 2¢).”" During charging, M; migrates toward the anode while
N; moves toward the cathode, which is typically composed of
graphite. This configuration allows for the replacement of costly
transition-metal oxides with low-cost carbonaceous hosts, while
also enabling a broader electrochemical window determined by
the high insertion potential of the anion. Since both ionic species
vacate their respective host structures during discharge, the overall
electrode frameworks remain largely intact, leading to excellent
cycling stability and enhanced material sustainability.

Advancing beyond the dual-ion concept, triple-ion strategies
introduce a second cation (M,) alongside the cation-anion pair

This journal is © The Royal Society of Chemistry 2025

(Fig. 2d). Co-alloying of M; and M, at a Sn or Al anode can
alleviate the acute volume expansion that plagues single-metal
alloying, while the simultaneous intercalation of N, into gra-
phite upshifts the average discharge voltage. Analogously, one
can envisage a configuration that couples a single cation (M;) to
two distinct anions (N; and N,) (Fig. 2e), or the fully fledged
quadruple-ion architecture in which two cations and two
anions cycle concertedly (Fig. 2f). In theory, each additional
mobile species adds a new degree of freedom for tailoring
reaction thermodynamics, transport pathways, and mechanical
buffering, paving the way for devices that simultaneously max-
imize power, energy, and durability.

By integrating disparate charge carriers, hybrid batteries can
effectively compensate for the limitations associated with any
single ion, such as electrode degradation, narrow electrochemi-
cal windows, or sluggish kinetics, while simultaneously harnes-
sing their collective strengths.*> This versatility positions multi-
ion systems as a powerful platform for balancing performance,
cost, and resource sustainability across applications ranging
from wearable electronics to grid-scale storage. As research
pushes towards increasingly complex but high-performance
chemistries, hybrid batteries lie at the forefront of multi-ion
energy-storage innovation. The sections that follow will survey

Chem. Soc. Rev,, 2025, 54, 9685-9806 | 9691


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00785b

Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

recent advances in cationic hybrids and then extend to mixed
cation-anion devices, highlighting how the deliberate orches-
tration of multiple ionic species defines the cutting edge of next-
generation electrochemical technology.

3.1. Dual-cation hybrid batteries

Dual-cation hybrid batteries (DCHBs) represent a prominent
subclass of hybrid energy storage systems, in which multiple
positively charged ions are co-employed as active charge car-
riers. These include both monovalent ions such as Li*, Na*, and
K', and multivalent ions such as Mg**, Zn>*, Ca®>", and AI’".
Based on the physical and chemical properties of these ele-
ments themselves (Fig. 3a and b), Li" possesses the smallest
ionic radius and lowest atomic mass among the monovalent
cations, facilitating rapid and deep intercalation, and enabling
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high gravimetric and volumetric energy densities. In contrast,
the larger radii of Na" and especially K" result in greater steric
hindrance within host structures, which hinders solid-state
diffusion and reduces specific capacities. Multivalent cations
such as Mg>", Zn>", Ca®", and AI** offer the potential for multi-
electron transfer per ion and, in some cases, possess ionic radii
comparable to or even smaller than Na'.**** However, their
higher charge density intensifies electrostatic interactions with
host lattices, which significantly impedes ion mobility and
often leads to interfacial polarization or structural passivation.

The dual-cation strategy is intended to combine the com-
plementary strengths of each ion type, namely the high intrin-
sic energy density of lithium, the abundance and low cost of Na,
the rapid transport kinetics of K, the dendrite-free deposition
behavior of Mg, the low standard electrode potential versus
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various elements commonly used in hybrid battery systems. (c) Schematic illustration of the working mechanisms of conventional single-ion batteries

compared with dual-cation hybrid battery systems.
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standard hydrogen electrode (SHE) and aqueous compatibility
of Zn, and the high volumetric capacity of Al. By strategically
integrating the complementary properties of different metal
ions, DCHBs facilitate cooperative redox reactions and custo-
mized ion transport pathways. This approach improves energy
density, accelerates charge transfer, enhances structural stabi-
lity, and prolongs cycle life, all of which are performance
metrics typically constrained in conventional single-ion sys-
tems (Fig. 3c and d). The performance metrics of various dual-
cation HIBs are compiled and presented in Table S1. In addi-
tion, the inclusion of secondary cations mitigates supply-chain
risks by partially substituting critical elements with earth-
abundant alternatives.

Continued progress in electrode architecture, electrolyte for-
mulation, and interfacial engineering is rapidly elevating DCHBs’
performance, underscoring their promise as high-efficiency,
resource-conscious, and durable energy-storage platforms. The
subsections that follow systematically review the principal catio-
nic hybrid chemistries, focusing on their reaction mechanisms,
material innovations, and practical advantages.

3.1.1. Li" based DCHBs. LIBs have long dominated modern
energy storage systems owing to their unparalleled energy density
and extended cycle life, serving as the backbone for portable
electronics and electric vehicles.>® However, this success comes at
a critical juncture where surging global demand is rapidly
exhausting finite lithium reserves, exposing vulnerabilities in
supply chain sustainability, economic feasibility, and long-term
resource security. Compounding these challenges are inherent
limitations in safety profiles, operational lifespan, and efficiency
degradation-fundamental barriers preventing LIBs from fulfilling
the rigorous demands of next-generation large-scale energy sto-
rage solutions. In this context, SIBs have garnered substantial
attention as a costeffective alternative, leveraging sodium’s
geological abundance (2.36% vs. 0.0017% for Li in the Earth’s
crust) and favourable charge transfer characteristics, including
lower de-solvation energies in polar solvents and enhanced
interfacial kinetics. Despite these advantages, SIBs face intrinsic
performance limitations in terms of energy density, rate capabil-
ity, and cycling durability. These challenges primarily stem from
the larger ionic radius of Na (1.02 A compared to 0.76 A for Li)
and the resulting kinetic constraints. This technological impasse
has catalyzed the emergence of lithium-sodium hybrid ion
batteries (LSHIBs) as a transformative multi-ion carrier paradigm,
where the synergistic co-utilization of Li" and Na* as comple-
mentary charge carriers enables unprecedented electrochemical
architectures. By strategically combining lithium’s high redox
potential and energy density advantages with sodium’s cost
efficiency and natural abundance, LSHIBs exemplify the multi-
ion carrier philosophy - a groundbreaking approach that trans-
cends conventional single-ion limitations through coordinated
charge transfer mechanisms.

Recent advancements in this field have focused on engineering
electrode architectures and electrolyte formulations that optimize
concurrent Li'/Na" intercalation dynamics. A representative study
performed by Wei et al.>® demonstrated this principle through Li-
rich layered oxide cathodes (Li; 1gNig15C0015MnNg5,0,), Where
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systematic electrochemical activation induced a dual-cation migra-
tion mechanism. Post-activation characterization revealed Na
participation in charge compensation processes alongside Li',
achieving remarkable rate performance (90 mAh g~ * at 10C) and
cycling stability (105 mAh g™ retention over 200 cycles at 5C). This
work highlights the potential of multi-ion systems to overcome the
classic dilemma between energy density and cost, while also
revealing challenges related to the long-term structural evolution
caused by mixed-ion transport. Interfacial interactions between
hetero-ionic species and host lattices, such as intercalation-
induced stress and phase transitions, demand deeper mechanistic
insights to realize the full benefits of multi-ion designs. Based on
the concept of integrating sodium metal anodes with lithium-
based cathodes to optimize energy density and cycling stability,
Zhang et al.*” developed a LSHIB configuration comprising a
sodium metal anode and a lithium iron phosphate (LFP) cathode,
achieving an impressive coulombic efficiency of 99.2% over 100
cycles. This dual-cation design harnesses the simultaneous invol-
vement of both Li" and Na" ions in electrochemical reactions
(Fig. 4a). The hybrid system exhibits significantly lower voltage
hysteresis, with a reduction of 247 mV, and displays sharper redox
peaks in cyclic voltammetry, indicating enhanced electrochemical
reversibility (Fig. 4b), reflecting improved charge transfer kinetics
and more efficient Na* de-solvation. Notably, while lithium-metal
counterparts experience rapid capacity degradation, the LSHIB
retains both high capacity and coulombic efficiency over pro-
longed cycling (Fig. 4c), underscoring how multi-ion architectures
synergistically stabilize electrochemical interfaces and optimize
energy efficiency through complementary ion transport dynamics.

Structural engineering breakthroughs further optimized ion-
host compatibility. Song et al*® engineered sodium manganese
oxide (NMO) cathodes via reduction-driven ion exchange, achieving
195 mAh g~ over 50 cycles. Na* acted as both a charge carrier and
a structural stabilizer, yet precise control of ion-exchange kinetics
remained challenging. Expanding this approach, Ma et al.*® devel-
oped high-entropy doped Na;V,(PO,);@C (HENVP@C) by incor-
porating five cations (Ti*', Mn”', Fe*", zr"*, and Mo®). This
induced lattice distortion, expanding Na' diffusion channels
and activating V*'/V*" redox (3.8/3.9 V). The material delivered
76.8 mAh g~ at 50C in SIBs, showcasing enhanced Li*/Na" co-
storage kinetics through entropy-driven stabilization. Composite
cathode designs have emerged as an effective strategy to balance
energy density and cost in hybrid battery systems. Xie et al*®
developed a practical Li-Na hybrid battery featuring a blended
cathode composed of 80 wt% NazV,(PO,),F; (NVPF) and 20 wt%
LiNi, gCog1Mny ;O, paired with a hard carbon anode. This compo-
site cathode improved the discharge voltage by approximately 0.1 V
through modulation of phase transitions, resulting in a high
capacity of 147 mAh g~ " and an energy density of 543 Wh kg ™"
at a 0.1C rate. Electrochemical impedance spectroscopy revealed a
substantial reduction in charge transfer resistance to 12.2 Q, which
is only 1/15th of that observed for pure NVPF cathodes. In addition,
the diffusion coefficients for Na* and Li" increased markedly to
47 x 107" em® s™' and 9.5 x 107" cm” s~ respectively. These
enhancements collectively contribute to improved kinetics and
overall battery performance.
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Electrolyte and interfacial engineering proved pivotal for
kinetic enhancement. Wang et al.** employed sodium difluoro-
(oxalato)borate (NaODFB) as a novel salt, enabling Li; ,Nig 13-
C0g.13Mny 630, cathodes to retain 151 mAh g~ " after 200 cycles.
This tailored formulation modulated solvation structures to
accommodate mixed-ion transport. Xia et al** advanced
sodium anode stability by constructing a lithium-containing
hybrid SEI (LSEI) through electrochemical modification. This
LSEI incorporated Li;N, LiF, and Li,CO3z, which collectively
reduced the Na' diffusion barrier; for example, LiF exhibited
a barrier of 0.28 eV compared to 0.48 eV for NaF. Additionally,
it significantly increased the Young’s modulus from 2.38 to
6.88 GPa. These improvements enabled stable cycling for
500 hours at a current density of 30 mA cm™” in symmetric
cells, as well as 97.9% capacity retention under a high cathode

loading of 39.3 mg cm >,

9694 | Chem. Soc. Rev, 2025, 54, 9685-9806

Taken together, these innovations firmly establish LSHIBs
as a paradigm-shifting platform that combines lithium’s high
energy density with sodium’s cost-effectiveness and sustain-
ability. However, despite these promising advances, critical
challenges persist - chief among them are the need to optimize
the coordination of Li" and Na' transport, to mitigate cross-ion
interference at electrode-electrolyte interfaces, and to address
capacity fading associated with prolonged mixed-ion cycling.

3.1.2. Na' based DCHBs. The inherently larger ionic radius
of Na" imposes fundamental limitations on diffusion kinetics
in SIBs, leading to structural instability in host materials and
ultimately compromising both rate performance and cycle
life.** These long-standing challenges, identified since the early
development of monovalent sodium systems, have driven a
strategic transition toward multi-ion carrier strategies. Among
these, sodium-based hybrid ion batteries (SHIBs) represent a

This journal is © The Royal Society of Chemistry 2025
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promising direction, as they integrate secondary cations such
as K, Mg®*, and AI** to address both kinetic and thermodynamic
limitations. By harnessing the complementary advantages of
multiple charge carriers, SHIBs not only accelerate ion transport
and enhance electrochemical kinetics but also mitigate lattice
strain to stabilize electrode structures and extend voltage win-
dows. For example, sodium-potassium hybrid ion systems
(SPHIBs) leverage the faster diffusion kinetics of K to offset
the sluggish mobility of Na', while sodium-aluminum (SAHIBS)
and sodium-magnesium (SMHIBs) hybrid ion systems introduce
multivalent cations to boost energy density and structural robust-
ness. These advancements underscore how multi-ion carrier
architectures transcend the limitations of single-ion systems,
enabling a harmonious balance between high energy density,
rapid charge transfer, and long-term stability.

3.1.2.1. Na-K HIBs. In Na-K hybrid systems, Na' offers
superior thermodynamic stability, attributed to its relatively
lower redox potential and stronger coulombic interaction with
host materials. In contrast, K* exhibits faster diffusion kinetics,
facilitated by its larger ionic radius, lower charge density, and
weaker solvation effect in electrolytes. The synergistic partici-
pation of both ions in SPHIBs not only enables more efficient
ion transport but also broadens the electrochemical window
and enhances overall electrochemical reversibility.

To fully harness the benefits of this multi-ion carrier mecha-
nism, rational material design is crucial, with a particular
emphasis on cathode architecture. Among various candidates,
potassium Prussian blue analogues (K-PBAs) have garnered sig-
nificant attention due to their open-framework structures, large
ionic channels, and chemically tunable lattice. These features
make them ideal hosts for accommodating both Na* and K*.**
Recent studies have highlighted the critical role of defect engi-
neering in optimizing Na'/K" co-intercalation dynamics. Specifi-
cally, the controlled introduction of anionic (vacancy-type) defects
can modulate the local electrostatic environment and ion diffu-
sion pathways. For instance, Wei et al® introduced ~20%
controlled vacancies into K-PBAs, which expanded K" diffusion
channels while suppressing excessive Na' insertion. This not only
optimized ion transport kinetics and mitigated lattice strain, but
also enabled a high initial discharge capacity of 128 mAh g~ "
with 81% capacity retention over 300 cycles, demonstrating a
level of performance that remains unattainable in conventional
single-ion systems. Importantly, the advantages of multi-ion
carriers extend into solid-state battery systems. Incorporating
trace K' from cathodes such as K,MnFe(CN); promotes the
in situ formation of a Na-K alloy interphase at the anode when
used with natrium super ionic conductor (NASICON)-type solid
electrolytes. This semi-liquid interphase not only enhances inter-
facial wettability and mechanical compliance but also serves as a
self-healing layer to mitigate dendrite growth. Despite the larger
ionic radius of K*, Ni et al.*® proposed a local targeting anchor
strategy that effectively utilizes the dendrite-free nature of the
Na-K alloy and the electrostatic shielding effect provided by a K'-
rich layer originating from the cathode. This dual-function
approach significantly enhances the interfacial stability of

This journal is © The Royal Society of Chemistry 2025
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solid-state Na metal batteries. Within solid electrolytes such as
NazZr,Si,P0;, (NZSP), the presence and migration of K* subtly
modulates Na* transport behavior by reshaping ionic conduction
pathways, lowering energy barriers for migration, and mitigating
localized field intensities at deposition sites, thereby enabling
more uniform Na metal plating (Fig. 4d-f).

Beyond cathodes, extending the multi-ion carrier concept to
anodes has also proven highly effective. Semi-solid Na-K alloy
anodes demonstrate a harmonious balance between Na“/K" co-
transport kinetics and interfacial stability.*” This architecture
leverages the strong affinity between solid Na and the liquid
Na-K phase to confine the liquid within a stable interface,
thereby overcoming issues of structural instability and parasitic
reactions observed in purely liquid systems. When paired with
NaClO,-based electrolytes, the system spontaneously forms a
high-modulus SEI (10.3 GPa) enriched in KClO, crystals, which
effectively suppress dendrite growth - validated through both
computational simulations and in situ microscopy. As a result,
the symmetric cells demonstrate stable cycling for over 1000
hours at 0.5 mA ecm ™2, while full cells with NazV,(PO,); cath-
odes exhibit excellent rate capability (93 mAh g~? at 20C) and
long-term stability (89.18% capacity retention over 1000 cycles).
Notably, they maintain robust performance even in solid-state
configurations, highlighting the critical role of multi-ion carriers
in balancing interfacial rigidity with efficient ion diffusion.
Parallel innovations in electrolyte design further amplify the
benefits of multi-ion carrier systems. A notable example is the
use of 4 A molecular sieves (Nay0-Al,05-25i0,) in a novel ion-
exchange strategy to construct Na'/K" hybrid electrolytes.*® These
sieves simultaneously introduce Na' ions and dehydrate the
system, resulting in significantly reduced charge-transfer resis-
tance (5.9 Q vs. 35 Q in KIBs without Na'). At a 25 wt% sieve
loading (corresponding to 9 wt% Na'), the hybrid electrolyte
enables rapid co-alloying on Sn foil anodes. Ex situ XRD and
density functional theory (DFT) calculations reveal the preferen-
tial formation of NaSn, which facilitates subsequent KSn for-
mation. This pre-sodiated phase enlarges ion transport pathways
and lowers K' migration barriers from 0.88 eV to 0.35 €V,
ultimately yielding outstanding rate performance (74% capacity
retention at 30C) and stable cycling (98% over 500 cycles at 5C),
across a wide temperature range (—20 to 55 °C).

Collectively, these advances in cathodes, anodes, electrolytes,
and solid-state interfaces highlight how SPHIBs address the
inherent trade-offs between energy density and reaction kinetics.
By strategically combining the structural-stabilizing role of Na*
with the fast transport properties of K', multi-ion carrier systems
offer a unified design strategy for realizing durable, high-
performance, and thermally robust energy storage solutions.

3.1.2.2. Na-Al HIBs. With a theoretical specific capacity of
2980 mAh g~ " and a volumetric capacity of 8040 mAh cm?, AI**
offers a significantly higher energy density than monovalent ions
such as Li" and Na*, making it a highly attractive component for
high-energy hybrid systems.* In addition, the natural abundance
and low cost of aluminum further enhance the feasibility of
SAHIBs for large-scale energy storage applications. Despite these
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advantages, the practical implementation of SAHIBs faces major
obstacles due to low reduction potential (—1.68 V vs. SHE) of AI**,
which leads to severe hydrogen evolution in aqueous electrolytes.
This issue necessitates the use of stable non-aqueous electrolytes.
However, the design of such electrolytes presents a complex
challenge, as it requires an optimal balance between ionic con-
ductivity, electrochemical stability, and interfacial compatibility with
the anode further complicated by the metal’s high reactivity.

To address these barriers, Sun et al.’® developed a pioneering
SAHIB system composed of an aluminum anode, a sodium
vanadium phosphate (NazV,(PO,);, NVP) cathode, and a hybrid
electrolyte of NaAICl, and 1-ethyl-3-methylimidazolium chloride
(EMImCI) with aluminum chloride. This system leverages the
complementary electrochemical roles of AI** and Na* ions. At the
anode, AI** undergoes reversible deposition and stripping, while
Na' ions are simultaneously extracted and inserted at the cath-
ode. The specific electrochemical reactions are as follows.

Cathode:

3NazV,(POy);—6€~ <> 3NaV,(PO,); + 6Na* (1)
Anode:

8NaAl,Cl, + 6Na* + 6e~ « 2Al + 14NaAlCl, (2)

The coordinated operation of these two processes enables a
discharge voltage of 1.25 V, a cathode capacity of 99 mAh g™,
and a coulombic efficiency of 98% over extended cycling. By
integrating high-capacity multi-electron redox chemistry of AI**
with stable intercalation behavior of Na® ions, this SAHIB
design effectively balances high energy density with electro-
chemical stability, achieving a performance synergy that is
difficult to realize in conventional single-ion systems. More-
over, the customized hybrid electrolyte plays a crucial role in
maintaining interfacial stability and suppressing degradation,
demonstrating the importance of electrolyte formulation in
facilitating efficient and compatible multi-ion transport.

3.1.2.3. Na-Mg HIBs. Magnesium is an appealing anode
material for hybrid-ion systems due to its high volumetric capacity
(3833 mAh cm ) and low reduction potential (—2.37 V vs. SHE). In
SMHIBs, the dual-cation strategy leverages the high theoretical
capacity and dendrite-free deposition behavior of Mg®* alongside
the fast intercalation kinetics and redox stability of Na', yielding a
balanced and efficient multi-ion storage system.>" Despite these
synergistic advantages, the development of SMHIBs faces critical
challenges. The inherently sluggish solid-state diffusion of Mg*" in
most cathode materials and the limited anodic stability of existing
electrolytes result in rapid capacity fading and poor rate capability,
ultimately restricting the practical viability of these systems.

In early efforts to address these issues, Dong et al.>” reported
a hybrid system consisting of a Mg metal anode, a Berlin Green
(FeFe(CN)g) cathode, and a dual-salt electrolyte containing both
Mg and Na salts. The cell design exploited the 0.36 V thermo-
dynamic redox potential difference between the Mg>*/Mg and
Na'/Na couples, which allowed preferential Mg deposition at
the anode while enabling reversible Na deintercalation at the
cathode. The specific reaction of this study is as follows:

9696 | Chem. Soc. Rev, 2025, 54, 9685-9806

View Article Online

Chem Soc Rev

Cathode:

FeFe(CN)g + 2Na' + 2e” «> Na,FeFe(CN)q 3)
Anode:

Mg + AICl,~ < YMg,CLJ*" + AICL; + 2e~ 4)

The resultant SMHIBs delivered an average discharge voltage
of 2.2 V, a reversible capacity of 143 mAh g™, and an energy
density of 135 Wh kg ', demonstrating the feasibility of dual-
cation transport. Building on this foundation, Li et al.”* advanced
SMHIB design with a Na-intercalated NaV,(PO,); cathode and a
hybrid Mg-Na electrolyte (Fig. 4g). During discharge, Na" inter-
calation into NaV,(PO,); synergized with magnesium dissolution
(Fig. 4h), achieving a maximum operating voltage of 2.6 V vs. Mg
and 86% capacity retention at 10C. The tailored electrolyte
formulation, free of excess Cl™ ions, effectively prevented NaCl
formation and improved Mg plating/stripping reversibility, as
confirmed by cyclic voltammetry (Fig. 4i). These advances high-
light the pivotal role of electrolyte design in enhancing multi-ion
transport efficiency and interfacial stability.

Building upon previous work, Wang et al.’* developed a
Mg>*/Na" hybrid electrolyte system designed to enable syner-
gistic co-intercalation in a Mn-NVO//PTCDI full cell. In this
design, the fast diffusion kinetics of Na" effectively compensate
for the sluggish solid-state transport of Mg>", thereby enhan-
cing both structural stability and rate performance. As a result,
the battery delivers a high specific capacity of 249.9 mAh g™/,
operates stably at 1.75 V, and achieves an impressive cycle life
exceeding 10000 cycles, effectively overcoming key challenges
that have long impeded the development of Mg-based batteries.
Moving beyond conventional polyanionic frameworks, research-
ers have increasingly focused on transition metal chalcogenides,
such as sulfides (e.g., FeS,) and selenides (e.g., FeSe,), due to their
inherently large interlayer spacing and robust structural resili-
ence. For instance, Zhou et al.>® demonstrated a ternary CoSe/
NiSe,/CuSe, cathode paired with a sodium bis(trifluoromethane-
sulfonyl)imide (NaTFSI)-based electrolyte in triglyme, achieving a
reversible capacity of 115.5 mAh g~ " after 2000 cycles. In a related
approach, a layered FeSe, cathode operated with a bi-ionic
[Mg,CL,JAICl,],/NaTFSI electrolyte in 1,2-dimethoxyethane (DME)
delivered a specific capacity of 154 mAh g, corresponding to an
energy density of 260.9 Wh kg™ " after 800 cycles.>® This system
also exhibited outstanding Mg|Mg symmetric cell performance,
maintaining an overvoltage below 50 mV for more than 500 hours,
and demonstrated practical applicability in pouch cells, delivering
347.7 mAh at 0.2 A g~ over 160 cycles.

These advancements demonstrate that multi-ion carrier
strategies - through the integration of tailored cathode architec-
tures, well-designed hybrid electrolytes, and coordinated Mg>'/
Na' transport mechanisms - can effectively balance energy den-
sity, rate capability, and cycling stability, thereby overcoming the
inherent limitations of single-ion systems.

3.1.3. K' based DCHBs. The practical implementation of
potassium ion batteries (PIBs) is significantly constrained by
the sluggish reaction kinetics of X' ions, largely attributed to
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their larger ionic radius compared to Li* and Na". This inherent
size disadvantage results in slower ion diffusion, increased
electrode polarization, and limited intercalation into con-
ventional electrode materials.®” Collectively, these factors con-
tribute to compromised electrochemical performance, mani-
fested as poor rate capability, reduced cycling stability, and
lower energy efficiency. Such limitations pose substantial chal-
lenges for applications that demand both high power output
and long-term operational durability.

To overcome these limitations, potassium-based hybrid-ion
batteries (PHIBs) have emerged as a promising alternative,
offering a transformative approach that integrates multiple types
of charge carriers. By harnessing the synergistic interactions
among different ions, PHIBs can accelerate charge transfer
kinetics, broaden the operational voltage window, and improve
overall ion transport efficiency.*® This multi-ion carrier strategy
not only alleviates the diffusion-related constraints of K" ions but
also unlocks new opportunities for engineering advanced energy
storage systems. A landmark advancement demonstrating the
potential of multi-ion carrier systems is the development of dual-
metal hybrid-ion architectures. For example, Wang et al’®
reported a potassium-zinc hybrid-ion battery (PZHIB) employing
a rhombohedral Fe;35Mng¢s5[Fe(CN)s] (FeMnHCF) cathode
paired with a zinc metal anode. This innovative configuration
achieved a low overpotential of just 0.2 V and a high charge
voltage exceeding 1.9 V, resulting in an energy efficiency greater
than 89%, which was further improved to 93% through
K'-mediated voltage plateau stabilization. The FeMnHCF cathode
exhibited rapid Zn>" storage kinetics and excellent charge reten-
tion, enabling stable cycling over 1000 cycles. This work exem-
plifies how the multi-ion approach can synergistically combine
the fast kinetics of divalent ions with the interfacial benefits of
K', effectively reconciling high energy density with long-term
durability. Beyond dual-metal systems, multi-ion carrier strate-
gies are also reshaping the design landscape of KIBs in aqueous
environments. Hua et al.®® developed an aqueous K'/H" hybrid-
ion alkaline battery (PHHIB) using a 30% KOH electrolyte, where
K" and H' function as co-charge carriers. The battery employed a
potassium nickel hexacyanoferrate (KNi[Fe(CN)e]) cathode and
nitrogen-doped mesoporous carbon sheet anode, achieving a
high cathode capacity of 232.7 mAh g~ ' at 100 mA g ', minimal
self-discharge, and superior rate capability. The concentrated
alkaline environment effectively mitigated ion competition,
allowing the full cell to deliver 93.6 mAh g~" at 100 mA g "
while retaining 82.4% of its capacity after 1000 cycles at
2000 mA g '. These results further underscore the versatility
and promise of multi-ion strategies in enhancing reaction
kinetics, cycling performance, and scalability of potassium-
based energy storage systems.

These representative studies underscore the transformative
potential of PHIBs, in which the strategic integration of multiple
ionic species effectively overcomes the intrinsic diffusion and
interfacial limitations of conventional monovalent-ion batteries.
By strategically harmonizing diverse ionic species, PHIBs exem-
plify how multi-ion carrier systems can redefine electrochemical
mechanisms, optimize electrode-electrolyte interfaces, and pave
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the way for sustainable, high-efficiency alternatives to conven-
tional battery chemistries.

3.1.4. Mg** based DCHBs. A significant milestone in the
development of Mg-ion batteries (MIBs) was achieved in 2000,
when Aurbach and colleagues first demonstrated a rechargeable
system employing a MosSg Chevrel-phase cathode and an orga-
nohaloaluminate electrolyte dissolved in tetrahydrofuran
(THF).*" This pioneering work provided the first evidence of
reversible Mg”* intercalation and metal deposition, laying the
groundwork for subsequent advancements in magnesium-based
energy storage. These challenges, compounded by electrolyte
instability and narrow electrochemical windows (<3 V), have
hindered their practical adoption.®> Mg-hybrid ion batteries
(MHIBs) address these limitations through multi-ion carrier
strategies, integrating Mg”* with fast-migrating monovalent ions
(e.g., Li", Na*, and K') to synergistically enhance charge transport
while preserving magnesium’s inherent safety. The multi-ion
approach leverages monovalent ions to accelerate interfacial
kinetics and reduce polarization, while Mg>" contributes high
capacity via multi-electron redox processes, broadening voltage
windows and stabilizing electrolyte-cathode interactions.

3.1.4.1. Mg-Li HIBs. Magnesium lithium hybrid ion batteries
(MLHIBs) represent a promising class of multi-ion energy storage
systems that synergistically integrate the high energy density and
fast ion transport kinetics of LIBs with the intrinsic safety, high
volumetric capacity, and dendrite-free cycling of MIBs. Although
LIBs currently dominate the energy storage market, their reliance
on limited lithium resources and growing safety concerns
underscore the urgency of developing alternative technologies.
In contrast, MIBs offer clear advantages in terms of cost,
abundance, and safety. However, their application is limited by
the sluggish diffusion and poor reversibility of divalent Mg>*
ions, which result in low power density and restricted material
compatibility.

As early as 2006, Gofer et al. provided key experimental
evidence that adding lithium chloride (LiCl) to magnesium
electrolyte solutions can significantly enhance their ionic
conductivity.*® This finding was pivotal in addressing a funda-
mental limitation of magnesium-based systems, namely the low
ionic mobility of bulky and strongly coordinated Mg>" species in
conventional non-aqueous solvents. It also laid an important
foundation for the development of MLHIBs, which aim to
combine the fast redox kinetics of Li* with the high capacity
and stable storage behavior of Mg®" within a single electroche-
mical system. Further advancing multi-ion carrier systems, Yagi
et al. proposed a polyvalent-metal storage battery system based
on a dual-salt electrolyte containing both a lithium salt and a Mg,
Ca, or Al salt (Fig. 5a).°* In this system, positive electrodes
commonly used in lithium-ion batteries, such as LiFePO, or
LiCo0O,, are combined with polyvalent metal anodes, enabling
the design of high-voltage cells operating in the range of 3-4 V. In
recent years, advances in MLHB technology have been driven by
three critical research fronts: (i) the design of cathode materials
that can accommodate both Li* and Mg”>* while maintaining
structural stability and rapid ion diffusion; (ii) the development
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(a) Schematic diagram of a Mg—-Li HIB based on a dual-salt electrolyte system. Reproduced with permission from ref. 64. Copyright 2014, Royal

interstitial sites in MogSg by Mg®* and Li* along various Mg?*/Li* (mixed)-

insertion paths calculated by DFT. Reproduced with permission from ref. 67. Copyright 2014, American Chemical Society. (c) Schematic diagram of Mg—-K
HIBs structure. (d) Typical charge—-discharge profiles of KMHCF using different electrolytes. (e) Cycling stability of KMHCF-Mg HIBs using different
electrolytes at the current density of 20 mA g~*. Reproduced with permission from ref. 80. Copyright 2024, Springer Nature. (f) Schematic diagram of
Mg-AlHIBs structure. Reproduced with permission from ref. 82. Copyright 2019, American Chemical Society. (g). Scheme depicting the speciation in the
as-prepared and conditioned magnesium aluminum chloride complex electrolyte solution. Reproduced with permission from ref. 416. Copyright 2015,

American Chemical Society.

of compatible anode materials capable of enabling reversible
Mg”/Li* storage and mitigating interfacial passivation; and
(iii) the engineering of hybrid electrolyte systems that ensure
efficient dual-cation transport, suppress side reactions, and
stabilize electrode-electrolyte interfaces. The following sections
will provide an in-depth overview of recent progress in these
three key areas.

3.1.4.1.1. Advances in cathode materials. Cathode develop-
ment in MLHIBs has strategically aimed to overcome the
intrinsic kinetic limitations of Mg>" ions - particularly their
sluggish solid-state diffusion and strong electrostatic interactions
with host lattices while harnessing the fast intercalation kinetics
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of Li" to simultaneously achieve high power and energy densities.
Early efforts to directly adopt conventional LIB cathodes, such as
layered transition metal oxides, proved largely incompatible with
Mg”* due to poor ion mobility and limited reversibility. This
challenge prompted a pivotal shift toward the exploration of
nanostructured architectures and hybrid materials designed to
facilitate multi-ion transport.

A key advancement was demonstrated by Cen et al.®® who
employed ultrathin VO,(B) nanosheets as cathodes within an
MLHIB configuration consisting of a Mg anode, a Mo current
collector, and an all-phenyl complex/LiCl electrolyte. The VO,(B)
cathode delivered a high reversible capacity of 275 mAh ¢ * and
excellent cycling stability. This study not only improved Li"
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insertion kinetics but also addressed Mg”*-related kinetic bottle-
necks through intelligent current collector selection, demon-
strating the potential of VO,(B) as a viable hybrid cathode
material for high-performance MLHIBs. Simultaneously, Chen
et al.®® investigated NH,V,0;, microflower-like nanostructures
as cathode materials. Benefiting from high ionic conductivity
and favorable Li* mobility, this material delivered 228 mAh g*
capacity and retained 72.3% after 100 cycles at 100 mA g~ . Its
nanostructured design effectively mitigated the common issues
of poor cycling stability and slow ion diffusion, reinforcing the
critical role of nanoscale engineering in enhancing MLHIB
performance. To directly tackle the sluggish diffusion of Mg>",
Si et al. introduced a dual-cation co-insertion strategy using
Cu;VS,, allowing simultaneous incorporation of both Li" and
Mg>" into the host lattice. This approach significantly sup-
pressed structural degradation typically associated with Mg>*
intercalation and improved rate capability, highlighting the
effectiveness of deliberate multi-ion accommodation within a
robust host framework.

Beyond vanadium oxides, transition metal sulfides and sele-
nides have emerged as promising cathode candidates. For exam-
ple, Cho et al® systematically explored the electrochemical
behavior of hybrid Mg>*/Li" rechargeable batteries through a
combination of theoretical modeling and experimental validation
across both atomistic and macroscopic scales. Using DFT calcula-
tions, they elucidated the thermodynamic landscape of Mg”** and
Li* co-insertion into MogSs cathode materials, identifying a critical
Li" activity threshold at which lithiation becomes more favorable
than magnesiation in pristine MogSg (Fig. 5b). This fundamental
insight into ion insertion preference provides a theoretical founda-
tion for tuning the electrochemical response of Chevrel phase
hosts. Moreover, by tailoring the insertion chemistry via a dual-
salt electrolyte formulation, the study achieved remarkable rate
performance, with a capacity retention of 93.6% at 20C and 87.5%
at 30C under ambient conditions. These results highlight the
potential of electrolyte engineering and ion-chemistry control in
enabling high-power MLHIBs. Diem et al®® developed a self-
supporting, binderfree V,0s nanofiber cathode that simplified
electrode fabrication while simultaneously reducing internal resis-
tance, addressing longstanding challenges commonly encountered
in hybrid systems. While the material’s electronic conductivity
remained suboptimal, proposed enhancements such as gra-
phene/rGO integration or doping strategies offered a clear path
for further optimization. Pushing further into interfacial engineer-
ing, Shu et al.*® constructed VS,/MoS, heterojunctions as cathodes.
This design significantly enhanced both structural robustness and
electron/ion conductivity, leading to improved cycling stability and
rate performance. Most recently, Zhang et al.”® achieved notable
progress with the development of a VMS@CC-2 cathode, which
delivered exceptional energy density, rapid charge-discharge cap-
ability, and long-term cycling stability. This work exemplifies the
integration of rational design principles, including defect modula-
tion and interface optimization, toward realizing high-voltage,
high-energy MLHIB systems.

Collectively, these studies underscore the critical impor-
tance of hybrid material architectures, nanoscale engineering,
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multi-ion diffusion strategies, and interfacial tuning in over-
coming the intertwined challenges of sluggish Mg®" kinetics,
structural degradation, and achieving high-voltage stability in
multi-ion carrier systems.

3.1.4.1.2. Advances in anode materials. Achieving high-
performance anodes in MLHIBs requires innovative strategies
to bridge the kinetic mismatch between fast Li" intercalation
and sluggish Mg?* diffusion, while simultaneously preventing
structural degradation during cycling. Conventional graphite
anodes are fundamentally unsuitable because Mg>* has a high
de-solvation energy exceeding 2 eV and experiences strong
electrostatic repulsion within the graphite’s narrow interlayer
spacing of 3.35 A, which necessitates the development of
alternative materials with engineered nanoarchitectures that
facilitate ion transport.

MXenes have emerged as versatile ion-hosting matrices
through their tunable surface chemistry and gallery spacing.
Byeon et al.”* were among the first to explore Ti;C,T, MXenes
(T, = -0, -OH, -F) as dual-cation anodes. Their metallic con-
ductivity (~6000 S cm™') and hydrophilic surfaces enabled
synchronous Li*/Mg** co-intercalation with minimal lattice
distortion, as confirmed by in situ XRD. The system delivered
90% capacity retention over 500 cycles at 0.5C in a MgCl,/AlICl;-
LiCl hybrid electrolyte. This work revealed the dynamic inter-
layer expansion of MXenes during multi-ion storage and sug-
gested that selective surface functionalization (e.g., O-rich
terminals) could enhance Mg>"* affinity and guide ion transport
hierarchies. Building on this foundation, Li et al.”* introduced
a composite strategy by incorporating cetyltrimethylammo-
nium bromide (CTAB) into Ti;C, MXenes via electrostatic
self-assembly. The introduction of CTAB expanded the inter-
layer spacing from 12.8 A to 22.3 A, while concurrent nitrogen
doping (5.2 at%) enhanced the electronic conductivity by
approximately 300%. The resulting dual-modified anode delivered
a specific capacity of 115.9 mAh g™ * at 0.1 A g~ and exhibited
exceptional cycling stability, with a minimal capacity decay rate of
only 0.02% per cycle over 1000 cycles. DFT calculations further
revealed a substantial reduction in the Mg>" diffusion barrier,
from 1.2 eV in graphite to 0.38 €V in the modified MXene
structure. This approach underscores the importance of syner-
gistic spatial and electronic modulation in enabling efficient
multivalent ion storage and suggests that similar design prin-
ciples could be extended to emerging MBenes, such as Mo,B,
which are theoretically projected to achieve capacities exceeding
200 mAh g~ " due to the high multivalent ion affinity of boron-
based frameworks.

Heterointerface engineering has also proven effective in
overcoming Mg”" transport limitations. Gao et al.”® constructed
epitaxial Cu,Se/CoSe heterojunctions via hydrothermal seleniza-
tion, where a 0.5 nm lattice mismatch between CoSe nanosheets
and Cu,Se nanoparticles created an internal electric field (0.8 eV
offset). Operando X-ray absorption near edge structure (XANES)
revealed charge redistribution that accelerated Mg>" de-solvation
kinetics, enabling a high capacity of 320 mAh g~ at 0.1 A g™/,
with 91% of the charge storage attributed to pseudocapacitive
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behavior. This architecture enabled full-cell MLHIBs to achieve
143 Wh kg ' energy density. The strategy opens avenues for
gradient heterostructures to homogenize ion flux and suppress
interfacial strain. In parallel, electrolyte-anode interactions have
been increasingly recognized as a decisive factor in enabling multi-
ion reversibility. Tsai et al.”* designed a deep eutectic solvent (DES)
composed of urea-MgCl,-LiClO, (3:1:1 molar ratio), with 0.5%
H,0 as an additive. Raman spectroscopy revealed strong Mg”*/urea
(160 cm ™" shift) and Li*/ClO,~ coordination, leading to high ionic
conductivity (8.7 mS cm™'). When coupled with a perylene dii-
mide/reduced graphene oxide anode, the system achieved a capa-
city of 139.8 mAh g~ " at 0.03 A g~ " with nearly 100% coulombic
efficiency, outperforming conventional electrolyte systems. Their
findings suggest that ligand-exchange mechanisms and redox-
active anions (e.g.,, closo-B;,Cly,>") can simultaneously enhance
ion conductivity and contribute to anion-based storage. System-
level integration has further validated the promise of multi-ion
designs. Pei et al.”® constructed full MLHIBs using a Mg foil anode
and a VO, cathode in an all-phenyl complex (APC)/LiCl electrolyte.
In situ NMR confirmed Li*facilitated Mg** plating/stripping, while
the VO, cathode maintained a stable 1.75 V discharge plateau
through V**/V** redox reactions. This configuration achieved a
record energy density of 427 Wh kg™ " at 55 °C. However, Mg anode
passivation remains a key challenge. The development of artificial
hybrid SEI incorporating LiF-MgF, nanocomposites may provide a
viable route to synchronize interfacial multi-ion kinetics.

Collectively, these advances converge on three key pillars of
innovation that include atomic-scale ion-channel engineering
at interlayer and interface levels to address kinetic asymmetry,
electrolyte solvation environment design to regulate ion trans-
fer behavior, and integrated optimization of electrodes, electro-
lytes, and device architecture, which together pave the way
toward achieving multi-ion batteries with energy densities
approaching 500 Wh kg™ ".

3.1.4.1.3. Advances in electrolyte materials. Electrolyte inno-
vation is a cornerstone in advancing MLHIBs, where the
primary challenge is to simultaneously achieve rapid Mg>* and
Li" transport, maintain interfacial compatibility with Mg anodes,
and ensure stable operation at high voltages. Cheng et al.”®
pioneered a dual-salt electrolyte strategy tailored for Mg/LiFePO,
and Mg/LiMn,0, systems. Their electrolyte formulation leveraged
the high redox potential of Mg>* (2.4 V versus Mg/Mg”*) alongside
the fast kinetics of Li*, resulting in cell voltages exceeding 2.5 V,
which represents an increase of more than 30% compared to
conventional Mg-based electrolytes. Raman spectroscopy analysis
confirmed the suppression of magnesium anode passivation
through the formation of a [Mg,(u-Cl);-6THF]" complex, which
contributed to achieving a specific energy density of 246 Wh
kg™'. This study revealed the delicate balance between high-
voltage stability and interfacial kinetics, suggesting that opti-
mized salt ratios could further reduce concentration polarization
and improve reversibility.
To further address kinetic limitations, Pei et al.”” developed
a MLHIB system that employed VO, as the cathode, magnesium
metal as the anode, and an all-phenyl complex (APC) combined
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with LiCl as the electrolyte. Operando electrochemical impe-
dance spectroscopy (EIS) measurements revealed a 60%
reduction in charge-transfer resistance at VO, cathodes com-
pared to APC-only systems. This enhancement, attributed to Li"
acting as a “kinetic mediator”, led to a record energy density of
427 Wh kg~ ' with over 95% capacity retention after 100 cycles at
55 °C. The results highlight the underexplored potential of
leveraging Li* transport to compensate for sluggish Mg** kinetics
and suggest future exploration of anion-functionalized Li salts
(e.g., BF, ) to simultaneously improve conductivity and suppress
Cl -induced corrosion. Expanding on interfacial engineering,
Ding et al.”’ introduced a corrosion-resistant APC-LiTFSI hybrid
electrolyte, where substituting CI~ with TFSI™ reduced Mg anode
overpotential by 220 mV and increased ionic conductivity to
8.2 mS cm ' - 40% higher than APC-LiCl. Synchrotron XANES
analysis at NiCo,S, cathodes revealed that TFSI™ promoted the
formation of a stable Li*-conductive SEI, which facilitated coop-
erative Mg®"/Li" insertion. The result was a highly stable system:
symmetric Mg|Mg cells showed <50 mV polarization over 500
hours, and full cells delivered 204.7 mAh g~ for 2600 cycles with
only 0.003% decay per cycle. This study underscores the impor-
tance of anion electronegativity in tuning multi-ion interfacial
behavior and opens the door to exploring fluorinated anions (e.g.,
FTFSI") for further improving oxidative stability above 3.5 V.

Pushing electrolyte concentration boundaries, Yang et a
developed an asymmetric water-in-salt electrolyte (WiSE) fea-
turing a high Mg>* to Li* molar ratio imbalance of 1 to 10 at
20 M total salt concentration. This formulation expanded the
electrochemical stability window to 3.2 V, exceeding the typical
limit of conventional aqueous batteries. Operando XRD and
DFT simulations revealed a coupled ion-exchange mechanism,
where Mg>" displaced Li* from the cathode (AG = —1.8 €eV),
while Li" rapidly diffused through a perylene-based anode. This
“Li*-for-Mg>" relay”” enabled a high reversible capacity of 144.1
mAh g ' at 1 Ag " and 92% capacity retention after 500 cycles.
Such asymmetric designs present exciting opportunities for
integrating ion-selective membranes in quasi-solid-state sys-
tems to decouple Mg>*/Li* transport pathways.

Collectively, these advances underscore electrolyte design in
MLHIBs as a multidimensional optimization challenge. Dual-
salt chemistries offer tunable voltage profiles, anion selection
critically influences interfacial charge-transfer kinetics, and
asymmetric ion concentrations enable the creation of ion-
specific transport and reaction pathways. Looking ahead,
achieving further breakthroughs will require atomic-level con-
trol of solvation environments, potentially by integrating fluori-
nated co-solvents or metal-organic frameworks. This approach
aims to harmonize the transference numbers of Li" and Mg**
while simultaneously stabilizing hybrid solid-electrolyte inter-
phase layers under dynamic multi-ion flux conditions.

l,78

3.1.4.2. Mg-K HIBs. Magnesium potassium hybrid ion
batteries (MPHIBs) represent a significant advancement in multi-
ion carrier battery technology, as they effectively overcome the
key limitations of conventional magnesium-based systems.
Traditional magnesium ion electrolytes, such as Mg[B(HFIP),]s,
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offer advantages like cost efficiency, high energy density, and
safety. However, their narrow electrochemical windows (less than
3.2 V) and inherent corrosivity limit the operating voltages of
hybrid systems. This limitation is reflected in the relatively low
output voltages of Mg-Li and Mg-Na HIBs, which achieve only
about 2.5 Vand 1.4V, respectively. In contrast, MPHIBs overcome
these challenges by leveraging the synergistic interaction between
Mg”* and K' ions. Specifically, K" ions provide rapid diffusion
kinetics and enable high-voltage stability, significantly enhancing
the overall performance of the hybrid system.

The development of Mg-K systems was initially explored in
2020; Wang et al”® reported a pioneering aqueous MPHIB,
utilizing a mixed electrolyte containing both Mg and K ions
alongside a novel porous cathode structure. This study intro-
duced potassium ions into the Mg-based battery system, aiming
to address the inherent sluggish kinetics of multivalent Mg>*
transport. By leveraging the synergistic effect between Mg>" and
K’ carriers, the battery demonstrated significantly enhanced rate
capability and cycling stability, highlighting the improvements in
electrolyte stability and cathode materials. The use of potassium
manganese hexacyanoferrate (KMHCF) cathodes marked a nota-
ble step forward, as they enabled the co-migration of Mg>* and K*
ions in ether-based electrolytes, contributing to improved voltage
output and cycling stability in MPHIBs. Building on this founda-
tion, Fu et al.®® recently achieved a significant leap forward by
pairing KMHCF cathodes with tantalum (Ta) current collectors
(Fig. 5¢). This strategic design yielded a high discharge plateau of
3.0 Vand an impressive energy density of 360 Wh kg™, surpassing
the performance of comparable Mg-Li and Mg-Na systems. A key
factor in this performance improvement was the use of KTFSI-
enhanced electrolytes, which optimized both voltage output and
reversibility, as demonstrated by comparative voltage profiles
(Fig. 5d and e). These results suggest that multi-ion carrier
strategies, by combining the high theoretical capacity of Mg>" with
the favorable ionic mobility of K, offer an effective approach to
addressing the voltage limitations and cycling instability com-
monly observed in conventional single-ion systems.

3.1.4.3. Mg-Al HIBs. Magnesium aluminum hybrid ion
batteries (MAHIBs) represent a promising class of multivalent
ion hybrid energy storage systems that harness the synergistic
transport and storage behavior of both Mg®>" and AI’* ions.
These two multivalent metals are highly attractive candidates
for next-generation rechargeable batteries because of their
high theoretical capacities of 3579 mAh g for AI**/Al and
2205 mAh g~ for Mg”>*/Mg, along with low standard reduction
potentials of —1.66 volts for AI*/Al and —2.37 V for Mg>*/Mg
versus the SHE.®! However, the practical deployment of Mg- and
Al-based batteries has been significantly hindered by the lack of
compatible electrolytes that can simultaneously enable efficient
and reversible metal plating/stripping while suppressing
side reactions such as passivation, dendrite formation, and
electrolyte decomposition.

A growing body of research on MAHIBs has underscored the
importance of electrolyte speciation in governing electrochemical
performance. In particular, adjusting the stoichiometric ratio of
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AICI; to MgCl, to 1:1 in ether-based solvents such as tetraethy-
lene glycol dimethyl ether (TEGDME) effectively suppresses the
formation of electrochemically unstable AICI," cations. This
adjustment prevents parasitic cementation reactions, in which
aluminum is spontaneously deposited at the expense of magne-
sium metal, thereby mitigating magnesium corrosion, enhancing
coulombic efficiency, and eliminating capacity fading without the
need for conditioning cycles (Fig. 5f).*> These findings reveal that
AP** plays a dual role in multi-ion systems: beyond acting as an
active charge carrier, it modulates interfacial chemistry and
improves Mg>" transport by altering local solvation and coordina-
tion environments.

Building on this understanding, earlier studies conducted
using MgCl,/AICl; complexes in ether solvents like tetrahydro-
furan (THF) and TEGDME further revealed that electrochemical
reversibility is highly sensitive to electrolyte composition. For
instance, systems with a Mg:Al molar ratio of 2:1 required
conditioning cycles to remove inactive [AICl,]” and [ALCl,|™
species, which otherwise led to parasitic Al deposition. Raman
spectroscopy and pair distribution function analysis confirmed
the in situ formation of [Mg,(u-Cl);-6THF]" clusters during con-
ditioning (Fig. 5g), which not only restored active AI** availability
but also promoted uniform Mg”>* plating by enhancing CI~
surface coverage and modifying the electrode-electrolyte
interface.®* These complementary findings demonstrate how
precise electrolyte engineering in MAHIBs enables the transfor-
mation of interionic complexity into functional synergy, reinfor-
cing the critical role of controlled speciation in optimizing multi-
ion carrier battery systems.

Multi-ion carrier systems address these limitations by
exploiting the synergistic interplay between Mg”* and AI** ions,
as demonstrated by Pagot et al.®* through their innovative ionic
liquid-based Al/Mg hybrid electrolyte [Pyr;,Cl/(AlCls); 5]/(3-
MgCl,),. The incorporation of Mg>" into the system shifted the
APP" reduction potential from —1.66 V to —2.37 V, representing a
negative shift of 0.71 V. This shift facilitated alloy-type Al plating
and stripping at substantially lower overpotentials. This dual-
cation effect not only enhances energy density but also reduces
kinetic and thermodynamic barriers traditionally limiting the
individual use of Mg>" or AI**. Electrochemical testing in sym-
metric Mg|electrolyte|Mg cells showed remarkable cycling stabi-
lity with a coulombic efficiency of 99.66% and an overvoltage of
<50 mV over 700 cycles. Stripping-deposition profiles on Pt
electrodes further confirmed the anodic stability of the electrolyte
up to +2.35 V vs. Mg/Mg>". Structural characterization revealed a
complex ionic network comprising Pyr;,', ClI~ AlCl,~, ALCL,~,
and solvated Mg”* species, which collectively enable efficient,
stable transport of both multivalent ions.

By integrating the complementary physicochemical charac-
teristics of Mg>" and Al**, such as their distinct ionic radii, charge
densities, and solvation behaviours, MAHIBs establish a syner-
gistic ion transport mechanism. This multi-ion strategy not only
enhances energy density through high-valence charge storage but
also improves ionic conductivity and structural stability, thereby
achieving a well-balanced performance in terms of energy output,
rate capability, and long-term cycling stability.
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3.1.5. Ca® based DCHBs. Among the diverse post-lithium
energy storage chemistries, Ca ion batteries have emerged as a
particularly attractive candidate due to calcium’s natural abun-
dance, low cost, and inherently favourable electrochemical
profile. The Ca/Ca®>" redox couple offers a high theoretical
specific capacity of 1340 mAh ¢! and a standard reduction
potential of —2.87 V versus the SHE, closely approximating that
of lithium (—3.04 V vs. SHE).*® However, despite this thermo-
dynamic advantage, the practical deployment of Ca** batteries
has been constrained by critical bottlenecks intrinsic to single-
ion systems. These include sluggish Ca®" transport kinetics
within both electrolytes and electrode matrices, severe passiva-
tion at the calcium metal anode interface, and incompatibility
with conventional electrolytes and electrode materials.

At the core of these strategies lies the deliberate introduction
of auxiliary charge carriers, both cationic (such as Li*, Na*, and
K') and anionic (such as PF,~, BF,~, BH, ), which dynamically
modulate the local electrochemical environment to enhance the
overall behavior of Ca**. These secondary ions do not serve
merely as supporting species; rather, they play active roles in
tailoring electrolyte solvation structures, stabilizing interfacial
phases, and improving redox reaction kinetics. For instance,
small and fast-diffusing cations like Li" can restructure the
solvation sheath around Ca**, reducing its effective de-solvation
energy and thereby improving ionic mobility. Concurrently, care-
fully selected anions contribute to the formation of a stable,
ionically conductive SEI, mitigating calcium surface passivation.
More importantly, these auxiliary ions can also facilitate redox-
active processes at the cathode, especially in complex conversion-
type systems, by participating in co-intercalation or catalytic
pathways.

Several representative systems have demonstrated the effective-
ness of multi-ion synergy in overcoming the intrinsic limitations of
Ca-based batteries. A particularly notable example is the develop-
ment of a carbon-confined covalent sulfur cathode, synthesized via
plasma-enhanced C/S co-deposition.*® This nanostructured cath-
ode architecture not only immobilized soluble polysulfide inter-
mediates but also provided a conductive matrix to facilitate redox
reactions. It was coupled with a dual-salt electrolyte system
composed of LiPFs and Ca(BF,), dissolved in carbonate solvents.
The resulting Ca-S battery exhibited a high reversible capacity of
824.6 mAh g~ " along with excellent cycling stability over 145 cycles.
Mechanistically, this performance was enabled by the cooperative
roles of the two cationic species. Li" ions actively participated in
the sulfur redox process, improving reaction kinetics and promot-
ing more complete and reversible sulfur conversion. In parallel,
Ca®" served as the primary charge carrier, supporting overall ionic
conductivity and contributing to the system’s energy density.

In a related study, Meng et al.®” reported a Ca-FeS, battery
utilizing a hybrid electrolyte composed of Ca(BH,), and LiBH,
dissolved in tetrahydrofuran (THF). In this system, Li" ions
acted as the catalyst for the FeS, conversion reaction and
reduced the de-solvation barriers of Ca**, while BH,™ anions
effectively suppressed interfacial resistance, thereby facilitating
improved Ca ion transport. This combination enabled a rever-
sible capacity of 303 mAh g~ with a coulombic efficiency of
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96.7% over 200 cycles. The results underscored the cooperative
functionality of both cationic and anionic species within the
electrolyte in enhancing redox kinetics and interface compatibility.
The impact of multi-ion strategies extends beyond the bulk
electrolyte to interfacial engineering. Song et al.®® developed an
artificial hybrid SEI composed of nanoctystalline Na*/Ca®>" carbo-
nates and CaH,/Ca;N, species. This engineered interlayer acted as
an ion-conductive yet electron-insulating interface, effectively sta-
bilizing the calcium metal surface. When combined with an
electrolyte enriched in PFs  and K' ions, the system achieved
ultra-stable Ca plating/stripping behaviour over 1400 hours with
minimal polarization, demonstrating the power of multi-ion coor-
dination in constructing robust interfacial chemistries. Further
demonstrating the power of reciprocal ion synergy, Zhou et al.®
introduced a dual-cation Ca/Na-S battery system based on a
Ca(PF,),/NaPF, electrolyte. In this configuration, Na“ ions
enhanced the conversion kinetics of calcium polysulfides at
the cathode, while Ca®>" played a complementary role in buffer-
ing Na' flux at the anode, thus mitigating dendrite formation.
This cooperative interaction resulted in a high reversible capa-
city of 947 mAh g~' and excellent cycling stability at ambient
temperature.

Collectively, these pioneering advancements compellingly
illustrate the central and indispensable role of multi-ion carrier
strategies in unlocking the full electrochemical potential of Ca-
ion hybrid batteries. By meticulously tailoring electrolyte com-
positions to incorporate synergistic ion pairs (e.g., Ca>", Li",
Na*, K', PF,~, and BH, ), researchers have systematically
addressed core limitations pertaining to ionic mobility, redox
kinetics, and interface stability. Looking ahead, the continued
exploration of cooperative ion interactions, potentially guided
by advanced computational modelling and in situ characteriza-
tion techniques, combined with the development of ion-
selective membranes and chemically stable hybrid electrolytes,
is expected to accelerate progress toward high-voltage, high-
capacity, and long-life multivalent energy storage systems.

3.1.6. Zn>" based DCHBs. Zn ion hybrid batteries (ZIHBs)
have attracted increasing attention within the multi-ion energy
storage landscape, driven by the favourable electrochemical and
environmental characteristics of Zn. With a high theoretical
capacity (820 mAh g '), exceptional volumetric capacity (5854
mAh cm?), low redox potential (—0.76 V vs. SHE), natural
abundance, and intrinsic safety, Zn is well-suited for developing
sustainable, next-generation battery technologies.’®*" However,
traditional Zn ion batteries (ZIBs) that rely solely on Zn>" as the
charge carrier face key limitations. The sluggish diffusion
kinetics of Zn>", interfacial instability from parasitic reactions
(e.g., hydrogen evolution in aqueous electrolytes), and cathode
degradation during repeated Zn>" intercalation/extraction severely
compromise electrochemical reversibility and long-term cycling
stability. These challenges underscore the need for advanced
electrode and electrolyte designs to fully realize the potential
of ZIHBs.

In this context, researchers have strategically introduced aux-
iliary cations such as Mn**, Li*, Na*, K*, Ca®*, Mg**, and AI’*, along
with functional anions like 17, SO,*7, and [Zn(OH),*, to
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construct advanced ZIHB systems. These additional ionic species
do not merely act as inert co-solvates but instead engage actively in
regulating redox dynamics, restructuring electrode-electrolyte
interfaces, and modulating solvation structures. Their cooperative
interactions facilitate synergistic ion transport, promote interfacial
stability, and accelerate charge-transfer kinetics. By enabling
multi-dimensional control over electrochemical processes, such
multi-ion configurations significantly surpass the capabilities of
conventional single-ion systems. They enhance ionic conductivity,
stabilize cycling behaviour, and mitigate degradation pathways,
thereby improving the overall performance of ZIHBs. Within this
framework, Zn serves not only as the primary charge carrier but
also as a central element orchestrating complex ionic synergies.
The following subsections will explore representative ZIHB
chemistries where these multi-ion strategies have delivered
transformative improvements.

3.1.6.1. Zn-Mn HIBs. Zn-Mn hybrid ion batteries (ZMHIBs)
represent one of the most historically entrenched and technically
versatile battery chemistries, with roots extending back to the
seminal Leclanché cell (Zn-MnO,-NH,Cl) introduced in 1868
and subsequently evolved into dry cell formats by Hellesen in
1886.”> Originally developed as primary (non-rechargeable) sys-
tems, ZMHIBs underwent a significant transformation with the
advent of alkaline secondary battery technologies, enabling their
deployment in rechargeable applications. In conventional aqueous
Zn-Mn configurations, metallic Zn functions as the anode, oxidiz-
ing to Zn>" during discharge, while MnO, at the cathode under-
goes reduction accompanied by Zn>" intercalation.”® This
electrochemical interplay is reversed during charging, where Zn*
deintercalated from the cathode and is electrodeposited back onto
the anode. While these systems have demonstrated admirable
safety and cost-effectiveness, challenges such as sluggish Zn**
kinetics, Mn dissolution, and interfacial incompatibility continue
to restrict their energy density and long-term cycling stability.

To address these intrinsic limitations, researchers have
explored multi-ion carrier strategies by incorporating additional
active ionic species such as H', Mn**, 1", and SO,>~, which work
in concert with the native Zn”>* transport mechanism.’*®” This
multidimensional ionic orchestration serves not merely to sup-
port ion conduction but actively modifies redox mechanisms,
stabilizes electrode interfaces, and decouples energy storage
from rate performance. The integration of auxiliary ions within
the Zn-Mn framework exemplifies the broader paradigm shift
toward hybridized ion chemistries, wherein multiple carriers
operate synergistically to resolve longstanding bottlenecks in
electrochemical reversibility and performance degradation.

A compelling demonstration of this principle is embodied in
the design of a polyvinylpyrrolidone (PVP)-intercalated MnO,
hybrid superlattice featuring expanded (001) planes, which
selectively accommodate H* via the Grotthuss mechanism.”®
This structural innovation not only facilitates fast H' transport
via a hydrogen-bonded network, but also leverages the hybrid
superlattice configuration to enhance charge delocalization and
electronic entropy. Within this framework, the simultaneous
intercalation of Zn>" and H" plays distinct yet complementary
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roles: H' contributes to ultrafast charge transfer kinetics, while
Zn** ions serve as the principal charge carriers, enabling high
energy storage capacity. This decoupling of electrochemical
functions, in which H" enhances power density while Zn>*
contributes to energy density, effectively overcomes the conven-
tional trade-off between high-rate capability and large capacity.
Building on the notion that redox activity itself can be mediated
through auxiliary species, a hybrid cathode combining Mn**
and I" ions has been developed, leveraging the redox couple I3~/
I" to facilitate the Mn**/MnO, conversion process in a buffered
acetate electrolyte.’® The redox sequence proceeds as follows:
Cathode:

I, +2e — 2I" (5)
Anode:
MnO, + 31" + 4H" - Mn*' + 2H,0 + I~ (6)
I; +3e” — 30 (7)
Zn-2e” — Zn** (8)

In this configuration, I" ions act as redox mediators that catalyze
MnO, dissolution and lower the activation energy for the Mn**/
MnO, redox transition. This catalysis significantly enhances
redox reversibility, achieving an impressive 96% Mn**/MnO,
conversion efficiency. The resulting Zn-Mn>*/I” system exhibits
remarkable electrochemical performance, including high-
capacity retention at current densities up to 100 mA cm >, a
minimal voltage polarization of 0.14 V, and extended cycle life
over 2000 cycles with an average coulombic efficiency of 96.0%.
This example expands the conceptual role of multi-ion carriers,
demonstrating that auxiliary ions such as I are not merely ionic
conductors but can act as redox-active catalysts, amplifying both
kinetics and capacity.

The concept of ionic asymmetry is further explored in a hybrid
Zn-Mn redox flow battery, which integrates an acidic Mn**/MnO,
redox couple with an alkaline Zn/[Zn(OH),*~ pair."°® In this
architecture, the anolyte and catholyte are physically separated
but electrochemically coupled, allowing for independent optimi-
zation of redox kinetics and ionic stability. The introduction of
[Zn(OH),]*~ effectively suppresses Zn dendrite formation, while
the use of Ni-Mg catalysts and Bi-embedded carbon felt electro-
des enhances the reversibility of the Mn redox reaction. This
configuration delivers an impressive operating voltage of 2.75 V
and achieves an energy efficiency of 89.8% over 150 cycles,
establishing a strong case for redox-asymmetric, multi-ion elec-
trolyte systems in flow battery platforms. Complementary
advances in quasi-solid-state electrolytes further underscore the
role of solvation engineering in multi-ion systems. Incorporating
kaolinite, a layered clay mineral with strong water-binding capa-
city, into the hybrid electrolyte matrix not only confines free H,O
but also facilitates the enrichment of SO,>~ anions within the
solvation sheath, thereby enhancing the ionic environment for
multi-ion transport.'®* This tailored solvation structure mitigates
side reactions and dendrite growth on the Zn anode, enhances
Zn** flux uniformity, and improves interfacial compatibility.
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Paired with an o-MnO, cathode, the resulting battery delivers a
high specific capacity of 348 mAh g™ " at 0.2 A g~ " and retains
87% of its capacity after 500 cycles at 0.5 A g~ *, with minimal
degradation over 100 cycles, demonstrating the benefits of con-
trolled ionic microenvironments in hybrid systems.

A major obstacle for aqueous Zn systems is the stark mis-
match between the pH environments favored by their two
electrodes. MnO, delivers its highest reversible capacity through
proton-coupled conversion reactions that proceed most effi-
ciently in mildly acidic electrolytes. In contrast, metallic Zn
corrodes rapidly in acid, evolving hydrogen and forming soluble
Zn salts; it deposits smoothly and with a low overpotential only in
alkaline media. To resolve this conflict, researchers have devised
pH-decoupled architectures that allow each electrode to reside in
its preferred medium while still sharing a common external
circuit.'® A representative design employs three liquid compart-
ments: an acidic catholyte in contact with the MnO, cathode, an
alkaline anolyte bathing the Zn metal, and a neutral potassium-
sulfate reservoir sandwiched between them (Fig. 6a)."”® Cation-
and anion-selective membranes flank the central reservoir, per-
mitting only targeted ion migration. During discharge, K' ions
drift toward the anolyte to balance the electrons consumed at the
Zn electrode, whereas SO,>~ ions move toward the catholyte to
neutralize the protons consumed by MnO,. This bidirectional ion
shuttle maintains electroneutrality without allowing corrosive
species to cross over. By keeping each electrode in its ideal pH
window, the three-compartment cell achieves a thermodynamic
voltage of 2.83 V and an energy density of about 1622 Wh kg™*
based on the mass of MnO,, far surpassing conventional single-
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electrolyte Zn batteries. Performance is further enhanced by
integrating a recirculation loop that continuously refreshes each
electrolyte stream, thereby suppressing concentration gradients
at the electrode surfaces and enabling fast charge-discharge
operation with minimal polarization."**

In summary, the strategic integration of multiple charge
carriers in ZMHIBs has emerged as a transformative approach
for overcoming the limitations traditionally associated with
Zn-MnO, chemistries. The cooperative roles of H', Zn>"
Mn**, I", [Zn(OH),]*", and SO,>  in these systems enhance
both redox kinetics and energy storage capacity, while simulta-
neously enabling exceptional architectural versatility across a
wide range of configurations, including solid-state, flow, and
hybrid electrolyte formats. Through these synergistic interac-
tions, multi-ion systems unlock performance metrics that are
unachievable through single-ion pathways alone.

To address the challenge of achieving reversible Zn>" inter-
calation and extraction in cathode materials, which is primarily
hindered by strong electrostatic interactions between Zn** ions
and the host crystal lattice in conventional ZIBs, novel
rechargeable Zn-based hybrid batteries have been developed.
These systems typically pair a Zn metal anode with traditional
cathode materials used in other metal-ion batteries. In such
configurations, Zn>* ions undergo reversible plating and strip-
ping at the anode, while alternative metal ions are reversibly
intercalated and deintercalated at the cathode. Based on the
nature of the participating metal ions, reported ZIHBs can be
broadly classified into six categories: Zn-Li hybrid batteries,
Zn-Na hybrid batteries, Zn-K hybrid batteries, Zn-Mg hybrid
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batteries, Zn-Ca hybrid batteries, and Zn-Al hybrid batteries
(Fig. 6b).’°° In the following sections, we systematically intro-
duce and discuss each of these dual-cation Zn-based hybrid
battery systems.

3.1.6.2. Zn-Li HIBs. Despite significant progress in ZMHIBs,
the pursuit of higher energy density, broader operational stability,
and improved electrochemical reversibility has spurred interest in
alternative hybrid configurations. Among them, Zn-Li hybrid ion
batteries (ZLHIBs) have emerged as a promising platform that
leverages the complementary strengths of Zn and Li-based
chemistries. Zn provides high theoretical capacity, low cost, and
natural abundance, while Li" enables access to high-voltage
cathodes with well-established intercalation mechanisms.'*® The
coexistence of Zn** and Li* as a dual charge carrier not only
expands the electrochemical window but also mitigates key
challenges associated with aqueous Zn-based systems, such as
hydrogen evolution at the Zn anode, limited ionic mobility in
aqueous media, and poor low-temperature performance.
Importantly, the incorporation of Li" introduces access to
higher-voltage cathodes and more diverse redox chemistries,
while Zn®" maintains system safety and cost-effectiveness.

Recent advances in ZLHIBs have centered around three
representative lithium-based cathode materials: LiFePO,
(LFP), LiMn,O, (LMO), and LizV,(PO,); (LVP). Across these
systems, electrolyte engineering has proven critical to unlock-
ing the full potential of the Zn>*/Li* dual-cation framework.
Strategies such as modulating water activity, tailoring solvation
structures, extending electrochemical stability windows, and
facilitating selective ion transport have been key to enabling
stable and efficient operation. This section highlights how the
integration of multi-ion coordination with precisely engineered
electrolyte environments can effectively guide the development
of next-generation, high-performance ZLHBs.

A particularly illustrative case of such hybridization is found
in ZLHIBs employing LFP as the cathode. Here, the challenge lies
in harmonizing the dual-cation transport mechanisms while
maintaining the stability of both electrodes in an aqueous
environment. Electrolyte engineering has proven central to this
endeavour, particularly in controlling water activity and solvation
behaviour. For instance, Su et al.'®” introduced a polyacrylamide
(PAM)-modified aqueous electrolyte, which reduces the activity of
free water molecules, thereby suppressing parasitic hydrogen
evolution at the Zn anode and stabilizing the interfacial environ-
ment. In this system, Li" serves as the primary intercalating ion at
the LFP cathode, while Zn>" cycles at the anode. The tailored
electrolyte facilitated 82% capacity retention after 350 cycles at
0.5 A g ', demonstrating the efficacy of water regulation in
sustaining dual-cation transport. Building on this approach,
Ciurduc et al'® employed molecular crowding electrolytes
(MCEs) using polyethylene glycol (PEG400) to restructure the
solvation environments of both Zn** and Li", leading to substan-
tial reduction in self-discharge rates and improved cycling stabi-
lity. Recognizing the vulnerability of aqueous systems at low
temperatures, Yan et al. designed a hygroscopic bilayer PEG/
bacterial cellulose (BC) electrolyte.'® This innovative electrolyte
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architecture serves to reduce water molecule activity and simulta-
neously improve ionic conduction for both Li* and Zn>" at sub-
zero temperatures. Their Zn-LFP hybrid cells employing this
electrolyte retained 85.14% of their initial capacity after 300
cycles at —20 °C, while achieving near 100% coulombic efficiency,
underscoring the benefits of dual-cation configurations in
extreme environments.

The implementation of LMO cathodes in ZLHIBs presents
additional challenges due to intrinsic instability of LMO under
aqueous or alkaline conditions, often resulting in cathode dissolu-
tion and Zn anode passivation. To address these issues, a phase-
separated electrolyte (PSE) system composed of immiscible aqu-
eous and organic phases was developed, incorporating ionic
liquids such as Py, TFSI in fluoroether (HFE) solvents."’ This
biphasic system significantly extended the electrochemical stabi-
lity window (ESW) to 4.6 V by physically segregating water from the
LMO cathode. As a result, Zn-LMO batteries achieved high-voltage
platforms up to 3.12 V and discharge voltages of 2.95 V and 2.75 V,
ultimately delivering energy densities exceeding 360 Wh kg ™.
Moreover, the strategy proved adaptable to other lithium-based
cathodes, including LiNi, sMn; 50, and LiCoMnO,, where average
working voltages reached 3.41 V and 3.37 V, respectively. These
results underscore how selective phase partitioning can be
employed to spatially manage redox species and stabilize dual-
cation transport in high-voltage aqueous systems.

Complementary innovations in solvation structure engineering
have further enhanced Zn-LMO hybrid systems. Jaumaux et al.'"*
utilized a solvent system based on N-methylformamide (NMF), co-
dissolving lithium triflate and zinc triflate to create a uniform
solvation environment conducive to both Li** and Zn*" transport.
This hybrid electrolyte expanded the electrochemical stability
window to 3.25 V and enabled highly stable cycling with 99.7%
coulombic efficiency over 400 cycles. In parallel, efforts to address
anode-side passivation led Tao et al.'? to develop carbon-doped
porous Zn anodes that enhance ion diffusion and reduce
interfacial resistance, improving initial discharge capacities to
150 mAh g~ and retaining 60 mAh g~" over 210 cycles.

Further extending the multi-ion carrier concept, recent
attention has turned to LVP-based cathodes, where polyanionic
frameworks traditionally suffer from poor kinetics. To mitigate
this, Jiang et al.'*®* employed Mn*" doping to enhance both
conductivity and structural stability within the LVP host,
reporting a Zn//Li3V;.9sMng 06(PO,4)s hybrid system with an
initial capacity of 106.5 mAh g~ " and excellent rate and cycling
performance. In a more architecturally advanced approach, Liu
et al."™** developed a hierarchical “scarf-blanket” structure in
LiVPO,F (LVPF) cathodes, combining carbon nanotube net-
works with polypyrrole coatings to improve electron transport
and structural cohesion. The specific reaction of this study is as
follows:

Cathode:
2LiVPO,F-2e -2Li" — 2VPO,F 9)
Anode:
Zn-2e~ — Zn*" (10)
Chem. Soc. Rev., 2025, 54, 9685-9806 | 9705
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When integrated with a high-concentration dual-cation electro-
lyte comprising Zn(OTf), and LiTFSI, the system exhibited a high,
flat discharge plateau at ~1.9 V, delivering a specific capacity of
146.9 mAh ¢ ' and an energy density of 235.6 Wh kg *, while
retaining 87.2% capacity over 600 cycles.

Collectively, these advances underscore the growing
potential of Zn-Li hybrid systems as a fertile ground for
exploiting multi-ion carrier mechanisms. By partitioning ionic
functionalities across coordinated electrolyte-electrode archi-
tectures and fine-tuning solvation dynamics for both Zn** and
Li', ZLHBs have begun to transcend the conventional limita-
tions of aqueous and non-aqueous battery systems alike.
Through innovations in electrolyte formulation, cathode stabili-
zation, anode surface engineering, and interfacial control, these
systems achieve a sophisticated orchestration of multiple
charge carriers, enabling high-voltage operation, broad tem-
perature adaptability, and long-term cycling robustness.

3.1.6.3. Zn-Na HIBs. Zn Na hybrid ion batteries (ZNHIBs)
have emerged as a promising strategy to overcome the inherent
limitations of conventional aqueous ZIBs by harnessing the
complementary electrochemical characteristics of Zn** and Na*
ions. In these systems, a Zn metal anode is paired with a sodium-
based cathode, enabling a dual-cation mechanism in which
each ion plays a distinct functional role. Zn** serves as the
primary charge carrier at the anode, offering high theoretical
capacity and low redox potential, while Na" participates in the
cathodic redox process, contributing to improved structural
reversibility and reaction kinetics (Fig. 6c¢). Specifically, the
Na' shuttle enhances cathode stability and supports faster ion
transport, while the presence of Zn>" ensures high energy
density and compatibility with aqueous systems. Altogether,
the integration of these two ion species not only expands the
electrochemical stability window but also enhances overall
battery efficiency.

A defining feature of ZNHIBs is the use of Na-hosting cathodes,
which critically determine the electrochemical behaviour of the
full cell. PBAs, NASICON-type compounds, and other Na'-
intercalation hosts have been widely explored for this role.
PBAs, such as FeFe(CN)s, NiHCF (nickel hexacyanoferrate),
and ZnHCF (zinc hexacyanoferrate), have garnered particular
interest due to their robust open-framework structures that
accommodate reversible Na' intercalation. However, their per-
formance is often constrained by structural defects, such as
lattice vacancies and interstitial water, as well as low specific
surface areas. Moreover, the strong coulombic interaction
between divalent Zn>* and water molecules can interfere with
Na" diffusion or trigger undesirable side reactions, undermin-
ing long-term cycling stability.

Cathode:

C-FeFe(CN)g + 1.65Na’ + 1.65e~ — C-Nay ¢sFeFe(CN)g
(11)
Anode:
0.82Zn — 0.82Zn*" + 1.65¢~ (12)
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Overall:

C-FeFe(CN), + 1.65Na” + 0.82Zn — C-Nay ¢;FeFe(CN)g + 0.82Zn**

(13)

To mitigate these limitations, considerable efforts have been
directed toward structural refinement and defect suppression
in PBAs cathodes. A notable example involves the synthesis of
C-FeFe(CN) via a citric acid chelation approach, which signifi-
cantly reduced defect density and improved surface area, lead-
ing to enhanced ion transport and electrochemical stability.'*
This system achieved a high-capacity retention of 88% after 500
cycles, with the redox reaction governed by a dual-cation
mechanism in which Na' intercalates into the cathode while
Zn undergoes reversible stripping and plating at the anode. The
specific reaction of this study is as follows:

Similarly, monoclinic NiHCF has demonstrated a near-
theoretical capacity along with enhanced long-term reversibil-
ity, further validating the feasibility of its application in hybrid
Zn-Na systems.''®

Beyond PBAs, NASICON-type materials offer an attractive
platform for Zn-Na hybridization, owing to their intrinsically
high Na* mobility, robust three-dimensional frameworks, and
structural resilience during repeated intercalation/deintercala-
tion cycles. Despite these advantages, typical NASICON materi-
als often operate at relatively low voltages (below 0.8 V vs. Zn/
Zn"), and aqueous instability becomes a concern, particularly
for high-voltage vanadium-based NASICON cathodes. Strategies
to overcome these limitations have included introducing high-
voltage inductive centers, such as PO,*”, F~, and PO,F*", and
adopting alternative compositions like monoclinic LizV,(PO,4); or
rhombohedral Na;V,(PO,);. These approaches have successfully
raised redox potentials while maintaining structural integrity. A
recent study on sodium fluorophosphate oxovanadium materials
(Na,(VO),(PO4),F;), synthesized via solvothermal routes, exempli-
fied the benefits of this strategy (Fig. 6d)."'” These cathodes
exhibited a specific capacity of 87.2 mAh g~ ' and exceptional rate
performance. XRD analyses during charge-discharge cycles con-
firmed the reversible intercalation of both Na* and zn?", validat-
ing the co-storage mechanism fundamental to ZNHIBs.
Complementing these efforts, NASICON-type M;V,(PO,); (Where
M = Li, Na) cathodes have also demonstrated dual-cation con-
duction behaviour when paired with Zn anodes, achieving capa-
city retention above 84% after 200 cycles."*® The coexistence of
Na* and Zn®" within the electrolyte enables a dual-cation con-
duction mechanism, further reinforcing the multi-ion carrier
concept as a transformative strategy for achieving enhanced
electrochemical stability and performance.

In addition to cathode optimization, electrolyte engineering
plays an equally critical role in advancing ZNHIB performance.
Lu et al.'* demonstrated that modifying the electrolyte compo-
sition by introducing ZnSO, markedly improved Na" intercala-
tion kinetics and significantly stabilized the electrochemical
interface, especially when paired with a graded porous Zn
anode. Cyclic voltammetry results revealed pronounced catho-
dic responses when Na* and Zn®" coexist, highlighting their

This journal is © The Royal Society of Chemistry 2025
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cooperative redox activity in the hybrid system. A novel solvation
structure engineered within concentrated aqueous electrolytes
was shown to drastically suppress hydrogen evolution and
inhibit dendrite formation on the Zn surface.'*® This electrolyte
optimization extended the Zn plating/stripping lifespan to 1600
hours with an impressive coulombic efficiency of 99.96% sus-
tained over 700 cycles. Such advancements underscore the
crucial role of electrolyte design in multi-ion carrier systems,
as effective control over solvation structures directly impacts the
stability and reversibility of both Na* and Zn** redox processes.

By capitalizing on the distinct electrochemical properties of
alkali metal ions like Na* in conjunction with Zn**, the multi-
ion carrier strategy offers a viable pathway for addressing Zn
anode challenges while simultaneously enhancing energy den-
sity and cycling stability in ZNHIBs. The incorporation of PBA
and NASICON-type materials as cathodes has yielded signifi-
cant improvements in energy density, rate performance, and
long-term durability.

3.1.6.4. Zn-K HIBs. Zinc potassium hybrid batteries (ZPHIBSs)
have attracted growing interest for large-scale energy storage due
to their dual-cation mechanism. By coordinating the transport of
Zn*" and K" ions, ZPHIBs overcome limitations of conventional
systems, offering improved rate capability, greater voltage
stability, and longer cycle life. These advantages help mitigate
challenges such as slow ion diffusion, voltage fluctuations during
operation, and long-term material degradation in traditional
battery technologies.

Despite these intrinsic benefits, challenges persist in fully
realizing the potential of ZPHIBs, including the need to enhance
ionic conductivity within electrode materials for both Zn** and
K', suppress parasitic reactions such as hydrogen evolution at the
Zn anode, and minimize cathode dissolution or structural degra-
dation that can cause capacity fade. The design and optimization
of multi-ion carrier cathodes, particularly those based on PBAs,
have emerged as pivotal to advancing ZPHIB performance. PBAs
such as copper hexacyanoferrate (CuHCFe), potassium manga-
nese ferrocyanide (KCM), Fe, 35Mn ¢5[Fe(CN)g] (FeMnHCF), and
Ni-Zn hexacyanoferrate (Ni;Zn,HCF) offer open-framework crys-
tal structures ideally suited for reversible K" intercalation, thereby
facilitating efficient charge storage and ion diffusion. Nonethe-
less, intrinsic challenges such as capacity limitations due to Mn**
dissolution in KCM and structural defects in Ni;Zn;HCF con-
tinue to constrain their electrochemical performance.

Research has therefore focused on strategic modifications,
including cation substitution within the PBA lattice to improve
stability, electrolyte formulation tuning to optimize ion trans-
port and suppress side reactions, and synthesis control aimed
at enhancing crystallinity and reducing defects. A representa-
tive advancement was demonstrated by Liu et al.'>" who devel-
oped a thermally assisted ZPHIB utilizing a CuHCFe cathode
and Zn metal anode in a hybrid K/Zn-ion aqueous electrolyte.
This system achieved a notable discharge voltage of 1.75 V and
exhibited a temperature coefficient of —0.97 mV K™, indicative
of stable and efficient cycling even under thermal fluctuations.
The enhanced ion mobility of K* within the electrolyte was key
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to maintaining electrochemical performance at low tempera-
tures, though elevated temperatures still posed stability chal-
lenges. In a parallel effort, Yu et al."®* engineered a partially
copper-substituted KCM cathode, effectively mitigating Mn**
dissolution and elevating the cathode’s working potential. Their
ZPHIB displayed an operating voltage of 1.75 V and superior rate
performance, alongside a marked suppression of Zn dendrite
formation. This dendrite inhibition was attributed to an elec-
trostatic shielding effect imparted by K' ions, which likely
adsorb onto or accumulate near the Zn anode surface, modulat-
ing local electric fields to homogenize Zn>" deposition and
prevent localized current density spikes responsible for dendrite
nucleation. This illustrates an important role for auxiliary ions
in multi-ion carrier systems beyond charge storage; K™ here
exerts a non-redox, physical stabilization effect critical for anode
longevity.

Further illuminating the multi-ion interaction mechanism,
Wang et al.”® explored the rhombohedral FeMnHCF cathode,
which exhibited excellent Zn®*" and K" storage capabilities. The
FeMnHCF framework facilitates the intercalation of both guest
ions, enabling hybrid charge storage behavior. Their investiga-
tions, including cyclic voltammetry in both pure Zn>* and
mixed Zn**/K" ions electrolytes, revealed that K acted as the
primary charge carrier within the FeMnHCF framework. This
was confirmed by the superior rate performance and decreased
ion diffusion barriers observed when K" was present, resulting
in an impressive energy efficiency of 93%. The reduced over-
potential and enhanced reversibility associated with K inter-
calation were central to this outcome, demonstrating how
judicious multi-ion carrier selection can substantially elevate
battery efficiency.

These studies collectively underscore the transformative
potential of ZPHIB systems, where the synergistic interaction
between Zn*>* and K* ions leads to markedly enhanced battery
performance. Zn>* contributes high capacity and benefits from
reduced dendrite formation due to the presence of K', while K*
offers fast diffusion kinetics and low intercalation overpoten-
tial, resulting in improved overall electrochemical behavior.
The strategic use of multi-ion carriers, exemplified by the
Zn*'/K* combination, provides substantial improvements in
energy efficiency, voltage stability, and cycling durability.

3.1.6.5. Zn-Mg HIBs. Zinc magnesium hybrid batteries
(zMgHIBs) combine the complementary electrochemical
properties of Zn** and Mg>". In this system, Zn>" offers fast
redox kinetics and high reversibility in aqueous electrolytes,
while Mg”* contributes a high volumetric capacity, abundant
natural reserves, and low cost. However, the ZMgHIBs face
notable challenges, including the poor reversibility of Mg>*
intercalation, the sluggish diffusion kinetics due to the divalent
nature and high charge density of Mg>*, and the dissolution of
active materials that can degrade long-term performance.
Addressing these limitations requires coordinated advances in
both electrolyte formulation and cathode material design. In
particular, mixed ZnSO,-MgSO, electrolytes have garnered atten-
tion as a practical and scalable solution for enabling dual-cation
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transport while stabilizing electrode interfaces, thereby facilitat-
ing co-intercalation of Zn** and Mg>" into cathode frameworks.

A representative demonstration of this concept was pre-
sented by Zhang et al., who synthesized Mg, V,05-nH,0 (MgVO)
nanobelts and systematically investigated their electrochemical
behavior across electrolytes with varying Zn>* to Mg®" molar
ratios.">> Among the tested formulations, the 1.0 M ZnSO,~
1.0 M MgSO, electrolyte yielded the best performance, achiev-
ing a specific capacity of 374 mAh g ' at 100 mA g ' and
retaining 90.3% of its initial capacity after 200 cycles at 1 A g™ ".
Structural analysis revealed that both Zn** and Mg>* were co-
intercalated into the MgVO cathode. Notably, Mg”* ions acted
as structural “pillars” within the layered V,05 host, enhancing
the mechanical integrity of the lattice during repeated cycling.
This finding illustrates a quintessential advantage of multi-ion
carrier systems, where one ion (Mg>") primarily serves a stabi-
lizing, structural role, while the other (Zn>*) contributes more
actively to charge storage and fast transport.

Cathode:
Mg yMn,04 + YME>" + (x — Y)Zn>" > Mgj_x)iy]ZNx—yyMN,04
+ xe~ (14)
Anode:
Zn — Zn*" + 2e” (15)

Building upon this multi-ion paradigm, further progress has
been made using spinel-type cathodes such as MgMn,0, (MMO),
a tetragonal derivative of the widely studied ZnMn,0,. While
MMO offers the potential for high Mg>" storage, its practical
performance has been constrained by two critical factors: the
slow lattice diffusion of Mg>* and the structural instability
associated with Jahn-Teller distortions of Mn>®". To circumvent
these issues, Soundharrajan et al.'® introduced Mn** directly
into the Zn**/Mg”* dual-salt electrolyte. This modification not
only promoted reversible co-insertion of Mg>" and Zn*" into the
MMO cathode but also contributed to structural stabilization
through in situ Mn>" participation. The overall reaction mecha-
nism of the ZMgHIBs involves Zn oxidation at the anode and
coupled dual-cation insertion into the MMO lattice:

This ZMgHIB system delivered a remarkable energy density
of 370 Wh kg™ ', representing the highest value reported at the
time for any spinel cathode across both aqueous and non-
aqueous ZIB systems.

These examples from ZMgHIB research underscore the mul-
tidimensional benefits of employing a multi-ion carrier strategy
in aqueous battery systems. The simultaneous presence of Zn>*
and Mg**, along with stabilizing ions such as Mn** in the
electrolyte, leads to synergistic improvements in cathode struc-
tural stability, ion transport efficiency, and interfacial integrity.
Mg>" intercalation helps maintain the integrity of the host
lattice and suppresses side reactions, while Zn>* facilitates rapid
charge transport and delivers high cycling reversibility, resulting
in enhanced overall battery performance.

3.1.6.6. Zn-Ca HIBs. Zinc calcium hybrid batteries (ZCHIBs)
have recently gained attention as a promising aqueous energy
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storage system, primarily by aiming to leverage the complementary
electrochemical characteristics of Zn®* and Ca®" ions. Although
Ca”" is a divalent ion, it exhibits certain favorable transport
properties in aqueous media, such as possessing the smallest
Stokes radius and the lowest polarization strength among
common multivalent cations. These intrinsic traits can afford
high ionic mobility and rapid diffusion kinetics, making Ca®*
potentially well-suited for fast charge transport processes.

However, its practical application as a primary charge carrier
in batteries is significantly hindered by its relatively large
crystallographic ionic radius. This large size can induce sub-
stantial volume changes and consequent structural degrada-
tion in traditional host materials, such as layered oxides and
PBAs, during repeated intercalation/deintercalation cycles.
Additionally, calcium metal itself exhibits poor electrochemical
reversibility when used as an anode in aqueous electrolytes,
further limiting the development of stable Ca-based anodes for
aqueous systems.

To address these inherent challenges, Zhao et al.**® devel-
oped a ZCHIB system using a NASICON-type NazV,(PO,); (NVP)
cathode. The NVP particles were surface-engineered with amor-
phous carbon and reduced graphene oxide (denoted as
NVP@AC@rGO) to improve electrical conductivity and struc-
tural stability. This tailored cathode was paired with a Zn metal
anode and operated in an aqueous electrolyte containing both
Zn** and Ca**, typically introduced as Zn(OTF), and Ca(OTF),
salts. The electrochemical mechanism of the ZCHB involves the
coordinated transport of Zn**, Ca®", and triflate (OTF ) anions.
During charging, Zn is oxidized at the anode and plates back
during discharge. Meanwhile, Ca®>" ions reversibly intercalate
into and deintercalate from the NVP framework, as described
by the redox reaction. The reaction can be described as:

Cathode:

NaV,(PO,); + xCa®* + 2xe~ — Ca,NaV,(PO,); (16)
Anode:
xZn — xZn>" + 2xe” (17)
Overall:

NaV,(PO,); + xCa** + xZn — Ca,NaV,(PO,); + xZn>*

(18)

The robust three-dimensional NASICON framework of NVP
offers spacious diffusion channels alongside strong structural
rigidity, which together enable effective accommodation of
divalent Ca®>" ions while minimizing volumetric strain. The
system demonstrated excellent cycling performance exceeding
1000 cycles, with fast kinetics arising from the dual-cation
transport mechanism. In addition to its role in the cathode
redox process, Ca>* also plays a critical interfacial function at
the Zn anode. Electrochemical characterization methods, such
as cyclic voltammetry and rate capability tests, demonstrated
that the inclusion of Ca®>" in the electrolyte substantially pro-
longs the lifespan of the Zn anode, increasing it by more than
20 times compared to systems without Ca**. This enhancement

This journal is © The Royal Society of Chemistry 2025
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is not due to faradaic involvement at the anode but rather to the
formation of a Ca®>"-enriched interfacial layer. Owing to its larger
ionic radius and lower charge density relative to Zn>**, Ca**
preferentially adsorbs onto the Zn surface, creating an electro-
static shielding layer. This layer effectively suppresses dendritic
Zn growth and promotes uniform Zn deposition during
repeated cycling, thereby enhancing both the safety and long-
evity of the battery. The dual role of Ca*", acting both as a redox-
active species at the cathode and as a non-redox stabilizing
agent at the anode, exemplifies the versatility of auxiliary ions
within multi-ion systems. Importantly, Zn** remains the pri-
mary charge carrier, ensuring high energy output, while Ca>*
enhances interfacial stability and structural reversibility.
Despite these advances, further optimization of ZCHIBs
faces several challenges. Although NASICON-type cathodes
provide a relatively stable structural framework, the repeated
insertion and extraction of Ca®" can still generate structural
stress during extended cycling, particularly under high mass
loading. In addition, competitive intercalation between Zn**
and Ca®" at the cathode introduces complexities in ion selec-
tivity, diffusion dynamics, and long-term capacity retention.

3.1.6.7. Zn-Al HIBs. Aqueous Al ion batteries (AIBs) have
garnered growing interest due to aluminum’s earth abundance,
low cost, and exceptional theoretical capacities, both gravimetric
and volumetric. A’* possesses a highly negative standard
potential (—1.67 V) and an extremely large hydration free
energy (—4525 kJ mol '), underscoring its high thermodynamic
stability in aqueous solutions. The trivalent nature and strong
hydration of AI** cause inherently sluggish electrochemical
kinetics and pronounced parasitic hydrogen evolution
reactions, especially at the anode. These issues result in rapid
capacity fading and unstable electrode-electrolyte interfaces,
limiting the practical application of AIBs as standalone systems.

To circumvent these intrinsic bottlenecks, a multi-ion carrier
strategy has emerged as a powerful approach most notably
realized in the form of zinc aluminum hybrid batteries (ZAHIBs).
In these systems, the complementary roles of Zn>* and AI** ions
are deliberately harnessed to achieve a synergistic interplay of fast
kinetics, interfacial stabilization, and enhanced cycling reversi-
bility. Zn>* ions, owing to their fast transport and weak solvation,
serve as the main charge carriers, whereas AI** ions fine-tune
interfacial chemistry, mitigate side reactions, and influence ion
transport behaviour. This dual-cation approach illustrates the
core principle of multi-ion carrier batteries, which is to overcome
the limitations of single-ion chemistries by harnessing coopera-
tive interactions between different ionic species.

One of the most illustrative implementations of this strategy
is the use of an aluminum-urea hydrated eutectic electrolyte
(AUHEE), prepared by mixing Al,(SO,4);-18H,0 and urea in
specific stoichiometric ratios.'*® In this formulation, urea
functions as a high-dielectric Lewis base that forms coordina-
tion complexes with AI**, yielding solvated species of the form
[Al(Urea),(H,0),]*". This coordination environment weakens
the strong AlI>*-H,O interactions that typically drive HER and
passivation layer (Al(OH);) formation. Consequently, AUHEE
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not only mitigates gas evolution but also promotes electroche-
mical reversibility by altering the hydration structure of Al**,
When employed in a full-cell configuration comprising a V,05
cathode and a Zn anode, the AUHEE electrolyte facilitates the
in situ formation of a dynamic Al-Zn alloy layer at the anode-
electrolyte interface during the charging process. In this dual-
cation system, both Zn>" and AI’* ions actively participate in the
redox reactions. At the cathode, Zn>" and AI** are sequentially
intercalated into the V,O; lattice, contributing to multivalent
charge storage. Meanwhile, the anodic reaction involves the
reversible dissolution and reformation of the Al-Zn alloy. The
overall electrochemical process can be described as follows:
Cathode:

V,05 + 0.32A1%" + 0.96e” — Aly3,V,05 (19)
V,05 + 0.29Zn*" + 0.58¢~ — Zng »V,0s (20)

Anode:
Al-Zn alloy— xAl** + yZn®* + (3x + 2y)e” (21)

This dynamically evolving alloy interface plays a crucial role
in reducing interfacial polarization, increasing ionic conductiv-
ity, and facilitating charge transfer across the electrolyte-anode
boundary. The resulting ZAHIB achieves a specific capacity of
250 mAh g ' with excellent stability over 1500 cycles. Impor-
tantly, this system exemplifies a key feature of multi-ion opera-
tion in which Zn** serves as the main charge carrier while AI**
modulates solvation chemistry and interfacial behaviour, effec-
tively decoupling the electrochemical functions of the coexisting
ions. This represents a sophisticated form of in situ interfacial
engineering driven by a multi-ion environment, wherein the
system self-optimizes under electrochemical conditions to favor
performance-enhancing interfacial transformations.

Despite these advances, AlI** hydrolysis remains a concern.
The formation of Al(OH); and H' not only consumes active
species but also leads to increased resistance and reduced
coulombic efficiency. To address these interfacial instabilities,
especially those occurring at the Zn anode, advanced electrode
design strategies have been actively developed. One notable
example is the development of a dual-layer anode comprising
ZnCr,0, coated with polyvinylidene fluoride (PVDF), denoted
as PVDF@ZnCr,0,@Zn (PV@ZC)."*” This bilayer architecture is
engineered to achieve a balanced interfacial environment by
combining the hydrophilic, nucleation-guiding properties of
ZnCr,0, with the hydrophobic, corrosion-resistant nature of
PVDF. Compared to unmodified Zn or ZnCr,0, (ZC) electrodes,
the PV@ZC configuration exhibited enhanced thermodynamic
stability, as indicated by a higher corrosion potential, and
demonstrated an extended cycling lifespan of over 6100 cycles.

These findings reinforce the potential of ZAHIBs as a
versatile platform for high-performance aqueous batteries. By
combining the high-capacity and fast-kinetic contributions of
Zn** with the interfacial modulation and solvation control
enabled by AI’*, ZAHIBs offer a finely tuned electrochemical
environment that addresses the core challenges of aqueous
battery systems.
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3.1.7. NH," based DCHBs. Aqueous ammonium ion bat-
teries (AmIBs), distinguished by their use of non-metallic
ammonium ions (NH,") as active charge carriers, have recently
emerged as a distinctive and promising subclass of multi-ion
carrier systems. The operating mechanism of AmIBs is illu-
strated in Fig. 7a. Their chemistry relies on the reversible
shuttling of NH," ions between the cathode and anode through
the electrolyte, accompanied by a matching flow of electrons
through the external circuit. During the charge step, NH," ions
are extracted from the cathode and migrate across the separator
toward the anode, while electrons released at the cathode travel
through the outer circuit to the anode.’*®'*° The ions and
electrons reunite at the anode interface to form new chemical
bonds, thereby storing electrical energy as chemical energy. The
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discharge step proceeds in the opposite direction: NH," ions
leave the anode, electrons return via the external circuit, and
both recombine at the cathode to drive the cathodic redox
reaction, converting the stored chemical energy back into
electrical power. Because this energy-conversion process hinges
on fast, reversible NH," insertion-extraction and stable elec-
tron transport, the electrochemical performance of AmIBs is
dictated chiefly by the structural integrity, ion-iffusion path-
ways, and redox activity of the electrode materials.

Unlike conventional metal-ion batteries, the electrochemical
behavior of AmIBs is governed by the unique physicochemical
properties of NH,", which include a relatively small hydrated
radius (Fig. 7c), fast diffusion kinetics in aqueous media, and
the unprecedented ability to form directional hydrogen bonds
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(a) Schematic illustration and (b) current—voltage curves of the cathode and anode in an ammonium-ion hybrid battery. (c) Comparison of

hydrated ionic radii for various ions. (d) Molecular model of the of NH,4*. (€) Galvanostatic charge/discharge curves of the NH,*-ion hybrid battery and the
assembled Zn?*-ion battery. Reproduced with permission from ref. 138. Copyright 2024, Royal Society of Chemistry. Panels illustrate representative
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2022, Wiley. (g) Zn*, reproduced with permission from ref. 146. Copyright 2024, Elsevier and (h) K*. Reproduced with permission from ref. 149.
Copyright 2024, Royal Society of Chemistry.
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(Fig. 7d). These hydrogen-bonding interactions occur both with
surrounding water molecules and with oxygen- or nitrogen-
containing groups within host electrode frameworks, enabling
alternative modes of ion-host binding that go beyond simple
coulombic attraction.”*® This behavior introduces novel redox
chemistry, facilitates tailored solvation structures, and unlocks
specialized ion transport pathways, potentially including
Grotthuss-like mechanisms, unavailable to traditional metal
ions. The integration of NH," into multi-ion systems introduces
a new dimension of ionic versatility, enabling the modulation
of interfacial charge transfer dynamics, redox equilibria, and
output voltage in ways that synergize with coexisting cationic or
anionic species (Fig. 7b). Given this reversible ion-electron
transfer mechanism, the electrochemical performance of
AmIBs is primarily governed by the structural and chemical
properties of the electrode materials.

Among cathode materials, polymorphs of MnO, have been
extensively investigated due to their structural versatility and
favorable NH,"  intercalation behavior. Notably, a-MnO, has
demonstrated superior performance relative to its - and v-
counterparts. Liu et al.™*' systematically compared these poly-
morphs in both standard ammonium-ion batteries (AmIBs) and
ammonium-sodium hybrid ion batteries (ASHIBs), confirming
that o-MnO, enables more efficient NH," intercalation and
exceptional cycling stability. The system delivered a high specific
capacity of 161.8 mAh g~ ' across a 1.8 V voltage window and
retained 99.7% capacity after 10 000 cycles. Crucially, this perfor-
mance arose from the cooperative redox involvement of NH," and
Na', while SO,>~ served as an electrostatic stabilizer within the
electrolyte. The interfacial coordination and multi-ion charge
transport processes demonstrated here highlight the potential
of synergistic ion mechanisms to enhance electrochemical rever-
sibility and energy output. Building on this multi-ion design
principle, Gong et al'®® fabricated a free-standing VO,/rGO
aerogel that exploits the interfacial electric field between VO,
and graphene to accelerate both charge transfer and ionic diffu-
sion. The 3D porous structure supplies abundant active sites, and
importantly, the field effect facilitates the reversible co-storage of
NH," and H;0', enabling an ultrahigh mass energy density.
Similarly, Zhang et al'®® synthesized a layered Ni-BTA/VOH
composite in which one-dimensional conductive MOFs (Ni-
BTA) intercalate between VOH layers. This structural integration
increases the interlayer spacing (from 12.9 A to 13.8 A), boosts
conductivity, and stabilizes the layered framework. VOH contri-
butes via reversible valence transitions of vanadium (V** « V*)
and dynamic hydrogen bonding with NH,", while Ni-BTA actively
participates through reversible C—N to C-N bond conversion
that electrostatically attracts NH,". These cooperative multi-ion
interactions effectively combine electronic and ionic processes
for improved capacity and structural integrity.

On the anode side, Bao et al.*** identified a V,CT, MXene as
a high-performance material whose capacity is unlocked through
a multi-ion-driven mechanism within an NH,Ac electrolyte. Here,
NH," acts as the primary charge carrier while Ac™ ions regulate
the storage process. In situ electrochemical quartz crystal micro-
balance measurements reveal a two-step mechanism involving
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initial electrostatic adsorption of NH," followed by redox reac-
tions between d-V,CT, and coordinated [NH,"(HAc);] species.
The Ac™ anions mediate this process by forming transient
[NH, (HAc);]- - -O coordination bonds, which enable reversible
valence transitions and sustained pseudocapacitive behavior.
This nuanced interplay between multiple ionic species under-
pins the enhanced energy storage capabilities of the system. In
another compelling example of phase-engineered multi-ion
optimization, Qi et al."** developed 1T/2H-MoS, nanoflowers
as an anode material, demonstrating superior NH,' storage
performance. The metallic 1T phase improves electronic con-
ductivity, while the stable 2H phase maintains structural robust-
ness. DFT calculations confirm that the hybrid phase widens
interlayer spacing (0.68 nm vs. 0.615 nm in 2H-MoS,) and lowers
the diffusion energy barrier (0.84 eV vs. 0.96 eV), resulting in
enhanced ionic mobility and stable cycling (76.22% retention
over 5000 cycles at 1 A g~ "). This study highlights how structural
duality and multi-ion dynamics collectively contribute to
advanced charge storage behavior.

To further boost energy output, Pan et al.'*® reported the
design of an amorphous nickel-cobalt double hydroxide (A-NiCo-
DH) cathode prepared via electrochemical activation, which cre-
ated abundant hydrogen vacancies and removed inactive interlayer
anions. These structural modifications significantly improved
NH," and H' co-insertion, thereby enhancing both ionic conduc-
tivity and electronic transport. When paired with a Zn anode in a
dual-cation configuration, the system delivered a high specific
capacity of 280.6 mAh g~" and achieved an energy density of 306
Wh kg~ at a power density of 745.8 W kg~ '. These performance
metrics underscore the critical role of optimized multi-ion inter-
actions in pushing the boundaries of aqueous battery technolo-
gies. Liu et al'® introduced a covalent organic framework
exhibiting 141 mAh g~ specific capacity and 90% capacity reten-
tion over 8000 cycles. The charge storage mechanism is governed
by reversible hydrogen bonding between carbonyl groups and
NH,, coupled with dynamic electron transfer within the frame-
work. The well-defined porous channels facilitate rapid NH,"
transport, with capacitive surface-controlled processes dominating
the charge-discharge behavior. This exemplifies the synergy of
structural design and ion-specific interactions enabled by multi-
ion participation.

Parallel to electrode material development, electrolyte engi-
neering has played a critical role in amplifying the performance
advantages of NH, -based systems. In particular, concentrated
ammonium salt electrolytes have been leveraged to fine-tune
solvation structures and minimize interfacial energy barriers.
Meng et al’*® demonstrated that increasing the molarity of
ammonium acetate (CH;COONH,) in solution directly altered
the solvation shell of NH,", likely by decreasing its hydration
number or modifying ion-solvent interactions. This change in
the solvation environment reduced de-solvation energy barriers
at the electrode interface and promoted faster NH," intercalation
kinetics. Based on this principle, a hybrid NH,~Zn** battery was
constructed using a high-concentration electrolyte composed of
15 M CH3COONH, + 2 M Zn(CH3COO),. The charge/discharge
profiles and corresponding differential capacity curves of the
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hybrid device reveal a prominent discharge plateau around
1.76 V, attributed to the high insertion potential of NH," relative
to the Zn**/Zn couple (Fig. 7e). This discharge voltage is signifi-
cantly higher than that observed in conventional Zn-ion batteries,
highlighting the electrochemical advantage conferred by NH,"
participation. In this configuration, NH," serves as the primary
cathodic ion, while Zn>" acts as the anodic charge carrier, and
acetate anions provide ionic balance, ensuring stable electroche-
mical operation. Expanding on electrolyte innovation, Zou
et al.®® developed high-entropy electrolytes by adding 1 mM
each of Cu**, Co™, Ni*, Zn*", and Mn*" to a 1 M (NH,4),SO,
solution, used in combination with a high-entropy Prussian blue
analogue (N-HEPBA) cathode. These multivalent cations were
shown to reversibly insert into N-HEPBA, selectively activating
Fe, Cu, Co, and Mn redox sites to augment NH," storage. The
system exhibited remarkable cycling stability over 1700 cycles at
0.2 A g~ " and 3500 cycles at 1 A g~ ', validating the robustness of
multi-ion-assisted energy storage pathways.

Collectively, these advancements in AmIBs and their hybrid
variants affirm the immense potential of non-metallic multi-ion
carrier systems in transforming aqueous energy storage. The
unique hydrogen-bonding capabilities and rapid diffusion
kinetics of NH,", when synergistically paired with metallic ions
such as Na*, zn®", and H', enable the modulation of redox
processes, solvation dynamics, and interfacial stability in ways
not accessible to single ion chemistries.

3.1.8. H' based DCHBs. H' hybrid batteries have emerged
as a distinctive and highly innovative class of energy storage
systems, operating at the intersection of battery and fuel cell
technologies. These systems uniquely exploit the redox activity
and transport properties of H', often derived from the electro-
lysis of water in the electrolyte during the charging process. In a
typical configuration, water molecules are split at the anode to
generate hydrogen atoms or H', which are then shuttled
through a H'-conductive membranes such as perfluorosulfonic
acid membranes (e.g., Nafion) and stored in a hydrogen-
absorbing solid-state medium at the cathode."*®'*" Crucially,
this approach avoids the generation and handling of gaseous
hydrogen, offering a safe and reversible pathway for H' storage.
During discharge, the stored hydrogen atoms are ionized to
regenerate H', which then participate in cathodic redox reac-
tions, enabling sustained energy release. This architecture,
often referred to as a “H" flow battery”, provides a compelling
platform for realizing advanced multi-ion interactions, wherein
H' ions are co-stored or co-inserted with other metal ions such
as Mn**, Zn®*, and K'. In such hybrid systems, H" frequently
serves as a fast, kinetically advantageous carrier that compen-
sates for the inherently sluggish diffusion and reaction kinetics
of heavier multivalent ions, illustrating the synergistic role of
multi-ion strategies in enhancing energy storage dynamics.

In Mn*"—proton hybrid batteries, the use of H" addresses the
fundamental kinetic challenges posed by Mn>*, whose large ionic
radius and high charge density impede rapid diffusion and
intercalation dynamics. To exploit the fast proton transport path-
way, Yang et al'** systematically designed a series of quinone-
based anode materials and evaluated their electrochemical
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behavior in acidic electrolytes, with a particular focus on proton-
coupled charge storage mechanisms (Fig. 7f). Among these,
tetramethylbenzoquinone (TMBQ) demonstrated a high proton
diffusion coefficient (~10~° ecm? s~ ') and a low migration energy
barrier of 0.26 eV, indicating highly efficient proton transport
within the TMBQ framework. To validate its practical applicability,
a full cell was assembled using a TMBQ/reduced graphene oxide
(rGO) composite anode and a MnO,@graphite felt (GF) cathode,
paired with a mixed electrolyte of 0.5 M H,SO, and 1 M MnSO,.
The resulting TMBQ//MnO, device achieved an impressive power
density exceeding 20000 W kg~ ' and demonstrated remarkable
cycling stability, retaining 77% of its capacity after 4000 cycles at a
current rate of 5C. These results emphasize the promise of
molecularly engineered quinone materials for high-performance
proton-based hybrid energy storage systems. Complementing this
work, Li et al'*® developed a monoclinic VO, nanorod-based
system featuring a tunnel structure that permits reversible co-
insertion of Mn** and H" ions. They identified a major degradation
mechanism stemming from high H' activity, which accelerated
vanadium dissolution. To mitigate this, a hydrogen-bonding
reconstruction strategy was employed, wherein the electric
double-layer structure at the VO, interface was modulated using
ethylene glycol (EG) as an additive. EG not only altered the
solvation environment but also suppressed the surface accumula-
tion of H" and water molecules, thereby stabilizing the vanadium
framework. The electrochemical reactions involved were:
Cathode:

VO, + xH" + yMn>" + (2y + x)e” > H,Mn, VO, (22)

Anode:
H,Mn,VO, — VO, + xH" + yMn*" + (2y + x)e” (23)

This electrochemical configuration, supported by interfacial
tuning, achieved an open-circuit voltage of 1.27 V and retained
84.5% of its initial capacity after 1000 cycles in a pouch cell
format, validating the efficacy of the H'-Mn>* dual-cation
approach.

A similar co-storage concept has been demonstrated in Zn>'-
proton systems, wherein the sluggish kinetics of hydrated Zn>" ions
(e.g., Zn(H,0)¢™") are effectively offset by the presence of mobile H'.
Ghosh et al'** introduced 1,4,5,8-naphthalenetetracarboxylic dia-
nhydride (NTCDA) as a redox-active anode host capable of rever-
sibly accommodating both Zn*" and H" ions. When paired with an
MnO, cathode, the resulting hybrid batteries achieved a specific
capacity of 41 mAh and an average output voltage of 0.80 V.
Notably, the presence of H" was critical in maintaining redox
stability within the organic framework and enabling enhanced
ion transport across the electrolyte-electrode interface.

The cooperative function of H' also extends to inorganic
electrode systems, particularly those involving engineered
hydrogen-bond networks. Li et al.'*> employed NH,", which pos-
sesses structural similarities to H" and the ability to form extensive
hydrogen bonds, to pre-establish hydrogen-bonding networks
within cathode materials such as o-V,0s and MnO,. By modulat-
ing the NH," content, the resulting materials exhibited enhanced

This journal is © The Royal Society of Chemistry 2025
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capacity and maintained favorable electrochemical performance
even under high-rate conditions, highlighting the critical role of
hydrogen-bonding networks in promoting both capacity and rate
capability. Ex situ XRD analysis further confirmed a reversible
structural evolution during cycling, as reflected by a shift of the
(001) peak to a lower angle during discharge. This shift indicates
interlayer expansion caused by the co-intercalation of H" and Zn**,
which gradually returned to its original position upon charging.
The resulting electrodes showed significant improvements in
capacity retention and power density, reinforcing the advantages
of engineering ion interactions at the molecular level.

Beyond tunnel-structured oxides, H' co-storage has also been
applied to heteroatom-doped bismuth chalcogenides. Xie
et al."*® synthesized Cl-doped Bi,Te; (CBT) via hydrothermal
treatment and showed that chlorine incorporation improved
electronic conductivity and enhanced Zn*/H* adsorption
(Fig. 7g). DFT calculations supported the experimental results,
indicating enhanced ion binding and electronic transport,
which collectively yielded a high capacity of 305 mAh g~ * and
excellent rate performance. Similarly, Chen et al.**” introduced
sulfur into Bi,Te; to produce S-doped Bi,Te; , (SBT), which
benefited from enhanced Zn>" adsorption, improved conductiv-
ity, and a synergistic Zn*'/H" co-storage mechanism. Layered
MnO, systems with large interlayer spacings (~7 A) further
exemplify the utility of co-insertion architectures. Ding et al.**®
designed a pre-intercalated phase, K, 36H6MnO,-0.28H,0
(K36), that facilitated Zn>" and H' co-insertion, enabling a
structural phase transition into mixed-layered K,H,Zn,MnO,c,0
and spinel ZnMn,0, nanodomains during electrochemical
cycling. These transformations revealed the capacity of multi-
ion systems to dynamically reconfigure electrode structures for
enhanced performance.

Extending the H' co-insertion concept into alkaline media,
recent efforts have explored K'-H" hybrid systems (Fig. 7h),
particularly through the integration of Ni-based Prussian
blue analogues. Hua et al.'*® synthesized Zn-Ni hexacyano-
ferrates (Ni,Zn,HCF) with varied Ni:Zn ratios via a simple
co-precipitation method. Unlike neutral electrolytes, in which
the voltage output typically scales with the Zn content, only
those materials featuring an optimal nickel-to-zinc ratio of
three to one demonstrated significantly enhanced redox poten-
tials when tested in 30% KOH. When coupled with an activated
carbon anode, the K'/H" hybrid batteries maintained excellent
capacity over extended cycling and exhibited robust perfor-
mance at elevated current densities, reflecting the complemen-
tary transport roles of K', H', and OH™ ions in enhancing
electrochemical dynamics.

Altogether, H' hybrid batteries underscore the pivotal role of
H' as agile co-transporters in multi-ion battery systems.
Whether functioning as kinetic enhancers, structural stabili-
zers, or facilitators of complex redox equilibria, H' ions offer an
unparalleled degree of functional tunability when synergisti-
cally coupled with metal cations across various electrode che-
mistries and electrolyte environments. Proton hybrid batteries,
in particular, stand as a compelling embodiment of the multi-
ion carrier strategy, bridging the high energy densities typically
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associated with fuel cells and the operational simplicity of
rechargeable batteries.

3.2. Cation-anion hybrid batteries

Cation-anion hybrid batteries represent an advanced embodiment
of the multi-ion carrier strategy, wherein both cations and anions
as active charge carriers actively participate in charge storage
processes. In these systems, cations typically undergo intercalation
or redox reactions at the anode, while anions are reversibly
accommodated at the cathode. This multi-ion mechanism not
only expands the number of available ion transport pathways but
also broadens the electrochemical voltage window. Representative
platforms include configurations in which anions such as PF4 ",
TFSI, ClO,, ClI7, Br, and I" operate in tandem with cations
such as Li*, Na', K", NH,4", Ca*", Mg**, Zn*", or AI**. The coopera-
tive migration of these ionic species accelerates redox kinetics,
enables wider voltage ranges, and opens up new opportunities for
designing tailored electrodes and electrolytes. Such coordination
helps mitigate side reactions and improves overall electrochemical
reversibility. As a result, cation-anion hybrid batteries have gar-
nered significant interest for applications requiring high voltage,
long cycle life, and enhanced safety, including grid storage and
electric transportation, marking them as a cornerstone of the
evolving multi-ion energy storage landscape.

3.2.1. Dual-ion batteries. Dual-ion batteries (DIBs) consti-
tute a distinctive subset of multi-ion energy-storage systems in
which both cations and anions participate simultaneously in
the charge-discharge process. During charging, anions inter-
calate or undergo redox reactions at the cathode, while cations
are inserted into (or extracted from) the anode. Because the
anions intercalate directly in their solvated state, the high de-
solvation energy barrier that typically limits charge transfer in
conventional “rocking-chair”’ batteries is largely circumvented
(Fig. 8a)."*° This fundamental difference confers several prac-
tical benefits: (i) higher operating voltages that translate into
elevated energy densities, (ii) the ability to employ inexpensive,
transition-metal-free materials such as graphite, thereby low-
ering cost and environmental impact, and (iii) intrinsic safety
advantages linked to the elimination of highly reactive metallic
lithium. In addition, the absence of de-solvation bottlenecks
gives DIBs promising low-temperature and room-temperature
performance relative to other storage technologies (Fig. 8b)."*°

Recent research has therefore focused on the systematic
optimization of the three core components, namely the cath-
ode, the anode and the electrolyte, in order to fully realize the
potential of the DIB concept (Fig. 8c). At the cathode side,
carbonaceous materials, such as expanded graphite (EG), have
been widely employed due to their high chemical stability, large
interlayer spacing, and favorable redox potentials for reversible
anion intercalation.””**> Anode materials in DIBs span a
broad range of chemistries, including intercalation-type (e.g.,
graphite and Ti-based oxides), conversion-type (e.g., metal
sulfides and oxides), and alloy-type (e.g., Si, Sn) systems.'*
Each class offers unique advantages in terms of capacity, redox
potential, and reaction reversibility, enabling tailored optimi-
zation for specific ionic carriers (Fig. 8d). Electrolyte design is
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Reproduced with permission from ref. 153. Copyright 2023, American Chemical Society. (e) Summary of potential strategies for electrolyte modification

to enhance electrochemical performance.

equally critical because it determines ionic conductivity, voltage
window, interfacial compatibility, and overall safety."****® For-
mulations with high oxidative stability, including highly concen-
trated “water in salt” systems, quasi-solid-state water-in-gel
electrolytes, and additive-enabled organic solvents, have been
shown to broaden the electrochemical window beyond 3 V while
effectively suppressing parasitic side reactions (Fig. 8e). Among
these strategies, electrolyte additives play a particularly important
role by tailoring the solvation structure of ions and facilitating
the formation of robust interphases. These interphases are
essential for ensuring long-term cycling stability and maintaining
compatibility with both anion- and cation-storing electrodes.
DIB chemistries can be broadly categorised by the charge

carrier combination employed. Monovalent systems (Li*, Na',

9714 | Chem. Soc. Rev, 2025, 54, 9685-9806

K', and NH,") generally provide higher rate capability, whereas
multivalent configurations (Mg?*, Ca**, Zn*', and AI**) promise
greater volumetric capacity but require tailored host structures to
overcome sluggish diffusion kinetics. The following sections pro-
vide a comprehensive overview of each type of DIB, highlighting its
underlying reaction mechanisms, recent progress in electrode and
electrolyte materials, corresponding electrochemical performances
(as summarized in Table S2), and the key challenges that need to
be overcome for practical implementation.

3.2.1.1. Monovalent metal DIBs (Li/Na/K). With the increas-
ing demand for sustainable and high-performance energy storage,
monovalent metal-based DIBs have garnered significant research
interest. These batteries operate through a dual-ion redox

This journal is © The Royal Society of Chemistry 2025
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mechanism, where monovalent metal cations (Li", Na', and K")
are inserted into the anode while anions (e.g., PFs ™) intercalate
into the cathode during charging and discharging. The overall
electrochemical performance depends on the synergy between
the cathode, anode, and electrolyte, which collectively influence
key metrics such as capacity, efficiency, and cycling stability.
Take the dual-graphite DIBs as a representative example, their
fundamental charge-discharge reactions involve the simulta-
neous intercalation of cations and anions into graphite electro-
des. The electrochemical processes can be described as follows:
Cathode:

C+xA™ - AC +xe” (24)

Anode:

xLi" + xe~ + C — Li,C (25)

where A~ stands for the anion in the electrolyte. One of the key
advantages of this configuration lies in the high intercalation
potential of anions on the graphite cathode, which can reach
up to ~4.5 V vs. Li'/Li. This high voltage contributes signifi-
cantly to the overall energy density of the device. In addition,
replacing conventional lithium-containing transition metal
oxides with graphite cathodes not only lowers material costs
but also reduces environmental risks associated with metal
extraction and disposal.

Despite these advantages, several technical challenges persist.
Anion intercalation is generally hindered by sluggish diffusion
kinetics and the limited availability of active intercalation sites on
the cathode. Furthermore, the stability of the electrolyte under
high-voltage operation and its compatibility with both electrodes
are critical yet unresolved issues that can compromise the long-
term cycling performance and safety of the battery. Addressing
these challenges requires the rational design of electrode archi-
tectures that offer improved ion accessibility, expanded interlayer
spacing, and tailored surface chemistry to promote both cation
and anion transport. In parallel, electrolyte formulations must be
optimized to ensure high oxidative stability, reduced viscosity, and
adequate solvation dynamics. Therefore, the following section will
systematically review recent optimization strategies designed to
enhance the performance of DIBs.

3.2.1.1.1. Intercalation-type cathodes. Among the cathode
materials explored for dual-ion batteries, EG has attracted
considerable interest because it can reversibly host large anions
such as PFs~ and TFSI™. Nevertheless, its practical use is
constrained by the intrinsically sluggish diffusion of these
bulky anions, whose large ionic radii and low diffusion coeffi-
cients result in poor rate capability, limited cycling stability,
and overall sluggish kinetics. Additional limitations arise from
solvent co-intercalation and the finite number of available
galleries within the graphite lattice, both of which restrict the
attainable capacity.

Intercalation in graphite proceeds through a well-defined
“staging” sequence in which anions occupy every nth graphene
layer rather than inserting uniformly. As illustrated in Fig. 9a,
the stage number corresponds to the count of graphene sheets
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separating adjacent intercalated ions. While staging helps
accommodate large anions, it amplifies diffusion constraints
because each stage transition requires significant lattice expan-
sion and contraction. The anode presents a complementary
challenge. Graphite and related carbon materials suffer from
slow de-solvation of incoming cations, which in turn limits
cation reaction kinetics. Consequently, the overall cell perfor-
mance is often governed by the mismatch between rapid anion
intercalation at the cathode and sluggish cation kinetics at
the anode.

To overcome these challenges, researchers have explored
structural modifications to enhance the intercalation dynamics.
For instance, Zhang et al.'®” introduced carboxylic anhydride
groups between graphite layers to regulate interlayer spacing
and particle size. This approach preserved intercalation sites,
maintained voltage stability, and significantly improved cycling
performance. The resulting graphite cathode delivered a
reversible capacity of 91.2 mAh g~' at 2C and retained 80%
capacity after 1000 cycles, offering a promising route to high-
performance anion-intercalating cathodes. Beyond chemical
functionalization, graphite morphology and electrode formula-
tion have also proven critical to performance enhancement.
Chan et al.'*® systematically compared different graphite types
and binders in LiPF¢-based electrolytes. Among these, KS6-type
graphite, characterized by its high specific surface area of
20.0 m*> g !, demonstrated superior electrochemical perfor-
mance. It delivered a capacity of 92 mAh ¢~' at a low current
density of 10 mA g~ and maintained 90% of this capacity at a
higher rate of 500 mA g~ ', while also retaining 94% of its initial
capacity after 200 cycles. Notably, the use of a fluorine-free
carboxymethyl cellulose (CMC) binder reduced electrostatic
repulsion with PFs  anions, thereby enhancing ion migration
and improving rate performance. In addition, graphite’s capa-
city can be further modulated by adjusting surface area, oxida-
tion level, and composite composition. Ghosh et al'*°
demonstrated that a composite of graphite and high-surface-
area carbon (HSC) at a 75: 25 ratio nearly doubled the discharge
capacity compared to pure graphite, achieving 54 mAh g~ " at
100 mA g~ . This hybrid structure also showed enhanced rate
performance and cycling stability, retaining 70.2% of its capa-
city after 625 cycles, whereas pure graphite retained only about
50%. These findings underscore the importance of rational
design in composite cathodes to overcome graphite’s intrinsic
limitations.

While graphite remains a foundational material in DIB
research, alternative anion-hosting cathodes have expanded the
design landscape and addressed limitations in capacity and tun-
ability. Fan et al.**® developed a potassium-based DIB employing a
polytriphenylamine (PTPAn) cathode and graphite anode, where
PFs  anions reversibly interacted with nitrogen-rich redox-active
sites in the polymer matrix. The cell delivered a discharge capacity
of 60 mAh g ! at 3.23 V and maintained 75.5% capacity retention
after 500 cycles, highlighting the potential of organic cathodes for
achieving sustainable and modular DIB designs. Further expand-
ing the cathode design space, Yu et al'®' reported the first
application of a transition-metal cathode in a non-aqueous DIB,
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using copper powder as the active material. The Cu cathode
delivered a remarkable reversible capacity of 762 mAh g™ ' at
3.2 V (vs. Li'/Li), attributed to a distinct multi-step redox mecha-
nism rather than conventional intercalation. To suppress Cu>*
crossover and enhance reversibility, an anion-exchange membrane
and asymmetrical electrolyte configuration were employed, effec-
tively mitigating polarization and improving cell performance. This
work opens new avenues for transition-metal-based cathodes and
multi-ion systems beyond traditional intercalation chemistries.

In parallel with cathode innovations, the selection and
design of anode materials are equally critical for optimizing
overall DIB performance. Anode materials typically fall into
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three categories which include intercalation-type, conversion-
type, and alloy-type (Fig. 9b). Each category is characterized by
unique structural features, reaction mechanisms, and electro-
chemical properties, which collectively influence the charge
storage dynamics and cycling stability of the battery. A thor-
ough understanding of these anode types, including their
advantages and limitations, is essential not only for balancing
the kinetics of dual-ion systems but also for guiding the
development of next-generation multi-ion storage technologies.

3.2.1.1.2. Intercalation-type anodes. Intercalation-type anodes
act as reversible hosts for metal ions during charge-discharge

This journal is © The Royal Society of Chemistry 2025
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cycles, playing a fundamental role in monovalent metal DIBs.
Carbon-based materials, especially graphite, have been extensively
studied due to their layered structure that facilitates smooth metal
ion insertion at low potentials. However, their limited theoretical
capacity and relatively slow ion diffusion have motivated the
exploration of alternative carbon materials with enhanced electro-
chemical performance. For instance, Fan et al'®* introduced
soft carbon (SC) as an anode for sodium-based DIBs, achieving
higher discharge capacity and superior cycling stability com-
pared to graphite. The SC anode maintained 81.8% capacity
retention after 800 cycles at 1000 mA g, indicating improved
sodium-ion storage kinetics and durability. Further improve-
ments in energy density and rate capability have been pursued
through structural modifications such as nitrogen doping and
graphite expansion, both aimed at accelerating ion diffusion
and enhancing charge storage efficiency.

To mitigate volume expansion and mechanical degradation
during cycling, ‘“zero-strain” materials like lithium titanate
(Li4Ti5055, LTO) and sodium titanate (NTO) have attracted
attention. These materials exhibit a negligible volume change
during ion intercalation, resulting in excellent cycling stability
and safety. Yan et al.'® reported perovskite-structured NaTaO;
nanocrystals as lithium-based DIB anodes with high-capacity
retention via a hybrid pseudocapacitive conversion/intercala-
tion mechanism. Similarly, Qiu et al.'®* developed a composite
of lamellar sodium titanium silicate (NTSO) on nitrogen-rich
3D carbon (NTSO/3DC-N), which enhanced sodium-ion storage
by promoting electron transfer and increasing defect density.

Recent advances in two-dimensional materials, especially
MXenes, underscore their potential as intercalation hosts owing
to their unique layered architectures, tunable surface chemis-
tries, and superior electrical conductivity.'®*®” Unlike the
conventional “rocking-chair’ mechanism, which solely relies
on cation migration, anion-based storage strategies enable the
intercalation of anions into the cathode. This approach effec-
tively circumvents the high energy cost associated with cation
de-solvation during charge transfer. Compared to traditional
energy storage systems, DIBs exhibit significant promise for
operation in low-temperature environments. In this context, Xia
et al.*®® explored the use of the Ti;C, MXene as an anode
material and discovered unusually fast K* diffusion even at
sub-zero temperatures. This behavior was attributed to the
preferential solvation of K" by solvent molecules rather than
anions, which suppressed the formation of a resistive SEI As a
result, the MXene-based system achieved rapid charging and
excellent cycling stability at temperatures as low as —60 °C,
underscoring the potential of MXenes for K-based DIB applica-
tions under extreme environmental conditions.

Heterostructured materials further enhance ion diffusion,
conductivity, and mechanical robustness. For example, Zhang
Tao’s team'®® developed lithium-enriched graphite (LEG) com-
bined with nano-silicon powders (NSPs) to form a lithium-
enriched silicon/graphite (LESG) anode. The LESG anode
showed an exceptional initial coulombic efficiency (ICE) of
116%, stability in air and moisture without gas evolution, and
durable cycling over 400 cycles. This underscores the promise of
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pre-lithiated silicon-based anodes
lithium-ion batteries.

In summary, intercalation-type anodes, which include modi-
fied carbon structures, titanate-based materials, two-dimensional
MXenes, and heterostructured composites, continue to play a
pivotal role in advancing monovalent metal dual-ion batteries by
facilitating higher capacities, faster ion transport, and improved
stability.

for high-energy-density

3.2.1.1.3. Conversion-type anodes. Conversion-type anodes
store ions and facilitate charge transfer through redox reactions
that involve changes in the valence states of metal ions. During
charging, metal ions in the anode material are reduced from
higher to lower valence states or to their metallic form, creating
vacancies that accommodate inserted ions. During discharging,
this process reverses: the reduced metals are oxidized back to
higher valence states, releasing ions that migrate back to the
cathode, completing the charge-discharge cycle.

A representative example of a conversion-type anode is
molybdenum disulfide (MoS,), which is capable of accommo-
dating both intercalation and conversion reactions for sodium
and potassium ion storage. Despite its high theoretical capacity,
MoS, suffers from inherent drawbacks such as substantial
volume expansion and poor cycling stability during the conver-
sion process. These limitations necessitate further optimization
through structural engineering and compositional modifica-
tion, particularly via nano-structuring and carbon integration
strategies aimed at improving mechanical integrity and electro-
chemical performance. For instance, Cui et al.'®® developed a
DIB employing a hierarchical (MoS,/CF)@MoS,@C composite
as the anode and graphite as the cathode. The 3D carbon
framework not only improved electrical conductivity and
mechanical robustness but also facilitated high mass loading
and uniform dispersion of MoS,. This composite architecture
delivered high initial capacity and excellent cycling stability in
SIBs, and when incorporated into a Na-based DIB configuration,
maintained a high reversible capacity even after 500 cycles
under high-voltage operation. Building upon this foundational
work, Liu et al'’® adopted a source-template approach to
construct MoS; sTe, s@C nanocables with a core-shell nano-
wire-nanotube morphology. further advancing the design of
high-performance Na-based DIB anodes. The incorporation of
tellurium (Te) into the MoS, matrix not only enhanced the
electronic conductivity but also synergistically accelerated the
kinetics of the conversion reaction. The unique tubular mor-
phology alleviated mechanical strain associated with volume
expansion, while simultaneously exposing abundant active sites
and enabling efficient ion diffusion pathways. This dual benefit
resulted in an average working voltage of approximately 3.1 V,
facilitated by the characteristic dual-ion storage mechanism of
Na® intercalation at the anode and PF,  intercalation at the
graphite cathode. The Te doping synergistically accelerated
conversion reaction kinetics, while the unique morphology
mitigated volume expansion and provided abundant active sites
and rapid ion transport pathways. Ex situ XRD and Raman
spectroscopy further confirmed the reversible expansion and
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contraction of the graphite interlayer spacing during PFe
intercalation and deintercalation, validating the stability of
the cathodic reaction. Additionally, the conformal carbon coat-
ing on the MoS; sTe,s surface effectively suppressed active
material dissolution and mitigated parasitic side reactions,
leading to further improvement in cycling stability.

In a different approach, the Hao research team'”" developed
ultrasmall manganese silicate nanosheets anchored on reduced
graphene oxide (RGO) as conversion-type anodes for Li-based
DIBs. This design forms an in situ Li,SiO, ion-conducting coat-
ing, shortens ion diffusion paths, and utilizes pseudocapacitive
effects to boost ion diffusion kinetics, effectively addressing the
sluggish kinetics typical of conversion-type anodes. The resulting
battery delivers a discharge capacity of 191 mAh g~ at 0.5C and
retains 128 mAh g~ ! after 150 cycles at 2C, outperforming many
existing Li-based DIBs. The hydrothermal synthesis method
prevents nanosheet aggregation, offering a novel route to high-
performance conversion-type anodes. For Na* ion storage, Wu’s
team'”> encapsulated SnP,0, nanoparticles within N/P-doped
graphene to form a conversion-type anode material for both SIBs
and Na-based DIBs. This composite exhibits high reversible
capacity, excellent cycling stability, and outstanding rate perfor-
mance. In sodium-ion half-cells, it achieves 412.9 mAh g~ ' at
0.05 A g ', maintains 86.2 mAh g~ " after 1000 cycles at 2 A g ',
and delivers 182.3 mAh g~ " at 2 A g~ . Moreover, this is the first
demonstration of SnP,0,/NPG anodes paired with graphite cath-
odes to assemble high-performance Na-based DIBs, which oper-
ate at a median discharge voltage of 2.5 V and retain 63.2%
capacity after 100 cycles. The study also clarifies the Na-ion
intercalation/deintercalation mechanism of SnP,0, through
experimental and theoretical analyses, providing insight into its
superior electrochemical behavior.

Despite the diversity in material systems and structural
designs, these studies converge on improving battery perfor-
mance by enhancing ion diffusion rates and cycling stability of
conversion-type anode materials. MoS,, as a prototypical
conversion-type anode, shows excellent capacity but is limited
by volume expansion and instability. Structural designs such as
3D carbon frameworks and nanowire/nanotube morphologies
have effectively mitigated these issues by improving conductivity,
ion transport, and mechanical stability. Similarly, composite
strategies like anchoring active materials on RGO or N/P-doped
graphene have further boosted electrochemical kinetics and
cycling performance in Li- and Na-based dual-ion batteries.

These advancements illustrate that although Li-, Na-, and K-
ion batteries differ in materials and mechanisms, high-
performance conversion-type anodes can be achieved through
thoughtful material design and composite engineering. Future
research can continue to explore diverse composite strategies to
optimize electrode materials, aiming for enhanced energy
density, rate capability, and long-term cycling stability.

3.2.1.1.4. Alloy-type anodes. In monovalent metal DIBs,
alloy-type anodes undergo reversible alloying with alkali metal
ions (e.g., Li*, Na" or K'), enabling concurrent ion storage and
charge transfer. During charging, alkali metal ions from the
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electrolyte diffuse into the anode and react with the host metal
to form intermetallic alloy phases; upon discharge, the alloy de-
alloys and releases the metal ions back into the electrolyte for
subsequent intercalation into the cathode. A classic example is
the use of silicon-based anodes in LIBs, where lithium ions
alloy with silicon to form Li;5Si, during charging and revert to
elemental Si upon discharge.'”*"”* While offering exceptionally
high theoretical capacities, such alloy-type materials are pla-
gued by severe volume expansion, leading to mechanical
degradation and unstable cycling performance.

To mitigate these issues and adapt alloying-type anodes for
DIBs, Jiang et al.'”® designed a flexible silicon-based anode
supported on a nylon fabric substrate, incorporating a conduc-
tive Cu-Ni transition layer between the silicon active material
and the underlying fabric. This hierarchical “nylon-Cu-Ni-Si”
architecture imparts high elasticity, robust mechanical resili-
ence, and enhanced electronic conductivity. Critically, the Cu-
Ni interlayer serves as a mechanical buffer that accommodates
silicon’s substantial volume fluctuations during lithiation and
de-lithiation, thus preserving structural integrity and ensuring
continuous electronic pathways under high-rate operation. On
the cathode side, PFs~ anions undergo intercalation and dein-
tercalation within an EG framework, as evidenced by distinct
stage transitions and characteristic high-voltage plateaus. The
compatibility between the PFs~ intercalation kinetics and the
flexible silicon anode was further confirmed through operando
XRD analysis, which revealed reversible evolution of diffraction
peaks associated with Li;»Si; and other alloy phases. The
resulting silicon-graphite DIBs (SGDIBs) demonstrated remark-
able rate capability, maintaining approximately 70% of its
capacity even at ultrahigh charge/discharge rates of up to
150C. The high working voltage (~4.0 V at 2C, with an average
of ~3.4 V) arises from the high intercalation potential of PFs
anions into graphite, enabling not only high energy density but
also improved power output.

Expanding on alloy anode concepts, Ji et a proposed the
use of metal foils including Sn, Pb, K, and Na that serve dual roles
as both anodes and current collectors. This approach simplifies
battery architecture, reduces inactive material weight, and signifi-
cantly improves energy density. In K-based DIBs, a Sn foil anode
undergoes reversible alloying/dealloying with K ions. Experi-
ments showed that the Sn foil retained 93% capacity after 300
cycles at 50 mA g~ ', demonstrating excellent long-term stability.
Additional advantages include environmental friendliness, low
cost, and high safety. Due to efficient reaction mechanisms and a
high operating voltage window (3.0-5.0 V), K-based DIBs with Sn
foil anodes achieve an energy density of 155 Wh kg™, compar-
able to commercial LIBs. Importantly, Sn foil anodes maintain
structural integrity after extensive cycling with no significant
dendrite formation, ensuring battery safety. Building on this,
Wei’s team'”” developed a self-supported alloy anode for K-based
DIBs using Sn-based materials. They synthesized binder-, con-
ductive agent-, and current collector-free SnSb@PCNWSs (porous
carbon nanowires) via electrospinning. This design simplifies
battery structure and increases active material content. The
porous carbon nanowires facilitate rapid electron/ion transport
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and buffer volume expansion of SnSb nanoparticles during alloy-
ing/dealloying, greatly enhancing cycling stability. The dual-metal
composition (Sn and Sb) reacts sequentially with K" ions, reducing
stress concentration and volume changes. The SnSb@PCNW
anode delivers a high reversible capacity of 255.3 mAh g™ ' at 2C,
significantly outperforming traditional carbon-based anodes
(<100 mAh g~ "). This innovative design, leveraging the porous
carbon matrix, substantially improves capacity, rate capability, and
cycle life, offering promising avenues for next-generation energy
storage devices.

The development of intercalation-, conversion-, and alloy-
type anodes in monovalent DIBs highlights the critical role of
multi-ion carrier mechanisms in next-generation energy sto-
rage. Synergistic interactions among various ion storage path-
ways enhance charge transport, structural stability, and
electrochemical performance, enabling high energy density
and long cycle life. Through deliberate material design strate-
gies such as multi-element doping, nanoscale structural opti-
mization, and interfacial modification, multi-ion carrier power
supply devices can be engineered to deliver enhanced efficiency
and long-term durability.

3.2.1.2. Monovalent nonmetal DIBs (NH,'). As the demand
for sustainable energy storage solutions intensifies, traditional
metal-ion batteries face growing challenges related to resource
scarcity, environmental concerns, and high costs. This has
driven extensive exploration of alternative energy storage sys-
tems that reduce or eliminate reliance on critical metals.
Among these, monovalent nonmetal dual-ion batteries have
emerged as a promising class, employing both cations and
anions as charge carriers to enable efficient multi-ion EPSs. The
incorporation of multiple ionic species not only broadens the
electrochemical design space but also allows tunable electro-
chemical properties through careful selection of ion pairs and
electrolyte environments.

A representative example is the ammonium-ion dual-ion
batteries (AmDIBs), which utilizes NH," as the primary cationic
carrier. In these systems, NH," reversibly intercalates and de-
intercalates at the anode, while anions undergo charge com-
pensation at the cathode.'”® This dual-ion transport mechanism
distinguishes AmDIBs from conventional single-ion batteries
and enhances ionic conductivity, especially in aqueous electro-
lytes. Compared to lithium-ion batteries, AmDIBs offer several
advantages, including the abundance and low cost of
ammonium-based materials, high ionic mobility, and improved
safety of NH," in aqueous environments, positioning them as
attractive candidates for metal-free energy storage.

3.2.1.2.1. Electrolytes in AmDIBs. Aqueous electrolytes are
predominantly used in AmDIBs due to their inherent safety and
cost-effectiveness; however, their narrow electrochemical stabi-
lity window limits battery voltage and long-term cycling perfor-
mance. To overcome this challenge, electrolyte modifications
such as the addition of ionic liquids have been investigated to
regulate interfacial properties and enhance stability. For exam-
ple, Li et al."”® developed two distinct electrolyte systems: one
based on a 7 mol per kilogram NH,CI aqueous solution, and
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another composed of a mixed electrolyte containing 3.5 mol kg™
EmimCl and NH,CI. These were evaluated in full-cell configurations
featuring I, as the cathode and 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) as the anode. Their combined molecular
dynamics simulations and experiments showed that imidazole-
based ionic liquids significantly suppress water decomposition,
improving battery stability. This effect arises from steric
hindrance and n-n interactions of ionic liquid cations, which
modulate interfacial water content, prevent excessive NH,"
hydration, and mitigate parasitic side reactions. Consequently,
the ionic liquid-containing battery demonstrated markedly
enhanced cycling stability, retaining significantly higher capa-
city after 150 cycles compared to the ionic liquid-free system.

Despite these advantages, NH," faces limitations due to its
susceptibility to reduction at around —1 V versus the SHE,
restricting its electrochemical window. To address this, Zhao
et al."® developed an AmDIB system using NH," and PFs~ as
dual charge carriers, with NH," intercalating into perylenete-
tracarboxylic diimide (PTCDI) at the anode and PF¢ into
graphite at the cathode. A non-aqueous electrolyte composed
of 1 M NH,PF, in a 1:1 mass ratio mixture of adiponitrile
(ADN) and ethyl methyl carbonate (EMC) was designed to
suppress NH," reduction. Spectroscopic analyses using NMR,
Raman, and IR techniques revealed that ADN exhibits a pre-
ferential interaction with PFs~ anions, whereas EMC predomi-
nantly coordinates with NH," cations, collectively forming a
stable and well-defined solvation structure. This tailored solva-
tion environment extends the electrochemical stability window
beyond 4.5 V, significantly enhancing both electrolyte stability
and overall battery performance.

Many studies have explored the electrochemical differences
between concentrated and dilute electrolytes. Han et al.'®' com-
pared highly concentrated electrolytes (HCEs) and dilute electro-
Iytes (LCEs) in AmDIBs, revealing notable benefits of HCEs. In
HCEs, strengthened interactions between NH," and water mole-
cules, as well as between SO,>~ and NH,", reduce free water
content and promote stronger ion pairing. Small- and wide-angle
X-ray scattering (SWAXS) experiments confirmed new scattering
peaks in HCEs, attributed to charge-charge correlations and ion
channel formation. Although electrolyte conductivity decreases,
concentrated (NH,),SO, solutions exhibit a wider electrochemical
window than dilute counterparts. Using these HCEs, the PTCDI//
N-CuHCF full cell demonstrated outstanding electrochemical
performance, maintaining stable cycling with strong capacity
retention over prolonged operation, high coulombic efficiency,
and a consistent average voltage output of approximately 1.0 V.
This configuration also achieved a favorable balance between
energy and power output, delivering high specific energy and
power density, thereby highlighting the efficacy of HCEs in
enabling durable and efficient dual-ion systems. Similarly,
Yan et al.*®* developed an aqueous AmDIB operating between
—40 °C and 80 °C using a “water-in-salt” electrolyte. This
concentrated electrolyte broadens the electrochemical stability
window by suppressing water electrolysis and side reactions,
while also preventing H' co-intercalation, ensuring NH," as the
dominant charge carrier and improving cyclability. Additionally,
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the electrolyte lowers the freezing point and raises the boiling point,
enhancing battery performance across a wide temperature range. By
disrupting the water’s hydrogen-bond network, the electrolyte
reduces water decomposition and improves safety, while simulta-
neously boosting electrochemical performance through enhanced
ionic mobility and optimized electrode/electrolyte interfaces.

Electrolyte optimization is key to improving AmDIBs. While
aqueous electrolytes offer safety and low cost, their narrow
stability limits performance. Incorporating ionic liquids and
highly concentrated electrolytes expands the voltage window,
suppresses water decomposition, and enhances interfacial
stability. Tailored solvation structures prevent side reactions
and extend cycle life, enabling wide-temperature operation.
These advances address fundamental electrolyte challenges
and promote the practical use of AmDIBs.

3.2.1.2.2. Electrode materials in AmDIBs. The choice of
electrode materials is crucial for determining the electroche-
mical performance of AmDIBs. Transition metal oxides are
widely studied due to their structural tunability and abundant
redox-active sites, which facilitate reversible NH," intercalation
and deintercalation. Among these, Mn;0O, exhibits high specific
capacity and excellent cycling stability, largely attributed to its
amorphous nanostructure that enhances ion diffusion kinetics.
However, structural degradation under high voltage condi-
tions remains a challenge, limiting long-term stability. To better
understand the NH," storage mechanism, Yu Song et al'*®
investigated NH," interactions in manganese oxides using elec-
trodeposited 3-MnO,. They found that NH," forms dynamic
hydrogen bonds (1.69-1.96 A) with lattice oxygen and water
molecules, resulting in a lower insertion energy (—4.12 €V)
compared to K' (—3.22 eV). These interactions improve NH,"
reversibility and contribute to a high capacity of 176 mAh g~ in
0.5 M NH,Ac electrolyte, with 94.7% capacity retention after
10000 cycles. Based on this, Wu et al.'®* assembled an aqueous
ammonium-ion full cell with an «-MnO, cathode and a PTCDA
anode, introducing a novel electrode combination that advances
AmDIB development. The o-MnO, cathode delivered about
190 mAh g ' at 0.1 A g~ ' and maintained excellent performance
over 50000 cycles in 1 M (NH,4),SO,, outperforming most
reported ammonium-ion hosts in cycling stability. The full cell
also showed strong rate performance, retaining 83.2 mAh g~ " ata
high current density of 10 A g™, indicating superior rate perfor-
mance and the material’s ability to function well during high
current charging/discharging. Wu et al.'®" also pioneered the use
of oxygen-deficient vanadium dioxide as an anode material.
Oxygen vacancies expanded the lattice, creating wider channels
for NH," migration, lowering diffusion barriers, and enhancing
electrochemical performance. The d-VO electrode exhibited a
reversible capacity of about 200 mAh g™, good cycling stability
(72.9% capacity retention after 1000 cycles), and excellent rate
capability. This work highlights how defect engineering and
structural control can unlock unique NH," storage mechanisms
and improve non-metal ion battery performance.
PBAs are among the most extensively developed electrode
materials for AmDIBs, thanks to their robust and
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interconnected three-dimensional open framework. This
unique structure provides abundant active sites and signifi-
cantly shortens the diffusion paths of ammonium ions, thereby
enhancing the battery’s rate performance. The first report on PBAs
in AmDIBs was by Cui and colleagues,'®® who synthesized copper
hexacyanoferrate (CuHCF) and nickel hexacyanoferrate (NiHCF)
nano-powders via a simple co-precipitation method using copper
or nickel nitrate and potassium ferricyanide. Both CuHCF and
NiHCF showed electrochemical activity in aqueous NH," electro-
lytes, achieving a specific capacity of about 60 mAh g~ ' at low
rates. Impressively, they retained 75% of their discharge capacity
even at a high rate of 41.7C, demonstrating excellent fast-charging
and discharging capability. CuHCF maintained 77% of its initial
capacity after 500 cycles in ammoniume-ion electrolyte, outperform-
ing its lithium and sodium ion counterparts. NiHCF showed even
better cycling stability, retaining 88% capacity after 500 cycles. Li
and colleagues'®® further advanced PBAs by synthesizing NaFeHCF
nanoparticles with a wunique truncated cube morphology
(~500 nm) controlled by stirring speed. As a cathode, NaFeHCF
delivered a high discharge capacity of 62 mAh g~ and retained
77.4% capacity at 2 A g, attributed to fast charge transfer and ion
diffusion. The material exhibited exceptional cycling stability, with
no capacity decay after 50000 cycles, mainly due to the stable
redox behavior of high-spin nitrogen-coordinated Fe*"/Fe** pairs.
This work optimized synthesis and provided theoretical insights
for performance improvement, broadening the material’s applica-
tion prospects. More recently, Du and his team'®” introduced Fe
substitution into manganese-based PBAs, creating FeMnHCF with
dual Mn and Fe metal active sites. This design enabled a high-
potential Mn**/Mn?*-N redox reaction, increasing both voltage
and capacity, thus overcoming the limited storage capacity seen
in traditional PBAs such as NiHCF and CuHCF. To complement
the high-potential FeMnHCF cathode, a high-concentration
NH,CF;SO; electrolyte was developed, featuring a low-solvation
NH," ion structure and restricted water molecules. This electrolyte
weakened water interactions and widened the voltage window.
When paired with 24 M NH,CF;SO; electrolyte, FeMnHCF demon-
strated high average discharge voltage, capacity, energy density,
and excellent cycling performance, outperforming many aqueous
AmDIBs. The dual-metal active sites provide significant advantages
for NH," storage compared to traditional PBAs. These studies
continuously optimize the synthesis processes and performance
of PBAs, paving the way for their widespread application in
AmDIBs and making them a promising key cathode material for
such batteries.

Altogether, AmDIBs are multi-ion carrier batteries fabricated
by using both NH," cations and anions, enhancing ionic conduc-
tivity and electrochemical performance beyond traditional single-
ion systems. Innovations in electrolyte design, including the
development of ionic liquids, concentrated solutions, and non-
aqueous solvents, have significantly contributed to the expansion
of electrochemical stability windows and the enhancement of
cycling stability. Meanwhile, transition metal oxides and PBAs
function as effective cathode materials, offering high capacity
and stable cycling through their robust structures and optimized
NH," storage. Collectively, the coordinated optimization of
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multi-ion transport electrolytes and electrode materials drives
significant progress in AmDIBs, highlighting their potential as
safe, sustainable, and economically viable multi-ion carrier energy
storage systems.

3.2.1.3. Multivalent metal DIBs (Mg/Ca/Zn/Al). Multivalent
metal dual-ion batteries have emerged as a compelling alter-
native to traditional monovalent systems such as Li*, Na', and
K’ because of their distinctive charge storage mechanisms,
higher theoretical energy densities, and potential cost advan-
tages. Unlike conventional dual-ion batteries that rely on
monovalent cations for charge compensation, multivalent ion
dual-ion batteries utilize divalent or trivalent cations such as
Zn**, Mg>*, and AI**, which can transfer two or more electrons
per ion during redox reactions."®®"® This multi-electron trans-
fer capability significantly boosts charge storage efficiency. In
addition, the natural abundance and low cost of multivalent
metals, particularly Mg and Al, make these systems attractive
for large-scale and sustainable energy storage applications.

However, despite these potential benefits, the practical
implementation of multivalent ion DIBs remains limited by
several intrinsic challenges. The high charge density of multi-
valent ions leads to strong electrostatic interactions with both
host materials and surrounding solvent molecules, which
impedes ion transport, increases interfacial resistance, and
negatively impacts the overall reaction kinetics. Moreover, the
sluggish diffusion behavior and poor mobility of multivalent
ions in conventional electrolytes further constrain power per-
formance and cycle life.

Recent research has primarily focused on two critical aspects
to address these limitations, namely electrode architecture and
electrolyte design. On the electrode side, materials featuring
open-framework structures, including layered or tunnel-
structured metal oxides and sulfides, have been investigated to
promote ion intercalation and accommodate volume changes
during cycling.”**"°*'*! On the electrolyte side, efforts have
centered on developing highly conductive, low-viscosity electro-
lytes with strong chemical compatibility, aiming to enhance ion
transport and mitigate interfacial degradation.

Given both the advantages and challenges of multivalent
DIBs, significant research efforts have been devoted to unlock-
ing their full potential through the design of advanced materi-
als and deeper understanding of underlying electrochemical
processes. In the following sections, we present a comprehen-
sive overview of recent advances in multicarrier transport
mechanisms within various multivalent dual-ion battery sys-
tems, focusing on Mg-, Ca-, Zn-, and Al-based configurations.
Special emphasis is placed on the cooperative behavior of
multiple ionic species, interfacial engineering strategies, and
electrochemical performance optimization, with the goal of
offering guidance for the rational design of next-generation
multivalent energy storage devices.

3.2.1.4. Mg DIBs. The absence of dendritic growth in Mg

metal anodes reduces safety concerns common in LIBs, such as
thermal runaway. Additionally, the divalent nature of Mg?*
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allows for greater charge transfer per ion, offering the potential
for higher energy storage capacity. Despite these advantages,
practical implementation of MIBs faces significant challenges.
Slow solid-state diffusion of Mg?" ions, strong Lewis’s acidity,
and poor reversibility at metal interfaces collectively limit both
rate capability and long-term cycling stability.

To overcome these intrinsic limitations, recent efforts have
increasingly turned toward multi-ion carrier strategies, espe-
cially in the design of Mg-based dual-ion batteries (MDIBSs). By
decoupling cationic and anionic transport pathways, MDIBs
enable more flexible and dynamic redox architectures, improv-
ing both ion accessibility and reaction reversibility. One illus-
trative example was reported by Zhu et al.,"**> who developed a
water-based MDIBs featuring a 4.5 M Mg(NO3), aqueous elec-
trolyte paired with polymer-based redox-active electrodes. This
system utilized a liquid-phase charge storage mechanism to
bypass the sluggish solid-state diffusion of Mg>', achieving
enhanced rate performance and improved electrochemical sta-
bility. The formation of water-shared ion pairs between Mg>*
and NO;3;~ simultaneously reduced water activity and expanded
the electrolyte’s stability window, thereby extending the cycle
life and enhancing energy efficiency. Beyond polymer cathodes,
the use of multielectron redox centers further enriches the
electrochemical landscape of MDIBs. Morag et al.'®® reported
a MDIB based on a four-electron Te®/Te** conversion mecha-
nism, enabled by blending Mg(TFSI), into a classical magne-
sium-aluminum chloride complex (MACC) electrolyte. This
carefully engineered dual-salt electrolyte not only facilitated
the dissociation of CI” from the MACC complex, alleviating
ion aggregation, but also served as a buffer that mitigated Mg
passivation and solvent consumption during cycling. The result-
ing system achieved a high reversible capacity of 543 mAh g *
and an energy density of 850 Wh kg™~ ', marking a significant
advancement for multivalent chemistries. The multifunctional
role of Mg(TFSI), in simultaneously modulating solvation
dynamics and enhancing redox stability in MDIBs exemplifies
how multi-ion coordination can open electrochemical pathways
that remain inaccessible in traditional single-ion systems.

In parallel, Cheng et al.'®® introduced an unconventional
strategy to tackle electrolyte degradation and anode instability,
long-standing issues in MDIBs. Rather than suppressing anodic
side reactions, they proposed using an active metal as both the
anode and current collector to replenish M' ions in the
electrolyte, thereby compensating for the anions deintercalated
from the graphite cathode. In the specific case of Mg//graphite
configurations, the low redox potential of Mg (—2.35 V vs. SHE)
offers higher cell voltage output when paired with graphite,
compared to transition metals such as Fe, Co, Cu, Zn, etc.
Moreover, the high de-solvation energy of Mg>" (9.06 eV vs.
3.08 eV for Li") makes it less prone to reduction, facilitating
stable cation replenishment during extended cycling. This
strategy enables the gradual transformation of Mg into a
LizMg- alloy, which suppresses dendritic lithium growth and
promotes uniform deposition. The Mg//graphite cell exhibited
remarkable cycling stability, maintaining 94.6% of its capacity
after 1700 cycles at 2C, significantly surpassing the performance
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of both Cu//graphite and graphite//graphite cells. This approach
introduces a broadly applicable framework for multi-ion
regulation at the anode, combining high energy density
(196.8 Wh kg™ ') with practical scalability, as demonstrated by
pouch cell operation for small electronic devices.

Electrolyte design remains central to the continued advance-
ment of MDIBs. Radi et al."** developed a novel electrolyte system
by integrating commercial Mg(TFSI), with dibutyl magnesium
(Mg(butyl),), enhancing both the deposition-stripping reversibil-
ity and interfacial compatibility with magnesium metal. By using
a titanium current collector, selected for its compatible lattice
structure with magnesium, the authors were able to lower
nucleation overpotentials and promote uniform magnesium
plating. Importantly, this study demonstrated that the structure
of the solvation shell, the Mg”>* transference number, and the
interfacial resistance are key determinants of redox kinetics in
multivalent systems. Given that anion mobility often surpasses
that of Mg>" in such systems, effective multi-ion transport design
requires a nuanced balance between ionic species distribution
and interfacial dynamics in MDIBSs, rather than reliance solely on
redox potential tuning.

3.2.1.5. Ca DIBs. Ca dual ion batteries (CDIBs) have recently
transcended their early reputation as “difficult-to-activate”
calcium-ion systems and are now recognized as a model platform
for illustrating how a multi-ion-carrier strategy can re-engineer
every facet of multi-ion EPSs. In conventional calcium ion batteries
(CIBs), the divalent Ca>" ion offers theoretical advantages due to its
near-Li" reduction potential and dual-charge transfer capability.
However, practical devices have long been limited by operating
voltages below 2 V, sluggish diffusion kinetics, and severe inter-
facial instabilities that typically lead to rapid capacity fading within
just a few dozen cycles."®> By sharing the task of charge compensa-
tion between fast, highly polarisable anions (PFs , FSI', and
TFSI ™) and the cation (Ca®*), the CDIBs simultaneously raise their
electrochemical window beyond 4 V and mitigate the kinetic
bottleneck that once defined Ca chemistry.'*®

The foundational configuration of CDIBs was reported by
Wu et al,'”” who designed a system featuring mesocarbon
microbeads (MCMB) as the anode and EG as the cathode,
immersed in a 0.7 M Ca(PF¢), carbonate electrolyte. Operando
studies demonstrated reversible Ca** intercalation into MCMB
and PFs anion intercalation into EG, yielding an average
working voltage of 4.6 V and 94% capacity retention over
300 cycles, a level of performance previously deemed unachieva-
ble for calcium-based systems. The system’s strength lies in its
symmetric architecture, wherein both electrodes utilize carbon
frameworks with complementary ionic intercalants, forming a
self-regulating platform that mitigates structural degradation.
Subsequent work has shown that electrolyte design is equally
critical to sustaining multi-ion choreography. Prabakar et al.**®
replaced volatile carbonates with a pyrrolidinium-based ionic
liquid doped with a single-molecule Ca-tetraglyme complex,
thereby eliminating parasitic cation intercalation and stabilising
both [Ca-G,** and TFSI™ migration through graphite hosts for
hundreds of cycles. Li et al.'®> pushed the concept further with a
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3.5 M Ca(FSI), “super-concentrated” electrolyte that locks Ca>"
inside a tight solvation sheath, suppresses solvent breakdown
and enables concerted Ca**-FSI™ shuttling between an organic
PTCDA anode and graphite cathode with 85% capacity retention
over 350 cycles. These studies collectively highlight how manip-
ulating the solvation micro-environment can fine-tune the rela-
tive mobilities of cations and anions, an insight that is uniquely
accessible in a multi-ion framework.

Beyond carbon hosts, alloying and polyanionic insertion
chemistries are now being co-opted to accommodate divalent
charge without sacrificing kinetics. Wang et al.'®® demon-
strated that a Sn foil anode forms a ductile Ca,Sng alloy under
an operating voltage of 4.45 V in CDIBs, while maintaining 95%
capacity retention after 350 cycles. In situ stress analysis attrib-
uted this excellent cycling stability to the generation of com-
pressive stress during alloy formation, which effectively inhibits
crack propagation and contributes to the formation of a stable
CaF,-rich SEL Xu et al.**® introduced Na, sVPO, F, 5, a material
with a rigid polyanionic framework that accommodates Ca**
insertion with minimal structural distortion, exhibiting only a
1.4% volume change and low diffusion barriers below 0.6 eV.
This CDIB design enabled 90% capacity retention over 500
cycles at an average voltage of approximately 3.2 V. These
findings, together with advances in alloy-type anodes, highlight
the potential of multi-component ion storage systems to
achieve high capacity while maintaining mechanical robust-
ness, provided that the host lattice is precisely engineered to
support reversible multivalent ion insertion.

By distributing the electrochemical workload between Ca**
and a co-operative anion, CDIBs have overcome the longstand-
ing challenges of low voltage, sluggish kinetics, and rapid
degradation. The emerging consensus is that future progress
in calcium systems, and more broadly in other multivalent
chemistries, will depend on our ability to orchestrate the
transport and interaction of multiple charge carriers within
well-coordinated electrode—-electrolyte architectures.

3.2.1.6. Zn DIBs. Zinc dual-ion batteries (ZDIBs) operate
based on the reversible shuttling of Zn>" ions between the cathode
and anode, enabling bidirectional ion transport that underpins
highly reversible electrochemical cycling. The inherent properties
of Zn, including its low cost, natural abundance, and compatibility
with aqueous electrolytes, support the potential applicability of
ZDIBs in large-scale energy storage systems. However, the practical
deployment of these systems is still hindered by inherent chal-
lenges, including electrolyte instability, interfacial degradation,
and the uncontrolled growth of zinc dendrites. These issues
adversely affect the reversibility and long-term reliability of Zn>*
transport within multi-ion environments.

Recent advances in cathode material development, electro-
Iyte formulation, and electrode architecture have significantly
improved the performance and durability of ZDIBs. Particular
focus has been placed on optimizing the interaction and
synergy between multiple ionic species. For instance, Kush-
waha et al.>° introduced a redox-active covalent organic frame-
work (COF) as a cathode in conjunction with a ZnSO, aqueous
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electrolyte, leveraging nitrogen- and oxygen-rich functional
groups capable of Zn** chelation. This strategic design resulted
in a significant increase in specific capacity, rising from 208 to
690 mAh g™, marking the highest capacity reported for COF-
based Zn-ion systems to date. This result underscores the impor-
tance of tuning ion-host interactions to facilitate efficient Zn>*
storage within a multi-ion framework. In parallel, to overcome
the limitations of conventional polymer cathodes such as limited
accessibility of redox-active sites and hindered ion diffusion,
innovative material processing strategies have been developed.
Zhang et al’®' employed KBr as a porogen to engineer
the morphology of poly(triphenylamine) (PTPA), resulting in a
microporous, nitrogen-rich polymer (m-PTPA) with a three-
dimensional conjugated structure, pore sizes of 6 A and 12 A,
and a high surface area of 655 m”> g~ . This unique architecture
enabled highly reversible Cl~ storage through redox-active amine/
imine sites and delivered a pseudocapacitive contribution exceed-
ing 99%, with exceptional conductivity and insolubility that
circumvented the common pitfalls of small-molecule organic
electrodes. The interplay of Zn>" and Cl~ ions within such porous
polymer frameworks exemplifies how coordinated multi-ion
transport can be optimized through molecular and morphologi-
cal design. Architectural innovations in electrode design have
further propelled the development of high-capacity and long-life
ZDIBs. Guo and co-workers*** devised a core-shell Ag@C cathode
by pyrolyzing glucose in the presence of silver particles, producing
a robust composite for pairing with a metallic Zn anode and ZnCl,
electrolyte. Within this system, the redox transition between Ag
and AgCl was efficiently stabilized by the carbon shell, which
buffered volume changes and preserved structural integrity during
cycling. Simultaneously, the use of a neutral ZnCl, electrolyte
played a critical role in suppressing Zn dendrite formation,
effectively mitigating one of the most persistent issues in aqueous
Zn-based batteries. As a result, the system delivered a volumetric
capacity of 1301.5 mAh cm™? and retained 96.1% of its capacity
after 1700 cycles at a 20C rate, highlighting the synergistic benefits
of combining ion-specific electrolyte formulations with dual-ion
electrode architectures. Efforts to balance cost, performance, and
scalability have also inspired the development of novel carbon-
based cathodes. Guo et al.?** introduced an aqueous ZDIB employ-
ing nitrogen-doped few-layer graphene-like carbon (NFG) as the
cathode material. In a ZnCl,-based water-in-salt electrolyte, the
NFG electrode enabled reversible intercalation of complex
[ZnCLJ>™™ species, achieving a specific capacity of 134 mAh
g " with a voltage plateau of 1.85 V and long-term cycling
stability. Notably, despite the use of concentrated salt, the
intrinsic affordability of ZnCl, preserved the cost-effectiveness
of the system, presenting a viable path toward practical, high-
performance multi-ion configurations.

In addition to conventional DIBs configurations, the emer-
ging concept of reverse dual-ion batteries (RDIBs) presents a
compelling alternative by inverting the traditional ion storage
paradigm, wherein anions are stored at the negative electrode
and cations at the positive. A representative example is the
pioneering work by Wu et al.,>*> who implemented a rotaxane-
functionalized carbon (Fc/C) anode coupled with a Prussian

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

blue analogue (Zns[Fe(CN)s],) cathode in a highly concentrated
30 M ZnCl, “water-in-salt” electrolyte. This reversed configu-
ration achieved a reversible capacity of 30 mAh g~ with an
average voltage of 0.9 V and demonstrated 58% capacity reten-
tion after 1000 cycles. The performance was largely attributed
to the electrolyte’s high ionic strength, which stabilized the
electrochemical interface and facilitated multi-ion shuttling
under the reversed polarity conditions. Expanding on this
concept, Placke and co-workers®** introduced a ZDIB utilizing
a water-in-bisalt electrolyte composed of NaFSI and Zn(TFSI),.
This system allowed for high-voltage anion intercalation into
the natural graphite cathode, achieving a discharge voltage of
~2.25 V and a specific energy approaching 200 Wh kg~". These
results not only demonstrate the compatibility of abundant,
low-cost materials with advanced electrolyte formulations, but
also exemplify the potential of carefully tuned multi-ion che-
mistries in high-energy aqueous Zn>' systems. Sustainability
considerations have further propelled research in this domain,
particularly around electrolyte safety and environmental impact.
Sun et al.*®® proposed a hydrogel-based water-in-salt electrolyte
composed of polyvinyl alcohol (PVA) and gelatin. This electrolyte
formulation offered broad electrochemical stability, effective Zn
dendrite suppression, and rapid biodegradability, reflecting how
multi-functional electrolyte design can simultaneously meet elec-
trochemical and ecological requirements in multi-ion systems.
Further advancing the concept of electrolyte-driven optimization,
Sethi et al.>*® compared two Prussian blue analogues as cation
hosts, with their larger framework and lower hydration level,
facilitated higher deintercalation potentials (1.14 V vs. Ag/AgCl).
Their use of a 10 M ZnCl, electrolyte not only improved the redox
potential alignment via the Nernst effect but also enhanced the
cycling stability of the Fc/C anode. The full cell delivered 23 Wh
kg~ ' with 80% capacity retention after 50 cycles at 5C, high-
lighting how electrolyte concentration and ion activity critically
modulate multi-ion transport and energy output.

To overcome the inherent energy density limitations of
aqueous DIBs, recent efforts have turned toward exploring multi-
valent anion intercalation mechanisms. Zheng et al.”®” conducted
a systematic investigation of ClO,~, SO,>~, and PO,*” intercalation
into graphite using DFT simulations and spectroscopic techni-
ques. Their findings revealed that ClO, and SO,*" achieved
deeper and more reversible intercalation due to favorable charge-
to-size ratios and diffusion dynamics, while PO,*" suffered from
strong electrostatic interactions that impeded ion mobility. The
Zn-graphite DIBs constructed using ClO,~ and SO,>  exhibited
energy densities of 106 and 112 Wh kg, respectively, at ~1.85 V,
underscoring the significance of anion valency and structural
compatibility in tuning voltage and capacity through multi-ion
design. Complementary to these advances, Wang et al.”*® devel-
oped an aqueous ZDIB system using a (CH3),NCl + Na,COs
electrolyte in combination with graphite and Zn electrodes. By
carefully tuning the pH and electrolyte composition, particularly
using a 5 M (CH3),NCl solution with supersaturated Na,COs, they
achieved a high discharge voltage of 2.6 V and a specific capacity of
226.2 mAh ¢, maintaining stable performance over 3200 cycles.
Cyclic voltammetry and in situ XRD analysis provided mechanistic
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insight into the reversible anion intercalation processes, while the
use of industrially accessible materials demonstrated the system’s
commercial viability.

To circumvent the reliance on pre-deposited Zn metal
anodes and mitigate dendrite-induced failures that commonly
plague aqueous Zn-based systems, Wang et al.>*® proposed an
anode-free ZDIB architecture, employing a silver-coated copper
substrate to direct uniform Zn plating and stripping. This design
enabled controlled Zn nucleation and substantially prolonged the
cycling life, achieving over 80% capacity retention after 1000
cycles. During the charge process, the graphite cathode exhibited
a distinct phase evolution from Stage-III to Stage-I’, accompanied
by a contraction in interlayer spacing. Zhou et al.>'® developed a
fluorinated electrolyte system for high-performance anode-free
ZDIBs by integrating fluorinated carbonate solvents with an
ethoxy(pentafluoro)cyclotriphosphazene (PFPN) additive. This
electrolyte exhibits a high oxidative stability with a decomposi-
tion voltage of 2.75 V, significantly expanding the electrochemical
window compared to conventional aqueous or organic systems.
The fluorinated solvents not only confer non-flammability and
enhanced safety but also exhibit reduced Zn>" solvation ability,
which promotes the incorporation of anions into the Zn>* solva-
tion shell. This shift in solvation structure facilitates the for-
mation of an anion-derived SEI on the Zn anode surface, which in
turn guides the uniform, planar deposition of Zn and suppresses
dendritic growth. As a result, the Zn//Zn symmetric cell achieves a
remarkable Zn utilization of 91% over 140 hours of cycling, a
performance rarely reported in the literature. Furthermore, the
PFPN additive contributes to the formation of a stable CEI film
that enhances the oxidative stability of the electrolyte, enabling
prolonged cycling of Zn//graphite dual-ion batteries up to
1000 cycles. Notably, the system also supports an anode-free
configuration, which demonstrates stable cycling over 100 cycles
and delivers a high average discharge midpoint voltage of 1.84 V.
Therefore, this anode-free configuration more than doubled the
energy density relative to conventional ZDIBs, underscoring its
potential for next-generation aqueous systems where eliminat-
ing excess Zn can significantly improve energy efficiency and
volumetric compactness (Fig. 10). Such strategies also reflect the
broader utility of multi-ion transport, as Zn** shuttling remains
central to system function while interface optimization governs
reversibility and cycling performance. Beyond bulk electrode
engineering, interfacial modulation has emerged as a crucial
dimension for advancing multi-ion carrier systems. Yang
et al®"' developed cationic two-dimensional polymer films
synthesized through Knoevenagel condensation, yielding well-
ordered 1D channels with intrinsic anion selectivity. These 2D
polymers exhibited strong affinity toward bis(trifluoromethane-
sulfonyl)imide (TFSI ) anions, enabling selective ion transport
and enhanced interfacial compatibility. When integrated into
high-voltage ZDIBs, the polymer films not only stabilized ion
transport pathways but also significantly prolonged cycle life by
suppressing parasitic reactions and enhancing the robustness
of the electrode-electrolyte interface.

In summary, ZDIBs leverage the coordinated migration of
multiple ionic species, including Zn>" along with Cl1~, TFSI", or
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complex anions such as [ZnCl,J>"*. This multi-ion transport
mechanism helps overcome the inherent limitations of con-
ventional aqueous batteries with respect to energy density,
voltage output, and cycling stability. In addition to enhancing
interfacial kinetics and expanding the electrochemical stability
window, it also enables new strategies for optimizing electrolyte
composition and tuning electrode-electrolyte interactions.

3.2.1.7. Al DIBs. Al dual ion batteries (ADIBs) operate based
on a dual-ion mechanism that involves both multivalent alu-
minum cations (AI’*) and mobile anions (e.g., PFs~, ClO,~, or
AICl,"). During the charging process, AI>* ions are electroche-
mically deposited onto the aluminum metal anode, while the
corresponding anions are intercalated into the cathode struc-
ture. Upon discharging, the Al metal is oxidized to release Al**
ions, and the intercalated anions are simultaneously deinter-
calated from the cathode. The spatial separation of charge
storage between cation deposition at the anode and anion
intercalation at the cathode enhances charge-transfer kinetics
and helps maintain stable voltage profiles, which are essential
for high-power energy storage systems.

The foundational concept of ADIBs was first introduced by
Tang et al.,>"> who reported an Al-graphite dual-ion configu-
ration using Al foil as the anode and graphite as the cathode, with
PFs~ anions serving as the primary charge carrier at the cathode.
During the charge process, the graphite cathode undergoes a
sequential staging mechanism of PF,~ intercalation, while the Al
anode forms a Li-Al alloy protected by a SEI. These dynamics
established the core functionality of ADIBs without relying on
costly transition metal cathodes, thereby promoting both mate-
rial sustainability and economic viability. The system operated at
an average voltage of 4.2 V and demonstrated high energy density
with excellent cycling performance, providing a benchmark that
has catalyzed ongoing advances in the field. Building upon this
work, Zhang et al.*'* developed a novel ADIB by incorporating a
three-dimensional graphene foam cathode with an aluminum
metal anode and an Al(ClO,);-based electrolyte in a mixed solvent
of propylene carbonate and fluoroethylene carbonate. The battery
achieved high reversibility through ClO,  intercalation/deinter-
calation at the cathode and Al plating/stripping at the anode.
Notably, it exhibited a discharge voltage of approximately 1 V,
could be fully charged in just 13 minutes, and sustained dis-
charge durations exceeding 73 minutes. Furthermore, the cell
maintained a specific capacity of 101 mAh g~ ' at a high-rate of
2000 mA g~ " over 400 cycles, underscoring its potential for high-
rate applications. Nevertheless, despite these encouraging
results, long-term stability under practical operating conditions
remains a challenge that warrants further investigation. Progress
in cathode materials has played a critical role in improving ADIB
performance. For instance, M. Latha et al*** introduced a WS,/
graphene composite cathode synthesized via an ultrasonic-
assisted method. The layered WS, structure offered abundant
intercalation sites for anions, while the conductive graphene
network facilitated efficient electron transport. This synergistic
configuration delivered a high specific capacity of 152 mAh g~*
and stable cycling over 150 cycles, outperforming pure WS,
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battery architectures, with emphasis on the energy and design advantages of anode-free DIBs.

electrodes. These results highlight the importance of nanocom-
posite engineering in promoting dual-ion transport dynamics
and improving electrochemical efficiency in multi-ion systems.
Beyond inorganic and carbonaceous frameworks, polymer-
based cathodes have demonstrated notable potential in fine-
tuning ionic and electronic transport in ADIBs. Ma et al’'®
developed redox-active dihydrophenazine (Pz)-based materials by
coupling Pz with either pyrene (Py) or biphenyl (Ph), resulting in
two conjugated microporous polymers, PyPz and PhPz. These
polymers were designed to serve as AICl, -hosting cathodes for
ADIBs, enabling efficient ion storage through their extended
conjugation and porous frameworks. PyPz, in particular, exhibited
excellent redox activity due to its extended m-conjugated structure
and high surface area, which enabled efficient AICl, " intercalation
into its porous network. The redox-active dihydrophenazine units

This journal is © The Royal Society of Chemistry 2025

contributed to high areal capacities (2.53 mAh ecm™?), ultra-long
cycling life (over 100000 cycles), and robust low-temperature
performance (—30 °C). Importantly, the insoluble and structurally
stable polymer framework effectively suppressed dissolution of
active materials, a common degradation pathway in organic
cathodes, thereby ensuring long-term durability under practical
conditions. Expanding on polymer design strategies, Luo et al.”*®
introduced a donor-acceptor (D-A) conjugated polymer, PPTZ-AQ,
composed of benzothiazine (PTZ) donor and anthraquinone (AQ)
acceptor units. This molecular architecture enabled overlapping
redox potentials and promoted charge delocalization along the
polymer backbone, significantly enhancing electrochemical
kinetics. Comparative studies with homopolymers PAQ and PPTZ
confirmed that PPTZ-AQ delivered superior specific capacity, rate
capability, and cycling durability. These findings illustrate the
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potential of D-A type bipolar conjugated polymers as next-
generation cathode materials for multi-ion systems, offering a
high degree of tunability and structural flexibility that surpass
conventional inorganic or carbon-based alternatives. These find-
ings underscore the potential of D-A conjugated polymers as
structurally versatile and redox-tunable cathode materials tailored
for multi-ion storage in DIBs.

Overall, the development of ADIBs demonstrates that the
coordinated transport of both cations and anions can facilitate
decoupled charge storage, accelerate reaction kinetics, and
allow for more versatile material design. Advances in inorganic,
carbon-based, and polymeric cathode architectures have
enabled ADIBs to address the inherent limitations of conven-
tional single-ion systems. Moreover, the broad selection of
electrode materials, including graphite, layered dichalcogen-
ides, and conjugated polymers, provides abundant opportu-
nities for precise structural and chemical customization.

3.2.2. Metal halogen batteries. Halogen elements, with the
exception of fluorine (F,) and astatine (At), have increasingly
attracted attention due to their high redox potentials, favorable
specific capacities, and stable operating voltages, which result
from consistent valence state transitions.>”'® Compared to
other conversion-type materials such as sulfur, halogens offer
more predictable and controllable redox behavior, making
them promising candidates for advanced energy storage sys-
tems. Metal halogen batteries (MHBs) represent an emerging
class of multi-ion carrier energy storage systems that leverage
the coordinated transport of both metal cations (e.g., Li", Na®,
and Zn*") and halide anions (e.g., CI~, Br~, and I") during
charge and discharge processes. Typically, MHBs employ a
cathode composed of metal halides or oxyhalides and a metal
or alloy anode. During discharge, metal cations migrate from
the anode to the cathode, undergoing intercalation or conver-
sion reactions, while halide anions are simultaneously oxidized
or reduced at the cathode side.
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The physicochemical diversity of chlorine, bromine and iodine
dictates markedly different cell chemistries. Chlorine offers the
highest redox potential but suffers from extreme volatility; bro-
mine provides a balance between voltage and chemical stability yet
endures serious shuttle loss via soluble polybromides; iodine is a
solid under ambient conditions, giving superior safety and very
high specific capacity, but its polyiodide intermediates still dis-
solve and migrate. Understanding these contrasts has steered
research toward tailored confinement matrices, redox-mediating
additives, and hybrid-ion electrolytes that simultaneously suppress
halogen escape and accelerate charge transfer.

In the era beyond lithium-based technologies, aqueous
rechargeable ZIBs have attracted widespread interest owing to
their inherent safety, cost-effectiveness, and environmental
friendliness. Among these systems, aqueous Zn-halogen bat-
teries have emerged as a promising subclass, leveraging the high
redox activity of halogen species and the abundant availability of
Zn metal. Taking metallic Zn as a representative example, its
electrochemical behavior in aqueous media is notably influenced
by the pH of the electrolyte (Fig. 11a).?*° As an amphoteric metal,
Zn exhibits distinct deposition and dissolution characteristics
depending on the acidity or alkalinity of the electrolyte. In
particular, because halogen species undergo spontaneous dis-
proportionation reactions in strongly alkaline environments,
most Zn-halogen batteries are designed to operate under neutral
or mildly acidic conditions. This electrolyte strategy differs from
that of traditional alkaline Zn-based batteries and serves to
suppress Zn passivation, thereby facilitating more reversible Zn
stripping and plating processes. During battery discharge, Zn at
the anode undergoes oxidation, releasing electrons and form-
ing Zn”" ions, which migrate through the electrolyte toward the
cathode. Upon charging, the process is reversed as Zn>" ions
are reduced and re-deposited on the anode surface under the
influence of an external power source. At the cathode, halogen-
based redox reactions take place, which can generally be
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(a) Pourbaix diagram of water overlaid with the standard electrode potentials of M?*/M redox couples, where M represents CL, Br, |, and Zn. (b)

Schematic illustration of representative reaction mechanisms occurring at metal Zn anodes and halogen cathodes. Reproduced with permission from ref.
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categorized into two types: X /X° redox and X /X%X"
multivalent redox.

In the X /X° redox pathway, halogen molecules (X,) are
reduced to halide ions (X™) during discharge, while the reverse
oxidation occurs upon charging (Fig. 11b). However, this pro-
cess often leads to the formation of polyhalide intermediates
(such as X3, X5, and X, , except in the case of Cl), resulting
from the complexation of molecular halogens with halide ions.
These intermediates tend to trigger parasitic reactions, con-
tributing to self-discharge and compromising long-term battery
stability. In more advanced systems, the X /X%/X" redox process
has been explored, particularly in the case of iodine. Here,
iodine molecules (I,) can be further oxidized to I', forming
interhalogen compounds in the presence of highly electrone-
gative halide ions such as F~, Cl7, and Br . This expanded
redox window (I~ — I° — I) introduces new opportunities for
the design of high-voltage Zn-I, batteries by leveraging tailored
electrolyte compositions containing such halide additives.

The MHBs enables multi-electron transfer processes that
contribute additional capacity. By decoupling charge transport
between cations and anions and promoting multi-electron
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redox activity, MHBs offer a promising pathway toward high-
performance, cost-effective, and scalable battery technologies.
In the following sections, we systematically discuss the redox
mechanisms, fundamental challenges, electrochemical perfor-
mances (Table S3), and recent advancements in representative
MHBs, with a focus on illustrative examples and the strategies
devised to overcome their specific limitations.

3.2.2.1. Li halogen batteries. Lithium halogen batteries (LHBs)
are an emerging battery technology that combines the high theore-
tical energy density of lithium-based chemistry with the rich redox
activity of halogen species. In these systems, lithium ions undergo
reversible plating and stripping at the anode, while halogen
molecules participate in multi-electron redox reactions at the
cathode (Fig. 12a). This dual redox mechanism enables high output
voltages and energy densities, making LHBs attractive for grid-level
storage, electric vehicles, and aerospace applications. Practical
realisation, however, is hampered by the volatility of halogen
species, parasitic shuttle effects, and sluggish ion transport, calling
for precisely engineered electrodes and electrolytes that can confine
halogens and promote fast, stable multi-ion transport.
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3.2.2.1.1. Li-CI2 batteries. Within the LHB family, lithium
chlorine (Li-Cl,) batteries exploit the reversible Cl/Cl, couple
and therefore offer one of the highest theoretical energy densities
among halogen chemistries. During charging, LiCl oxidises to
Cl,, which is physically confined in a porous cathode host; during
discharge, Cl, is reduced back to Cl~, regenerating LiCl. Proto-
type devices, however, have long been limited by Cl, leakage,
severe capacity fade and safety concerns. Recent research tackles
these shortcomings through the coordinated use of multi-ion
carriers, catalytic interfaces and tailored electrolytes, thereby
uniting high energy density with practical cyclability.

The multi-ion carrier mechanism, which leverages the syner-
gistic transport of Li*, Cl~, and AP'/F~ ions, is demonstrated in a
Li~Cl, battery employing CO,-activated graphite as the cathode.**'
Coin cells with a Li metal anode and a CO,-activated graphite
cathode employ a neutral electrolyte comprising 1.8 M LiCl and
1.8 M AICl; in SOCI, with a 2 wt% LiFSI additive (~0.047 M in
solution). During the first discharge to 2 V, Li" migration from the
anode combines with Cl~ (from SOCI, reduction) to deposit LiCl
on CO,-activated graphite (DGr-ac), delivering ~3.37 Vand ~1911
mAh g~' due to enhanced pore sites/defects from CO, activation,
while unmodified DGr-ac yields only ~3.18 Vand ~1,91 mAh g™ .
Auger electron spectroscopy confirms uniform LiCl coating post-
discharge. AP’ (from AICl;) optimizes ionic conduction, while F~
(from LiFSI-derived SEI) stabilizes cycling. Charging releases
trapped Cl, (via Cl~ oxidation, mass spectrometry-verified),
enabling reversible redox via pore-hosted LiCl storage exceeding
intercalation limits. To further address the kinetic limitations
inherent in Cl~ de-solvation and LiCl decomposition, Li et al.***
designed atomically dispersed Co-N, catalytic sites through con-
trolled pyrolysis. DFT calculations revealed that these Co-N,
centers significantly lower the energy barrier for LiCl decomposi-
tion by 1.2 eV relative to unmodified carbon, catalytically accel-
erating both Cl™ oxidation and Li" migration. The resulting
electrochemical system achieved a high discharge voltage of
3.4 V and a specific capacity of 2500 mAh g~ ', maintaining 92%
capacity retention after 200 cycles even at —20 °C. These results
highlight the dual catalytic function of Co-N, centers in facilitating
concerted multi-ion transfer, enabling fast and stable operation
across challenging thermal conditions.

Complementary to these electrode-level advancements, the
design of novel electrolytes capable of supporting dual-ion
conduction has proven equally critical. Sun et al.>** developed
a methyl chlorodifluoroacetate (MCDFA)-based electrolyte as a
safer, non-corrosive alternative to SOCI,. This system not only
ensures a broad operational temperature range (—40 to 120 °C),
but also enables simultaneous conduction of Li* and Al** ions.
Raman and NMR spectroscopy confirmed weak solvent-cation
interactions and suppressed side reactions, resulting in a high
ionic conductivity (6.57 mS cm™" at 25 °C; 2.38 mS cm ™" at
—40 °C). More importantly, the inclusion of AICl; additives
facilitated the reversible reduction of MCDFA and enhanced
the stability of C17/Cl, redox cycling. In practical pouch cell
configurations, the platform delivered an energy density of 800
mAh g™, representing a 40% enhancement over conventional
SOCl,-based systems.
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These advances illustrate how multi-ion carrier strategies
can systematically overcome the longstanding trade-offs between
energy density, cyclability, and rate capability in halogen-based
batteries. In particular, Li-Cl, systems demonstrate how the
coordinated design of functional components can collectively
overcome the intrinsic limitations of conventional single-ion
architectures. This includes the use of porous graphite to effi-
ciently confine Cl, gas, the incorporation of Co-N, catalytic
centers to accelerate Li'/Cl~ interfacial kinetics, and the imple-
mentation of MCDFA-based electrolytes that enable stable multi-
ion conduction across a wide temperature range.

3.2.2.1.2. Li-Br, batteries. Lithium bromine (Li-Br,) bat-
teries epitomize the paradigm-shifting capabilities of multi-ion
carrier systems, where the synergistic interplay of Li", Br~, Cl~,
and AI** ions unlocks exceptional theoretical energy densities
(~1273 Wh kg™") and operating voltages (~4.12 V), far sur-
passing conventional single-ion designs. However, the practical
deployment of Li-Br, batteries has long been hindered by
intrinsic challenges such as the bromine shuttle effect and
the dissolution of polybromide intermediates, which compro-
mise coulombic efficiency, capacity retention, and long-term
stability. These limitations have catalyzed the development of
advanced strategies that harness the principles of multi-ion
carrier chemistry to stabilize redox kinetics and facilitate
efficient interfacial charge transfer.

Recent breakthroughs in Li-Br, batteries highlight the critical
role of multi-ion dynamics in achieving high reversibility and
energy density. The carbonized MOF cathode material (ZIF-8/
MIL-53) developed by Benjamin B. Peterson’s team>>* achieved a
highly reversible Li-Br, battery through multi-ion synergy. The
nitrogen-doped porous carbon matrix has the following charac-
teristics: the microporous structure (<2 nm) chemically anchors
Br /Br;~ species through C-Br/N-Br bonds, effectively inhibiting
the bromine shuttle effect; the mesoporous network promotes
rapid Li" transport and ensures efficient redox reaction (~3.5 V).
Among them, the ZIF-8 cathode exhibits better performance
(273 mAh g™, 88% capacity after 100 cycles), thanks to its higher
nitrogen doping (enhanced bromine adsorption), more uniform
3nm pore size distribution (compared to 2-30 nm of MIL-53) and
higher LiBr loading (22.7 wt%). This study provides new
ideas for the development of practical high energy density
(>900 Wh kg ') halogen battery systems. The evolution of
multi-electron redox chemistry was further exemplified in the
development of a static Li-Br battery platform, which employed a
TBABr; catholyte and a Cl -enriched electrolyte to facilitate a
novel Br /Br® redox couple.”” This configuration produced
a stable discharge plateau at 3.8 V and achieved a high capacity
of 653 mAh g~ with 98% coulombic efficiency over 100 cycles.
Critically, the system exhibited low charge-transfer resistance
(149.6 Q) and minimal polarization (28 mvV), which reflected
the enhanced interfacial dynamics enabled by synergistic Li*/Br~/
Cl” transport. Parallel progress in aqueous Li-Br systems has
reinforced the centrality of multi-ion transport in unlocking high-
performance metrics. For instance, the development of a highly
concentrated 26 m Li-Bs-C;5-Og electrolyte comprising LiBr,
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LiCl, and LiOAc facilitated a wide electrochemical stability win-
dow of 2.5 V. When paired with nitrogen-doped activated carbon
(NAc) cathodes, the system achieved enhanced Br redox kinetics
with a capacity of 376 mAh g ' and 97% retention over
7800 cycles.”*® The incorporation of LiOAc additives served to
reduce water activity, effectively suppressing parasitic side reac-
tions. When paired with an LTP@C/CNT anode, this approach
enabled long-term full-cell operation, achieving a capacity of
158.2 mAh g ' after 10000 cycles. These results collectively
highlight the effectiveness of multi-ion modulation in main-
taining electrode stability and prolonging cycle life under aqu-
eous conditions.

These advances underscore the critical importance of multi-
ion carrier architectures in reconciling energy density, voltage
stability, and cycling durability. By enabling coordinated trans-
port of Li*, Br™, Cl~, and AI’" ions, Li-Br, batteries surpass the
limitations of single-ion systems. This multi-ion synergy
enhances redox kinetics and ionic conductivity, while strategies
such as physical confinement, chemical anchoring, redox med-
iation, and ion-solvent interaction optimization effectively
suppress bromine crossover and stabilize interfaces.

3.2.2.1.3. Li-I, batteries. Lithium iodine (Li-I,) batteries
address the fundamental limitations inherent to halogen-based
energy storage systems, particularly the challenge of balancing
high energy density with electrochemical stability. Despite their
impressive theoretical capacity approaching 2118 mAh g~ " and
intrinsically fast redox kinetics, these systems have historically
been hindered by persistent issues such as polyhalide dissolu-
tion and irreversible active material loss, which have restricted
their practical application.

Recent advances have highlighted the essential role of
coordinated multi-ion transport and stabilization mechanisms
in overcoming these obstacles. Ding et al?*’ introduced a
pioneering triple-confinement strategy that synergistically com-
bines mesoporous carbon matrices, nitrogen-doped chemical
anchoring sites, and iodine-bromine complexes (I,Br;~). This
comprehensive approach simultaneously addresses physical
confinement, chemical binding, and solvation energy modula-
tion, resulting in a CMK-3/Lil/LiBr cathode architecture that
notably triples the cycling lifespan compared to conventional
designs, while maintaining a high capacity of 463.4 mAh g~ '.
Building upon this foundation, Li et al.”*® further advanced the
field by developing a Cl -mediated three-electron transfer sys-
tem involving both I"/T* and CI~/CI° redox couples. This multi-
ion redox configuration achieved outstanding performance
metrics, including a capacity of 631 mAh g, an energy density
of 2013 Wh kg ', and a stable discharge plateau at 3.85 V, with
less than 10% capacity degradation over 600 cycles. In situ
Raman and XPS spectroscopies elucidated the complex conver-
sion pathway from I" to I;~ to oxidized I'Cl, species, alongside
the activation of C1"/CI° redox, providing fundamental insight
into how multi-ion coordination mitigates the typical trade-off
between stability and reactivity in high-energy halogen systems.

Importantly, the multi-ion carrier concept extends beyond
cathode material design to encompass electrolyte engineering.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

Gu et al.*® developed a quasi-solid-state electrolyte featuring
amorphous metal-organic framework (MOF)/aramid interfacial
networks that simultaneously enhance Li* conductivity (1.1 x
10 S em ') and immobilize polyiodides through electron-
mismatch-induced adsorption. This dual-function electrolyte
effectively suppresses shuttle effects, enabling ultra-long cycle
stability with a capacity retention of 94.1% after 3000 cycles at
20C, while maintaining compatibility with diverse cathode
materials.

By integrating multi-level confinement architectures, orche-
strated multi-electron and multi-ion redox pathways, and
quasi-solid-state electrolytes with optimized ion transport and
polyhalide stabilization, Li-I, batteries have achieved signifi-
cant advancements in capacity retention, voltage stability, and
long-term cycling performance.

3.2.2.2. Na halogen batteries. Sodium halogen batteries con-
stitute a promising category of secondary batteries that utilize
metallic sodium as the anode and halogens or their derivatives
as the cathode. The electrochemical operation of these systems
is governed by reversible redox reactions involving sodium ions
(Na") and halogen species across multiple oxidation states (X /
X%/X"), enabling efficient charge storage and release during
cycling. In reverse, halide ions are oxidized back into halogen
molecules, and sodium ions reintegrate into the anode under
an applied electric field. However, their practical deployment
faces critical challenges, such as polyhalide dissolution (e.g.,
Br~ shuttle effects causing capacity fade), dendritic sodium
growth that can lead to short circuits, and relatively low
operating voltages (e.g., ~2.5 V for Na-I, systems). As such,
current research efforts are focused on extending cycle life
(>300 cycles), suppressing parasitic side reactions, and devel-
oping electrolytes that offer both halogen compatibility and
stable sodium plating/stripping behavior.

3.2.2.2.1. Na-Cl, batteries. Sodium chlorine (Na-Cl,) bat-
teries epitomize a promising class of multi-ion carrier electroche-
mical systems, where the coupled transport and redox activity of
sodium cations (Na‘) and chlorine-based anions (Cl~/Cl,) enables
access to exceptional theoretical energy densities approaching
2500 Wh kg~ . In these systems, energy storage and release occur
through reversible electrochemical reactions where sodium metal
is oxidized at the anode and chlorine molecules are reduced at the
cathode, with the opposite reactions taking place during charging.
This dual-ion transport mechanism not only broadens the electro-
chemical landscape compared to traditional single-ion systems but
also provides a unique platform for exploiting abundant and low-
cost elements such as sodium and chlorine.

Despite their conceptual advantages, early Na-Cl, batteries,
which commonly utilized molten NaAlCl,-based electrolytes
and operated at temperatures above 150 °C, faced several
critical challenges.

These included the volatilization of chlorine gas, corrosive
degradation of internal components, and limited reversibility
of the Cl/Cl, redox couple. Altogether, these issues severely
constrained their cycling stability, often limiting performance
to fewer than 100 cycles. In addition, the passivation of cathode

Chem. Soc. Rev., 2025, 54, 9685-9806 | 9729


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00785b

Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

surfaces by electronically insulating NaCl and the propensity
for sodium dendrite formation posed formidable barriers to
practical applications. These issues underscored the urgent
need for new strategies to regulate the behavior of both cationic
and anionic species across electrodes and interfaces.

Recent breakthroughs have decisively demonstrated that the
rational design of multi-ion carrier pathways can overcome these
limitations by enhancing ionic conductivity, redox kinetics, and
interfacial stability in tandem. Xiang et al.>*® introduced a class of
nitrogen-doped carbon cubosomes featuring a 3D bicontinuous
mesoporous architecture with ~39 nm pores and ~ 34 nm walls.
This framework not only facilitates efficient Na* transport and
electron conduction but also enhances Cl, chemisorption and
storage. As a result, the system achieved remarkable cycle stability
of 250 cycles, providing compelling evidence that a carefully tuned
electrode microstructure can simultaneously accommodate multi-
ple ion fluxes. In parallel, Feng et al>*° developed an iodide-
mediated redox shuttle (I"/I;”) that actively participates in the
cathode reaction environment by dynamically dissolving the pas-
sivating NaCl layer and promoting Cl~ oxidation. This redox
mediator not only minimizes polarization but also improves the
reversibility of Cl, electrochemistry over extended cycling, high-
lighting the potential of redox intermediates as dynamic regulators
of multi-ion transport. Expanding further on ion accessibility, Ma
et al.>*" designed a freestanding vertical-channel graphene cath-
ode, which reduces tortuosity and enables fast SOCI, vapor
diffusion, thereby preventing pore clogging and ensuring homo-
geneous NaCl deposition. This architecture exemplifies how
structural alignment at the nanoscale can accelerate anion
transport and maintain electrochemical uniformity, a principle
that may be generalized to other alkali metal-halogen systems.

To overcome the limitations associated with traditional Na-
Cl, systems, particularly the safety concerns related to toxic and
volatile chlorine gas, recent efforts have explored the use of liquid
Br, as a cathode material in Na-Br, batteries. While this sub-
stitution mitigates gas-related risks, it introduces new challenges,
including sluggish redox kinetics and volatility of bromine at
elevated temperatures. In response to these issues, Feng et al.>*>
introduced interhalogen polyanions (BrCl, ) into the electrolyte
to regulate bromine redox behavior, enabling more efficient
reaction kinetics at low temperatures. This led to the develop-
ment of a novel Na-Br' battery architecture, where Cl~ anions
play a crucial role in stabilizing and activating Br' species
through a reversible Br /BrCl,” redox mechanism. The presence
of BrCl, polyanions facilitates additional electron transfer path-
ways and significantly improves the reversibility of bromine redox
reactions. As a result, the Na-Br" battery exhibits low polarization
(0.18 V), a high energy density of 872 Wh kg™, and remarkable
temperature resilience across a broad range from —60 °C to 60 °C
(Fig. 12b and c). Furthermore, the system demonstrates stable
cycling over 400 cycles, highlighting the potential of interhalogen
chemistry and halide-regulated redox strategies for developing
high-performance, wide-temperature sodium-halogen batteries.

These synergistic advancements highlight how the deliberate
orchestration of multi-ion carrier pathways, involving Na* con-
duction, Cl"/Cl, redox mediation, and interfacial ion regulation,
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can effectively overcome the inherent kinetic limitations and
stability challenges that have historically hindered the develop-
ment of Na-Cl, batteries.

3.2.2.2.2. Na-Br, batteries. Sodium-bromine (Na-Br,) bat-
teries represent an emerging and versatile platform within the
family of multi-ion carrier electrochemical systems, distin-
guished by their reliance on the coupled transport and redox
behavior of sodium (Na") and bromine-based species (Br~/Br;~/
Br,). Operating through the reversible migration of Na' ions
between a sodium-based anode and a bromine-based cathode,
Na-Br, batteries undergo unique redox transformations invol-
ving Br, reduction and the formation of soluble tribromide
intermediates, which enable rapid kinetics and facilitate energy
storage through both faradaic and surface charge processes.

Recent innovations in device architecture and interfacial
regulation have underscored the central role of multi-ion coordi-
nation in advancing Na-Br, battery performance. Wang et al.>*
designed a dual-stimuli-responsive Na//Br, system that exempli-
fies the multifunctionality achievable through strategic ion man-
agement. Their design integrates a sodium@carbon-fiber
(Na@CF) composite anode with an AC-based bromine cathode,
leveraging the high surface area of the AC (~1800 m> g ") to
promote double-layer capacitance in parallel with Br, redox
activity. This synergy yields a hybrid faradaic-capacitive behavior,
enabling a power density of 1200 W kg™ " and a reversible capacity
of 231 mAh g '. Impressively, the system delivers a full-cell
energy density of 103 Wh kg™, maintains 98% capacity retention
over 50 cycles, and exhibits thermally modulated, voltage-
dependent electrochromism, with switching speeds accelerating
from 1 hour to just 10 minutes as current density increases.
In situ Raman spectroscopy further elucidates the Br™/Br;~ redox
mechanism responsible for both energy storage and optical
modulation, affirming the system’s electrochemical and multi-
functional coherence. Complementing this work, Wang et al.>**
advanced Na-Br, chemistry in the aqueous regime through the
development of a hybrid-ion battery coupling an aqueous Br,
redox couple with a sodium ion embedding anode. This design
capitalizes on the high activity and ionic mobility of aqueous-
phase redox species while mitigating the instability and low
capacity that typically afflict aqueous batteries.

These advances highlight that precise regulation of Na" and
Br /Br; /Br, transport plays a pivotal role in enabling Na-Br,
batteries to combine high energy density with rapid redox
kinetics and diverse functionalities. Such functionalities include
electrochromic behavior and the seamless integration of faradaic
and capacitive charge storage, highlighting the transformative
potential of multi-ion coordination in advancing scalable and
intelligent energy storage technologies.

3.2.2.2.3. Na-I, batteries. The operation of sodium-iodine
(Na-1,) batteries relies on the coupled redox behavior of Na” and
iodine species (I, I, and I3 ), enabling dual-ion electrochemi-
cal processes that offer high theoretical capacities.**>**® The
practical utilization of iodine-based systems has been con-
strained by the concurrent dissolution of intermediate species
and sluggish I,/2I" redox kinetics, both of which contribute to

This journal is © The Royal Society of Chemistry 2025
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rapid capacity decay and compromised long-term stability.
Recent developments have demonstrated that treating this
system through the lens of multi-ion carrier strategies, particu-
larly by coordinating Na' ion transport with controlled iodine
speciation dynamics, can lead to substantial performance
improvement. This strategy involves the integration of struc-
tural confinement, catalytic enhancement of redox reactions,
and precise interfacial control, collectively mitigating iodine
dissolution and accelerating redox kinetics to achieve more
stable and efficient Na-I, energy storage.

The electrochemical performance of Na-I, batteries is fun-
damentally governed by the coordinated regulation of multiple
ionic species, where Na' cations and iodine anions (I"/I;7)
engage in intricate synergistic interactions. At the cathode
interface, dual-ion co-regulation is critical, as demonstrated by
Gong’s**” quantum-confined iodine system, where Na* inter-
calation kinetics and I~ redox activity are simultaneously
optimized through graphene-mediated ion channels, achieving
a remarkable 141 mAh g~ ' capacity. The ion-selective interface
concept represents a breakthrough in multi-ion management.
Tian’s**® Nal-rich SEI layer creates a kinetic ion filter, offering a
low 0.02 eV barrier for Na* diffusion while effectively blocking
I;~ crossover through strong chemical interactions. This selec-
tive ion transport enables an unprecedented cycle stability of
2200 h by precisely controlling the movement of different ionic
species. Molecular-scale ion anchoring strategies have emerged
as powerful tools for polyiodide control. Wang’s>** MOF design
employs Fe-O, sites as multi-ion hubs, simultaneously coordi-
nating I;~ anions while maintaining pathways for Na* transport.
This delicate balance between ion confinement and mobility
results in both high capacity (208 mAh g~ ') and exceptional
cycling stability. The ion transport architecture in 2D materials
reveals fascinating size-charge selectivity. Qian’s>*° iodinene
nanosheets create vertically aligned ion highways, where the
0.07 eV Na" migration barrier and I~ adsorption sites work in
concert to enable ultrafast (10 A g~ ') yet stable operation. By
facilitating a direct I, to Nal redox pathway, Zhang’s>!" catalytic
strategy simplifies ionic processes within the system. This not
only suppresses the generation of unstable polyiodide inter-
mediates but also exemplifies how targeted catalyst design can
enhance multi-ion reaction selectivity and suppress competing
side reactions. Advanced ion-sieving matrices like Zhang’s>*>
v-Mo,N/N-doped carbon demonstrate spatially resolved ion
management, with mesopores optimized for Na' flux and
chemical traps for I, retention. Feng’s**° hydrogen-bonding
strategy introduces a novel ion stabilization mechanism, where
I'-Cl~ intermediates are stabilized through multiple non-
covalent interactions. The ultimate frontier lies in system-level
ion orchestration, as showcased by Xu’s>*® separator engineer-
ing, which establishes gradient ion regulation across the entire
cell. This approach creates distinct transport environments for
different ionic species, from electrostatic barriers for polyio-
dides to low-resistance paths for Na'.

In summary, by simultaneously regulating Na* ion transport
and iodine speciation, recent strategies involving nanoconfinement,
catalytic interfaces, two-dimensional materials, and multifunctional
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membranes have markedly improved energy density, rate cap-
ability, and cycling stability. Continued progress will require
precise control of host-guest interactions, a deeper under-
standing of multi-ion migration mechanisms, and the scalable
construction of hierarchical architectures, all of which are
essential for realizing the full potential of Na-I, systems in
practical energy storage applications.

3.2.2.3. K halogen batteries. Potassium halogen batteries
represent a promising frontier in multi-ion carrier systems,
capitalizing on the abundant availability of potassium and the
high electronegativity of halogen cathodes such as iodine and
bromine to offer a cost-effective alternative to lithium-based
energy storage. These systems harness the synergistic electro-
chemical interplay between K' and halogen redox couples
(Xo/X7), facilitating reversible energy storage through coupled
multi-ion migration and redox reactions. The fundamental
electrochemical process involves the oxidation of potassium
metal at the anode, releasing K' ions and electrons, while the
halogen molecules at the cathode undergo reduction to form
halide ions, as described by the overall reaction. Despite their
theoretical advantages, practical applications are hindered by
the large K' ionic radius, which slows ion diffusion, and by
cathode instability caused by halogen dissolution and shuttle
effects. As a result, research has focused on material and
electrolyte innovations to improve ion transport, reduce active
material loss, and enhance cycling stability.

3.2.2.3.1. K-Br, batteries. Within this family, potassium
bromide (K-Br) batteries have recently gained considerable atten-
tion as an alternative energy storage technology poised to alle-
viate lithium resource constraints. This system operates on a
redox reaction between liquid bromine (Br,) and K" ions, utilizing
a hollow carbon sphere cathode paired with a K metal anode. A
critical advancement is the formation of a crystalline KBr film
during discharge, which serves as a reversible phase crucial to
achieving a high specific capacity of approximately 400 mAh g~*
at a stable voltage of 3.72 V.*** This nanostructured KBr layer not
only stabilizes the electrode interface but also facilitates efficient
multi-ion coordination, thereby promoting enhanced electroche-
mical reversibility and cycle life. Overall, the K-Br batteries
demonstrate the feasibility of potassium-based systems, with
the potential to contribute significantly to the future of large-
scale energy storage technologies.

3.2.2.3.2. K-I, batteries. Similarly, potassium-iodine (K-1I,)
batteries have emerged as compelling candidates for sustain-
able energy storage, combining high power density and envir-
onmental compatibility with the potential for rapid charge/
discharge capability. Yet, these batteries encounter intrinsic
limitations including the dissolution of polyiodide intermedi-
ates and unstable redox chemistry, which undermine cycling
stability and capacity retention. Addressing these issues, Zhao
et al.*"” developed a scalable “solution-adsorption’” approach to
fabricate flexible, free-standing electrodes by wrapping carbon
nanotube paper (CNP) with the Ti;C,(OH), MXene. This hybrid
architecture exploits the strong affinity of CNP for the I; /I

Chem. Soc. Rev., 2025, 54, 9685-9806 | 9731


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00785b

Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

redox couple alongside MXene’s surface Ti-OH groups, which
form robust halogen bonds (I---H-O) to effectively suppress
polyiodide dissolution. The resulting electrode exhibits highly
reversible redox behavior, delivering a specific capacity of
226 mAh g~ at 0.2C, excellent cycling stability with 83% capacity
retention over 1000 cycles at 10C, and ultrafast charge/discharge
within 10 minutes. Notably, a 100 mAh pouch cell prototype
achieves an energy density of 130 Wh kg™, surpassing conven-
tional lithium-ion cathodes and underscoring the commercial
viability of K-I, systems for grid-scale energy storage.

3.2.2.4. Ca halogen batteries. The Ca halogen batteries
integrate the high volumetric capacity of Ca metal anodes
(2075 mAh c¢cm™*) with the high redox potential of halogen
cathodes (typically exceeding 2.5 V), offering a promising route
toward high-energy-density storage. A key strategy involves
suppressing the shuttle effect of halogen species through the
porous confinement of bromine or iodine, which effectively
limits active material loss and enhances cycling stability. Com-
plementing this, the use of a borohydride-bromide mixed
electrolyte enables reversible Ca** deposition and dissolution,
addressing a longstanding challenge in calcium-based systems.
The synergy between physical confinement and electrolyte
design stabilizes redox reactions and facilitates the dual-ion
electrochemical mechanism, in which Ca®" cations and halide
(X7) anions undergo coupled migration and redox processes
that are essential for energy storage.

3.2.2.4.1. Ca-Cl, batteries. Among these systems, calcium-
chlorine (Ca-Cl,) batteries have recently drawn attention for
addressing fundamental issues limiting conventional calcium
metal batteries, such as insufficient energy density and poor
performance at low temperatures. A recent breakthrough
employed a specially engineered electrolyte based on lithium
difluoro(oxalate)borate (LiDFOB), which facilitates the reversi-
ble CaCl,/Cl, redox couple.”*® This electrolyte not only pro-
motes high specific capacity (up to 1000 mAh g ') but also
enables excellent rate capability (500 mA g~ '), while maintain-
ing a remarkable capacity retention of 96.5% over 30 days.
Critically, the LiDFOB-mediated electrolyte enhances the dis-
sociation and transport of Ca** ions and Cl-based species,
thereby improving multi-ion carrier dynamics and electroche-
mical kinetics. This strategic electrolyte design mitigates the
sluggish ion diffusion typically associated with divalent carriers
and complex halide species, illustrating how deliberate multi-
ion carrier engineering can overcome intrinsic electrochemical
challenges.

By harnessing the synergistic transport and redox behaviors
of Ca®* and halogen anions through carefully engineered elec-
trode architectures and tailored electrolytes, calcium-halogen
batteries present a promising pathway toward high-capacity,
long-life, and structurally robust energy storage systems. How-
ever, the realization of their full potential in large-scale, high-
energy applications remains hindered by critical challenges,
particularly the sluggish diffusion of multiple halide species
and the inherently limited kinetics of solid-state Ca®" conduction.
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3.2.2.5. Mg halogen batteries. Mg-halide batteries function
through the coupled processes of Mg>* ion transport and
halogen-based redox reactions, capitalizing on magnesium’s high
volumetric capacity (~3833 mAh cm ™) and intrinsic safety due
to its dendrite-free deposition behavior. While the electrochemi-
cal framework of Mg-halogen systems is conceptually simple,
their practical realization is hindered by several intrinsic chal-
lenges. These include sluggish Mg”* diffusion kinetics due to its
strong solvation and high charge density, instability of conven-
tional electrolytes in the presence of reactive halogens, and the
shuttle effect of dissolved halogen species, all of which impair
coulombic efficiency and cycling life.

To overcome these obstacles, recent studies have centered
on the development of corrosion-resistant electrolytes with
enhanced chemical compatibility, carbon-halogen composite
cathodes that improve redox reversibility, and solid-state or
quasi-solid-state architectures that provide better interfacial
contact and controlled ion transport. These innovations not
only alleviate Mg>* transport limitations but also enhance the
reversibility of halogen redox reactions, both of which are
essential for optimizing the performance of multi-ion systems
in magnesium-halide batteries.

batteries.
l 246
"y

3.2.2.5.1. Mg-Br, An exemplary strategy was
reported by Guo et a who proposed a bond-weakening
approach in a Mg-Br, battery by incorporating succinimide
(SN7) ions to disrupt the strong Mg-Br bonding interactions.
The introduction of these soft anionic species led to the formation
of a flexible, weakly coordinated environment around magnesium,
facilitating both efficient Mg** de-solvation and accelerated Br,
conversion kinetics. This tailored coordination chemistry enabled
rapid multi-ion transport and ultrafast redox kinetics, delivering a
high discharge voltage of 2.7 V, a reversible specific capacity of
326 mAh g, and remarkable cycling stability even under extreme
conditions (10C rates and —55 °C operation). Crucially, this system
highlights the transformative impact of deliberately engineered
multi-ion transport environments, which simultaneously enhance
ion mobility, stabilize interfacial processes, and facilitate efficient
halogen redox reactions.

3.2.2.6. Zn halogen batteries. Zn halogen batteries constitute
a pivotal subclass within multi-ion carrier power supply sys-
tems, employing Zn metal as a high-capacity anode and
halogen-based cathodes to facilitate reversible redox reactions.
This dual-ion process, involving both Zn** cations and halide
anions (X "), defines the multi-ion carrier characteristic of Zn-
halogen batteries. Despite these benefits, Zn-halogen batteries
face several challenges that limit practical applications. These
include halogen sublimation and volatility, slow reaction
kinetics at the halogen cathode, shuttle effects caused by
soluble halogen species, and dendritic growth of Zn that
threatens battery safety and cycle life. To overcome these
issues, research has focused on electrolyte optimization, phy-
sical and chemical confinement of halogens, and interface
engineering to improve redox reversibility, suppress shuttle
effects, and control Zn deposition.
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3.2.2.6.1. Zn-Cl, batteries. Within this family, Zn-Cl, bat-
teries typically employ aqueous electrolytes, where Zn oxidation
occurs at the anode and chlorine reduction at the cathode.
However, the high redox potential of chlorine often exceeds the
electrochemical stability window of water, leading to parasitic
reactions such as chlorine gas evolution and electrolyte decom-
position, which pose significant challenges for long-term opera-
tion. Instead of relying on a single ionic species, multi-ion
batteries utilize the synergistic coordination between multiple
charge carriers to improve redox reversibility, ionic transport, and
electrode stability. For example, Liang et al.>*” developed a high-
energy aqueous Zn-Cl, battery that incorporates chlorine-based
redox activity within a concentrated ZnCl, electrolyte, enabling a
reversible three-electron transfer process and dramatically
enhancing energy density. This design capitalizes on the co-
existence and interplay of Zn>*, Cl, and I" ions, exemplifying
the functional advantages of multi-species participation in aqu-
eous systems. Further advancing this concept, Wang and co-
workers*®® introduced a Zn-Cl, battery comprising a graphite
paper cathode, a Zn anode, and an aqueous electrolyte contain-
ing tetramethylammonium chloride and Na,COs. The optimized
electrolyte pH enabled stable chlorine redox reactions while
maintaining high voltage and long cycle life. This system not
only demonstrates the practicality of halide coordination with
organic and inorganic ions but also reveals the potential for cost-
effective, scalable, and environmentally friendly manufacturing
via multi-ion chemistry.

Mechanistic insights into halogen storage behavior were
offered by Xu et al,>*® who investigated ZnCl,/ZnBr, hydrate-
based aqueous dual-ion batteries using graphite electrodes. The
study revealed a dynamic competition between intercalation and
conversion processes at the cathode, driven by solvation states
and interfacial ion interactions. These processes are fundamen-
tally determined by the multi-ion composition of the electrolyte,
underscoring its critical role in shaping electrochemical behavior.
These findings underscore the importance of understanding not
only the redox chemistry but also the structural and solvation
environment surrounding active ions. To further overcome the
limitations of sluggish Cl, cathodic kinetics and limited coulom-
bic efficiency, Chen’s group**° designed a Zn-Cl, battery in which
MnO, serves as a redox adsorbent, regulating chlorine storage
and release (Fig. 13a-c). This architecture enabled a discharge
voltage of 2.0 V at 2.5 mA cm™ > and demonstrated outstanding
cycling stability over 1000 cycles with an average coulombic
efficiency of 91.6%, far surpassing conventional Zn-Cl, systems.

The integration of multi-ion carrier mechanisms in Zn-Cl,
batteries offers a rational strategy to address persistent chal-
lenges such as halogen shuttle effects, Zn dendrite formation,
and electrolyte decomposition. By harnessing the synergistic
interplay between multiple ionic species, these systems pro-
mote fast ion transport and enhance interfacial stability,
thereby improving both electrochemical performance and
long-term durability.

3.2.2.6.2. Zn-Br, batteries. Zn-Br, batteries function
through a redox mechanism between Zn and bromine in an
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aqueous ZnBr, electrolyte, where Zn undergoes reversible plating
and stripping at the anode, while bromine species are stabilized
at the cathode through complexation reactions (Fig. 13d). How-
ever, their broader adoption has been limited by persistent issues
such as self-discharge, bromine volatility, and Zn anode degrada-
tion, which stem largely from unregulated ion transport and
interfacial instability.

Recent breakthroughs have underscored the pivotal role of
multi-ion carrier strategies in addressing these challenges and
unlocking the full potential of Zn-Br, batteries. Notably, Chen
et al®° have recently advanced Zn-halogen chemistry by
introducing an all-active solid inter-halogen compound, IBr,
as the cathode material. In this architecture, the neutral
bromine species (Br’) generated during oxidation are coordina-
tively immobilised by iodine, thereby suppressing the cross-
diffusion of Br,/Br; ™ that typically plagues bromine-based cells.
This mitigation of active species crossover significantly reduces
self-discharge and enhances coulombic efficiency. As a result,
the Zn-1Br battery achieved a high energy density of 385.8 Wh
kg '. Notably, the solid IBr participates in redox processes as
an integrated interhalogen compound, rather than undergoing
separate redox reactions of I and Br~ (Fig. 13e). This unique
behavior gives rise to two distinct pairs of redox peaks, indicat-
ing complex but well-coordinated redox activity. Yu et al>**
developed a mixed alkali-acid electrolyte system that achieved
a record-high average operating voltage of 2.1 V, which stands
as the highest reported for aqueous Zn-based batteries to date.
This advancement also led to significant improvements in
specific capacity and cycling durability. This work exemplifies
how rational electrolyte design can manipulate ionic environ-
ments to broaden the operational window of multi-ion systems.
Complementing this, Hu et al.>** tackled the long-standing
issue of polybromide shuttling and Zn dendrite formation by
incorporating methylpyridinium bromide (MPIBr) as an elec-
trolyte additive. This molecular-level engineering effectively
suppressed polybromide crossover and promoted uniform,
dendrite-free Zn deposition, thereby highlighting the impor-
tance of interfacial ion regulation in stabilizing complex multi-
ion dynamics. In addition to electrolyte innovations, catalytic
strategies have been employed to address the inherent slug-
gishness and solubility of bromine redox intermediates. For
example, Chen et al.>>* developed a FeSAC-CMK catalyst featur-
ing atomically dispersed Fe-Nj sites, which concurrently immo-
bilized bromine species, inhibited the formation of Br;~
intermediates, and accelerated the Br /Br® redox conversion.
This multifunctional electrocatalyst not only improved redox
kinetics but also enhanced overall energy density and cycling
stability in Zn-Br, batteries by facilitating efficient multi-ion
interactions.

These synergistic developments in electrolyte engineering,
interfacial modification, and catalytic mediation collectively
illustrate the transformative potential of multi-ion carrier stra-
tegies in advancing Zn-Br, batteries technology, offering new
pathways to overcome the intrinsic limitations of single-ion
systems while achieving superior energy density, voltage out-
put, and long-term cycling performance.
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Fig. 13 (a) Schematic diagram of Zn—-ClLL@MnO, battery with the addition of Mn®* in the electrolyte. (b) CV curves of Zn-ClL@MnO, battery and
conventional Zn—Cl, battery. (c) Discharge curves of conventional Zn—Cl, batteries and Zn-Cl,@MnO, batteries. Inset: Time—current curves in the
corresponding case. The batteries were charged to 0.4 mAh cm™2 at 2.3 V and discharged to 1.4 V at 2.5 mA cm™2. Reproduced with permission from ref.
249. Copyright 2023, Wiley. (d) Reaction mechanism, challenges, and optimization strategies of zinc-bromine batteries. (e) Cyclic voltammetry (CV)
curves of the Zn//l,, Zn//IBr, and Zn//Br, cells. Reproduced with permission from ref. 250. Copyright 2023, Wiley. (f) lllustration of the reactions of iodine
batteries. Reproduced with permission from ref. 254. Copyright 2021, Royal Society of Chemistry. (g) and (h) Schematic comparison of charge—discharge
processes in conventional and high-energy iodine electrodes. Reproduced with permission from ref. 263. Copyright 2023, Wiley.

3.2.2.6.3. Zn-I, batteries. The operation of Zn-I, batteries
relies on the cooperative interaction between the highly rever-
sible Zn plating and stripping processes at the anode and the
complex redox behavior of iodine species at the cathode, which
involves multiple electron transfer steps and phase transitions
among I,, Is7, I;7, and I". This combined mechanism under-
pins their notably high theoretical energy density. However, the
electrochemical performance of Zn-I, batteries hinges on the
precise coordination of multiple ionic species. Although the
shuttling of soluble polyiodides enables high capacities, it
simultaneously promotes parasitic reactions and active-
material loss; likewise, uneven Zn>" flux can trigger dendrite
formation and side reactions. Consequently, progress in this
chemistry hinges on a fundamental understanding of multi-ion
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transport, coupled with judicious electrolyte formulation and
interfacial engineering.

Recent studies underscore how electrolyte regulation can
unlock otherwise inaccessible high-valent iodine redox pro-
cesses. Zhi et al. showed that introducing fluoride or chloride
ions activates and stabilises the I° — I transition in addition to
the conventional I /I" couple at ~0.54 V, yielding two stable
discharge plateaus at 1.70 V and 1.45 V and markedly raising
the cell’s voltage output. Complementary advances in host
architecture and electrolyte design further demonstrate the
power of coordinated multi-ion control (Fig. 13f).** Bai
et al.’s>® work on nanoporous carbon cloth demonstrated that
rational host structure design can confine iodine species while
maintaining redox accessibility, boosting both energy density
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and cycling stability. Building on this, Shang et al.>*® developed
an alginate-based hydrogel electrolyte with ion-selective proper-
ties that effectively suppressed both triiodide shuttle and Zn
side reactions. A major leap forward was made by Zou et al.,>>’
who pioneered a four-electron redox process involving I,/T'
coupling. Enabled by a finely tuned electrolyte composition,
this approach significantly boosted energy density through the
precise modulation of multi-electron transfer pathways. In a
complementary approach, Li et al>*® developed a ternary
eutectic electrolyte system incorporating nicotinamide ligands.
The resulting [I(NA),]" complex, combined with stabilized Zn
deposition, improved reversibility at both electrodes by orches-
trating multi-ion interactions at the molecular level.

Beyond bulk-phase regulation, recent studies have expanded
the frontier of multi-ion management to interfacial engineering.
Chai et al.**® introduced halogen bonding strategies that signifi-
cantly strengthen iodine-host interactions at the atomic level,
establishing a versatile platform applicable to various metal-
halogen battery systems. Extending this concept into solid-state
domains, Liu et al.**° developed a dual-network hydrogel electro-
lyte that simultaneously regulated Zn>" and I transport, thereby
improving both mechanical integrity and electrode/electrolyte
interfacial stability in Zn-I, batteries. Further innovations have
explored new avenues of material functionality. Wu et al*®*
polyaniline binder technology provided chemical anchoring for
polyiodides while preserving ionic conductivity, offering a robust
strategy for electrode architecture optimization. Meanwhile, Xu
et al.”®> addressed the challenge of low-temperature performance
by employing a hydrated eutectic electrolyte. This electrolyte, with
its precisely engineered solvation structures, effectively sup-
pressed polyiodide disproportionation, thereby enabling stable
multi-ion transport and reliable Zn-I, batteries operation even in
harsh, low-temperature environments.

Recent breakthroughs in multi-ion carrier systems demon-
strate that the strategic regulation of multiple ionic species can
significantly enhance battery performance. In addition to their
role as charge carriers, halide ions such as chloride (Cl) and
fluoride (F~) have been shown to play a pivotal role in stabiliz-
ing reactive iodine species through interhalogen interactions,
thereby enhancing the electrochemical reversibility of iodine-
based redox processes. Electrolyte engineering strategies incor-
porating C1~ and F~ salts have proven particularly effective in
stabilizing high-valence I' species, which are typically unstable
in conventional aqueous environments (Fig. 13g and h). For
instance, in a representative Zn-I, battery system employing a
Cl -containing electrolyte, two distinct discharge voltage pla-
teaus at 1.65 V and 1.30 V vs. Zn/Zn>" were observed, which can
be attributed to the activation of the 1°/" redox couple.?®® This
activation not only extended the electrochemical window but
also resulted in a remarkable 108% increase in specific capacity
and a 231% enhancement in energy density. These improve-
ments were further supported by the use of MXene-based host
materials, which contributed to improved reaction kinetics and
effective confinement of iodine species. Spectroscopic analyses
confirmed the essential role of CI” and F~ in stabilizing the
1°/T" redox transition, underscoring the importance of multi-ion
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coordination in expanding the accessible redox chemistry of
iodine. Specifically, in bismuth-iodide perovskite cathodes, the
synergistic interplay among the redox states I", I°, and I*, com-
bined with CI~ mediators and BAD" stabilizers, is stabilized
through Bi-I-I halogen bonds and C—N-H-I hydrogen bonds.
This well-orchestrated ionic network greatly improves cycling
stability, enabling the cathode to retain 92% of its capacity even
after 30000 cycles.”®* For aqueous Zn-I, systems, a gelatinized
starch binder selectively confines I", I;~, and I, through its helical
structure, suppressing shuttling while accommodating volume
changes via hydrogen-bonded networks, enabling 89.6% capacity
retention over 48 000 cycles.”®® Further advancing this concept, a
ternary eutectic electrolyte leverages the Br -mediated solvation
structure [Zn(H,0)s(Ace),Br]" to stabilize iodine redox chemistry
while directing uniform Zn** deposition, achieving near-100%
iodine reutilization and dendrite suppression.’*® These Zn-I,
batteries highlight the transformative potential of multi-ion coor-
dination, where targeted interactions between redox-active species,
mediators, and stabilizers unlock enhanced stability, capacity, and
kinetics in next-generation energy storage.

Collectively, these advancements highlight the potential of
Zn-1, batteries as a model platform for multi-ion carrier energy
storage, wherein the coordinated regulation of Zn>" cations, I~
anions, and polyiodide intermediates plays a critical role in
achieving superior electrochemical performance. Through the
integration of host-guest chemistry, coordination interactions,
and interfacial engineering, researchers have progressively
elevated Zn-I, batteries from conceptual frameworks to practi-
cally viable energy storage systems.

3.3. Multi-cation and multi-anion batteries

Multi-ion carrier batteries are transforming EPSs by establishing
a new paradigm based on synergistic cation and anion co-redox
(CCAR), in which both cations such as Li*, Na*, and Mg** and
anions actively engage in redox reactions. Unlike conventional
single-ion systems that are often constrained by charge com-
pensation bottlenecks, unidirectional ion transport, or polariza-
tion effects, CCAR systems enable the concurrent intercalation
of cations at the anode and incorporation or coordination of
anions at the cathode during charging, with the process fully
reversing upon discharge. This synchronized ionic movement
not only enhances total charge storage capacity but also facil-
itates more efficient ion transport and interfacial stability, as
anions often contribute to stabilizing solvation structures or
electrode-electrolyte interfaces. Crucially, this multi-ion mecha-
nism decouples redox potentials, enabling flexible electrode
selection and mitigating voltage hysteresis or capacity fading
commonly seen in single-ion systems. The CCAR model there-
fore illustrates how multi-ion cooperation can fundamentally
transcend the classical electrochemical limitations of battery
chemistry, opening avenues toward higher capacity, longer life,
and more adaptable storage architectures.

The conceptual roots of multi-ion redox can be traced to the
seminal work of Rouxel’®” in 1996, who first proposed the
possibility of coupled cationic and anionic redox reactions
within lithium-sulfur compounds in lithium-ion systems. This
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early recognition of anion involvement in reversible redox
behavior laid the theoretical foundation for the modern CCAR
framework, demonstrating that the inclusion of multiple
charge carriers could unlock additional redox-active sites and
boost theoretical capacities beyond what is achievable through
cation storage alone. Building on this foundation, recent
research has brought multi-ion carrier chemistry from theore-
tical postulation to the practical design strategy. Notable pro-
gress in this area includes the work by Lv et al,**® who
pioneered a quasi-solid-state Zn-dual halogen battery system.
By enabling the concurrent activation of I7/1%I" and Br™/Br°
redox couples, this configuration achieves a triple continuous
electron transfer pathway. This multi-ion activation dramati-
cally enhances specific capacity while preserving the safety
profile and environmental benignity of the aqueous system.
Extending this concept, Xie**® developed an isohalogen electro-
lyte strategy wherein bromine mediates iodine redox activity.
The formation of IBr/Br, intermediates facilitates multi-
electron transfer with reduced voltage polarization, yielding a
substantial energy density improvement and redefining the
thermodynamic landscape of halogen-based systems (Fig. 14a
and b). These innovations clearly highlight how multi-ion
carrier systems can bridge the gap between the favorable redox
potentials of halogen chemistry and the kinetic constraints of
aqueous Zn-based devices.

A paradigm shift is also emerging through multi-ion co-
storage in porous organic frameworks, which effectively over-
comes the intrinsic limitations of single-ion storage mechan-
isms. For example, Sun et al.>’® designed a dual-host system
featuring sequential storage stages: initial viologen reduction
involving anion extraction, followed by simultaneous triazine/
viologen reduction via cation-anion co-insertion, and finally,
triazine-based cation storage. This A"/M" (PF4/Li*, OTF/Mg>",
and OTF/Zn**) co-storage mechanism significantly enhances
reaction kinetics, as evidenced by galvanostatic intermittent
titration technique (GITT) analysis showing a reduced voltage
relaxation of 342 mV compared to single-ion hosts. Moreover,
the advanced triple-mode operation involving A, A=, and M"
achieved outstanding performance, delivering a capacity of 348
mAh g~ ' across a wide voltage range from 1.5 to 4.5 V, with
energy and power densities reaching 878 Wh kg ' and 28 kW
kg ™', respectively (Fig. 14c and d). These breakthroughs stem
from finely tuned coulombic interactions that lower the Li"
diffusion barrier by 73%, while maintaining robust cycling
stability over 20 000 cycles. This establishes a new benchmark
for hybrid systems that transcend the traditional battery-
supercapacitor performance tradeoff. Equally compelling are
recent advances in aqueous systems, where multi-ion regula-
tion plays a pivotal role in achieving high performance under
challenging conditions. Zhang et al.>”* demonstrated that dual-
cation doping with Na" and Ca®*, combined with the in situ
formation of a stable cathode-electrolyte interphase, enabled
adaptive Zn*>*/H" intercalation in aqueous ZIBs. This design
achieved a capacity retention of 99.4% after 120 cycles, even in
harsh operational environments (Fig. 14e). Their findings high-
light the broad applicability of multi-ion strategies not only in

9736 | Chem. Soc. Rev., 2025, 54, 9685-9806

View Article Online

Chem Soc Rev

non-aqueous systems but also in aqueous batteries, where the
presence of competing ionic species often complicates both
interfacial dynamics and bulk transport processes.

These studies collectively illustrate that multi-ion carrier
engineering represents more than just an incremental improve-
ment over single-ion strategies; it reflects a fundamental shift in
the conceptual framework of multi-ion EPSs. By enabling multi-
ple ionic species to actively and cooperatively participate in redox
reactions, reinforce structural integrity, and regulate interfacial
dynamics, this approach provides a comprehensive solution to
the limitations inherent in conventional battery systems.

4. Hybrid battery-capacitors

The evolution from conventional capacitors to advanced super-
capacitors marks a pivotal shift in the landscape of multi-ion
EPSs, driven by the transformation from purely electrostatic
mechanisms to interfacial and bulk ion-involved charge sto-
rage. At the heart of this transition lies the increasingly central
role of ion carriers, not merely as charge balancers but as active
participants and reaction substrates in energy storage pro-
cesses. Early dielectric capacitors, dating back to the mid-
18th century, operated purely through electron-based electro-
static storage across vacuum or dielectric materials, with no
ionic involvement.””> These systems offered ultrahigh power
densities (in the MW kg™ range) due to instantaneous charge-
displacement but suffered from extremely low energy densities
(«0.1 Wh kg™ ") and were limited by their lack of tunable
chemistry. The advent of electrolytic capacitors in the 1930s
introduced thin metal oxide dielectrics and conductive electro-
Iytes, where ions began to play a passive electrostatic role in
forming interfacial charge balancing layers.””* Although energy
density improved slightly (~0.01-0.1 Wh kg™ "), the fundamen-
tal storage mechanism remained predominantly electrostatic,
with the primary carriers still being electrons and bound
charges within the dielectric layer.

A transformative leap occurred with the introduction of
electric double-layer capacitors (EDLCs), grounded in Helm-
holtz’s interfacial capacitance model,””* and exemplified by
Becker’s early porous carbon systems.”’”> These first-generation
supercapacitors leveraged high-surface-area carbon materials to
physically adsorb electrolyte cations/anions (e.g., K*, SO,>7) at the
electrode/electrolyte interface, forming an electric double layer
(Fig. 15a).>”> This breakthrough redefined ion carriers as the
primary energy storage medium, as reversible ion migration and
surface adsorption replaced static electrostatics. The resulting
devices delivered moderate energy densities (5-10 Wh kg™ 1),
exceptionally high power densities (1-10 kW kg™ '), and cycle life
exceeding 500 000 cycles.>’® However, the performance remained
constrained by the surface-confined nature of the charge storage,
pore-ion size mismatch, and limited voltage windows.

The discovery of pseudo-capacitance in 1962 by Conway
marked a second milestone, enabling faradaic charge transfer
processes at or near electrode surfaces.””” Here, a highly rever-
sible Faraday charge transfer reaction occurs at the electrode/
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Fig. 14 (a) Schematic of an assembled battery with a multielectron transfer cathode and cadmium metal as the anode. (b) The charge—discharge curves
of the IBA and IA electrolytes at 20 mA cm~2 (IBA electrolyte: 1 M HI + 1 M HBr + 1 M H,SO4 + 1 M CdSOy; IA electrolyte: 1M HI + 1 M H,SO4 + 1M
CdSOy). Reproduced with permission from ref. 269. Copyright 2024, Springer Nature. (c) CV curve of dual-host shows individual redox process of
viologen and triazine block. (d) Comparison of the amplified GITT curves to show voltage relaxation process during discharge. Reproduced with
permission from ref. 270. Copyright 2023, Wiley. (e) Schematic representation illustrating the transformation of the cathode during the charging and
discharging processes for a ZngCaNaVO-44@cCS cell employing 3 M Zn(OTF), and 0.1 M Na,SO, as the electrolyte. Reproduced with permission from ref.
271. Copyright 2024, Royal Society of Chemistry.
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electrolyte interface, accompanied simultaneously by the insertion/
extraction or adsorption/desorption of electrolyte ions to maintain
charge balance. Multi-ion participation was no longer auxiliary but
essential to the Faraday reaction, involving mechanisms such as
surface redox reactions in conductive polymers and metal oxides
(e.g., RuO, and Mn0,),””® and ion intercalation into layered hosts
like MXenes and 8-MnO, (Fig. 15b).>”° These systems exploited the
synergistic interplay between electrons and ions, especially H" and
small cations, which facilitated fast redox transitions and signifi-
cantly boosted energy density (up to 20-50 Wh kg™ ') compared to
EDLCs.*® While power density was generally lower than EDLCs
due to ion diffusion limitations, pseudo-capacitors bridged the gap
between capacitive and battery-like behaviors, underscoring the
versatility and importance of tailoring ionic species and transport
pathways.

Further innovations led to hybrid battery-capacitors, which
combine a battery-type electrode (capable of bulk ion intercala-
tion or deep redox reactions) with a capacitive electrode (typically
carbon-based) (Fig. 15c). In battery systems, the appearance of
distinct redox peaks in cyclic voltammetry (CV) profiles and

9738 | Chem. Soc. Rev,, 2025, 54, 9685-9806

well-defined voltage plateaus in galvanostatic charge-discharge
(GCD) curves reflects the reversible insertion and extraction of
ions (Fig. 15d).”®"**? By contrast, supercapacitors exhibit nearly
rectangular CV traces and linear GCD curves with constant
slopes, signatures of surface-controlled charge storage. Hybrid
battery-capacitor devices combine these two electrochemical
paradigms, seeking to deliver both the high energy density of
batteries and the rapid charge-discharge capability of super-
capacitors. Consequently, their CV curves often retain a quasi-
rectangular shape, while their GCD profiles lack pronounced
voltage plateaus. These features confirm that hybrid systems
can sustain swift ion transport for high power output without
sacrificing the energy storage advantages intrinsic to battery-
type reactions.

Hybrid battery-capacitors are generally classified into three
mechanistic categories based on the distinct ion migration path-
ways involved during electrochemical cycling: the “accordion”
mechanism, the “rocking-chair’ mechanism, and a mixed
mechanism. In the accordion-type configuration, battery-type
materials typically serve as the anode, while capacitor-type

This journal is © The Royal Society of Chemistry 2025
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materials function as the cathode (Fig. 16a).>*>*** During char-
ging, metal cations are inserted into the anode, whereas anions
are electrostatically adsorbed onto the cathode surface. Upon
discharge, the reverse process occurs, with metal ions extracted
from the anode and anions desorbed from the cathode. However,
due to irreversible adsorption or trapping of ions at the electrode
interfaces, progressive changes in electrolyte concentration may
occur over long-term cycling, potentially affecting device stability.
The rocking-chair mechanism features a reversed configuration
in which the cathode comprises battery-type materials, and the
anode adopts capacitor-like characteristics (Fig. 16b). During
charging, metal cations are fully extracted from the cathode
and migrate through the electrolyte to adsorb onto the anode
surface. Discharge prompts their desorption from the anode and

View Article Online
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subsequent reinsertion into the cathode, which is analogous to
LIBs. Unlike the accordion-type, the rocking-chair architecture
maintains a relatively constant electrolyte composition through-
out the cycle, offering better chemical balance and improved
long-term electrolyte stability. In contrast, the mixed mechanism
integrates battery-type and capacitor-type characteristics within at
least one electrode (Fig. 16¢). For instance, a hybrid cathode may
simultaneously undergo metal-ion extraction and anion adsorp-
tion during charging, while a capacitor-type anode adsorbs the
corresponding metal ions. Upon discharge, metal ions are des-
orbed from the anode and reinserted into the cathode, accom-
panied by the desorption of anions. This configuration leverages
both faradaic and non-faradaic processes within a single
electrode, enabling synergistic energy and power performance.
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The coexistence of redox reactions and physical charge adsorption/
desorption provides additional flexibility for device optimization.

Significant advances have been achieved in this field, begin-
ning with the work of G. G. Amatucci in 2001, who developed
Li,TisO,,//AC systems. This was followed by progress from Fuji
Heavy Industries, whose “Li" capacitors” reached energy densi-
ties of up to 13 Wh kg~ " and operated at voltages around 3.7 V by
pre-lithiating the anode.?® These hybrid systems exhibit dual-ion
dynamics, whereby cations such as Li*, Na*, or Zn>" intercalate
into the battery-type electrode, while anions undergo surface
adsorption within the capacitive electrode. The delicate balance
between the storage mechanisms demands kinetic matching,
structural optimization, and careful electrolyte formulation. By
combining the high energy density characteristic of battery with
the superior power density and long cycle life typical of super-
capacitors, hybrid devices have emerged as promising platforms
for high-efficiency energy storage (Fig. 16d).”** Lithium-ion
hybrid capacitor (LIHC) technology, in particular, has reached
a relatively advanced stage of development and is now approach-
ing the “double-high” performance target of approximately
100 Wh kg™' in energy density and 100 kW kg™ ' in power
density, creating favourable conditions for near-term commercia-
lization (Fig. 16€).”

Multi-ion strategies have also expanded to include multi-
valent carriers (e.g., Mg>", Ca®", Zn®>*, and AI**), which offer
higher theoretical capacities due to their greater charge per ion,
yet face challenges related to size, solvation, diffusion kinetics,
and host material stability. To overcome the limitations of
conventional electrolytes, advanced systems now employ ionic
liquids, water-in-salt electrolytes, and solid-state conductors to
widen voltage windows, enhance safety, and tune ion mobility.
Simultaneously, the precision design of electrode materials,
through pore size tuning, surface functionalization, gradient
pore architectures, and interlayer spacing modulation, has
enabled tailored ion-material interactions. In situ techniques
such as operando XRD and Raman spectroscopy, combined with
molecular dynamics simulations, are playing an increasingly
vital role in elucidating the complex transport and solvation
behaviors of ion carriers under realistic working conditions.

This evolution outlines a clear trajectory in supercapacitor
development, from systems with no ion-carrier involvement to
those where ion-carriers play a direct, multifaceted role in
charge storage. The progression moves from negligible energy
density to moderate (ion-assisted) to higher values enabled by
physical adsorption, redox reactions, and finally deep intercala-
tion processes. As ion-carriers from passive spectators to active
charge storage media and chemical participants, their charac-
teristics, including size, valence, solvation structure, and trans-
port kinetics, become critical design parameters. Meanwhile,
the trade-off between energy and power becomes increasingly
dictated by the speed of ion transport across interfaces and
within solids.

Against this backdrop, the multi-ion carrier systems, hybrid
battery-capacitors, emerge as a transformative strategy, offering
synergistic pathways for high-capacity, fast-response, and long-
life energy storage. Their potential is already evident in
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commercial Li" capacitors for automotive start-stop systems
and grid frequency regulation, as well as in emerging Zn-based
and ammonium-ion systems for flexible electronics.>”® As
global demand surges, hybrid capacitors featuring multi-ion
mechanisms, ranging from monovalent (e.g., Li*, Na', and K")
to multivalent (e.g., Mg>*, Ca**, Zn>", and AI’**), and even non-
metallic cations (e.g., NH,'), are attracting intense research
attention. Over the last decade, research activity in the field of
hybrid battery-capacitors has grown substantially. Bibliometric
analyses of publications from 2012 to 2024 reveal a particularly
rapid rise in interest, reflecting the accelerating momentum of
this technology (Fig. 16f). This sustained growth underscores
both the broad scientific engagement and the significant
potential of hybrid capacitor systems as promising candidates
for next-generation energy storage applications (Tables S4 and
S5). This chapter focuses on these rapidly evolving hybrid
systems, dissecting the transport, storage, and reaction beha-
viors of diverse ion carriers and their precise regulation. By
highlighting these advances, we aim to provide guidance for
the next generation of high-performance, multi-ion-driven
supercapacitor technologies.

In this context, these characteristics highlight the transfor-
mative potential of HBCs in redefining multi-ion EPSs. By lever-
aging the cooperative dynamics of diverse ion species and
coupling them with a wide range of material chemistries, HBCs
provide a compelling blueprint for achieving the elusive combi-
nation of high energy and power densities, long cycle life, and
operational versatility. The sections that follow classify represen-
tative HBC configurations according to their ionic species, high-
lighting the distinct roles of monovalent and multivalent ions in
shaping the performance landscape of this rapidly evolving
technology.

4.1. Monovalent ion hybrid capacitors

4.1.1. Alkali metal ion hybrid capacitors. Among the var-
ious HBC configurations, alkali metal-ion hybrid capacitors
(AMIHCs) have attracted considerable interest due to their
promising balance of performance metrics. Systems based on
lithium, sodium, and potassium, referred to as LIHCs, SIHCs,
and PIHCs respectively, exemplify how multi-ion strategies can
be effectively harnessed to achieve a combination of high energy
density, fast electrochemical response, and extended cycle
life.?°%9 These devices operate through the synergistic inte-
gration of intercalation-type anodes and capacitive cathodes,
with AMIHCs frequently delivering energy densities exceeding
100 Wh kg™ * and stable operation over more than 10 000 cycles.
Moreover, their adaptability to a wide range of environmental
conditions further underscores their technological potential.

Kinetic mismatches between anode and cathode processes,
disparities in specific capacity, and incompatibilities between
electrode materials and electrolyte formulations can lead to
suboptimal performance and long-term degradation. These
limitations are exacerbated under extreme temperature or
cycling conditions, where ionic transport and electrode stability
become increasingly critical. Addressing these issues necessi-
tates a holistic design strategy, wherein the chemical, structural,

This journal is © The Royal Society of Chemistry 2025
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and electrochemical properties of all components are co-
optimized.

To this end, recent research has focused on the rational
design of electrode materials that align with the dynamic
requirements of multi-ion systems. Tailoring materials with
high specific capacity, stable cycling behavior, and suitable
electrochemical windows has proven essential to unlocking
the full potential of AMIHCs. The intrinsic properties of alkali
metal ions, especially variations in their ionic radii, charge
densities, and solvation behaviors, present a dual effect in the
optimization process. On one hand, these differences offer
valuable opportunities for tuning transport kinetics and inter-
facial reactions; on the other hand, they introduce additional
complexities in balancing ionic mobility, electrode compatibil-
ity, and electrolyte stability within multi-ion carrier systems.
Therefore, advances in atomic-level engineering, nanostruc-
tured morphologies, and interfacial modulation are pivotal in
enabling efficient ion transport and reversible charge storage.

The following sections will delve deeper into the material
design strategies employed for AMIHCs, focusing on how
cathode and anode optimization contributes to performance
enhancement. Through this exploration, the transformative
role of multi-ion carrier engineering will be further elucidated,
underscoring its central importance in the development of
hybrid energy storage systems with superior electrochemical
characteristics.

4.1.1.1. Cathode materials. In AMIHCs, cathode material
design is critical to achieving a balance between high energy
and power densities. Commonly employed materials such as
activated carbon (AC), carbon nanotubes (CNTs), and graphene
possess high surface areas, which facilitate rapid physical
adsorption and desorption of alkali metal ions including Li",
Na®, and K*.>*°2°? This characteristic promotes efficient charge
transport while simultaneously reducing internal resistance,
contributing to improved electrochemical performance. These
characteristics are particularly advantageous for high-power
output. However, conventional EDLCs, which rely solely on
non-faradaic charge storage, are inherently limited in terms
of specific capacitance and energy density.

To address these limitations, recent efforts have focused on
engineering carbon-based architectures with optimized poros-
ity, surface chemistry, and redox activity to enhance ion acces-
sibility and exploit multi-ion interactions. AC, despite its
widespread use due to low cost and a high surface area
(>1000 m*> g~ '), remains constrained by its EDLC-dominated
storage mechanism. In response, Han et al.>® incorporated 3D
graphene into AC, forming a composite with a larger surface
area (1402 m> g~ '), which improved volumetric capacitance by
137% (to 45 mAh cm®). This enhancement enabled LIHCs to
achieve energy and power densities of 45 Wh L™ and 19 kW L™,
respectively. Expanding on this strategy, Yi et al.*** developed a
nitrogen-doped hierarchical activated carbon (ANC) cathode
featuring an exceptionally high surface area (2651 m”> g~') and
well-defined mesoporosity (2.4-2.8 nm). The incorporation of
pyrrolic-N functionalities transformed physical adsorption into
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quasi-chemisorption, significantly accelerating K' transport.
When paired with a homologous anode and a concentrated
ether-based electrolyte (4 M KFSI/DME), the ANC cathode acted
as an “ion-buffering reservoir”’, harmonizing ion flux across the
full cell and delivering a specific energy of 49 Wh kg ' at 5A g™*
while maintaining 80% capacity after 3000 cycles.

Renowned for their exceptional electrical conductivity
(>10* S em™") and mechanical stability, CNTs present signifi-
cant potential. However, challenges like high cost and a ten-
dency towards agglomeration must be addressed. In SIHCs, Cui
et al.*®> demonstrated that multi-ion storage, involving Na* at
the Sn anode and PFs~ at a N/S co-doped hierarchical carbon
nanosheet (HCN) cathode, can dramatically boost electro-
chemical performance. This dual-ion mechanism yielded an
impressive energy density of 250 Wh kg and a cycle life exceed-
ing 10000 cycles, illustrating the vital role of cathode-specific ion
storage in unlocking multi-ion synergies. Complementing this, the
integration of CNTs into electrode architectures offers further
opportunities for optimization. For instance, Li et al.**® demon-
strated the efficacy of nitrogen-doped CNTs embedded in meso-
porous carbon (N-doped CNTs@MC). The resulting material
exhibited a high specific surface area (1806.3 m> g~ ') and robust
pseudocapacitive properties, enabling impressive performance in
PIHCs with 90% capacity retention after 10000 cycles at a high
current density (10 A g~ '). This demonstrates the feasibility of
employing CNTs in multi-ion storage devices.

Graphene, with its theoretical surface area of 2630 m> g~ *
and high electronic conductivity (~10* S cm™"), also holds great
promise as a cathode material. However, challenges such as
restacking and chemical inertness hinder its practical implemen-
tation. To counter these issues, oxygen-containing surface func-
tional groups (e.g., carboxyls) have been introduced to improve
hydrophilicity and facilitate ion transport. Jin et al.**” developed a
hierarchical porous graphene (MP-G) cathode capable of retain-
ing over 80% of its capacity at a high current density of 30 A g~ *
without degradation over 5000 cycles. When paired with an
edge-carboxylated graphene nanosheet (G-COOH) anode in an
LIHC system, the full device achieved an energy density of
120.8 Wh kg~ and a remarkable power density of 53550 W kg™,
with a 98.9% retention rate after 50 000 cycles. Further advancing
multi-ion carrier optimization, Qin et al.>*® designed a potential-
regulated nitrogen-doped carbon nanosheet cathode that
achieved a specific capacity of 150 mAh g~ " at 0.2 A g~ ', which
is nearly four times higher than that of conventional AC. This
performance arose from a synergistic mechanism that combined
EDLC behavior with Li'-targeted pseudo-capacitance, resulting in
a 17-fold enhancement in energy density and negligible decay
after 10 000 cycles.

Extending beyond traditional carbon-based materials, 2D
transition metal carbides and nitrides (MXenes), particularly
TizC, Ty, have emerged as promising cathode candidates due to
their metallic conductivity (>10000 S cm™ ') and tunable sur-
face chemistries (e.g., O, -F, and -OH), which can host various
alkali ions (Li*, Na', and K'). However, their tendency to restack
due to van der Waals interactions limits ion accessibility and
active site exposure. To enhance multi-ion (Na‘/K") transport in
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MXenes, Li et al.®>*® constructed a 3D MXene/acid-activated
carbon (AAC) framework, where the AAC acted as a structural
spacer that expanded interlayer distances and established a
hierarchical porous network. This configuration enhanced the
kinetics of Na'/K' transport and promoted synergistic interac-
tions between ions and oxygen-functionalized MXene surfaces.
The resulting composite achieved a high capacitance of 378 Fg '
at 0.5 A g~ ' and 97.4% retention after 10 000 cycles, affirming its
capacity to support stable, high-rate multi-ion storage.

Collectively, these advancements illustrate the central role of
surface chemistry engineering, hierarchical porosity, and multi-
ion-specific interaction mechanisms in the rational design of
AMIHC cathodes. Through the strategic incorporation of func-
tional groups, optimized pore architectures, and synergistic ion-
hosting features, cathode materials can be tailored to simulta-
neously accommodate multiple alkali ions.

4.1.1.2. Anode materials. In tandem with cathodic design,
the anode serves as a crucial component in AMIHCs, where it
governs charge balance, structural integrity, and the efficient
accommodation of diverse alkali ions. For such systems, ideal
anode materials must combine high specific capacity and low
redox potential with the chemical and structural adaptability
required to host multiple ion species.***°* This adaptability is
particularly essential in AMIHCs, where the coordination of cations
such as Li", Na*, and K" necessitate host frameworks capable of
withstanding varied ionic radii, coordination environments, and
transport dynamics. As a result, substantial research efforts have
been devoted to engineering intercalation-, conversion-, and
alloy-type anodes that can support stable and reversible multi-
ion storage. The overarching goal in these designs is to achieve
synergistic electron-ion transport and mitigate mechanical or
structural degradation under multivalent electrochemical cycling.

Intercalation-type materials have garnered significant atten-
tion due to their inherent structural reversibility and favorable
ion diffusion kinetics. Traditional candidates such as graphite,
hard carbon, and titanium oxides often display well-defined
voltage profiles indicative of stable redox mechanisms.?**%
Among them, carbon-based materials are particularly promising
owing to their good electrical conductivity, high surface area,
tunable porosity, and low cost. However, while graphite offers
excellent Li" intercalation performance, its narrow interlayer
spacing (~0.335 nm) renders it suboptimal for the larger Na*
and K' ions. To address this constraint, structural engineering
strategies have been deployed to expand interlayer spacing and
enhance pore connectivity. For example, Yang et al.>°® synthe-
sized a 3D porous carbon derived from sodium citrate featuring
hierarchical porosity and expanded interlayer gaps, which
enabled improved Na' accessibility and exceptional cycling sta-
bility, retaining 75.6% capacity after 15000 cycles. Similarly, Shi
et al*” employed nitrogen-doped graphene fibers with an
enlarged interlayer spacing of 0.378 nm in a dual-carbon, achiev-
ing an energy density of 142 Wh kg™ ' and ultrafast charging
capability (full charge within 8.5 seconds), demonstrating excel-
lent rate performance. Furthermore, this device significantly
improved structural stability and cycling reversibility through
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the synergistic effect of K" adsorption/intercalation dual mechan-
isms in high and low voltage regions, further validating the great
potential of potassium storage structural engineering. Further
tailoring of carbonaceous structures through doping and defect
engineering has also proven essential in optimizing ion-host
interactions across various carrier types. For instance, Li et al.?*®
fabricated highly graphitized and heteroatom-doped carbon
nanosheets for Li* storage, enabling superior conductivity and
ion transport. Their LIHCs delivered 112 Wh kg™ at a power
density of 19600 W kg~ ' with long-term cycling stability.
Complementary to interlayer modulation, 3D architectures
further aid in hosting multiple ions by shortening diffusion
pathways and buffering structural changes. Notably, porous
aromatic framework-templated carbon with interlayer distances
reaching 0.428 nm supported high-performance Li-ion micro-
capacitors with excellent volumetric energy density and robust
cycling.>®

The implementation of heteroatom doping (e.g., N, B, P, S,
and O) introduces electronic structure modulation, defects, and
additional redox-active sites, further tuning the anode’s elec-
trochemical response in multi-ion systems.*’° For example,
Shen et al>'' developed LiV;0, nanoparticles encapsulated
within N-doped carbon nanowires, achieving a blend of inter-
calation and pseudocapacitive behavior with a high energy
density of 136.4 Wh kg™ " in LIHCs (Fig. 17a). However, excessive
doping may lead to structural disorder and reduced conductiv-
ity, underscoring the need for controlled dopant distribution in
multi-ion environments. This challenge is adeptly addressed by
precision doping architectures: Hu et al.*'> demonstrated that
phosphorus/nitrogen co-doped hierarchical porous carbon
nanofibers (PN-HPCNFs) reduce K' diffusion barriers to
0.12 eV and enhance K adsorption energy (—2.30 eV) via DFT
calculations, enabling a potassium ion hybrid capacitor with
191 Wh kg™ " at 7560 W kg™ and 82.3% capacity retention over
8000 cycles. Extending this paradigm to diverse ion carriers, the
same group implanted Mn single atoms in N,F-codoped carbon
nanosheets (MnSAs/NF-CNs), where Mn-N, sites simulta-
neously minimize Na" diffusion barriers (0.11 eV) and maximize
ClO, adsorption energy (—0.98 eV). This dual-ion optimization
yielded SHICs with 197 Wh kg™ at 9350 W kg™ ' and 85.2%
capacity retention after 10 000 cycles (Fig. 17b). Collectively, these
advances underscore how atomic-scale doping and hierarchical
design concertedly regulate divergent ion carriers (cations/
anions), unlocking high-energy, high-power, and durable hybrid
storage.

Transitioning beyond carbon systems, titanium-based materi-
als such as TiO, and Li,Tis0;, (LTO) offer robust frameworks and
pseudocapacitive-intercalation hybrid behavior across multiple
alkali ions.*"? Despite their intrinsic low conductivity, innovative
composite architectures have overcome this limitation. Li et al.***
utilized a MOF-templated approach to synthesize TiO,/C hetero-
structures with 3D conductive networks, elevating Na* pseudoca-
pacitive contributions to 82% and delivering 142.7 Wh kg™ ' at
250 W kg™ with over 90% retention across 10000 cycles
by optimizing Na" and electron co-transport. Similarly, Zhao
et al® regulated K' carrier kinetics in carbon-coated K,Ti,O5
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Fig. 17 (a) Voltage profiles and electrochemical reaction mechanism of nov

el LICs. Reproduced with permission from ref. 311. Copyright 2017, Wiley. (b)

Long-term cycle performance of the SIHCs at 1 A g™, Inset: Photograph of the miniature twin-engined aircraft and LED arrays powered by our SIHC
device. Reproduced with permission from ref. 312. Copyright 2021, Royal Society of Chemistry. (c) STEM mapping images of 3S-Nb,Os-HoMSs. (d) CV

curves at different scan rates of the 3S-Nb,Os-HoMSs//AC LIC device.

(e) Galvanostatic charge—discharge curves at different current densities.

Reproduced with permission from ref. 319. Copyright 2020, Wiley. (f) CV curves at 2 mV s~* of the VO,@N-MXene HSs//AC device. Reproduced with

permission from ref. 320. Copyright 2024, Wiley. (g) Schematic illustration

of an SIHCs. (h) In situ XRD patterns during charge and discharge, and the

corresponding charge/discharge profile of the SIHCs at 40 mA g™, (i) Energy and power densities of the SIHCs in comparison with other energy storage
systems based on total mass of active materials. Reproduced with permission from ref. 328. Copyright 2018, American Chemical Society.

microspheres (S-KTO@C), where a 10-nm carbon layer expedited
electron transfer while porous microstructures shortened solid-
state K diffusion paths, transforming storage to surface-
dominated pseudo-capacitance (48.6% at 0.1 mV s ‘). This
balanced dual-carrier flow yielded 57.4 Wh kg™ " at 1.74 kW kg
and maintained 80.3% capacity after 3000 cycles in PIHCs. Addi-
tional carrier-specific optimization was demonstrated by Li’s
group,®®® who embedded nanoscale LTO in mesoporous carbon
frameworks (n-LTO@MC), facilitating a 100-fold increase in Li*
diffusion through hierarchical pores spanning 2-100 nm. Mean-
while, Xiao et al*'® designed FeS,/TiO, heterostructures derived
from ilmenite, which significantly reduced the Na' diffusion
barrier from 0.78 eV to 0.42 eV through interfacial carrier modula-
tion. This strategy not only improved ion transport kinetics but also
achieved a remarkable cost reduction of five orders of magnitude,
underscoring the economic viability of engineered multi-ion carrier
architectures for large-scale energy storage applications.

Beyond conventional anodes, emerging 2D transition metal
carbides and nitrides (MXenes), particularly Ti;C,T,, have
demonstrated exceptional promise as multi-ion carrier hosts

This journal is © The Royal Society of Chemistry 2025

due to their metallic conductivity (>6000 S cm "), surface-rich
chemistry, and tunable interlayer spacing. However, restacking
tendencies hinder their ion-accessible surface area, necessitating
deliberate morphological control. Fan et al.*’” addressed this by
combining nitrogen doping with 3D-printed porous frameworks
(5-50 um), where the N dopants optimized surface charge states
for ion adsorption and the macro-porous architecture facilitated
rapid transport. This design tripled areal energy density to
118 mWh cm > while maintaining 75% capacity after
3500 cycles through balanced multi-ion flux. Furthermore, Fang’s
group’’® fabricated MXene-based three-dimensional sphere-tube
superstructures using a spray-freeze-drying technique. In this
architecture, curvature-induced strain with radii below 10 nm
effectively suppressed layer restacking and significantly enhanced
K" transport by shortening ion diffusion pathways by approxi-
mately 60%. As a result, the device exhibited outstanding cycling
stability over 10000 cycles with negligible capacity degradation.
This work illustrates the critical role of geometric confinement and
interface engineering in enabling long-term, high-rate perfor-
mance in multi-ion energy storage systems.
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In the context of multi-ion carrier power supply devices,
conversion-type anode materials such as metal oxides, sulfides,
and selenides have gained significant attention for their ability
to store charge through multi-electron transfer mechanisms.
These processes typically involve the breaking and reformation
of chemical bonds, enabling higher specific capacities com-
pared to intercalation-type materials. This mechanism affords
them exceptionally high theoretical capacities, a key advantage
in devices where energy density is a crucial parameter. How-
ever, their practical application remains significantly hindered
by intrinsic limitations, including drastic volume expansion
(>200%), low electronic conductivity, and sluggish ion diffu-
sion kinetics, all of which are exacerbated in multi-ion systems
where simultaneous cation and anion transport must be finely
balanced.

To tackle these challenges, structural engineering strategies
have been adopted to facilitate efficient multi-ion transport
while preserving mechanical and electrochemical integrity. A
representative example is the triple-shelled Nb,O5 hollow micro-
spheres (Fig. 17¢) developed by Bi and co-workers,*!° featuring
20-50 nm inter-shell spacing that enhances Li" diffusivity by
fivefold. The LIHCs achieved capacitive-pseudocapacitive hybrid
storage through a dual-carrier synergy mechanism (Fig. 17d and
e), where rapid PFs~ adsorption at the cathode synergized with
slow Li" intercalation at the anode, maintaining 89% capacity
retention over 10 000 cycles at 1 A g~ '. However, the system still
exhibited a relatively high charge transfer resistance (~ 148 Q),
highlighting the need for further optimization of interfacial ion
transport pathways within multi-ion architectures. In response
to this limitation, subsequent research has focused on reducing
interfacial resistance and improving ionic/electronic coupling.
For instance, Yuan et al**° developed amorphous vanadium
oxide hollow spheres encapsulated in an N-doped MXene
(VO,@N-MXene HSs). Guided by machine learning-assisted
molecular simulations, the study revealed that amorphization
induces abundant structural defects and short-range Na" diffu-
sion pathways, significantly enhancing Na* mobility (Fig. 17f).
The resulting SIHCs delivered a high energy density of
198.3 Wh kg™ ' along with outstanding long-term cycling stabi-
lity, retaining 81.8% of its capacity after 8000 cycles. Liu et al.**'
addressed this by coupling MnO with reduced graphene oxide
(rGO) and introducing oxygen vacancies, effectively lowering
interfacial resistance by 83% and accelerating Li* adsorption
kinetics. Nevertheless, the system still experienced substantial
volumetric strain (~20%), which compromised initial coulom-
bic efficiency. To mitigate such mechanical instability, Cheng
et al.*** introduced a zero-strain CdNb,Os anode, leveraging a
robust Nb-O framework to confine structural expansion to
<1%, achieving a high coulombic efficiency of 97.4%. This
development marks a critical benchmark in the realization of
high-rate, durable anodes for alkali-ion hybrid capacitors, where
strain minimization is essential to accommodate repeated
multi-ion fluxes.

Beyond oxides, transition metal sulfides and selenides pre-
sent another class of conversion-type materials with favorable
conductivity and cost-effectiveness.’>**>* yet, their structural
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degradation upon cycling presents a persistent barrier, espe-
cially under the demanding conditions of dual-ion transport.
To address this, advanced architecture and heterointerface
designs have been adopted. Zhao et al>*® engineered a two-
dimensional MoSe,/graphene heterostructure with spatially
decoupled electron and ion channels, where the enlarged inter-
layer spacing enhanced Na" diffusion and the conductive gra-
phene backbone (>10° S cm™') supported rapid charge
transport. This hybrid architecture delivered stable operation
with an energy density of 43 Wh kg ' at an ultra-high-power
density of 10752 W kg™ over 5000 cycles, demonstrating how
spatial ion-electron separation can optimize multi-ion dynamics.
Further progress has been achieved in potassium-based systems,
where the large ionic radius of K" poses significant diffusion and
strain challenges. Ge et al.*>*® addressed this by constructing a
three-dimensional FeSe,/N-doped carbon composite, where
quantum tunneling pathways facilitated rapid electron transport
and defect engineering lowered the K™ adsorption barrier, sus-
taining a high capacity of 158 mAh g¢™* at 2 A g~ ' despite
enduring ~200% volume expansion. Chen et al.**’ advanced
the design by creating one-dimensional aligned NbSe,/NSe car-
bon nanofibers (NSeCNFs), where 2.1 nm carbon nanochannels
and delocalized charge distributions enabled directional K
diffusion. Meanwhile, strong Se-C bonds buffered lattice strain,
ensuring an impressive 83% capacity retention after 10 000 cycles
in PIHCs.

Alloy-type anodes have garnered significant attention in the
development of multi-ion carrier power supply devices due to
their capability to undergo multi-electron alloying reactions,
thereby delivering exceptionally high theoretical capacities. In
the context of multi-ion hybrid capacitors, these materials hold
promise for bridging the energy-power gap by facilitating
simultaneous accommodation of multiple charge carriers.
However, their practical deployment is impeded by inherent
mechanical and interfacial instabilities. The substantial
volume fluctuations associated with repeated alloying/dealloy-
ing reactions disrupt both electronic percolation networks and
ion transport pathways, leading to loss of electrical contact,
hindered ion diffusion, and eventual device failure. To address
these limitations, Yuan et al®*® introduced a presodiated
porous NaBi anode paired with an AC cathode in a diglyme-
based electrolyte (Fig. 17g). In situ XRD and SEM characteriza-
tion methods revealed that the dynamically evolving 3D porous
network effectively accommodated the substantial volume
expansion, reaching up to 256% during the Bi to Na;Bi phase
transition, while simultaneously facilitating rapid Na" diffusion
through continuous ion pathways and maintaining structural
integrity during cycling (Fig. 17h). As a result, the resulting
SIHCs achieved a high specific capacity of 298 mAh g ' at
2 A g7', a power density of 11.1 kW kg™, an energy density of
106.5 Wh kg " (Fig. 17i), and outstanding cycling stability with
98.6% capacity retention over 1000 cycles. These findings under-
score the effectiveness of porous alloy architectures in synchro-
nizing Na' transport with capacitive PF,~ adsorption processes.
Despite these advances, mechanical instability during long-term
cycling remains a key concern. To further improve cycling

This journal is © The Royal Society of Chemistry 2025
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durability, Chojnacka et al.>*° developed a holistic optimization
strategy based on Sn,P; alloy anodes. Their approach combined
three key design elements into a unified framework. First, a
continuous three-dimensional conductive network was con-
structed using glucose-derived hydrothermal carbon, which
improved electronic conductivity and structural integrity. Sec-
ond, the anode-to-cathode capacity ratio (Q/Q") was precisely
regulated to ensure balanced charge distribution and mitigate
localized overpotentials. Third, controlled pre-sodiation of the
Sn,P; anode was employed to tailor the initial sodiation kinetics
and promote stable interfacial formation. This integrated strat-
egy successfully limited volume expansion to 67%, suppressed
the formation of metallic sodium, and facilitated the develop-
ment of a robust SEI during extended cycling. As a result, the
optimized SIHCs achieved a high-capacity retention rate of 80%
after 10000 cycles, underscoring the crucial role of simulta-
neously regulating electronic and ionic transport channels in
alloy-based AMIHCs to enable stable long-term energy storage.

Building on this foundation, Lin et al.**° proposed a dual-
carrier synergy strategy using a bismuth-based anode to further
unlock the potential of alloy-type materials in multi-ion config-
urations. By encapsulating Bi nanoparticles within a lignin-
derived, three-dimensional nitrogen-doped porous carbon matrix
(Bi@LNPC), they achieved a highly interconnected electronic
framework and ample ion-accessible surfaces. The hierarchical
porosity reduced Na* diffusion distances, while nitrogen doping
introduced abundant defect sites that enhanced interfacial ion
adsorption and charge transfer. This rational design enabled
Bi@LNPC//AC SIHCs to operate efficiently over a wide voltage
range (1.0-3.8 V), delivering an energy density of 63 Wh kg " at a
power density of 680 W kg ' and maintaining 87% capacity
retention over 3000 cycles.

Altogether, the development of anode materials for AMIHCs
highlights the critical need to regulate multi-ion transport within
structurally and chemically adaptable host frameworks. As sys-
tems increasingly exploit multiple alkali ions to optimize the
energy-power trade-off, the anode must function not merely as a
storage site, but as an active interface where electron-ion cou-
pling, mechanical robustness, and interfacial kinetics are syner-
gistically engineered. Achieving high-performance AMIHCs thus
relies not only on the intrinsic properties of anode materials, but
also on their ability to dynamically accommodate diverse ionic
species under complex electrochemical conditions. These
insights redefine the anode as a tunable, ion-responsive domain
essential to unlocking the full potential of multi-ion carrier power
supply devices.

4.1.2. Ammonium ion hybrid capacitors. Ammonium ion
hybrid capacitors (AmIHCs) have emerged as a distinctive
subclass within the broader category of multi-ion carrier power
supply devices, offering a compelling combination of sustain-
ability, safety, and fast ion transport. As monovalent systems
operating in aqueous electrolytes, AmIHCs benefit from the
small size, high mobility, and strong hydration of NH," ions,
which facilitate rapid charge transport and enable the use of
low-cost, earth-abundant, and non-toxic materials. Although
they generally exhibit lower energy densities compared to alkali
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metal-based counterparts, their superior power density and
cycle life position them as ideal candidates for next-generation
energy storage systems focused on high-rate operation and
environmental compatibility. Importantly, the multi-ion nature
of AmIHCs allows them to function not only as standalone
devices but also as synergistic components within hybrid multi-
ion architectures, where the presence of NH," can enhance the
electrochemical dynamics of coexisting ionic species.

The charge-storage processes in AmIHCs can involve four
primary mechanisms that have been identified to date: (i) NH,"
intercalation-deintercalation, (i) cooperative NH,"/H"
insertion-extraction, (iii) surface adsorption-desorption, and (iv)
conversion reactions. A representative intercalation-type cell is
illustrated in Fig. 18a, in which layered 6-MnO, serves as the
cathode, activated carbon cloth (ACC) as the anode, and (NH,),SO,
as the electrolyte.*** During discharge, NH," ions insert into the
interlayer galleries of 3-MnO,, while SO,>~ anions are electrosta-
tically adsorbed on the ACC surface. The charge process proceeds
in the reverse direction, with NH," de-intercalation from §-MnO,
and desorption of SO,>~ from the ACC anode. Throughout cycling,
NH," shuttles reversibly between the electrolyte and the 5-MnO,
host; its insertion is accompanied by reversible formation and
rupture of hydrogen bonds within the MnO, layers. Fig. 18b
summarizes the proposed NH, -storage mechanism. In the initial
discharge, pristine -MnO, accommodates NH," ions and likely
co-intercalated water molecules, within its interlayer space. During
subsequent charging, most of these NH,' ions are extracted,
whereas a small fraction, together with interlayer water, remains
hydrogen-bonded to adjacent MnO sheets. These residual species
stabilize the metastable 6 phase and facilitate the highly reversible
NH," intercalation-deintercalation observed in later cycles, thereby
underpinning the excellent cyclability of the AmIHCs.

The practical realization of high-performance AmIHCs hinges
on the development of electrode materials capable of reversibly
hosting NH," ions while maintaining structural integrity and
facilitating fast electron/ion transport. Intercalation-type materi-
als, particularly those with layered structures, have attracted
significant attention owing to their tunable interlayer spacing,
pseudocapacitive charge storage capability, and the potential for
structural modulation to enhance electrochemical performance.
Nonetheless, many of these materials suffer from low intrinsic
conductivity and limited rate capability, prompting efforts toward
compositional engineering and interface optimization.

Among transition metal oxides, manganese dioxide (MnO,)
is a widely studied positive electrode material due to its low
cost, high theoretical capacity, and favorable 2D ion diffusion
channels. The dynamic formation and disruption of hydrogen
bonds within its interlayers facilitate NH," intercalation while
buffering volume changes and maintaining ion transport path-
ways. For instance, Chen et al.**' addressed these challenges by
constructing a 6-MnO,/activated carbon cloth composite, which
achieved an areal energy density of 861.2 yWh cm ™ ? and retained
72.2% capacity after 5000 cycles, demonstrating the effectiveness
of combining pseudocapacitive oxides with conductive frame-
works. Complementary strategies have also emerged. Liu et al.>*
constructed a MnO,/MnS, p-n junction cathode, where the built-
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in electric field (BIEF) at the junction interface accelerated NH,"
migration and enabled in situ stabilization. This design
achieved both high capacities, with values of 838.56 F g "
or 186.35 mAh g ' at 1 A g !, and exceptional long-term
stability, retaining 96.42% of its capacity over 40000 cycles
(Fig. 18c and d). In addition, the system delivered an energy
density of 79.57 Wh kg™ ', demonstrating the effectiveness of
interfacial field modulation in multi-ion storage systems.
Vanadium oxides offer a different advantage by supporting
multiple charge storage modes, including intercalation and
pseudo-capacitance. Nevertheless, their limited electronic con-
ductivity and phase instability remain major obstacles.
Researchers have tackled these issues through strategies such
as Co*" pre-intercalation in VO, nanorods to enhance conduc-
tivity and inhibit vanadium dissolution, achieving improved
areal capacitance and prolonged cycling.*** Another effective
approach involved synthesizing R-V,,0,, nanowires, which uti-
lize hydrogen bonding to stabilize NH," intercalation, enabling
high capacity (203.1 mAh g~ " at 0.3 A g~ ') and 97.6% retention
after 20 000 cycles.***

9746 | Chem. Soc. Rev, 2025, 54, 9685-9806

Tungsten trioxide (WOj3), known for its robust NH," inter-
calation and high theoretical capacity, is similarly constrained
by sluggish ion transport and low electronic conductivity.
These issues were addressed by Chen et al.**® through the
pre-intercalation of NH," into hexagonal WO; (h-WO;). First-
principles calculations indicated that the presence of hydrogen
bonding within the structure significantly reduces the diffusion
barrier, thereby facilitating more efficient ion transport. This
resulted in enhanced areal capacitance and superior durability
over 13600 cycles, further confirming the feasibility of struc-
tural pre-intercalation strategies in optimizing NH," kinetics.
Similarly, molybdenum-based materials such as MoO; and
MoS, offer high capacities and flexible interlayer tunability.
MoS,’s intrinsic conductivity supports rapid charge transport,
yet its accessibility to NH," ions is limited by interlayer con-
straints. MoOj, although chemically compatible, suffers from
solubility issues and structural instability. Dai et al.**® mitigated
these drawbacks by fabricating a thermally treated MoO;@C
composite enriched with oxygen vacancies, which improved ion
accessibility and promoted fast NH," diffusion, achieving stable

This journal is © The Royal Society of Chemistry 2025
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cycling and excellent rate performance (Fig. 18e-g). The strategy
was further extended to a MoS,@PANI composite featuring a
core-shell structure, whose high conductivity and porous mor-
phology enabled exceptional capacitance and long-term dur-
ability over 10 000 cycles.*®” These advances illustrate the pivotal
role of interface design and heterostructure engineering in
tailoring AmIHC electrode behavior.

Transition metal sulfides (TMSs) have garnered significant
interest as electrode materials for AISCs due to their high
electrical conductivity, diverse redox states, and structural tun-
ability. However, their tendency toward structural degradation
impairs cycling performance. Wu et al>*® overcame these
limitations using pseudocapacitive CuCo,S, nanowires grown
on carbon paper. NH," storage in this system is facilitated by
strong hydrogen-bonding interactions (N-H- - -S) and directional
charge transfer to Co sites. DFT simulations confirmed a high
NH," adsorption energy (—3.48 eV), leading to exceptional
electrode capacity (1512 C g ' at 1 A g '), an energy density
of 7417 Wh kg ', and 83.28% capacitance retention after
10000 cycles. In addition to metal oxides and sulfides, layered
double hydroxides (LDHs) are recognized for their multi-electron
redox behavior and anion exchange capacity. Nonetheless, low
conductivity and structural instability limit their use. Wang
et al.**° addressed this by electrochemically reconstructing Co-
Fe LDHs, introducing oxygen vacancies and hierarchical porosity.
The resulting material delivered a threefold increase in reversible
NH," storage, with high specific capacitance, energy density, and
cycling durability in AmIHC devices.

Beyond conventional intercalation hosts, emerging materi-
als such as polyoxometalates (POMs) are being explored for
their surface-mediated pseudocapacitive behavior. While bulk
intercalation is limited by poor structural stability and small
diffusion channels, surface-functionalization strategies offer a
viable alternative. To address these challenges, Chen et al.**’
introduced phosphate-functionalized o-MoO; anodes, which
promote NH," storage through surface phosphate-oxygen coor-
dination. This design bypasses the limitations of bulk inter-
calation by enabling interfacial pseudo-capacitance, thereby
enhancing both ion accessibility and electrochemical perfor-
mance. The resulting AmIHCs achieved an exceptional areal
capacitance of 15.3 F cm > at a current density of 2 mA cm 2,
representing a threefold improvement over pristine «-MoOs;. In
addition, the system demonstrated an energy density of
2.48 mWh cm > and retained 82% of its initial capacity after
3000 charge-discharge cycles, indicating strong cycling stability.
While this strategy significantly improved capacity, the moderate
cycle stability indicates that further refinement is needed for long-
term operation. Liang et al*'® advanced POM-based electrode
design by employing Keggin-type polyoxometalates with exposed
Mo-O, surface sites capable of forming hydrogen bonds with NH,".
This strong interfacial interaction minimizes structural distortion
during cycling and enables dominant pseudocapacitive behavior.
As a result, the AmIHC achieved an ultrahigh specific capacity of
619.4 mAh g ' at 1 A g, exceptional cycling stability with 100%
capacity retention over 20 000 cycles at 10 A g~ ', and a high energy
density of 125.3 Wh kg~ ' in asymmetric configurations.
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Metal-organic frameworks (MOFs), often explored for EDLC
behavior, can also be tailored for pseudocapacitive NH," sto-
rage through structural and electronic modifications. However,
their practical application is often constrained by suboptimal
NH," storage capacity and sluggish ion diffusion kinetics. Gao
et al.**"* developed a two-dimensional conjugated MOF cathode,
namely**° iodine-embedded Cu-HHB (Cu-HHB/I,). DFT calcu-
lations indicated a strong affinity between polyiodide species
and the Cu-O, coordination environment, with an adsorption
energy of 1.68 eV, underscoring the material’s capacity to stably
accommodate iodine species and facilitate efficient redox activ-
ity. This design facilitated reversible polyiodide redox reactions
and promoted efficient NH," storage, leading to a significant
enhancement in cathodic capacity. However, optimizing a
single electrode, especially the cathode, proved inadequate for
achieving well-balanced and high-performance energy storage,
highlighting the need for coordinated electrode and electrolyte
engineering. The device’s limited voltage window and overall
energy density remained bottlenecks. Recognizing this, Huang
et al.>** advanced the anode design by constructing hierarchical
porous carbon nanofibers embedded with one-dimensional con-
jugated Ni-BTA MOFs (HPCNFs@Ni-BTA). Their DFT results
showed that the symmetric NiN, coordination units exhibit
balanced electron distribution, enabling enhanced NH," adsorp-
tion and fast kinetics through reversible C—=N/C-N redox reac-
tions at the anode. By pairing a high-capacity cathode with a
redox-active anode, this dual-electrode optimization approach
effectively overcomes the performance asymmetry seen in earlier
MOF-based AmIHCs. This work exemplifies a rational design
strategy that goes beyond traditional EDLC mechanisms, lever-
aging pseudocapacitive behavior in MOFs to maximize overall
device efficiency within multi-ion carrier frameworks.

Collectively, these studies highlight the central importance
of multi-ion carrier design in AmIHCs, where NH," serves as
both a performance-enhancing and structure-defining compo-
nent. The broad range of host materials, encompassing oxides,
sulfides, MOFs, and POMs, highlights the intricate interdepen-
dence among ion transport pathways, redox processes, and
structural evolution. Crucially, optimizing AmIHC performance
requires not only high-capacity electrode materials but also a
deep understanding of how NH," interacts at the molecular and
interfacial levels. As such, AmIHCs offer a rich platform for
exploring multi-ion transport mechanisms and represent a vital
branch of multi-ion carrier power supply devices poised for
sustainable and high-power energy applications.

4.2. Multivalent metal ion hybrid capacitors

Multivalent metal ion hybrid capacitors (MMIHCs) have emerged
as a pivotal subclass within the broader family of hybrid capaci-
tive energy storage devices. By incorporating multivalent cations
such as Zn**, Mg>", AP*", and Ca®" as charge carriers, these
systems capitalize on the multi-electron redox capabilities intrin-
sic to higher-valency ions.”®?**~*** Each of these multivalent ions
can transfer more than one electron per redox event, significantly
increasing the theoretical capacity and volumetric energy density
compared to their monovalent counterparts. When integrated
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into asymmetric architectures that combine battery-type and
capacitor-type components, MMIHCs can harness both faradaic
and non-faradaic processes to yield electrochemical systems with
hybridized kinetics and enhanced energy-power synergies.

However, the integration of multivalent ions introduces
complex challenges that underscore the need for refined material
and interface engineering. These ions often exhibit sluggish
diffusion kinetics due to their high charge density, leading to
elevated de-solvation energy barriers and increased interfacial
charge-transfer resistance. Furthermore, mismatched kinetics
between the slow faradaic reactions at battery-type electrodes
and the rapid non-faradaic responses at capacitive electrodes
complicate system-level optimization. To overcome these intrin-
sic limitations, the development of high-performance electrode
materials with engineered ion transport pathways, as well as
electrolytes capable of stabilizing and shuttling multivalent car-
riers efficiently, is imperative. This section provides a compre-
hensive examination of the design principles and electrochemical
characteristics of representative MMIHC systems based on Zn**,
Mg>, Ca**, and AI’*, with a focus on how multi-ion carrier
strategies have been leveraged to mitigate these issues and
enhance overall device performance.

4.2.1. Znion hybrid capacitors. Among the diverse MMIHC
configurations, Zn ion hybrid capacitors (ZIHCs) have emerged
as one of the most extensively studied and practically viable
systems. This prominence arises from their capacity to leverage
the intrinsic benefits of Zn>" ions, which include high theore-
tical capacity, low redox potential, intrinsic safety in aqueous
media, and natural abundance.**® ZIHCs are typically classified
into two representative types based on their charge storage
mechanisms, as illustrated in Fig. 19a and b. The first and most
common configuration is shown in Fig. 19a. During the char-
ging process, Zn>" ions from the electrolyte are electrodepos-
ited onto the metallic Zn anode, while the cathode, typically
composed of carbon-based or pseudocapacitive materials,
undergoes ion adsorption or surface redox reactions. Notably,
the cathodic processes are more intricate. In addition to anion
adsorption (such as SO,>7), Zn** ions have also been reported
to participate partially, where Zn>" ions initially adsorbed onto
the cathode surface may be released back into the electrolyte
during charging. This behavior suggests that Zn** can play a
dual role in the overall charge compensation process. An
alternative configuration, as illustrated in Fig. 19b, employs a
battery-type cathode paired with a capacitive anode. During
charging, Zn>" ions are extracted from the cathode into the
electrolyte and subsequently adsorbed onto the surface of the
anode. In the discharge process, these Zn>" ions desorb from
the anode and reinsert into the cathode. Compared to the
conventional configuration, this design reverses the direction
of Zn*" migration, highlighting the versatility of Zn** transport
and storage pathways that can be realized through strategic
electrode and electrolyte engineering in ZIHC systems. This
spatial and functional decoupling of charge storage processes
between the two electrodes allows ZIHCs to transcend the rate
limitations of single-ion systems, enabling high power output
without compromising energy density.
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Despite these advantages, ZIHCs face persistent challenges
arising from the complex behavior of multivalent Zn** ions in
concert with co-transported species. One of the foremost issues
is the formation of Zn dendrites during repeated plating/strip-
ping cycles, which can lead to internal short circuits and
severely limit cycle life. Moreover, cathode degradation, elec-
trolyte depletion, and parasitic side reactions (such as hydrogen
evolution and Zn corrosion) further compromise the long-term
stability and efficiency of the system. These degradation path-
ways are intimately connected to the complexities of multi-ion
transport and interfacial reactivity, especially under conditions
of high current density or extended cycling. This underscores
the critical importance of precise regulation of ion flux and the
interactions between electrodes and electrolytes.

Recent advancements in multi-ion carrier engineering have
unveiled sophisticated mitigation strategies, including the
design of three-dimensional zincophilic matrices with tailored
nucleation sites, the development of dual-ion selective mem-
branes to regulate carrier flux, and the formulation of eutectic
electrolytes with optimized solvation structures to enhance
Zn>" transference numbers while suppressing parasitic side
reactions. Particularly noteworthy are emerging cathode archi-
tectures employing heteroatom-doped carbon scaffolds and
MXene-based composites, which not only provide expanded
ion transport channels for multi-carrier systems but also intro-
duce redox-active sites for synergistic Zn>/H' co-storage,
thereby amplifying both capacity and rate performance. These
material innovations, coupled with advanced operando charac-
terization techniques, are progressively unraveling the complex
interphasial phenomena governing multi-ion carrier behavior,
charting a course toward next-generation energy storage devices
that fully exploit the thermodynamic and kinetic advantages of
coordinated multi-ion transport mechanisms.

4.2.1.1. Capacitor-type cathode materials. Capacitive electrode
materials serve as a foundational component in the development
of ZIHCs, where their ability to regulate multi-ion carrier dynamics
plays a pivotal role in balancing high-power output with sustained
energy storage. In these hybrid systems, the electrochemical
performance of the cathode fundamentally depends on its ability
to synchronize rapid interfacial ion processes, including adsorp-
tion and desorption, with reversible redox reactions occurring
within the bulk material. This coupling of surface-driven capacitive
behavior and faradaic charge storage is essential for fully exploit-
ing the benefits of multi-ion participation.

Typically, ZIHC cathode materials are categorized into
carbon-based frameworks and non-carbon pseudocapacitive
compounds. Regardless of the classification, their effectiveness
depends on how efficiently they can accommodate multiple
ionic species (e.g., Zn**, H', or anions) through a combination
of rapid ion-accessible surface reactions and deeper structural
redox activity. Such synergistic mechanisms not only enhance
charge storage kinetics but also promote the comprehensive
utilization of all available charge carriers, thereby optimizing
the performance metrics of ZIHCs in both energy and power
dimensions.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00785b

Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

a =
Anode - Cathode
® ® -
® ©
® ()
® @ ®
ZnQ 0 @
® ©
Deposition Adsorption
@ Dep ® p
& —— —
Stripping Desorption
Zn anode Capacitor-type
material
C
< —
Discharge to 0.2 V
4§ ”,/‘/'
Sy §N
- Q <+ "»0« ;
7R 9 ;
» =/
4—0\0?/ k,»? § I / f
. - 14 / ,
O'(-' \\\\. "‘
)
AC Carbon cathode Zn anode

View Article Online

Review Article

L}

Anode - Cathode

= ©

e © ©

- ® ® @

E Adsorption Insertion ©

= — @ —_—

= e © — (©)

= Desorption Extraction

i ©
Capacitor-type Battery-type
material material

Charge to 1.85 V

ol o |
|| X
[ plel e ;
> ! 1 J% o
> (@) ) YN @
4 8 Q
: = IRt
} v 4 o &,.“ (? i y
b : il »Qa - O
¢ R A g |
b S e ’
~i | fa
Carbon cathode Zn anode Zn

Discharge process . +Q + O = Zn*/Mg* adsorb . +o+e = (AC}H O +% +V?b+ OH = % jZn +e =» @ strip

Charge process | [}+,%_ = © O zn*/Mg? desorb {AC}-H+OH -e 2| \ +H » @ +:8+ 3] [@-e» |

Q-zZn*

O - Mg*

plat

R-HO  \ -ZnSO(OH);xHO  ©-H: ,%b-sodz-

Fig. 19 Schematic illustrations of energy storage mechanisms in ZIHCs: (a) a configuration comprising a capacitive cathode (based on electric double-
layer capacitance or pseudocapacitance) coupled with a zinc deposition/stripping anode. (b) An alternative design employing a battery-type cathode

(involving Zn2*

intercalation/deintercalation) paired with a capacitive anode (EDLC or pseudocapacitive behavior). (c) Schematic of AC|ZnMg-0.1|Zn

energy storage devices. Reproduced with permission from ref. 346. Copyright 2021, Wiley.

Among various capacitive architectures, carbon-based mate-
rials have emerged as the most extensively explored class due to
their inherent conductivity, large specific surface area, and
structural tunability. Traditional AC, while effective in facilitating
EDLG, is constrained by single-ion mechanisms, thereby limiting
its energy density. To overcome this bottleneck, recent research
has focused on pseudocapacitive carbon frameworks engineered
with heteroatom doping (N, O, P, and B) and hierarchical
porosity. These modifications not only preserve high-rate perfor-
mance but also introduce redox-active sites that accommodate
multi-ion interactions. For example, Dong et al.**’ reported AC
cathodes delivering 84 Wh kg " at 14.9 kW kg™, though ion
diffusion limitations emerged at high rates due to insufficient
multi-ion engagement. To address such kinetic barriers, Sun
et al**® developed a multifunctional electrolyte additive based
on erythritol (Eryt), which effectively reconstructs the solvation
structure of Zn**, lowers the de-solvation energy barrier, sup-
presses Zn dendrite growth and side reactions, and disrupts the
hydrogen-bond network of water molecules, thereby reducing the
electrolyte’s freezing point to below —50 °C and enabling

This journal is © The Royal Society of Chemistry 2025

excellent low-temperature performance. As a result, a ZIHC
utilizing AC in ZnSO, + 0.8 M Eryt retained 98.2% of its capacity
after 30000 cycles at room temperature and maintained 94.8%
even at —20 °C. Further refinement through multi-heteroatom
doping has proven especially effective. Lee et al**° developed
activated carbon cathodes co-doped with phosphorus and boron,
where the synergistic redistribution of charge notably improved
both electrical conductivity and affinity for the electrolyte. This
resulted in excellent capacity retention (>30000 cycles) and a
high-rate performance of 84.0 mAh g™ ' at 10 A g, clearly
illustrating the potential of atomic-level tailoring to optimize
multi-ion adsorption energetics. These breakthroughs under-
score a paradigm shift toward multi-ion responsive electrode
engineering, in which deliberate atomic-level modifications
transform otherwise inert carbon matrices into dynamic plat-
forms capable of bidirectional ion regulation.

Porous carbons (PCs), featuring finely engineered micro-,
meso-, and macroporous structures, have emerged as highly
effective platforms for accommodating multiple charge carriers
in ZIHCs. Their hierarchical porosity enables both rapid ion
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diffusion and abundant active sites, making them well-suited
for facilitating multi-ion storage mechanisms involving Zn>",
H', or anions. Among various strategies, oxygen-rich PCs have
demonstrated particular promise. For example, Yin et al.**°
showed that introducing oxygen-containing functional groups,
combined with a carbon coating to suppress Zn dendrite
formation, enabled stable H'/O-based redox reactions and
delivered superior energy densities. To overcome the inherent
drawbacks of some biomass precursors, including low specific
surface area and insufficient pore formation, Lu et al>*"
designed a biomass-derived porous carbon through a com-
bined approach involving hydrothermal modification, carboni-
zation, and activation. The resulting material exhibited
enhanced porosity and achieved a high specific capacitance
of 339.8 Fg ' at 0.5 A g ' in 6 M KOH. In parallel, Li et al.**>
successfully developed a 3D tremella-like PC-825 with a hollow
structure via a NaCl/K,C,04-assisted one-step oxidative activa-
tion strategy. The key innovation of this material lies in its
hierarchical porosity (coexistence of micro-, meso-, and macro-
pores) and an expanded interlayer spacing of 0.384 nm,
enabling a high specific capacity of 193.1 mAh g~ ' when
applied as a cathode in ZIHCs. Sustainable synthesis routes
have further diversified the PC design space. For instance,
lignosulfonate-derived nitrogen/oxygen co-doped porous car-
bons (LNPCs), prepared via supramolecular self-assembly,
achieved 266 F g '.*** Similarly, ZIF-8-derived hierarchical
carbon microspheres developed by Liu et al>*** combined
heteroatom-rich surfaces with efficient ion transport pathways,
delivering 171.9 mAh g~'. Wang et al.**® leveraged rice husks to
fabricate a nitrogen/phosphorus/sulfur tri-doped hierarchical
porous carbon (NPS-HPC) through potassium bicarbonate acti-
vation and in situ doping. The resulting ZIHCs exhibited a high
specific capacity of 198.56 mAh g~ " at 0.1 A g, alongside an
energy density of 167.69 Wh kg~ " and a power density of 19.64
kW kg '. DFT calculations confirmed that the N/P/S co-doping
significantly improved Zn*" adsorption energy (0.987 eV), con-
tributing to an outstanding capacity retention of 99.98% after
23000 cycles at 5 A g~ '. Moreover, hollow carbon architectures
have shown additional benefits in ion accessibility and struc-
tural robustness. Fei et al.’s*>® bowl-shaped carbon structures
and Du et al’s*** double-shell carbon spheres exemplify this
approach, offering improved ion diffusion and mechanical
stability under long-term cycling.

Beyond carbon systems, non-carbonaceous pseudocapacitive
cathodes have broadened the capabilities of ZIHCs by exploiting
robust faradaic interactions. Silicon, although conventionally ham-
pered by sluggish ion mobility and limited electronic conductivity,
has recently undergone a resurgence due to advances in defect
engineering and electronic structure modulation. Guo et al.**’
employed silicene cathodes in conjunction with water-in-salt
electrolyte, achieving 10 000-cycle stability and even 112% capacity
retention. These performance gains were attributed to surface-
dominated ion interactions, although intrinsic transport limita-
tions persisted. To address these barriers, Deng et al.>*® introduced
Mg-doped porous silicon, which enhanced electrical conductivity
and ion transport by altering the electronic structure. This design
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yielded an energy density of 135.8 mJ cm™> and 92% retention over
20000 cycles, underscoring the effectiveness of defect engineering
in expanding the ZIHC cathode landscape.

MXenes have emerged as a cornerstone material for
advanced ZIHCs, offering a unique combination of high elec-
trical conductivity, redox-active surface chemistry, and tunable
interlayer spacing, which are all essential attributes for promot-
ing efficient multi-ion transport. Li et al.*>*® developed 3D H'-
intercalated Ti;C,T, frameworks that facilitated efficient Zn**
intercalation while significantly minimizing self-discharge, a
critical requirement for ensuring stable operation in wearable
and flexible electronic devices. Expanding MXene’s utility, Jalal
et al.**® designed a photo-rechargeable ZIHC using Te-modified
Tiz;C,T, photocathodes. Here, the MXene served dual roles: as a
charge storage medium and a light-absorbing material. The
hybrid structure achieved a 50.86% capacitance increase under
illumination due to improved interlayer spacing and enhanced
photoresponsivity. Further leveraging MXene’s multifunction-
ality, Fang et al.**" constructed a composite cathode by inte-
grating NiMn-hexacyanoferrate with Ti;C,T,, enabling a dual-
ion storage mechanism involving Zn>" and H". The electrolyte-
driven transformation between Zn,SO,(OH)s-xH,O (ZSH) and
Zn,MnO(OH), (ZMO) significantly boosted energy density and
charge/discharge kinetics. In an alternative application, Zhang
et al. employed an MXene as a catalytic initiator in fast free
radical polymerization (FRP) to prepare quasi-solid-state gel
polymer electrolytes (GPEs) in situ. This design regulated Zn>*
flux, suppressed dendrite formation, and facilitated high-rate
performance. The resulting ZIHC delivered 105.5 Wh kg *
energy density, 9231 W kg~* power density, and 86% capacity
retention after 50 000 cycles.*®

Transition metal oxides, owing to their multivalent redox
chemistry, have emerged as promising candidates for enhan-
cing multi-ion transport and storage in ZIHCs. Manganese and
vanadium oxides, in particular, exhibit rich oxidation states
conducive to fast and reversible faradaic reactions. For
instance, Wang et al.>*® reported a MnO,-CNT cathode paired
with a MXene anode, delivering an impressive energy density of
98.6 Wh kg™ ' and excellent rate capability. To enhance Zn**
transport, Zhang et al.*** introduced Fe*" into MnO,, effectively
expanding interlayer spacing. The Fe-MnO, cathode exhibited a
high capacitance of 1190 mF cm > at 2 mA cm > and demon-
strated excellent durability by retaining 97.33% of its capacity after
10 000 cycles. Impressively, the flexible ZIHCs incorporating a PVA/
CMC dual-network gel electrolyte maintained 93.75% capacity
retention over 15000 cycles even under low-temperature condi-
tions (—20 °C) and mechanical bending. Vanadium oxides have
likewise enabled novel functionalities: Boruah et al.>® integrated a
V,0s photoanode with an AC cathode to fabricate a photo-
rechargeable ZIHC, achieving a 63% increase in capacity under
illumination and enabling solar-driven self-charging. Xu et al.>®*®
further expanded the versatility of vanadium oxides by co-
intercalating Co®" and polyaniline (PANI) into V,05 to form
CoVO-PANI, where Co>" pillars expanded the interlayer spacing
to 1.41 nm, and PANI enhanced electron transport. This synergy
reduced the Zn>" diffusion barrier and charge transfer resistance,
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resulting in a high areal capacitance of 847.3 mF cm™ > and 81.37%
retention after 20000 cycles, with excellent flexibility under
mechanical stress.

Electrolyte engineering plays a foundational role in advancing
ZIHCs by enabling effective regulation of multiple ionic species,
particularly Zn>*, H', and SO,>". This regulation is essential for
optimizing ion transport, improving interfacial compatibility,
and enhancing electrochemical performance. By tailoring the
solvation environment, ionic conductivity, and electrode-electro-
lyte interactions, multi-ion systems can be fine-tuned to over-
come traditional trade-offs between energy density, cycling
stability, and operational flexibility. A representative break-
through comes from Wang et al.,*®” who developed a ZnCl,-
based water-in-salt hydrogel electrolyte embedded within a poly-
acrylamide (PAM) matrix. The PAM network features abundant
layered and interconnected pores, which facilitate electrolyte
infiltration and ion diffusion. The incorporation of Cl™ anions
was particularly effective in inducing Zn** de-solvation, forming
compact [ZnCI(H,0)s]" complexes that promoted uniform Zn
plating/stripping behavior. This facilitated stable interface for-
mation and improved ion accessibility to microporous carbon
electrodes. As a result, the assembled ZIHCs delivered a high
energy density of 217 Wh kg™~ " and an exceptional cycling life of
100000 cycles. Remarkably, the device also demonstrated excel-
lent low-temperature performance, retaining 92.9% of its capaci-
tance after over 40000 cycles at —20 °C, with a high ionic
conductivity of 17.9 mS em ™. Similarly, Huang et al. employed
a phosphorene-assisted, high-concentration water-in-salt electro-
lyte to address the challenge of narrow electrochemical windows
in aqueous systems.**® The electrolyte’s unique coordination
environment suppressed water decomposition, extended the
voltage window beyond the theoretical 1.23 V limit, and miti-
gated self-discharge through ion-solvent structure regulation.
These studies collectively highlight the importance of solvation
control and coordinated ion structuring in enhancing both
thermodynamic stability and kinetic performance. Beyond sol-
vation engineering, fine-tuning the anionic composition and
electrode-electrolyte affinity offers another route to regulate
multi-ion transport. In a Zn-TiN system, TiN’s strong anion-
binding capability enabled the formation of a dual-locking
mechanism that stabilized SO,>~ distribution within ZnSO,
electrolytes. This synergy between Zn anodes and the conductive
TiN framework resulted in a capacitance of 489.8 F g~ ' with
83.92% retention after 500 hours. Notably, TiN’s high conduc-
tivity and fibrous morphology also allowed for scalable cathode
loading (0.6-5.0 mg cm %), yielding a linear increase in
discharge capacitance and a volumetric energy density of
47.86 Wh L', When paired with a PAM-based gel electrolyte,
the flexible device maintained 354.3 F g~ over 3500 cycles
under mechanical deformation, demonstrating excellent adapt-
ability for wearable electronics.

Altogether, these advances underscore the transformative
potential of electrolyte-electrode co-design in enabling high-
performance ZIHCs. By harmonizing multi-ion flux regulation
with conductive scaffold architectures, these systems not only
suppress interfacial degradation and dendrite formation but
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also achieve unprecedented integration of energy density, rate
capability, and mechanical resilience.

4.2.1.2. Battery-type anode materials. In ZIHCs, battery-type
anodes offer the advantage of high capacity through Zn>" plating
and stripping, yet they are inherently constrained by kinetic
bottlenecks associated with competing ionic transport and
unstable electrode-electrolyte interfaces. Unlike their capacitive
cathode counterparts, which leverage rapid surface redox or ion
adsorption processes, battery-type anodes engage in bulk electro-
chemical transformations. These reactions are inherently prone
to challenges such as slow Zn** diffusion, interfacial degradation,
and competition among coexisting ionic species, including H',
electrolyte anions (e.g., SO,>~, Cl~, and Ac”), and other cations
present in dual-ion systems.*®*”! This intricate interplay within
the anode microenvironment not only challenges charge trans-
port and deposition uniformity but also amplifies the risk of
dendritic growth and parasitic reactions, highlighting the critical
need for finely tuned multi-ion regulation.

A foundational demonstration of these challenges and
opportunities was provided by Wang et al.,””> who employed a
Zn anode paired with oxidized carbon nanotube cathodes in a
ZnSO, electrolyte. This system achieved stable cycling over 5000
cycles at an operating voltage of 1.8 V. However, despite its
promising durability, the study also revealed persistent issues
such as inefficient Zn*" redistribution and uncontrolled dendrite
formation, highlighting the need for further interfacial and
morphological optimization. These issues exemplify the broader
difficulties in managing multiple ionic fluxes within battery-type
electrodes. Recognizing the limitations imposed by mechanical
and electrochemical instability, researchers have since advanced
toward structurally adaptive anode architectures. For instance,
Wang’s group’’® recently developed a stretchable Zn anode via a
swelling-induced wrinkling approach. By electroplating Zn onto
a self-healing polyurethane substrate, they created a mechani-
cally robust and deformable electrode, capable of maintaining
95.1% capacitance over 12000 cycles under extreme strain
conditions (300% tensile strain, 180° torsion), while delivering
a high volumetric energy density of 39.86 mWh cm>. This
system exhibited electrochemical stability even under multi-axis
bending, underscoring how mechanical compliance and ion
transport must be co-optimized in multi-ion carrier devices to
ensure performance continuity in flexible or wearable formats.
These advancements underscore the critical importance of co-
optimizing electrode morphology, ion transport pathways, and
interfacial chemistry to ensure stable multi-ion dynamics under
diverse operating conditions. By concurrently tackling critical
challenges such as ionic competition, structural degradation,
and phase boundary instability, these integrated approaches
demonstrate the transformative potential of multi-ion carrier
engineering to surpass traditional limitations in energy density,
power delivery, and cycle longevity within EPS systems.

Beyond physical design, electrolyte engineering has emerged
as a pivotal strategy in resolving the multidimensional chal-
lenges associated with battery-type anodes in ZIHCs. Multi-ion
carrier electrolytes, when properly modulated, can dramatically
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reshape ion transport behavior, deposition thermodynamics,
and interface chemistry. A seminal example reported by Wang
et al®’* utilized a chitosan-based quasi-solid electrolyte with
mesoporous channels, which enabled planar Zn plating through
coordinated stress redistribution and electrostatic regulation,
yielding 95% capacity retention over 20000 cycles. Building
further on this paradigm, Shin et al*”® introduced a Zn-Cu
dual-ion electrolyte system, wherein competitive cation interac-
tions effectively inhibited dendritic Zn growth while enhancing
anode utilization. This approach achieved an energy density of
41 Wh kg ' along with an ultralong cycle life exceeding
22000 cycles, delivering performance that rivals and, in some
instances, exceeds that of conventional lithium- and sodium-
ion systems. Similarly, Chen et al®”® employed a carboxyl-
functionalized cellulose hydrogel electrolyte, which imposed
molecular-level regulation on Zn>" migration and deposition. This
tailored electrolyte achieved an unprecedented 70 000-cycle lifespan
at 5 A g, reaffirming the critical role of ion-specific interactions
and interface stabilization in maximizing battery-type anode long-
evity. Innovations have also progressed through the use of chemical
additives. Shi et al.*”” introduced diphenylsulfone imide into the
electrolyte, which effectively stabilized the electrode-electrolyte
interface and enabled cycling beyond 300 000 cycles. This work
demonstrates how molecular-level modifications can signifi-
cantly reduce multi-ion cross-talk and cumulative degradation.
Even more compellingly, Wang et al.>*® reported a Zn>*/Mg>*
dual-cation electrolyte system that unveiled a novel electro-
chemical mechanism (Fig. 19¢). In this system, Mg”* ions act
through electrostatic shielding to suppress Zn dendrite for-
mation, while simultaneously facilitating the reversible co-
adsorption of Zn**, Mg®", and SO,  ions at the activated
carbon cathode. Raman spectroscopy confirmed weakened
M-0S05;>" (M = Zn**, Mg”") bonds, which enabled dynamic
phase transitions involving Zn,SO,(OH)s-xH,O, culminating in
98.7% capacity retention after 10000 cycles. This exemplifies
how the cohabitation of diverse charge carriers can catalyze
self-regulating interfacial behavior, balancing structural adapt-
ability and long-term reversibility. To further enhance ionic
coordination and transport, Lu et al.>’® pioneered the use of deep
eutectic electrolytes comprising heavy water/dimethyl sulfoxide
and Zn salts, forming low-viscosity media conducive to fast Zn>*
mobility and controlled de-solvation. These systems delivered
nearly 100% capacitance retention over 30000 cycles. Li et al.>”
refined this approach by developing a “self-decoupling” quasi-
eutectic electrolyte, wherein vehicle-type and hopping-type ion
transport were synergistically combined to lower kinetic barriers
and regulate multi-ion fluxes. The result was a durable and
efficient energy storage system that captures the essence of
multi-ion convergence for superior electrochemical performance.

Collectively, these advances underscore a fundamental prin-
ciple that the intentional integration of multiple ion carriers,
achieved through tailored electrolyte design, strategic electrode
architecture, and precise additive engineering, is crucial for
fully realizing the capabilities of hybrid energy storage systems.
As ZIHCs continue to evolve, both capacitor-type cathodes and
battery-type anodes emerge as pivotal platforms for harnessing
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the synergistic effects of diverse ionic species. By enabling
complementary charge storage mechanisms and enhancing
interfacial kinetics, these dual-electrode systems exemplify
how multi-ion carrier strategies can transcend traditional lim-
itations, paving the way for high-performance hybrid capacitors
capable of operating reliably under dynamic and high-demand
conditions.

4.2.2. Mg ion hybrid capacitors. Mg ion hybrid capacitors
(MIHCs) utilize the distinctive electrochemical characteristics
of divalent Mg”* ions, including their high volumetric capacity,
natural abundance, and dendrite-free deposition behavior, to
overcome the traditional trade-off between energy density and
power density in energy storage devices. Typically comprising
magnesium metal anodes paired with carbon-based or redox-
active cathodes, MIHCs offer a promising platform for high-
performance hybrid devices. However, their development con-
tinues to be limited by slow Mg*" diffusion kinetics, complex
solvation structures, and the formation of passivation layers at
the interface.**

Early contributions, such as the work conducted by Asmara
et al.,”° laid the groundwork by developing magnesium-ion gel
polymer electrolytes capable of mitigating ionic mobility limita-
tions in electrochemical double-layer capacitors. Since then,
research has increasingly focused on cathode engineering to
enhance MIHC performance, particularly by integrating struc-
tural confinement with optimized multi-ion transport dynamics.
For example, Mg-OMS-2/graphene composites took advantage of
the open 2 x 2 tunnel structures in manganese oxide molecular
sieves to enable reversible Mg®" intercalation.*®" This design
achieved a stable discharge capacity of 44.1 mAh g~ and
maintained 95.8% capacity retention over 500 cycles, demon-
strating the effectiveness of integrating structural accessibility
with optimized ion transport kinetics. Concurrently, progress in
anode design has also contributed to performance improve-
ments. Zhang et al®®' demonstrated that carbon molecular
sieves with preserved mesoporosity ensured efficient Mg”* acces-
sibility and delivered over 800 stable cycles. On the cathode side,
low-cost Mn;0, materials underwent in situ transformation into
Birnessite-type nanosheets during cycling, which, despite inher-
ent rate limitations, provided enhanced charge storage via
dynamic structural reconfiguration.**>

The versatility of multi-ion strategies in MIHCs is exempli-
fied by diverse material innovations spanning morphology
design, defect chemistry, phase engineering, and external
stimulus coupling. For instance, Li et al.**® reported B-MnO,
nanoflowers with optimized Mn®** content, which unlocked
capacitive-dominated charge storage behavior in -MnO,//AC
asymmetric configurations. This design achieved an energy
density of 60.8 Wh kg™ " and 74.1% capacity retention over
3500 cycles, highlighting the benefits of tailoring electronic
structure and morphology to enhance ion accessibility. Beyond
monolithic morphologies, complex heterostructured cathodes
such as Mn,0;@TiO,@MXene further demonstrate how inter-
nal electric field engineering and increased surface area can
accelerate Mg”" diffusion. This configuration delivered a spe-
cific capacitance of 292.4 F g~ ' and exhibited excellent cycling
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stability over 2400 cycles.*** Complementing these physical design
strategies, defect chemistry has emerged as a powerful approach to
modulate multi-ion transport dynamics. For example, Liu et al.*>*
engineered dual-ion defects, including sulfur vacancies and man-
ganese deficiencies, within MnS/MnO heterostructures. This syner-
gistic defect strategy significantly improved Mg?* transport,
resulting in a high capacity of 237.9 mAh ¢~ " and excellent cycling
stability with 94.3% retention after 10 000 cycles.

The material landscape of MIHCs has also been expanded by
advanced coordination compounds. Lanthanide-based MOFs,
such as Park et al’s®® Ho-HHTP nanorods, offer both high
electronic conductivity and strong chelation capabilities. Mg?*
ions are reversibly stored via coordination with catechol ligands
and insertion into Ho vacancies, yielding superior electrochemi-
cal stability and robust cycling performance. Simultaneously,
phase engineering has emerged as a key strategy for improving
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Mg?* accommodation. A Cs-induced phase transformation of
Mn;0, produced Mn-oxide phases with enhanced capacitive
characteristics, achieving an energy density of 124.91 Wh kg™ .
Ethylenediamine-functionalized Mn,0; cathodes further demon-
strated dynamic Mg>" chelation behavior, delivering a reversible
capacity of 188.97 mAh g~ and 98.83% retention over 2000 cycles
(Fig. 20a—c).****%” Moving beyond passive material modifications,
light-assisted MIHCs have introduced photonic activation as an
innovative enhancement mechanism. Park et al.**® demonstrated
a VO,-based photoresponsive cathode that significantly boosted
capacitance (by 56%) and energy density (by 21%) under solar
illumination. This work illustrates the potential of integrating
photonic and ionic pathways within a single device architecture
to surpass conventional electrochemical limitations.
Collectively, the integration of solvation dynamics, phase
engineering, interfacial defect modulation, and light-responsive
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(a) Magnesium ion capacitor assembly diagram. (b) GCD curves of EDA-Mn,03//AC. (c) Comparison of the cycling performances of Mn,O3//AC

and EDA-Mn,03//AC; the inset shows an alarm clock image. Reproduced with permission from ref. 386. Copyright 2024, Wiley. (d) Cycling performances
of the assembled Ca,NHVO-H@GO@CNT//AC CIHCs full cells at 50 mA g~*. (e) In situ ATR-FTIR spectra of NHVO-H@GO@CNT and the corresponding
GCD profiles. (f) Schematic illustration depicting the dynamic behavior of the electrolyte at the electrode interface during cycling. Reproduced with
permission from ref. 390. Copyright 2024, Wiley. (g) Schematic of the AIHCs (Al//AC) cell during discharge and (h) working mechanism of the cell in
thevoltage range of 0-2.0 V. (i) Gravimetric energy and power densities of the SHC900 AIHCs full-cell. Reproduced with permission from ref. 393.
Copyright 2022, the Electrochemical Society.
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strategies demonstrates the unique potential of multi-ion coor-
dination in MIHCs. By utilizing the synergistic interactions
among multiple charge carriers, these systems demonstrate
performance improvements that remain challenging for conven-
tional single-ion frameworks.

4.2.3. Ca ion hybrid capacitors. Ca ion hybrid capacitors
(CIHCs) represent a promising alternative to conventional
energy storage systems by taking advantage of the distinctive
properties of Ca**, including its divalent charge, high natural
abundance, low cost, and potential to support dual charge-
transfer mechanisms. Nevertheless, their practical application
is hindered by significant challenges associated with multi-ion
transport dynamics. Chief among these is the irreversible
formation of passivation layers on calcium anodes during
oxidation, which severely impairs Ca** stripping and plating
kinetics. In addition, the lack of stable electrolytes that can
sustain reversible multi-ion transport in organic media further
restricts the cycle life and rate performance of CIHCs.**° These
obstacles highlight the urgent need for integrated material and
interfacial engineering strategies that can harmonize Ca**
transport behavior with other participating ionic species.

To overcome these limitations, recent efforts have shifted
toward amorphous and heterostructured materials, where dis-
ordered atomic arrangements and interfacial tailoring offer new
degrees of freedom for tuning ion dynamics. For instance, Wang
et al*® demonstrated that amorphous MnO, (A-MnO,) nano-
spheres, synthesized via a simple solution-phase method, can
significantly enhance Ca®>* storage performance in calcium-ion
asymmetric supercapacitors (CASC). The defect-rich and isotropic
structure of A-MnO, facilitates efficient ion diffusion and accom-
modates volume expansion during cycling, yielding a specific
capacitance of 175 F g~ ' across a wide voltage window (0-2 V) and
an energy density of 96.8 Wh kg™ ' at a power density of
500 W kg~ . These findings highlight the importance of struc-
tural disorder in amplifying ionic conductivity and promoting
robust charge transport pathways in multi-ion systems. In
parallel, architectural innovations have focused on engineering
ion transport channels and stabilizing interfacial processes
through pre-intercalation and composite design strategies. A
notable example is the (NH,),VO46-1.35H,0@graphene oxi-
de@carbon nanotube (NHVO-H@GO®@CNT) composite cath-
ode developed by Wang et al.,**® which employs a hierarchically
integrated heterointerface to facilitate the synchronized co-
migration of Ca** and TFSI™ anions. This structural configu-
ration not only enhances ionic conductivity but also buffers the
structural framework during repeated cycling. The full cell
constructed using Ca,NHVO-H@GO®@CNT as the cathode and
activated carbon as the anode delivered a discharge capacity of
62.8 mAh g~ ' over 190 cycles (Fig. 20d). Operando ATR-FTIR
spectroscopy provided critical insights into the interfacial
processes involved (Fig. 20e and f), revealing that Ca**
de-solvation at the electrode surface is closely coupled with
the redistribution of TFSI™ in the electrolyte. This dynamic
interaction plays a pivotal role in maintaining ionic flux bal-
ance and ensuring interfacial stability throughout the charge
and discharge cycle.
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These advances highlight the critical role of multi-ion coor-
dination in governing the electrochemical performance and long-
term stability of CIHCs. The interplay between Ca®* de-solvation
kinetics, anion mobility, and defect-engineered electrodes is
essential for achieving high-capacity and durable operation. By
precisely tuning ionic speciation, interfacial charge distribution,
and bulk transport dynamics, CIHCs are evolving from early
conceptual designs into a transformative platform for next-
generation multi-ion energy storage, combining high capacity,
fast kinetics, and structural adaptability to meet the growing
demands of sustainable, high-power applications.

4.2.4. Alion hybrid capacitors. Building upon the progress
made in Ca-based systems, Al-ion hybrid capacitors (AIHCs) take
advantage of the distinctive properties of AI*" ions, including low
cost, high charge density, and natural abundance, and provide a
promising approach to addressing the persistent challenge of
balancing energy and power in sustainable multi-ion EPSs. As
multivalent cations, AI** jons have the potential to transfer more
charge per ion compared to monovalent or divalent ions, which
can significantly enhance the theoretical energy density of the
system. However, this same high charge density intensifies
electrostatic interactions, resulting in sluggish ion transport,
pronounced interfacial polarization, and de-solvation challenges.
These issues are further complicated by the hydrated nature of
AP** in aqueous systems, which demands electrode structures
with precisely engineered porosity and chemical affinity to enable
rapid ion diffusion and effective charge transfer.>*!

Initial breakthroughs in AIHCs demonstrated the feasibility
of AI** intercalation in host frameworks. Li et al.**" investigated
AI** storage using a Prussian blue analog (Al, ,CuFe-PBA), achiev-
ing a reversible capacity of 55 mAh g~ in aqueous electrolytes.
While this work laid a conceptual foundation for AP**-based
energy storage, it also revealed intrinsic kinetic limitations
associated with the strong hydration shell of multivalent ions.
These challenges highlighted the necessity for advanced multi-
ion carrier strategies that could facilitate efficient de-solvation,
ion transport, and interfacial charge transfer.

Subsequent studies have significantly expanded the opera-
tional scope of AIHCs through innovations in electrode archi-
tecture, electrolyte formulation, and cell configuration. A
landmark contribution by Ma et al*** introduced an asym-
metric aqueous rocking-chair ATHC featuring highly adaptive,
pore-structured electrodes engineered for dynamic compatibil-
ity with hydrated AI** ions. This design enabled a broadened
voltage window of up to 2.0 V, resulting in a volumetric energy
density of 112 Wh L' and a remarkable power density
of 30000 W L', with excellent cycling stability exceeding
10000 cycles. These results underscore the critical role of
synchronized multi-ion transport and stable interfacial double-
layer formation in sustaining high-performance operation. Com-
plementary advances in non-aqueous systems were reported by
Kim et al,*** who developed an ionic liquid-based AIHC using
AICl; paired with pore-engineered activated carbon electrodes. As
illustrated in Fig. 20g and h, the Al/AC device operates via dual
faradaic and capacitive processes, with the cathode functioning
as an EDLC and the anode as an Al-ion battery-type electrode

This journal is © The Royal Society of Chemistry 2025
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across a 0-2.0 V range. This hybrid configuration achieved an
energy density of 51 Wh kg™" while maintaining 97.9% of its
capacitance after 10000 cycles, thereby outperforming conven-
tional EDLC and nearing the performance standards of lithium
ion technologies. A comparative Ragone plot (Fig. 20i) further
highlights the superior energy-power profile of the SHC900-based
ATHCs, positioning it favorably against EDLCs, lithium-ion bat-
teries, and lithium-ion capacitors.

The evolution of AIHCs has also been propelled by environ-
mentally conscious materials design that aligns with the princi-
ples of green chemistry. Feng et al.’>** developed a solvent-free
synthesis strategy to produce porous carbon spheres (PCSs),
which not only minimized the ecological footprint of electrode
fabrication but also delivered a record-high double-layer capaci-
tance of 200 mAh g . This work demonstrated that sustainable
material synthesis can be effectively integrated with Al** storage
chemistry to improve overall device performance. Building on
this, He et al. developed a composite electrode consisting of
polypyrrole-coated molybdenum disulfide (PPy@MoS,/CC). The
MoS, component, with its naturally layered architecture, facili-
tated efficient AI’* intercalation when coupled with an optimized
electrochemical deposition method. The resulting electrode
achieved a high capacitance of 815 F g~ " at 2 A g~', with
71.3% of the total charge storage arising from diffusion-
controlled processes. This performance notably surpassed that
of similar systems based on monovalent (K', Na*) or divalent
(Mg?") ions, highlighting the unique advantages of trivalent ion
carriers in AIHCs.** A particularly compelling demonstration of
multi-ion synergy was reported by Tang et al.,>*® who constructed
a symmetric ATHC using benzoquinone-preintercalated layered
vanadium oxide (BQ-VO). The expanded interlayer spacing
(13.3 A) not only facilitated AI** intercalation but also enabled a
reversible redox process involving ClO, /CI” anions in an
Al(ClO,);/acetonitrile electrolyte. This dual-ion storage mecha-
nism delivered a high specific capacity of 152 mAh g~* and
exemplified how the cooperative interaction between multivalent
cations and complementary anions can significantly enhance
both energy storage capacity and cycling reversibility.

Collectively, these advances demonstrate that the electro-
chemical performance of ATHCs is determined not only by the
properties of AI**, but by the coordinated interaction of multi-
ple charge carriers, interfacial dynamics, and structural design.
Key performance limits are defined by the interplay among
hydration shell regulation, charge redistribution at electrode
interfaces, and mechanical strain accommodation within host
materials. While challenges such as Al**-induced polarization
and interfacial degradation persist, ongoing improvements in
pore architecture, electrolyte formulation, and green synthesis
are steadily addressing these issues. Looking ahead, the inte-
gration of operando spectroscopy, multiscale modeling, and
machine learning-driven material discovery is expected to dee-
pen understanding of ion transport mechanisms and enhance
the synergistic behavior between AI** and Co-ions.

Although HBCs have garnered increasing attention due to
their ability to bridge the gap between high-energy batteries and
high-power capacitors, several intrinsic challenges continue to
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hinder their practical competitiveness relative to DIBs. A pri-
mary limitation lies in the kinetic mismatch between the
battery-type and capacitor-type electrodes, which often leads to
asymmetric charge-discharge behavior and underutilization of
electrode capacity. Additionally, the poor interfacial compatibil-
ity between electrodes and electrolytes contribute to issues such
as rapid capacity fading and limited cycling stability. The
necessity of managing ion transport across dissimilar electrode
materials further complicates cell architecture and impairs
power density. In contrast, DIBs often operate at higher voltages
due to the intercalation-based reaction mechanism at the
cathode. When paired with appropriately matched ion-host
materials, this feature enables higher energy density, broader
electrochemical tunability, and increased design flexibility.

To bridge the performance gap between HBCs and DIBs,
future research should focus on developing electrode materials
with harmonized charge storage kinetics and compatible ion
diffusion dynamics. The design of multifunctional electrolytes
capable of stabilizing both faradaic and non-faradaic processes
is also essential. In addition, interfacial engineering strategies
that improve electrolyte wettability, suppress parasitic reactions,
and enhance structural integrity will be key to improving HBC
longevity. Coupling these advances with in situ/operando diag-
nostic techniques and data-driven material discovery platforms
could accelerate the rational optimization of HBC systems.
Collectively, these efforts are expected to push HBC technologies
toward more competitive performance and broader application
potential.

5. Fuel cells

Fuel cells have long been regarded as a cornerstone of clean
energy technologies due to their high energy conversion effi-
ciency and zero carbon emissions and are emerging as critical
platforms in the transition to a low-carbon energy future. From
Schoenbein’s seminal work in 1838 to Grove’s gas battery proto-
type in 1839,>%” the evolution of fuel cells has been underpinned
by their ability to directly convert chemical energy into electricity
through electrochemical redox reactions, circumventing the ther-
modynamic losses inherent in combustion-based power genera-
tion. A typical fuel cell consists of an anode, a cathode, a
membrane, and an electrolyte. During operation, fuels such as
H,, carbon monoxide, or small organic molecules are oxidized at
the anode, while oxidants like O, or hydrogen peroxide (H,0,) are
reduced at the cathode (Fig. 21a). Although H, remains the most
commonly used fuel, hydrocarbon-derived fuels including hydra-
zine (N,H,), sodium borohydride (NaBH,), alcohols, and alde-
hydes have gained increasing attention. Unlike primary batteries,
fuel cells are not limited by internal reactant storage and can
provide continuous and stable electricity generation as long as
fuel and oxidants are supplied. By bypassing combustion, fuel
cells achieve higher energy efficiency, enhanced environmental
compatibility, structural flexibility, and fuel adaptability.

Fuel cells are traditionally categorized based on their elec-
trolyte composition and ion transport characteristics in
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alkaline fuel cells (AFCs), proton exchange membrane fuel cells
(PEMFCs), phosphoric acid fuel cells (PAFCs), molten carbonate
fuel cells (MCFCs), and solid oxide fuel cells (SOFCs).**” These
conventional systems rely predominantly on monovalent ionic
conduction, either H' in acidic or polymer-based membranes, or
oxygen ions (0®7) in ceramic electrolytes, to mediate charge
transfer between electrodes (Fig. 21a).”>*%**% However, chal-
lenges such as catalyst poisoning, insufficient electrolyte stability,
limited humidity tolerance, and high temperature requirements
have spurred a paradigm shift to incorporating multiple ionic
species fuel cells for enhanced transport dynamics and reactivity.

Among these, PEMFCs and SOFCs currently represent the
most widely implemented technologies. PEMFCs operate below
100-300 °C and typically rely on platinum (Pt) based electrocata-
lysts, leading to high material costs and sensitivity to CO
poisoning.®*® Furthermore, their proton conductivity degrades in
low-humidity environments, and non-uniform fuel distribution
can corrode catalyst layers. In contrast, SOFCs utilize high-
temperature (typically >700 °C) O*>~ conduction, offering broader
fuel flexibility but suffering from long startup times, thermal
mismatch-induced degradation, and elevated system costs.**!

To overcome these limitations, the development of multi-ion
carrier systems has emerged as a promising strategy. Hybrid
acid-alkali fuel cells, for instance, incorporate spatially sepa-
rated acidic and basic electrolytes, enabling concurrent H" and
OH™ conduction. Ionic equilibrium is maintained through
selective migration of counter-ions (e.g., K', Cl7), facilitating
efficient charge transport while expanding the range of viable
fuels, including N,H,, borohydride, alcohols, formic acid, and
formaldehyde (Fig. 21b). In parallel, the evolution of SOFCs has
been accelerated through the design of mixed ionic-electronic
conductor (MIEC) electrodes capable of simultaneously con-
ducting H', 07, and e, thus enlarging reaction zones and
suppressing interfacial polarization.*®> Strategies such as A-site
deficiency and B-site doping have been shown to induce
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synergistic oxygen vacancy and proton defect formation,
enabling co-migration of O* /H'/e” and improving power
density and fuel adaptability at intermediate temperatures.

And by replacing the H,-rich fuels with metals (e.g., Li, Na,
K, Zn, Mg, Fe, Al, etc.) as the anode, and using open air (e.g., O,,
N,, CO,, etc.) as the cathode oxidant, metal-air battery batteries
(MABs) systems are constructed. Once constrained by single-
ion chemistry (e.g., Li" or Na'), these systems now exploit
dynamic coordination between metal cations and oxygen-
derived species (e.g.,, H,O, OH"), yielding superior discharge
kinetics and tailored product evolution.****** This has led to
the rational design of hybrid electrolytes such as Li'/OH™,
which decouple traditional ionic transport limitations, enhan-
cing both energy density and reversibility. MABs can theoreti-
cally achieve energy densities exceeding 1000 Wh kg, making
them attractive for lightweight and portable energy systems.

As for the cathode, H,0, is a liquid oxidant that can replace
0O, for the cathode reaction. Metal-H,O, fuel cells have been
revitalized by integrating multi-ion transport schemes. Initially
developed by the U.S. Naval Research Laboratory (NRL) in the
1960s,'” these systems pair metals such as Zn, Mg, or Al as
anodes with H,0, as the liquid oxidant at the cathode. The
energy conversion process involves not only the migration of
metal cations (M"") and reactive oxygen intermediates (e.g.,
HO,™ and 0O,), but also pH-coupled carriers (H'/OH ™), allowing
tunable redox kinetics, high output power, and corrosion
control. These cells are particularly advantageous for fast-start
applications and low-weight systems due to the liquid-phase
catholyte and modular design.

A novel direction in aqueous fuel cells involves metal-H,O
systems, where H,O, rather than atmospheric O,, serves as the
cathodic reactant. The spontaneous oxidation of active metals
(e.g., Al, Mg, Zn) triggers hydrogen evolution from water, which
is subsequently utilized electrochemically with air or other
oxidants. This water-centric design bypasses the need for

This journal is © The Royal Society of Chemistry 2025
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gaseous O,, enabling sealed operation in marine or subterra-
nean environments."**®

The historical trajectory of fuel cell development, from
single-ion (H" or O*7) conduction to strategically engineered
multi-ion systems, demonstrates a clear evolution in charge
transport complexity. Modern advances in multi-ion design not
only extend the operational temperature and fuel flexibility of
fuel cells but also enhance redox efficiency, durability, and energy
density across a wide range of application scenarios. This section
will explore recent breakthroughs in hybrid acid-alkali fuel cells,
hybrid H'/O*> /e~ conducting SOFCs, MABs, and metal-H,0, and
metal-H,O fuel cells, highlighting how the synergistic interplay
between diverse ionic carriers fundamentally redefines interface
dynamics and electrochemical performance.

5.1. Hybrid acid-alkali fuel cells

Traditional PEMFCs operate on a principle that can be likened
to the “reverse” process of water electrolysis, comprising an
anode, a cathode, and a proton exchange membrane.'>*%74
The anode serves as the site for the hydrogen oxidation reaction
(HOR), while the cathode facilitates the oxygen reduction
reaction (ORR).’**° Both electrodes in PEMFCs are equipped
with catalysts to facilitate electrochemical reactions, while
the proton exchange membrane (PEM) serves as the electro-
lyte.*>>**” PEMFCs typically operate using H, fuel under either
acidic or alkaline conditions, referred to as acidic or alkaline
fuel cells, respectively. In these systems, H and OH™~ function
as the primary ionic carriers. It is well known that acid-base
neutralization (H' + OH  — H,0) is a spontaneous and
exothermic process with a standard molar Gibbs free energy
change (AG’) of 79.9 k] mol~*. When this neutralization energy
is converted into electricity, it is referred to as electrochemical
neutralization energy (ENE).*>® In a conventional alkaline fuel
cell (pH = 14), H, is oxidized to H,O at the anode (E’ = 0.828 V),
while O, is reduced to OH ™ ions at the cathode (E’ = 0.401 V),
yielding a theoretical cell voltage of 1.229 V (Fig. 22a).*>*

In contrast, an acidic fuel cell (pH = 0) operates with hydrogen
oxidation at the anode to generate protons (E’ = 0 V), and oxygen
reduction at the cathode to form water (E° = 1.229 V), also
resulting in a theoretical voltage of 1.229 V (Fig. 22b). However,
since both the HOR and ORR are pH-dependent, decoupling the
acid and alkali environments, where the ORR occurs in acidic
media (E” = 1.229 V) and HOR in alkaline media (E’ = 0.828 V),
enables a significantly enhanced theoretical voltage of 2.057 V
due to the additional contribution from ENE (Fig. 22c).*>® The
corresponding electrochemical reactions and electrode potentials
vary with electrolyte pH, as outlined below:

HOR at the anode:
H, - 2H" +2e~ (E°=0V, pH=0) (26)

H, + 20H — 2H,0 +2e  (E” = —0.828 V, pH = 14)
(27)

ORR at the cathode:

4H' + 0, + 4e” — 2H,0 (E°=1.229V,pH=0) (28)
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2H,0 + O, + 4~ — 40H  (E° =0.401 V, pH = 14)

(29)
Overall:
Acidic HOR and alkaline ORR:
2H, + O, + 2H,0 — 4H' + 40H~ (E° = 0.401 V)
(30)

Alkaline HOR and acidic ORR (Fig. 22c¢):

2H, + 0, +4H' +40H™ — 6H,0 (E°=1.229V +0.828 V=2.057 V)

(31)

This principle has inspired the use of asymmetric acid-
alkali electrolytes to extend the potential window in aqueous
electrochemical devices, improve energy and power efficiency,
and eliminate the reliance on noble metal catalysts, thereby
reducing costs. Recent studies have demonstrated the applic-
ability of hybrid acid-alkali fuel cells to a wide range of fuels,
including H,, N,H,, sodium borohydride, formaldehyde, alco-
hols, and ascorbic acid. This section provides a comprehensive
overview of these systems, with a particular focus on hybrid
acid-alkali H, fuel cells, direct hydrazine fuel cells (DHzFCs),
direct borohydride fuel cells (DBFCs), formaldehyde hydrogen
fuel cells (FHFCs), direct alcohol fuel cells (DAFCs), and direct
ascorbic acid fuel cells (DAAFCs).

5.1.1. Hybrid acid-alkali H, fuel cells. Cohen et al*'
pioneered a hybrid acid-alkali H,-O, fuel cell with planar
microfluidic membraneless design that utilizes the laminar
flow of fuel and oxidant streams between two parallel-plate
electrodes achieved high voltage in 2005 (Fig. 22d). This system
employs H, dissolved in 0.1 M KOH as the fuel and O, dissolved
in 0.1 M H,SO, as the oxidant. The dual-electrolyte system
achieved a remarkable OCV of over 1.4 V and power generation
of 0.6 mW cm 2, which were nearly 500 mV and 0.25 mW c¢cm >
greater than the values obtained for single electrolyte systems
respectively. This improvement stems from the enhanced reac-
tion kinetics: the HOR occurs more rapidly in the acidic
environment, while the ORR benefits from superior kinetics
in the alkaline medium. The design eliminates the need for a
PEM by leveraging the diffusion interface formed between the
fuel and oxidant streams within microchannels, thereby pre-
venting the homogenization of the acid and base streams,
facilitating ion (H'/OH) conduction across the solution inter-
face and reducing the cost.

Building on this concept, bipolar membrane (BPM) fuel cells
emerged as a structurally robust alternative, integrating cation-
exchange membrane (CEM, e.g., Nafion) and anion-exchange
membrane (AEM) into a single unit to orchestrate directional
H" and OH transport (Fig. 22e).*'! Interestingly, the balance
between electroosmotic drag of water and diffusion of H'/OH ™~
could address the chronic water-management challenges of
traditional PEMFCs. Nonetheless, challenges remain with phy-
sically bonded CEM-AEM assemblies. Potential safety risks
such as membrane delamination and electrochemical
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Fig. 22 (a)-(c) Comparison of polarization curves for ORR and HOR, along with theoretical cell voltages, in alkaline, acidic, and hybrid acid—alkali H,/O,
fuel cell systems, respectively. Reproduced with permission from ref. 458. Copyright 2024, Wiley. (d) Side view of a planar microfluidic membraneless fuel
cell. Reproduced with permission from ref. 410. Copyright 2005, American Chemical Society. (e) Schematic of the operation mechanism for hybrid fuel
cells integrating alkaline HOR at the anode and acidic ORR at the cathode. Reproduced with permission from ref. 411. Copyright 2009, American
Chemical Society. (f) Configuration of a CF-FC comprising an alkaline HOR chamber (NaOH), a neutral ion transport chamber (Na,SO,4), and an acidic
ORR chamber (H,SO4,), separated by AEM and CEM. Reproduced with permission from ref. 21. Copyright 2024, Wiley. (g) Reaction scheme based on an
acid—alkaline patterned cathode catalyst layer. Reproduced with permission from ref. 412. Copyright 2023 Elsevier. (h) Schematic of a membraneless
continuous-flow acid—alkali bipolar electrolyte DHzFC using graphite plates sealed with polymeric materials. Reproduced with permission from ref. 416.
Copyright 2014, the Korean Electrochemical Society. (i) Schematic of a hybrid acid—alkali DHzFC replacing the sluggish ORR with a more facile HER.

Reproduced with permission from ref. 417. Copyright 2023, Elsevier.

instability at the hot-pressed interface may result in water
accumulation, phase separation, and structural degradation
over time.*"?

To circumvent these limitations, Dai et a proposed a
coupled-flow fuel cell (CF-FC) with spatially segregated acidic
(ORR), neutral (ion-exchange), and alkaline (HOR) chambers,
separated by an AEM and a CEM (Fig. 22f). This architecture
leveraged the electrochemical neutralization energy of H' and
OH ™ (theoretical OCV = 2.057 V) while enabling Na* and SO,>~ to
serve as auxiliary charge carriers, achieving an experimental OCV
of 1.81 V and stable discharge at 1.16 V (50 mA cm™> for 110 h).
Further innovation came from Qiao et al.,*'* who hybridized the
catalyst layer itself by embedding alkaline ionic conductors (e.g,
quaternary ammonium hydroxides) into a traditional Nafion-
based acidic catalyst layer (CL). This “mixed-matrix” approach
localized H'/OH™ recombination at the nanoscale, creating self-
humidified microenvironments that maintained membrane
hydration without flooding (Fig. 22g). The resulting interfacial

121
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charge equilibration not only improved proton conductivity under
low humidity but also demonstrated how multi-ion carrier engi-
neering could be scaled down to the molecular level.

5.1.2. Hybrid acid-alkali DHzFCs. While utilizing H, as fuel
has witnessed significant advancements in terms of performance
optimization and system integration,*" its widespread com-
mercialization remains constrained by critical issues related to
the safe storage and transportation of H,, a highly flammable
gas.”™ In this context, liquid-phase hydrogen carriers such as
N,H,, which possesses a high hydrogen storage capacity
(12.5 wt%) and favorable transport safety profile, have emerged
as promising alternatives, called DHzFCs. The application of
N,H, in alkaline fuel cells dates back to the 1970s,*' owing to
its carbon-free molecular structure that prevents catalyst
poisoning by CO or other incomplete oxidation byproducts.
Furthermore, the high theoretical electromotive force (1.56 V)
of DHzFCs contributes to elevated energy output. Despite these
advantages, the commercialization of DHzFCs is hampered by

This journal is © The Royal Society of Chemistry 2025
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the inherently sluggish ORR kinetics at the cathode, a limitation
that has spurred innovative approaches leveraging multi-ion
carrier dynamics in hybrid acid-alkali systems.

To address this challenge, Durga et al.*'® devised a mem-
braneless continuous-flow acid-alkali bipolar electrolyte fuel cell
using graphite plates molded with poly(dimethylsiloxane)
(PDMS) and sealed with poly(methylmethacrylate) (PMMA)
(Fig. 22h). In this configuration, N,H, as the fuel undergoes
oxidation in the alkaline compartment, while H,0O, is reduced at
the acidic cathode, the specific reaction equation is as follows:*'®

Anode:

N,H, + 40H — N, + 4H,0 + 4e~ (E°=-1.17V) (32)
Cathode:
3H,0, + 6H" + 6~ —» 6H,0 (E°=1.78V) (33)

The spatial separation of the two reactions allows for the
direct utilization of the pH gradient and enables the simulta-
neous conduction of H and OH™ across the liquid-liquid inter-
face. This multi-ion carrier system yields an OCV of 1.72 V and a
peak power density of 27.2 mW e¢cm ™2, underscoring the benefits
of coupling hydrazine oxidation with a highly reactive cathodic
process under asymmetric pH conditions.

Recognizing that the ORR remains a bottleneck in such
configurations, researchers have turned to alternative cathodic
reactions with superior kinetics. In particular, Wang’s team*"”
proposed a hybrid acid-alkali DHzFC that replaces the sluggish
ORR with the more facile HER, thereby enabling concurrent
power generation and H, production (Fig. 22i). Utilizing a 3D
nanoporous Ni-Co selenide (Ni,Co,_,Se,) catalyst, the system
facilitates hydrazine oxidation (HzOR) at the alkaline anode
and the HER at the acidic cathode, denoted as:

Anodic reaction:

N,H, + 40H™ — N, + 4H,0 + 4de~ (34)

Cathodic reaction:

2H" +2e” - H, (35)

This reaction pairing capitalizes on the fast 2~ HER pathway
compared to the 4e” ORR and significantly lowers the voltage
barrier for hydrogen production. The bidirectional migration of
OH™ and H' across the BPM leverages the substantial pH
gradient (ApH =~ 14.6), converting ENE into enhanced OCV
(theoretical 1.16 V). The integrated system achieves a peak power
density of 13.3 mW cm ™2, near-100% faradaic efficiency (FE) for
hydrogen generation (>180 pmol h™"), and stable cycling over
105 cycles. This design demonstrates how multi-ion conduction
through BPMs not only facilitates charge balance but also boosts
energy efficiency, providing a dual-functional energy solution
that merges hydrogen production with sustainable power output.
Expanding upon this dual-ion strategy, Liu et al.*** developed a
similarly configured hybrid acid-alkali system using Pd-based
bifunctional electrocatalysts to further optimize HER and HzOR
performance, which pushed performance boundaries to
18.2 mW cm™ > with 120 h stability. The atomic-level design
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of Pd clusters optimized the Gibbs free energy landscape for
both N,H, oxidation and hydrogen evolution, enabling tunable
H, production rates (0.184-0.932 mmol h™ ") while maintaining
nearly-100% FE.

5.1.3. Hybrid acid-alkali DBFCs. The quest for efficient
hydrogen storage and conversion technologies has led to
significant interest in borohydride as an alternative to
conventional fuels like N,H, and alcohols, overcoming their
inherent limitations of toxicity, slow kinetics, and crossover
effects.*'® With a remarkable theoretical energy density of
9.3 kWh kg™' and 10.6 wt% hydrogen content, NaBH, offers
distinct advantages in safety, stability, and environmental
compatibility, making it particularly attractive for portable
applications. Since their pioneering development by Amendola
et al.,*'® DBFCs employing oxidants (O,, air, or H,0,) with CEM
have demonstrated remarkable progress, with reported power
densities surging from 60 mW cm™> to 680 mW cm™ . This
substantial performance enhancement underscores their
emerging viability for portable power applications.

Conventional DBFCs typically operate in alkaline environ-
ments due to the instability of BH, in neutral or acidic media
(Fig. 232).>°° In this context, the electrochemical oxidation of
BH, generates 8¢~ at the anode, while the ORR at the cathode,
as described by the follow reaction:**

Anodic reaction:

BH, +80H — BO, +6H,0 + 8¢  (E°=—1.24 V vs. SHE)
(36)

Cathodic reaction:
For O, as the oxidant:

0, + 2H,0 + 4e~ — 40H (E” = 0.40 V vs. SHE)
(37)

For H,O0, as the oxidant:

H,0, + 2~ — 20H  (E° = 0.87 V vs. SHE) for alkaline media
(38)

H,0, + 2H" +2¢~ — 2H,0 (E” = 1.77 V vs. SHE) for acidic media
(39)

In all these cases, the ionic conduction involves the co-
migration of BH, , BO,”, H', or OH™, indicating the presence
of a multi-ion carrier environment essential for charge transport
and electrochemical conversion. However, several fundamental
issues plague traditional DBFCs. The low redox potential of the
cathodic ORR (0.4 V vs. SHE) in alkaline media restricts the
achievable cell voltage (theoretical 1.64 V; practical OCV ~1 V),
while the poor selectivity of the borohydride oxidation reaction
(BOR) often leads to hydrolysis rather than electron transfer,
thus reducing the actual electron yield below the theoretical
8e~ and lowering energy conversion efficiency, whereas combin-
ing anode and cathodic reactions leads to the net cell reaction of
a typical acid-alkali DBFC, with a theoretical OCV of 1.64-
3.01 v.*%

A transformative approach to these limitations emerged
through the integration of hybrid acid-alkali electrolytes,
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Fig. 23 Schematic representations of various hybrid or multi-ion direct liquid fuel cells: (a) a typical DBFC utilizing O, air, or H,O, as oxidants.
Reproduced with permission from ref. 399. Copyright 2010, Elsevier. (b) Configuration and operating principles of a DBFC. Reproduced with permission
from ref. 420. Copyright 2010 Royal Society of Chemistry. (c) Schematic of a bifunctional BOR-HER fuel cell. Reproduced with permission from ref. 401.
Copyright 2025, Elsevier. (d) An h-AAFHFC for simultaneous electricity and H, production. Reproduced with permission from ref. 422. Copyright 2025,
Wiley. (e) Theoretical voltage profiles of DEFCs. Reproduced with permission from ref. 426. Copyright 2011, Elsevier. (f) A hybrid acid—alkali DEFC
employing an alkaline anode and acidic cathode configuration. Reproduced with permission from ref. 426. Copyright 2011, Elsevier. (g) A hybrid acid—
alkali DGFC integrated with the GOR-ORR and the GOR-HER. Reproduced with permission from ref. 429. Copyright 2024, Wiley. (h) Operating principle
of a DAAFC containing VO?*/VO?* in an acidic catholyte. Reproduced with permission from ref. 432. Copyright 2022, Elsevier.

effectively introducing additional ionic species and enhancing
reaction kinetics via pH gradient-driven energetics.*’® For
example, Wang et al.**° pioneered an acid-alkali DBFC utilizing
a ceramic lithium super-ionic conductor (LISICON) as the
separator (Fig. 23b). In this design, BH,  oxidation occurs in
the alkaline compartment, while H,O, reduction takes place in
the acidic compartment, mediated by Li* migration across the
LISICON membrane, written as:
At the alkaline anode:

Zn + 40H - Zn0,>” +2H,0 +2¢~ (E°=—-13V) (40)
BH, +20H — BH;OH +H,0+2e  (E°=124V) (41)
At the acid cathode:

4H,0, + 8H" + 8¢~ — 8H,0 (E°=1.77V) (42)

9760 | Chem. Soc. Rev, 2025, 54, 9685-9806

This multi-ion conduction framework, where Li" migrates from
the alkaline anode to the acidic cathode while maintaining a
suppressed H' backflow, sustains a stable cell voltage of 2.1 V,
significantly higher than traditional DBFCs. The dual contribution
from BH,  and Zn oxidation at the anode and H,O, reduction at
the cathode theoretically enables voltages up to 3 V. Nonetheless,
practical performance was constrained by slow H,O, reduction
kinetics and modest Li" conductivity (10”* S em™"), highlighting
the critical role of ion transport optimization in hybrid systems.

Further advancements in multi-ion carrier management
were demonstrated by Liu et al.>* who replaced the traditional
ORR with HER at the acidic cathode, coupled with an 8¢~ BOR
at the alkaline anode, represented as (Fig. 23c):

At the alkaline anode:

BH,” + SOH™ — BO,"

+6H,0 + 8¢ (43)

This journal is © The Royal Society of Chemistry 2025
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At the acidic cathode:

2H +2¢ — H, (44)

Their bifunctional catalyst created an OH -enriched micro-
environment on Pd active sites, effectively suppressing BH, ™
hydrolysis while promoting electrochemical oxidation. The
system harnessed the pH gradient-driven ENE through direc-
tional OH /H' migration, generating a 0.86 V built-in potential
that enabled self-powered operation. This design achieved a
peak power density of 19.9 mW c¢cm™ > and near-quantitative FE
for H, production (1.86 mmol h™" at 100 mA cm™?), showcasing
how intelligent ion flux control could simultaneously address
energy conversion and storage challenges.

Expanding on this concept, Zhu et al.**" developed a Cu-based
catalyst (Cu-CoP/CF) for a bifunctional BOR-HER system. The
in situ reduction of Cu’ to Cu’ induces a localized OH -rich
microenvironment on the catalyst surface, inhibiting H" adsorp-
tion and thereby suppressing BH,  hydrolysis (Fig. 23c). Concur-
rently, the thermodynamic barrier for the BOR is lowered, boosting
the oxidation selectivity to 85%. The resulting device achieves a
peak power density of 114 mW c¢m™>, over twice that of conven-
tional DBFCs, and a H, production rate of 40 mol h™" m~?.

These developments exemplify how integrating acid-alkali
fuel cells with carefully engineered catalysts and exploiting multi-
ion carrier transport, comprising BH,~, OH™, H', BO,, and even
Li*, can dramatically enhance the efficiency and controllability of
H, conversion processes. These strategies represent a paradigm
shift in DBFC design, enabling new avenues for practical and
sustainable hydrogen energy systems.

5.1.4. Hybrid acid-alkali FHFCs. Formaldehyde represents
a promising yet underexplored H, carrier, offering significant
potential for efficient H, generation, but also poses formidable
environmental challenges.””’ Our group*** has pioneered a
transformative approach to this dichotomy through the hybrid
acid-alkali FHFC (h-AAFHFC), which ingeniously combines low-
potential anodic formaldehyde partial electroreforming with the
cathodic HER (Fig. 23d). This integrated system establishes a
groundbreaking self-powered hydrogen production paradigm
that simultaneously addresses energy conversion efficiency and
environmental sustainability.

At the heart of this innovation lies a sophisticated multi-ion
carrier mechanism operating across pH gradients. The alkaline
anode compartment facilitates formaldehyde oxidation to for-
mate, while the acidic cathode promotes H' reduction, with OH ™~
and H' migration through ion-selective membranes creating an
additional ENE contribution. This carefully orchestrated ion
transport h-AAFHFC system achieves remarkable performance
metrics, an OCV of 1.11 V, a peak power density of 94 mW cm ™,
and an extraordinary ~200% FE for simultaneous hydrogen
production at both electrodes. Such an extraordinary FE reflects
not only the utilization of formaldehyde as a dual-purpose fuel
and hydrogen source but also the efficient coupling of redox
processes facilitated by the multi-ion flux. In addition, the co-
generation of electricity and acetic acid as a value-added product
further enhances the system’s sustainability and economic
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viability. Moreover, the catalyst design and system integration
underscore the importance of precise electrochemical interface
engineering, where the orchestrated transport of multiple ion
species plays a central role in regulating reaction environments,
charge balance, and overall energy efficiency.

5.1.5. Hybrid acid-alkali DAFCs. DAFCs, which utilize H,-rich
organic fuels such as methanol, ethanol, ethylene glycol, and
glycerol, have emerged as promising alternatives for hydrogen
storage and supply due to their high energy densities and liquid-
phase compatibility under ambient conditions.**° These systems
offer a pragmatic approach to circumvent the complexities
associated with gaseous hydrogen handling. DAFCs encompass
various subtypes, including direct methanol (DMFCs), direct
ethanol (DEFCs), direct ethylene glycol (DEGFCs), and direct
glycerol fuel cells (DGFCs), each with specific redox properties
tailored to different application scenarios. Traditionally, DAFCs
have been investigated in both acidic and alkaline environ-
ments.*>* Acidic DAFCs often provide higher power densities but
require precious metal catalysts (e.g., Pt, Pd, and Ru) and suffer
from significant alcohol crossover due to cationic membrane
design.”** Alkaline DAFCs, on the other hand, allow for the use
of more cost-effective, non-precious metal catalysts and exhibit
lower fuel crossover owing to anion transport mechanisms.
However, their performance is hampered by the inherently lower
conductivity of hydroxide ions relative to protons, ultimately
limiting overall cell power density.**

To address these inherent trade-offs, recent strategies have
focused on leveraging the advantages of both acidic and alkaline
systems through spatial pH separation and the introduction of
multi-ion carrier mechanisms. As shown in Fig. 23e, when
comparing conventional PEMs and AEMs, DEFCs using O, as
the oxidant show an equivalent theoretical voltage of 1.14 V.
However, the lower anodic and cathodic overpotentials in AEM-
DEFCs suggest more favorable kinetics in alkaline media. Upon
switching the oxidant to H,O,, both systems benefit from an
elevated cathodic potential, yielding higher theoretical voltages of
1.69 V for PEM-DEFCs and 1.61 V for AEM-DEFCs (Fig. 23f). To
further enhance cell output, a hybrid system comprising an
alkaline anode and acidic cathode with H,O, as the oxidant
was introduced, integrating multi-ion transport pathways and
establishing a strong pH gradient. NaOH enables the ethanol
oxidation reaction (EOR) at the anode (pH = 14), while H,SO,
supports H'-mediated H,0, reduction at the cathode (pH = 0),
written as:

Anode:

(E° = —0.74 V)
(45)

CH,CH,OH + 120H™ — 2CO, + 9H,0 + 12¢~

Cathode:
6H,0, + 12H" + 12¢” — 12H,0 (E°=+1.78 V) (46)

¢ achieving an

An et al. first realized this configuration,””
OCV of 1.60 V and a peak power density of 240 mW c¢m™ >
significantly outperforming conventional DEFCs by 2—4 fold. These

improvements derive from higher thermodynamic potential
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(2.52 V), reduced cathodic overpotential, and enhanced ethanol
oxidation kinetics. The system’s operation hinges on the coordi-
nated migration of OH~ from the alkaline anode and H' at the
acidic cathode, while Na/SO,>~ serves as charge-balancing species.

Despite these advances, challenges remain. H,0, decompo-
sition on Pt cathodes and ethanol crossover generate mixed
potentials that reduce effective cathode voltage. Nevertheless,
this hybrid strategy has been extended to other alcohols. Pan
et al.*** developed a split-pH DEGFC achieving a power density
of 115 mW cm™ > and an OCV of 1.42 V, comparable to O,-fed
alkaline DEGFCs. By pairing alkaline anode chambers (with 1-
propanol, glycerol, and 2-propanol in NaOH) with acidic per-
oxide cathodes (in H,SO,), these systems maintained >100
mW cm™? power densities while utilizing cost-effective carbon
black cathodes.*”” This design flexibility stems from the
decoupled optimization of ion-specific environments: OH -
rich anodes facilitate alcohol dehydrogenation through nucleo-
philic attack, while H'-dominant cathodes accelerate peroxide
reduction kinetics, with the interfacial pH gradient contribut-
ing an additional 0.059 V/ApH unit through ENE. Notably, this
design eliminates the need for Pt, validating the feasibility of
cost-effective cathode materials while supporting a wide spec-
trum of liquid fuels.

Most recently, our group**®**® has elevated this concept to
new heights through innovative catalyst and system designs.
The high-entropy sulfide anode (FeCoNiCrMnS,/CC) in hybrid
alkali-acid DGFCs demonstrated how multi-element synergy
could overcome precious metal limitations while maintaining
50.1 mW em™> power output and 120 h stability. The configu-
ration exploits the synergistic migration of OH™ and H' to
respectively drive the glycerol oxidation reaction (GOR), ORR,
and HER, expressed as follows (Fig. 232):

Anode:
C3HgO; + 110H™ — 3HCOO™ + 8H,0 + 8¢~ (47)
Cathode:
ORR:
O, +4H" + 4~ — 2H,0 (48)
HER:
2H" +2e” — H, (49)

This architecture not only suppresses precious metal depen-
dence via multi-element synergy but also achieves chemical
production, formate generation at 120 pmol h™* ecm ™2, while
maintaining excellent stability (<0.1% metal dissolution). This
represents a significant step toward a dual-function ‘“‘energy-
chemical coproduction” platform and exemplifies the potential
of high-entropy materials in electrochemical systems. Notably,
the integrated GOR-ORR and GOR-HER system established a
closed-loop, self-powered biorefinery paradigm mediated by
precisely controlled multi-ion carriers dynamics.**® The break-
through intermetallic PtZn@N-C catalyst system further pushed
boundaries, achieving a peak power density of 286.8 mW cm >
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at an industrial-relevant current density (100 mA cm™~?), through
optimized OH /H" flux balance.*'®

In summary, hybrid acid-alkali fuel cells provide an inno-
vative path forward for high-efficiency, low-cost energy systems.
By leveraging the spatial separation of redox environments and
enabling synergistic multi-ion transport (e.g., reactive ions
OH /H', and charge-balancing species Na'/SO,>"), these sys-
tems overcome the kinetic and thermodynamic constraints of
conventional DAFCs. The development of multi-ion carrier
mechanisms not only enhances voltage output and fuel utiliza-
tion but also enables integrated chemical production, offering
a transformative framework for sustainable electrochemical
energy conversion.

5.1.6. Hybrid acid-alkali DAAFCs. The DAAFCs represent
an emerging class of bio-inspired energy conversion devices
that harness the natural redox activity of vitamin C, offering
unique advantages in sustainability and biocompatibility.**°
Through the oxidation of ascorbic acid at the anode and the
ORR at the cathode, DAAFCs yield dehydroascorbic acid and
water as the primary products, described as follows:

Anode:

C¢HgOg — CgHeOg + 2H + 2€~ (50)
Cathode:
0, +4H' + 4~ > 2H,0 (51)
Overall:
2C¢HgO0g + O, — 2C¢H¢Og + 2H,0 (52)

These reactions, particularly favored in acidic environments,
are notable for their environmental compatibility, safety, and
cost-effectiveness, positioning DAAFCs as attractive candidates
for portable electronics, medical applications, and biosensors.
Nonetheless, conventional DAAFCs have been constrained by
limitations including low energy density, sluggish reaction
kinetics, high catalyst cost, and limited durability, which
collectively impede their broader implementation.

A split-pH configuration has been proposed as a strategy to
enhance electrochemical performance through dual-ion coordi-
nation and improved reaction kinetics. In a pioneering study,
Muneeb et al.**" designed an DAAFC employing an alkaline fuel
stream composed of ascorbate and KOH at the anode, and an
acidic oxidant stream of hydrogen peroxide in H,SO, at the
cathode. This pH-gradient-enabled device achieved an OCV of
1.31 V and a peak power density of 158 mW cm ™2 at 60 °C using
30% H,0,. Notably, this performance was attained using cost-
effective carbon black electrodes, demonstrating how intelligent
ion management could circumvent precious metal dependencies.

To efficiently convert ascorbic acid (H,A)/ascorbate (A7)
into electricity, Wang et al.*** developed an innovative DAAFC
system through their innovative vanadium-mediated system. In
the alkaline anode, A>~ oxidizes to dehydroascorbic acid (DHA)
at a much lower potential, approximately 0.6 V lower than that
under acidic conditions, thereby reducing the activation energy
for e~ release. Simultaneously, the acidic catholyte containing

This journal is © The Royal Society of Chemistry 2025
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VO**/VO," enables efficient ORR, facilitated by both direct VO**
oxidation and indirect catalysis via HNO;. This multi-ion synergy
(OH/VO*IVO,"/H") yielded exceptional performance metrics, a
maximum power density of 449.4 mW cm 2 and a short-circuit
current density of 987 mA cm™? at 90 °C, while maintaining full
compatibility with non-precious graphite electrodes.

These collective developments highlight how hybrid acid-
alkali architectures transcend the limitations of conventional
fuel cells by: (1) exploiting pH gradients to enhance thermody-
namic potentials; (2) enabling the use of alternative fuels through
kinetic pathway optimization; and (3) integrating energy conver-
sion with valuable chemical production. Such strategies not only
elevate the energy conversion efficiency but also introduce multi-
functionality, enabling simultaneous power generation and H,
production within a unified, scalable platform.

5.2. Hybrid H'/0* /e~ conducting SOFCs

SOFCs have long been recognized for their superior energy
conversion efficiency (60-85%) and broad fuel flexibility,
enabling the direct utilization of H,, methane, and methanol in
both centralized and distributed energy systems.*** Their com-
patibility with renewable and fossil energy carriers, coupled with
low emissions and noise-free operation, underlines their promise
as sustainable power solutions. However, traditional SOFCs pre-
dominantly rely on O®>  as charge carriers and require high
operating temperatures (600-1000 °C), which not only induce
material degradation (e.g., thermal expansion mismatch and
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electrode sintering) and slow system start-up but also elevate
costs and limit widespread applicability (Fig. 24a and d). These
issues are largely attributed to the high activation energy of 0>~
migration, which drastically suppresses ionic conductivity at
intermediate temperatures (<600 °C).>*”

To overcome these limitations, H'-conducting solid oxide
cells (H-SOFCs) have emerged as an alternative architecture,
leveraging electrolytes such as BaZr,;Cey ;Y05 (BZCY) that
facilitate efficient H" conduction (Fig. 24b and e).*** Compared
to O*7, protons offer significantly lower activation energy,
enabling effective operation at intermediate temperatures (400-
700 °C) and thereby improving system durability and stability.
Moreover, the cathodic formation of H,O from H' ions mitigates
fuel dilution effects, enhancing fuel utilization efficiency. Recent
developments in H'-conducting materials and electrode inter-
faces have driven H-SOFC operation toward even lower tempera-
tures (<500 °C), marking a pivotal shift in fuel cell technology.

A critical factor that governs cathode performance in these
systems is the nature of charge transport pathways. In pure
electronic conductors, the ORR is constrained to the narrow
triple-phase boundary (TPB), where gas, electrode, and electro-
lyte converge.>®” This severely limits the density of active sites.
Single ion-electron conductors, such as H'/e™ or O° /e~ sys-
tems, can modestly expand the reaction zone to the electrode
surface or bulk, yet their catalytic efficacy remains bounded by
the unidirectionality of ion conduction (Fig. 24c). In contrast,
mixed ionic-electronic conductors that support concurrent

c Cathode

&
I

!Q‘L
T TH' TH. TH.

Fig. 24 Schematic illustration of ion/e™ transport mechanisms in (a) conventional SOFCs Reproduced with permission from ref. 397. Copyright 2024,
Springer Nature, (b) H-SOFCs Reproduced with permission from ref. 434. Copyright 2023, Wiley and (c) hybrid H*/O? /e~ conducting SOFCs
Reproduced with permission from ref. 402. Copyright 2021, Springer Nature. Depiction of bulk and surface transport pathways and electrode reaction
sites within a single particle for (d) H*/e~ conductors. Reproduced with permission from ref. 397. Copyright 2024, Springer Nature, (e) O% /e~
conductors, reproduced with permission from ref. 434. Copyright 2023, Wiley and (f) H*/O% /e~ triple-conducting materials. Reproduced with
permission from ref. 402. Copyright 2021, Springer Nature.
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transport of H'/O?>~/e” markedly broaden the electrochemically
active zone, enabling both surface and bulk ORR activity
(Fig. 24f).*°> These materials serve as ideal cathode candidates
for H-SOFCs, effectively reducing polarization losses and
enhancing power output.

Pioneering work conducted by Zhu et al.*** introduced ceria-
based dual-phase composites that integrate oxygen ion conduc-
tors (e.g., Gd/Sm-doped ceria) with H'-conducting salts (e.g., Li/
NaCO;), achieving hybrid O*> /H"/e” co-conduction between 400
and 650 °C. This synergistic conduction supports simultaneous
ion migration through the 0>~ and H", enabling electrochemical
reactions at both electrodes. The resulting increase in ion flux not
only enhances current output but also improves electrode reac-
tion kinetics, offering a fundamentally distinct charge transport
paradigm from conventional single-ion systems. Power densities
ranging from 200 to 1000 mW c¢cm > under H, and 200-700 mW
cm~? with methane or methanol fuels highlight the superior
temperature tolerance and fuel versatility of this multi-ion
approach. Kim et al.**" developed NdBay 5t 5C00.505:s5 (NBSCF),
a layered perovskite cathode with triple conductivity (H/0> /e ™),
in conjunction with a BaZr,;Ce, ;Y1 ,Yb,O3 5 (BZCYYD) elec-
trolyte. The alternately stacked [LnO] and [CoO] layers form rapid
0>~ channels, while H" conduction and electronic transport are
simultaneously enabled.**® The synergy among all three carriers
significantly improves electrochemical kinetics at the electrode-
electrolyte interface, yielding a power density of 1.61 W em ™2 with
stable performance over 500 h at 1023 K. This material overcomes
the limitations of traditional unifunctional cathodes and miti-
gates interfacial polarization by enabling concurrent multi-ion
transport.

Building on this, Duan et al.**” engineered BaCog 4Feq 4Zr0 1~
Y0.103_s (BCFZY), a Co/Fe-doped derivative of yttrium-doped
barium zirconate (BZY), which introduced electronic conduc-
tivity and established a triple conduction pathway. Their inno-
vative solid-state reactive sintering (SSRS) process enabled one-
step co-sintering of dense electrolytes and porous electrodes at
1400 °C. This design reduced polarization resistance to
0.1 Q cm” at 500 °C and demonstrated excellent durability
(>1000 h) and low-temperature performance (e.g., 290 mwW
cm 2 at 600 °C using methane), underscoring the practical
viability of multi-ion strategies in commercial low-temperature
fuel cells. To further enhance ionic transport, Ren et al**®
introduced A-site Ba deficiencies into BCFZY, creating addi-
tional oxygen vacancies and achieving simultaneous optimiza-
tion of HY/O* /e~ conductivity. The Ba, CFZY cathode achieved
668.64 mW cm™ > at 600 °C, 38% higher than the stoichiometric
counterpart, offering a novel route for defect engineering in H-
SOFCs. Liang et al.**® advanced this concept by B-site doping
5% Mg into BCFZY, yielding Ba(CogFe4Zro1Y0.1)0.95
Mgy.0503_s (BCFZYM). The Mg®* dopant created additional oxygen
vacancies, enhanced surface exchange, and stabilized the oxida-
tion states of Co/Fe. A peak power density of 850 mW cm > at
600 °C was maintained without degradation for 300 h, providing
both high catalytic activity and operational robustness.

Recognizing the limitations of traditional perovskites,
which suffer from poor hydration and high thermal expansion,

9764 | Chem. Soc. Rev, 2025, 54, 9685-9806

View Article Online

Chem Soc Rev

researchers have turned to Ruddlesden-Popper (R-P) type struc-
tures. Wang et al.**® developed PrBaNiMnO,_;, a bilayer R-P
perovskite with A/B site doping that synergistically enhances both
oxygen vacancy concentration and proton transport. The result-
ing cells demonstrated outstanding low-temperature perfor-
mance (259 mW cm > at 500 °C, 135 mW cm > at 400 °C), low
polarization resistance (0.084 Q cm?), and stable operation over
100 h, setting new benchmarks for H-SOFC cathodes. Further
advances by Huan et al.**' yielded a triple-layer R-P cathode,
SrzEuFe, 5C0¢ 5019_s5, With co-doped Eu and Co to improve
structural and catalytic properties. The material reached
900 mW cm™ > at 700 °C with a polarization resistance of
0.030 Q cm?, establishing new records for R-P cathode perfor-
mance and confirming the role of oxygen vacancies in facilitating
the ORR. Complementarily, Song et al.*** developed a nanocom-
posite bifunctional air electrode incorporating perovskite, R-P
phase, CeO,, and NiO nanoparticles. This design offered both
excellent PCFC and electrolysis functionality, achieving
531 mW cm ™ in fuel cell mode and —364 mA em > at 1.3 V in
electrolysis mode, demonstrating the practical utility of multi-ion
cooperative designs in reversible energy systems.

Beyond electrodes, electrolyte innovation is central to
enabling multi-ion conduction. Zhu’s team**® engineered the
Gd,1Ce(.90,_s (GDC) electrolyte via surface/interface engineer-
ing, where oxygen vacancies and amorphous layer distribution
were tuned to enhance the cooperative transport of H and 0®".
A H'-conductivity of 0.17 S ecm ™" at 500 °C and a peak power
density nearing 1000 mW c¢m™ >, demonstrate the potential of
interface-engineered hybrid electrolytes.

Altogether, these innovations highlight a critical evolution
in fuel cell design, from single-ion systems toward sophisti-
cated multi-ion conductors capable of synergistic H'/O* /e~
transport. By orchestrating diverse ionic carriers in both elec-
trodes and electrolytes, hybrid H/0*> /e~ conducting SOFCs
can operate efficiently across a broad temperature range, with
enhanced kinetics, durability, and fuel flexibility.

5.3. Metal-air batteries

MABSs, distinguished by their open-structured cathodes that elim-
inate the need for preloaded active materials, have emerged as a
cornerstone of next-generation energy storage technologies due to
their exceptional theoretical energy densities (e.g., 5928 Wh kg ™"
for Li-O, systems), environmental compatibility, and cost-
effectiveness compared to conventional batteries (Fig. 25a).*%
Tracing their origins to Maiché’s pioneering zinc-based system
in 1878, featuring porous air cathodes and Pt-coated carbon
electrodes, early MABs were hindered by low output voltages
(<1 V), corrosive acidic electrolytes, and leakage issues.’® A
transformative breakthrough arrived in 1932 with Heise and
Schumacher’s alkaline ZABs, which elevated operational voltages
above 1.4 V and established the foundation for modern electrolyte
architectures.*** The 21st century has witnessed a renaissance in
MAB research, driven by advances in materials science and the
urgent demand for sustainable energy solutions (Fig. 25b).***
Crucially, this evolution has shifted from single-ion-dominated
systems (e.g., Zn>" and Li*) to multi-ion carrier mechanisms, where

This journal is © The Royal Society of Chemistry 2025
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synergistic interactions between metal cations (e.g., Zn*>* and Li")
and oxygen-derived species (HO, , O, , and OH ") govern inter-
facial charge transfer.

Fundamentally, MABs store and convert energy through
redox processes involving a metallic anode (Mg, Al, Zn, Fe,
etc.) and an air cathode that facilitates gas-phase reactions
involving O,, N,, CO,, or H,."***®> Energy storage is achieved
via metal oxidation/deposition at the anode and the ORR/OER at
the cathode, with representative pathways for O,-based systems
detailed in Table 1. Although this electrochemical architecture
is universal across MABs, the ion transport mechanisms vary
significantly between aqueous and non-aqueous systems, reveal-
ing the critical role of multi-ion carrier design in determining
performance outcomes.

In non-aqueous MABs, particularly those utilizing reactive
metals like Li or Na, the use of organic carbonates or ionic
liquids as electrolytes restricts ionic conduction primarily to
metal cations (Li* and Na*).**>**® This singular ion dependence,
however, introduces limitations in interfacial stability and
kinetic efficiency, due to the absence of complementary ionic
species that can assist in modulating surface reactions and
stabilizing intermediate products. Then, hybrid electrolyte sys-
tems have been developed where the air cathode operates under
alkaline conditions, enabling a cooperative Li’/OH ™~ or Na'/OH™

Table 1 Electrochemical reaction mechanisms of typical O,-based MABs
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(a) Schematic of aqueous/non-aqueous MABs mechanisms. (b) Key performance metrics of representative MABs (Date from).

transport mechanism that enhances ionic conductivity, reduces
polarization, and broadens electrochemical compatibility.**”

Conversely, in aqueous systems, particularly in ZABs and Al-
air configurations, the use of alkaline electrolytes naturally
promotes multi-ion participation, where hydroxide ions (OH™)
and metal-hydroxide complexes (e.g., Zn(OH),>~ and Al(OH),")
participate actively in interfacial redox processes. OH ™ not only
accelerates ORR/OER kinetics but also stabilizes soluble metal
intermediates, mitigating issues like anode passivation and
polarization losses. These dual roles exemplify the intrinsic
advantages of multi-ion coordination in achieving high rever-
sibility and long-term operational stability. More complex
electrolyte schemes, such as hybrid acid-alkali systems, further
demonstrate how coordinated transport involving M"*/OH™/H"
species can decouple competing interfacial processes and offer
finely tunable control over nucleation, product morphology,
and redox potential distributions.

Altogether, the diverse ionic environments across different
MABs chemistries, whether M"//OH™ coupling in alkaline
media or M"'/H'/OH™ interplay in hybrid systems, dictate
nucleation kinetics, discharge product morphology, and long-
term stability. This section dissects these mechanisms across
monovalent (Li*, Na*, and K"), divalent (Zn>, Mg>*, Sn*", etc.),
and polyvalent (AI** and Fe®") systems, proposing advanced

Metal anode  Electrolyte Anode reaction Cathode reaction Overall reaction Ref.
Li/Na/K Nonaqueous M = M’ +e” 2M* + 0, + 2 = M,0, 0, +M 2 M,0, 448
AM" + 0, + de” = 2M,0 4M + 0, = 2M,0
Aqueous O, + 2H,0 + 4¢e” 2 40H" iM + O, + 2H,0 2 4MOH 404
Zn Aqueous Zn + 4OH =2 Zn(OH)42’ +2e O, + 2H,0 + 4~ 2 40H O, +2Zn 2 2Zn0O 449
Zn(OH),>~ 2 ZnO + 20H™ + H,0
Mg Aqueous Mg 2 Mg?" +2e” 0, + 2H,0 + 4¢~ 2 40H 2Mg + O, + 2H,0 2 2Mg(OH), 450
Nonaqueous Mg> + 0, +2¢ 2 MgO, Mg+0, 2 MgO, 451
2Mg*" + 0, +4e” 2 2MgO  2Mg + O, 2 2MgO
Sn Aqueous Sn + 40H™ 2 Sn0,*>” + 2H,0 + 2e~ O, + 2H,0 + 4 2 40H 25n + O, 2 2Sn0, 452
Si Aqueous Si + 40H™ 2 Si(OH), + 4e~ 0, +2H,0 +4e~ = 40H Si+ O, + 2H,0 = Si(OH), 453
Al Aqueous Al + 40H = Al(OH), +3e” 0, + 2H,0 + 4e~ =2 40H~ 30, + 4Al 2 2A1,0; 454
Fe Aqueous Fe + 20H™ 2 Fe(OH), + 2e~ O, + 2H,0 + 4¢~ 2 40H" 20, + 3Fe 2 Fe;0,4 455
3Fe(OH), + 20H e Fe;0, + 4H,0 + 2e~
This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 9685-9806 | 9765
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strategies to actively engineer ion interactions. By framing
carrier multiplicity as a deliberate design axis rather than a
passive consequence, we chart a path toward next-generation
MABs where tailored ion coordination redefines the limits of
energy density and durability.

5.3.1. Li/Na/K-air batteries. Monovalent MABs, including
Li-air, Na-air, and K-air systems, operate through the reversible
oxidation of alkali metal anodes and the ORR at the air cathode
(Fig. 26a). Li-air batteries offer the highest theoretical specific
energy (~3500 Wh kg™ '), while Na-air batteries benefit from
Na’s natural abundance and enhanced safety profile, and K-air
batteries display superior energy efficiency due to favorable
redox kinetics.*>®*>® However, their reliance on non-aqueous
electrolytes, necessitated by the high reactivity of alkali metals
with H,0, imposes a single-ion carrier constraint (Li*, Na*, or
K"), resulting in fundamental limitations to energy efficiency,
reaction kinetics, and cyclability. For instance, in Li-O, bat-
teries, the discharge product Li,O, (2Li + O, — Li0O,) is electro-
nically and ionically insulating, leading to high polarization and
poor rate capability.**® Similarly, Na-O, batteries often generate
NaO, or Na,O, with similarly sluggish kinetics and interfacial
passivation.**® In contrast, K-O, batteries typically form KO,
(K+ 0O, — KO,), a discharge product with improved ionic/electronic
conductivity and higher reversibility, which substantially reduces
charge overpotentials.*®® Nevertheless, all three systems face oxygen
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diffusion limitations in viscous non-aqueous electrolytes, which
constrain mass transport and energy output.

To address these issues, a solid-liquid hybrid electrolyte
architecture that integrates multiple ion carriers has emerged,
enabling novel ionic synergies. Zhou et al*®' introduced a
paradigm wherein a Li metal anode in organic 1 M LiClO, in
ethylene carbonate/dimethyl carbonate electrolyte is separated
from an aqueous LiOH-based air cathode by a LISICON solid-
state electrolyte (Fig. 26b). In this design, Li" generated during
anodic oxidation migrates across LISICON and reacts with OH™
in the aqueous phase to form soluble LiOH, while O, is reduced
to OH™ at the cathode (O, + 2H,O + 4e- — 4O0H ). This
architecture prevents solid Li,O, precipitation and associated
parasitic reactions by leveraging OH™ solubility, thus enhan-
cing reaction reversibility and elevating theoretical energy
density to 5698 Wh kg '. Inspired by this approach, similar
multi-ion strategies have been adapted for Na-O, batteries.
Hashimoto and Hayashi*** constructed a Na-O, battery incor-
porating hybrid organic/aqueous electrolytes and NASICON
separators (Fig. 26b). The galvanostatic discharge profiles mea-
sured in pure and humidified air demonstrated a theoretical
discharge capacity of 1200 mAh g~ ' for the hybrid setup
(Fig. 26¢). The resulting Na'/OH™ dual-ion transport mitigated
interfacial bottlenecks, reducing overpotential to 0.6 V, increas-
ing discharge capacity 57-fold (503 mAh g~ " vs. 8.8 mAh g™ " in
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aqueous electrolytes), and enhancing power density 10-fold
(12.4 vs. 1.4 mW cm ™ in aqueous electrolytes) (Fig. 26d).

The aqueous phase also offers enhanced humidity tolerance
and suppresses side reactions, extending battery lifespan.
Senthilkumar et al*? further refined this concept with a
NASICON-NaOH configuration, enabling low polarization (0.59
V), high round-trip efficiency (~83%), and capacity (500 mAh
g~ ") surpassing even nonaqueous Li-O, analogs. These studies
underline the transformative role of multi-ion carrier design,
where phase-segregated pathways for Na“ and OH ™ substantially
enhance kinetics, interfacial stability, and energy output in Na-
0O, batteries.

Beyond solid-liquid phase hybridization, the inclusion of
soluble redox mediators introduces another dimension of
multi-ion coordination. These redox mediators accelerate slug-
gish O, redox reactions while enabling cooperative ion-e~
transfer pathways. Glusac and co-workers*> reported that triar-
ylmethyl cations (R') in Li-air batteries are electrochemically
reduced to form RO-OR peroxides via outer-sphere mechanisms,
synergizing with Li'/O, inner-sphere reactions. This hybrid
mechanism redirects Li,O, formation into the solution phase,
mitigating electrode passivation and boosting discharge capa-
city by up to 35-fold (2.3 mAh cm?). Similarly, in SABs, the
introduction of Nal promotes a redox-active environment
wherein Na*, 1", and I interact dynamically.**® During dis-
charge, Na' combines with O, to form Na,0,, while charging
oxidizes I to I3, which decomposes Na,O, catalytically to
regenerate Nal and O,. This ionically rich environment supports
a reversible capacity of ~1000 mAh g~ '(Fig. 26€). However, the
volatility of iodine species prompted the exploration of alter-
native mediators such as ferrocene (Fe(CsHs)*"), which facil-
itates stepwise catalytic decomposition of Na,O, while
maintaining low charge voltages (<3.0 V) (Fig. 26f).*** These
redox mediators not only introduce new charge transfer chan-
nels but also act as auxiliary ion carriers, enhancing conductiv-
ity and selectivity in both discharge and recharge processes.

To further suppress side reactions and improve both the
ORR and the OER, multifunctional soluble mediators like
Ir(acac); have been developed. In Li-O, systems, iridium(u)
acetylacetonate (Ir(acac);) forms reversible Ir(acac);-O,” com-
plexes during the ORR, stabilizing reactive intermediates in
solution and directing Li,O, precipitation away from the cathode.
During the OER, Ir(acac); promotes Li,O, decomposition via an
electrochemical-chemical sequence, reducing overpotentials and
suppressing nucleophilic attack by O, radicals.*®> These multi-
functional complexes exemplify how orchestrating multi-ion
interactions (e.g., Li*, O,~, and redox mediator complexes) can
resolve trade-offs between reactivity, stability, and energy density.

Multi-ion dynamics also govern product selectivity, as
demonstrated by studies on environmental factors and gas-
phase composition in Na-O, batteries.**®*¢” Under dry air, Na,O,
predominates,**®*° while humidity facilitates OH -driven
NaOH formation.””? CO, co-reduction generates carbonates
(Na,CO3;, Na,C,0,) via Na‘/C,04> /CO,>” co-migration. Das
et al.*’>*”> showed that in a Na-0,/CO, hybrid cell, the presence
of 40-63% CO, leads to a 2.6-fold capacity enhancement. Two

1
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proposed mechanisms elucidate these complex transformations:
one featuring stepwise O,  and CO, coupling to form oxalate,
and another based on direct O, -CO, reduction in organic
media, which can be described as follows:

Mechanism 1:

40, + 4e~ — 40,°" (53)

20,° + CO, — 2CO,*~ (54)

2C0,°" +2C0O, — 2C,04°" (55)
C,06° + 0, — C,05° + 0, (56)
C,06> +20,° +4Na" — 2Na,CO; + 20,  (57)

Mechanism 2 (the reduction path of O, in organic solvent):

O,+te > 0, or0, +2e — 0,2 (58)
CO, + 0,27 - CO2™ (59)
CO4>™ + CO, + 2Na* — Na,C,04 + O, (60)

These ion-specific interactions are further exemplified in
electrolyte-dependent product selectivity: ionic liquids favor
Na,C,0, formation, while tetraethylene glycol promotes
Na,CO,;/Na,C,0, co-existence, underscoring how multi-ion car-
rier environments tailor reaction products.

In contrast, K-O, batteries uniquely benefit from the for-
mation of KO,, which offers high conductivity, thermodynamic
stability, and round-trip efficiencies exceeding 90% under anhy-
drous conditions.*”* These advantages arise from the hard-soft
acid-base (HSAB) compatibility between soft acid K and soft
base O, , enabling selective le™ reduction and stable KO,
cycling.*”**”* However, moisture triggers parasitic side reactions
yielding KOH and K,CO3, while the formation of K,0, compro-
mises efficiency. These effects necessitate precise K'/O,” flux
control and advanced moisture-barrier or solid-state electrolyte
designs to maintain single-phase KO, pathways.*’*%7¢

Ultimately, advances in Li'/OH~ and Na'/OH~ dual-ion
transport frameworks have revealed new opportunities to over-
come kinetic limitations and enhance cycling stability in
MARBs. 6467477 Architectures that spatially decouple ionic func-
tions (e.g., using Na" to optimize anodic transport and I /I;~ or
OH"™ to promote cathode ORR/OER activity and product solubi-
lity) represent a critical design frontier. Yet, analogous advance-
ments in K-O, systems remain scarce, demanding systematic
exploration of ion-coupled interfaces (e.g., K'/O, /OH™ coordi-
nation) and stable electrolyte architectures to unlock their full
potential.

5.3.2. ZABs, which originated from
Walker's**> pioneering 1878 design, have re-emerged as a linchpin
of sustainable energy storage, offering an wunparalleled
combination of ultrahigh theoretical energy density (1353 Wh
kg™ 1), environmental benignity, and inherent safety.**47847°
While early research focused primarily on catalytic innovation
and electrolyte formulation, contemporary advancements have
unveiled the pivotal role of multi-ion carrier dynamics in
governing the performance of ZAB systems.

Zn-air Dbatteries.
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The energy storage mechanisms in ZABs, whether utilizing
0,, CO,, or N, as cathodic reactants, are universally mediated
by synergistic ion transport phenomena. In conventional aqu-
eous alkaline ZABs, the discharge process involves the oxidation
of Zn at the anode coupled with the ORR at the cathode, creating
a closed loop of Zn(OH),> /OH dual-carrier exchange. This
interplay is not merely incidental but engineered: the tetrahedral
Zn(OH),>~ complex stabilizes dissolved Zn** intermediates, while
OH™ ions simultaneously mediate ORR kinetics and prevent
anode passivation. The multi-ion coordination is further exem-
plified in hybrid acid-alkali ZABs configurations, where selective
ionomer membranes or solid-state electrolytes spatially segregate
Zn*" and OH™ transport to optimize interfacial charge transfer
while suppressing dendrite formation.**°

Expanding beyond O,-based systems, emerging CO, or N,-
fed ZABs demonstrate even more complex multi-ion carrier syner-
gies. In Zn-CO, batteries, the cathodic reduction of CO, generates
carbon-containing species (e.g., CO and HCOOH) that couple with
Zn** to form soluble intermediates (e.g;, Zn(OH),>"), leveraging
Zn(OH),> /H'/OH co-migration to enhance reaction
homogeneity.*®" Similarly, Zn-N, batteries exploit Zn>*/NH," inter-
actions during the cathodic N, reduction reaction (NRR) to NH; or
NH,".*®? Thus, ZABs serve not only as an archetype of MAB systems
but also as a compelling demonstration of how multi-ion transport
underpins advanced electrochemical functionality.

5.3.2.1. Zn-0, batteries. In Zn-0, batteries, the incorpora-
tion of zinc acetate (Zn(Ac),) into alkali electrolytes has
emerged as a crucial strategy to mitigate dendrite formation
and surface passivation, which simultaneously modulates Zn
electrode position morphology through preferential crystal
facet adsorption and maintains electrolyte stability by seques-
tering CO,-derived carbonate species before they can precipi-
tate and block air cathode pores. This dual-action mechanism
exemplifies how deliberate multi-ion carrier engineering (Zn>*/
CH;COO /OH™ coordination) can overcome intrinsic limita-
tions of conventional ZAB systems.

Aqueous alkaline electrolytes (KOH, KOH + Zn(Ac),, 7 <
pH < 14) remain the cornerstone of high-performance Zn-0O,
batteries due to their exceptional ORR kinetics (200-300 mV
overpotential reduction) and superior ionic conductivity
(>100 mS cm ').**® The discharge process involves com-
plex multi-ion interactions: Zn oxidation generates soluble
Zn(OH),>~ at the anode, while the cathode facilitates the ORR
through competing pathways. The ideal 4e™ transfer route (O, +
2H,0 + 4e~ — 40H7) is often compromised by the parasitic
2e” pathway (O, + H,O + 2e” — HO,” + OH™, HO,” + H,0 +
2e” — 30H, 2HO, — 20H + 0,), which not only reduces
energy efficiency but also generates oxidative species that
degrade cell components. Crucially, both pathways are gov-
erned by multi-ion carrier dynamics, Zn(OH),>~ migration from
the anode intersects with OH™ and oxygen-derived intermediates
(0,7, HO, ) at the cathode, demonstrating how ion transport
networks dictate reaction selectivity and system stability. Further,
to overcome the sluggish kinetics of the multi-e” ORR and to
enhance overall efficiency, researchers have developed advanced
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cathode materials, ranging from heteroatom-doped carbon
nanostructures and transition metal oxides to atomically dis-
persed catalysts, to modulate intermediate adsorption/desorption
energies and facilitate multi-ion transport. Comparative perfor-
mance metrics for these catalysts are detailed in Table S6, high-
lighting their contributions to enhancing Zn-O, battery
performance.

Pushing beyond conventional energy and power limitations,
our group pioneered an asymmetry-electrolyte Zn-air battery
(AEZAB) in which a BPM separates an alkaline NaOH anolyte
from an acidic H,SO, catholyte.*®® The AEZAB elevates the
theoretical cell voltage to 2.55 V by coupling Zn oxidation in
alkaline media with the acidic ORR (Fig. 27a) and delivers a high
maximum power density of 270 mW cm ™2, 1.88-fold higher than
that of conventional ZABs (143 mW cm 2) (Fig. 27b). The
mechanism is proposed as follows:

Alkaline anode:

Zn + 20H — H,0 + ZnO + 2¢"

(61)
Acidic cathode:

4H" + 0, + 4e~ — 2H,0 (62)

Extending this concept, they further developed a hybrid
acid-alkali ZAB,*®® wherein a desalination chamber bridges
the acidic and alkaline compartments with the AEM and the
CEM, enabling concurrent Na'/Cl~ migration and electricity
generation (375 mW cm™ %), while removing salts from seawater
(Fig. 27¢). This multifunctional configuration leverages a rich
palette of coexisting ions, H", OH™, Na*, ClI", and Zn(OH),>",
demonstrating the potential of hybrid electrolyte systems to
integrate energy conversion with water treatment.

Building upon this electrolyte decoupling strategy, asym-
metric MABs incorporating zinc-based solid transmembrane
membranes (ZnSTM) have been introduced to achieve selective
Zn**conduction while co-mediating H", OH~, and Zn(OH);*~
transport (Fig. 27d).*®® By physically isolating KOH and H,SO,4
electrolytes yet enabling selective ion exchange, ZnSTM sup-
presses neutralization reactions and interfacial instability,
common challenges in pH-asymmetric systems. This con-
figuration achieves an OCV of 1.96 V, an energy density of
1354 Wh kg™ * (based on Zn), and a round-trip efficiency of 76.6%
over 100 h, further highlighting the role of tailored multi-ion
pathways in stabilizing high-performance Zn-O, architectures.

Recent paradigm-shifting insights into ORR/OER mechan-
isms have challenged the long-standing assumption that zinc
peroxide (ZnO,) formation is irreversible.*®® It was shown that
ZnO, can reversibly form and decompose by constructing a
hydrophobic, anion-rich inner Helmholtz layer at the air cath-
ode. This design creates a water-deficient interface, which
effectively stabilizes the 2e~ ORR pathway. Using hydrophobic
anions such as CF3;S0;~ to exclude H,O from the reaction site,
the team enabled Zn'-mediated ZnO, cycling with minimal
parasitic hydrolysis, achieving a remarkable 1600 h cycle life at
0.1 mA cm™ 2. In parallel, Wang et al.**” advanced the 2e” ORR
by introducing the anthraquinone-2,7-disulfonic acid disodium

This journal is © The Royal Society of Chemistry 2025
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Fig. 27

(@) Schematic diagram of the as-assembled AEZAB. (b) Discharge polarization and corresponding power density curves of AEZAB and ZAB.

Reproduced with permission from ref. 484. Copyright 2019, Springer Nature. (c) Schematic illustration of hybrid acid—alkaline ZABs employing AEM and
CEM. Reproduced with permission from ref. 480. Copyright 2024, Wiley. (d) Schematic of hybrid acid—alkali ZABs based on a ZnSTM. Reproduced with
permission from ref. 485. Copyright 2021, Elsevier. (e) Voltage profile of an AQDS-mediated ZAB, where the solid line denotes the first cycle and the
dashed line indicates constant—current cycling following full anode replacement after Zn depletion. Reproduced with permission from ref. 487.
Copyright 2022, Wiley. (f) Schematic of the cell configuration and working mechanism of a rechargeable seawater-based ZAB. Reproduced with

permission from ref. 488. Copyright 2020, Elsevier.

salt (AQDS) as a soluble redox mediator in alkaline media.
Through electrochemical-chemical coupling, AQDS mediates the
reduction of O, to HO, ™, bypassing heterogeneous catalysis and
enabling high-efficiency ORR (Fig. 27e). This AQDS> /HO, /
OH /H' co-transport mechanism lowers activation barriers and
reduces overpotentials, yielding 85% energy efficiency at
10 mA cm™?, and reinforcing the advantage of redox-mediated
multi-ion synergy in boosting Zn-O, battery performance.
These advances have extended Zn-O, battery capabilities
into extreme operational domains. Zhang et al.**® developed
seawater-derived electrolytes (6 M KOH + 0.2 M Zn(Ac), dis-
solved in seawater) that exploit OH /Zn(OH),>~ dual-ion trans-
port to buffer CI™ interference (Fig. 27f). Further innovation
yielded a CsOH-based electrolyte that sustained 500 cycles with
a narrow 0.8 V voltage gap at 5.0 mA cm %, even at —10 °C,
showcasing exceptional low-temperature adaptability.*®® Mod-
ern Zn-0, systems are increasingly multifunctional, extending
beyond energy storage into applications such as H,O purifica-
tion, hydrogen evolution, and H,O, synthesis via a 2e” ORR, all
of which are orchestrated by carefully tuned fluxes of H', OH ™,
and Zn(OH),> .**® By engineering ionic gradients, hybrid elec-
trolytes, and redox-active interfaces, multi-ion carrier strategies
have transformed Zn-O, batteries into integrated energy-
environmental platforms. These systems transcend historical
trade-offs between energy density, reversibility, and operational

This journal is © The Royal Society of Chemistry 2025

versatility, firmly positioning ZABs as a critical node in the
future of sustainable energy technologies.

5.3.2.2. Zn-CO, batteries. Zn-CO, batteries, an emerging
subclass of MABs, uniquely integrate electrochemical energy
storage with carbon capture and utilization, offering a dual-
function platform that capitalizes on the dynamic interplay of
multiple ionic species (Table S6). Structurally analogous to Zn-
O, systems yet distinct in their cathodic chemistry, these
batteries employ BPMs to maintain critical pH gradients
between alkaline anolyte (KOH/Zn(Ac),) and near-neutral cath-
olyte (KHCO; +£ HCOO ), enabling selective ion transport while
preventing electrolyte crossover.** This architectural innova-
tion creates a dynamic multi-ion environment where zinc
speciation varies dramatically with local pH: neutral conditions
favor Zn*>* as the primary charge carrier (Zn — Zn*" + 2e7),
while alkaline media promote zincate formation (Zn +
40H  — Zn(OH),>~ + 2e7) followed by dehydration to ZnO
(zn(OH),>~ — ZnO + 20H™ + H,0). This pH-dependent Zn>"/
OH  interplay directly influences anode morphology and
cycling stability, demonstrating how electrolyte engineering
can steer phase evolution through controlled ion coordination.

Concurrently, the cathode mediates CO, reduction (CO,RR)
through multiple competing pathways, which are similarly
governed by electrolyte composition and ion flux. In neutral
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media, CO, is electrochemically reduced to formic acid (CO, +
2H" + 2¢~ — HCOOH), whereas in alkaline environments, the
pathway shifts toward formate production (CO, +2e~ + H,0 —
HCOO™ + OH ).*! These divergent pathways illustrate the
modulatory roles of H', OH™, and HCOO™ ions in tuning
product selectivity and stabilizing reactive intermediates. Col-
lectively, this complex ionic choreography, spanning Zn>*/H" in
neutral media and Zn(OH),” /HCOO /OH in alkali media,
addresses intrinsic limitations of nonaqueous CO, batteries,
such as low CO, solubility and parasitic reactions, by leveraging
the high ionic conductivity and buffering capabilities of aqu-
eous electrolytes (>100 mS cm ™).

To systematically address CO,RR selectivity challenges and
round-trip efficiency, Wang et al. developed a breakthrough
reversible system employing a Pd-based bifunctional cathode
within a BPM architecture (Fig. 28a).*°> By isolating alkaline

View Article Online
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anolyte (1 M KOH + 0.02 M Zn(Ac),) from neutral catholyte (1 M
NaCl + 0.1 M HCOONa), this design harnesses Zn(OH),*> /OH /H"
multi-ion carrier dynamics to achieve exceptional performance:
89% FE for HCOOH production, and 81.2% energy efficiency with
788 Wh kg™ ' theoretical density. The system maintains 73.5%
efficiency over 100 cycles, demonstrating how precise ion flux
control can stabilize both energy storage and CO, conversion
processes. Expanding this paradigm, the same group later intro-
duced an Ir@Au bimetallic catalyst system that mimics photosyn-
thetic CO, fixation within a pH-decoupled system (anolyte: KOH +
Zn(Ac),; catholyte: CO,-saturated KHCO,).*** Here, optimized Zn>*
migration drives CO,-to-CO conversion with 90% FE at 1.14 V,
while Zn*/OH /H' co-transport enables efficient charging
through the ORR and Zn deposition (Fig. 28b).

Building on these advances, Bi-based electrocatalysts have
also shown promise. Bi cluster-anchored hollow carbon
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(a) Schematic illustration of a reversible Zn—-CO, battery operating in a hybrid acid-salt electrolyte. Reproduced with permission from ref. 492.

Copyright 2018, Wiley. (b) Schematic of an agueous rechargeable Zn—-CO, electrochemical cell employing a hybrid alkali-salt electrolyte. Reproduced
with permission from ref. 493. Copyright 2019, Wiley. (c) Schematic representation of a hybrid acid-alkali Zn-CO, battery. Reproduced with permission
from ref. 495. Copyright 2022, the American Chemical Society. (d) Schematic of a Zn—N, battery featuring a Fesa-N-C-900 cathode. (e) Proposed
reaction mechanism for N>-to-NHs conversion (blue and white spheres representing N and H atoms, respectively). Reproduced with permission from ref.
489. Copyright 2021, Wiley. (f) Schematic diagram of the flow-cell device for NRR. (g) Illustration of the NRR reaction pathway. (h) In situ ATR-FTIR
spectra of Fesa-N-C-900 at —0.2, —0.4, and —0.6 V. Reproduced with permission from ref. 497. Copyright 2022, Wiley.

9770 | Chem. Soc. Rev., 2025, 54, 9685-9806

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00785b

Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

spheres (BiC/HCS) used as cathodes in a BPM configuration
(acidic catholyte: 0.8 M KHCO3; alkaline anolyte: 6 M KOH +
0.2 M Zn(Ac),) achieved 92% FE for HCOOH production, an
OCV of 0.94 V, and a peak power density of 7.2 mW cm ™2, with
stable operation over 200 cycles.”*® Complementarily, Liu
et al.**® introduced a BiPdC alloy catalyst in a similar bipolar
system (anolyte: 1 M KOH + 0.02 M Zn(Ac),; catholyte: 0.1 M
KHCO; + 0.1 M HCOONa), which maintained 1.1 V over 45 h at
0.5 mA em~” and achieved 52.6% FE for HCOOH (Fig. 28c). In
these systems, multi-ion transport is again pivotal: Zn(OH),>",
OH ™, and H" collectively support the redox interplay between
Zn stripping/plating and CO, conversion. The following reac-
tions illustrate this synergy:

Anode:
Zn-2e” = Zn>" (63)
Zn** + 40H™ = Zn(OH),*>~ (64)
Zn(OH),>” = ZnO + 20H + H,0 (65)
Cathode:
CO, + 2H' + 2¢” = HCOOH (66)
Overall:

Zn + CO, + 2H' + 20H~ == HCOOH + ZnO + H,0
(67)

The success of these architectures underscores the critical
role of these multi-ion carriers (e.g;, Zn**, OH~, H', and
HCOO") in synchronizing the CO,RR with Zn plating/stripping.
By decoupling pH environments and tailoring ion flux through
bipolar membranes, such systems mitigate crossover-induced
neutralization while enhancing interfacial kinetics. Despite
progress, challenges persist in achieving high-rate performance
and controlling reactive intermediates (e.g., *COOH and *CO).
Nevertheless, the integration of bifunctional catalysts, pH-
decoupled electrolytes, and multi-ion carrier engineering posi-
tions Zn-CO, batteries as transformative platforms for sustain-
able energy storage and carbon neutrality, bridging renewable
energy conversion with CO, valorization through precisely
regulated ion dynamics.

5.3.2.3. Zn-N, batteries. The electrochemical nitrogen
reduction reaction (NRR) has emerged as a transformative
alternative to the century-old Haber-Bosch process, offering a
sustainable pathway for ammonia (NH;) synthesis under ambi-
ent conditions powered by renewable energy. Despite this
promise, the practical deployment of electrochemical NRR
remains impeded by intrinsically low NH;-yield and FE, pri-
marily attributed to sluggish reaction kinetics, poor selectivity,
and the competing HER. These limitations are being overcome
through innovative Zn-N, battery architectures that leverage
sophisticated multi-ion carrier dynamics to simultaneously
achieve energy storage and N, fixation.**®

A notable example is the pH-decoupled Zn-N, battery devel-
oped by Hou et al.,**® which employs metallic NbS, nanosheets
as a cathode catalyst. This system utilizes a BPM to spatially

This journal is © The Royal Society of Chemistry 2025
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segregate an alkaline Zn anolyte from an acidic N,-saturated
catholyte, thereby leveraging differential ion flux to enhance
performance. During operation, Zn at the anode undergoes
oxidation, with the released Zn>* contributing to charge trans-
port. Simultaneously, at the cathode, N, is reduced through an
8H'/6e~ pathway to form NH,', while OH™ generated at the
anode migrates across the BPM to maintain electroneutrality.
The mechanism is proposed as follows:
Anode:

Zn-2e” — Zn** (68)

Cathode:

N, + 8H' + 6~ — 2NH," (69)

This orchestrated Zn**/H'/OH " /NH," multi-ion carrier mecha-
nism achieves a discharge power density of 0.31 mW ¢m™> and
an energy density of 714 mAh g™ at 0.05 mA cm ™2, sustaining
stable operation over 10 h. The strategic decoupling of pH
environments not only inhibits proton-hydroxide neutralization
but also facilitates directional ion flow, improving both selectivity
and efficiency of nitrogen fixation.

Building upon this framework, a Zn-N, hybrid system
incorporating Fe-based single-atom catalysts further demon-
strates the utility of multi-ion carrier dynamics. In this archi-
tecture, a BPM separates an acidic 0.1 M HCI catholyte from an
alkaline 4.0 M NaOH anolyte (Fig. 28d).**® During discharge,
the NRR proceeds on the Fe single-atom active sites in the acid
environment, while metallic Zn undergoes anodic oxidation in
the basic phase; the reactions are shown as follows (Fig. 28e):

Anode:

3Zn + 60H -6 — 3ZnO + 3H,0 (70)

Cathode:

N, + 8H" + 6e~ — 2NH,"

(71)

Importantly, the BPM masterfully coordinates the transport
of Na*, CI-, H', OH™, and NH," ions, maintaining crucial
pH gradients while enabling efficient N,-to-NH; conversion
(31.9 ug h™" mg™', 11.8% FE at —0.4 V) and Zn stripping/
plating. The system achieves a peak power density of
4.5 mW cm > and energy density of 815 Wh kg™, significantly
outperforming conventional single-electrolyte designs.

Further enhancements in catalytic performance were rea-
lized by tailoring the local electronic environment of the active
site. Sulfur-coordinated Fe single-atom catalysts (Fes,-NSC-900)
enabled improved NRR activity with a FE of 21.9% at a high
current density of 10 mA cm > (Fig. 28f)."”” This research
underscores the critical importance of local electronic structure
tuning in optimizing NRR kinetics within multi-ion carrier
environments.

These advancements highlight how multi-ion carrier engi-
neering, spanning Zn>*, H', OH™, and NH,", enables precise
control over reaction microenvironments, mitigates parasitic
HER, and stabilizes NRR intermediates. However, challenges
persist in enhancing catalytic selectivity (e.g., suppressing
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competing HER), stabilizing reactive species (e.g., *N,H,), and
elucidating ion-coupled reaction mechanisms (Fig. 28g). While,
the enlarged ATR-FTIR spectra clearly reveal that Feg,-NSC-900
effectively facilitates the kinetic transformation of *N, — *NNH
in the NRR (Fig. 28h).

Future efforts must integrate operando characterization and
computational modeling to decode carrier-specific interactions
at electrified interfaces, ultimately bridging the gap between
lab-scale innovation and industrial deployment.

5.3.3. Mg-air batteries. Mg-air batteries (MgABs) have
emerged as compelling candidates for high-energy-density
storage, offering a volumetric energy density of up to 14 kwh L™"
and a gravimetric energy density of 3.9 kWh kg, alongside low
cost and the abundance of Mg.***>% These advantages render
MgABs particularly attractive for electric vehicles and large-scale
grid applications. However, their practical deployment is
hindered by fundamental electrochemical challenges. The
typical MgABs operate in neutral aqueous electrolytes where
Mg undergoes anodic oxidation to form Mg>* ions as the sole
charge carriers. In such systems, the Mg anode suffers from
severe self-corrosion, parasitic HER, and the formation of
electrochemically inert MgO (AG{ = —568.9 k] mol~?), which
collectively degrade FE and cycling stability.**® Conversely, non-
aqueous systems, although free from hydrolysis, are limited by

View Article Online
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poor Mg”" conductivity, anode passivation due to electrolyte salt
decomposition, and the thermodynamic irreversibility of MgO.

The breakthrough realization that multi-ion carrier engi-
neering could circumvent these thermodynamic constraints
has revolutionized MgAB development. Leung et al**® intro-
duced a dual-electrolyte architecture consisting of 3 M H,SO,
catholyte and 5 M NaNO; anolyte, separated by a Nafion N211
membrane (Fig. 29a). This pH-decoupled design enables co-
migration of Mg®" and H': Mg is oxidized at the anode, while
the cathodic ORR proceeds via a 4e~ H'-driven pathway. The
corresponding reactions are shown as follows:

Anode:

Mg — Mg +2e” (72)

Cathode:

0, +4H' + 4¢~ — 2H,0 (73)

The acidic environment not only elevates the cathode
potential, increasing the cell voltage (OCV = 2.23 V), but also
suppresses OH -induced Mg(OH), formation, leading to an
energy density of 2043 mWh g~ ' at 20 mA cm™?, and a
discharge capacity of 1851 mAh g~ with 84% coulombic
efficiency at 50 mA cm ™ (Fig. 29b).
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(a) Schematic illustration of a dual-electrolyte MgAB employing an H,SO4 catholyte and NaNOs anolyte. (b) Comparison of polarization curves

between dual- and single-electrolyte MgABs. Reproduced with permission from ref. 450. Copyright 2021, Elsevier. (c) Working principle of an “all-in-
one” MgAB integrating a unified Mg anode system. Reproduced with permission from ref. 501. Copyright 2025, Elsevier. (d) Proposed catalytic
mechanism during the charging process using an I,-DMSO electrolyte at the air cathode. (e) Discharge—charge profiles of a non-aqueous Mg—0O, battery
with iodine additives at 60 °C (black, pink, green, and red curves represent the first to fourth cycles; the blue curve represents performance without
iodine). Reproduced with permission from ref. 469. Copyright 2013, Royal Society of Chemistry. (f) Schematic of the discharge mechanism of the ML11
anode in MgABs. Reproduced with permission from ref. 504. Copyright 2025, Royal Society of Chemistry.
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To simultaneously address cathodic sluggishness and anode
passivation, Wang et al.>°" engineered an “all-in-one” Mg anode
system incorporating a Na'-selective ion-exchange membrane
and a Mg-alginate/MgCl,/NaCl-based solid-state electrolyte
(Fig. 29¢). This platform supports Mg”*/Na‘/Cl"/OH~ multi-ion
transport: Mg>" migrates through the solid electrolyte, Na*
facilitates charge compensation at the cathode and effectively
blocks Mg>*/OH™ crossover, mitigating passivation, while Cl~
disrupts interfacial oxide layers and reduces polarization resis-
tance. The system achieves a remarkable 506 h cycle life at 1 mA
cm~? with 69.7% energy efficiency.

In non-aqueous systems, multi-ion carrier transport
mechanisms can also be designed. Shiga et al.****"* pioneered
a catalytic cycling architecture employing I,-dimethyl sulfoxide
(DMSO) and TEMPO-anion complexes at the air cathode
(Fig. 29d). This system introduces Mg>"/I” dual-carrier dynamics,
wherein discharge yields MgO via the ORR (Mg>" + 20, +2¢~ —
MgO), while charging leverages oxidative decomposition of MgO
by I, (MgO + I, — Mg”* + 21" + 1/20, + 2e ), regenerating Mgl,
and reactivating the redox mediator. I thus acts as a secondary
ion carrier, synergizing with Mg”"* to facilitate reversible oxygen
redox chemistry, reducing kinetic overpotentials and overcoming
MgO’s thermodynamic barrier. As a result, the discharge capacity
of a non-aqueous Mg-O, battery is significantly improved upon
the introduction of iodine additives, compared to iodine-free
systems (Fig. 29e). Additionally, the use of hydrophobic gas
diffusion layers facilitates O, transport and alleviates mass
transfer limitations.>*>

Alloying strategies further enhance multi-ion synergies. Mg-
xIn alloys (e.g., Mg-1In)** leverage In**/Mg>" interactions to
suppress self-corrosion (i, HER ~ 10~ '° A cm ™ 2) while stabi-
lizing discharge pH, delivering 2100.2 mWh g~ " at 10 mA cm >
and 780 h durability at 2.5 mA cm ™. Similarly, Mg-Li-Zn-Y
alloys (e.g., ML11)*** exploit Li*-dominated reactions to form
LiOH preferentially, reducing Mg corrosion and achieving
1727 mWh g " at 20 mA cm? through B-Li phase uniformity
(Fig. 29f1).

The most transformative applications of multi-ion carrier
principles emerge in hybrid Mg-0,/CO, systems. These archi-
tectures harness Mg2+/C2042’ dual-ion interactions to simulta-
neously achieve energy storage and carbon capture. The stepwise
carboxylation pathway (O, + 2~ — 0,>7, CO, + 0,>~ - CO,*",
CO4>” + CO, — C,0,° + 0O,) demonstrates how carefully
engineered ion cascades can convert thermodynamic challenges
into opportunities, delivering 1441.38 Wh kg~ " (7.77-fold higher
than single alkaline batteries) while producing recyclable
MgC,0,.

Taken together, these developments underscore the trans-
formative potential of multi-ion carrier engineering in MgABs.
By integrating species such as Mg”*, H', Na*, CI", OH™, and
C,0,>, these strategies address long-standing barriers includ-
ing anode passivation, poor reversibility, and low cathodic
kinetics. Ion-specific control over transport, redox mediation,
and interfacial environments across dual-electrolyte systems,
solid-state conductors, and hybrid alloys allows MgABs to
transcend the limitations of conventional single-ion systems.

This journal is © The Royal Society of Chemistry 2025
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Looking forward, the exploration of hybrid electrolytes (e.g.,
Mg”*/TFSI™), dual-ion electrocatalysts, and dynamic interface
tuning holds promise for further enhancing MgABs’ robustness.

5.3.4. Sn-air batteries. Sn has recently attracted growing
attention as a viable anode material for aqueous MABs due to
its high theoretical capacity (~ 990 mAh g™ ), earth abundance,
non-toxicity, and biocompatibility, making it especially
suited for wearable and environmentally benign applications
(Table $6).>>°°” Notably, Sn-air batteries are also classic multi-
ion (SnO,>” or SnO;>~ and OH™) transport energy storage
systems. However, the practical deployment of Sn-air batteries
has been impeded by sluggish redox kinetics and the poor
thermodynamic reversibility of conventional Sn*'-based
reactions. Specifically, the canonical redox pathway involving
stannate (SnO;>~ + 3H,0 + 4e~ — Sn + 60H ) suffers from a
prohibitively high energy barrier (342.96 k] mol "), low
diffusion coefficient (9.60 x 107% em® s™'), and significant
interfacial resistance (R, = 3425 Q), ultimately resulting in poor
reversibility and low energy efficiency.

To address these limitations, Chao et al.®>°” introduced a
reconfigured reaction pathway based on stannite ions (Sn0,>")
as the primary charge carriers (Fig. 30a). In this system, Sn
undergoes oxidation at the alkaline anode to form SnO,”",
while OH™ ions generated at the cathode via the ORR sustain
ionic conductivity and electrochemical continuity (Fig. 30b).
The reduction energy for the Sn0,>~ — Sn transformation is as
low as 181 kJ mol ', nearly half that required for SnO;>~ — Sn
(342.96 kJ mol™ "), indicating a more favorable reduction path-
way (Fig. 30c). Substituting SnO;>~ with Sn0,>~ not only lowers
the activation energy significantly (by 171.48 k] mol %), but also
optimizes the solvation structure (coordination number = 4.37),
and enhanced diffusion kinetics (1.72 x 107> em® s %), thus
enabling efficient SnO,> /OH ™ multi-ion transport. The result
is a highly efficient discharge-charge process with 99.5% Sn
utilization, 420 Wh kg™ energy density, and over 1900 h of
dendrite-free cycling stability, underscoring the critical role of
rational ion-pathway design in driving electrochemical
performance.

To further enhance interfacial uniformity and long-term
stability, Hu et al.>®® developed a flexible, corrosion-resistant
hierarchical anode composed of Cu-PVDF@Sn microchannels
(Fig. 30d). This architecture effectively homogenizes the
Sn0,””/Sn redox interface, achieving 92.61% coulombic efficiency
over 1200 cycles, 800 h operation at 5 mA cm >, and boosting
energy density to 474 Wh kg~ '. Complementary to this, the
integration of polymer-based gel electrolytes has enabled flexible
Sn-air batteries to operate across a broad temperature window
(=15 to 60 °C), achieving an energy density of 504 Wh kg™ and a
peak power density 80 mW cm > at 5 mA cm™ 2, thus meeting the
practical demands of flexible electronics (Fig. 30e).

Notably, the fusion of photocatalysis with Sn-air chemistry has
introduced an additional dimension to ion-electron synergy. For
example, the incorporation of Fe,O;@TiO,/Ti heterojunctions as
bifunctional photoelectrodes facilitates solar-assisted charging,
with light-induced electron-hole separation significantly reducing
the overpotential to just 40 mV while simultaneously accelerating
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(a) Schematic illustration of Sn electrodeposition from a KOH electrolyte containing SnO,2~ species. (b) Schematic of the mechanism of a Snair

battery utilizing SNO,>~ as the active species. (c) Calculated Gibbs free energy and potentials for the reduction of SnO3>~ and SnO,2~ to metallic Sn.
Reproduced with permission from ref. 507. Copyright 2023, American Chemical Society. (d) Schematic illustration of the fabrication process of the Cu-
PVDF@Sn electrode. (e) Polarization and power density curves of the Sn-air battery based on the Cu-PVDF@Sn electrode at various operating
temperatures. Reproduced with permission from ref. 508. Copyright 2025, Elsevier. (f) Schematic of a SIAB employing an asymmetric alkaline anolyte (3 M
KOH) and acidic catholyte (1 M H,SO,). (g) Polarization curves of SiABs operated in asymmetric (KOH-H,SO4) vs. symmetric (single KOH) aqueous
electrolytes. Reproduced with permission from ref. 512. Copyright 2025, Wiley.

ORR/OER kinetics.”” This solar-coupled strategy expands the
functional landscape of Sn-air batteries beyond traditional elec-
trochemical boundaries, highlighting a compelling energy-
chemical hybridization approach.

All these advances, ranging from reengineering charge car-
riers (SnO,>” vs. Sn0O;>7), optimizing interface stability via
microstructured anodes and gel electrolytes, to integrating
photocatalytic components, demonstrate how multi-ion carrier
orchestration lies at the core of Sn-air battery innovation. By
coordinating Sn0,>~, OH ", and photogenerated species within
controlled electrochemical microenvironments, these systems
achieve enhanced energy density, cycling durability, and envir-
onmental adaptability.

5.3.5. Si-air batteries. Si-air batteries (SiABs) have broadened
the MAB family.*>® First conceptualized by Ein-Eli in 2009,>'° early
SiABs utilized non-aqueous electrolytes such as 1-ethyl-3-methyl-
imidazolium hydrogen difluoride (EMI-(HF),3F) ionic liquids,

9774 | Chem. Soc. Rev, 2025, 54, 9685-9806

wherein Si undergoes anodic oxidation to produce volatile SiF,
(Si + 12(HF),F~ — SiF, + 8(HF);F + 4e”), which is subsequently
hydrolyzed to SiO,. The cathodic ORR completes the discharge
cycle by generating H,O. While these systems demonstrated low
corrosion rates (<0.16 nm min ') and stable voltage output (0.8-
1.1 V at 10-300 pA cm ), they were limited by modest operating
voltages (0.9-1.2 V) and sluggish ORR kinetics.

Subsequent designs employed alkaline aqueous systems in
which Si anode oxidation and cathodic ORRs in alkaline media
are as follows:>""
Anode:

Si + 4OH™ =2 Si(OH), + 4e” (74)

Cathode:

0, + 2H,0 + 4¢~ 2 40H

(75)

This journal is © The Royal Society of Chemistry 2025
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Overall:

Si + 0, + 2H,0 = Si(OH), (76)

However, the exclusive use of OH ™ as the sole charge carrier
introduced critical drawbacks, most notably, the formation of
passivating SiO,(OH),>” layers via side reactions (Si + 20H ™ +
2H,0 — Si0,(OH),>” + 2H,), which severely impede charge
transport and reduce system efficiency. The inability to decou-
ple oxidation and reduction environments hindered the long-
term stability and performance scalability of conventional
alkaline SiABs.

A significant breakthrough was realized with the develop-
ment of an asymmetric quasi-solid-state SiAB architecture,
which introduced a BPM to separate an alkaline anolyte (3 M
KOH) from an acidic catholyte (1 M H,SO,), thereby enabling
H/OH~ dual-ion carrier dynamics (Fig. 30f).>'* In this design,
Si oxidation at the anode is mediated by OH ™, while H" at the
cathode facilitates the ORR, resulting in a spatially resolved ion
flux that effectively suppresses SiO, passivation and promotes
higher voltage operation. The reaction mechanism can be
described as:

Anode:

Si + 12(HF),F~ — SiF, + 8(HF);F + 4e~ (77)

Cathode:

0, + 4H" +4e” — 2H,0 (78)

This asymmetric configuration achieves an OCV of 1.87 V,
substantially exceeding that of single-alkaline systems (1.48 V),
and delivers a power density of 621 pW cm >, nearly 2-fold
higher than the reported for conventional alkaline SiABs
(205 uW cm™?) (Fig. 30g). Importantly, this H'/OH ™~ co-regulation
not only enhances interfacial kinetics but also ensures environmen-
tally friendly operation by producing Si(OH), as a benign byproduct.
The system maintains stable operation for 188 h with a practical
energy density of 77.3 Wh kg™, outperforming Pt/C-based bench-
marks and confirming its suitability for long-term, low-toxicity
applications in portable energy systems.

SiABs have undergone the development process from OH ™ -
dominated alkaline systems to H'/OH™ co-regulated asym-
metric architectures, by tailoring ionic environments through
bipolar membranes and quasi-solid-state electrolytes, parasitic
reactions such as Si corrosion and H, evolution are minimized,
while ORR/OER kinetics are simultaneously enhanced. Future
innovations in hybrid electrolytes (e.g., gel polymers for H'/
OH"™ stabilization) and dual-ion catalysts promise to further
bridge the gap between theoretical promise and real-world
applications, solidifying SiABs as cornerstone technologies in
sustainable energy storage.

5.3.6. Al-air batteries. Since Zaromb’s’™® foundational
work in 1962 on alkaline Al-O, batteries, the field has rapidly
diversified to include Al-N, and Al-CO, variants. Nevertheless,
Al-O, systems remain the prototypical embodiment of multi-
ion carrier dynamics, wherein both OH™ and Al(OH), operate
as charge carriers to facilitate the core reactions (Fig. 31a):

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

Anode:
Al + 4OH™ =2 Al(OH),” + 3e” (79)
Cathode:
0, + 2H,0 + 4~ 2 40H~ (80)
Overall:
30, + 4Al 2 2A1,0, (81)

Despite the high ionic conductivity (>1 S em™ ") and rapid
kinetics of aqueous systems, the electrochemical window is
fundamentally constrained by parasitic hydrogen evolution
(Al + OH™ + 3H,0 — Al(OH),” + 3/2H,) and anode passivation
via Al,O; film formation, significantly undermining both
energy efficiency and coulombic reversibility.>'* In recent years,
researchers have conducted in-depth studies on the develop-
ment of cathode catalysts to enhance the performance of Al-O,
batteries (Table S6).

To circumvent these limitations, dual-electrolyte strategies
have been employed to spatially decouple the anodic and
cathodic microenvironments, enabling tailored ion flux and
pH-gradient-driven voltage amplification. For instance, micro-
fluidic fuel cells (MFCs) that partition alkaline anolytes (1 M
KOH) and acidic catholytes (1 M H,SO,) via porous carbon
membranes introduce a complex but beneficial interplay of H'/
OH /Al(OH),  ions transport (Fig. 31b). This design delivers a
peak power density of 690 mW cm > by optimizing pH gradient
(ApH =~ 13) and ionic coordination, representing a 142%
improvement over the single-electrolyte counterpart.>*®> Polar-
ization curves further reveal that O, reduction is more favorable
in acidic media (Fig. 31d and e).

Building upon this, our group®'® designed a hybrid acid-
alkali cell with a BPM separating 4 M NaOH and 2 M H,SO,
electrolytes, where Al undergoes oxidative dissolution (Al +
40H~ — Al(OH),” + 3e") at the anode while H" at the cathode
enable H, evolution (2H' + 2e~ — 2H,), yielding a 99% FE at
300 mA cm > and producing 448.9 L m~> h™" of H,. Further
enhancement was achieved through the integration of
Pt@CoN,-G bifunctional catalysts that facilitate the ORR/OER
by supporting Na*/S0,> /OH /H'/Al(OH),” co-migration, deli-
vering 222 mW cm™ > power output at 1.95 V.>'”

Most notably, our group’s®'® latest architecture leveraged
ENE (ApH =~ 14) to couple anodic Al(OH), formation (Al +
40H™ — Al(OH),” + 3e”) and cathodic acidic ORR (O, + 4H" +
4e” — 2H,0) with CEM, achieving an unprecedented OCV of
2.72 V and a peak power density of 827 mW cm 2, further
boosted to 1029 mW c¢m ™2 under pure O, conditions, demon-
strating how multi-ion orchestration (Al(OH), /Na'/OH /H")
amplifies voltage through pH-driven potential superposition
(Fig. 31c).

Beyond aqueous systems, ionic liquid-based Al-air batteries
have introduced new paradigms for corrosion inhibition and
reversibility. Electrolytes such as EMIMCI/AICI; support rever-
sible Al plating/stripping via complex equilibria (Al + 7AICl,” —
4AL,Cl,~ + 3e”), while also preventing the HER.’**°
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Fig. 31 Schematic representations of reaction pathways and ion transport mechanisms in (a) single-electrolyte and (b) dual-electrolyte Al-air batteries,
and (c) hybrid acid—alkali Al—air battery. Reproduced with permission from ref. 518. Copyright 2024, Wiley. (d) Polarization and power density curves

comparing single- and dual-electrolyte Al-air cells at 1.5 mL min~* flow rate.

(e) Corresponding electrode-specific polarization profiles. Reproduced with

permission from ref. 515. Copyright 2021, Elsevier. (f) Schematic of Fe—air battery employing a Li-SSE. Reproduced with permission from ref. 527.

Copyright 2017, American Chemical Society.

Fluorinated ionic liquids like [EMIM(HF), ;F] generate Al-O-F
protective films that suppress passivation and stabilize inter-
facial redox reactions.’"*** Solid-state innovations have further
expanded the design space, such as agarose-based electrolytes,>*
further highlighting the advantages of controlling OH™ and
Al(OH),” mobility at solid-liquid boundaries, achieving energy
densities of 2148.5 mAh g ' and 2766.9 Wh kg ', respectively,
while enhancing mechanical integrity and safety.

Collectively, these innovations consolidate the foundational
importance of multi-ion carrier engineering in Al-air battery
development. From manipulating pH-dependent ion gradients in
dual-electrolyte systems to optimizing AI** coordination chemis-
try in ionic liquids and solid gels, the fine-tuning of carrier
species such as Al(OH),, OH~, H', Na*, SO,>", and AICl,™ is
vital for simultaneously mitigating corrosion, enhancing charge
transport, and maximizing electrochemical reversibility.

5.3.7. Fe-air batteries. Fe-air batteries have attracted
renewed interest as low-cost and sustainable energy storage
platforms, leveraging Fe’s natural abundance, low toxicity, and
multi-e~ redox capability (Fe® «» Fe** <> Fe’"). In conventional
alkaline electrolytes, typically based on KOH, OH™ act as the
primary charge carriers, facilitating Fe oxidation at the anode
(Fe — Fe(OH), or Fe;0,) and ORR at the cathode (O, + 2H,0 +
4e” — 40H).**" However, practical implementations face severe
efficiency losses due to parasitic HERs and the passivation of the
iron surface by Fe;O,, whose limited solubility (<107 M)
obstructs active sites and hinders ion transport. The resulting
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coulombic inefficiencies and shortened cycle life, where the HER
alone can consume up to 30% of stored energy, have long
restricted the performance ceiling of Fe-air systems.”>”

The field experienced a transformative breakthrough with
the introduction of multi-ion carrier engineering. Deyab and
Mohsen’s®*® innovative use of 1-ethyl-3-methylimidazolium
lactate (EML) ionic liquid as an electrolyte additive established
a paradigm-shifting dual-ion carrier mechanism (C3H;0; /
EML"). The lactate anions (C3HsO;") coordinate with Fe*" to
form soluble Fe(C3H503), complexes (solubility ~0.1 M), effec-
tively preventing oxide precipitation and enabling reversible
iron dissolution/deposition. Simultaneously, EML cations
adsorb onto electrode surfaces, providing 97% HER suppres-
sion through electrostatic shielding. This synergistic ion inter-
action enhances discharge capacity to 312 mAh g~ ' and extends
cycle life to 1000 cycles with 94% capacity retention, exemplify-
ing how tailored ion interactions resolve interfacial instability.

Expanding on this multi-ion paradigm, Yu and Manthiram®*’
designed a hybrid Fe-air battery employing solid-state alkali-ion
conducting membranes to spatially separate the alkaline anolyte
(LiOH/NaOH) from the acidic catholyte (H3PO, or LiH,PO,/
NaH,PO,) (Fig. 31f). This architecture enables synergistic OH/
Li"/Na'/H" transport, in which Fe undergoes oxidation in the
alkaline chamber (Fe + 20H™ — Fe(OH), + 2e~), while H" drives
the ORR in the acidic cathode (O, + 4H" + 4¢~ — 2H,0). The
membrane-regulated migration of Li’/Na" ions preserves electro-
chemical neutrality and stabilizes the pH gradient (ApH = 7),

This journal is © The Royal Society of Chemistry 2025
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thereby minimizing the HER and preventing Fe** passivation.
This pH-decoupled strategy yields a high theoretical cell voltage
of 2.11 V, with 92% coulombic efficiency and zero capacity fade
across 50 cycles at +£1.0 mA cm ™2, illustrating the efficacy of ion-
selective transport in bridging kinetic and thermodynamic dis-
parities between redox processes.

Briefly, Fe-air systems by orchestrating ion-specific interac-
tions, whether through lactate coordination chemistry, electro-
static modulation by ionic liquids, or pH-gradient-driven cation
shuttling, harness the nuanced roles of C;H;0;~, EML', OH ™,
Li", Na', and H' in optimizing charge transport and interfacial
stability. By engineering multi-ion carrier networks, future MAB
systems could transcend current energy density ceilings while
achieving unprecedented operational robustness under realis-
tic environmental conditions.

5.4. Metal-H,0, fuel cells

The development of metal-H,0, fuel cell systems traces its
origins to pioneering work in the 1960s by the U.S. NRL and
other institutions, where early prototypes utilizing Al, Mg, and
Zn anodes paired with H,0, oxidants were explored as high-
energy power sources (Table S7).°2® While these systems were
initially classified as ‘“metal-oxidant” fuel cells due to their
consumable anodes and redox-based cathodes, contemporary
understanding recognizes them as sophisticated multi-ion
carrier platforms where the interplay of metal cations (Zn*',
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Mg>*, AI*"), peroxide derivatives (HO, ", O,), and pH-dependent
H'/OH™ transport governs their electrochemical performance
(Fig. 32a).

The unique advantage of metal-H,0, systems lies in their
cathode chemistry, where concentrated H,O, decomposes into
reactive oxygen species (OH , H,0, or O,) through three primary
pathways: spontaneous decomposition, alkaline electrochemical
reduction, or acidic reduction-process that enable exceptional
power densities unattainable in conventional MABs configura-
tions. Advanced dual-electrolyte architectures have been devel-
oped for Al and Mg systems to mitigate anode corrosion,
physically separating the alkaline anolyte (where metal oxidation
occurs) from catholyte compartments containing pH-optimized
H,0, reduction environments. In contrast, Zn-H,0O, systems
leverage established ORR/OER bifunctional catalysts from ZAB
technology, demonstrating the versatility of multi-ion carrier
design principles across different metal platforms.

H,0, decomposition:

H,0, - H,0 + 10, (82)
In alkaline medium:
H,0, + 2~ — 20H" (83)
In acidic media:
H,0, + 2H" + 2e~ — 2H,0 (84)

a Metal-H,0, fuel cells
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Fig. 32 Schematic diagram of multi-ion carrier in (a) metal-H,O, fuel cell architectures employing acidic, alkaline, and neutral electrolytes; (b) metal—

H,0 systems including Zn-H,0, Mg—-H,0O, and Al-H,O batteries.
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Beyond their electrochemical novelty, metal-H,0, fuel cells
offer a compelling combination of attributes, substantially
higher theoretical energy densities than LIBs, material abun-
dance, environmental compatibility, and system flexibility,
positioning them as strong candidates for next-generation
energy solutions. These advantages are further amplified when
viewed through the lens of multi-ion carrier dynamics, which
play a central role in optimizing charge transport, regulating
interfacial reactions, and stabilizing redox kinetics across var-
ied electrolytic environments. This section provides a compre-
hensive overview of the energy storage mechanisms and recent
progress in Al-, Mg-, and Zn-based H,O, fuel cell systems, with
particular emphasis on how the intelligent coordination of
multiple ionic species enables the advancement of these pro-
mising technologies.

5.4.1. Al-H,0, fuel cells. The Al-H,0, fuel cell system has
emerged as a transformative energy conversion technology
since its conceptualization in the late 1990s to early 2000s,
offering distinct advantages over conventional MABs through
its closed-system operation and exceptional theoretical energy
density (8.1 kWh kg™ ").>*° As a self-contained power source that
combines Al oxidation with H,O, reduction, where the oxidant
is continuously supplied while the cathode remains uncon-
sumed, this system has demonstrated remarkable adaptability
for underwater and aerospace applications, exemplified by its
decade-long deployment in autonomous underwater vehicles
(AUVs). The pioneering work by Hasvold et al.’*® showcased a
separator-free Al-H,O, configuration capable of delivering an
energy density of 100 Wh kg™, enabling 60 h continuous
operation for AUVs at 4 knots, underscoring the system’s
practicality in marine environments.

The growing interest in Al-H,0, fuel cells stems from the
synergistic integration of Al's high electrochemical reactivity
and H,0,’s strong oxidizing ability. H,O, not only serves as a
dense oxygen carrier but also enables flexible cathodic reaction
pathways. Optimization of electrocatalysts, electrolyte formula-
tions, and anode architecture has progressively enhanced the
power density, energy efficiency, and cycling durability of Al-
H,0, systems. Mechanistically, the cell relies on the redox
coupling between aluminum oxidation and H,O, reduction,
where OH™ and AlO," serve as the principal charge carriers,
which is as follows:

Anode:
Al + 40H™ — AlO,  + 2H,0 + 3e”~ (85)
Cathode in alkaline:
H,0, + 2¢~ — 20H (86)
Cathode in acidic media:
H,0, + 2H" + 2e~ — 2H,0 (87)

However, in alkaline Al-H,0, systems, Al anodes suffer from
parasitic side reactions and significant overpotentials that limit
the achievable energy output. To address these challenges,
researchers have developed strategies including cathode
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catalyst enhancement,”*® anode surface modification,>*° elec-
trolyte composition tuning,”*' and overpotential reduction.
Anode engineering suppresses unwanted corrosion, optimized
electrolytes mitigate side reactions, and advanced cathode
materials substantially improve catalytic performance, all con-
tributing to higher system efficiency.

Recently, dual-electrolyte designs strategically segregate con-
centrated alkaline anolyte (3-4 M NaOH/KOH) from acid/neutral
catholyte using ion-selective membranes (e.g., Nafion), thereby
mitigating AlO, /H" crossover while optimizing the respective
electrode microenvironments.>***" This compartmentalization
not only suppresses parasitic corrosion but also enhances the
mobility of critical charge carriers, addressing the historical
limitation of energy output falling significantly below theoreti-
cal predictions due to overpotential effects and side reactions.

Subsequently, the breakthroughs in cathode engineering
have propelled the system’s performance to new heights
through nanoarchitectured catalysts that redefine multi-ion
interfacial dynamics. Chang et al.>*> demonstrated the efficacy
of silver nanowire-decorated carbon cloth (Ag NW//CC) cathodes
in microfluidic cells, achieving 43 W m™> power density at 0.1 M
H,0, through optimized OH /AlO,” transport, while subse-
quent work on 3D Ag nanowire aerogels®** delivered a stagger-
ing 271 W m~? (28.1 mW cm?), a 8-fold enhancement over
conventional silver rod cathodes, by maximizing active site
accessibility and reactant flux. Parallel advancements by Li
et al.>*® with Pd- and CoO,-loaded graphene oxide/nickel foam
(rGO/NF) cathodes (267-240 mW cm ™ ?) and Sun et al.>** with
hierarchical Pd/SnO,/NF structures (168 mW cm ?) further
underscore how tailored catalyst supports can amplify the
synergy between electron transfer and ion migration. These
systems universally exploit the dual roles of OH ™ (charge carrier
and reaction participant) and AlO,™ (anodic product and ionic
conductor), with Na' acting as a supplementary charge-
balancing species in alkaline environments.

Beyond energy storage, the multi-ion functionality of Al-
H,0, cells has been leveraged for simultaneous power genera-
tion and water purification. Cervantes et al.>*® constructed a
galvanic cell using pure Al anodes and graphite cathodes
immersed in an electrolyte containing KCl and kaolin-
simulated suspended solids, with H,0, added as the cathodic
oxidant. During operation, the anodic oxidation of Al generated
AP’ and Al(OH),/AlO,~ species, which acted as coagulants to
remove 96.6% of water turbidity, while cathodic H,0, reduction
(to HO,™ and OH™) sustained the alkaline environment:

Anodic:

2Al + 6H,0 — 2A1°" + 60H + 6H' + 66~  (88)
2A" + 60H™ — 2AI(OH), (89)
2A1%" + 8OH™ — 2Al0,” + 4H,0 (90)
Cathodic:
6H" + 6~ — 3H, (91)
H,0, + OH - HO, + H,0 (92)

This journal is © The Royal Society of Chemistry 2025
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3HO,™ + 3H,0 + 6e” — 90H™ (93)

Overall:
2Al + 6H,0 — 2AI(OH); + 3H, (94)
2Al + 3HO,” — 2Al0,” + OH™ + H,0 (95)

This integrated system demonstrated an average cell voltage
of 0.613 V and a current output of 157 pA, while reducing
turbidity by 96.6% without any external energy input. The elec-
trochemical network established here is sustained not only by e~
and OH ™ transport but also by the dynamic migration and
conversion of AI**, AlO, ™, and H", forming a complex multi-ion
pathway. This configuration exemplifies how a multi-ion conduc-
tion mechanism enables the dual functions of energy delivery
and environmental remediation within a single device platform.

In summary, Al-H,O, fuel cells present a compelling case
for future energy technologies, especially in scenarios demand-
ing lightweight, high-energy-density solutions such as under-
water propulsion or portable power systems. Their architecture
and function embody the core principles of multi-ion carrier
devices, where ionic diversity is not a by-product but a designed
advantage, enabling synchronized e -ion processes, enhancing
electrochemical kinetics, and broadening system functional-
ities. As such, Al-H,0, fuel cells offer a vivid illustration of how
multi-ion frameworks can bridge energy conversion with value-
added environmental applications, further solidifying their
relevance in power supply technologies.

5.4.2. Mg-H,O0, fuel cells. The Mg-H,O, fuel cell repre-
sents a paradigm shift in metal-based energy systems, lever-
aging Mg’s high theoretical energy density and the unique
multi-ion carrier dynamics enabled by its acid-compatible
operation. These systems typically employ an inert electrode
loaded with noble metal catalysts (e.g., Pd or Ir) as the cathode,
Mg as the anodic fuel, and H,0, as the oxidant in an acidic
electrolyte, often H,SO,. PEM is used to separate the anode and
cathode chambers, enabling selective ion conduction. In con-
trast to Al anodes, Mg anodes eliminate the need for alkaline
electrolytes such as NaOH, enhancing specific energy. During
discharge, Mg undergoes anodic oxidation to release electrons,
while H,0, is electrochemically reduced at the cathode. The
fundamental electrode reactions and overall cell reaction under
acidic conditions are detailed in previous studies:>*°

Anode:

Mg — Mg + 2e” (96)
Cathode:
H,0, + 2H" + 2e~ — 2H,0 (97)
Overall:
Mg + H,0, + 2H" —» Mg*" + 2H,0 (98)

Despite these advantages, Mg-H,0, fuel cells face chal-
lenges at high current densities due to cathodic polarization
and mass transport limitations, particularly in conventional
planar cathodes where concentration gradients and reactant

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

depletion zones accelerate voltage decay. A transformative break-
through came with the development of three-dimensional cath-
odes, beginning with Patrissi et al’s®*” carbon microfibrous
arrays (CMA) fabricated via directed electrospinning. This archi-
tecture utilizing Mg foils as the anode and a Nafion 115
membrane for ion separation, the catholyte comprised 0.06 M
H,0,, 0.2 M H,S0,, and 40 g L' NaCl in a flow-type, when
loaded with Pd:Ir catalysts, reduced concentration polarization by
enhancing turbulent mixing and thinning diffusion layers,
achieving an 84 mW cm™> peak power density (58% higher than
planar cathodes) while maintaining 88% H,O, utilization. The
CMA'’s success underscored how 3D designs could optimize the
interplay between electron transfer (via Pd:Ir sites), proton migra-
tion (through Nafion), and Mg>*/H" transport in the anolyte.

Further innovations addressed material stability in acidic
environments. Sun et al.>*® implemented a dual-chamber Mg-
H,0, fuel cell integrating corrosion-resistant material design
with optimized architecture. This system used a titanium foam-
supported palladium nanoparticle cathode (Pd/Ti), effectively
replacing corrosion-prone Ni/C substrates, which withstood
50 h operation at 1.5-2.0 V in 1.0 M H,S0,/0.5 M H,0,,
delivering 168 mW cm™> power density. This work revealed
the delicate balance between H' concentration (>1.0 M for
kinetics) and H,0, levels (> 0.5 M to suppress parasitic decom-
position), highlighting how multi-ion competition (H*/Mg>*/
Na'/Cl™) governs efficiency. The latest advancement by Sun
et al.>* features a cathode, termed Pd/rGO/CP, in which Pd
nanoparticles dispersed on crumpled graphene sheets
synergize with carbon paper, achieving a power density of
215 mW cm > at 60 °C. The rGO’s 3D structure not only
enhanced H'/e~ coupling but also mitigated intermediate
adsorption, enabling stable 50 h discharge with ultralow Pd
loading (0.025 mg cm™?), underscoring its high energy effi-
ciency and potential for extended underwater missions.

These advancements underscore the pivotal role of multi-
ion interactions in shaping the electrochemical behavior of
Mg-H,O0, fuel cells. Beyond electron flow and H' conduction
through the PEM, these systems harness the coordinated
migration and transformation of Mg>*, Na*, and CI~ ions,
forming a complex ionic network that fundamentally dictates
device performance. Such multi-ion synergy enhances energy
efficiency, operational stability, and application versatility,
particularly in decentralized and marine energy scenarios.
Through the integration of rational material selection, struc-
tural optimization, and electrolyte engineering, Mg-H,O, cells
have emerged as promising candidates for robust, high-power-
density, and corrosion-resistant energy systems under harsh
environmental conditions. Future research should aim to scale
these principles toward industrial deployment while further
elucidating the kinetic interplay among charge carriers under
extreme operating conditions.

5.4.3. Zn-H,0, fuel cells. The limitations of conventional
ZABs in O,-free environments, including electrolyte evaporation
and CO, interference, have spurred the development of Zn-
H,0, systems as a transformative alternative. As a promising
alternative, H,O, offers an oxygen storage capacity nearly 1600
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times greater than that of air and is far easier to handle than
high-pressure oxygen cylinders, making it a viable substitute for
conventional oxygen sources. Liu Jichua et al.>*° pioneered a
high-power aqueous Zn-H,0, battery using Co/N-doped carbon
nanosheets (Co/N-CNS) to catalytically decompose H,0, into O,,
circumventing the need for ambient air. Within this system, the
cathodic and anodic reactions closely mirror those in traditional
ZABs using KOH electrolytes, following the reactions:
Anode:

Zn + 40H  — Zn(OH),>” +2e (99)
Cathode:
2H,0, — 2H,0 + O, (100)
10, + H,0 + 2¢” — 20H" (101)
Overall:
Zn + H,0, + 20H  — Zn(OH),>~ (102)

Specifically, OH™ acts as the primary charge carrier, whereas
Zn(OH),>~ and K" contribute to maintaining ionic equilibrium. This
architecture delivered 274.1 mW cm™ > at 120 mA cm™ >, outperform-
ing ZABs in underwater tests by sustaining LED arrays without
voltage decay, thus validating its O,-independent operation.

Further advancements in cathode engineering have drama-
tically enhanced power density and stability. Liw’s team>*'
designed a bifunctional catalyst, ZnCo-NC-DMEA-900, achiev-
ing 442 mW cm™? at 150 mA cm™ > and 966 Wh kg™ energy
density in 6 M KOH/0.2 M Zn(OAc), electrolyte. The catalyst’s
hierarchical porosity optimized the interplay between OH™
transport and O, diffusion at the TPB, while Zn**/K” migration
ensured charge balance. This work was extended by a biomass-
derived ZIF-67/nori-800 catalyst,>*> which reached 476 mWwW
ecm > and 964 Wh kg™" by mitigating H,0,-induced degrada-
tion through a novel decomposition chamber design. More-
over, it featured an impressive OCV of 1.44 V and a discharge
voltage of 1.29 V at 20 mA cm ™ 2. These systems underscore how
tailored ion-transport pathways, governed by OH ™, Zn(OH),>",
and K', can overcome the <100 mW cm ™~ ceiling of conven-
tional ZABs.>*?

The pinnacle of this evolution is the edge-enriched catalyst
(ZnCo-NC-$-900),>** which delivered 510 mW cm > and
953 Wh kg™ ' by synchronizing ORR/OER kinetics with
Zn(OH),>~ < ZnO precipitation dynamics. Here, the H,0,-
derived O, undergoes reduction at the cathode (generating
OH "), while Zn**/OH ™ coordination at the anode forms soluble
Zn(OH),*>~ via the reactions:

Anode:
Zn + 40H  — Zn(OH),>” +2e” (103)
Zn(OH),>~ — ZnO + H,0 + 20H" (104)
Cathode:
2H,0, — O, + 2H,0 (105)
0, + 4e” +2H,0 — 40H (106)
9780 | Chem. Soc. Rev,, 2025, 54, 9685-9806
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Overall:

Zn + H,0, — ZnO + H,0 (107)

Pushing the paradigm further, Nagaiah et al>*® recently
proposed an innovative “two birds-one stone”. In this strategy,
the cathode performs a 2e~ ORR to generate H,O, during
discharge in an acidic environment, serving as both an energy
carrier and a chemical product. The system employed MnWO, as
a bifunctional electrocatalyst, offering both high selectivity for
H,0, production and excellent OER activity, while mitigating
overpotentials and enhancing reversibility. During discharge, O,
is reduced to H,O, at the acidic cathode while Zn is oxidized at
the alkaline anode. Upon charging, H,O undergoes the OER at
the cathode, and Zn>" is reduced and redeposited at the anode,
enabling a closed-loop oxygen cycle, described by the reactions:

Anode:

Zn = Zn*" + 2e” (108)
Zn*' + 40H 2 Zn(OH),>~ (109)
Cathode:
Discharge process:
0, +2H"' + 2~ 2 H,0, (110)
Charge process:
2H,0 2 O, + 4H" + 4e~ (111)

The system’s dual functionality, 89.2 mW c¢cm™> power output
coupled with H,0, production, highlights the potential of
multi-ion carrier systems to bridge energy storage and chemical
manufacturing.

In addition to electrocatalytic advancements, the integration
of photoelectrocatalytic materials into Zn-H,0, battery systems has
opened new dimensions in the dual conversion of solar energy and
chemical fuels. Zhang et al’s pioneering work>*® demonstrated this
paradigm by developing a bias-free photocathode system (PDS-
Fe,0;@0,-NiFe,0,-HR-Ti), where oxygen vacancies and heterojunc-
tion coupling synergistically enhanced e transfer kinetics while
stabilizing Fe**/Fe*" and Ni**/Ni>* redox cycles for H,O, generation.
During discharge, e~ released from the Zn anode reduce cathodi-
cally generated H,O, through ORR pathways, aided by the redox
shuttles, while Zn** and OH™ concurrently form intermediate
species such as Zn(OH),>". The system achieved a high OCV of
1.3 V and a peak power density of 8.5 mW c¢cm 2. In neutral PBS
electrolyte, the overall cell reaction proceeds with the generation of
value-added byproducts like NaZnPO,, as represented by:

Photocathode reaction:

0, +2H" + 2e” — H,0, (112)
Anode reaction:
Zn + Na' + PO,®>~ — NaZnPO, + 2e~ (113)
Overall reaction:

Zn + Na' + PO,*>” + O, + 2H" - NaZnPO, + H,0,
(114)

This journal is © The Royal Society of Chemistry 2025
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Simultaneously, the development of functional molecular
catalysts, particularly metalloporphyrins, metallophthalocya-
nines, and their analogues, has shown great promise in mod-
ulating ORR pathways under both dark and illuminated
conditions.’® These MOFs can selectively catalyze the 2e~
ORR to generate H,0, or the 4e~ pathway to produce H,O,
depending on the central metal ion and ligand field environ-
ment. When integrated into photoelectrochemical systems,
their unique electronic structures facilitate efficient e -H'
transfer during the ORR while resisting degradation in acidic
media, a critical advantage for integrating photogenerated
H,O0, directly into fuel cells. When deployed in Zn-H,0, fuel
cells, these molecular catalysts enhance both power density (via
improved ORR kinetics) and cycling stability (through miti-
gated radical-induced decomposition), with their n-conjugated
systems serving as electron highways that synergize with OH /
Zn(OH),>~ transport networks.

In conclusion, metal-H,0O, fuel cells have evolved into
multifunctional energy systems, with performance fundamen-
tally driven by the coordinated transport of multiple ions such
as zZn**, Mg”*, AlO0,”, HO, , OH™, and H'. By engineering
catalysts, electrodes, and electrolytes to regulate multi-ion
fluxes and redox selectivity, these systems have evolved from
simple chemical cells to multifunctional devices capable of
performing in O,-free environments and producing valuable
chemical coproducts. Future efforts should focus on scaling up
ion-selective interfaces and developing modular platforms
where electrochemical, photochemical, and catalytic domains
synergistically operate within a multi-ion framework to further
push the boundaries of energy storage technologies.

5.5. Metal-H,O fuel cells

Unlike traditional MABs, metal-H,O fuel cells generate energy
through the oxidation of metal anodes and the catalytic
reduction of H,O0, typically via the HER, eliminating the need
for external O, or air cathodes.**® This intrinsic design simpli-
fication, coupled with the use of abundant and low-cost metal
anodes and environmentally benign reaction products, renders
metal-H,0 systems highly suitable for specialized scenarios
such as underwater operations, remote-area power supplies,
and portable or unmanned devices. By bypassing the reliance
on atmospheric O, and reducing system complexity, these cells
offer high energy density, excellent environmental adaptability,
and enhanced practicality for decentralized applications.

Recent advancements in metal-H,O fuel cells, including Zn-
H,0, Mg-H,0, and Al-H,O systems, have demonstrated nota-
ble progress (Table S8). Among these, Zn-H,O fuel cells have
achieved remarkable performance improvements through opti-
mized catalyst design and structural engineering, enabling
high energy and power outputs without requiring O, feed.*>"
This makes them especially promising for submerged and O,-
limited environments. However, broader commercialization
remains hindered by the high cost and scarcity of efficient
cathode catalysts, particularly noble metals like Pt/C. Thus,
developing low-cost, high-performance alternatives is a critical
research focus.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

Multi-ion carrier engineering further enhances the perfor-
mance of metal-H,O fuel cells by regulating ion transport
dynamics (Fig. 32b). During operation, ion carriers facilitate
not only e~ and ion transfer but also optimize electrolyte ion
flux, significantly improving energy conversion efficiency. For
example, in Zn-H,0 systems, strategically managing the migra-
tion of OH™, H', and Zn(OH),*>" ions can stabilize electrode
reactions across varying pH gradients, leading to higher power
density and extended cycle life.**® This multi-ion synergistic
transport mechanism mitigates energy losses common in con-
ventional battery systems, offering a promising pathway for
commercializing metal-H,O fuel cells.

5.5.1. Zn-H,O0 fuel cells. The development of Zn-H,O0 fuel
cells can be traced back to the 20th century, when research
primarily centered on the corrosion behavior and HER of Zn in
aqueous environments, with limited progress toward realizing
controllable and efficient battery systems.***> However, the emer-
gence of advanced catalytic materials and innovative system
architectures has transformed this once corrosion-dominated
chemistry into a promising multi-ion carrier platform for energy
storage and conversion. Recent breakthroughs have enabled the
integration of high-energy-density Zn-H,O fuel cells with self-
sustained operation, particularly advantageous in O,-deficient or
underwater environments, where the elimination of external O,
supply enhances system compactness and reliability.>*”**® These
modern Zn-H,O systems demonstrate an unprecedented cou-
pling of electricity generation and the HER, bridging the gap
between primary batteries and electrochemical hydrogen produc-
tion. During discharge, typically configured in alkaline electro-
Iytes, Zn-H,O fuel cells operate through the anodic oxidation of
Zn and cathodic HER discharge, as demonstrated in the follow-
ing reactions:**°

Anode:

Zn + 20H -2¢~ — ZnO + H,0 (115)

Cathode:

2H,0 +2e~ — 20H + H, (116)

During charging, ZnO undergoes reduction at the cathode
while oxygen evolves at the anode, as represented by:
Anode:

ZnO + H,0 + 2e~ — Zn + 20H~ (117)

Cathode:

20H -2~ — 1/20, + H,0 (118)

Notably, in such alkaline systems, OH™ serves as the sole ionic
carriers, highlighting a limitation in ion diversity compared to
other multi-ion configurations. Instead, it has driven focused
material and interface engineering efforts to optimize ionic
conductivity, reaction kinetics, and system reversibility.”*’>*

The true potential of multi-ion carrier engineering became
apparent in hybrid electrolyte systems, where our group>®
demonstrated that spatial segregation of NaOH anolyte and
H,SO, catholyte could harness the synergistic OH /H'

Chem. Soc. Rev., 2025, 54, 9685-9806 | 9781


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00785b

Open Access Article. Published on 18 Leotshe 2025. Downloaded on 2025-11-07 03:04:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

coupling, achieving an OCV of 1.25 V and a power density of
80 mW cm 2 alongside continuous H, production (0.166 mL s ).
The specific energy storage mechanism of this system is as
follows:

Zn oxidation in alkaline anolyte:

Zn + 20H - ZnO + H,0 + 2e (119)
H, evolution in acidic catholyte:
2H" +2e” — H, (120)

This concept was expanded through Ru/3DNC cathodes®>" that
coordinated Na*/SO,> /OH /H" transport to reach 966 Wh kg ™"
energy density, and MO,C-Ru/C heterostructures®> enabling
pH-universal operation through optimized H'-e~ coupling.
Cost-effective alternatives further demonstrate the broad
applicability of this multi-ion carrier approach. CugSe/CP
catalysts®® in a Zn-H,O fuel cell could achieve 65.6 mW
em ™ power density and 875 Wh kg™' energy density by lever-
aging H'/OH /zn*' interplay. Mo-WC@NCS composites®>*
extended this to a wide pH range, maintaining an OCV of
1.08 V and a power density of 41.4 mW cm 2 over 10 h at 10 mA
cm 2. The field achieved its peak with our group’s®>® hybrid
reversible Zn-H,O fuel cells, where the sophisticated coordina-
tion of Na*/OH /Zn(OH),> /H" carriers enabled unprecedented
537 mW ¢cm > power density alongside massive H, production
(2250 L m™> h™"), establishing a new “energy-hydrogen-
chemical” trifunctional paradigm.

Collectively, the multi-ion carrier engineering, spanning
OH™, H', Na*, S0,>7, and Zn(OH),>", resolves the trade-offs
between energy density, efficiency, and cost in Zn-H,O systems.
By tailoring ion flux across pH gradients and optimizing
catalyst-electrolyte interfaces, such designs transcend tradi-
tional electrolysis limitations, positioning Zn-H,O fuel cells
as versatile platforms for renewable energy storage and green
hydrogen economies.

5.5.2. Mg-H,O fuel cells. Mg-H,O fuel cells were initially
explored for corrosion science.>*® Leveraging Mg’s exception-
ally low electrochemical potential (—2.37 V vs. SHE) to achieve
high energy density while utilizing aqueous electrolytes, these
systems have evolved into a promising energy conversion
technology for sophisticated marine power applications.>””
Modern Mg-H,0 fuel cells typically utilize seawater electro-
lytes, where the anodic oxidation of Mg couples with cathodic
H,0 reduction to simultaneously generate electricity and H,
through a multi-ion transport mechanism involving Mg>*,
OH ™, and Na'/Cl~ from seawater. The core electrochemical

reactions are as follows:>*”>*
Anode:
Mg — Mg”" + 2e” (121)
Cathode:
2H,0 +2¢" — 20H" +H, (122)
Overall:
Mg + 2H,0 — Mg(OH), + H, (123)
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The strategic utilization of seawater as a natural electrolyte
underscores the sustainability and cost-efficiency of Mg-sea-
water batteries, offering a compelling alternative to traditional
LIBs in marine environments. The continuous optimization of
anode alloys, catalytic cathodes, and electrolyte formulations
has significantly enhanced power density and cycling stability,
expanding their applications from deep-sea exploration to
portable power and emergency energy systems (Table S8).

Modern advancements have focused on overcoming three
critical challenges: (1) anode passivation, (2) sluggish hydrogen
evolution kinetics, and (3) electrolyte optimization. Hu et al.>*°
developed MOF-derived gradient carbon-cobalt monolith cath-
odes achieving 45 mW cm™> power density with 168 h stability
in natural seawater, while Fasmin’s®>® 2D modeling provided
critical insights into ion transport mechanisms.

The most transformative development came through photo-
electrochemical integration. Behm et al.’>*® introduced a photo-
assisted Mg-H,O battery (PAMHB) with a CuSCN/Cu,O hetero-
junction photocathode. This system harnessed photoelectro-
chemical synergy, where Mg anodic oxidation and corrosion
released e, while the heterojunction’s type-II band alignment
facilitated charge separation, photogenerated electrons drove
the HER, and holes were efficiently extracted via CuSCN. The
built-in electric field (0.35 eV) at the heterointerface reduced
the HER energy barrier, achieving a photocurrent density of
4.32 mA cm™ %, an OCV of 1.48 V, and a peak power density of
1.18 mW cm 2 with an H, production rate of 0.56 mL cm >
min~". This innovative integration of photoelectrochemistry
and multi-ion carrier dynamics (Mg”*/Na“/OH™) exemplifies
the potential of hybrid energy conversion systems for sustain-
able power generation. All in all, these advancements highlight
how Mg-H,O fuel cells, through sophisticated multi-ion carrier
engineering, are transitioning from conceptual prototypes to
practical energy solutions for marine and portable applications.

5.5.3. Al-H,O fuel cells. Al-H,O fuel cell systems rely solely
on the consumption of aluminum metal and water to generate
electricity, with clean, pollution-free byproducts. Typically oper-
ating in alkaline electrolytes, the fundamental electrochemical
mechanism involves the anodic oxidation of Al and cathodic
H,0 reduction, with OH™ serving as the primary charge med-

iator during the fundamental electrode processes, as
represented by:
Anode:
Al + 30H™ — Al(OH); + 3e™ (124)
Cathode:
2H,0 + 2~ — H, + 20H" (125)
Overall:
2Al + 6H,0 — 3H, + 2Al(OH), (126)

Despite its thermodynamic promise, practical implementa-
tion also faces passivating oxide/hydroxide layers on metal Al
anodes, parasitic hydrogen evolution reducing coulombic effi-
ciency, and kinetically sluggish cathodic HER.>®' Recent

This journal is © The Royal Society of Chemistry 2025
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advances in electrolyte engineering, such as polyacrylic acid
(PAA)-modified alkaline seawater (pH = 12), demonstrate how
macromolecular additives can suppress anode corrosion while
maintaining ionic conductivity.*®>

The carrier dynamics become more complex in acidic sys-
tems, where AI**, H", and OH ™ collectively participate in charge
transport. Fontaine et al.>®” revealed that an Al-H,SO, (0.5 M)
cell with Pt/C cathode achieves an OCV of 1.45 V and a peak
power of 75 mW cm > at 365 mA cm > through the coupled
reactions:

Anode:
2Al + 6H,0 < 2AI°" + 60H™ + 6H" + 6~ (127)
Cathode:
6H' + 6e~ < 3H, (128)
Overall:
2Al + 6H,0 < 2Al(OH); + 3H, (129)

Substituting Pt/C with MoS,/RGO heterostructures main-
tained 25 mW cm > power output at 115 mA cm > with
57 mL h™' H, evolution, albeit with reduced HER turnover
frequency.””” This trade-off between cost and performance
highlights the need for advanced catalysts that balance economic
viability with multi-ion interfacial kinetics. The system’s ability to
produce fuel-cell-grade H, without purification underscores its
potential as a decentralized energy-hydrogen cogeneration plat-
form. Future breakthroughs will require holistic optimization of
carrier transport across the solid-liquid interface while mitigat-
ing anode passivation and cathode overpotentials.

The evolution of metal-H,O fuel cells represents a transfor-
mative step in aqueous energy conversion, redefining traditional
corrosion-prone chemistries into tunable, high-performance sys-
tems. Central to this progress is multi-ion carrier engineering,
where coordinated transport of OH™, H', Na*, Cl~, Zn(OH),>",
Mg?*, and AI*" ensures charge balance, pH regulation, and redox
stability. These ions are not passive participants but active
enablers of synchronized hydrogen production and electricity
generation. Innovations in hybrid electrolytes, bifunctional cata-
lysts, and photo-assisted designs have further amplified system
efficiency and environmental adaptability, especially in O,-free or
marine settings. By integrating energy storage with clean H,
output, metal-H,O fuel cells showcase the strategic value of
multi-ion pathways in developing decentralized and sustainable
power solutions. Future research should prioritize the design of
ion-selective membranes, pH-coupled catalytic interfaces, and
interfacial transport control to unlock the full potential of these
energy platforms.

6. Redox flow batteries

RFBs exemplify multi-ion carrier EPSs, utilizing reversible redox
reactions of active ionic species dissolved in liquid electrolytes
at both electrodes. A defining characteristic of these systems is
the spatial separation between the energy storage medium (i.e.

This journal is © The Royal Society of Chemistry 2025
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the flowing electrolyte) and the power-generating unit (i.e. the
electrochemical cell stack), enabling independent scaling of
energy capacity and power output. The integration of multiple
ionic species within these electrolytes allows for enhanced tun-
ability of redox potentials, improved ionic conductivity, and the
potential for multi-electron transfer pathways, further elevating
their versatility and performance. As illustrated in Fig. 33a.°% a
typical flow battery consists of two external electrolyte tanks
connected to a central cell stack and operates based on the
dynamic transport of ionic carriers between compartments. In
this context, the presence and interplay of multiple ionic species
are fundamental to ensuring efficient charge transfer and overall
system performance. Central to this architecture is the ion-
selective membrane, which ensures continuous ionic conductiv-
ity while minimizing cross-contamination between the anolyte
and catholyte. The aqueous electrolyte formulations widely used
in these systems further enhance safety by eliminating flam-
mable solvents, reducing thermal runaway risk and broadening
operating conditions.’®* These benefits, combined with demon-
strated lifespans exceeding 20000 cycles and the feasibility of
electrolyte regeneration, render flow batteries a compelling
solution for long-duration, stationary energy storage.’®

Historically, the evolution of flow battery technology can be
traced back to the 19th century, with early concepts of electro-
chemical energy storage emerging alongside foundational work
in redox chemistry. However, practical development began in the
1970s when NASA and other research institutions explored RFBs
as scalable solutions for long-duration energy storage. The first
modern flow battery, i.e. the Fe-Cr system, was demonstrated
during this period. Despite technical limitations, such as cross-
over and poor efficiency, it established the core principles of flow-
based energy storage. The subsequent decades witnessed signifi-
cant advancements, especially with the introduction of the all-
vanadium redox flow batteries (VRFBs) in the 1980s, in which the
redox pairs of VO,"/VO*>" and V**/V** serve as the respective redox
couples in the positive and negative electrolytes.”**>”° Since
then, flow batteries have diversified into various chemistries,
including Zn-Br, FBs, Zn-Fe FBs, polysulfide-bromine (PSB), and
all-iron flow batteries (AIFBs), driven by demands for grid-scale
energy storage, renewable energy integration, and improved cost-
performance ratios.’”* ">

While VRFBs have dominated the landscape of commercial
flow battery technologies due to well-established chemistry and
scalability, the limited availability and fluctuating cost of vana-
dium have significantly constrained their widespread deploy-
ment. These challenges have spurred the development of
AORFBs as a promising alternative. AORFBs utilize structurally
tunable organic molecules as redox-active species, dissolved in
separate aqueous anolyte and catholyte reservoirs.””**”” Cru-
cially, these systems rely on the migration of multiple ionic
carriers, such as H', alkali metal cations (e.g;, K" and Na"),
anions (e.g., CI” and OH "), and organic ions (e.g., quaternary
ammonium ion, imidazolium ion), through ion-exchange mem-
branes (IEMs), which plays a vital role in maintaining charge
neutrality, optimizing ionic conductivity, and ensuring long-
term cycling stability. The inherent flexibility of AORFBs also
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enables asymmetric configurations, where organic redox species
are paired with inorganic redox couples (e.g., Fe(CN)s*~/
Fe(CN)s*~ or V**/v*"), further highlighting the strategic utility
of multi-ion carriers in tuning redox potential windows, mini-
mizing crossover, and enhancing overall device performance
(Fig. 33a).°”®

Because this review focuses on recent advances in emerging
RFBs enabled by multiple ionic carriers, we do not cover
conventional inorganic redox flow batteries (e.g., VRFB or Fe-
Cr systems), which have been comprehensively reviewed else-
where. Instead, our discussion highlights innovative multi-ion
flow architectures that utilize cooperative or sequential ionic
transport, including organic-ion redox chemistries, asymmetric
ion-exchange systems, and hybrid H'-organic ion-coupled plat-
forms. Readers interested in the fundamentals and technological
evolution of traditional inorganic flow batteries are referred to
several excellent review articles on the subject.’**>7%3%°

To meet the demands of high-performance devices, current
organic molecular design strategies prioritize three key features: n-
conjugated structures for redox-state stabilization, high aqueous
solubility (typically >1.5 M), and strong electrochemical reversi-
bility across a wide pH range.”®' Guided by these principles,
significant progress has been made in developing organic redox-
active molecules, such as anthraquinone, fluorene, pyridine,

9784 | Chem. Soc. Rev., 2025, 54, 9685-9806

pyrene, naphthalene, and phenazine derivatives. A critical deter-
minant of AORFB performance is the role of multiple ionic
carriers, including organic ions, H" or OH, which collectively
influence ion transport, pH stability, and redox kinetics across ion-
selective membranes. Based on their ion transport characteristics,
AORFBs can be broadly classified into three types: (i) H'-carrier
systems, where H' serves as the primary charge carrier; (ii) OH ™ -
carrier systems, using OH™ under alkaline conditions; and (iii)
organic-ion-based systems, in which functionalized redox mole-
cules bearing sulfonate, ammonium, or carboxylate groups func-
tion simultaneously as redox centers and mobile ionic carriers.
Representative advances include anthraquinone-based systems
enabling reversible 2e /2H' reactions in acidic media,>**>*%
hydroxylated anthraquinones paired with ferricyanide in alka-
line media,*®* and recent innovations in redox regeneration
mechanisms (e.g., DHAQ/DHA/DHAL cycles).>®®> Beyond anthra-
quinones, a range of redox cores, such as bipyridiniums,>*°->%°
phenazines,****"  fluorenone,””® nitroxide radicals (e.g.,
TEMPO),***7*** and ferrocene derivatives,”**”°> have been mod-
ified using electron-withdrawing or -donating groups to tune
redox potential, solubility, and stability. While earlier reviews
have covered the broad evolution of AORFB technology,>®*>7%:38°
this analysis focuses specifically on cutting-edge developments
in the past two years, with particular emphasis on: (1) advances

This journal is © The Royal Society of Chemistry 2025
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in multi-ion transport mechanisms, (2) breakthroughs in
membrane design, and (3) system-level optimization.

6.1. Aqueous organic redox flow batteries

6.1.1. H'-carrier AORFBs. Advancing H'-carrier AORFBs
requires the rational design of catholytes that balance redox
potential, solubility, and stability during H'-coupled multi-e~
transfer. Traditional catholytes, such as nitroxyl radicals and
iron complexes, are limited to single-e” processes and exhibit
high pH sensitivity and vulnerability to H'-induced degrada-
tion, particularly under oxidizing, multi-ionic conditions where
H' generation and transport directly influence redox perfor-
mance and long-term stability.

Recent developments have focused on increasing e -transfer
capacity while improving aqueous compatibility through molecu-
lar design (Fig. 33b). A representative example is the azo-
functionalized bipyridinium, 4,4"-hydrazobis(1-methylpyridinium)
dichloride (HydBPyMeCl).>*® This 2e /2H" catholyte operates
reversibly at +0.64 V vs. Ag/AgCl in 2 M HCI and, when paired
with a V*/V** anolyte, delivers exceptional stability (99.997%
capacity retention per cycle over 70 days), high utilization
(87.2%), and a volumetric capacity of 47.1 Ah L™" at 80 mA cm ™.

Wang et al.>®” introduced a more advanced 4e ™~ system based
on chlorinated spirobifluorenyl ammonium (CSFA) salts, lever-
aging an in situ chlorination mechanism with CI™ to stabilize
oxidized states. The twisted spiro-structure improves solubility and
membrane selectivity by suppressing m-conjugation. In pairing
with silicotungstic acid (SWO), the 1.4 M CSFA-Cl catholyte main-
tained >99.4% coulombic efficiency and >95% utilization over
250 cycles. Remarkably, the first charge involved a 12e™ process
coupled with the release of 12H", showcasing its role as a potent
H-generating catholyte. Li’s group>*® pioneered an in situ electro-
chemical synthesis approach using pyrene-based molecules, such
as 2-((dimethylamino)methyl)-1-hydroxypyrene (DMAMPO), which
undergoes reversible 4e/4H" cycling in H,SO,. The resulting cell
achieved >50 Ah L' capacity with 96% utilization and stable
cycling over 7500 cycles (~70 days). To further enhance redox
density, they developed pyrene-4,5,9,10-tetraone-1-sulfonate (PTO-
PTS), a sulfonated, thermally stable 4e /4H" redox molecule,
achieving 59.6 Wh L' energy density and outstanding stability
over 5200 cycles.”® The extended m-conjugation and optimized
electrostatic potential were critical to its performance.

Pushing e -transfer boundaries further, Song et al.**° reported
a 6e”/6H" catholyte, hexaazatrinaphthalene triacid (HATNTA).
Although solubility is currently limited by n-n stacking (1.4 M),
the system delivered a specific capacity of 37.2 Ah L™ and peak
power density of 238 mW cm 2, with minimal capacity fade
(0.021% per cycle), highlighting the promise of m-expanded
structures for high H' throughput. Efforts to improve air stability
without compromising redox activity have also been successful.
Li's team®” developed 2,4,6,8-tetramethylamine methylene-1,5-
naphthalene diol (TAND), a water-soluble, air-tolerant naphtha-
lene derivative. Synthesized via a scalable, low-toxicity route,
1.5 M TAND demonstrated strong ambient durability and deliv-
ered up to 50 Ah L' with negligible decay over 40 days in full
cells paired with the SWO anolyte.

This journal is © The Royal Society of Chemistry 2025
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These advancements demonstrate the growing complexity
and importance of proton management in AORFBs. From 2e™
systems like HydBPyMeCl to 6e~ candidates like HATNTA,
progress in proton-coupled redox chemistries is increasingly
dependent on integrating multi-H'/e” transfer mechanisms,
solubility tuning, and ionic coordination. The strategic design
of H'-generating redox centers, synergized with multi-ion trans-
port pathways, forms a foundation for scalable, high-energy-
density AORFBs suitable for grid-scale energy storage.

6.1.2. OH -carrier AORFBs. In OH -carrier AORFBs, the
strategic design of redox-active molecules to support multi-e” and
multi-ion transfer processes is critical to enhancing both energy
density and long-term cycling performance (Fig. 33c). Quinone-based
compounds, with their multiple carbonyl groups, have emerged as
promising anolyte candidates due to their capacity for multi-e™
transfer. However, conventional quinones often suffer from limited
solubility and rapid degradation under strongly alkaline conditions.

Breakthroughs in this field were achieved with 2e™ transfer
systems, where Wang and Zhang®’® established fluorenone (FL)
derivatives as robust, catalyst-free redox mediators. Their work
demonstrated that strategic incorporation of e -withdrawing
sulfonate and carboxylate groups could stabilize critical FL™
and FL>~ intermediates, enabling reversible ketone-alcohol inter-
conversion on carbon electrodes. The optimized 4-carboxylic-7-
sulfonate fluorenol (4C7SFL) exhibited remarkable solubility
exceeding 1.5 M in NaOH, facilitating a high-capacity flow system
when paired with the [Fe(CN)e]> /[Fe(CN)s]'~ catholyte. During
charging, FL molecules undergo electrochemical reduction to
radical anions, which then disproportionate to form FL and FL-
OH, showcasing a well-controlled 2e~ transfer process with
coordinated hydroxide ion management.

Based on these foundational 2e” systems, Jin et a
duced a bioinspired approach by grafting 1,5-dihydroxyanthr-
aquinone (1,5-DHAQ) with cysteine, yielding Cys-DHAQ with
significantly enhanced solubility (0.63 M) and electrochemical
reversibility. At pH = 14, this system operated via a 2e~, OH'
reduction pathway, accompanied by the generation of 20H™. The
hydrated, highly reduced form (Cys-DHAQ®") exhibited remark-
able stability, enabling ultralong cycling with a capacity decay rate
as low as 0.00038% per cycle over 1100 cycles, a 100-fold improve-
ment over unmodified 1,5-DHAQ.

Beyond 2e” systems, efforts have focused on increasing redox
complexity without compromising aqueous solubility or chemical
robustness. Jin’s group®” addressed the solubility-stability
dilemma in phenazine-based AORFBs by incorporating flexible,
hydrophilic O-alkyl carboxylic acid side chains into the redox core.
The resulting molecule, phenazine-(2,3-diyl)bis(oxy)diacetic acid
(DBEP), supported a stable multi-electron process in 1.0 M KOH
with high reversibility. When paired with K,Fe(CN)s, the DBEP-
based flow battery delivered an open circuit voltage of 1.17 V and
demonstrated minimal capacity fade (0.003% per cycle) over 1000
cycles at 50 mA cm 2. These results exemplify how molecular
functionalization, tuning both m-electronic resonance and ion-
dipole interactions, can coordinate hydroxide ion release with
reversible redox processes, thereby achieving efficient charge
transport and superior alkaline compatibility.

1.°°% intro-
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Altogether, these advances delineate a clear trend: increas-
ing e~ transfer capacity necessitates more sophisticated ion
coordination. The coupling between redox activity and OH™
generation sets the performance limits of alkaline AORFBs.
Future progress will hinge on developing multi-e~ redox mole-
cules, beyond 2e™, that retain precise hydroxide control, high
solubility, and long-term stability. Hybrid structures integrating
features from quinones, phenazines, and other cores may offer
a pathway to simultaneously enhance energy density, efficiency,
and OH" transport fidelity.

6.1.3. Organic ion-carrier AORFBs. Distinct from H'- or
OH -carrier EPSs, a growing class of AORFBs employ organic
ion-carrier electrolytes, where redox-active organic ions them-
selves facilitate charge transport without reliance on external
ionic carriers. These systems leverage the intrinsic ionic nature
of organic molecules, which normally incorporate quaternary
ammonium or pyridinium groups to achieve charge balance via
internal molecular reconfiguration (Fig. 33d). Among these,
bipyridinium-based electrolytes have emerged as leading can-
didates due to their high aqueous solubility, tunable redox
potentials near neutral pH, and well-defined electrochemical
behavior. However, their reduced forms, mono- and diradicals,
are prone to degradation via side reactions with dissolved
oxygen, forming reactive oxygen species (ROS) and resulting
in capacity loss. Additionally, radical pairing through n-dimers,
o-dimers, or charge-transfer complexes has long been consid-
ered detrimental due to ambiguous effects on reversibility and
stability.

A paradigm shift came with work by Scherman and Grey,***
who demonstrated that n-dimer formation, rather than promot-
ing degradation, can suppress ROS-induced decay when opti-
mized via singlet-triplet energy gap tuning. This insight laid
the foundation for air-tolerant AORFBs by thermodynamically
trapping radical intermediates. Building on this, Xu et al.>*>
designed bis(bipyridinium) molecules (M-bisV, TMAP-bisV)
with propylene linkers that enable intramolecular n-n stacking,
forming stabilized n-dimers upon reduction. DFT calculations
revealed a drastic reduction in dimerization energy barriers
(from —14.4 to —103.9 k] mol "), leading to radical confine-
ment and enhanced stability. When paired with a trimethylol-
propane triacrylate (TEMPTMA) catholyte, TMAP-bisV achieved
66.5 Ah L™" volumetric capacity and an ultra-low capacity fade
of just 0.014% per day.

While progress in anolyte design is notable, catholyte devel-
opment remains challenging, particularly in balancing high
redox potential with membrane selectivity. TEMPO-based cath-
olytes, though highly reversible at >0.8 V vs. SHE, suffer from
molecular crossover due to their small size. To address this,
Feng and Li°”* introduced ionic liquid-mimicking dimers
(i-TEMPODs) such as N + TEMPOD, designed for bulkier mole-
cular size and stable operation under WIS conditions. In pairing
with a highly soluble viologen (Dex-EtOH-Vi), the system achieved
4 M e concentration, 101 Ah L' capacity, and 47.3 Wh L™*
energy density over 96 days, demonstrating the efficacy of steric
hindrance and internal charge balance. Further expanding mole-
cular diversity, naphthalene diimide (NDI) derivatives have
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shown promise with a “one-step, two-electron” redox cascade
(NDI** <> NDI" «<» NDI). When paired with the FecNCI catholyte,
NDI-based systems retained 98.44% of capacity over 350 cycles,
the most stable 2e~ AORFBs reported to date, although concen-
tration limits and synthesis costs remain hurdles.®®

To address scalability, He et al.®°® synthesized highly con-
jugated, functionalized NDI derivatives (dex-NDI) via a low-cost
hydrothermal route (~$ 0.16 g~ ). Featuring hydrophilic groups
for self-assembly via m-r stacking and hydrogen bonding, dex-
NDI demonstrated enhanced solubility (1.85 M), stabilized 2e™
redox transitions, and enabled 2.4 M e~ concentration. In full
cells with the MiAcNH-TEMPO catholyte, the system reached 54.4
Ah L™ capacity and 318 mW cm > power density, establishing a
new benchmark for cost-effective, high-performance AORFBs.

Despite these advances, redox instability under multi-e™
conditions remains a critical bottleneck. Even rigid =n-
conjugated frameworks such as anthraquinones or phenazines
may suffer from irreversible degradation due to localized electron
density. To mitigate this, Wang’s team®®” proposed a resonance-
stabilized phenazine dication (HSPC) with 2,3-dihydroxy substi-
tution. The resulting 2e~ process (HSPC <« re-HSPC) benefits
from extensive delocalization across phenazine and quinoid
moieties, enabling a highly reversible redox platform with mini-
mal fade (0.0009% per cycle) at 1.4 M e~ concentration and a
peak power density of 0.11 W cm ™2, coupled with K,Fe(CN)g.

Taken together, these developments highlight the central role
of organic radical stabilization in advancing organic ion-
conducting AORFBs. Through strategies such as controlled -
dimerization, intramolecular association, extended conjugation,
and resonance delocalization, researchers have enhanced the
electrochemical reversibility, air stability, and scalability of these
systems. Continued molecular engineering of functional organic
ions capable of multi-e~ transfer and intrinsic charge balancing
offers a promising pathway toward next-generation flow batteries
with high energy density and cost-effective scalability.

6.2. Ion-exchange membranes

The critical role of IEMs in AORFBs has driven significant innova-
tions in membrane design to address the fundamental challenge
of simultaneously achieving high ion selectivity and conductivity.
While conventional perfluorosulfonic acid membranes like Nafion
have been widely adopted for their excellent proton conductivity
and chemical stability. Yet, in multi-ion AORFB environments,
their inherent trade-off between ion transport and selectivity leads
to substantial crossover of redox-active species, resulting in capa-
city fade and reduced energy efficiency. This limitation stems from
the nanoscale phase-separated morphology of traditional IEMs,
where ill-defined hydrophilic/hydrophobic domains create a per-
sistent conductivity-selectivity dilemma.

A conceptual breakthrough was realized by Schubert et a
who demonstrated that inexpensive dialysis membranes could
serve as functional ion-selective barriers in NaCl-based AORFBs,
relying on size exclusion and charge repulsion mechanisms
rather than traditional ion-exchange functionalities. This seminal
work underscored the feasibility of managing multiple ionic
species using non-ionic membranes and prompted a wave of
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innovation focused on engineering membranes with well-defined,
nano-confined transport pathways. Among the most promising of
these approaches is the development of polymers of intrinsic
microporosity (PIMs). Unlike conventional IEMs that rely on
hydrated channels, PIMs use micropores created by inefficient
packing of rigid and contorted polymer backbones, allowing the
combination of size-sieving selectivity with enhanced ionic perme-
ability. Song’s team***®%® pioneered this direction through strate-
gic functionalization of PIMs with Troger’s base and amidoxime
groups, demonstrating how tailored side chains could optimize
both pore dimensions and local chemical environments to
enhance specific ion transport while minimizing organic species
crossover. These innovations were complemented by sulfonic,*”

NC.

CN' INC

Induce flexible
chains to extend in
non-coplanar

(o
Spiral branching
nodes

Bottom-up synthesis

/= 00 |
G G E

1]
QO

NCCN

View Article Online

Review Article
and carboxylic acid-functionalized variants®' that achieved unpre-
cedented combinations of ion selectivity and conductivity through
precisely engineered polymer-ion interactions.

Recently, a landmark advancement by Xu’s team®'" intro-
duced a self-supporting covalently bonded polymer framework
membrane based on rigid triazine structures (Fig. 34a and b),
sub-nanometer channels that enable near-frictionless ion
transport (Na* diffusion coefficient: 1.18 x 10~° m* s™") with
ultralow resistance (0.17 Q ¢cm?). These structural innovations
allowed AORFBs to achieve unprecedented current densities
(500 mA ¢cm™?) while maintaining exceptional cycling stability,
overcoming the longstanding conductivity-selectivity trade-off
through precisely engineered pore confinement effects. Then,

CN
Organic sol-gel N\
membrane fabrication NI

1

v

Sol-gel Chemical
reaction  modification
e

Fig. 34 Schematic illustrations of advanced ion-selective polymer membranes with tunable ion transport pathways: (a) pore architecture and chemical
environment tailored to enable fast and selective ion conduction. (b) lon-conductive moieties embedded within membrane pores and a covalently
bonded network constructed from rigid triazine units. (c) Semiflexible 3D network architecture derived from spiral-branched polymer design strategy,
facilitating interconnected ion pathways. Reproduced with permission from ref. 611. Copyright 2023, Springer Nature. (d) Left: Schematic of a 3D
interconnected microporous network enabling efficient anion transport. Right: Molecular structure and synthetic route of a covalent triazine framework-
based membrane. Reproduced with permission from ref. 612. Copyright 2025, Springer Nature.
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Xu’s group®' further developed branched microporous AEM
incorporating twisted spirobifluorene monomers and all-
carbon poly(aryl piperidine) backbones that form intercon-
nected 3D networks (Fig. 34c), achieving remarkable Cl~ con-
ductivity (120 mS cm ™" at 80 °C) and stable operation at 400 mA
cm > Subsequent refinements through covalent triazine fra-
mework membranes demonstrated selective anion transport
tuning via methylation, enhancing Cl~ conductivity while
maintaining F~ permeability, a critical advancement for mana-
ging charge asymmetry in multi-ion systems (Fig. 34d).°"?

Despite the promise of such high-performance microporous
membranes, their synthesis often involves complex procedures
and expensive monomers, posing challenges for large-scale appli-
cations. Addressing this limitation, Xu’s group®® integrated the
advantages of conventional microphase-separated ion-exchange
membranes (IEMs) and polymers of intrinsic microporosity (PIMs)
by converting dense IEMs into microporous structures (Fig. 35a
and b). This was achieved through an in situ hypercrosslinking
strategy applied to commercially available quaternized poly(2,6-
dimethyl-1,4-phenylene oxide) (QPPO), yielding hypercrosslinked
QPPO (HC-QPPO) membranes. These membranes demonstrated a
twofold increase in ionic conductivity and a tenfold improvement
in ion selectivity relative to their pristine counterparts. When
employed in neutral AORFBs with BTMAP-Vi/TEMPTMA electro-
lytes, the HC-QPPO membranes dramatically suppressed capacity
decay, offering a cost-effective pathway to integrate high selectivity,
chemical robustness, and low resistance within a scalable plat-
form, an essential criterion for real-world deployment of multi-ion
carriers systems.

a Charged microporous membranes derived from conventional IEMs

Confined m m
Hypercross- s il
-linking conformation 'C%’.Q*‘Cé« //—\\{%
= =

AN

Flexible backbone

Hypercrosslinked backbone

c 5 d Membranes with low
free volume & poor

o
O O interconnectivity
(0] S 7
O SPEEK ! \

L)
/ =@ g
e
©
. A
Y 4 \ N ‘Q@\ &
. ‘ "
oY { y, &
(8 \ & / X !
v .
I N 690/
L e &1
' < I @

Fig. 35

View Article Online

Chem Soc Rev

Further emphasizing the potential of dual-ion conductive
membranes, Song et al®™* re-engineered sulfonated poly(ether
ether ketone) (SPEEK) and sPEEK-Trip membranes by incorporat-
ing triptycene units into the polymer backbone to induce intrinsic
microporosity (Fig. 35¢-f). Unlike conventional linear sPEEK, this
twisted, rigid architecture formed well-connected water channels
and supported efficient transport of both K and OH™ ions.
Sulfonation via silicon-protected reagents further refined the
channel morphology, enabling electrostatic-driven cation conduc-
tion alongside Grotthuss-type OH™ hopping mechanisms. This
dual-ion conduction strategy delivered superior performance in
alkaline AORFBs systems based on quinone, achieving high energy
efficiency and remarkable current densities up to 700 mA cm ™.
The structural design not only ensured stability under aggressive
pH conditions but also maximized ion mobility, setting new
benchmarks in membrane-enabled flow battery performance.

Altogether, through rational control over polymer topology, pore
architecture, and functional group distribution, these membranes
not only resolve the long-standing conductivity-selectivity dilemma
but also enable synchronized cation-anion transport, critical for
achieving high coulombic efficiency, stable cycling, and scalable
power output. As flow battery systems evolve toward higher energy
densities and faster kinetics, multi-ion carrier membranes will
remain indispensable to bridging the gap between laboratory
advances and grid-scale energy storage applications.

6.3. System-level optimization

Additionally, system-level optimization, such as the transition
toward pH-neutral electrolytes, has significantly mitigated
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(a) Schematic of charged microporous membranes derived from the hypercrosslinking of conventional IEMs (green spheres denote fixed

charged groups). (b) lllustration of the facile hypercrosslinking process and the resulting microporous polymer network structure. Reproduced with
permission from ref. 613. Copyright 2024, Wiley. (c) Chemical structure and chain segment of conventional sPEEK. (d) Schematic depiction of ion channel
morphology in SPEEK membranes. (e) Chemical structure of sSPEEK-Trip incorporating triptycene units that introduce internal free volume. (f) Schematic
illustration of hourglass-shaped interconnected ion channels in SPEEK-Trip membranes, facilitating rapid and selective ion transport, particularly enabling
the conduction of both cations (black arrows) and hydroxide ions (red arrows) in alkaline media. Reproduced with permission from ref. 614. Copyright
2025, Elsevier.
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corrosion and side reactions linked to extreme pH environ-
ments, enabling more stable and sustainable operation under
practical conditions.””” In recent years, the development of pH-
decoupled AORFBs represents a significant advancement in
multi-ion carrier systems, where strategic management of pro-
ton and hydroxide ion transport enables cell voltages exceeding
the thermodynamic water-splitting limit of 1.23 V.*"® While
early pH-decoupled systems suffered from severe proton/hydro-
xide crossover and associated efficiency losses, the innovative
work by Aziz et al.®'® demonstrated how controlled pH differ-
entials coupled with regeneration systems could mitigate these
challenges. Their mild pH-decoupling approach, utilizing AEM
and CEM to separate the acidic and alkaline sides, carefully
matched redox pairs (benzo[a]hydroxyphenazine-7/8-carboxylic
acid (BHPC) in mild alkaline and tris(4,4’-bis(hydroxymethyl)-
2,2/-bipyridine)iron(m) dichloride (Fe(Bhmbby);) in mild acid)
(Fig. 36b), achieved breakthrough performance including an
OCV > 1.7V, a peak power density of 140 mW cm 2, coulombic
efficiency of 99%, and daily capacity decay <0.07%, while
maintaining 85% round-trip efficiency, a testament to the power
of Na'/ClI"/OH /H" multi-ion carrier optimization in balancing
electrochemical potential and ionic crossover (Fig. 36a).
Parallel to these advancements, the emergence of membra-
neless flow batteries presents a distinct yet complementary
trajectory for cost-effective energy storage. By utilizing immis-
cible biphasic electrolytes to achieve spontaneous phase
separation of redox-active species, these systems eliminate
the need for ion exchange membranes altogether, potentially
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reducing system complexity and cost. As demonstrated by
Marcilla’s team,*® by combining LiTFSI and (NH4),SO,, they
engineered a low-viscosity (<3.2 mPa s), high-conductivity
(158 mS cm ™) immiscible electrolyte pair, where [Fe(CN)e]> /4~
localizes in the sulfate-rich top phase and a sulfonated viologen
derivative ((SPr,)vV”™) partitions into the TFSI-rich bottom phase
(Fig. 36¢). Operating under near-neutral conditions, this configu-
ration achieves a distribution coefficient (K) exceeding 10, pro-
moting sharp concentration gradients and efficient phase-
specific ion transport. The resulting multi-ion environment
extends the OCV to 1.09 V and increases power density by 3.5-
fold relative to PEG-based biphasic systems (Fig. 36d). Impress-
ively, the battery retained 98.5% of its capacity over 400 cycles (33
days) under flow conditions, establishing a foundation for dur-
able, membrane-free, multi-ion carrier systems.

Despite significant advancements in redox-active molecule
design, electrolyte optimization, and ion transport regulation,
the energy density and long-term stability of AORFBs still lag
behind commercial VRFBs. To overcome these limitations, future
efforts must focus on the development of novel organic redox
species capable of stable multi-e” transfer (>2e7), alongside
electrolyte systems that balance high ionic conductivity, low
viscosity, and broad electrochemical windows. Hybrid electrolytes
and multi-ion formulations may offer new synergies, enabling
improved compatibility and enhanced redox reversibility. Simulta-
neously, membrane materials must be tailored to support selective
transport of multivalent ions (e.g., Zn®>" and AI**) through precise
molecular sieving and high chemical stability.
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Fig. 36 (a) Schematic illustration of ion concentration gradients and transport directions in a three-chamber flow cell. (b) Comparison of LSV curves
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hting enhanced voltage response via spatial ion management. Reproduced

with permission from ref. 616. Copyright 2024, Springer Nature. (c) Construction of an aqueous membrane-free flow battery based on (SPry)V®~ couple
with [Fe(CN)el> /4~ redox species. (d) Cyclic voltammograms of the anolyte and catholyte at pH = 7, measured at 0.1 M active species and a scan rate of

10 mV s~%. Reproduced with permission from ref. 20. Copyright 2025, Wile
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Beyond the molecular and materials scale, system-level
innovations are equally vital. Adaptive flow control, real-time
sensing, and Al-assisted battery management strategies will be
critical for maintaining ionic balance and suppressing degrada-
tion. The integration of bioinspired membrane structures or
stimuli-responsive transport mechanisms may further improve
selectivity and operational flexibility. Addressing these chal-
lenges will require cross-disciplinary collaboration and a para-
digm shift that views complexity not as a limitation, but as a
functional advantage. Such a holistic strategy is essential to
position multi-ion AORFBs as viable, next-generation technolo-
gies for scalable, long-duration and sustainable energy storage.

7. Concluding remarks and perspectives
7.1. Challenges

The promise of multi-ion EPSs lies in the orchestration of
diverse ionic species, each performing a complementary role
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in redox reactions, charge transport, and interfacial stabili-
zation. Yet, the very richness that makes these systems powerful
also renders them exquisitely complex. The deliberate inclusion
of multiple ionic species introduces a multidimensional design
landscape, one that touches every layer of the device, from
materials and interfaces to system integration and scale-up,
which introduces a host of scientific and practical challenges
that must be addressed with equal sophistication (Fig. 37).
One of the most fundamental scientific hurdles is the
precise discrimination and coordination of multiple ions
within shared electrolytic and interfacial environments. Ions
of differing valence states, sizes, charge densities, solvation
structures, and chemical reactivities do not always coexist
peacefully. Their interactions can lead to antagonistic phenom-
ena such as cation-anion pairing, ion-solvent competition, and
active-site rivalry, disrupting redox equilibria, degrading elec-
trochemical stability, and triggering side reactions. Designing a
compatible electrolyte in this context becomes an act of
chemical diplomacy, requiring a finely tuned balance of ionic

O Complex ion coordination

O Difficult electrolyte and system design

O Scalability and safety issues

Perspectives
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O Grid storage & energy regulation

O Wearable & smart energy systems

Fig. 37 Challenges, future directions, and opportunities of multi-ion EPs.
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preferences and the mitigation of cross-species interference to
preserve both performance and longevity.

Multi-ion systems require the precise co-optimization of
ionic flux, electric field distribution, and redox synchroniza-
tion. In such environments, ion transport resembles a con-
gested highway, where multiple species compete for mobility
and selective access through membranes or interphases. Inter-
ionic crosstalk can impair ionic conductivity, disrupt charge
balance, and compromise transport selectivity. Overcoming
these challenges calls for the development of ion-selective
membranes and adaptive separators capable of regulating
multi-species ion flux with molecular-level precision, demand-
ing advances at the intersection of electrostatics, nanostruc-
tured materials, and interfacial chemistry.

In systems where multiple ion species coexist, the formation
of stable and functional interphases, such as SEI or CEI,
becomes increasingly challenging. Conventional membranes
like Nafion often lack the selectivity needed to distinguish
between monovalent and multivalent ions, leading to ionic
crossover, contamination, and capacity degradation. While
solid-state and gel electrolytes may provide improved compart-
mentalization, they frequently suffer from low ionic conductiv-
ity and poor interfacial contact in mixed-ion environments.
There is an urgent need for advanced electrolyte platforms
capable of molecular-level ion recognition, tailored solvation
environments, and high ionic mobility. Promising candidates
include hybrid ionic liquids, zwitterionic polymers, and bio-
inspired chelating systems designed to reconcile selectivity
with transport efficiency.

From a manufacturing and scalability standpoint, multi-ion
EPSs pose challenges that extend far beyond the laboratory.
High-purity precursors, functional separators, and custom bat-
tery management systems inflate the levelized cost of storage,
often exceeding that of mature single-ion technologies. Materi-
als that perform well in coin-cell prototypes may falter in large-
format devices, where ionic cross-talk and degradation effects
become magnified over time. The need to reproducibly synthe-
size complex electrolytes, fabricate ion-tolerant electrodes, and
ensure long-term system integrity under dynamic operating
conditions highlights the importance of manufacturability
and durability as co-equal goals with performance.

Engineering these systems for real-world use further
increases the demand for precision control and system-level
coordination. Flow rates, ionic gradients, membrane selectivity,
and electrode kinetics must be continuously monitored and
dynamically tuned to avoid performance drift or failure. Yet
this sophistication must be achieved without prohibitive cost,
energy overhead, or fragility. Expanding the electrochemical
operating window while maintaining safety and reliability will
require creative combinations of tailored solvents, redox-
buffering strategies, and hybrid electrolyte systems that balance
both thermodynamic stability and kinetic control.

Finally, safety considerations become increasingly urgent as
complexity grows. The inclusion of multiple reactive species
broadens the landscape of potential failure modes, from ther-
mal instability and gas evolution to dendrite formation and
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parasitic reactions. As multi-ion EPSs are adapted for critical
applications such as grid storage, electric vehicles, and wear-
able electronics, ensuring their resilience under stress, abuse,
and long-term cycling conditions becomes essential.

These challenges do not diminish the potential of multi-ion
EPSs; they on the contrary define its frontier. Each obstacle
marks a call for innovation: membranes engineered to distin-
guish ions by geometry or charge, solvent systems that recon-
cile competing redox chemistries, and interfaces that self-
organize in response to local ionic environments. In this land-
scape, complexity is not a barrier but a new scientific language.
As we look ahead, the path forward lies not in simplifying these
systems, but in mastering their intricacies. What follows is a
roadmap for future research, outlining how the mastery of
complexity can reimagine electrochemical power sources as
systems that are not merely more powerful, but profoundly
more intelligent, adaptable, and resilient.

7.2. Roadmap for future research

The transition from single-ion to multi-ion EPSs represents a
paradigm shift that transcends materials innovation, funda-
mentally redefining the principles of electrochemical design.
To fully harness this potential, a targeted research roadmap
must integrate advances across four interdependent domains:
ion selection, transport regulation, interface engineering, and
system architecture, each meticulously tailored to the opera-
tional requirements of specific energy storage technologies.

Hybrid batteries exemplify this approach, where the strate-
gic integration of multivalent (e.g., Mg®" and Zn**) and mono-
valent ions (e.g., Li* and Na") enables synergistic performance:
the former provides high-capacity storage while the latter
ensures rapid transport and interfacial stabilization. However,
this advantage hinges on overcoming critical challenges,
including the synchronization of disparate redox kinetics and
the prevention of ionic cross-talk through novel electrolyte
formulations. Complementary innovations in ion-selective
transport channels, spatially graded electrodes, and dynamic
interphases will be essential to maintain electrochemical coher-
ence within these hybrid architectures.

This principle of functional ion partitioning extends to
HBCs, where multi-ion strategies must reconcile contradictory
demands, fast ionic mobility for capacitor-like power delivery
versus controlled redox activity for battery-like energy storage.
Achieving this balance requires dual-ion pathways: one opti-
mized for rapid electric double-layer formation and another
dedicated to faradaic processes. Success in this domain will
depend on breakthroughs in bifunctional electrolytes with
segregated ionic domains, hierarchically porous electrodes
capable of selective ion sieving, and adaptive interfaces that
dynamically reconfigure under varying operational loads. Nota-
bly, nanoscale control over solvation structures and interfacial
field distributions emerges as a universal requirement for
sustaining performance across extended cycles.

The versatility of multi-ion systems is particularly evident in
fuel cells, where decoupled protonic/anionic transport (e.g.,
coexisting H'/OH™) can simultaneously broaden operational
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windows and mitigate catalyst degradation. Yet this advantage
introduces new complexities, including inter-ion competition
and interfacial instability under pH gradients. Addressing these
challenges demands co-conductive membranes with angstrom-
level ion selectivity, mixed-ion-tolerant catalytic surfaces, and
self-regulating interfaces capable of real-time ionic flux mod-
ulation. Similarly, RFBs, arguably the most natural platform for
multi-ion implementations, leverage modular architectures to
enable voltage-staggered redox couples and even co-mediated
chemical synthesis (e.g., H, evolution coupled with energy
storage). However, these systems require meticulous design of
stable multivalent redox pairs, advanced separators with
molecular-level crossover suppression, and flow fields engi-
neered for kinetic synchronization of multiple ionic species.

Across all technologies, interface engineering emerges as a
critical theme. Multi-ion systems often produce chemically
diverse and dynamically evolving interfaces that govern device
stability and performance. Future directions include the crea-
tion of ion-specific interphases, self-restructuring solid-liquid
boundaries, and functional coatings that modulate ion flux at
the molecular level. These features must accommodate asym-
metric ion reactivity, variable hydration shells, and fluctuating
electric fields without compromising long-term cyclability.

Understanding such complex phenomena requires high-
resolution analytical tools and multi-scale modeling frame-
works. In situ and operando techniques, such as cryo-electron
microscopy, isotope tracing, and synchrotron spectroscopy,
should be coupled with machine learning-assisted data analy-
tics and multi-physics simulations. These will enable the
identification of ion-specific transport barriers, emergent inter-
facial behaviors, and cooperative transport phenomena in real-
time operating environments.

From lab-scale development to real-world deployment, key
engineering considerations include manufacturability, safety,
and integration with renewable sources. Strategies such as 3D-
printed flow architectures, modular stacked cell configurations,
and ion-gradient-driven compartmentalization will support
flexible scale-up. Sustainability must be embedded throughout,
favoring non-toxic, earth-abundant elements, closed-loop recy-
cling, and lifecycle-informed material selection.

Economically, the levelized cost of storage (LCOS) remains a
critical benchmark for evaluating the feasibility of emerging
energy storage systems. The deliberate inclusion of multivalent
and organic ionic species, hybrid electrolytes, and ion-selective
membranes in multi-ion EPSs introduces significant cost varia-
bility. These systems often require high-purity salts, advanced
polymers, and engineered interfaces, which elevate capital
expenditures relative to conventional single-ion technologies.
Additionally, the synthesis of such tailored components fre-
quently involves low-throughput, non-scalable processes. To
address these challenges, future efforts should prioritize the
use of earth-abundant, non-toxic, and recyclable materials and
develop modular synthesis strategies compatible with roll-to-
roll or 3D printing techniques, enabling cost-effective scale-up.

From a systems perspective, the ability of multi-ion EPSs to
partition electrochemical functions among distinct ionic
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species offers unprecedented opportunities for design flexibility
and performance optimization. However, this complexity also
necessitates advanced battery management systems, real-time
monitoring, and adaptive control algorithms to maintain ionic
balance and operational stability. This calls for the development
of low-cost, high-resolution sensing technologies and Al-assisted
control strategies to ensure reliable, scalable operation. While
current multi-ion systems may not yet match the LCOS of mature
lithium-ion technologies due to material and integration costs,
they show long-term potential in scenarios where traditional
systems fall short, such as modular energy storage, long-
duration operation, and harsh environmental conditions. In
grid-scale flow batteries or hybrid systems coupling energy
storage with CO, reduction or hydrogen production, the multi-
functionality of multi-ion EPSs can deliver additional value
streams, enhancing energy return on investment. Ultimately,
realizing their promise requires a shift toward application-
driven design rooted in fundamental science, treating ionic
complexity as a strategic asset for next-generation energy systems.

7.3. Opportunities

While the roadmap outlines the challenges that must be met, the
opportunities offered by multi-ion EPSs are no less compelling.
These systems are not merely enhancements of existing technol-
ogies; they represent a fundamental reimagining of what electro-
chemical platforms can achieve across functionality, architecture,
and application. At their core, multi-ion EPSs allow for tandem,
sequential, or co-mediated redox processes, enabling electroche-
mical reactions that are inaccessible in conventional single-ion
systems. This unlocks the potential for voltage-staggered energy
storage, coordinated energy, chemical conversion, and redox-
coupled electrosynthesis, vastly expanding the operating land-
scape. By delegating distinct electrochemical roles of different
ions for charge storage, transport, or interfacial stabilization,
multi-ion systems alleviate traditional bottlenecks including ion
concentration gradients, interfacial instability, and sluggish
kinetics, resulting in faster charge-discharge rates, higher power
density, and greater design flexibility.

Thanks to their tunable composition and reaction dynamics
response, multi-ion EPSs are well suited to pair with variable
renewable inputs like wind or solar. Their modular and dynamic
response capabilities make them excellent candidates for grid
balancing, off-grid storage, and hybrid energy-conversion sys-
tems. Beyond energy storage, multi-ion EPSs offer avenues for
integrated energy-chemical systems. These may include simul-
taneous hydrogen production and waste valorization, CO, cap-
ture and conversion, or electrosynthetic routes to value-added
chemicals. Such coupling transforms EPSs from static energy
devices into multifunctional electrochemical factories.

From wearable electronics to implantable medical devices,
the versatility of multi-ion systems offers energy solutions that
are flexible, biocompatible, and even self-healing. Their tai-
lored voltage profiles and chemical resilience make them ideal
for powering electronics under diverse environmental condi-
tions, meeting the demands of wearable technologies, implan-
table devices, and smart sensing platforms.
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The transportation sector, particularly electric vehicles, pre-
sents another high-impact frontier. the integration of systems
like Li-Na hybrid batteries provides a dual advantage: higher
energy density and improved low-temperature performance.
For instance, a recent study’®® reported Na-based dual-ion
batteries achieving 380 Wh kg™, significantly reducing Li
demand CATL’s 2023 commercialization of a Li-Na all-battery
(AB) pack represents a milestone in hybrid energy storage. By
spatially arranging sodium-ion cells in low-temperature zones
of the battery pack, this system overcomes cold-weather limita-
tions, achieving a 5% range improvement at sub-zero tempera-
tures while leveraging sodium’s thermal resilience. This
strategic integration illustrates how multi-ion design can yield
a synergistic performance greater than the sum of its parts, a
true realization of “1 + 1 > 2” in practical electrochemistry.

Multi-ion redox flow batteries offer yet another path forward,
uniquely suited for large-scale grid integration. Their scalable,
long-duration, and environmentally friendly characteristics,
paired with the ability to incorporate multiple redox couples,
provide a highly customizable platform for stationary storage.
Their modularity allows system designers to balance power and
capacity independently, tailoring performance for the fluctuat-
ing demands of renewable-powered grids.

Finally, the rise of multi-ion EPSs represents more than an
evolution in materials, signifying a convergence of disciplines.
At the crossroads of electrochemistry, materials science, nano-
technology, and data-driven design, these systems offer an
opportunity to rethink energy devices as intelligent, responsive,
and multifunctional platforms. Their development encourages a
holistic approach to system design, from the atomic scale to the
grid, and from laboratory discovery to real-world deployment.

7.4. Conclusion

The emergence of multi-ion carrier systems marks a paradigm
shift in electrochemical energy technologies, offering new
strategies for charge storage, ion transport, and interfacial
modulation. In contrast to conventional single-ion systems,
multi-ion EPSs exploit the complementary properties of a
diverse range of ionic species, including monovalent, multi-
valent, organic, and anionic carriers, to enable a finely tuned
yet robust coordination of redox activity, ionic conductivity, and
structural adaptability. This review highlights recent advances
across a range of technological platforms, including hybrid
batteries, HBCs, fuel cells, and RFBs, illustrating how the
deliberate orchestration of multiple ionic species can overcome
the intrinsic limitations of single-ion transport.

However, the intricate advantages of multi-ion EPSs also
bring forth significant scientific and engineering challenges.
Ion-specific discrimination, redox synchronization, and selec-
tive transport must all occur within shared electrolytic and
interfacial environments, a demanding task due to competitive
solvation, ion-pairing, and cross-reactivity. The formation of
robust SEI/CEI, suppression of ionic crossover, and mitigation
of parasitic reactions are further complicated by the coexistence
of chemically and physically distinct ions. Moreover, most
conventional membranes, electrolytes, and electrode materials
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lack the selectivity and structural compatibility needed to
support multi-species transport without compromising electro-
chemical performance.

To navigate these challenges, future research must adopt a
holistic and application-driven design philosophy. This includes
the development of ion-selective membranes, adaptive separators,
and solvation-engineered electrolytes that regulate ion flux with
molecular precision. Advanced interfacial architectures capable of
dynamic self-restructuring will be key to maintaining long-term
electrochemical stability in complex ionic environments. Integrat-
ing these materials innovations with real-time sensing, Al-assisted
control algorithms, and modular system architectures will also be
essential for scalable and intelligent energy storage solutions.

Opportunities for multi-ion EPSs extend well beyond con-
ventional battery applications. Their tunable redox dynamics
and ionic modularity make them uniquely suited for grid-scale
storage, coupling with renewable energy sources, and hybrid
energy-chemical systems that enable CO, conversion, H, pro-
duction, or electrosynthesis of valuable chemicals. In wearable
electronics and electric vehicles, multi-ion configurations offer
tailored voltage profiles, enhanced thermal stability, and resi-
lience under diverse operating conditions.

In sum, multi-ion EPSs are not simply an evolutionary step;
they represent a conceptual reimagining of electrochemical sys-
tems as adaptive, multifunctional, and highly engineered plat-
forms. Unlocking their full potential will require breakthroughs
in electrolyte chemistry, membrane science, interfacial engineer-
ing, and computational design, supported by operando diagnos-
tics and machine-learning-guided discovery. As we move toward a
decarbonized and electrified energy future, mastering ionic com-
plexity is not a hindrance but a key enabler, transforming
electrochemical power systems into intelligent, responsive, and
resilient energy technologies for the decades ahead.
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