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Abstract: Electrolytes play a vital role in the performance and safety of electrochemical
energy storage devices, such as lithium-ion batteries (LIBs). While traditional LIBs rely
on organic electrolytes, these flammable solutions pose safety risks and require expensive,
moisture-sensitive manufacturing processes. Aqueous electrolytes offer a safer, more cost-
effective alternative, but their narrow electrochemical window, corrosivity to electrodes,
and enabling of dendritic growth on metal anodes limit their practical applications. Water-
in-salt electrolytes (WiSEs) have emerged as a promising solution to these challenges. By
significantly reducing water activity and forming a stable solid—electrolyte interphase (SEI),
WIiSEs can expand the electrochemical stability window, inhibit material dissolution, and
suppress dendritic growth. This unique SEI formation mechanism, which is similar to that
observed in organic electrolytes, contributes to the improved performance and stability of
WiSE-based batteries. Additionally, the altered solvation structure of WiSEs minimizes the
presence of free water molecules, further stabilizing the SEI and reducing water activity.
This review comprehensively examines the composition, mechanisms, and characterization
of WiSEs and their application in monovalent-metal-ion batteries.

Keywords: water-in-salt electrolytes; metal-ion batteries; sodium-ion batteries; lithium-ion
batteries; potassium-ion batteries; monovalent-metal-ion batteries

1. Introduction

Global energy consumption has surged in recent years, driven by increased demand
from various sectors [1]. Human civilization has undergone several energy transitions
(Figure 1), with the most recent shift towards renewable energy sources. To meet the
increasing global energy demand while minimizing environmental impact, renewable
sources such as wind, solar, and tidal power are crucial [2-4]. However, the intermittent
nature of these sources necessitates effective energy storage solutions. Energy storage
systems can be broadly classified into chemical, mechanical, electrical, and electrochemical
categories [5-9]. Among these, electrochemical systems, such as batteries, are particularly
well suited for portable applications and electric vehicles [10-12]. These systems store
energy through reversible electrochemical reactions involving electrochemically active
materials. Batteries present safety concerns due to the risk of thermal runaway [13,14].
Additionally, the cost of batteries is closely tied to the availability of their raw materials.
Therefore, ideal battery components should be both inexpensive and non-flammable.
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Figure 1. Energy transitions and energy storage devices.

Lithium-ion batteries (LIBs), introduced in the 1970s, have become popular for power-
ing everyday gadgets [10,11,15,16]. While LIBs offer impressive performance, they may
not be the optimal solution for large-scale energy storage in the context of a third energy
transition. LIBs typically employ a graphite anode for lithium-ion intercalation and a
metal oxide cathode. Lithium ions move through an organic electrolyte solution containing
lithium salts. While widely used, LIBs face limitations in terms of cost and safety. Using ex-
pensive metals such as nickel, cobalt, and lithium in the cathode significantly increases the
overall cost [17]. Moreover, the growing demand for lithium, projected to reach 54,000 tons
annually by 2050 in the United States, is constrained by limited global reserves. In the last
decade, this surge in demand has affected lithium carbonate (LiyCOs3) prices. Prices were
stable from 2010 to 2015 and have since started increasing due to the popularity of EVs
and renewable energy storage. The prices increased till 2018, when the supply exceeded
demand and then declined. However, a supply deficit in 2022 drastically increased the
prices of Li;COj3 to around 80,000 USD/mt [18]. Both reasons have motivated researchers
to investigate alternative monovalent ions and electrode materials. In addition, current
lithium-ion battery technology is affected by safety concerns arising from flammable or-
ganic electrolytes [13,19]. These electrolytes have a narrow thermal stability range, making
the battery susceptible to thermal runaway and potential explosions. Additionally, the
complex handling of these electrolytes adds to the overall manufacturing cost [20].

These reasons have motivated researchers to explore non-flammable electrolyte op-
tions such as the aqueous electrolytes discussed in this review article [21,22]. Overall, these
efforts aim to address the challenges of cost, safety, and sustainability. Multiple aqueous
metal-ion batteries (AMIBs), including lithium, have been explored lately. The goal is
to develop commercially viable, effective electrochemical energy storage devices with
comparable or better performance than LIBs. Ideally, these batteries would have a good
cycle life and 100% coulombic efficiency. However, material abundance is crucial to upscale
the technology beyond the laboratory scale. The most important aim is ensuring the safe
operation of these devices, which involves designing safer batteries based on non-toxic
components [23,24].

Understanding key electrochemical factors is essential for developing alternatives to
LIBs. Key characteristics include cell voltage, capacity, coulombic efficiency, and cycling
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stability. Cell voltage is the electric potential difference between electrodes, while capacity
measures the total electricity generated during discharge (e.g., a 3 Ah battery delivers 3 A
for 1 h) [9,25]. Coulombic efficiency is the ratio of discharge-to-charge capacity within a
cycle, while cycling stability refers to the retention of that capacity over several charge—
discharge cycles. LIBs typically have a nominal voltage of 3.6 V, with capacities ranging
from 2200 to 2800 mAh for laptops to 40 to 100 kWh for EVs. A coulombic efficiency of
100% indicates that the capacity delivered during discharge is completely regained upon
charging, and higher cycling stability is required for the longer life of the battery [25,26].
These four parameters are crucial for assessing the performance of a battery since the
cell voltage and capacity of a battery provide a measure of energy density, which is of
great interest in determining the application of the designed battery [12]. The other two
parameters determine the energy efficiency in a battery, which should essentially be high
to make full use of the battery.

1.1. Monovalent-Metal-Ion Batteries

LIBs operate on an intercalation-based mechanism involving the reversible move-
ment of lithium ions between the anode and cathode during charging and discharging.
Many monovalent metal ions, such as sodium ions and potassium ions, can exhibit sim-
ilar intercalation behavior [8,27-29]. These ions, particularly sodium, offer advantages
such as greater abundance and a lower cost than lithium [8,30-32]. Potassium, despite
being low-cost due to its larger size, can pose challenges in terms of ion diffusion and
electrode stability [30,33]. The lithium ion’s small ionic radius and high charge density
make it well suited for intercalation—deintercalation processes, allowing for LIBs with
efficient electrode kinetics, high theoretical capacity, and long cycle life. Combined with
lithium’s low reduction potential, this contributes to the excellent performance and success
of LIBs [34]. However, despite having a lower theoretical capacity and larger ionic radius,
sodium offers significant advantages. Sodium is one of the most abundant metals on
Earth, making it widely available and cost-effective. The challenges associated with lower
capacity and slower ion kinetics of sodium can be addressed through advanced electrodes
that can potentially accommodate volume changes and provide higher theoretical capaci-
ties. While sodium-ion batteries (SIBs) currently exhibit lower energy density than LIBs,
they can potentially become a viable and sustainable alternative for various applications,
particularly in large-scale energy storage systems. Therefore, sodium-ion batteries have
recently gained popularity [35-37]. As of 2020, global potassium reserves were estimated
at around 250 billion tons. Unlike lithium, which is concentrated in specific regions such as
South America, potassium resources are more evenly distributed worldwide [38,39]. This
widespread availability, combined with the lower cost of potassium-based materials, makes
potassium-ion batteries (PIBs) an interesting alternative to LIBs. PIBs operate on a similar
intercalation mechanism as lithium-ion batteries, involving the reversible transport of ions
between the two electrodes. However, potassium ions are larger and have a lower standard
redox potential than lithium ions [38]. Despite these differences, potassium’s lower Lewis
acidity and higher degeneracy energy in certain electrolytes can lead to fast ion diffusion
and higher charge-discharge rates [40]. While PIBs offer potential advantages, challenges
remain. The large size of potassium ions can cause significant volume expansion in the
electrode materials during cycling, which leads to structural instability [41]. Additionally,
the higher redox potential of potassium can contribute to electrolyte decomposition [40].
To overcome these limitations, extensive research is required to develop advanced elec-
trode materials that can accommodate the larger ion size and provide stable performance.
Despite growing interest in PIBs, lithium-ion batteries dominate the energy storage market
and remain the subject of significant research and development efforts [38,42]. A basic
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comparison of these systems may include their ionic sizes, reduction potential, Earth abun-
dance, and theoretical capacity to provide insights into volume expansion, cell voltage,
material cost, and energy density. We have compared the cost of LiyCO3, NayCO3, and
KCl to provide a cost comparison of raw materials used in these battery systems. Li;CO3
will cost 9106.46 USD/mt in 2025, which suggests that one lithium-ion will cost approxi-
mately 0.34 USD [18]. However, it was much more expensive in 2022, at 80,000 USD/mt.
Sodium and potassium are abundant in Earth’s crust and have a cheaper mining process,
resulting in much cheaper material costs of 511 USD/mt for Na,COj (0.027 USD/Na*) and
318.75 USD/mt for KC1 (0.023 USD/K™) as of 2025 [43,44]. Table 1 provides a comparison
of LIBs with SIBs and PIBs, and Figure 2 demonstrates a graphical representation of the
same.

Table 1. Comparison of LIBs, SIBs, and PIBs.

LIBs SIBs PIBs
Ionic size (nm) 0.60 0.95 0.133
Reduction potential (V) —3.04 —2.713 —2.93
Theoretical capacity
(mAh g1) 3861 1166 685
Earth’s abundance
(% of earth’s crust) 0.002 2.6 21
Cost of ions (USD/ion) 0.34 0.027 0.023
e=@==||Bs e=@==S|Bs PIBs
lonic size

Cost of ion Reduction potential

Earth’s abundance Theoretical capacity

Figure 2. Radar plot of comparison between LIBs, SIBs, and PIBs.

1.2. Electrolytes

Electrolytes play a vital role in any battery due to their responsibility for ion transport
from electrode to electrode. The direct impact of electrolytes on overall battery performance
makes them worth investigating. An ideal electrolyte should balance lower viscosity and
a higher dielectric constant [45]. A high dielectric constant facilitates salt dissociation, in-
creasing ion solubility, while low viscosity promotes efficient ion transport. The electrolyte
must exhibit a wide electrochemical stability window (ESW) to achieve higher cell voltages
and prevent side reactions [46,47]. Additionally, the electrolyte should be chemically inert
towards all battery components to avoid issues such as electrode dissolution, separator
damage, or electrolyte decomposition [48]. An electrolyte should have a low melting point
and high boiling point to ensure a broad operational range of temperatures. It should
also have a high flash point for safety reasons [12,27,45]. Lastly, to protect the electrode
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surface and enable efficient ion transport, the electrolyte should be able to form a stable
solid—electrolyte interphase (SEI) layer [49-51].

Metal-ion batteries (MIBs) have primarily relied on organic electrolytes [52-56]. How-
ever, a broader range of electrolyte types have been explored, including ionic liquids,
aqueous electrolytes, solid polymer electrolytes, and inorganic solid electrolytes [57,58].
The optimal electrolyte for MIBs should ideally possess the characteristics of an ideal
electrolyte, such as a high dielectric constant, low viscosity, and a wide electrochemical
stability window. While liquid electrolytes generally exhibit higher ionic conductivity
than their solid counterparts, research into solid electrolytes is ongoing to address their
limitations [38,46,59].

1.2.1. Non-Aqueous Electrolytes

Among liquid electrolytes, organic electrolytes commonly used in MIBs are based
on cyclic and linear carbonate esters. Cyclic carbonates, such as propylene carbonate
and ethylene carbonate, offer high dielectric constants, promoting salt dissociation [60,61].
Linear carbonates, including ethyl methyl carbonate, dimethyl carbonate, and diethyl
carbonate, exhibit low viscosities, facilitating ion transport [62,63]. Ethylene carbonate
(EC) is a popular organic solvent due to its high dielectric constant, wide thermal stability
window, SEI-forming ability, and low volatility. However, its high viscosity limits ionic
conductivity. Linear carbonates, while offering lower viscosity, suffer from lower boiling
points, lower dielectric constants, and unstable SEI formation. To overcome the limitations
of individual carbonate classes, commercial SIBs often employ electrolyte mixtures that
combine the advantages of both cyclic and linear carbonates [14,64]. This approach helps
balance dielectric constant, viscosity, and electrochemical stability, improving overall per-
formance. These combinations help achieve the benefits of both classes. Organic carbonate
mixtures are considered suitable ionic-conducting electrolytes with most of the required
qualities achieved via combinations [45,65,66]. lonic liquids (ILs) are another class of liquid
electrolytes composed of bulky, asymmetric cations and anions. This unique structure
enables them to exhibit low melting points, high ion densities, wide thermal stability, and
broad electrochemical stability windows. However, ILs face challenges such as low ionic
conductivity at ambient temperature and potential incompatibility with certain electrode
materials. Amongst liquid electrolytes, aqueous electrolytes remain the most conductive
electrolyte that can provide cost-effective and safe ion transport in AMIBs [49,67-71].

1.2.2. Aqueous Electrolytes

As the name suggests, aqueous electrolytes have water as a solvent. Water is abundant,
inexpensive, non-toxic, and fully capable of mitigating safety concerns. Abundant metals
such as zinc and iron are being explored in aqueous electrolytes to design sustainable
metal-ion batteries. Depending on their redox potentials, many metallic electrodes may
corrode in the presence of water [72-74]. This is partly due to the aqueous electrolytes’
electrochemical stability window (ESW) limitation of around 1.23 V. This narrow window
makes it challenging to pair high-voltage electrode materials (i.e., NaTiy(POy)3 ~2.2 V vs.
Na/Na*) without triggering side reactions such as hydrogen evolution reaction (HER) or
oxygen evolution reaction (OER) [1,38,75]. Apart from the most common barrier of a narrow
ESW and corrosion tendency, dendritic growth at some metallic electrodes is commonly
observed in aqueous electrolytes. These dendrites may penetrate through separators and
eventually cause direct contact between the anode and cathode, which would result in a
short circuit of the battery [46,76]. Various strategies have been explored to expand the
ESW of aqueous batteries. One approach involves altering the pH of the electrolyte, but
this method often leads to control over just one reaction, thereby either suppressing HER or
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OER without significantly increasing the overall stability window. Other strategies include
constructing artificial interphase layers, increasing electrolyte concentration, and adding
electrolyte additives with interphase-forming capabilities [77-79]. Research suggests that
stable interphases, along with the expansion of ESW and changes in solvation behavior at
high electrolyte concentrations, all help to control corrosion and promote even stripping
and plating to avoid dendritic growth [34,80].

Water-in-Salt Electrolytes

Water-in-salt electrolytes (WiSEs) are a specific type of concentrated electrolyte that
has shown promise in widening the ESW of aqueous batteries. As the name suggests,
WiSEs have a lower water content than salt in terms of overall composition. By definition,
the salt in WiSEs outnumbers the solvent in overall composition by weight and volume [34],
which clearly indicates a very low water-to-salt ratio. This unique composition leaves
negligible free water molecules in the electrolyte to help mitigate notorious reactions of
water with battery components. To achieve these conditions, various solvation sphere
alteration approaches have been explored [81,82]. Water can dissolve salt easily due
to its high dielectric constant (~78.4 at room temperature), which is greater than the
most commonly used organic electrolytes based on propylene carbonates (~64.9 at room
temperature). Although this is a useful property for electrolytes, it may also promote
the material dissolution of the electrodes [47,83]. However, unlike dilute electrolytes, the
minimal amount of water present in WiSEs means that these have a negligible tendency to
dissolve electrode material into it.

An important phenomenon present in MIBs with organic electrolytes is the formation
of the SEI, which protects the electrodes and enables a wide ESW. Fortunately, similar
observations have also been reported for WiSEs by Suo et al. in 2015 [34]. They observed
the passivation of the electrodes due to highly concentrated electrolyte composition. This
passivation is ionically conductive and electrically insulating. This characteristic of the SEI
helps prevent dendritic growth and also protects the electrode from corrosion by water by
suppressing the water activity at its surface and thereby mitigating HER and OER [84].

Battery research beyond lithium is crucial for sustainable development in the field of
electrochemical energy storage, but every metal-ion battery has its own limitations [38,46,85].
Broadly, aqueous monovalent-metal-ion batteries suffer from unstable SEI, volume change,
material dissolution, corrosion, dendrites, OER, and HER [71]. The formation of the SEI in
WiSEs and their unique solvation chemistry together helps reduce water activity, expand
ESW, and protect the electrodes from corrosion and dendrites along with inhibition of
material dissolution, which can potentially enable water as a solvent in metallic and metal-
ion battery chemistries (Figure 3) [86]. This review article discusses the development
of WiSEs, their SEI formation mechanisms, and their characterizations. The concept of
“beyond WiSEs”, which works on a similar mechanism as WiSEs, is also discussed. This
review then concludes with a summary and outlook on the prospects for aqueous batteries.
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Figure 3. Water-in-salt electrolytes mitigate the issues associated with aqueous electrolytes in AMIBs.

2. AMIB Components and Compatibility with WiSEs

Suo et al. [34] pioneered the use of water-in-salt electrolytes (WiSEs) in aqueous
metal-ion batteries (AMIBs). They demonstrated that a highly concentrated electrolyte
could significantly expand the electrochemical stability window of aqueous lithium-
ion batteries (ALIBs). Prior to that, in 2013, Lux et al. in [1] concluded that lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) offers favorable properties for use in aqueous
lithium-ion batteries, including high conductivity, solubility, and thermal stability, but
the demonstration of use in batteries was not reported. This super-concentrated elec-
trolyte formed a robust solid—electrolyte interphase (SEI) layer, which improved battery
performance and thermal stability. Recognizing the similarities between lithium-ion and
sodium-ion batteries, the same research group extended the WiSE concept to aqueous
sodium-ion batteries (ASIBs) [80]. Since then, numerous researchers have explored the
potential of WiSEs in various metal-ion battery systems, contributing to significant ad-
vancements in this field [86-89]. This section outlines the development roadmap for WiSEs
in monovalent-metal-ion batteries. It also discusses the battery components, including
electrodes, separators, binders, and current collectors, that have been investigated and
found to be compatible with WiSEs.

2.1. Development of WiSEs

WIiSESs have seen significant advancements across various batteries within this short
time span. Although their development has followed different paths for different types of
batteries, a general pattern can be observed. Initially, efforts were focused on developing
WISE formulations that could form a stable SEIL. This was followed by the search for
alternative compositions with higher solubility to achieve a higher salt-to-water ratio,
which in turn reduced the amount of free water in the electrolyte. Such advancements led
to the expansion of ESW. However, the extremely high concentration of electrolytes created
a risk of salting out, which redirected research efforts toward developing WiSEs with
moderately high concentrations used alongside additives. While the development paths
may vary, the overarching goals have remained to enhance the stability and performance
of aqueous electrolytes in different battery systems.

2.1.1. Lithium-Ion Batteries (LIBs)

The concept of WiSEs was first introduced in lithium-ion batteries (LIBs) using a 21 m
LiTFSI electrolyte [34]. This highly concentrated electrolyte demonstrated SEI formation
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and a widened electrochemical stability window (ESW) of 3 V while also exhibiting a con-
ductivity comparable to traditional organic electrolytes. The expanded ESW was attributed
to the reduced number of free water molecules due to the high salt concentration. This
electrolyte later enabled a 1.75 V symmetric cell using TiS; as an anode and LMO as a
cathode [90]. To further increase the concentration, water-in-bisalt electrolytes (WiBSEs)
were introduced as a subclass of WiSEs [58]. By combining 21 m LiTFSI and 7 m LiOTf, a
combined molality of 28 m was achieved, expanding the ESW to 3.1 V and confirming the
concentration dependence of ESW. The electrolyte enabled a 2.5 V cell. Subsequently, the
hydrate melt system, Li(TFSI)g 7(BETI)o 3-2H,O, was explored [91], employing lithium salts
with bulky anions to reduce the water concentration. These systems exhibit very low water
content and have shown promise for high-performance batteries. To develop halide-free
electrolytes, non-halide-based salts with high solubility and mixed-cation approaches were
investigated. Lukatskaya et al. [20] introduced a mixture of 32 m potassium acetate and
8 m lithium acetate (32K8Li), achieving a high salt concentration of 40 m. However, this
electrolyte had a less efficient SEI than imide-based salts, limiting its ESW. Recently, lithium
salt monohydrate melts have been explored, pushing the concentration to 55 m [92]. Addi-
tionally, WiSEs based on lithium (pentafluoroethanesulfonyl) (trifluoromethanesulfonyl)
imide have been shown to remain thermodynamically stable in the liquid state down to at
least —10 °C [93]. Becker et al. [93] suggested that this anion is chemically more stable than
FSI and FTFSI anions, and lithium bis-(pentafluoroethanesulfonyl) imide (LiPTFSI) exhibits
an extremely high solubility of more than 30 m at room temperature. Binary mixtures with
lithium trifluoromethanesulfonate (LiOTf) can achieve liquidus temperatures as low as
—14°C.

2.1.2. Sodium-Ion Batteries (SIBs)

Recent years have witnessed significant advancements in sodium-ion battery (SIB)
technology, driven by the well-established understanding of lithium-ion battery chemistry
and the inherent similarities between alkali metal-ion battery mechanisms [65]. Addition-
ally, the cost-effectiveness and intrinsic safety of SIBs make them a promising alternative to
lithium-ion batteries [94]. Despite the higher reactivity of sodium, SIBs are considered a
safe alternative to LIBs because sodium salts are typically more stable than their lithium
counterparts due to their higher Madelung energy, which is related to their electrostatic
energy in ionic crystals. For example, LiPFs decomposes at about 125 °C, whereas NaPFg
decomposes at around 325 °C [94,95]. For widely used NaClOy in SIBs, the decomposition
temperature is 569.2 °C, which is 4.5 times higher than the widely used LiPFg in LIBs. In
the case of metallic anodes, sodium dendrites are fluffy due to having lower mechanical
strength than lithium dendrites, thereby reducing the chances of short circuits through the
separator [94,96]. Suo et al. [80] pioneered the WiSE application in SIBs and LIBs. The first
report on WiSEs for SIBs in 2017 by Suo et al. [80] concluded that the Na-ion-conducting SEI
layer formation on the NaTi(PO4)3 anode surface was capable of suppressing hydrogen
evolution. The electrolyte composition provided an ESW of 2.5 V by combining suppressed
OER and HER. The study compared the performance of salt-in-water electrolytes (SiWEs)
with that of water-in-salt electrolytes (WiSEs), where the researchers claimed that the
coulombic efficiency of the battery with WiSEs reached 100%. When two batteries with
identical electrode assemblies were tested in two different electrolyte compositions (SiWEs
and WiSEs), the OCV was 1.1 V for each in a charged state. Initially, the OCV dropped
from 1.1 to 0.8 in 712 h for WiSEs compared with SiWEs at 540 h when evaluated for
self-discharge. Later, the battery was tested for self-discharge in the resting state after
multiple cycles in WiSEs. This time, it took more than 940 h to drop its OCV below 1 V
due to the robust SEI formed at the anode [80]. The key observation was that Na* could
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approach the fluoride ions in electrolytes with a low energy penalty. However, a greater
distance between Li* and fluoride ions in the electrolyte demands a higher energy penalty
for the Li-F approach [97]. Therefore, sodium salts could form a stable SEI at lower salt
concentrations (9.26 m NaTFSI) than lithium salts (21 m LiTFSI). This SEI formation at
lower salt concentrations has increased interest in WiSEs for SIBs. However, a less con-
centrated electrolyte contains free water molecules, which are prone to water activity and
material dissolution. Higher salt concentrations with low water-to-salt ratios reduce the
number of free water molecules and consequently expand the ESW. Therefore, researchers
have explored salts with higher solubility to further enhance the performance of aqueous
sodium-ion batteries (ASIBs). Sodium bis(fluorosulfonyl)imide (NaFSI) is one such salt,
offering a solubility of 21 m at 23 °C [98]. The 21 m NaFSI electrolyte enabled an ESW of
2.6 V. Inspired by the green and low-cost approach proposed by Lukatskaya et al. [20],
researchers investigated a fluorine-free electrolyte mixture consisting of 32 m potassium
acetate (KOACc) and 8 m sodium acetate (NaOAc) [99]. This super-concentrated electrolyte
with a combined concentration of 40 m significantly reduced the number of free water
molecules, effectively suppressing the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER), leading to a wider electrochemical stability window. The wide
ESW enabled the pairing of the NaTi;(PO,); anode with the Na,MnFe(CN)g cathode [100].
This combination delivered an average discharge voltage of 0.8 V and a specific capacity
of 37 mAhg~!. This electrolyte composition offers significant advantages in terms of cost
reduction and environmental friendliness. To further reduce costs and improve the flamma-
bility concerns due to high-concentration organic salts, WiSEs utilizing low-cost inorganic
salts such as NaClO4 have also been studied by Lee et al. [100]. In this study, the 17 m
NaClOy electrolyte expanded the ESW of the electrolyte up to 2.7 V. The cell constructed
using a NagFe3(PO4)2(P207) cathode and a NaTiy(POy4)3 anode with this electrolyte compo-
sition offered OCV stability of up to 900 h. It also provided 99% coulombic efficiency at
1 C for 200 cycles, which was shown to be comparable to the performance of an equivalent
battery utilizing NaTFSI. This performance of the NaClOy electrolyte was delivered due to
the formation of an SEI layer composed of Na,CO3; and NaO compounds, including Na,O
and NaOH. The discovery of these compounds in the SEI suggested a new mechanism for
the SEI formation in ASIBs.

In general, water in bisalt approaches can achieve a higher concentration of salt and
thus less free water compared with simple WiSEs. Among WiBSEs, mixed-anion and mixed-
cation compositions have been explored. The solubility of mixed cation compositions
was typically higher than that of mixed-anion compositions [99,101,102]. In LIBs, mixed-
cation approaches are usually less popular due to the risk of co-intercalation. Using inert
cations that are too large to co-intercalate can enable a mixed cation approach, which
has been demonstrated in ASIBs with tetraethylammonium (TEA*) [101]. In this study,
a mixture of 22 m tetraethylammonium trifluoromethanesulfonate (TEAOTf) and 9 m
sodium trifluoromethanesulfonate (NaOTf) achieved a 31 m total cation concentration
and expanded the ESW to 3.3 V. This high ESW allows more electrode combinations to
achieve a stable, low-cost, efficient battery. This electrolyte composition was also studied
for suppression of active material dissolution in ASIBs, and it could effectively reduce
the vanadium dissolution from the Na3V,(POy); electrode (0.09% in 20 days), thereby
increasing the cycling stability and coulombic efficiency of the battery [83]. Although highly
concentrated WiSEs generally allow for increased operating potential and cycling stability,
the thermal stability of these batteries may become compromised at low temperatures due
to the “salting out” effect. A balance of a stable SEI layer and good salt solubility was
explored thereafter. A combination of 17 m NaClO4 with 2 m NaOTf resulted in a NaF-
Na;O-NaOH-based SEI, which could suppress water activity [102]. Sodium ions could
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also be paired with sulfur due to their high theoretical capacity and low cost. However,
low sodium confinement (material dissolution) and polysulfide shuttling can eventually
cause its capacity to decay. Kumar et al. [82,84] reported the use of WiSEs in controlling
polysulfide shuttling in a Na-ion-S battery by tuning the interphase.

2.1.3. Potassium-Ion Batteries (PIBs)

Although potassium-ion batteries (PIBs) belong to the same category of intercalation
batteries, issues associated with volume change are of greater concern in PIBs than in
LIBs and SIBs [33]. The electrodes that support the volume change during intercalation of
potassium ions are prone to dissolution in aqueous electrolytes [103]. The electrolytes used
in PIBs include organic ether-based, FEC additive-based electrolytes, ionic liquids, polymer
electrolytes, highly concentrated ones, and WiSEs. WiSEs were first demonstrated in PIBs
in 2019, followed by initiatives such as manipulating the solvation structure and weak
cation—anion interaction-based electrolytes. Recent advancements in APIBs have addressed
key challenges such as electrolyte stability and electrode dissolution. Hu et al. [38] demon-
strated the effectiveness of 22 m KCF3503 as a high-performance electrolyte, enabling the
development of a full PIB cell with a wide voltage window of 3 V. This electrolyte effec-
tively suppressed the dissolution of Mn and Fe ions from the Prussian blue analog (PBA)
cathode [41]. Various strategies have been explored to improve electrolyte stability further.
Alberto et al. [103] successfully suppressed Mn and Fe dissolution by gelling a 20 m KAc
electrolyte with carboxymethyl cellulose (CMC). Additionally, Xu et al. [41] introduced Fe3*
ions into the electrolyte, which were incorporated into the crystal structure of the KMnF
cathode, stabilizing the electrode material and mitigating Mn?* ion dissolution. A novel
approach involves using potassium cyano(trifluoromethanesulfonyl)imide (KCTFSI) as an
electrolyte salt. KCTFSI exhibits high solubility and low-temperature stability, surpassing
other potassium salts. Spectroscopic studies confirmed the preferential coordination of
C=N groups in KCTFSI, contributing to its enhanced properties. Electrolytes based on
KCTFSI offer a wide electrochemical stability window and enable the formation of a stable
solid—electrolyte interphase (SEI) on the anode [104]. Full cells utilizing KCTFSI-based
electrolytes have demonstrated superior charge—discharge performance, particularly at
low temperatures. These advancements in electrolyte design and optimization have sig-
nificantly contributed to developing high-performance and stable aqueous potassium-ion
batteries.

2.1.4. Trends in WiSEs

Thus far, WiSEs have expanded the ESW of aqueous electrolytes for AMIBs [98,105—
107], controlled material dissolution [82,108], and enabled a variety of electrodes that can
be combined to attain a high-voltage battery [50,90,103,109]. Table 2 summarizes the results
observed with each chemistry. We have converted the reported anodic and cathodic voltage
limits with respect to Ag/AgCl reference for the ease of comparison of ESW across all
three battery systems. These ESWs and voltage limits can help in the selection of electrode
materials compatible with these electrolytes.

Increasing the electrolyte concentration should increase the salt-to-water ratio and
lead to an expanded ESW. As shown in Figure 4, this trend mostly holds true for salt
concentrations below 40 m for all three battery chemistries but does not for those at or
above this value, indicating that there may be diminishing returns to this strategy. Although
this area of research is still in its infancy, investigating these parameters more systematically
would help develop the stronger trends required to design and optimize successful future
AMIBs. There are, of course, many other parameters involved in constructing a successful
battery, including electrode materials, separators, and binders, along with current collectors.



Batteries 2025, 11, 120 11 of 33
Table 2. Electrochemical stability window and conductivity of WiSE used in AMIBs.
Anodic-Cathodic .
Battery Electrolyte Type Composition Eg/‘;v Limits Cg: g ::::Yll)t y Reference
(V vs. Ag/AgCl)
WISE 21 m LiTFSI 3 —1.33 to 1.66 10 [34]
WiBS 21 m LiTFSI + 7 m LiOTf 3.1 —1.4to 1.66 6.5 [58]
LIB Mixed cation 32 m KOAc + 8 m LiOAc 3 —13to 1.7 5.3 [20]
Monohydrate melt 55 m Li(PTFSI) ¢(TFSI) 4 2.7 —0.887 to 1.81 0.1 [92]
Inert diluent 12.5 m LiNO3 + PD 29 —0.937 to 1.96 0.116 [79]
WIiSE 9.2 m NaOTf 2.5 —1.207 to 1.293 50 [80]
WISE 21 m NaTFSI 2.6 —1.15t0 1.45 8 [98]
SiB WiSE 15 m NaClOy - - 70 [110]
Mixed anion 17 m NaClOy + 2 m NaOTf 2.8 —1.3t01.493 95.25 [102]
Mixed cation 32 m Kac + 8 m NaAc - - 12 [99]
Inert cation 9 m NaOTf + 22 m TEAOT{ 33 —1.7to 1.6 11.2 [101]
PIB WISE 32.2 m KCTFSI 3.8 —1.59 to 2.21 28 [104]
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Figure 4. Trends associated with the solubility of salt and the ESW of WiSEs in AMIBs.

2.2. Electrode Materials

The choice of electrodes affects all four of the primary battery metrics discussed previ-
ously: cell voltage, capacity, coulombic efficiency, and cycling stability. As cell voltage is
directly derived from the electrode potential, coulombic efficiency and cycling stability are
related to cell capacity, which is directly proportional to electrode mass [109]. Electrode ma-
terials for MIBs must be stable within the electrochemical window, conductive to ions and
electrons, cost-effective, high in surface area, and structurally stable to support intercalation
and deintercalation. Due to differences in ionic radii, charge density, and ionic mobility,
lithium, sodium, and potassium require distinct electrode materials. Common materials
such as oxides and PBAs are used across all three systems, but variations in ionic sizes
affect volume changes during cycling, leading to different behaviors. For example, APIBs
with PBA electrodes outperform ASIBs with PBAs, while ALIBs show poor stability with
the same electrode material due to the larger hydrated Li* radius [111]. Table 3 provides
the performance of electrodes used in AMIBs using WiSE.
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2.2.1. Lithium-Ion Batteries (LIBs)

Direct utilization of Li as the anode for aqueous batteries is not feasible due
to spontaneous HER, necessitating the selection of alternative anode materials. The
electrode materials for ALIBs can be categorized into oxides [112,113], polyanionic
compounds [114-116], sulfides [108], while some researchers have also explored Prus-
sian blue analogous [111,117-119]. The elementary requirement is smooth intercalation—
deintercalation of lithium ions in the matrix. The high conductivity of electrodes is generally
beneficial, and cost-effectiveness is crucial. In WiSEs, the full cells assembled for ALIBs
include extensive use of LiMn;Oy as a cathode [34,58,92] with just a few exceptions [20].
Spinels, such as LiMn,QOy, are the most widely used cathode material, with the advan-
tages of stable skeleton and high safety. Unlike the layered structure, LiMn,O4 has three-
dimensional lithium-ion diffusion channels, and the battery has good low-temperature
performance and high safety. Given its olivine structure, LiFePOy is known for its thermal
stability, non-toxicity, safety, and low cost. Due to its moderate lithiation/de-lithiation
potential (3.5 V vs. Li), LiFePOy4 has been used in aqueous electrolytes. However, its stabil-
ity is compromised in alkaline electrolytes or in the presence of dissolved oxygen during
charging. Moreover, the narrow electrochemical stability window of aqueous electrolytes
limits the choice of anode materials, resulting in aqueous Li-ion full cells using LiFePOy
having an output voltage consistently below 1.0 V. The expanded electrochemical stability
window offered by WiSEs has enabled the pairing of LiFePO, with MogSg to create a full
cell that benefits from suppressed water activity. The anode materials are usually MogSg,
LiTiy(POg4)3, TiS,, and carbon [34,58,90,92,93]. The most popular sulfide anode material is
the Chevrel phase MogSg. Additionally, electrodes with interphase precursor coating have
been explored. In such approaches, an immiscible additive and water-based electrolyte
can be applied on electrode surfaces, specifically anodes, as a precursor coating for the
interphase. The hydrophobic precursor suppresses water reduction during the formation
of the interphase. Instead, the precursor undergoes reductive decomposition, creating a
hybrid interphase composed of organic and inorganic fluoride compounds. This robust
protective layer enables high-capacity and low-potential anode materials to be paired with
various cathode materials, thereby expanding the range of choices and possibly enabling
high-efficiency ALIBs [120].

2.2.2. Sodium-Ion Batteries (SIBs)

A broad classification of electrodes developed in SIBs over the years includes transition
metal oxides (TMOs), organic compounds, Prussian blue analogs (PBAs), and polyanion-
based materials [31,75,107,121]. TMOs have high energy density and structural versatility,
making them popular in intercalation-based batteries. SIBs can take advantage of a variety
of cost-effective transition metals that are incompatible with LIBs. Depending on their
sodium content, TMOs can be further divided into layered and tunnel-type materials.
Highly used layered oxides consist of layers where transition metal oxides and sodium
ions are alternatively placed. According to the surrounding environment of sodium in
such structures, they are named either P2-type or O3-type. The P2-type layered TMOs
are considered ideal cathode materials for SIBs because of their high working voltage and
excellent theoretical specific capacity. The P2-type is less packed, thereby providing fast
Na-ion diffusion. However, the low sodium content in the P2-type layered TMOs can
result in structural deformation, leading to poor cycling performance. The O3-type has
greater sodium content and, thus, higher theoretical capacity. However, these layered
TMOs require structural tuning through doping to reduce air/moisture sensitivity [85,122].
The tunnel-type layered TMO also supports fast Na-ion diffusion. Their non-toxicity and
moderate working voltage with facile synthesis make TMOs compatible with aqueous
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electrolytes. Another class of electrodes based on organic compounds can be used with
aqueous electrolytes as their potentials lie within the ESW of aqueous electrolytes. These or-
ganic electrodes have the potential to become lower-cost and more sustainable options than
other electrode materials. For example, Kumaresan et al. [123] reported the synthesis via
the solvothermal method of terephthalic acid (TPA) from polyethylene terephthalate (PET)
derived from water bottle waste. Using this TPA as a precursor, they synthesized disodium
terephthalate (NayTP), and its application as an anode material in SIBs was reported. The
most common limitation for organic electrodes is their dissolution in the electrolyte, which
may be mitigated with WiSEs. PBAs are another class of electrodes popularly used in SIBs.
These are transition metal ferrocyanides with three-dimensional open tunnel structures.
This structure enables smooth intercalation—deintercalation, which can accommodate vol-
ume changes during cycling. PBAs are known for facile synthesis and abundant sites for
ion intercalation, but their moisture sensitivity can lead to water molecules occupying the
active sites, which hinders Na ion insertion. This accounts for lowered electrochemical
efficiency. Lastly, polyanion-based electrodes are among the most promising electrode
materials due to their safety and stability. The infamous sodium supersonic conductors
(NASICONs) are part of the polyanion-based electrodes category. These electrodes are
stable 3D materials known for facile Na* conductivity. The structures consist of covalent
bonds between transition metals and phosphates/silicates/sulfates [49,75]. NASICONSs
have high ionic conductivity and superior chemical and electrochemical stability. However,
it suffers from low electronic conductivity, which can be resolved by combining it with
conductive carbonaceous material or doping it with different elements. Furthermore, in
the presence of aqueous electrolytes, sodium supersonic conductors suffer from transition
metal material dissolution. Some strategies to improve their performance include replacing
the vanadium content with other transition metals less prone to dissolution and doping for
reducing structural defects [124,125]. Thus far, WiSEs have expanded the electrochemical
stability window of electrolytes for ASIBs and thus enabled many categories of electrodes
for SIBs in aqueous electrolytes [121].

2.2.3. Potassium-Ion Batteries (PIBs)

APIBs have been reported to have electrodes based on PBAs, organic materials, and
oxides. However, APIBs using WiSEs have been explored much less, and electrode com-
patibility has not been specifically reported. The reports so far on APIBs with WiSEs have
used KyFeyMn; y[Fe(CN)(,]w'zHZO (KFeHCEF), 3,4,9,10-perylenetetracarboxylic diimide
(PTCDI), and 6-K(5V,05 (KVO) [103,104]. While organic electrodes have been used in
non-aqueous-based PIBs, their applicability in aqueous electrolytes is constrained by ma-
terial dissolution. This issue can be tackled via a polymerization approach recently used
in APIB using WiSEs. Perylene diimide (PDI) polymers, derived from perylene tetracar-
boxylic dianhydride (PTCDA), are promising polymerization-based electrode materials
for various applications. Their molecular structure allows for customization, enabling
control over redox stability, operating potential, and cycling performance, making them
attractive for battery applications. As an alternative approach, Suyama et al. transformed
x-V705 into KVO “nanobelts” with robust hosting channels and anisotropic pathways
for K-ion storage [42]. This structural engineering enhances the material’s performance,
improving long-term cyclic stability, high capacity, and higher rate capability. The KVO
nanobelt structure offers shorter ion diffusion pathways and increased active sites, resulting
in superior K-ion storage capacity compared with untreated V,Os. The full cell assembled
using KVO and PTCDI in 22 m KOTf was able to deliver high capacity as 95 mAh g~! at
1 C with 78% capacity retention.
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Table 3. Performance of electrodes used in WiSE-enabled AMIBs.
Cell Stability Enerev Densit
Battery Cathode Anode Voltage (cycles/%retention/ 4 1 y Ref.
(kWhkg1)
V) c rate)
LIB LiMn,Oy4 MogSs 23 1000/68/4.5 84 [34]
LiMn,Oy4 TiO, 2.5 40/91.2 100 [58]
LiFePO, MogSs - 1000/99/1 47 [126]
LiMn,Oy4 c-TiO, 2.5 55/90 [20]
T 0.075% decay per
L1N10_5MI’11_504 M0688 2.9 cycle (5 C) 80 [127]
LiMn,Oy4 LigTi5Oqp 2.5 150/100/0.2 145 [106]
. 0.013% decay per
LiCoO, MogSs 25 eyclo (1000) 120 [50]
SIB Na, VTi(POy)3 Na, VTi(POy)3 - No decagélg)o cycles, [124]
0.006% decay per
Nag.66[Mng 66 Tig.34]02 NaTi, (PO4)3 1 cycle (1200 cycles, 31 [80]
10)
Nal'gg MH[FG(CN)(,]O'W -1 .35H20 NaTiOPO4 1.74 200/90/0.25 71 [101]
Na4Fe3(PO4)2(P207) NaTiz(PO4)3 1.08 200/75/1 36 [] OO]
34,9,10-
KyFeyMn; L .
PIB yIFe(CN)g - 2H,0 peryleng;tieg?;:rboxyhc 17 500/88/1 80 [104]
3,4,9,10-
5-Kop5V205 perylenetetracarboxylic 20,000/77.3/10 77.3 [128]
diimide

2.3. Current Collectors

Current collectors serve as essential components in MIBs, acting as conductive sub-
strates that facilitate electron transport between the active electrode material and the exter-
nal circuit [129]. These materials must possess exceptional electrochemical stability within
the battery’s operating voltage range and exhibit robust mechanical properties to withstand
the stresses associated with repeated charge—discharge cycles [130-132]. Beyond these
fundamental requirements, current collectors significantly influence the overall battery
performance, weight, and cost. To meet these demands, current collectors should ideally
exhibit high electrical conductivity, excellent electrochemical stability, low density, and
abundant availability [129]. A diverse range of materials has been explored for AMIBs, with
titanium and stainless steel emerging as prominent choices for WiSE-based AMIBs [34,102].
Apart from these, some WiSE formulations have also enabled the use of aluminum as a
current collector in ASIBs [101,110]. Some of these materials have also been combined
with others, such as the carbon-coated stainless steel current collectors demonstrated by
Wen et al. [133]. While stainless steel was initially employed in early WiSE-based AMIBs,
aluminum has gained significant traction due to its high conductivity, low density, and ease
of processing [87,131]. The formation of a protective oxide layer on the aluminum surface
enhances its oxidative stability, making it a cost-effective and promising candidate [132].
However, aluminum performance is limited by its sensitivity to specific pH ranges and its
susceptibility to corrosion in the presence of halides. Recent advancements in halide-free
electrolytes, such as those based on potassium and sodium acetate salts, have enabled the
utilization of aluminum as a negative electrode in ASIBs. Additionally, the deposition of
thin oxide layers, such as Al,O3 and TiO,, on current collector surfaces has been shown
to expand the ESW, enabling the usage of high-voltage electrode materials such as TiS, in
ALIBs. Innovative approaches have emerged beyond traditional metallic current collectors,
including using conductive polymers, such as conductive vinyl film, and even fully printed
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silver current collectors for flexible SIBs [134]. These advancements highlight the ongoing
pursuit of advanced current collector materials to optimize the performance, cost, and
flexibility of AMIBs.

2.4. Binders

Binders are chemical substances that act as adhesives, securing the electrochemically
active material to the surface of the current collector within an electrode [49]. Although
constituting a mere 10% of the total electrode mass, these binders play a pivotal role
in the electrode’s functionality [135,136]. Binders are primarily responsible for binding
the active material firmly to the current collector, ensuring a uniform coating and strong
adhesion. Additionally, binders must possess electrochemical stability to resist dissolution
and facilitate the necessary ion mobility within the electrode [137]. Furthermore, since
they are integral to the electrode fabrication, binders must exhibit thermal stability to
enable the battery to operate across a wide temperature range. In AMIBs, polymeric
binders such as carboxymethylcellulose sodium (CMC), polyvinylidene fluoride (PVDEF),
polytetrafluoroethylene (PTFE), styrene-butadiene rubber (SBR), and polyvinyl alcohol
(PVA) are commonly employed [138,139]. These binders must be compatible with the
electrolyte to ensure optimal battery performance. However, in AMIBs utilizing WiSE
technology, the role of binders is less extensively researched. Thus far, ALIBs widely use
PTFE binders [127,138]. While PVDF and PTFE are the primary binders used in WiSE-based
ASIBs, polyacrylic latex is emerging as a potential alternative [102,137,140]. Unfortunately,
the binders are inherently electrochemically inactive and possess non-conductive properties
that can negatively impact the overall conductivity of the electrode. Moreover, as they
comprise nearly 10% of the electrode mass, their inactivity decreases the battery’s energy
density. To mitigate these limitations, current research is focused on developing self-
standing, binder-free electrodes that eliminate the capacity loss associated with the inactive
mass of traditional binders [141,142]. The traditional electrode fabrication process involves
mechanical grinding of active material with conductive substance and binder followed by
coating the slurry on current collectors. This results in weak physical adhesion between
the material and current collectors, which can be deformed when electrodes are twisted
or bent. During battery cycling, volume expansion can cause the active material to lose
electrical contact with the current collector [143]. Binder-free approaches involve the direct
deposition of active material on current collectors without the assistance of binders. These
can provide a direct charge transport pathway and expose the active sites [141,142].

2.5. Separators

Due to the direct interaction and ion transport responsibility of liquid electrolytes,
an ideal separator is a crucial component in battery technology, playing a pivotal role in
ensuring optimal performance and safety. It must possess a robust structure capable of
withstanding the mechanical, chemical, and thermal stresses inherent to battery operation.
Simultaneously, it must exhibit high wettability to efficiently absorb and retain electrolytes,
facilitating the rapid and efficient transport of ions between the two electrodes [144-146]. To
prevent catastrophic short circuits of the battery, however, an ideal separator would be ca-
pable of forming a protective, non-porous layer at highly elevated temperatures, effectively
blocking ion transport and safeguarding the battery [147]. Additionally, the separator’s
pore structure should be uniform, ensuring consistent and efficient ion transport through-
out the battery during normal operation. The thickness of the separator is another critical
factor, as it influences both ion conductivity and mechanical strength. Thinner separators
generally offer superior ion conductivity, leading to higher energy density, but must also
possess sufficient mechanical strength to prevent damage during cell assembly and opera-
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tion. Ultimately, the ideal separator must strike a balance between these diverse properties,
offering robust performance, safety, and cost-effectiveness. WiSE-enabled AMIBs use glass
fiber (GF) separators at the lab scale, which have good wettability even at high electrolyte
concentrations, thermal stability, and chemical stability. However, they generally have
non-uniform pores and lack the mechanical strength required to scale up the technology.
However, modified GF separators and novel separator designs have been increasingly
explored for AMIBs. These novel separators often possess inherent multifunctional ca-
pabilities such as good ion conductivity and mechanical strength due to their functional
groups [35,145,146]. Water-in-salt electrolytes (WiSEs) exhibit poor wettability on carbon
surfaces of widely used separators such as polyethylene and polypropylene, limiting their
application in energy storage devices. Another approach to address this challenge was the
development of a novel hydrophilic separator based on cellulose succinate nanofibers (SC-
NFs), which involved modifying cellulose through esterification with succinic anhydride,
followed by microfluidization to obtain SCNFs. Introducing carboxylate groups onto the
cellulose backbone enhances the surface charge density of the nanofibers. This increased
negative charge promotes strong electrostatic repulsion between the fibrils, improving
electrolyte wettability and facilitating ion transport within the separator [148].

3. The Function of WiSEs in AMIBs

The primary benefit of water-in-salt electrolytes (WiSEs) in aqueous metal-ion batteries
(AMIBs) is the formation of a solid—electrolyte interphase (SEI) layer, a phenomenon
that was first discovered and leveraged in non-aqueous batteries [149]. The SEI is an
anodic passivation, which is conductive to ions and electronically insulated. It is formed
by the decomposition of electrolyte components at a potential prior to the intercalation
potential of metal ions [49,97]. The problem with the formation of the SEI in AMIBs is
due to three main factors. First, the decomposition products of water, such as hydrogen,
oxygen, hydroxide, and protons, do not readily form a solid deposit on the electrode
surface. Secondly, if the SEI forms, it is readily soluble in aqueous electrolyte. For instance,
LiF, despite being the least soluble salt of lithium, is soluble in water (approximately
0.04 mol/L) [97]. Lastly, the SEI formation competes with the hydrogen evolution reaction
(HER) at the anode due to the narrow electrochemical stability window (ESW) of aqueous
electrolytes [97]. The advent of WiSEs has enabled the formation of stable SEI layers in
aqueous batteries. WiSEs create a unique electrochemical environment that promotes
the formation of a robust SEI layer by significantly increasing the salt concentration in
the electrolyte. Typically, the effect of the SEI is observed through enhanced battery
performance after the first few cycles since these interphases form during the cycling of
the battery [97]. These interphases have a critical role in stabilizing the electrochemically
active mass at the electrode throughout the rigorous charge—discharge cycles of a battery at
dynamic current rates [83,150]. Numerous factors, including the electrolyte composition,
temperature, current density, and electrode material properties, influence the properties
of the SEI. In terms of the electrolyte composition, the salts, solvents, and additives can
all significantly impact the SEI's morphology, composition, homogeneity, and mechanical
properties [49,151]. For instance, fluoride-based salts promote the formation of stable and
robust SEI, but non-fluoride-based compositions are observed to form carbonate and oxide
or hydroxide-rich SEI layers, which are generally less stable [152].

As the SEI formation competes with HER, having an electrolyte with wider ESW is
beneficial. WiSEs offer a unique solvation environment where the free water molecules in
electrolytes are significantly decreased. This leads to lowered adsorption of water molecules
on the electrode surface, which is a prerequisite for water decomposition reactions. Highly
concentrated electrolytes disrupt the hydrogen bonding network of water molecules, re-
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ducing water activity and mobility. This change in the solvation environment encourages
the formation of ion pairs and aggregates, shifting from solvent-separated ion pairs (SSIPs)
to cation—anion aggregates (AGGs) and contact ion pairs (CIPs) [80]. In contact ion pairs,
the anions are close to metal ions, which ensures their participation in the formation of the
SEI during the intercalation of metal ions. Figure 5 shows the function of WiSEs, i.e., tuning
the solvation and promoting the formation of the SEL

Dissolved gas
reaction
mechanism

SEl layer

Anion
reduction
mechanism

Figure 5. Unique solvation offered by WiSE promotes the formation of SEI in AMIBs.

Initial studies on WiSEs for lithium-ion batteries (LIBs) revealed the formation of an
SEI when using highly concentrated electrolytes. The LiTFSI-H,O system exhibits wide
ESW due to stable LiF-rich SEI formed at anodes. Later, SIBs witnessed similar results with
NaOT{-H;O, where this interphase composed of NaF formed at a much lower salt con-
centration. Molecular dynamics simulations further supported these findings, predicting
a high degree of ion pairing and aggregation in the system when compared with LiTFSI-
H,O. Further, ALIBs and ASIBs have witnessed oxides and carbonate-based SEI formation
without halides using low-cost and safe inorganic salts via a unique mechanism [99,153].

3.1. Anion Reduction Mechanism

During salt reduction, the anionic part of salt reduces and combines with metal ions at
the anode to form an interphase [49,97]. For instance, the OTf moiety of NaOTf reduces
to a fluoride ion, which further interacts with sodium ions to form a sodium fluoride-
rich interphase, which produces a robust SEI in the ASIB [80]. This mechanism can be
generalized for AMIBs with other monovalent metals, as in the following reactions, where
the reduction of the salt anion is represented by reactions (1) and (2), and the formation of
the SEI is represented by reaction (3).

MOTf — M* +OTf~ (1)

OTf — F~ @)
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M* +F~ — MF (3)

3.2. Dissolved Gas Reaction Mechanism

Other products, such as metal hydroxides and metal carbonates, can also become part
of the interphase [110]; dissolved gas reactions form these products. Aqueous electrolytes
often include gases such as carbon dioxide and oxygen, which can combine with metal ions
at the anode to form such interphases through the following reactions [78,81,97,151,154].

4MT 4+ Oy +4e~ — 2M,0 (4)

1
2MT 4 Eoz +COy +2¢~ — MpCOs (5)
M0 + HyO — 2M ™ (aq) +20H™ (aq) (6)

Therefore, these interphases consist of metal oxides (reaction (4)), metal carbonates
(reaction (5)), and metal hydroxides (reaction (6)).

In summary, WiSEs change the solvation properties of the electrolyte and drive the
formation of AGGs and CIPs. These CIPs and AGGs ensure the participation of anions in
interphase formation. Additionally, the presence of free water and its mobility is reduced at
such high concentrations, which leads to lesser water adsorption at the electrode, thereby
limiting the HER. Lastly, the high concentration of WiSEs helps to avoid the dissolution of
the SEI formed. Overall, WiSEs encourage the formation of the SEI by changing solvation,
controlling the HER, and limiting its dissolution.

4. Characterization Techniques for WiSEs

The definition of water-in-salt electrolytes (WiSEs) specifies that the solute (salt) should
be present in greater quantities than the solvent (water), both by weight and volume. This
suggests that higher salt concentrations are advantageous, prompting research into salts
with increased solubility [20,92,101]. However, salt concentration significantly affects the
electrolyte’s conductivity and viscosity. Determining the suitability of a WiSE for battery
applications requires considering multiple factors, such as salt solubility, conductivity, and
the electrolyte’s electrochemical stability window (ESW). Computational modeling can
predict molecular interactions within the WiSE to understand their solvation properties,
which can then be experimentally validated using various spectroscopic techniques. Fi-
nally, the solid—electrolyte interphase (SEI) that forms in the assembled battery can be
characterized using spectroscopic methods, microscopy, and electrochemical studies to
determine its composition, morphology, and resistance. This section details the diverse
characterization techniques employed for WiSE analysis. Figure 6 shows the techniques
that are used to characterize WiSEs for their preliminary properties, solvation environment,
and SEI formation.

4.1. Preliminary Testing

Initial electrolyte testing focuses on salt solubility. Highly concentrated electrolytes
often exhibit wider ESW due to a reduction in free water molecules [34,80,101]. Mixed-
salt approaches are used to enhance solubility [58,101,102], although not all mixtures are
effective. For example, a binary mixture of potassium dicyanamide (KDCA) and potas-
sium trifluoromethanesulfonimide (KTFSI) demonstrates lower solubility than either salt
individually across all mixing ratios [104]. Salt melting point can be a predictor of sol-
ubility as lower melting points suggest lower lattice energy and, thus, higher solubility.
Differential scanning calorimetry (DSC) is used to measure melting points. For instance,
DSC analysis has shown that in APIBs, KCTFSI has a lower melting point than KTFSI
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(133 °C vs. 194 °C), suggesting better solubility. This was confirmed experimentally,
with KCTFSI achieving a significantly higher solubility (32.2 m) compared with KTFSI
(1.5 m) [104]. However, excessively high concentrations can negatively impact conductivity
and viscosity. Electrochemical impedance spectroscopy (EIS) is used to measure conductiv-
ity. While conductivity typically decreases with increasing concentration, WiSEs can still
exhibit conductivity comparable to, or even exceeding, that of non-aqueous electrolytes
used in commercial lithium-ion batteries. For example, 21 m LiTFSI has a conductivity
of 10 mS cm~!, and 9.2 m NaOTf has a conductivity of ~50 mS cm~!, while commercial
LIB electrolytes have a conductivity of ~9 mS cm ™! [34,80]. Viscosity, typically measured
using viscometers, is often inversely proportional to conductivity at high electrolyte con-
centrations. However, Ko et al. [92] reported that the monohydrate melt of lithium showed
superionic behavior based on a Walden plot, which suggested a faster ionic transport than
expected based on viscosity alone.
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Figure 6. Characterization methods for WiSEs for their solvation and the SEI in AMIBs.

The ESW of the electrolyte, on the other hand, is typically determined using linear
sweep voltammetry (LSV) or cyclic voltammetry (CV) with bare current collectors. These
measurements are performed at slow scan rates (~0.1 mV s~ 1) to simulate real battery
conditions [146] better. In the absence of active electrode material, any observed redox
peaks indicate water splitting, thus revealing the ESW [34,58].

4.2. Characterization of Solvation

The molecular interaction within electrolytes influences the ESW and SEI formation,
as discussed in the previous section. These interactions demonstrate the solvation structure
of electrolytes, which drives the formation of the SEI. These solvation spheres can be
theoretically modeled, which can be experimentally validated using various spectroscopic
methods such as Raman spectroscopy, nuclear magnetic resonance (NMR), and Fourier
transform infrared (FTIR) spectroscopy.

4.2.1. Theoretical Calculations

Prior to experiments, theoretical modeling provides valuable predictions about the
system. The free energies of solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs),
and cation—anion aggregates (AGGs) in electrolytes consisting of water molecules, Na
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ions, and OTf ions were calculated using quantum chemistry calculations yielding the
lowest free energy for CIPs, which suggested that these interactions might dominate even
at lower concentrations in the case of aqueous sodium-ion batteries (ALIBs) [80]. Later,
density functional theory (DFT) suggested that the Na ion can approach the F ion with
a very low energy penalty compared with the Li-ion approaching the F ion in aqueous
lithium-ion batteries (ALIBs) [80]. Molecular dynamics (MD), a computational method
used to simulate the physical movements of atoms and molecules, is a valuable tool for
understanding the behavior of matter at the atomic and molecular levels. It is known
that a solution of hydrated salt can dissolve an unhydrated salt with similar chemical
properties and thereby increase the salt concentration and decrease the water-to-salt ratio
in the electrolyte. To use this concept in forming a mixed salt electrolyte in ALIBs, 7 m
LiOTf was added to 21 m LiTFSI. MD simulations predicted that approximately 0.5 water
molecules are replaced by OTf ions in the Li-ion solvation shell of 21 m LiTFSI electrolyte
upon the addition of 7 m LiOTf, while no significant change is observed on AGGs of
Li and TFSI ions [58]. These findings suggested that a mixed-anion approach could be
used to lower the water-to-salt ratio in WiSEs by using other ions to replace the water
molecules. The Independent Gradient Model (IGM) is another computational chemistry
technique designed to visualize and quantify intermolecular interactions. IGM was used
to investigate the intermolecular interactions within the NaClO;—NaOT{-H,O electrolyte.
The results indicate that water molecules preferentially interact with ClO4 and OTf anions
through hydrogen bonding, compared with forming water—water clusters. This preferential
interaction helps to disrupt the water network and reduce water activity, leading to a more
stable electrolyte [102].

4.2.2. Spectroscopic Analysis of Solvation

Various spectroscopic techniques have been used to gain deeper insights into the
fundamental properties of electrolytes. Suo et al. [34] reported the Raman spectra for
21 m LiTFSI, which revealed a significant broadening of oxygen nuclei peaks at high salt
concentrations, suggesting a transition towards a semi-solid state such as crystalline LiTFSL
The cations and anions resembled an ionic liquid environment, where each Li-ion is closely
associated with at least one anion. Raman spectroscopy was further employed to investigate
the solvation structure of various electrolytes. In NaOTf-H,O systems, a significant blue
shift in the SOj3 stretching band was observed with increasing salt concentration, indicating
a transition from SSIPs to CIPs and AGGs. Figure 7a represents the Raman spectra of
electrolytes at different concentrations, suggesting that most of the ions at 9.26 m exist
as CIPs and AGGs. Figure 7b represents the Raman spectra for NaClO4-NaOTf-H,O
electrolytes, revealing changes in the O-H stretching vibration of water molecules [110]. As
the NaClOy4 concentration increased, the band sharpened and blue-shifted, suggesting a
disruption of the water structure and the formation of crystalline hydrates. In single-anion
electrolytes such as KAc and NaAc, increasing salt concentration decreased water activity,
as evidenced by the weakening of the H-O stretching band (Figure 7c) [99]. In APIBs, a
KCTFSI-based WiSE was analyzed using Raman spectroscopy, where the significant blue
shift in the spectrum from 758.2 to 759.8 cm~! (Figure 7d) indicates preferential C=N
coordination across all concentrations. Unlike typical WiSEs, KCTFSI solutions exhibit
dominant CIPs even at low concentrations [104].

Fourier transform infrared (FTIR) spectroscopy was employed to examine the inter-
actions between ions and water molecules in various electrolytes. The O-H stretching
band, a sensitive indicator of hydrogen bonding networks, was analyzed to understand
the changes in solvation structure with increasing salt concentration. The O-H stretching
band exhibited a broad peak in pure water due to differences in hydrogen bonding envi-
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ronments. As the concentration of salts such as NaClO, increased, the band narrowed and
blue-shifted, indicating a disruption of the water structure and the formation of crystalline
hydrates (Figure 8a) [80]. In these hydrates, water molecules are strongly coordinated with
ions, reducing water activity and mobility. In another report, the addition of additives
such as urea and DMF to concentrated electrolytes further modified the solvation structure.
The introduction of urea aided the formation of new hydrogen bonds between urea and
water molecules, while the addition of DMF further disrupted the hydrogen bonding
network [82,84]. FTIR analysis revealed a blue shift in the O-H stretching peaks of water
with increasing KCTFSI concentration (Figure 8b), indicating a weakening of hydrogen
bonds and increased interaction between water molecules and ions. The C=N stretching
peaks remained relatively unchanged, suggesting preferential coordination of K* ions with
C=N groups even at low concentrations. In contrast, the O=5=0 stretching peaks shifted to
lower wavenumbers, indicating increased coordination of K* ions with the sulfonyl groups
at higher concentrations [104].
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Figure 7. Raman spectra for the following: (a) NaWiSEs at different concentrations, reprinted with
permission from Ref. [80], copyright 2017 Wiley; (b) NaClO;—NaOTf mixed-anion WiSE, reprinted
with permission from Ref. [102], copyright 2021 Wiley; (c) KAc-NaAc mixed-cation WiSE for ASIB,
reprinted with permission from Ref. [110], copyright 2018 Wiley; and (d) KCTFSI WiSE for APIB,
reprinted with permission from Ref. [104], copyright 2024 Wiley.

NMR spectroscopy, a technique that exploits the magnetic properties of atomic nuclei,
is used to investigate the solvation structure and ion-ion interactions by observing changes
in chemical shifts as the electrolyte composition or solute concentration varies. 'H NMR
spectroscopy was employed to investigate the changes in the water environment with
increasing salt concentration. The chemical shift of the water proton shifted upfield with
increasing NaClO, concentration, indicating increased shielding by surrounding ions.
Similarly, in concentrated NaClOy electrolytes with urea and DMF additives, the upfield
shift in the proton signals of water, urea, and DMF suggested decreased water activity
and increased interactions between water, salt, and organic additives [84]. In the same
electrolyte, 2>Na NMR spectroscopy was employed to investigate the Na* coordination
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environment. The upfield shift in the 2>Na NMR signal with increasing salt concentration
indicates increased shielding of Na* due to the formation of CIPs, where water molecules
are replaced by urea and DMF, leading to a solvation structure with the general formula
Na(H,O)x(urea)y(DMF), [84]. In another study with 21 m LiTFSI, the 17O NMR spectra
revealed two distinct oxygen environments: water (around 0 ppm) and TFSI" (around
154 ppm). The Li-ion interacts with the lone pair of oxygen on water molecules and leads
to deshielding, which is pronounced at concentrations higher than 10 m. The signal at
154 ppm is rather unaffected at concentrations below 10 m since TFSI anions do not directly
interact with the Li-ion at this point. Above 10 m, both peaks are broadened due to changes
in the anion environment, making it similar to crystalline LiTFSI [34].
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Figure 8. FTIR spectra for (a) NaClO4—NaOTf mixed-anion WiSEs, reprinted with permission from
Ref. [102], copyright 2021 Wiley; (b) KCTFSI electrolyte with different concentrations, reprinted with
permission from Ref. [104], copyright 2024 Wiley.

4.3. SEI Composition and Properties

The SEl layer is crucial to improve the performance of intercalation batteries. To under-
stand its formation, composition, morphology, and stability, various techniques have been
used. Comprehensive SEI characterization requires multiple techniques. X-ray photoelec-
tron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX) are typically used
to determine the elemental composition of the SEI layer, while microscopic methods, in-
cluding transmission electron microscopy (TEM) and scanning electron microscopy (SEM),
are used to gain insights into the surface morphology of the SEI. Finally, electrochemical
impedance spectroscopy (EIS) is used to assess the resistance and capacitance of the SEL

4.3.1. Spectroscopic Analysis of the SEI

XPS can provide information about the elemental composition, chemical state, and
electronic structure of the SEI by analyzing the emitted photoelectrons. For instance, Suo
et al. [34] employed XPS to investigate the formation of interphase on the anode surface
after lithiation by comparing the pristine and lithiated MogSg electrodes. The spectra
revealed significant changes in the elemental composition. In Figure 9a, the disappearance
of S 2p and Mo 3d signals and the emergence of Li 1s and F 1s signals after lithiation
indicated the formation of a LiF-rich interphase on the anode surface [34]. This interphase
was found to be highly resistant to sputtering, suggesting its dense and protective nature.
For ASIBs using sodium water-in-salt electrodes (NaWiSEs) and sodium salt-in-water
electrodes (NaSiWEs), the NaWiSE electrode exhibited a denser and more robust NaF-rich
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SEI compared with the NaSiWE on the anodic surface [80]. In sodium-ion batteries using
19 m NaClO4—NaOTF electrolytes, XPS analysis indicated the formation of a NaF-based SEI
on the anode surface as the position of the Na 1s signal shifts to a higher binding energy
(1071.1 eV to 1071.5 eV) after cycling (Figure 9d), indicating the formation of NaF on the
surface [102]. In the F1 spectra (Figure 9e), the peak at 689.1 eV for the pristine electrode is
of the —-CF,— group in the polytetrafluoroethylene (PTFE) binder. After cycling, the signal
shifts to 678.8 eV, showing the presence of -CF3;— species from residual salt on the surface. A
peak at 684.3 eV emerges after sputtering, corresponding to NaF species. The P 2p spectra
(Figure 9f) are provided for reference to show the reappearance of the peak after long-term
sputtering, suggesting the robustness of the NaF-based SEI. For NaTiy(PO,); electrodes
cycled in 17 m NaClOy electrolytes, the electrode exhibited the formation of Na,CO3 and
NaOH on the surface, but no NaCl formation was observed, suggesting the mechanism
involved is different from salt anion decomposition. These XPS studies provide valuable
insights into the composition and properties of SEI layers formed on various electrode
materials [102].
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Figure 9. XPS spectrum of (a) after 1 cycle in a NaWiSE; (b) after 1 cycle in a NaSiWE. The black
and red solid lines represent the cycled electrodes without sputtering and with Ar-ion sputtering
for 15 min, respectively. (c) The pristine electrode was reprinted with permission from Ref. [80],
copyright 2017 Wiley. (d—f) Pristine and cycled NVP@C anode at full sodiation state after Ar-ion
sputtering with different times: (d) Na 1s; (e) F 1s; and (f) P 2p, reprinted with permission from
Ref. [102], copyright 2021 Wiley.
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4.3.2. Microscopic Studies of SEI Morphology

TEM can produce 2D images at the atomic scale, magnifying nanometre structures up
to 50 million times. Thus, the nanoscale SEI can be captured through TEM. To gain insights
into the formation of a protective layer on the NaTi,(POy); anode, TEM was employed to
examine the surface morphology of pristine and cycled electrodes. Pristine NaTi;(PO4)3
electrode exhibited clean surfaces (Figure 10a) with a thin carbon coating layer. After
cycling the electrode in 17 m NaClOy electrolyte, a 5-10 nm thick amorphous layer was
observed on the surface, indicating the formation of a protective passivation film [110]. To
confirm the formation of the SEI, high-resolution TEM (HRTEM) images of the anode were
captured after cycling. Figure 10c,d suggests that, after 1000 cycles at 1 C, an additional
layer of partially crystalline material with a thickness of 4-6 nm uniformly covered the
surface. The interplanar spacing of this new layer, measured to be 0.25-0.26 nm, closely
matches that of crystalline NaF (0.234 nm (200)) [102]. Interestingly, even in a NaSiWE, the
SEI layer was observed on the anode particles after 1000 cycles but was less robust than the
SEI in NaWiSEs.

10 nm

10 nm

Figure 10. TEM images of the NaTiy(POy)3 particle before and after galvanostatic cycling: (a) pristine
NaTiy(POy4)3 and (b) its high-resolution image; (c) high-resolution images of NaTi, (POy)s after cycling
in a NaWiSE for 421 times at 0.2 C; and (d) after 1000 cycles at 1 C, reprinted with permission from
Ref. [80], copyright 2017 Wiley.

In ALIBs, TEM images of the cycled MogSg revealed a 10-15 nm thick crystalline layer
on the surface, which was absent in the pristine material. This layer, identified as imperfect
crystalline LiF through interplanar spacing measurements, was further confirmed using
EDX analysis, which showed a uniform distribution of fluorine on the MoySg surface.
This aqueous LiF-based SEI, formed by the reduction of TFSI, differs chemically from the
composite interphases typically observed in non-aqueous electrolytes, which are primarily
composed of solvent-reduction products [34]. Scanning electron microscopy (SEM) is
a technique that uses a focused beam of electrons to create high-resolution images of a
sample’s surface. Agglomerated products can cause the formation of a non-uniform SEI,
which leads to uneven ion intercalation through the interphase. The SEM images of the
S@MNC-600 electrode cycled in the 17 m NaClOy electrolyte revealed a smooth layer on
the catalyst surface, identified as Nay,COs3 in ASIBs [84]. This layer formed due to reduced
dissolved oxygen and carbon dioxide followed by their reaction with Na ions. An SEI
layer was also observed for the NaClOj electrolyte with urea and DMF additives. In the
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case without the addition of urea, the SEI was less stable due to cracks resulting from
non-uniformity. In the Na-W electrolyte, no SEI was formed at all.

4.3.3. Electrochemical Techniques

EIS measurements have also been conducted to monitor the resistance of the interphase.
In a study by Ren et al. [134], EIS revealed that the addition of ethylene glycol (EG) increased
the electrolyte resistance but improved the diffusion of Na ions. The authors suggested that
the formation of hydrogen bonds between EG and H,O reduced the amount of free water,
which facilitated Na ion insertion into the electrode material. Solution resistance generally
increases using WiSEs. Upon formation of the SEI, the polarization is also expected to
increase due to passivation. This increased resistance may resemble delayed corrosion or
inhibited parasitic reactions as well.

In summary, the electrolyte is studied for its basic properties, such as its solubility,
conductivity, and ESW, using preliminary tests, including EIS and CV/LSV. The cation—
anion interactions within the system can be theoretically predicted using MD, IGM, QC, and
DFT. Experimentally, the solvation can be analyzed using various spectroscopic methods,
including EIS, FTIR, Raman, and NMR. XPS can provide the elemental composition of the
SEI formed, and its morphology can be further studied using microscopic techniques such
as SEM and TEM.

5. Beyond WiSEs

Water-in-salt electrolytes (WiSEs) are primarily useful for expanding the electrochemi-
cal stability window (ESW). This expanded ESW is achieved using a high concentration of
salts in the electrolyte composition. Despite their usefulness in the aqueous system, the high
cost of salts that are used in large quantities to prepare these super-concentrated electrolytes
inevitably leads to higher battery costs. Another issue is their saturated concentrations.
At such high concentrations, the electrolytes may face salting out at a slight lowering of
temperature [42,86]. This limits the use of such electrolytes in a wide temperature range.
To achieve a composition that can enable battery operation in a wide temperature range
at a low cost, WiSEs with additives to overcome the limitations of salting out have been
recently explored. These electrolytes have moderately high, but comparatively lower, salt
concentrations, which may also address the issue of high salt costs. The first approach has
been the use of salts with anti-freezing properties. Pyrophosphate salts, such as K4P,O7,
have been shown to exhibit glass-forming properties and inhibit water freezing [42]. It
was found that concentrated K4P,O7 electrolytes not only possess the typical characteris-
tics of WiSEs, including an expanded ESW and inhibited aluminum dissolution, but also
demonstrate exceptional low-temperature stability, even near the solubility limit. Crowding
agents have been used as a second approach to reduce free water molecules. In WiSEs,
the formation of cation—anion aggregates (AGGs) and contact ion pairs (CIPs) is attained
through a fine balance of electrostatic interactions inside and outside of the solvation shell,
where a stronger interaction outside the shell would lead to these ions being pulled towards
the exterior of the shell. Nian et al. [81] suggested that increasing salt concentrations would
equally increase inward and outward interactions. According to their study, it would be
beneficial to establish a protective shell outside the solvation sphere that could potentially
hinder the outward interactions. They developed a novel overcrowded electrolyte for
aqueous lithium-ion batteries (ALIBs) using the non-polar solvent 1,4-dioxane (DX) as a
crowding agent, which interacted with water molecules through hydrogen bonding to
form a protective shell around the solvation sphere. Lastly, a third approach has been
the use of concentrated diluent wherein inert solvents are used to establish a localized
WISE where the solvents dissolve water but not the salt in the electrolyte. To prepare such
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a solution, the solvent should ideally have higher miscibility with water and lower salt
solubility to selectively dissolve the water in the solvent. Ethylene carbonate (EC) and
1,5- pentanediol (PD) are such examples. Jaumaux et al. [79] demonstrated the use of
PD as a diluent to create a localized WiSE. They also discussed the use of tetraethylene
glycol diacrylate (TEGDA) monomer to gel the localized WiSE, which further expanded
the ESW of the localized WiSE. Other approaches have involved using polymer additives
and constructing an artificial solid—electrolyte interphase (SEI) at the anode along with
WiSEs [33,36,78,150,155,156]. However, to the best of our knowledge, no comprehensive
comparison of all such systems has been reported thus far.

6. Summary and Outlook

The increasing demand for renewable energy has led to a focus on electrochemical
energy storage methods, such as metal-ion batteries (MIBs). However, traditional MIBs
using organic electrolytes are costly and pose safety risks due to their flammability. Aque-
ous metal-ion batteries (AMIBs) offer a cost-effective alternative by using water as the
solvent, eliminating the requirement for stringent manufacturing conditions and reducing
moisture sensitivity. Despite these advantages, AMIBs face challenges such as a narrow
electrochemical stability window (ESW) and unstable solid—electrolyte interphases (SEIs).

Water-in-salt electrolytes (WiSEs) are a promising solution to these issues. WiSEs
are super-concentrated solutions that reduce water activity, leading to a wider ESW and
facilitating SEI formation at the anode. This is achieved through unique solvation structures
and reduced free water content due to an increased salt-to-water ratio in the electrolyte,
which can increase the ESW. However, the lack of systematic studies varying and reporting
this ratio limits our ability to determine strong trends. Correlating electrolyte concentration
with ESW thus far suggests that a 3 V wide ESW can be achieved in ASIBs at concentrations
below 30 m, whereas it takes more than 30 m concentration to establish the same in ALIBs.
To date, there have been a broad range of studies on salts with higher solubility forming
WiSEs and expanding the ESW of AMIBs. However, such a high concentration of salts
would lead to an increased cost of electrolytes. It is not clear at this early stage whether
shifting the cost of the electrolytes from the solvent to the salt will lead to overall cost
reductions, and a techno-economic analysis may be warranted. Another issue with using
extremely high concentrations of salts is the limited thermal operating window due to the
chances of salting out at lower temperatures. To overcome this obstacle, anti-freezing salts,
crowding agents, and diluents as additives have been explored. These approaches can
enable an SEI at lower salt concentrations, but it remains to be seen whether the stability of
this SEI will be compromised due to the risk of dissolution at these lower concentrations.
Lastly, it is noteworthy that the recent developments in WiSEs have expanded the ESW of
aqueous electrolytes up to 3.6-4 V, yet no AMIBs have been demonstrated to fully utilize
such an expanded ESW due to a lack of compatible electrode materials. Therefore, further
research is required to address the compatibility of electrodes with WiSEs to take advantage
of this technology. Overall, much progress has been made in AMIBs using WiSEs, with the
most significant advancement being the establishment of a stable SEI. This significant result
is a promising start for this new approach that may eventually enable safer and lower-cost
batteries to accelerate the energy transition.
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