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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.
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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
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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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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:
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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 