Open Access Article. Published on 01 October 2025. Downloaded on 6/8/2026 11:17:07 AM.

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

(cc)

¥ ROYAL SOCIETY
P OF CHEMISTRY

EES Batteries

View Article Online
View Journal | View Issue

REVIEW

Challenges and design opportunities for high-
energy-density aqueous zinc-ion batteries: from
electrochemically active to functional components

‘ '-) Check for updates

Cite this: EES Batteries, 2025, 1, 1398

Yubin Lee, Sangyeop Lee and Soojin Park 2 *

Agqueous zinc-ion batteries (AZIBs) have garnered increasing attention as next-generation rechargeable bat-
teries owing to their inherent safety, environmental friendliness, and cost-effectiveness, which was not fully
provided by conventional lithium-ion batteries (LIBs). However, establishing AZIBs as viable alternatives to
LIBs requires substantial improvements in energy density. While cathode design has traditionally been
regarded as a primary factor, system-level enhancement requires not only increased operating voltage and
charge storage capacity but also a reduction in electrochemically inactive components. In this review, we
provide a comprehensive discussion of multi-faceted strategies for maximizing the energy density of AZIBs.
From the cathode perspective, increasing areal capacity through high-mass-loading electrodes and devel-
oping cathode materials with both high voltage and large capacity are essential. Unfortunately, aqueous
electrolytes remain constrained by the narrow electrochemical stability window, which prompts strategies
to suppress water decomposition and enable high-voltage operation. On the anode side, metallic zinc (Zn)
foil is typically employed and excess Zn is often required to ensure long-term stability, which further
reduces practical energy density. Separators, despite being less emphasized, also play a significant role
because conventional glass fiber separators are thick and heavy, impeding energy density optimization.
Accordingly, developing advanced separators with reduced thickness and improved electrochemical pro-
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perties becomes increasingly important. This review identifies key limitations that constrain the energy
density of AZIBs and explores viable strategies and future design directions toward high-energy-density
realization. We anticipate that a system-level perspective will offer valuable insight into the development of

rsc.li/EESBatteries next-generation AZIBs and support their positioning as competitive alternatives to LIBs.

Broader context

Growing interest in environmentally benign and sustainable energy technologies has extended to the field of energy storage. However, conventional lithium-ion
batteries (LIBs) face inherent limitations, and the exploration of alternative systems has become essential. Among them, aqueous zinc-ion batteries (AZIBs) have
attracted considerable attention owing to their intrinsic safety, cost-effectiveness, and environmental compatibility. Despite these advantages, their relatively low
energy density remains a critical obstacle to practical implementation. The insufficient energy density stems not only from cathode limitations but also from
various system components, such as the anode, electrolyte, and separator. Therefore, improving energy density demands a holistic approach that goes beyond
cathode optimization, incorporating strategies to minimize the negative-to-positive capacity ratio and reduce the fraction of electrochemically inactive constitu-
ents. In this context, we highlight recent progress in both material and system-level strategies for enhancing the energy density of AZIBs. Furthermore, by criti-
cally examining the limitations of each component, we aim to provide valuable insights into emerging opportunities. Consequently, continued advancement
along these directions is expected to accelerate the practical realization of AZIBs for next-generation energy storage applications.

between 2050 and 2060."? Realizing carbon neutrality requires
the widespread adoption of renewable energy sources such as

1. Introduction

In response to global concerns regarding environmental degra-
dation, global momentum has been building toward carbon
neutrality targets that aim to achieve net-zero emissions
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solar and wind power, but their intermittent and inherently
variable nature imposes a fundamental constraint on main-
taining a stable and continuous energy supply.>* As a result,
the development of grid-scale energy storage systems is essen-
tial for the reliable integration of renewable energy into
modern power infrastructures.”” Beyond grid applications,
energy storage technologies also provide a crucial bridge to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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other sectors critical for decarbonization. The electrification of
transportation, which accounts for another foundational pillar
in efforts to combat climate change, necessitates energy
storage systems that can replace internal combustion engines
with dependable and efficient alternatives.®*° In this context,
rechargeable batteries that efficiently store energy and deliver
it on demand are regarded as indispensable for realizing a sus-
tainable future.

Lithium-ion batteries (LIBs) have emerged as the prevailing
rechargeable battery across a broad range of applications due
to their high energy density, low self-discharge rate, and light-
weight design."'™ However, key components in LIBs face
challenges stemming from low crustal abundance and geopoli-
tical issues, and the accelerating deployment of LIBs has inten-
sified concerns regarding raw material depletion and long-
term supply security.'® Moreover, the extreme sensitivity of
LIBs to moisture requires dry-room environments, which sub-
stantially increase manufacturing expenditure.’>'® The use of
flammable organic electrolytes also introduces inherent safety
hazards and exacerbates environmental concerns.'”'® Taken
together, these limitations have collectively prompted growing
interest in the development of safe and sustainable alterna-
tives to LIBs. Aqueous zinc-ion batteries (AZIBs) have gained
considerable attention as promising post-LIB candidates, as
they utilize Earth-abundant and cost-effective zinc (Zn) metal
as the anode and employ intrinsically safe water-based
electrolytes.’®?* In addition, AZIBs benefit from stable and
accessible raw material supply chains, contributing to lower
system-level costs.>** For instance, the market price of MnO,
cathode material for AZIBs (~2.3 USD per kg) is more than an
order of magnitude lower than that of the widely adopted
lithium nickel cobalt manganese oxide (LiNiyC0y,Mng 05,
NCM622) cathode used in LIBs (~25 USD per kg).>°
Furthermore, Zn is extensively utilized in industrial fields and
is supported by mature recycling infrastructures, providing
greater resilience to resource volatility compared with lithium-
based systems.?” Electrochemically, Zn anodes exhibit a low
redox potential (—0.76 V vs. standard hydrogen electrode) and
enable multivalent charge transfer, leading to a high volu-
metric capacity of 5855 mAh cm2.>%*° Moreover, water-based
electrolytes enhance the environmental compatibility of AZIBs
while offering higher ionic conductivity (up to 1 S cm™') than
organic solvent-based electrolytes (<10 mS cm™') and facilitat-
ing fabrication under ambient conditions, which further
underscores the practical advantages of AZIBs.**>

However, AZIBs still face several critical challenges that
should be addressed to enable practical deployment. One of
the key limitations lies in the low reversibility of the Zn anode
and the chemical/electrochemical instability of the aqueous
electrolyte.’*** Ideally, Zn should dissolve and deposit reversi-
bly across the electrode surface during cycling, but in practice,
nonuniform electric field distribution and ionic concentration
gradients often promote localized metal growth, resulting in
the formation of Zn dendrites.>**® The induced dendritic mor-
phology can cause internal short circuits and intensify para-
sitic reactions at the interface between the Zn anode and the
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electrolyte, thereby degrading electrochemical
performance.’”*® Additionally, mild acidic aqueous electro-
Iytes (pH 4-6) can accelerate Zn corrosion, while other detri-
mental reactions, such as the hydrogen evolution reaction
(HER) and the formation of insulating surface layers, further
contribute to  electrolyte depletion and electrode
deterioration.**™' Consequently, these cumulative effects
increase internal resistance and compromise long-term cycling
stability, which poses an obstacle to the practical viability of
AZIBs. However, these reversibility-related issues are not the
sole factor limiting the commercial viability of AZIBs. In fact,
overcoming the inherently low energy density of AZIB systems
is equally or more important for ensuring their practical appli-
cability. Furthermore, meeting energy density requirements
necessitates advancements not only in the development of
electrode materials but also in the design of all battery com-
ponents, encompassing both electrochemically active and inac-
tive parts.

2. Fundamentals and challenges of
energy density in AZIBs

While recent efforts have primarily focused on improving the
reversibility and lifespan of the Zn anode, the issue of low
energy density in AZIB systems remains underappreciated.
However, this often-overlooked drawback also plays a signifi-
cantly decisive role in hindering the real-world applicability of
AZIBs, particularly in energy-intensive applications. Although
AZIBs offer lower production costs per unit energy (~100 USD
per kWh) compared with LIBs (~130 USD per kWh), their rela-
tively inferior energy densities impose significant spatial and
weight constraints, particularly in applications where compact
and lightweight configurations are required.*” Furthermore,
despite the theoretically high capacity of the Zn anode, the
practical energy density of AZIBs falls short due to the cumu-
lative contributions of other cell components and architectural
limitations. The severity of the energy density gap is evident
even when benchmarked against lithium iron phosphate (LFP,
LiFePO,), a cathode known for its lower cost and moderate
energy density.** As a result, overcoming these issues is essen-
tial for enabling practical deployment of AZIBs, as they are un-
likely to function as a comprehensive replacement for estab-
lished LIB technologies without resolving such constraints.
Notably, the persistent gap underscores a critical limitation
that cannot be addressed through cathode material optimiz-
ation alone but rather requires system-level strategies to fully
unlock the potential of AZIBs. Energy density, defined as the
amount of energy stored per unit volume or mass of a battery
system, can be expressed as: energy density (Wh g~' or Wh
em™?) = cell capacity (mAh) x working voltage (V) x (mass or
volume)™ (g7" or em™?).** Strategically, energy density has
typically been improved through the development of advanced
active materials that increase cell capacity or through the use
of high-working-voltage electrode pairs that elevate the operat-
ing potential. For AZIBs, in which Zn>" serves as the charge
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transfer cation and metallic Zn functions directly as the anode
active material, the redox potential of the cathode becomes the
dominant determinant of the overall cell voltage. In addition,
given the electrochemical constraints on the areal capacity of
Zn anodes, developing or redesigning the cathode is also
essential for increasing the total capacity of the full cell.
Although improvements in active material-level properties
have garnered considerable attention, attaining practically
high energy density in AZIBs demands a broader set of design
considerations.

Inherently, AZIBs are limited by a narrow electrochemical
stability window (ESW) governed by water decomposition,
which restricts the use of high-voltage cathode materials and
places a fundamental constraint on cathode design.*® To over-
come this intrinsic limitation, expanding the ESW through
electrolyte optimization has emerged as a crucial strategy,
enabling stabilization of redox reactions at higher voltages.
This, in turn, allows for the practical pairing of aqueous elec-
trolytes with high-voltage cathode materials, which were pre-
viously inaccessible under conventional aqueous conditions.
Tailoring cathode structure and composition to enhance
specific capacity also represents a key avenue for increasing
the intrinsic energy storage capability of the cathode, thereby
contributing to overall energy density. Moreover, it is critical to
reduce the volume and mass of electrochemically inactive com-
ponents at the cell level to maximize practical energy density.
For instance, since Zn anodes store energy through surface
reactions, an increase in Zn volume that remains unexposed to
the electrolyte leads to a greater proportion of electrochemi-
cally inactive material, which reduces the energy density in
turn.*® Therefore, constructing Zn anodes that can remain
stable under high depth-of-discharge (DOD) conditions is
essential. On the cathode side, increasing areal capacity
through the adoption of thick electrodes is a promising
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approach for developing a high-energy-density cell, as it can
minimize the overall proportion of electrochemically inactive
components like current collectors.”*® However, conventional
fluoropolymer-based binders such as poly(vinylidene fluoride)
(PVDF) and poly(tetra fluoroethylene) (PTFE) are incompatible
with thick-electrode configurations because they exhibit poor
wettability toward aqueous electrolytes and insufficient struc-
tural integrity.**>" Meanwhile, commercial thin polyolefin-
based separators commonly employed in LIB systems suffer
from poor wettability with aqueous electrolytes owing to their
hydrocarbon backbones, rendering them unsuitable for
aqueous cells.”>”? In response, glass fiber (GF) separators with
excellent water compatibility have been adopted in AZIBs, but
their considerable thickness and mass remain a structural
obstacle that must be surmounted. Taken together, the above
limitations highlight the need for a system-wide redesign that
considers not only the electrochemical capability of each com-
ponent but also its structural and functional compatibility
within battery architectures. As a result, coordinated refine-
ment of major cell elements is required by replacing widely
used yet suboptimal materials with functionally tailored
alternatives, thereby ensuring both electrochemical stability
and practical performance.

To date, several outstanding reviews have addressed strat-
egies for raising the energy density of AZIBs, with a particular
focus on the development of high-voltage electrolytes, diverse
cathode materials, and their associated mechanisms, which
have reported significant progress toward achieving high-per-
formance AZIBs and offered valuable insights for future
research.”*®® However, for practical deployment, enhancing
the energy density of AZIBs requires an integrated understand-
ing that surpasses individual components and considers all
elements involved in the cell system. Fig. 1 illustrates represen-
tative bottlenecks for each AZIB component and introduces
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Schematic illustration of critical factors preventing high-energy-density AZIBs. Key limitations across various components, including the

anode, cathode, electrolyte, and separator, are highlighted to identify critical bottlenecks.
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key strategies proposed to advance battery performance. In
this review, we systematically discuss the strategies to realize
high-energy-density AZIBs, extending beyond electrolyte and
cathode development to encompass high-DOD anodes, engin-
eering strategies for high-loading cathodes, and separators.
First, approaches for electrolyte design aimed at expanding the
ESW are examined, including strategies such as high-concen-
tration composition and functional additives. Next, studies
employing thin Zn metal anodes are reviewed, with a focus on
increasing DOD while maintaining long-term cycling stability.
Then, cathode development is introduced in terms of two
aspects that involve increasing specific capacity and elevating
operating voltage. In addition, recent efforts to develop appro-
priate binders and ancillary components for thick electrodes
in high-energy-density applications are presented. Thereafter,
the necessity of next-generation separators specified for
aqueous systems is discussed, with particular emphasis on
structural and chemical/electrochemical optimization. Finally,
the review concludes by summarizing the above strategies and
suggesting perspectives on the remaining challenges in realiz-
ing practically viable high-energy-density AZIBs.

3. Electrochemical window tuning
via molecular-level electrolyte design

According to frontier orbital theory, the ESW of an electrolyte
is governed by the relative position of its highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO).°" When the electrode potential exceeds this
HOMO-LUMO gap, parasitic redox reactions may occur.’?
Specifically, electrolyte oxidation can occur at the cathode and
electrolyte reduction at the anode, which leads to the for-
mation of interphase layers on both electrodes in organic
systems.®® In aqueous systems, on the other hand, such reac-
tions trigger the OER at the cathode and the HER at the
anode.®” These parasitic processes cause water decomposition
and lower overall energy efficiency.®® Although various strat-
egies have been proposed to enhance the energy density of
AZIBs, one of the most critical approaches is to broaden the
ESW of the electrolyte, thereby enabling a broader operating
voltage range. While the ESW of aqueous electrolytes can
slightly exceed that of pure water, it remains fundamentally
constrained by the intrinsic ESW of water itself, which is only
about 1.23 V.>® Notably, the Zn/Zn>" redox couple has a poten-
tial of —0.76 V, which lies well below the onset of the HER.®¢
As a result, improving the low-voltage stability is a crucial
requirement for suppressing gas evolution, preventing electro-
lyte decomposition, and enhancing anode reliability.®”
However, since the Zn®" reduction reaction represents the
lowest electrochemical potential available among Zn-related
redox processes, expanding the upper voltage boundary is
more essential for the development of high-voltage AZIBs.
Accordingly, the maximum achievable cell voltage is con-
strained by the onset of the OER. In this context, efforts to pair
the Zn/Zn®" redox couple with high-voltage cathodes face
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similar limitations, as the OER tends to occur either before or
simultaneously with the redox processes of the cathode. This
parasitic reaction not only competes with the desired electro-
chemical processes but also accelerates gas evolution and
interfacial degradation, leading to poor cycling stability. As a
result, suppressing the OER and extending the cathodic redox
limit have become a key focus in the development of high-
voltage and high-energy-density AZIBs.

Several criteria must be considered when modifying the
aqueous electrolyte. In addition to suppressing the OER and
HER, the electrolyte should also promote Zn anode stability,
inhibit dendrite growth, and retain the inherently high ionic
conductivity.®® To achieve these goals, a variety of electrolyte
modification strategies have been developed including highly
concentrated salt formulations, introduction of co-solvents or
deep-eutectic solvent (DES), functional additives, or employ-
ment of a gel polymer electrolyte (GPE).°*””® Each approach
contributes through distinct mechanisms, such as reducing
water activity, immobilizing free water, or altering the Zn>" sol-
vation structure, helping to suppress water decomposition and
broaden the ESW. In this section, representative studies
employing electrolyte modification strategies are introduced,
with a focus on elucidating the underlying mechanisms by
which each approach contributes to expanding the ESW.

3.1 Suppressing water activity by superconcentrated
electrolytes

Following the study by Ji’s group on water-in-salt (WiS) electro-
Iytes, a wave of research has explored WiS systems as a promis-
ing strategy to suppress parasitic water reactions in AZIBs.”*”"®
The core concept involves using high concentrations of Zn salt
to reduce water activity and alter the solvation structure, which
results in improved high-voltage stability and significant sup-
pression of the HER and OER compared with conventional
aqueous electrolytes. However, the reliance on large quantities
of salt limits the practical potential of WiS systems by increas-
ing cost and reducing the environmental sustainability of
AZIBs, particularly for grid-scale applications.® To address the
limitations of conventional WiS systems, extensive research
has been conducted on alternative strategies, including lean-
water electrolytes that offer similar solvation characteristics
with reduced salt concentrations. The following section intro-
duces a representative example of this emerging strategy.

3.2 Co-solvent strategies for AZIBs

Co-solvents refer to secondary solvents that are introduced
alongside water in aqueous electrolytes to tailor the physico-
chemical and electrochemical properties of the system.””
Typically organic in nature, co-solvents are partially or fully
miscible with water and serve to modulate key parameters
such as solvation structure. They can weaken the solvation
sheath of Zn** ions, facilitating faster desolvation kinetics at
the electrode surface and enhancing Zn deposition reversibil-
ity.”® Some co-solvents also contribute to interfacial stabiliz-
ation by promoting the formation of robust SEI layers on Zn
anodes or cathodes.”® One of the primary roles of co-solvents,
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however, is to expand the ESW by lowering the water activity
and suppressing parasitic reactions.®® By reducing the activity
of free water molecules, co-solvents mitigate water decompo-
sition and allow for more stable operation at both anodic and
cathodic limits. Some co-solvents also contribute to interfacial
stabilization by promoting the formation of robust SEI layers
on Zn anodes or cathode electrolyte interphase layers on cath-
odes.®" Notable examples include ethylene glycol and tetra-
glyme, which have been widely explored for their ability to
synergistically coordinate with water and reshape the electro-
lyte properties.’®* The design of water/co-solvent systems
thus represents a promising direction to overcome the
inherent limitations of conventional aqueous electrolytes,
especially in the pursuit of high-voltage and long-cycle-life
AZIBs.

Building upon these fundamental principles, recent
efforts have sought to rationally tailor solvation environments
and interfacial chemistry using functionalized co-solvents.
For instance, Li et al. introduced a co-solvent strategy for
AZIBs by incorporating tetramethylene glycol (TG4), a water-
miscible organic solvent with abundant polar functional
groups and hydrogen bond acceptors, to regulate interfacial
ion behavior and solvation structure.®® Specifically, an elec-
trolyte composed of 1 m Zn(OTf), with 50 vol% TG4 was for-
mulated and employed. Molecular dynamics (MD) simu-
lations revealed that TG4 molecules actively participated in
the primary solvation sheath of Zn>", partially displacing H,O
(Fig. 2a and b). Additionally, Raman spectroscopy confirmed
that the addition of TG4 resulted in enhanced weak hydrogen
bonding near 3500 cm™" and a concurrent decrease in strong
hydrogen-bonding interactions. This spectral transition
implies that increasing the amount of co-solvent effectively
suppressed water activity (Fig. 2c). As a result, this reduction
in water activity effectively suppresses both the HER and
OER, as evidenced by the diminished gas evolution current
observed in Fig. 2d. Such solvation modulation contributes
directly to the mitigation of H,O-derived parasitic reactions
and enables stabilized Zn>" transport and nucleation. As a
result, not only was water activity effectively reduced, but also
the Zn anode benefited from reinforced interfacial stability
and reversibility. Zn||Zn symmetric cells exhibited long-term
cycling stability for over 7000 hours at a current density of
1 mA cm ™2,

Similar to the aforementioned strategy that directly modu-
lates the primary solvation structure of Zn** via co-solvent
incorporation, some studies have proposed alternative
approaches. Recently, Chen’s group reported a new solvation
structure induced by the co-solvent, where the primary sol-
vation shell remains unaltered, while the co-solvent partici-
pates in the secondary solvation layer and constructs capsule-
like solvation nanoclusters through an anion-bridging mecha-
nism.*® This co-solvent strategy introduces hexafluoro isopro-
panol (HFIP) as a recessive solvent that assists in reorganizing
the solvation environment. Although HFIP alone cannot dis-
solve Zn salts, it is activated in the presence of hydrogen
bonding interactions and polar anions (e.g., OTf™) to form a
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ternary bridging structure with water, resulting in a nested
“HFIP-anion-H,0” solvation shell (Fig. 2e). This architecture
not only weakens the coordination strength of H,O but also
promotes favorable desolvation kinetics of Zn** at the interface
(Fig. 2f). Importantly, during Zn plating, HFIP positioned at
the outer interface of the solvation capsule and characterized
by a lower LUMO energy level is preferentially reduced. This
reduction initiates the in situ formation of a hydrophobic inter-
facial layer, which acts as a physical barrier to water molecules.
By decreasing the local water activity at the electrode surface,
the interfacial layer contributes to improved Zn®" nucleation
behavior and stabilized interfacial behavior. Moreover, the
hydrated solvation structure is thermodynamically stabilized
by HFIP and provides augmented resistance against electro-
chemical decomposition with an expanded ESW of 2.8 V.
Accordingly, HFIP-containing nano-capsule electrolyte allows
for broader voltage operation without noticeable gas evolution
or cathodic passivation, offering a promising pathway condu-
cive to delivering a high energy density of 57.1 Wh kg™" in
AZIBs.

Unlike previous approaches using single-component co-
solvents, some studies have explored alternative approaches.
For example, Wang et al. used a dual co-solvent strategy that
leverages dimethyl acetamide (DMAC) and trimethyl phos-
phate (TMP) to suppress water reactivity in AZIBs.*® DMAC
and TMP were selected for their strong polarity and electron-
rich C=0 and P=0 groups, which can interact with both sol-
vated and free water molecules to restructure the solvation
environment and restrict the activity of water. 'H nuclear
magnetic resonance (NMR) spectroscopy in Fig. 2g revealed
an upfield shift in the water proton signal (3.52 ppm) in the
hybrid electrolyte (HE), compared with aqueous Zn electro-
Iytes (AE). This shift indicates that the co-solvents induce
electron donation to water protons, enhancing shielding and
reducing the tendency for H' dissociation. Density functional
theory (DFT) calculations further confirmed that the deproto-
nation energy of H,O in the Zn>* solvation shell increases
from —4.94 eV in the aqueous system to —2.43 eV in HE,
making proton loss less favorable (Fig. 2h). The modified sol-
vation chemistry leads to a widened ESW of 2.11 V and sup-
presses parasitic reactions, which underscores how tailored
dipole interactions from multiple co-solvents can synergisti-
cally regulate solvation chemistry and interfacial behavior in
AZIBs. Comprehensively, co-solvent strategies demonstrate
significant potential by effectively suppressing the OER,
offering a major advantage in widening the ESW. Beyond
OER mitigation, the suggested system has also achieved
stabilized Zn anode performance and demonstrates feasi-
bility in high-capacity pouch cell configurations, highlighting
their practical applicability.

3.3 DES-mediated electrolyte structuring through hydrogen
bonds

Both co-solvent and eutectic electrolytes are formulated by
incorporating organic components into water-based systems.
However, they differ fundamentally in how the components

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Co-solvent-mediated strategies for electrolyte stability enhancement. (a) 3D snapshots of the MD simulations and schematics of the Zn?*
solvent sheath revealing the structural influence of TG4 as a co-solvent. (b) RDFs and corresponding coordination numbers of Zn?* in 1 M ZOT
TG4-5 electrolyte. (c) Raman spectra of TG4/H,O co-solvent electrolytes with varying TG4 content. (d) LSV curves for various electrolytes tested
with Zn||Ti cells. Reproduced with permission from ref. 84. Copyright 2025, The Royal Society of Chemistry. (€) Schematic illustration of activating
recessive solvents via the bridging structure and constructing a nano-capsule solvation structure. (f) The Zn plating process in nano-capsule electro-
lytes. Reproduced with permission from ref. 85. Copyright 2025, The Royal Society of Chemistry. (g) *H NMR spectra for pure water, conventional

electrolyte and a hybrid electrolyte composed of DMAC and TMP. (h) Deprotonation (H* dissociation of H,O) energy from Zn%*

inner solvation shell

of the two electrolytes. Reproduced with permission from ref. 86. Copyright 2023, Springer Nature.

interact and how the final electrolyte phase is formed. Co-
solvent systems are based on the physical mixing of water with
miscible organic solvents, resulting in a simple dilution effect.
In contrast, DESs are defined as specific compositional combi-

© 2025 The Author(s). Published by the Royal Society of Chemistry

nations of two or more components with a modified melting
point. They form hydrogen bonding between a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD).?”:*®
Consequently, DES-based electrolytes often exhibit reduced
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free water activity, which may contribute to an enlarged ESW
under certain conditions.

One representative study of eutectic electrolyte design
employed sulfolane (SL) as a HBD to construct a hybrid SL-
water system for AZIBs.® By tuning the SL content, the
authors investigated how solvation structures and free water
are affected. At the bulk scale, the blue shift of bending and
stretching modes at 1620 and 3400 cm™" in Fourier transform
infrared (FT-IR) spectrum indicates a strengthened O-H bond
and reduced water activity due to the interaction between SL
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and H,O (Fig. 3a). More importantly, a notable feature of this
study is that MD simulations and formation energy analysis
confirmed that the fully hydrated (Zn(H,0)s)*" structure is
thermodynamically more stable than partially substituted
species such as Zn*"-4H,0-20Tf~ or Zn>*"-4H,0-10Tf -1SL
(Fig. 3b). For both structures, the Gibbs free energy of trans-
formation into the fully hydrated structure is negative, with
values of —62.4 k] mol™* and —282.6 k] mol™", respectively,
indicating the thermodynamic favorability of complete
hydration. When water-free Zn>* solvation or ion pairing with
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