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This review offers a critical and exhaustive examination of the current state and innovative advances in high-
voltage Li, Na, K, and Zn aqueous rechargeable batteries, an area poised for significant technological breakthroughs
in energy storage systems. The practical issues that have traditionally hampered the development of aqueous
batteries, such as limited operating potential windows, challenges in stable solid—electrolyte interphase (SEI) for-
mation, the need for active materials optimized for agqueous environments, the misunderstood intercalation chem-
istry, the unreliable assessment techniques, and the overestimated performance and underestimated physico-
chemical and electrochemical drawbacks, are highlighted. We believe that this review not only brings together
existing knowledge but also pushes the boundaries by providing a roadmap for future research and development
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1. Introduction

Chemical batteries are essential for clean and efficient energy
conversion and storage, and have drawn significant attention
for realizing a sustainable society. Notably, as recognized by the
2019 Nobel Prize,'™ the development of Li-ion batteries has
revolutionized the concept of “rechargeability,” potentially
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efforts aimed at overcoming the longstanding challenges faced by the promising aqueous rechargeable batteries.

aiding the realization of a zero carbon footprint. These batteries
have profoundly impacted our lifestyle by facilitating the devel-
opment of advanced, portable electronic devices for smart
communications and healthcare, and also larger-scale applica-
tions such as electric vehicles, transportation systems, and grid
storage for renewable energies.

Initially, battery systems utilized aqueous electrolytes (Fig. 1).
The lineage of batteries dates back to the early 1800s, when the
primary Voltaic pile (Cu|Zn)® that employed an acidic H,SO,
solution as the electrolyte was used. The overall reaction is:

Zn +2H" > Zn*" + Hy (Ve = 0.76 V, Egpay = 5-10 W h kg™ ")

1)
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Here, Ve and Eg,, represent the output voltage and gravi-
metric energy density of the battery, respectively. Note that in
this review, the cell configuration is represented as cathode|
anode. In battery research, the electrode that undergoes oxida-
tion during charging is often referred to as the cathode, while
the electrode that undergoes reduction is referred to as the
anode. This contrasts with the conventional electrochemical
definition.

The evolution from the Voltaic pile to advanced batteries
was driven by the need for a higher energy density, which can
be defined as the product of the battery voltage (V) and capacity
(A h kg™'). The energy density of the Leclanché battery
(MnO,|Zn),” which uses an acidic NH,Cl or NH,Cl + ZnCl,
solution, was nearly five times higher than that of the Voltaic
pile. The overall reaction is:
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2MnO, + Zn + 2NH,Cl — 2MnOOH + Zn(NHj3),Cl,
(Veen = 1.5V, Egray = 30-40 W h kg™ ') (2)

After one and half centuries of introducing the primary Voltaic
pile, the transition from acidic to alkaline electrolytes signifi-
cantly enhanced the energy density of the batteries. Under
acidic and weakly alkaline conditions, the hydrogen evolution
reaction (HER) is promoted, and/or a non-conductive Zn(OH),
layer is formed on the Zn-metal surface, inhibiting the Zn/Zn>"
redox reaction. However, under highly alkaline conditions
(pH > 12), Zn exists in the form of tetrahydrozincate ions
(Zn(OH),>") in the electrolyte, allowing for more efficient
utilization of the Zn metal by thermodynamically inhibiting
the HER and the formation of the Zn(OH), layer.

From the 1950s to 1970s, various aqueous primary alkaline
batteries featuring diverse cathode active materials, Zn-metal
anodes, and strongly alkaline KOH electrolytes were developed.
Representative  examples include alkaline-manganese
(MnO,|Zn),® mercury (HgO|Zn),” and Zn-air (0,|Zn)" bat-
teries, which achieved energy densities up to 40 times higher
than that of the Voltaic pile. Among these, alkaline-manganese
and Zn-air batteries are widely used because they employ non-
toxic materials, have low fire and explosion risk, are easy to
recycle, and exhibit high energy densities and long usage times.
The overall reactions for these batteries are as follows:

2MnO, + Zn — Mn,0; + ZnO
(Veen = 1.5 V, Egray = 100-200 W h kgfl) (3)

HgO + Zn — Hg + ZnO
(Veenn = 1.3-1.4 V, Egp,y = 100-250 W h kg™ (4)

0, +27Zn — 2Zn0  (Veey = 1.3-1.5 V, Egpay = 300-400 W h kg )

()
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Next Generation

Primary Batteries

Li-metal @ —— 1975

MnO, | LiBF,/PC:DME | Li
MnO, + Li — LiMnO,

Zn-air @ 1970s

O, | KOH | Zn
0, +Zn — 2Zn0O

Alkaline @&—— 1959

MnO, | KOH | Zn
2MnO, + Zn — Mn,0O; + ZnO

Leclanché @&—— 1866

MnO, | NH,ClI, ZnCl, | Zn
2MnO, + Zn + 2NH,Cl — 2MnOOH + Zn(NH,),Cl,

Voltaic pile &— 1800

Cu|H,S0O, | Zn
Zn + 2H* — Zn?* + H,

7
&
A

1991

A

1967

1899

A

1859

Secondary Batteries

High-voltage aqueous
rechargeable battery

— @ Li-ion

LiCoO, | LIPF{/EC:DMC | Cq
2LiCo0, + Cq 2 2Liy sC00, + LiCq

—— @ Ni-MH

NiOOH | KOH | MNiH
NiOOH + MNiH 2 Ni(OH), + MNi

— @ Ni-Cd

NiOOH | KOH | Cd
2NiOOH + Cd + 2H,0 2 2Ni(OH), + Cd(OH),

— @ Pb-acid

PbO, | H,SO, | Pb
PbO, + Pb + 2H,S0, 2 2PbSO, + 2H,0

Fig. 1 History of practical batteries, listing the year of invention or commercialization, cell notations, and overall reactions. The transition of battery
electrolytes is highlighted in gray (acidic aqueous electrolyte), blue (alkaline aqueous electrolyte), and red (nonaqueous electrolyte) arrows. One of the
current technical targets is the development of aqueous rechargeable batteries with high voltage (high energy density), high safety, and high

sustainability.

There has been considerable research and development since
the 1800s to fabricate more efficient, practical, and environ-
mentally friendly rechargeable (secondary) batteries. The lead-
acid battery (PbO,|Pb),"* utilizing an acidic H,SO, solution
akin to that used in the Voltaic pile, was developed in the late
1850s. It is widely employed to power the starter motors
of automobiles and is also used in uninterruptible power

4202 | Chem. Soc. Rev., 2025, 54, 4200-4313

supplies owing to its low cost, ease of large-scale production,
and simple structure. The overall reaction for the lead-acid
battery is:

PbO, + Pb + 2H,S0O, = 2PbSO, + 2H,0

(Veell = 2.0 V, Egray = 30-40 W h kg ™) (6)

This journal is © The Royal Society of Chemistry 2025
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However, the cathode and anode of a lead-acid battery contain
dense lead (Pb; 11.34 g cm®), making the battery heavy. To
address this, nickel-cadmium (Ni-Cd; Ni(OH),|Cd)"* and nickel-
metal hydride (Ni-MH; Ni(OH),|MNiH)"® batteries were developed
in the early and late 1900s, respectively. Their overall reactions are:

2NiOOH + Cd + 2H,0 2 2Ni(OH), + Cd(OH),
(Veen = 1.2V, Egpay = 40-60 W h kg™ ) (7)

NiOOH + MNiH = Ni(OH), + MNi
(Veent = 1.3 V, Egray = 60-120 W h kg™ ") (8)

Ni-Cd batteries utilize a 6-7 mol L™ (M) KOH/H,O electrolyte,
which helps in suppressing the HER while providing a high ionic
conductivity of over 500 mS cm™ " and a low freezing point below
—30 °C. These advantages have enabled their use in power tools,
emergency medical equipment, and aerospace applications
requiring high power density and a wide range of operating
temperatures. However, Ni-Cd batteries suffer from the memory
effect, necessitating periodic reconditioning (full charge and
discharge cycles) and posing significant environmental risks
owing to the high toxicity of cadmium, which can lead to severe
environmental pollution if batteries rupture or are improperly
discarded. These issues were addressed by replacing cadmium
with metal hydride electrodes. The high hydrogen absorption and
desorption capabilities of metal hydride electrodes, which are
typically made from alloys of rare earth metals (e.g., La, Ce, and
Nd) and transition metals (e.g., Ni, Co, Mn, Al, and Fe), enhance
the battery capacity retention and efficiency, enabling over 1000
charge/discharge cycles.

Silver-zinc (Ag,0|Zn)"* batteries, which can be configured
for use as both primary and secondary batteries, was originally
developed for space and military applications.

Ag,0 +Zn 2 2Ag + ZnO
(Veen = 1.5-1.8 V, Egpoy = 100-150 W h kg™ 9)

They boast the highest energy density among commercially
available aqueous secondary batteries. However, their limita-
tions, including a short cycle life and high production costs,
have hampered their widespread utilization.

The demand for high-voltage batteries has significantly
increased as electronic devices evolve to deliver higher power
outputs. However, the narrow potential window of aqueous
electrolytes, particularly their low reduction stability, which
promotes the HER, has rendered the use of low-potential anode
active materials challenging, thus limiting the battery output
voltage. In the 1970s, a paradigm shift occurred from aqueous
to nonaqueous electrolytes, leading to the commercialization of
primary Li-metal batteries with voltages exceeding 3 V.'> The
overall reaction is:

MnO, + Li > LiMnO, (Vee =3.0V, E

grav = 250-300 W h kg™ 1)

(10)

The redox potential of Li metal (Li/Li': —3.04 Vvs. standard hydrogen
electrode (SHE)) is lower than the thermodynamic potential window
of nonaqueous electrolytes, resulting in continuous electrolyte

This journal is © The Royal Society of Chemistry 2025
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decomposition on the Li-metal surface. To address this, the
concept of a solid electrolyte interphase (SEI) was introduced,
wherein protective layers/particles are formed to prevent direct
contact between the Li metal and electrolyte, while facilitating
Li" transport. For instance, ethylene carbonate is reduced to
form an SEI that is primarily composed of lithium ethylene
dicarbonate ((CH,OCO,Li),) on the Li-metal surface.'® The
developed nonaqueous electrolytes, which include highly disso-
ciative and oxidation-resistant salts (such as LiPF; and LiBF,) in a
mixture of SEI-forming solvents (like ethylene carbonate) and
low-viscosity solvents (such as linear carbonates and/or ethers),
continue to remain fundamental for nonaqueous battery sys-
tems. Additionally, advancements in high-purity organic solvent
purification technologies and the introduction of super-dry
rooms with stringent humidity and impurity control measures
in battery manufacturing environments have contributed signifi-
cantly to the development of high-voltage nonaqueous batteries.

Nevertheless, the high reactivity of Li metal can lead to
irreversible reactions with trace amounts of moisture, impu-
rities, or gases (e.g., H,, N,) in the electrolyte and manufactur-
ing environment, potentially rendering the Li metal inactive
and posing significant fire and explosion risks. Moreover, the
development of secondary batteries using Li metal has encoun-
tered challenges such as high volume changes during Li plat-
ing/stripping and the formation of dendrites and “dead” Li due
to uneven electron distribution. These phenomena eventually
led to SEI damage, continuous reduction and depletion of the
electrolyte, and short circuits in the internal battery.

To realize a rechargeable system based on Li chemistry, the
battery chemistry was changed by utilizing the “rocking chair”
mechanism (i.e., host-guest or intercalation chemistry). In this
arrangement, the Li" carrier ion initially resides in the cathode
active material and shuttles between the anode and cathode
through the electrolyte during the charging and discharging
cycles.

This innovation allowed for the replacement of Li metal with
a graphite anode, which acts as a reservoir for Li*. The overall
reaction in modern Li-ion batteries (e.g., LiCoO,|graphite) is
described as follows:

2LiCo0, + C¢ 2 2Liy 5C00, + LiCq
(Veenn = 3.6-3.7 V, Egray = 80-300 W h kg™ ')

(11)
This simple working principle significantly reduced the amount of
electrolyte required, achieving an energy density of 80-100 W h kg™ *
in the 1990s. Over the years, energy densities in the range of 200-
300 W h kg !, which significantly surpass that of secondary
aqueous batteries, along with much better cycling performance
exceeding 1000 cycles, have been achieved. However, the higher
energy density of Li-ion batteries increases the risk of fire and
explosions, particularly because of the use of flammable non-
aqueous electrolytes. Moreover, the requirement for super-dry
manufacturing conditions increases the production costs.

Fig. 2 illustrates the timeline of advancements and chal-
lenges in secondary batteries and their electrolytes, divided into
periods before (left side) and after (right side) the advent of

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4203
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< Before nonaqueous Li-ion batteries Genesis | Next-generation >
Hybrid
System Pb-acid Ni-Cd Ni-MH Nona_q_ueous Aqflf:ous Concentrated aqueous/ Zn
Issues Li-ion Li-ion aqueous
nonaqueous
Voltage 2 2,4 4-1, 6-2 6-3 71
Cycle life 2 2,4 41, 61 6-3 72,
? ’ 7-5,7-8
lonic conductivity 2 42 4-2. 6-2 6-3 7.7
Viscosity ’
Wide-temperature 2 4-3 4-3, 6-2 6-3 7-4,7-5
Good
Safety 2 2,4 2,4 6-3 7-2,7-8
Cost
(material & process) 2 2 2,3,4 6-3 7-3
Resource 2 2 23 6-3 7
sustainability ? .
Proton & water
co-intercalation . e & e e
Corrosion 7-3,7-6,
Self-discharge 2 S S e 7-8 Bad
al

Fig. 2 Transitions in battery electrolyte issues. The issue of low output voltage in traditional aqueous rechargeable batteries was overcome with the
development of nonaqueous Li-ion batteries, which offer both high output voltage (4 V-class) and high cycling stability. However, they introduced
problems such as safety risks and increased manufacturing costs. Significant technical efforts have been devoted to exploring highly functional aqueous
electrolytes and electrode materials based on diverse carrier ions (Li*, Na*, K*, and Zn®*) toward the next generation of energy storage devices that
ensure high voltage, ultimate safety, economic production, and high sustainability. This review article will focus on the research conducted after the
"“Genesis” on the right side of the table, providing chapter/section numbers that address the corresponding development approaches and their issues.

nonaqueous Li-ion batteries in 1991. Following this “Genesis,”
the major research trend shifted toward exploring various inter-
calation chemistries, including the pursuit of high-voltage aqu-
eous batteries to ensure ultimate safety and low production costs.

The first prototype of an aqueous Li-ion battery was reported by
Li, Dahn, and Wainwright in 1994, who achieved a reversible 1.5 V
system with a LiMn,0, cathode, a VO,(B) anode, and a 5 M LiNO; +
0.001 M LiOH electrolyte."” Twenty years later, the discovery of
highly salt-concentrated aqueous electrolytes, which drastically
widened the potential window above 3 V by significantly decreasing
the water activity and forming an anion-derived SEI, revived the
interest in aqueous Li-ion batteries."® " Similar strategies have been
applied to other carrier ion-based batteries (Na*, K', and Zn**)**™
and electroplating.”® Despite these advancements, achieving high-
voltage aqueous batteries remains a significant challenge.

In this review, the recent progress in high-voltage aqueous
rechargeable batteries will be discussed in depth, along with the
fundamental science of aqueous systems, the severity of the chal-
lenges faced, and the potential strategies for system optimization.
The section index corresponding to each issue is marked in Fig. 2.

2. Challenges and prospects for
aqueous Li-ion batteries

Aqueous rechargeable batteries are recognized as promising
energy storage devices owing to their high safety, low product

4204 | Chem. Soc. Rev,, 2025, 54, 4200-4313

cost, and high manufacturability and scalability, which facil-
itate the development of green technologies.”**> However,
despite their advantages, these batteries have struggled to
match the energy density and cycling performance of nonaqu-
eous rechargeable batteries over the past three decades, imped-
ing their commercial viability.

Nonaqueous Li-ion batteries, which were first commercia-
lized by Sony in 1991, are among the most well-developed and
refined energy storage devices developed to date. The choice of
Li" as the carrier ion in rechargeable batteries is primarily
driven by the low atomic mass and redox potential of Li.**™°
The nature of the carrier ions, typically present in active
materials and electrolytes, plays a crucial role in determining
the overall electrochemical properties of batteries. For instance,
the capacity per unit weight, expressed as the charge-to-mass
ratio following Faraday’s law, underscores the importance of
high charge-to-mass ratios for achieving lightweight yet high-
capacity batteries. Among the various ions, Li* possesses a
higher charge-to-mass ratio (0.14; charge: 1, mass: 6.9) com-
pared to Na' (0.04; charge: 1, mass: 23.0), K* (0.03; charge: 1,
mass: 39.0), and Zn** (0.03; charge: 2, mass: 65.4). The
operating voltage of the battery, reflecting the potential differ-
ence between the cathode and anode, is also crucial for
efficient energy storage. An optimal battery configuration
a high-potential cathode and a low-potential
anode, where the minimum reaction potential of the anode is
influenced by the standard redox potential of the carrier ion.

involves

This journal is © The Royal Society of Chemistry 2025
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Therefore, it is widely acknowledged that Li-ion batteries,
with the lowest standard redox potential of Li metal

(E;i/Li+ = —3.04 V vs. SHE), offer the highest battery operat-

ing voltage and energy density (defined as the product of the
battery operating voltage and capacity).

Sony’s first-generation nonaqueous Li-ion batteries achieved
an energy density of ~80 W h kg™ and were capable of
enduring hundreds of charge and discharge cycles.*® Subse-
quent advancements and optimizations across all battery com-
ponents, including active materials, electrolytes, carbon
additives, separators, and overall electrode design, have
resulted in significant performance enhancement compared
to early models. The key attributes include high cathode load-
ing (=20 mg ecm™?), limited electrolyte volume (<3 mg mA
h™1), a controlled positive-to-negative (P/N) ratio approaching 1
based on the superior initial cycling efficiency (=90%), mini-
mized electrolyte decomposition at electrode surfaces, and low
electrolyte viscosity (<5 mPa s) paired with sufficient ion
conductivity (=10 mS ecm™").»*""* Owing to these positive
attributes, modern nonaqueous Li-ion batteries can achieve a
two- to three-fold increase in the energy density and cycling
stability. For example, LiFePO,|graphite batteries exhibit
remarkable cycling stability, maintaining over 80% of their
initial capacity even after several thousands of charge and
discharge cycles. These batteries have a theoretical energy
density of 340 W h kg, calculated based on the capacities of
LiFePO, (150 mA h g~ ') and graphite (360 mA h g™ '), with a P/N
ratio of 0.9 and an average operating voltage of 3.3 V. Similarly,
LiCoO,|graphite batteries exhibit excellent cycling stability,
enduring over 1000 cycles. These batteries offer a theoretical
energy density of 380 W h kg™, utilizing LiCoO, (150 mAh g™ )
and graphite (360 mA h g™'), with a P/N ratio of 0.9 and an
average operating voltage of 3.7 V. LiNiygMn, ;Co0,10,|gra-
phite/Si composite batteries also exhibit stable reversibility
even after several hundred cycles, with a theoretical energy
density of 525 W h kg~ " achieved through the integration of
LiNig gMng 1C00.10, (200 mA h g~*) and graphite/Si composite
(600 mA h g~ 1), with a P/N ratio of 0.9 and an average operating
voltage of 3.6 V. With a practical energy density ranging from
150 to 300 W h kg™, inclusive of the electrolyte, separator,
cases, and other battery components, these batteries ensure
reliable operation across a wide temperature range (—20 to
50 °C). Furthermore, recent developments on a laboratory scale
have demonstrated the stable cycling of high-energy-density
nonaqueous Li-ion batteries with high-potential cathodes and/
or high-capacity anodes (e.g., 4.8 V Li,CoPO,F|graphite and
4.4 V LiNig sMn, 504|SiO, with SiO, capacity >1600 mA h g™ )
for over 1000 cycles.*>™*® Continuous research efforts are being
devoted to the development of battery materials for ensuring
stable operation under extreme conditions (e.g., <—60 °C and/
or >60 °C).*> Additionally, ongoing advancements in the
cell-to-pack technology*! hold promise to further enhance the
practical energy density of batteries for large-scale applications.

While the development history of aqueous Li-ion batteries
parallels that of nonaqueous systems, their advancements in

This journal is © The Royal Society of Chemistry 2025
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energy density and cycling performance have been less impress-
ive, characterized by a low output voltage and poor long-term
cycling performance at low C-rates. Moreover, stable operation
under extreme conditions remains uncertain. The performance
of the developed aqueous Li-ion full cells is outlined in Table 1.
Notably, during our literature survey, we found several papers
where “M” and “m” were used interchangeably. Further, these
expressions were quoted directly without any corrections,
despite the fact that “M” (molarity, mol L") specifies the
amount of salt per unit volume of a solution (electrolyte), while
“m” (molality, mol kg~ ") denotes the concentration of salt
dissolved in 1 kg of a solvent.

In 1994, Li et al. reported a prototype aqueous Li-ion battery
that exhibited a capacity of 10 mA h and operated at 1.5 V. Its
composition included a LiMn,0, cathode, a VO,(B) anode, and
an electrolyte comprising 5 M LiNO; and 0.001 M LiOH
(Fig. 3)."” Despite being limited to only 20 continuous charge
and discharge cycles, the theoretical energy density of this
battery was 75 W h kg~ based on the mass of the active
materials, and the practical energy densities, including the
electrolyte and other battery components, were predicted to
be over 40-55 W h kg™', comparable to those of the aqueous Pb
acid (30-40 W h kg™ ') and aqueous Ni-Cd (40-60 W h kg™)
batteries.

There was no substantial improvement in the operating
voltage and cycling stability of aqueous Li-ion batteries over
the next 20 years, until their performance began to improve
with the development of highly salt-concentrated aqueous
electrolytes (Fig. 4 and 5).

In 2015, Wang and Xu groups achieved the successful
cycling of a LiMn,04|MosSg full cell using a water-in-salt (21
mol kg™' (m) LiN(SO,CF;), (LiTFSI)/H,O) electrolyte at an
operating voltage of 1.7 V (Fig. 6).'®> However, notable enhance-
ments were still necessary for achieving low C-rate cycling, as
evidenced by a capacity retention less than 50% after 100 cycles
at 0.15C; in contrast, stable reversibility was achieved at high C-
rates, with 68% capacity retention after 1000 cycles at 4.5C.
Furthermore, the cell design with high P/N ratios and a large
amount of electrolyte rendered it challenging to improve the
energy density of the batteries owing to the continuous loss of
the electrolyte and Li" sources at the electrode surface during
charging and discharging. In 2016, Yamada et al. addressed
these challenges by developing a 28 m dihydrate melt
(Li(TFSI)o ,(BETI), 3-2H,0) by exploring the eutectic points of
two Li salts, LiTFSI and LiN(SO,C,Fs), (LiBETI), thereby demon-
strating the reversible cycling of 3 V-class aqueous Li-ion
batteries for the first time (Fig. 7)."° A 2.4 V LiCoO,|Li;Ti5O1,
battery, engineered with a P/N ratio of 1.1-1.3, exhibited a
satisfactory capacity retention of 84% after 500 cycles at 10C.
However, it demonstrated poor capacity retention at lower C-
rates, retaining only 67% and 79% of its initial capacity after
100 cycles at 0.2 and 0.5C, respectively. The 3.1 V LiNig s-
Mn, 50,|Li TisO;, battery, configured with a high P/N ratio of
2.5 and operated at a high C-rate of 10C, demonstrated a
capacity retention of only 63% after 100 cycles. In 2019, further
progress was achieved by successfully operating a 2.4 V

”
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VO,(B) battery.”-**> Reprinted with permission from Journal of The Elec-
trochemical Society.
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LiCo0,|Li,Tis0O;, battery with a P/N ratio close to 1 in an asym-
metric imide salt (LiPTFSI; LiN(SO,CF;)(SO,C,Fs))-based 56 m
monohydrate-melt (Li(PTFSI)y,6(TFSI)y.4- 1H,0) electrolyte
(Fig. 7).2> The asymmetric structure of LiPTFSI helped in
preventing crystallization and enhanced the electrochemical sta-
bility of the aqueous electrolyte, while promoting Li-ion transport
owing to its improved anion-exchange ability and high rotational
mobility.**** Consequently, 77%, 74%, and 67% of the initial
capacity were retained after 100 cycles under various tempera-
ture and current conditions (25 °C/0.2C, 45 °C/1.0C, and 55 °C/
1.0C, respectively). However, their reversibility still fell short of
the typical standard defined in nonaqueous Li-ion batteries.
Overall, owing to the development of new electrolytes and
the optimization of the cell design, aqueous Li-ion batteries have
achieved higher operating voltages (2-3 V) and improved cycle life
(approximately 100 cycles at low C (<0.5C), with a Coulombic
efficiency of 98-99%) compared to the initial prototypes developed
in 1994 (1.5 V and 20 cycles). However, the substantial loss of the
electrolyte and Li" sources at the electrode surfaces during contin-
uous charge and discharge cycles, narrow operating temperature

Voltage Voltage

Resource
Cycle P Cycle
life sustainability life
Salt-concentrated
aqueous aqueous
electrolytes electrolytes
Safety Charge Safety

discharge rate

Cost Cost Cost
Fig. 4 Advantages and limitations of nonaqueous, diluted aqueous, and salt-concentrated aqueous electrolytes.
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Fig. 5

(a) and (b) Broadened operating potential window in highly salt-concentrated aqueous electrolytes, such as water-in-salt (21 m LiTFSI/H,0) and

dihydrate melt (28 m Li(TFSI)o /(BETl)o.5-2H,0), contributing to an increase in output voltage of aqueous batteries.8® Reprinted with permission from

Nature Energy.
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(a) and (b) Cyclic voltammograms and galvanostatic charge and discharge curves of LiMn,O4 cathode and MogSg anode in LiTFSI/H,O with

various concentrations. (c) and (d) Electrochemical performance of aqueous LiMn,O4|MogSs full cells in water-in-salt 21 m LITFSI/H,O electrolyte.*®

Reprinted with permission from Science.

ranges, and other issues such as high P/N ratios, high electrolyte
amounts, and susceptibility to self-discharge, highlight the need
for extensive improvements in various aspects. A significant
gap still exists between the operating conditions of not only
traditional aqueous NiMH batteries (with energy densities of
60-120 W h kg™' and 1000 cycles of reversibility), but also
nonaqueous Li-ion batteries (operating voltage of >3.3 V and
stable cycling under wide temperature ranges, with >1000
cycles at room temperature and several hundred cycles at low
and high temperatures and Coulombic efficiencies >99.95%).

3. Sustainable alternatives to aqueous
Na- and K-ion batteries: a greater
challenge

Although rechargeable Li-ion batteries offer high energy density,
their reliance on lithium—a resource primarily concentrated in a
few geographic regions like South/North America, China, and
Australia—raises concerns about global supply security, espe-
cially considering current geopolitical tensions.” > The wide-
spread adoption of electric vehicles has increased the demand for
Li, which, combined with the instability in the supply chain, has
led to significant price fluctuations in Li, thereby aggravating
concerns on the sustainability of Li-ion batteries (Fig. 8).°*
Furthermore, the mining and extraction of Li can have adverse
environmental impacts, including potential harm to groundwater
resources and ecosystems.” Given these challenges, including

This journal is © The Royal Society of Chemistry 2025

the limited availability and environmental concerns associated with
Li resources, it becomes imperative to explore alternative battery
technologies, such as aqueous Na- and K-ion batteries, which are
potentially more sustainable and environmentally friendly.”*>°
Practically, the battery output voltage is not solely determined
by the difference in the chemical potential of the carrier ions in
the cathode and anode, but is also limited by the operating
potential window of the electrolyte. Failure to maintain the
reaction potential range of the cathode and anode within the
operating potential window of the electrolyte can result in severe
electrolyte decomposition on the electrode surfaces; this aspect is
detailed in Section 4.1. It is also important to consider the fast
charge and discharge capabilities of batteries, commonly quanti-
fied as the battery power density (product of the battery output
voltage and the maximum current that the battery can provide
per unit weight or volume). The physicochemical differences in
carrier ions impact essential factors such as the diffusion of ions
into the bulk structure of the cathode and anode active materials,
ion movement within the electrolyte, and the desolvation process
of ions at the electrode surface, all of which influence the battery
power density significantly. Table 2 presents the physicochemical
properties of alkali ions. Ion movement within the aqueous
electrolyte largely depends on the Stokes radius, representing
the hydrated-ion size. Generally, an ion with a smaller Stokes
radius encounters less resistance during its movement through
the electrolyte, as it has fewer interactions with ions and water
molecules. The Stokes radii of Na* (1.84 A) and K" (1.25 A) are
smaller than that of Li' (2.38 A), suggesting that Na" and K"

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4209
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of LisTisO1s, LICoO,, LiNigsMn; 5O, electrodes in Li(TFSI)o #BETl)o.3-2H-0.2° (e) and (f) Electrochemical performance of aqueous LiCoO,|LisTisO full
cells in the monohydrate-melt Li(PTFSI)6(TFSl)o4-1H-0O electrolyte. 8 Reprinted with permission from Nature Energy and Electrochemistry

Communications.

experience lower resistance compared to Li" as they diffuse and
migrate within the electrolyte.'®°

Furthermore, because of the weaker Lewis acidity of Na" and K"
compared to that of Li*, the interactions between the ions and
coordinating water molecules are significantly weaker in aqueous
Na and K electrolytes. Numerous experimental *'*™'* and computer
simulation'”"*™"'® studies have demonstrated that the bond dis-
tance between water and a hydrated alkali ion is greater for Na™ and
K', indicating that the solution viscosity and energy barrier for
desolvation from the water molecules would be lower in aqueous
Na and K electrolytes. All the physicochemical indicators related to
hydrated ions, as discussed above, suggest that the ionic conductivity

in aqueous electrolytes increases in the order K* > Na* > Li*>>"7!18

4210 | Chem. Soc. Rev,, 2025, 54, 4200-4313

On the other hand, the ionic radii of Na* (1.02-1.07 A) and K*
(1.38-1.46 A), determined by Shannon'®? and in research using
large angle X-ray scattering and double difference infrared
spectroscopy,'® are larger than that of Li* (0.60-0.79 A), sug-
gesting that the diffusion of Na" and K" into the bulk structure
of the cathode and anode active materials tends to be relatively
challenging compared to that of Li'. Therefore, developing
active materials that facilitate rapid ion diffusion into the bulk
structures is essential for the advancement of aqueous Na- and
K-ion batteries.

Consequently, leveraging the advantages of Na" and K' as
battery carrier ions would offer a competitive edge for aqueous
Na- and K-ion batteries, compared to aqueous Li-ion batteries,

This journal is © The Royal Society of Chemistry 2025
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Table 2 Physicochemical properties of various carrier ions (Li*, Na*, and K*)loo-104
Li* Na* K"
Stokes radius in water (A) 2.38 1.84 1.25

Bond distance between
H,0(0)-hydrated M" ion (A)
Shannon’s ionic radius (A)
LAXS&DDIR-based ionic radius (A)

1.90-2.17 (four coordination)

0.76
0.60 (four coordination)
0.79 (six coordination)

in terms of resource strategy, cost reduction, sustainability, and
high-power-density applications.

The battery performance of various aqueous Na- and K-ion
full cells fabricated using diverse electrolytes and electrodes
is summarized in Tables 3 and 4. In 2013, Qian and Yang’s
groups tested a 1.3 V aqueous Na-ion full cell composed of a

This journal is © The Royal Society of Chemistry 2025

2.34-2.50 (four-eight coordination)

1.02
1.02 (five coordination)
1.07 (six coordination)

2.65-2.97 (five-eight coordination)

1.38
1.38 (six coordination)
1.46 (seven coordination)

Na,Ni[Fe(CN)s] cathode, NaTi,(PO,); anode, and 1 M Na,SO,/H,0
electrolyte."'® This battery maintained 88% of its initial capacity
after 250 cycles at 5C, indicating its feasibility as an aqueous
Na-ion battery (Fig. 9). Subsequently, in 2018 and 2019, the groups
led by Okada and Hu successfully developed 1.7 V aqueous
Na-ion batteries utilizing highly salt-concentrated aqueous sodium
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electrolytes (Fig. 9)."*>'*' These included a Na,Mn[Fe(CN)g]|KMn-
[Cr(CN)e] battery with a 17 m NaClO,/H,O electrolyte, achieving
55% capacity retention after 100 cycles at 5C, and a Na; ggMn-
[Fe(CN)gJo.o71.35H,0|NaTiOPO, battery with 9 m NaOTf (NaSO;CF;)
and 22 m tetraethylammonium-OTf/H,O electrolytes, retaining
90% of its initial capacity after 200 cycles at 0.25C. In 2020, Li
et al. reported a 1.3 V aqueous K-ion battery (Fig. 9)."*> This battery
was fabricated with a K, gsFeg 33Mng 67[Fe(CN)g]o.0s:0.77H,0 cath-
ode, 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) anode, and
22 m KOT{/H,O electrolyte, and exhibited 73% capacity retention
after 2000 cycles at 4C.

Nevertheless, the output voltage and cycling stability of aqueous
Na- and K-ion batteries are even lower than those of the aqueous
Li-ion systems. The weaker Lewis acidity and larger ionic radii of
Na' and K" compared to those of Li* pose challenges in widening
the operating potential window of aqueous Na and K electrolytes
and limit the development of suitable cathode and anode active
materials (details are discussed in Sections 4.1, 5.2, and 5.3).

4. Outstanding challenges with
advanced aqueous electrolytes

The critical issues with aqueous rechargeable batteries, such as
the low output voltage, high P/N ratio, inferior cycling stability,
and poor Coulombic efficiency even at room temperature,
largely stem from the inherent limitations of aqueous electro-
Iytes. To increase the battery output voltage and achieve stable
cycling characteristics, it is imperative to suppress the contin-
uous oxidation- and reduction-driven decomposition of the
electrolyte at the cathode and anode surfaces. A conventional
method to enhance the electrochemical stability of recharge-
able aqueous batteries involves adjusting the pH of the electro-
Iyte to optimize the operating potential window with the
electrode reaction potentials (Fig. 10).

For instance, when aqueous Li-ion batteries were initially
developed in 1994, an alkaline solution comprising 5 M LiNO;
and 0.001 M LiOH/H,O was employed to ensure the stable
cycling of the VO,(B) anode (Table 1 and Fig. 3)."” On the other
hand, an acidic, highly salt-concentrated electrolyte was uti-
lized to enhance the cycling performance of the high-potential
LiNiy sMn; 50, cathode (Table 1). However, this approach was
not fundamentally effective for expanding the operating
potential window of the electrolyte, as it was limited by the
relatively low chemical stability of most candidate cathode and
anode active materials and cell components in low- or high-pH
environments.

When highly salt-concentrated aqueous electrolytes were
introduced in 2015 and 2016, the elimination of free water
molecules and water clusters was emphasized, which contrib-
uted to the widening of the operating potential window and
thereby enhanced the battery energy density and cycling per-
formance. The experimentally estimated operating potential
windows of recently developed aqueous Li-, Na-, and K-ion
electrolytes are summarized in Tables 5-7. For instance, com-
pared to a 1.2 mol LiTFSI/H,O electrolyte, a 21 m LiTFSI/H,O
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Fig. 9 (a)—(c) Reversible cycling of the Na,Ni[Fe(CN)g] cathode, NaTi»(PO4)s anode, and their full cell in 1 M Na,SO4/H,O.1° (d)-(f) Electrochemical
performance of aqueous Na;Mn[Fe(CN)el[KMn[Cr(CN)g] full cell in 17 m NaClO4/H,0.12° (g) and (h) Diagram representing a highly salt-concentrated
aqueous electrolyte of 9 m NaOTf and 22 m tetraethylammonium-OTf/H,O, and the cycling stability of the aqueous NajggMn[Fe(CN)glo.o7
1.35H,0|NaTiOPO, full cell in this electrolyte.*?! (i)-(k) Broadened operating potential window in 22 m KOTf/H,O, contributing to the stable cycling
of a 1.3 V aqueous K-ion battery, K; gsFeg 33Mng 67IFe(CN)glo 05-0.77H-O|PTCDI.22% Reprinted with permission from Electrochemistry Communications
(a)-(c), Small Methods (d)-(f), Advanced Materials (g) and (h), and Nature Energy (i)—(k).

This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev., 2025, 54, 4200-4313 | 4215


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00779d

Open Access Article. Published on 18 March 2025. Downloaded on 2/21/2026 7:51:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

2.0
0, + 4H* + 4e~ — 2H,0
. RT (ag,aj:
Eogr = Egpr + 7 In| —
15 F 4F T\ af,

Eopr = 1.23 — 0.059 pH

Potential (V vs. SHE)

1
o
3]

2H* +2e” > H,
E e LR (a§,+>
= —In

HER HER 2F aHZ

Eygr = —0.059 pH

L 1 L 1 L 1 L 1 L 1 L 1 L
0 2 4 6 8 10 12 14

pPH ()

Fig. 10 pH dependency of the potential window of pure water.

Thermodynamic potentials of the HER (Epegr) and OER (Eogr) can

be estimated using the Nernst equation under ideal conditions, with

standard redox potentials of the HER (Efgr =0V vs. SHE) and OER

(Edgr = 1.23 V vs. SHE) and the activities of water (an,0 = 1), hydrogen

gas (an, = 1 bar), and oxygen gas (ao, = 1 bar).

-1.0

electrolyte significantly improved the anodic and cathodic sta-
bilities on stainless steel (SUS) by over 0.3 V each.'® In a 56 m
Li(PTFSI)y.6(TFSI), 4-1H,O electrolyte, the anodic stability on Pt
increased by 0.6 V, while the cathodic stability on Al increased
by over 1.5V, allowing the Al-Li alloy reaction to proceed at 0.2—-
0.6 Vvs. Li/Li* in the aqueous system.®® Similar beneficial effects
were observed in highly salt-concentrated aqueous Na- and K-
ion electrolytes. The anodic and cathodic stabilities on Pt in
35 m NaFSI/H,O0 improved by over 0.5 and 0.2 V, respectively,
compared to those on 1.2 m NaTFSI/H,0."*® The use of a 62 m
K(FSI)y.55(0Tf)y.45-0.9H,0 electrolyte increased the anodic stabi-
lity on Pt by 0.4-0.8 V compared to that of diluted aqueous
electrolytes such as 1.0 m KOAc (KCH,COO)/H,0, 1.0 m KFSI
(KN(SO,F),)/H,0, and 1.3 m KTFSI/H,O, while the cathodic
stability on Al increased by 0.3-1.3 v."®”'7°

However, most studies have approximately estimated the
operating potential window of aqueous electrolytes using poten-
tiostatic methods such as linear sweep voltammetry (LSV). The
stability of the electrolyte depends on various factors, including
the type of electrodes and the test conditions (e.g:, scan rate and
cut-off current density). Kithnel et al. estimated the potential
window of aqueous electrolytes using LSV at 0.1 mV s~ * and
noted significant variations depending on the types of sub-
strates and cut-off current conditions (Fig. 11)."”" For instance,
the potential window of 21 m LiTFSI/H,O exceeded 3.5 V when
substrates like Al and Ti were combined, offering high over-
potentials toward water hydrolysis and a high cut-off current
density of 250 pA cm 2. However, the potential window was less
than 1.0 V with substrates like Pt, which has a low overpotential
and a small cut-off current density of 2 pA cm™>. Moreover, the
surface areas of active materials and carbon additives are
typically ten to thousand times larger than those of Al or Ti
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electrodes, and such materials exhibit much stronger catalytic
effects on water electrolysis.'®?°"*°! Generally, batteries operate
in the galvanostatic mode and are often stored in a charged state
for extended periods, subjecting them to harsher conditions
compared to those in the potentiostatic mode. Consequently,
despite the wide estimated operating potential window of highly
salt-concentrated aqueous electrolytes, which ranges from 3 to 5V
as determined by LSV, aqueous rechargeable batteries exhibit
significantly lower output voltages and poorer cycling stabilities.
This discrepancy indicates that the fundamental issues with
aqueous electrolytes and battery systems must be carefully
examined under appropriate experimental conditions.

4.1. Thermodynamic and kinetic limitations in expanding the
operating potential window

A comprehensive understanding of the science behind the
operating potential window is paramount. The thermodynamic
potential window of pure water is only 1.23 V; surpassing this
range typically leads to the oxygen evolution reaction (OER) at
the cathode and the HER at the anode surfaces, disrupting the
role of the electrolyte as a mediator for carrier ion transport. In
dilute solutions, carrier ions and anions are surrounded by
multiple water molecules, forming solvent-separated ion-pair
structures. Concurrently, the water molecules tend to form
clusters through hydrogen-bonded networks.

As the salt concentration increases, a distinct solution struc-
ture is generated. In this structure, the carrier ions intricately
coordinate with anions and water molecules, altering the elec-
tron state of anions and water molecules and disrupting the
formation of hydrogen bonds between the water molecules.
Importantly, differences in the Lewis acidity of the carrier ions
(Li*, Na*, and K') significantly influence the thermodynamic
and kinetic factors related to the operating potential windows of
aqueous electrolytes, as discussed later.

In highly salt-concentrated electrolytes, the robust coordination
between the strong Lewis acid Li" and water molecules serves as a
potent force in disrupting the hydrogen bonds among water
molecules. For instance, in 56 m Li(PTFSI), ¢(TFSI), 4-1H,0, water
clusters almost disappear, and only hydrated water molecules
coordinated to Li* remain.® This was evidenced by the disappear-
ance of the O-H stretching vibration peaks of free water molecules
(2900-3800 cm "), with only a sharp peak remaining at 3565 cm™*
(Fig. 12). Density functional theory-based molecular dynamics
(DFT-MD) calculations have further confirmed these observations
in the solution structure (Fig. 12). These calculations indicated a
decrease in the water activity and the existence of strong interac-
tions between water molecules and Li*, contributing to an
increased oxidation potential of water and thermodynamically
improved anodic stability in the electrolyte.

However, while the anodic stability improves, the reduction
potential of water also increases. The strong interaction between
Li* and H,O facilitates the release of H" from H,0.!°*!%
Consequently, as the concentration of the Li salt in the solution
increases, the activity of H' increases (resulting in a decrease in
pH), and the thermodynamic HER potential is upshifted
(Fig. 13). The detailed implications of these shifts in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a)—(d) Results of LSV conducted at 0.1 mV s~* in LiTFSI/H,O with various salt concentrations, using SUS for the anode and gold for the cathode
substrates. (b)—(d) Estimated potential window of 21 m LiTFSI/H,O (pH 5) with different cut-off current densities and substrates.'’* Reprinted with

permission from Journal of The Electrochemical Society.

electrode potentials related to the variation in the activity of
carrier ions in the electrolyte are discussed in Section 6.1.

The development of aqueous Li electrolytes, particularly with an
emphasis on enhancing the kinetic hindrance of the HER through
the formation of a protective surface film, known as the SEI, on the
anode surface, is of utmost importance. Initial studies involving
aqueous electrolytes with concentrated LiNO; or Li,SO, showed no
evidence of the formation of a functional SEI, leading to the
operating potential window of such solutions being largely depen-
dent on the thermodynamic potential of water reduction.’®**% The
significance of the SEI in aqueous electrolytes has been increasingly
recognized with the introduction of highly salt-concentrated electro-
Iytes containing imide salts."®

4220 | Chem. Soc. Rev., 2025, 54, 4200-4313

However, the formation and stable maintenance of the SEI pose
significant challenges in aqueous electrolytes. The competitive
reduction of water, leading to the generation of hydrogen gas bubbles,
can impede the stable growth of the SEI from anion reduction on the
anode surface.”'”” Additionally, most components of an anion-
derived SEI are susceptible to water. For example, NO*~ anions are
reduced to NH, 0, and N,, while SO, anions are reduced to SO, and
HS,S, all of which readily dissolve in or react with water, thus impeding
the stable maintenance of the SEL'>'*® In conventional dilute
solutions, which contain many water clusters with high water activity,
the formation of a stable SEI is exceedingly challenging.*""*”

In contrast, in highly salt-concentrated aqueous Li electro-
lytes based on imide salts, the stability of the SEI is significantly

This journal is © The Royal Society of Chemistry 2025
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obtained through DFT-MD simulations. (c) Number of hydrogen bonds and
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Reprinted with permission from Electrochemistry Communications.

a
(@) s Oy constant o
¢ < Q
O ¥ £
1 mol.kg™ LiTFSI | L1
HER

‘\\ Li,MoeS; Intercalation N
21 molkg" LiTFS| Emmind ] I

T T N T r T T T N T

-0.4

-08 -0.6 -0.2 0.0 0.2 0.4
E (V vs. SCE)
(b) .
e Oy INCreases o
SN < X
N §7
1 mol.kg™ LITFSI 1| L

21 mol.kg” LiTFS| I I e )
-08 -06 -04 -0.2 0.0 0.2 0.4
E (V vs. SCE)
Fig. 13 Electrode potential shifts (a) without and (b) with consideration of

the H* activity in LITFSI/H,O electrolytes.'®21°* Reprinted with permission
from The Journal of Chemical Physics.

enhanced. In these electrolytes, two critical changes occur. The
lowest unoccupied molecular orbital levels of the anions
become lower than those of the water molecules, allowing the

This journal is © The Royal Society of Chemistry 2025
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rapid formation of an SEI with the reduction of the anions at a
higher potential than that of the HER (Fig. 14)."%% 2

The maintenance of the SEI is also improved because the
reduction products of the imide salts, such as LiF and Li,H,N-
SO,CF;, exhibit low solubility or low reactivity with water.?*>"2%
Moreover, the unique solution structure of these electrolytes, with
minimal formation of water clusters owing to the strong Lewis
acidity of Li*, substantially stabilizes the SEI (Fig. 14)."**'° Conse-
quently, highly salt-concentrated aqueous Li electrolytes based on
imide salts offer an expanded operating potential window that is
more than twice as wide as that of diluted solutions, with thermo-
dynamically and kinetically improved oxidation and reduction
stabilities, respectively (Fig. 14).

On the other hand, the weaker Lewis acidity of Na" and K"
presents challenges in expanding the operating potential window
of aqueous electrolytes. The interactions among carrier ions (Na*
and K"), anions, and water molecules are relatively weak, resulting
in several limitations: (1) the degree of variation in the electronic
states of water molecules and anions is limited, leading to lower
oxidation stability of the electrolyte.'**°* (2) It is difficult to
achieve an anion reduction potential that is higher than the
HER potential, thereby hindering the formation of an anion-
derived SEI on the anode surface (Fig. 15)."°*>% (3) Owing to
the weak coordination of Na* or K' with water molecules, a
relatively large number of free water molecules (large water
clusters) are present, as evident from computational simulations
wherein larger sizes of water clusters were observed in Na and K
hydrate melts than in Li hydrate melts (Fig. 14)."*® The presence of
many free water molecules (large water clusters) in aqueous
electrolytes hinders the growth and maintenance of the SEI, posing
significant challenges in expanding the operating potential win-
dow at the anode. This issue persists even if the increase in the H"
activity, which is typically seen with high salt concentrations, is
relatively suppressed in highly salt-concentrated aqueous Na and K
electrolytes compared to that in Li*-based systems. Consequently,
while highly salt-concentrated aqueous Na and K electrolytes
provide improved electrochemical stability, the degree of extension
of their operating potential window is still lower than that of Li-
based electrolytes (Fig. 15).

Despite efforts to enhance the kinetic hindrance of the HER by
forming stable SEI layers at the anode, highly salt-concentrated
electrolytes still exhibit a significantly narrower potential window
compared to nonaqueous systems. Specifically, electrolyte
decomposition and hydrogen gas evolution at the anode necessi-
tate the use of anode active materials with relatively high reaction
potentials, resulting in a decreased output voltage of aqueous
batteries. For instance, while nonaqueous rechargeable batteries
typically use carbon materials such as graphite and hard carbon,
which have average reaction potentials ranging from 0.1 to 0.3 V
(vs. M/M", where M = Li, Na, and K), aqueous batteries have been
limited to testing with 1.5 V-class active materials like Li;Ti50;,,
NaTiOPO,, and KTi,(PO,);, even in highly salt-concentrated aqu-
eous electrolytes like the 56 m Li electrolyte (Li(PTFSI)y 6(TFSL)y.4-
1H,0),*> 28 m Na electrolyte (Na(PTFSI)oss(HTFSI)g45-2H,0
(HTFSI is N(SO,C;F,)(SO,CF3)),'* and 62 m K electrolyte (62 m
K(FSI)y.55(0Tf)g45-0.9H,0)'”° (Tables 1, 3 and 4).
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solubility of model components in the SEI within the dihydrate melt.2* (c) Histograms showing water cluster distribution in hydrate melts with various
carrier ions.*®® Reprinted with permission from The Journal of Chemical Physics Letters (a), ACS Applied Materials & Interfaces (b) and (c).

These limitations are particularly pronounced in tests con-
ducted at elevated temperatures, where electrolyte decomposi-
tion is accelerated, and there are few reports on full-cell tests in
such conditions. These factors indicate the limitation of SEI
functionalities in aqueous electrolytes. Additionally, consum-
ing large amounts of carrier ion sources for SEI formation and
maintenance hinders the achievement of an ideal P/N ratio
(close to 1), thereby limiting the maximization of the battery
energy density. This underscores the necessity for developing
new strategies, beyond simply increasing salt concentrations, to
enhance the stability of aqueous electrolytes.

4.2. Increase in viscosity and decrease in ionic conductivity

While increasing the salt concentration in aqueous electrolytes
can enhance interactions among carrier ions, anions, and water
molecules, thereby contributing to expanding the operating
potential windows both thermodynamically and kinetically, it
also leads to the formation of bulky ion-solvent aggregates.
These aggregates critically increase the viscosity of the electro-
lyte, as reflected in Tables 5-7. This increase in viscosity poses
significant challenges, not only for the mass production of

4222 | Chem. Soc. Rev., 2025, 54, 4200-4313

batteries, but also for the transport of carrier ions within the
electrolyte itself.

In state-of-the-art nonaqueous Li-ion batteries, the electrode
loading level exceeds 20 mg cm > Even for electrolytes with
viscosities lower than 5 mPa s, the electrode-wetting process is
slow, necessitating an additional long-period aging process. This
aging process, which includes wetting and formation steps, is one
of the longest production processes in battery manufacturing,
typically requiring 1 to 2 weeks. Such lengthy processes signifi-
cantly impede the reduction of battery production costs.”*®>%
Considering these factors, the use of highly salt-concentrated
aqueous electrolytes with viscosities ranging from tens to thou-
sands of mPa s is impractical.

Recent research on highly salt-concentrated aqueous elec-
trolytes has revealed a distinct ion transport mechanism that
involves a disproportionation of cation solvation, leading to the
formation of water-rich and anion-rich nanodomains, and
switching between a vehicle-type and hopping-type ion trans-
port mechanism in the respective regions (Fig. 16).>°°>"

As more salt and less water are used to prepare the highly salt-
concentrated aqueous electrolytes to increase their operating

This journal is © The Royal Society of Chemistry 2025
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each electrolyte and the kinetic (SEI) contributions within it, respectively.

potential windows, the decrease in the water-rich domain reduces
ion movement in the vehicle mode and the hopping speed
(Fig. 16).214_222

The reduced mobility of carrier ions in highly salt-concentrated
aqueous electrolytes can also be understood through the classical
Stokes-Einstein-Sutherland equation.****

kT
6mru

Diffusion coefficient (D) = (12)

Here, k is Boltzmann’s constant, 7 is the absolute temperature, r is
the effective radius of the diffusing species, and u is the viscosity of
the solution. The ion mobility is represented by the diffusion
coefficient D. Therefore, the formation of large-size aggregates and
the increase in viscosity cause a significant decrease in the carrier
ion mobility. Indeed, the ion conductivity decreases ten-fold with
an increase in the salt concentration from 1 to 30 m. Moreover, in
the ultra-high concentration range (value over 50 m), the ion
conductivity can decrease 100-fold or even lower (Tables 5-7 and
Fig. 17). Note that the ionic conductivity of electrolytes reflects the

This journal is © The Royal Society of Chemistry 2025

91,170,185

mobility of both cations and anions. The transference number
(proportion of the total electric current carried by a specific ion in
an electrolyte; ¢, in eqn (13)) must be considered to estimate the
conductivity of the carrier ions (Li', Na*, and K'), which are
specifically involved in energy storage and release. For instance,
if an electrolyte exhibits an ionic conductivity of 1 mS cm™" and
the carrier ion transference number is 0.4, the conductivity
attributable to the carrier ions would be 0.4 mS cm™".

I+ 04

Transference number of carrier ions (¢,) = 7
total

(13)
Gtotal

Here, Liotan, I+ Orotal, and o, are the total current in the electrolyte,
current carried by the carrier ions, total ionic conductivity of the
electrolyte, and ionic conductivity of the carrier ions, respectively.

4.3. Poor wide-temperature-range performance

As shown in Tables 1, 3 and 4, highly salt-concentrated electro-
Iytes exhibit poor performance in wide-temperature-range bat-
tery applications. Primarily, they tend to undergo partial
crystallization below room temperature because they utilize

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4223
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(a) and (b) Carrier ion transport via vehicle-type and/or hopping-
213,214

the maximum salt-to-solvent solubility achievable at room
temperature. Lu et al. analyzed the theoretical relationship
between the phase-transition temperature (T},; below this tem-
perature, aqueous electrolytes undergo crystallization and ice/
hydrated-salt precipitation, ultimately leading to degradation
in the battery performance) of aqueous electrolytes and their
salt concentration.”” Fig. 18 illustrates the equilibrium and
non-equilibrium phase diagrams of a typical salt/H,O binary
solution.

In the equilibrium binary system, the lowest phase-
transition temperature (T;,) of aqueous electrolytes is obtained
at the eutectic point (E in Fig. 18a), which can be understood
based on the competitive relationship between the enthalpy
and entropy, as described in eqn (14).

Phase-transition temperature (77,)

_AH

T AS (14)

_ Hontion — Hice — thdrated salt

Sso]ution - Sice - Shydrated salt

Here, Hsolution) Hice thdrated salty Ssolutiony Sices Shydratedsalt are
the enthalpies and entropies of the solution, ice, and hydrated
salt (S-nH,O and S-bH,O in Fig. 18a), respectively. As the salt
concentration increases, the phase-transition temperature (T},)

4224 | Chem. Soc. Rev, 2025, 54, 4200-4313
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of the solution initially decreases owing to an increase in the
entropy change (AS), and then increases owing to a large
increase in the enthalpy change (AH).

A non-equilibrium system achieves a supercooling zone and
a glass-state zone, where crystallization and precipitation of the
electrolyte components barely occur even at extremely low tempera-
tures (Fig. 18b). Theoretically, a solution with a longer crystallization
time (7) provides a stronger liquid supercooling ability.**>** The
crystallization time (r) is proportional to the reciprocal of the
nucleation rate (I), as demonstrated in eqn (15).>*°

Nucleation rate (1) = AD exp (__l6rco*3 ) x ! (15)
3kTAG? T

Here, A, D, k, T, 6, and AG are the constant, effective diffusivity,
Boltzmann constant, absolute temperature, interfacial energy
between the nuclei and liquid phase, and the Gibbs free energy
difference between the crystalline and liquid states, respectively. The
nucleation rate (I) is generally maximized in aqueous electrolytes
with a mild salt concentration, considering the thermodynamic
(e.g., enthalpy and entropy changes described in eqn (14)) and
kinetic (e.g., diffusivity related to solution viscosity) factors. For
instance, in a LiTFSI/H,O binary system (Fig. 19)* at a concen-
tration of 1.0 M, the melting point is close to 0 °C owing to the
presence of numerous free water molecules. At slightly higher
concentrations (~3.0 M), the solution exhibits a supercooling
phenomenon, indicating an amorphous state with a complex
coordination of cations and water molecules, thus hindering the
phase transition by virtue of a low nucleation rate (I). As the salt
concentration exceeds 3.0 M, the phase-transition temperature (T},)
gradually increases and eventually reaches 25 °C at 5.1 M (repre-
senting a highly salt-concentrated 21 m LiTFSI/H,O electrolyte).
Similar trends are observed in various carrier ion-based solutions
(Fig. 19). These situations, wherein lowering the salt concentration
is necessary to address low-temperature cycling, while increasing
the salt concentration is essential to broaden the battery output
voltage window, present a critical dilemma and are a bottleneck in
maximizing the battery performance.

The cycling performance of aqueous batteries at high tem-
peratures is even worse than at low temperatures (Tables 1, 3
and 4). The side reactions, such as the HER and OER, are
strongly dependent on the temperature according to the Arrhe-
nius equation:**%23?

(16)

. E,
React constant = A —
(& 101 Con: n eXp ( RT)

Here, A, E,, R, and T correspond to the frequency factor (a
constant), molar activation energy of the reaction, universal gas
constant, and absolute temperature, respectively. Additionally,
as the temperature increases, most of the SEI components are
more prone to dissolution in the bulk electrolyte, thereby
further increasing the reaction constant of the side reactions.
Consequently, the electrolyte decomposition is significantly
pronounced at the cathode and anode surfaces at high tem-
peratures. While increasing the salt concentration to reduce the
water activity can partially inhibit the side reactions at high
temperatures, it is insufficient to fully address this issue. This is

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00779d

Open Access Article. Published on 18 March 2025. Downloaded on 2/21/2026 7:51:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

(a)
100 ~
J KOTf
< 80 A
(_E) Li;.Ac o
o NH,Ac
0 60 NaCIO N
4
E NaOTf HCOOK
> @
£ 40 NaTFSI KPTFSI/TFSI/O;fKAcIZ .
= nAc
g Ko & CKAGILIAC NaOTIEMImOT!
'g 20 Na.FSI CsOACc/LIOAc
= T I
S NaPTFSITFSIOT ® &l _NaoTFmEAOTF @ KFSLOTT
5] ® itrsio®” o KAghaRc @ NaTFSI/EMIMTFSI
0 LTFST ok 20KaLBzn®  NaTFSUEMImIFSI o o
LITFSI/BETI LIPTFSITFSI LITFSIMe,EtN-TFSI
¥ T T T T T 1 T T
0 10 20 30 40 50 60 70 80
(b) Molality (mol kg™
8800 _ o
= LiPTFSITFSI
1 LiTFSIMe,EN-TFSI/
m 400 — KAC/LIAc (@)
© o
n_ -
E 300
>
2 |
[72)
& 200
L J
> NaFsI KFSI/OTf
100 |  NaPTFSUTFSIOTf KPTFSUTFSIOTS o
| NGLTFSI \ o LFS
0 NaCiO.@ NaOTF/TEAOTF
—r T 7T T T T T T
0 10 20 30 40 50 60 70 80

Molality (molkg ™)

Fig. 17 (a) lonic conductivity and (b) viscosity of various aqueous electrolytes.??® Reprinted with permission from Energy & Environmental Science.

(a)

Liquid
i
A Zone | i Zone I
! P
° _-\\\i\\\\\i//////[m'
*Ere Ice &lig."\j //& S:nH,0
g E S-nH,0
5 &
Q@
S:-bH,0
Ice & S:nH,0
1 1
0 X, X, X, X,

Solute concentration

(b) -
Liquid
. , Zone VI
1
A _ZonelV. i ZoneV {G_~Ti & S:bH,0 ;
i =
H ’,¢’ P
o Ice & lig. i Supercooled lig.
% T, e e e 1+~ Super- &
g Ice & cooled S-bH,0
E | supercooled lig. lig.
S D K
Tg
. Glass
Glass &
Ice & glass S-bH,0
0 Xy Xn Xy X, X,

Solute concentration
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Nano Research Energy.

evident from the performance of LiCoO,|Li,TisO;, aqueous full
cells, which retain only 70% of their initial capacities after
100 cycles at 1C and 55 °C in a 56 m Li(PTFSI) ¢(TFSI)y.4-1H,O
electrolyte.®> Therefore, achieving high-temperature stability
in aqueous batteries solely through high-salt-concentration
strategies is challenging.

This journal is © The Royal Society of Chemistry 2025

4.4. Constraints of material selection

Salts containing PFs~ and BF,  anions are known for their high
oxidation stability, low cost, and high passivation capabilities
for the Al cathode current collector. However, they cannot
be used in aqueous electrolytes because these salts tend to
hydrolyze, rendering the electrolyte solution acidic and forming

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4225
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harmful compounds like hydrogen fluoride.'®****">% This lim-
itation necessitates the use of imide salts, which are resistant to
hydrolysis but significantly more expensive than PFs~ and BF,~
anion-based salts. Moreover, the pronounced dissolution of Al
at relatively low potentials (<4 V vs. Li/Li") in imide-based
aqueous electrolytes renders Ti the only viable choice as a
cathode current collector.>*°>*? Ti is preferred because it forms
a stable passivating oxide layer of TiO, on its surface, protecting
itself from corrosion and oxidative dissolution.>**">*® Notably,
the oxidation stabilities of Al measured by LSV are often over-
estimated, as discussed in Section 4.1. This is also apparent
from the rarity of full cells using Al as a cathode current
collector in aqueous electrolytes.>*” However, Ti is not an ideal
choice for a battery current collector. Currently, batteries are
commonly assembled in cylindrical, prismatic, and pouch
formats. The performance of these batteries largely depends
on the type of current collector used.>**>*> For instance, the
production process of most modern batteries involves several
key steps. Initially, a slurry is coated onto the current collector
and the prepared electrode is dried. This is followed by a
calendering process to press the electrodes and reduce their
porosity, thereby enhancing the energy density of the battery.
After an additional vacuum drying process to remove any remain-
ing solvents from the electrodes, a winding process is conducted to
tightly roll the electrodes and separators into a jelly-roll configu-
ration suitable for each battery type. During these processes, the

4226 | Chem. Soc. Rev., 2025, 54, 4200-4313

current collector must remain undamaged and intact. Additionally,
thin and flexible current collectors enhance the battery energy
density and enable the fabrication of batteries with various sizes
and shapes. However, using Ti is challenging because of its high
deformation resistance and limited ductility, which endow low
flexibility and pose substantial difficulties in refining and processing
compared to those for Al and Cu, which are commonly used as
cathode and anode current collectors, respectively, in nonaqueous
systems.”®® This not only limits the available battery form factors
(i.e., rendering it difficult to achieve the jelly-roll configuration), but
also leads to an increased production cost of thin Ti foils (several
hundred times higher than those of Al and Cu foils).*****® Addi-
tionally, the electrical conductivity of Ti foils is approximately one-
tenth that of Al and Cu foils, potentially reducing the power density
of the battery.”® These limitations affect not only the current
collectors but all battery components, resulting in increased overall
costs and poor battery performance.

Aqueous batteries also encounter an obstacle in terms of
separator compatibility, owing to the limited wettability of aqu-
eous electrolytes with traditional separators. Separators made of
polypropylene or polyethylene, which are widely used in nonaqu-
eous batteries and are often thinner than 20 pum, cannot be
adequately wetted by aqueous electrolytes. This limitation led
researchers to use glass fiber-based separators, which typically
have a thickness of several hundred micrometers. The increased
thickness not only requires more space within the battery but

This journal is © The Royal Society of Chemistry 2025
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also necessitates a greater volume of electrolyte to ensure that the
separator is fully saturated, thereby leading to a decrease in the
energy density of the battery. As an alternative, cellulose-based
separators, which are thin and environmentally friendly as well as
offer better wettability with aqueous electrolytes, can be used.
However, they face challenges such as low strength, high flamm-
ability, and susceptibility to dissolution or degradation, especially
when exposed to electrolytes with extreme pH levels.>**>%°

Consequently, aqueous electrolytes with high salt concentrations
face issues such as limited expansion of the potential window,
increased viscosity, decreased ion conductivity, compromised per-
formance at low temperatures, restrictions on battery materials, and
higher production costs. These factors collectively raise doubts
about their viability for practical use. Without innovative solutions
to these significant challenges, the commercialization of advanced
aqueous rechargeable batteries remains uncertain.

5. Issues with active materials for
aqueous batteries

In the development of cathode and anode active materials for
aqueous rechargeable batteries, careful consideration of their

View Article Online

Chem Soc Rev

reaction potential and chemical stability is essential. Fig. 20
illustrates the thermodynamic potential window of pure water
and the electrode reaction potentials. For instance, if the
reaction potential of the cathode surpasses the oxidation
potential of the electrolyte, oxygen is likely to be produced on
the cathode surface, potentially hindering the deintercalation
reaction. Similarly, if the reaction potential of the anode is
below the reduction potential of the electrolyte, hydrogen is
likely to be generated on the anode surface, disrupting the
intercalation process. These factors lead to a rapid decline in
the battery capacity, often accompanied by significant electro-
Iyte depletion. Therefore, it is imperative to select active mate-
rials with optimized reaction potentials that are within the
operating potential window of the aqueous electrolyte.
Moreover, the active materials must exhibit high chemical
stability across a wide pH range. This would enable pH adjustments
in the electrolyte for enhancing the battery performance by fine-
tuning the overall potential diagram. Additionally, the catalytic effect
of electrode materials, particularly transition metals, on water
electrolysis should be considered. The overpotential of water elec-
trolysis typically depends on the relative activity of water-splitting
catalysts. To maximize the overpotential for the OER and HER,
materials with relatively low catalytic activity should be used.
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Another critical consideration is the co-intercalation of proton
and/or water into the active materials. In addition to the insertion
of carrier ions (such as Li*, Na*, or K'), which are responsible for
energy storage and release, co-intercalation of proton and/or water
is observed, especially in materials with layered structures.”’®> The
presence of substituted proton and/or water within the bulk
structure of active materials, even those with high chemical
stability across a wide pH range, can obstruct the insertion path-
ways of carrier ions, leading to reduced cycling stability and battery
energy density.”®® While proton insertion can be mitigated by
increasing the electrolyte pH, this approach is only viable when
active materials and battery components provide high chemical
stability at high pH levels. Therefore, the development of active
materials with minimal proton insertion is paramount to the
advancement of aqueous rechargeable battery technology.

Additional attention should be paid to the dissolution of
transition metals from the active materials. During the charge
and discharge processes, transition metal ions in the active
material serve as centers for oxidation and reduction reactions,
counterbalancing the charge changes associated with the inser-
tion and extraction of carrier ions. The transition metal ions
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must remain stably anchored within the structure of the active
material throughout the repeated cycles of insertion and extrac-
tion of carrier ions. However, the high permittivity and ion
conductivity of aqueous electrolytes accelerate the rapid diffu-
sion of transition metal ions into the bulk electrolyte and the
reduction of dissolved transition metal ions on the anode sur-
face, leading to critical issues such as bulk structural damage of
the active material, increased resistance on the electrode sur-
faces, and overall degradation of the battery performance.

5.1. Active materials for aqueous Li-ion batteries

One of the most extensively studied cathode materials in
aqueous Li-ion batteries is lithium manganese oxide, LiMn,O,.
Since the prototype battery demonstrating the stable reversi-
bility of LiMn,0O, in a 5 M LiNO; + 0.001 M LiOH solution was
reported in 1994,"” LiMn,O, has been widely utilized in aqu-
eous Li-ion batteries. LiMn,0, features a spinel structure, with
oxygen ions forming a face-centered cubic lattice.***>*® Within
this lattice, lithium occupies one-eighth of the tetrahedral sites
between oxygen ions, while manganese occupies half of the
octahedral sites (Fig. 21).2°4%% LiMn,0, exhibits a theoretical
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Fig. 21 Crystal structure and Li* diffusion pathway in spinel LiMn,04.28 (b) Activation energies for interfacial Li* ion transfer reactions,?®® (c) charge/
discharge curves, and (d) cycling stability of LiMn,O in the given electrolytes.?®” Reprinted with permission from Progress in Natural Science: Materials

International (a) and Journal of Power Sources (b)-(d).
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capacity of 148 mA h g~ * with a redox potential of 3.9 V vs. Li/Li*
based on the Mn*/Mn*" redox reaction, which is within the
operating potential window of most aqueous electrolytes.”**>%>
Moreover, its catalytic effect on water electrolysis is relatively low,
and it exhibits low activation energies (23-25 kJ mol™") for
interfacial Li" transfer reactions in aqueous solutions (Fig. 21).>%°
The dissolution of the transition metal from LiMn,O, into the
electrolyte can be sufficiently suppressed even in a mildly concen-
trated 5 M LiNOj; solution (Fig. 21).>*” Owing to these advantages,
LiMn,0, remains a mainstream cathode material for aqueous Li-
ion batteries to date.

Lithium nickel manganese oxide, LiNi, sMn, 50,, with the same
spinel structure, offers a theoretical capacity of 147 mA h g~ *, which
is comparable to that of LiMn,O,. Additionally, its high redox
potential of 4.7 V vs. Li/Li" based on the Ni*"/Ni** redox reaction
contributes to an increased battery output voltage.**® However,
achieving stable cycling with it is challenging because its reaction
potential does not lie within the operating potential window, even in
highly salt-concentrated aqueous Li electrolytes (Table 1).

In 2009, Ruffo et al. introduced lithium cobalt oxide (LiCoO,)
in aqueous systems, a material long used in nonaqueous Li-ion

This journal is © The Royal Society of Chemistry 2025

batteries.””® LiCoQ, possesses an o-NaFeO,-type structure, character-
ized by layered cationic ordering within a NaCl-type prototype
(Fig. 22).>”"*” It offers a theoretical capacity of 137 mA h g~ based
on the Co**/Co™>" redox couple [ie., Li,CoO, (0.5 < x < 1)], with a
reaction potential of 3.7 V vs. Li/Li".*”"*”* In 2016, Yushin and co-
workers reported that LiCoO, could achieve high reversibility in a
saturated Li,SO,/H,O solution, with over 90% capacity retention
after 1500 cycles at 1C (Fig. 22),”® highlighting its potential as a
cathode material in aqueous Li-ion batteries.

In contrast, experiments on the aqueous full cell utilizing
lithium nickel oxide, LiNiO,, whose structure is similar to that
of LiCoO,, have not been as successful. Lee et al. demonstrated
that LiNiO, undergoes consecutive H" intercalation and transi-
tion metal dissolution in aqueous electrolytes, forming a thick
NiOOH, film on the LiNiO, surface. This film impedes the
insertion and extraction of Li* (Fig. 22).>7*?7¢7>8°

On the other hand, recent reports have highlighted high-
capacity aqueous batteries utilizing the oxygen redox of Li-rich
layered oxides.””” A full cell comprising Li;,Niy,MngcO,|
Li,TisO4, exhibited reversible cycling for over 100 cycles in a
28 m Li(TFSI), ;(BETI)y 3-2H,0 dihydrate melt, with an initial
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capacity close to 250-300 mA h g~ " based on the cathode mass,
surpassing the performance in nonaqueous electrolytes (Fig. 22).
The study also emphasized the significance of transition metal
types in active materials. For example, doping a small amount of
Co into Li; ,Niy ,Mng 6O, (forming Li; ,Nij ;3C00 13Mng 540,) led
to a notable decrease in the capacity, to less than half that of
Liy ,Nig,Mng 60,. It was suggested that the coexistence of Co**
and Ni*" in the Li-rich layered oxide triggered a rapid self-
discharge process (Co*" + Ni*" + H,0 — Co**-OH + Ni** +
H' - Co*-OH + Ni** + H"), thereby resulting in significant
degradation of the reversible capacity. Notably, the stable cycling
of LiCoO, in an aqueous electrolyte can be achieved despite the
high catalytic effect of Co"" toward water electrolysis. This
suggests that the catalytic effect of transition metals can vary
significantly depending on the bulk and surface structures of the
active material, the oxidation state of oxygen, the type of electro-
lyte, and other relevant factors.

Lithium iron phosphate, LiFePO,, has emerged as a useful
cathode active material in aqueous electrolytes. LiFePO, com-
prises PO, tetrahedra and FeOg octahedra, with lithium atoms
aligned in a one-dimensional [010] direction within the octahe-
dral interstitial spaces. Since 1997, when Goodenough et al.
first reported the Fe**/Fe®" redox reaction generating 3.4 V vs.
Li/Li*,5%%%2 LiFePO, has remained one of the prominent

View Article Online
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cathode materials for nonaqueous Li-ion batteries because of its
high theoretical capacity (170 mA h g~ "), substantial cycling stability
without bulk structure degradation, and excellent thermal stability
(Limited oxygen generation even at temperatures above 700 °C).?83284
In 2010, Xia et al. introduced carbon-coated LiFePO, and an O,-free
alkali 1 M Li,SO, electrolyte to suppress side reactions such as
proton insertion and Fe,O; formation. This enabled the stable
charge and discharge of an aqueous LiFePO,|LiTiy(PO,); full cell
for over 1000 cycles (800 h) (Fig. 23).5°2%°2¢

Additionally, lithium manganese phosphate, LiMnPO,, was
evaluated in aqueous systems and was expected to exhibit a low
catalytic effect owing to manganese, as well as offer high cycling
stability because of a robust polyanion structure similar to that
of LiFePO,. However, the use of this material resulted in high
battery resistance, low capacity, and poor cyclability, which
could be attributed to the Jahn-Teller distortion. This distor-
tion caused stronger local deformations and higher Li" migra-
tion barriers than LiFePO,, highlighting the complex interplay
between the material structure and battery performance.?%%%°

A crucial factor in selecting anode active materials for
aqueous Li-ion batteries is their compatibility with the operat-
ing potential window of the electrolyte, as HER typically has
lower overpotential than OER (Fig. 10). Early research explored
layered vanadium oxide, VO,(B), which features a monoclinic
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structure with tunnels that facilitate fast Li* insertion and
deintercalation. VO,(B) offers a high theoretical capacity exceed-
ing 320 mA h g~ " and a reaction potential (2.5 V vs. Li/Li*) close to
the HER potential at neutral pH (Fig. 24).>°°2°? Zhang and Dahn
demonstrated that the reversibility of VO,(B) was strongly depen-
dent on the electrolyte pH.>*® Using 4 M LiNO; solutions across a
wide pH range, they revealed that electrolyte reduction at the
anode surface occurred under nearly neutral conditions (pH 6),
while strong alkaline environments (pH > 11) promoted V
dissolution, resulting in rapid capacity fading. Although mildly
alkaline solutions (pH 8-10) improved the capacity retention,
significant electrode dissolution occurred, with over 20% of the
VO,(B) material dissolving in the electrolyte after just 10 cycles in
a pH 8 solution. This led to a substantially low practical capacity
of 80-160 mA h g " and a low Coulombic efficiency (Fig. 24). The
vulnerability to air oxidation and the complex synthesis of VO,(B)
further hindered its practical application in aqueous batteries.
To address the limitations of VO,(B), Kohler et al. explored
layered lithium vanadium oxide, LiV;0g, as a potential alternative.>*
LiV;05 offers a higher reaction potential (2.8 V vs. Li/Li") than
VO,(B), ensuring improved capacity retention in aqueous electro-
lytes, while reducing electrolyte decomposition at the anode surface.
To evaluate the feasibility of LiV;0g in practical battery configura-
tions, researchers assembled aqueous Li-ion full cells with various
cathode active materials, including common materials like LiNigg;-
C0g.100;, LiNi;j;3Mn;,3C04,30,, LiCoO,, LiMn,0,, and LiFePO,. For
example, an aqueous full cell utilizing LiNij, g;C0g 150, cathodes and
LiV;0;4 anodes exhibited a capacity retention of 20% after 100 cycles
at a constant current rate of 1 mA cm™ >, with a specific capacity of

View Article Online
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20 mA h g~ ' based on the total mass of the cathode and anode
materials (Fig. 24).>* In 2013, Zhao et al. reported significant
advancements in the development of a highly reversible aqueous
LiFePO,4|LiV;05 full cell, achieving a remarkable capacity retention
of over 99% after 100 cycles at a current density of 1C in an oxygen-
free 9 m LiNO,/H,O electrolyte (Fig. 24).%°° However, the average
discharge voltage of LiV;Og-based full cells is inherently low (0.2
1.0 V) because of the high reaction potential of LiV;0g, which limits
the increase in the battery energy density.

The range of viable anode active materials has broadened
significantly with the advent of highly salt-concentrated aqu-
eous electrolytes. In 2015, the research group led by Wang and
Xu demonstrated the feasibility of using Chevrel phase consisting
of molybdenum sulfide clusters, MosSg, as an anode active
material in these electrolytes, despite the previously assumed
non-reversibility of this compound in typical aqueous electrolytes
due to lower reaction potentials.'® MogSs exhibits a practical
capacity of over 100 mA h g™ " in Li,Mo4Ss (0 < x < 3.6) between
2.5 and 2.1 V vs. Li/Li" (Fig. 25).>°”*°® However, the high catalytic
effect of Mo™" poses challenges in maintaining high cycling
stability, even in highly salt-concentrated aqueous electrolytes.

Anode active materials based on Ti are favored for aqueous
batteries owing to their weak catalytic effect toward the HER.
For instance, in the study by Wang et al. in 2006, lithium
titanium phosphate, LiTi,(PO,)s, featuring a Na super-ionic con-
ductor (NASICON)-type structure, exhibited reversible Li" inter-
calation and deintercalation in aqueous electrolytes, despite a
slightly lower reaction potential of 2.5 V vs. Li/Li* compared to the
theoretical HER potential (Fig. 26).°°° In 2007, Luo and Xia
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Fig. 24 Crystal structures and electrochemical properties of (a)-(c) VO,(B),29%2°* and (d)-(f) LiV304.2%42% The lithiation/delithiation curves of VO,(B)
and LiVzOg were obtained in 1 M LiClO4/ethylene carbonate : diethyl carbonate (1:1, v:v) and 1.0 M LiPFg/ethylene carbonate : dimethyl carbonate (1:1,
v V), respectively. Reprinted with permission from ACS Applied Energy Materials (a), Journal of Materials Chemistry (b) and (c), ACS Energy Letters (d), and

Journal of Materials Science (e) and (f).
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successfully operated a 1.5 V aqueous LiMn,0,|LiTi,(PO,); full
cell, achieving a capacity retention of 80% after 200 cycles at
10 mA cm 2 in 1 M Li,SO,/H,0 (Fig. 26).%°

In 2016, Yamada et al. introduced spinel lithium titanium
oxide, Li Ti5O,,, into the aqueous system,'® a material pre-
viously tested as an anode in nonaqueous Li-ion batteries by
Ohzuku and Thackeray in 1994.>°*%% Li,Ti;0;, has a face-
centered cubic structure in which the 32e site of space group
Fd3m is occupied by oxygen anions, the tetrahedral 8a sites are
occupied by Li", and the octahedral 16d sites are occupied by
Ti*". The remaining Li* are randomly distributed into the 16d
sites at a Li/Ti weight ratio of 1/5 (Fig. 26).%°*°°°73% Li,Ti;0,,
exhibits a flat charge and discharge potential around 1.5-1.6 V
vs. Li/Li* and possesses a theoretical capacity of 175 mA h g%,
Ohzuku et al. reported that the overall variation in the lattice
parameter of Li,Ti;O;, was less than 0.1% before and after Li*
intercalation (Fig. 26),>°>°%*% exemplifying its ‘“zero strain”
characteristic, which is advantageous for maintaining SEI
stability during battery cycling in aqueous electrolytes.’'°
Although the reaction potential of Li,TisO,, is lower than the
HER potential in typical aqueous electrolytes, reversible Li"
intercalation and deintercalation over hundreds of cycles are
achievable in the highly-salt concentrated aqueous electrolytes
due to its weak catalytic effect and upshifted reaction potentials
(Fig. 7) (details of electrode potential shift will be further discussed
in Section 6.1). However, the cycling stability of Li,TisO;, rapidly
decreases under harsh operating conditions such as low C-rates and
elevated temperatures, which accelerate electrolyte decomposition
on the anode surface. Moreover, its low ionic conductivity necessi-
tates nano-size engineering and carbon coating, which ultimately
increase the reaction area, thus making it challenging to inhibit the
reduction decomposition of aqueous electrolytes.

5.2. Active materials for aqueous Na-ion batteries

Mn-based oxides and V-based phosphates have emerged as
promising candidates for cathode active materials in aqueous
Na-ion batteries, primarily because of their favorable reaction
potential (Table 3). The electrochemical behavior of sodium
manganese oxide, Na, 44,MnO,, was first explored by Sauvage
et al. in 2007.>"" This material features an orthorhombic crystal
structure with Na’ tunnels that facilitate rapid Na* diffusion
within the material (Fig. 27). However, its limited capacity,
which ranges from 35 to 55 mA h g in aqueous electrolytes,
has restricted its practical application.

To address this limitation, researchers incorporated delithiated
spinel manganese oxide, A-MnO,, which offers a capacity of
80 mA h ¢ ' in 1 M Na,SO,/H,0.*'* This capacity enhancement
is attributed to an irreversible structural change upon initial Na*
insertion, and is thought to result in the formation of a layered
structure, followed by subsequent reversible cycling involving 0.6
Na atoms per formula unit (Fig. 27). Nevertheless, the absence of
Na sources within A-MnO, necessitates a pre-sodiation process
before its practical utilization. Moreover, the high catalytic activ-
ity of A-MnO, in water splitting leads to oxygen generation at its
surface. This reaction consumes the electrolyte and Na sources
and significantly degrades the battery performance.

This journal is © The Royal Society of Chemistry 2025
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curves of Nag 44MnO5 and A-MnO5 in 1 M Na,SO4/H,0.312 Reprinted with
permission from Sensors and Actuators B (a) and Journal of Power
Sources (b).

Since 2014, when Song et al initiated the study on the
reversible reaction of sodium vanadium phosphate, NazV,(PO,)s,
various V-based phosphates in aqueous Na electrolytes have been
extensively explored (Fig. 28).>'* Carbon-coated Na;V,(PO,); exhi-
bits a capacity exceeding 110 mA h g™, with a redox potential of
3.4 V vs. Na/Na® based on the V**/V*" redox couple. Jin et al.
achieved the stable cycling of NasV,(PO,); (V*'/V*' redox)|-
Na;V,(PO,); (V¥*/V*" redox) symmetric batteries, which retained
88% of the initial capacity after 100 cycles at 1C, with a reversible
capacity of 40 mA h g~ (based on the cathode and anode masses)
and an output voltage of 1.7 V in a highly salt-concentrated
aqueous Na electrolyte (17 m NaClO; + 2 m NaOTf/H,0)."*®
However, its overcharge stability, linked to the partial utilization
of the V**/V°* redox couple, was inferior, leading to the substantial
dissolution of V** into the electrolyte. This impeded the utilization
of thick cathode electrodes, fast charge protocols, and wide-
temperature-window operation in the aqueous system.*'*3*>

The research group led by Croguennec investigated the
water stability and overcharge resistance of Naz(VPO,),Fs-
Naz(VOPO,),F solid solutions, which achieved a high redox
potential of 3.8 V vs. Na/Na" and a high theoretical capacity
of ~130 mA h g ' with two Na" per formula unit during
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reversible charge and discharge processes.*'* Their investigations
revealed that a series of solid solution compounds, denoted as
NazV,_ >V, *(PO,),F;_4O, (where 0 < x < 2), demonstrated
complete water stability. Even a water wash could effectively
remove the soluble and undesirable impurities formed during
synthesis, without compromising their electrochemical performance
in batteries. This indicated the potential use of this solid solution as
a cathode active material in aqueous Na-ion batteries. Moreover, it
was found that oxygen-rich compositions, such as Naz(VOPO,),F,
remained stable during overcharging, with neither the local
environment of V nor its oxidation state being altered. Indeed,
a test on the Na3(VOPO,),F|NaTi,(PO,); full cell conducted by
Rebel et al. demonstrated long-term cycling over 500 cycles at
both, a low temperature (—10 °C) and room temperature (30 °C),
in a 25 m NaFSI + 10 m NaFTFSI (NaN(SO,F)(SO,CF;))/H,0
electrolyte.®

Sodium titanium phosphate, NaTi,(PO,);, has been exten-
sively studied as an anode active material for aqueous Na-ion
batteries, showing significant promise owing to its efficient elec-
trochemical performance and good chemical stability (Table 3 and
Fig. 29).*'® This material features a three-dimensional framework
that allows the reversible intercalation of two Na' at potentials
close to 2.1 and 2.2 V vs. Na/Na" (corresponding to the Ti*"/Ti**
redox reaction), aligning closely with the HER potential in aqueous
Na electrolytes. The use of carbon coating and nanoparticle
engineering has further enhanced its capacity to an impressive

4234 | Chem. Soc. Rev, 2025, 54, 4200-4313

value of ~130 mA h g, which approaches its theoretical limit
while ensuring rapid charge and discharge performance.

Suo et al. demonstrated the remarkable stability of the
NaTi,(PO,4); anode in an aqueous Na full cell paired with a
Nag g6Mng 66T 340, cathode in a 9.3 m NaOTf/H,O solution.
Their findings showed that 93% of the initial capacity was
retained after 1200 cycles at 1C."*® However, challenges remain,
primarily owing to the increased surface area associated with
nanosizing, which exacerbates electrolyte decomposition on
the anode surface.

Layered vanadium oxides, V,0,-nH,0, have been evaluated
as potential anode materials in aqueous Na-ion batteries.'>*3%°
Wu et al. conducted the galvanostatic cycling of V,0s5-0.6H,0O
within a potential range of 0-1.0 V vs. the saturated calomel
electrode (SCE) at a constant current of 100 mA g~ ~.**° They
observed reversible capacities of 37, 43, and 50 mA h g’1 in
Li,SO,, Na,S0,, and K,SO, solutions, respectively. Furthermore,
Deng et al. demonstrated that Na,Vs0,6-nH,O provided a reversi-
ble capacity of 40 mA h g ' in 1 M Na,SO4/H,O under operating
potentials in the range from —0.05 to —0.65 V vs. SCE at a constant
current of 40 mA g '."* However, layered vanadium oxides
generally exhibit poor capacity retention and Coulombic efficiency
owing to irreversible structural changes upon Na' insertion and
the dissolution of vanadium ions into the bulk electrolyte. Addi-
tionally, as noted in Table 3, most aqueous Na-ion batteries exhibit
output voltages below 1.7 V, which is considerably lower than

This journal is © The Royal Society of Chemistry 2025
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those of their nonaqueous counterparts (which typically exceed
3 V). This discrepancy is largely attributed to the narrow operating
potential window of aqueous Na electrolytes (Table 3), necessitat-
ing the use of anode active materials like NaTi,(PO,); and V,0,
nH,0, which offer a substantially higher reaction potential com-
pared to those used in nonaqueous systems, such as hard carbons
(0.3 V vs. Na/Na").

5.3. Active materials for aqueous K-ion batteries

For aqueous K-ion batteries, Prussian blue, Fe,[Fe(CN)¢]s, and its
analogs, A,Tm;Tm,(CN)s(H,0),, where A represents alkali metal
ions (Li, Na, or K) and Tm;, Tm, represent transition metal ions
(e.g., Fe, Mn, Ni, C0),>*! have been primarily employed as cathode
active materials. This choice is influenced by the considerably
larger ionic radius of K* (1.38-1.46 A) compared to those of Li"
(0.60-0.79 A) and Na* (1.02-1.07 A) (Table 2).32>** Their open and
flexible frameworks provide ample void sites for the rapid trans-
port and storage of large metal ions like K*.>*>7>*

Neff et al. first reported the electrochemical activity of Prussian
blue in aqueous electrolytes in 1978 (Fig. 30).>*® Subsequent
developments of its analogs have aimed to achieve higher capa-
city, redox potential, and faster charge/discharge properties. For
instance, Kj gsFeo33Mng 67 [Fe(CN)glo.0s'0.77H,0 demonstrated a
high capacity of 130 mA h g~ with a redox potential exceeding
4V (vs. K/K"). It retained 70% of its initial capacity at 100C in a
22 m KOTf aqueous solution (Fig. 30)."** However, challenges
persist during synthesis, particularly in achieving uniform con-
trol over the contents and distribution of structural water, alkali
metal, and transition metal ions, often leading to defect for-
mation in the framework and deteriorating the electrochemical
performance. Furthermore, most organic materials exhibit high
solubility in water, and the dissolution of transition metals
during charge and discharge processes can occur. Notably, the

This journal is © The Royal Society of Chemistry 2025

calendar life of Prussian blue and most of its analogs is less
than 30 days, suggesting that their impressive cycling numbers
may have been overestimated under high-rate cycling condi-
tions, masking issues of dissolution and parasitic reactions.*>®

To address the stability issue in aqueous K-ion batteries,
Hosaka et al. explored the use of highly salt-concentrated aqu-
eous electrolytes. They tested the electrochemical stability of a
K,Fey sMn, s[Fe(CN)¢] electrode in 20 m KOTf-2.8H,0, 31 m KFSI:
1.8H,0, and 55 m K(FSI),¢(OTf)o41.0H,O electrolytes."®” The
results demonstrated that a higher salt concentration in the
electrolyte provides better stability. For instance, a capacity
retention of 72% after 200 cycles at 1C was achieved in the
55 m K(FSI),.6(OTf)o.4-1.0H,O electrolyte, significantly surpass-
ing the results achieved with 20 m KOTf-2.8H,0 (21%) and 31 m
KFSI'1.8H,0 (36%). Scanning electron microscopy (SEM)
observations and inductively coupled plasma-atomic emission
spectroscopy tests indicated that the highly salt-concentrated
K(FSI)o.6(OTf)y.4-1.0H,O electrolyte helped prevent the dissolu-
tion of both, transition metals from the cathode active material
and the cathode active material itself (Fig. 30).

However, despite these advancements, achieving perfect
control over dissolution remains a significant challenge, as
evidenced by the relatively poor cycling stability compared to
those of metal oxide-based cathode active materials in Li and
Na aqueous electrolytes (Tables 1, 3 and 4). Furthermore, the
presence of large void volumes in Prussian blue and its analogs
decreases the battery energy density per unit volume (W h L™1),
necessitating the further development of cathode active mate-
rials for aqueous K-ion batteries.

In the realm of anode active materials for aqueous K-ion
batteries, PTCDI, a dark red pigment with a monoclinic lattice
structure characterized by the P2,/n space group, has been the
primary focus of studies.**®*? In 2019, the team led by Hu

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4235
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showcased its electrochemical activation in an aqueous K
electrolyte, highlighting several advantageous features, including
a high reversible capacity exceeding 120 mA h g~ " within a reaction
potential range of 1.7-3.0 V vs. K/K', limited solubility in water,
and high ionic conductivity, which enabled rapid K" insertion and
extraction over a broad temperature range.'”* An aqueous K-ion
full cell coupled with a K; gsFeq 33Mng ¢7[Fe(CN)g]o.05-0.77H,0
cathode and a PTCDI anode delivered a high capacity of 65 mAh g™*
based on the total mass of the cathode and anode, with an
output voltage of 1.3 V, and demonstrated high cycling stability,
retaining 77% of the initial capacity after 2000 cycles at 4C
(Fig. 31)."*

4236 | Chem. Soc. Rev., 2025, 54, 4200-4313

Another noteworthy candidate is potassium titanium phos-
phate, KTi,(PO,);, which features a three-dimensional framework
composed of PO, tetrahedra and TiOs octahedra, offering ample
interstitial sites for K" insertion.****' This material exhibits lower
potential hysteresis in aqueous electrolytes compared to nonaqu-
eous systems and offers a low reaction potential of 1.6-2.0 V vs. K/
K" with the Ti"*/Ti*" redox couple (Fig. 31)."%® However, the
notably low ionic and electronic conductivities of KTiy(PO,);
necessitate enhancements such as carbon coating and nanopar-
ticle engineering. These modifications, while beneficial for the
conductivity, reduce the battery energy density and increase sur-
face reaction areas, leading to severe electrolyte decomposition.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, the reaction potential of both PTCDI and KTi,(PO,);
is still significantly higher than those of the anode active materials
used in nonaqueous K-ion batteries (e.g., graphite; ~0.1 V vs.
K/K") owing to the narrow operating potential window of aqueous
K electrolytes (Table 7).*** This limits the output voltage of the
aqueous K-ion full cell under 1.5 V, which is not comparable with
that of nonaqueous batteries providing an output of over 3 V.

Indeed, the cathode and anode active materials currently
demonstrated in aqueous batteries are primarily borrowed
from those employed in nonaqueous batteries. The practical
utilization and performance improvement of aqueous batteries
may remain largely limited unless distinct design strategies for
active materials are developed. Effective methods must be
developed to enhance ionic and electronic conductivities, with-
out increasing the surface reaction areas, and to mitigate issues
such as water solubility, transition metal dissolution, catalytic
effects on water electrolysis, carrier ion-blocking oxide film
formation, and proton intercalation under various operating
conditions like extreme temperatures, low C-rates, and long-
term storage in a charged state.

6. Strategies for overcoming
challenges with aqueous batteries

The challenges of enhancing the narrow operating potential
window, low output voltage, and cycling performance of aqueous
rechargeable batteries have led to the development of various

This journal is © The Royal Society of Chemistry 2025

strategies, each with its own challenges and potential benefits.
Initial efforts focused on manipulating the thermodynamic
potential of the HER and OER by adjusting the pH of the
electrolyte. Subsequent strategies involved the ex situ coating of
electrodes with inorganic materials such as Al,O3, TiO,, SiO,, or
organic compounds like carbons and polymers. These coating
layers are intended to prevent direct contact between the electrode
and the aqueous electrolyte, thereby helping to reduce electrolyte
decomposition, kinetically. However, the approach faces several
challenges, including non-uniformity in the coatings, inadequate
ion conductivity of the coating layer, and reduced electrical con-
ductivity of the electrode. Additionally, the continuous expansion
and contraction of active materials during charging and dischar-
ging can damage the coating. The risk of dissolution or breakdown
of the coating materials in aqueous electrolytes also remains,
thereby questioning the universal applicability of coating techni-
ques across various carrier ions.

For instance, Droguet et al. tested the chemical stability of a
LiF coating in a standard nonaqueous electrolyte (1 M LiPFg in
ethylene carbonate:dimethyl carbonate) and in highly salt-
concentrated aqueous electrolytes (20 m LiTFSI/H,O and 28 m
Li(TFSI), ,(BETT), 5-2H,0) (Fig. 32).*** The result indicated mini-
mal gas release when the LiF-coated Li metal encountered the
nonaqueous electrolyte (approximately 0.5 x 10~ >%), nearing the
detection limit of a gas chromatography-flame ionization detec-
tor. In contrast, when the LiF-coated Li metal was exposed to a
20 m LiTFSI solution, significant amounts of hydrogen gas
(4-8%) were detected, accompanied by nearly 80% depletion of

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4237
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the Li metal. Similarly, ~1% of hydrogen gas was continuously
detected with 28 m Li(TFSI), ,(BETI), 3-2H,0, resulting in ~22%
of the Li metal being consumed after 2 h.

These findings suggest that while highly salt-concentrated
aqueous electrolytes lower the solubility of inorganic (LiF)
coatings, such coatings remain stable only in nonaqueous
systems and are fundamentally unstable in aqueous solutions.

Strategies to completely separate the electrode and electro-
lyte have also been introduced. In 2005, Visco et al. demonstrated
aqueous Li-ion batteries based on a glass-protected Li metal.***3>
In 2013, Holze et al. inserted a lithium super-ionic conductor
(LISICON, Li,O-Al,03-Si0,-P,05-TiO,-GeO,) between the cathode
and Li metal anode, through which aqueous electrolytes could not
pass.**® They constructed a full cell with a LiMn,0,[0.5 M Li,SO,
aqueous solution|LISICON|Li configuration and cycled it between
3.7 and 4.25 V at a constant current of 100 mA g~ . This setup
demonstrated high initial Coulombic efficiency (88.5%) and neg-
ligible capacity degradation over 30 cycles, showcasing perfor-
mance levels similar to those of nonaqueous systems (Fig. 33).

In a similar vein, in 2017, Wang and Xu groups devised a Li'-
conducting hydrophobic layer by mixing 0.5 M LiTFSI/highly
fluorinated ether (1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl
ether, HFE) with 10 wt% polyethylene oxide at 70 °C. This layer
was then applied over anodes made of Li metal or graphite
(Fig. 33).%*7 Fifty cycles in various 4 V-class full cells, including
LiVPO,F|HFE-based layer|Li, LiVPO,F|HFE-based layer|graphite
and LiMn,0,|HFE-based layer|Li configurations, were achieved
using a constant current of 0.3C in a 21 m LiTFSI + 7 m LiOTf/
H,0 + 10 wt% polyvinyl alcohol electrolyte. Despite achieving
multiple cycles, the systems showed low Coulombic efficiency
(98-99.5%) and continuous capacity degradation.

Although employing a Li*-conducting layer to fully isolate
the electrode from the electrolyte offers the potential to achieve
higher output voltages in aqueous battery systems, its effectiveness
is significantly constrained. Challenges include the existence of
a thick coating layer that drastically reduces ion conductivity,
chemical instability under extreme pH conditions, and the

4238 | Chem. Soc. Rev., 2025, 54, 4200-4313

complexity and high cost of manufacturing processes. These
issues echo the difficulties encountered with previously dis-
cussed ex situ coating methods, motivating researchers to
develop functional electrolytes and optimize the battery
potential diagram to address the limitations effectively.

6.1. Optimization of potential diagram

To maximize the battery performance, the potential diagram
between the electrode reaction potential and the electrolyte potential
window must be considered carefully. For example, the reaction
potential of the Li Ti;Oy, anode (1.5-1.6 V s, Li/Li") is lower than the
HER potential in most aqueous electrolytes. Nevertheless, Yamada
et al. demonstrated in 2016 and 2019 that reversible lithiation and
delithiation of the Li, TisO, anodes are achievable using highly salt-
concentrated aqueous electrolytes, specifically 28 m Li(TFSI), -
(BETI)o5-2H,0 and 56 m Li(PTFSI), (TFSI)o 4 1H,O electrolytes.'!
This is attributed to not only a significant decrease in the water
activity, facilitating the rapid growth and maintenance of the
SEI, but also an upward shift in the reaction potential of the
Li,TisO1, anode within these electrolytes (Fig. 34). Importantly,
this upshifted electrode potential reduces the thermodynamic
driving force for the electrolyte reduction and alleviates the
burden on the kinetic support provided by the SEI, thereby
largely suppressing electrolyte degradation on the anode
surface.”®

The equilibrium potential (E) of an electrode reaction (i.e., the
intercalation and deintercalation of carrier ions into active materi-
als) is influenced by the activity (a) of carrier ions in the
electrolyte.****° For instance, according to the Nernst equation
(eqn (17)), the value of E in a highly salt-concentrated aqueous
electrolyte, 56 m Li(PTFSI), ¢(TFSI),.4-1H,0, is expected to be higher
than that in a 1 m solution, 1 m LiTFSI/H,0.%

E=E"+ %ln api+ 17)

Here, E°, R, T, n, and F represent the standard potential,
gas constant, absolute temperature, number of transferred

This journal is © The Royal Society of Chemistry 2025
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electrons, and Faraday constant, respectively. The activity is
the product of the concentration (¢) and activity coefficient
(r). Thus, assuming that the measurement was conducted at
25 °C, the potential shift (AE = Es¢m — E1m) can be estimated
as follows:

This journal is © The Royal Society of Chemistry 2025

RT
AE = Esem — Eim = —In
nk

AL+ (56m)
ALit+(1m)

— 0.059 x log CLi+(56m)T'Li*+ (56m)
CLi*+ (1m)T'Li*+ (1m)
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ure Communications.

The measured electrode reaction potential of the Li TisO;,
anode in 56 m Li(PTFSI),¢(TFSI)4-1H,O exhibited a 300 mV
upshift compared to that in 1 m LiTFSI/H,O. According to
eqn (18), the activity () and activity coefficient (r) of Li" in 56 m
Li(PTFSI)g ¢(TFSI)y.4-1H,0 should be 1.2 x 10° and 1.8 x 10° times
higher, respectively, than those in 1 m LiTFSI/H,O. This signifi-
cant deviation from the ideal Nernstian response (where r = 1)
suggests that the classical Nernst equation and the related Debye-
Hiickel theory,**" formulated a century ago, which assume Cou-
lombic interactions in electrolytes under infinitely dilute condi-
tions, cannot be applied in a straightforward manner to the
concentration range typical in modern and next-generation bat-
tery electrolytes (Fig. 35).>*>*** Although attempts to extend the
Debye-Hiickel theory phenomenologically to higher concentra-
tions by incorporating intricate empirical calibration terms with
adjustable parameters may result in partial alignment with
experimental data, the fundamental physical mechanisms driving
the potential shift remain uncertain.**'**3%>

Recently, Yamada et al., proposed the concept of the “liquid
Madelung potential” to quantitatively correlate the local coor-
dination structure and thermodynamics within the system.***
This liquid Madelung potential for carrier ions, such as Li’, is
derived by summing all the electrostatic interactions of the
surrounding solvents and ions for each atom individually

(Fig. 36 and eqn (19)):
1 qi
NLi* < 7 4Tl2801’,'> (19)

Here, Ny, &, g5 and r; represent the number of Li*, vacuum
permittivity, atomic charge of the molecules and ions, and the
distance of the atoms of the surrounding solvents and ions from
the central Li", respectively. The brackets ( ) denote time-averaging
in MD simulations. This concept parallels the classical Madelung

Liquid Madelung potential =

4240 | Chem. Soc. Rev,, 2025, 54, 4200-4313

View Article Online

Review Article

potential for inorganic crystals, where the sum of electrostatic
interactions of ions is estimated by fixed point charges within a
crystal lattice, leading to discrete alterations in the Coulombic
energy based on the distance from the central Li". For calculating
the “liquid Madelung potential,” all atoms of the solvents and ions
are approximated by point charges determined using the restrained
electrostatic potential method. Given the high mobility and random
distribution of ions and solvent molecules within electrolyte solu-
tions, the “liquid Madelung potential” needs to be estimated
through spatial averaging across all Li" within a calculation cell
and subsequent time-averaging across all snapshots.

The variation in the “liquid Madelung potential” is attrib-
uted to the coordination environment of the carrier ion within
the electrolyte. Therefore, three factors are worth considering in
this regard. First, as the salt concentration increases, the carrier
ion tends to be predominantly coordinated by anions to form
contact ion pairs and/or ion-pair aggregates, rather than by
solvents to form solvent-separated ion pairs. Second, the electro-
static stability of the carrier ion is enhanced when it is strongly
solvated by electron-localized species, whereas it decreases when
coordinated by electron-delocalized species within the electrolyte.
This is primarily because the higher electron density largely
influences the Coulombic energy in the first-coordination sphere,
although the “liquid Madelung potential” is a converged value
obtained by considering the Coulombic interactions of all con-
stituent atoms up to infinite distances. Third, electrons, in general,
are strongly localized on oxygen atoms in the solvent, whereas they
are delocalized in bulky and weak Lewis basic anions such as TFSI .
With increasing salt concentration, the dominant first-coordination
species shifts from electron-localized solvents to the electron-
delocalized anions. This transition destabilizes the “liquid Made-
lung potential” of the carrier ion, resulting in a substantial upshift
in the electrode potential (Fig. 36). Another critical consideration is
the electrode potential shift, which simultaneously alters the redox
potentials of both the cathode and anode by equal magnitudes
(Fig. 37). Since these parallel shifts offer a constant battery voltage,
they are challenging to detect in typical two-electrode batteries,
leading to frequent oversights.

Consequently, in addition to conventional strategies such as
expanding the operating potential window of electrolytes using
highly oxidation- and reduction-tolerant co-solvents and salts
and addressing kinetic limitations induced by the formation of
surface passivation films, it is crucial to consider the electrode
potential shift depending on the electrolyte solution structure.
Without a comprehensive understanding of the overall
potential diagram of full cells (including the parallel shift of
the reaction potentials of cathode and anode) and the operating
potential window of electrolytes, stable battery performance
cannot be ensured, as demonstrated by recent studies.*®?**>>*3

6.2. Utilization of functional anions

The electrochemical stability of aqueous electrolytes largely depends
on the choice of anions (Fig. 38).>***'® The selection criteria for
anions in aqueous electrolytes encompass several aspects:'®

(1) A high hydrolysis resistance is required to maintain the
pH and a stable electrolyte composition.

This journal is © The Royal Society of Chemistry 2025
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Fig. 36 Concept of the (a) classical Madelung potential for inorganic crystals, (b) and (c) liquid Madelung (Ewald) potential, represented by the sum of
overall electrostatic interactions between the surrounding ions and/or solvents and the central Li* in the electrolyte.*** Reprinted with permission from

Nature Communications.

(2) In aqueous batteries, the SEI is primarily formed by
anion reduction. Therefore, the ability to form a functional
SEI with low solubility and reactivity toward water while provid-
ing high carrier ion conductivity is essential.”®*"#>%3 This
helps broaden the reduction stability of the electrolyte by
preventing direct contact between the electrolyte and electrode,
thereby suppressing electrolyte decomposition at the anode
kinetically.

(3) A high salt solubility is necessary to create a unique
solution structure that stabilizes the SEI and prevents transi-
tion metal and electrode dissolution.

(4) A plasticizing effect that prevents electrolyte crystal-
lization and maintains an amorphous liquid state with mini-
mal water content broadens the operating temperature range of
the battery.*”

This journal is © The Royal Society of Chemistry 2025

(5) Bulky organic anions are preferred over small-size inorganic
anions because they occupy a larger volume, thereby improving
the electrochemical stability of the electrolyte by reducing water
concentration on the electrode surface.’**¢318:349

(6) A high oxidation stability is crucial to broaden the
operating potential window of the electrolyte.

For example, commonly used salts in nonaqueous batteries,
such as LiPFg, LiBF,, LIBOB (LiB(C,0,),), and LiDFOB (LiB(C,0,)F,),
are susceptible to hydrolysis, and are hence unsuitable for use
in aqueous systems.'®?*34723935% [noroanic salts such as LiCl,
LiNO;, and Li,SO, typically offer low salt solubility and/or poor
SEI formation ability.>"*** Using perchlorate complexes (e.g.,
LiClO,) at high concentrations poses safety risks as they are
prone to explosion.*"*>* As an alternative, lithium acetate
(LiOAc) exhibits poor oxidation stability and SEI-forming

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4241
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diagram of full cells and the operating potential window of electrolytes should be optimized.*8342343 Reprinted with permission from Nature

Communications.

ability, making it challenging to expand the operating potential
window of the electrolyte.>>?

As a result, the preparation of aqueous electrolytes predomi-
nantly relies on imide salts, which offer high resistance to hydrolysis
and exhibit high salt solubility, good SEI-forming ability, a plasticiz-
ing effect, and high oxidation stability. The introduction of multiple
imide salts with symmetric (e.g:, LiTFSI, LiBETI) and asymmetric
structures (e.g, LIPTFSIL, LIHTFSI) helps suppress crystallization and
improve the electrochemical stability of the aqueous electrolyte,
while also allowing a high ionic conductivity with enhanced anion
exchange and rotational mobility (Fig. 38).****

However, as noted previously, imide salts, especially those with
asymmetric structures, are significantly more expensive than the
typical PFs- and BF-based salts. Additionally, they can only provide
a particle-type SEI including inorganic compounds like LiF and
Li,CO;, which is unfavorable for the complete coverage of the
anode surface compared to that in a film (polymer)-type or particle-
film-mixed-type SEI obtained in nonaqueous electrolytes.>>*3>
This restricts the improvement of the reduction stability in aqu-
eous electrolytes.

The selection of anions can vary based on the Lewis acidity of
carrier ions. For instance, the FSI™ anion is more susceptible to
hydrolysis than the TFSI™ anion because the S-F bond in the
former is weaker than the C-F bond in the latter. However, as
illustrated in Fig. 39, minimal pH reduction with suppressed
hydrolysis of the FSI" anion was demonstrated in aqueous Na
and K electrolytes.'®*"”° This stable condition was maintained for
extended periods exceeding 3000 h in a 62 m K(FSI) 55(OTf) 45
0.9H,0 hydrate melt with extremely low water concentration.
The strong interaction between the strong Lewis acid Li" and the
Lewis basic sulfonyl oxygen of the FSI" anion reduced the electron

4242 | Chem. Soc. Rev, 2025, 54, 4200-4313

density around the sulfonyl group, thereby weakening the S-F
bond. This catalytic effect of Li" increased the susceptibility of
the S-F bond to cleavage when in contact with water molecules.
In contrast, in electrolytes containing the weak Lewis acidic K',
which exhibits a weaker catalytic effect, the stability of the FSI™
anions was improved. Nevertheless, the use of FSI" as an anion
in aqueous electrolytes is only feasible below room temperature,
as interactions between carrier ions and anions become more
pronounced at elevated temperatures, leading to a severe
reduction in the electrolyte pH with accelerated FSI™ hydrolysis
(Fig. 39).

6.3. Hybrid aqueous/nonaqueous systems

This review underscores the critical role of SEI design on the
anode surface in enhancing the output voltage of aqueous
batteries. The SEI must completely envelop the anode surface
before the HER and remain stable throughout battery cycling.
The use of highly salt-concentrated aqueous electrolytes increases
the SEI formation potential and aids in stabilizing the SEI with
their distinctive solution structure, which significantly reduces
the water activity. However, employing such electrolytes, which
necessitates dissolving a large amount of salts, increases the
electrolyte viscosity and decreases the ion conductivity. These
factors present challenges in battery manufacturing, elevate
production costs, diminish the battery power density, and impair
performance across a wide temperature range. Additionally, the
SEI formed in aqueous electrolytes primarily consists of inorganic
particles such as LiF and Li,COj3, derived from anions, leading to
only partial coverage of the surface (Fig. 40).>**"?°"*7 This is in
contrast to the SEI obtained in nonaqueous electrolytes, which
contains a mix of film-type species, such as alkylcarbonate and

This journal is © The Royal Society of Chemistry 2025
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alkoxide-based organic polymers, along with inorganic particles.
This composition significantly limits the access of the electro-
lyte to the anode surface, providing high battery cycling stability
and high Coulombic efficiency (Fig. 40).

To address the aforementioned issues, the introduction of
organic solvents into aqueous electrolytes has been explored, as
detailed in Tables 8-10.>%> In 2009, Mentus et al. developed an
electrolyte by incorporating 1 wt% of vinylene carbonate, a
known electrolyte additive for promoting robust SEI formation
in nonaqueous Li-ion batteries, into a saturated LiNO;/H,O
solution.*®® They assessed the reversibility of a V,05 anode
using an excess LiMn,O, cathode as a counter electrode in this
additive-containing electrolyte and confirmed no capacity
degradation over 25 cycles at a current density of 50 mA cm ™2,
In 2018, Xu and Wang groups introduced dimethyl carbonate as

This journal is © The Royal Society of Chemistry 2025

Schematic showing the differences in local coordination between symmetric TFSI and asymmetric FTFSI anions.®! Reprinted
with permission from The Journal of Physical Chemistry Letters (b) and (c).

a co-solvent.*®*

They prepared a hybrid aqueous/nonaqueous
electrolyte by mixing 9.25 m of nonaqueous LiTFSI/dimethyl
carbonate electrolyte into a highly salt-concentrated 21 m
LiTFSI/H,O aqueous electrolyte. This blending of organic sol-
vents with aqueous electrolytes can modify solvation structures
by introducing competitive interactions between H,O and non-
aqueous species, including organic solvents, carrier ions, and
anions. In this hybrid electrolyte, the organic solvent substi-
tuted some of the Li" ligands. As a result, a robust SEI was
formed on the anode surface through the continuous reduction
of Li'(TFSI ), and Li'(dimethyl carbonate),, complexes. Further-
more, as the carrier ion (Li*) was surrounded by a limited
number of water molecules, the approach of the water mole-
cules to the electrode surface was restricted, which enhanced
both, the anodic and cathodic stabilities. They successfully
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Fig. 40 Schematic comparison of SEI components in aqueous and nonaqueous electrolytes across various salt concentrations.

cycled a LiNiysMn; 50,4|Li;TisOq, full cell, achieving a high
output voltage of 3.2 V, which was comparable to those of non-
aqueous batteries, and maintaining stable cycling (90% capacity
retention after 100 cycles) at a low constant current of 0.5C.

Since 2018, various developments in hybrid aqueous/non-
aqueous electrolytes have been achieved from diverse perspec-
tives (Fig. 41). For example, (i) solvents that strongly solvate
carrier ions (e.g:, dimethyl carbonate,®® tetraethylene glycol
dimethyl ether,>® glymes,>**3% acetonitrile,>”> dimethyl
sulfoxide,”*®3%° 1,3-dioxolane®”®) have been integrated to limit
the approach of water to the electrode surface. Moreover, to lower
the water activity in the electrolyte, (ii) weakly solvating solvents

4244 | Chem. Soc. Rev,, 2025, 54, 4200-4313

(e.g., 1,5-pentanediol,’”® 1,4-dioxane®”***°), modifying the solution
structure similar to that of locally salt-concentrated nonaqueous
electrolytes; (iii) hydrogen-bond-anchoring solvents (e.g., propylene
carbonate,’®" sulfolane,’”**°> organic phosphates,®®"*93%8
dimethylacetamide**®™*'?), disrupting hydrogen bonds between
water molecules; (iv) deep eutectic solvents (e.g., methyl-
sulfonylmethane,*®”*!*  urea,*”??80:381:414°416  pethylurea®®?),
providing a lower melting point compared to that of each
electrolyte component and possessing functional groups that
can serve as both donors and acceptors, thus breaking hydrogen
bonds between water molecules; (v) molecular crowding agents
(e.g., polyethylene glycol,**®*17%18 polyethylene glycol dimethyl

This journal is © The Royal Society of Chemistry 2025
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ether’””); and (vi) ionic liquids (e.g., trimethylethylammonium-

TFSL>** 1-ethyl-3-ethylimidazolium-TFSI,'”> 1-ethyl-3-ethylimid-
azolium-OTf,"”> 1-methyl-1-propylpiperidinium-FSI**®), offering
nonflammability, high-temperature stability, and low vapor
pressure, have been introduced. These hybrid aqueous/nonaqu-
eous electrolytes have enabled the reversible cycling of 2 V-class
batteries such as LiMn,0,|Li;TisO1, and LiMn,0,4|MoeSs for hun-
dreds of cycles (Table 8). These examples include cases where the
carrier ion is an alkali ion (Li*, Na’, and K*) and Zn**.>*>*"?
Hybrid aqueous/nonaqueous electrolytes also help improve
the wide-temperature-range performance of aqueous batteries.
In 2019, Xing et al. developed a 15.3 m LiTFSI/acetonitrile : H,O
(1:1, n) electrolyte by incorporating acetonitrile, which has a low
freezing point (—48 °C) and low viscosity."®® This electrolyte
remained non-crystallized even at —20 °C, providing an ion
conductivity of 0.6 mS ecm~'. Moreover, the robust SEI, which
included nitrile (C=N) and sulfamide (R-S-N-S) species result-
ing from the reduction of acetonitrile, enhanced the reduction
stability of the electrolyte. Consequently, the stable operation of
2 V-class full cells consisting of LiMn,0, or LiNij sC0g 15Al.050,
cathodes and Li TisO;, anodes for hundreds of cycles was
achieved at 25 and 0 °C. In 2022, Ma et al. introduced 1,3-
dioxolane, which has an even lower freezing point (—95 °C) than
acetonitrile, into an aqueous electrolyte.*”®> By employing the

This journal is © The Royal Society of Chemistry 2025

developed LiTFSI: 1,3-dioxolane : H,O (1:1.08:1.08, n:n: n) elec-
trolyte, high cycling performance of the 2 V-class LiMn,0,|Li,-
Ti50,, full cells was achieved, with a capacity retention of 94%
after 100 cycles at a low C-rate (0.5C) and low temperature
(—20 °C). However, these hybrid aqueous/nonaqueous electro-
Iytes still exhibited higher viscosity compared to nonaqueous
electrolytes.

Gas-assisted SEI formation technology was developed to tackle
this challenge, as depicted in Fig. 42. In 2022, Suo and Xu’s group
prepared 5.0 m LiTFSI/H,O electrolytes saturated with air, O,, Ar,
and CO, gases.””® They observed that Li,CO; formation was
accelerated in the electrolyte saturated with CO, gas, effectively
passivating the anode surface. By utilizing this electrolyte (5 m
LiTFSI/H,O + sat. CO, gas), stable LiMn,04|MosSs full cells were
achieved, offering a capacity retention of over 90% after 100
cycles at both 25 and —40 °C at a low constant current of 0.5C.

While there has been some progress in overcoming low-
temperature limitations, the issue of electrolyte decomposition
at high temperatures remains a significant challenge. Most
organic solvents are prone to hydrolysis, a vulnerability that is
exacerbated under non-neutral pH conditions and elevated tem-
peratures. Moreover, it is important to recognize that although
the development of hybrid aqueous/nonaqueous electrolytes with
various types of organic solvents and salts has improved the

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4251
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(a)—(c) Electrochemical performance of an aqueous LiMn,O4|MoeSg full cell in 5 m LiTFSI/H,O saturated by various gases, and (d) the schematic

of the SEI formation mechanism in a 5 m LITFSI/H,O + sat. CO, electrolyte.*?° Reprinted with permission from Nature Chemistry.

cycling performance of batteries, this enhancement has not
sufficed to increase the battery energy density, particularly in
terms of the output voltage. The batteries tested with these hybrid
electrolytes mostly operated within the 2 V-class range, signifi-
cantly lagging behind the 4 V-class typical of nonaqueous batteries.
This notable difference is primarily due to the poor reduction
stability of the electrolyte, which necessitates the selection of
anode active materials with higher reaction potentials. Indeed,
since 2016, when Li,TisO,, was first introduced as an anode
material in aqueous batteries, there has been negligible progress
in employing anode materials that offer lower potentials than the
reaction potentials of 1.5-1.6 V vs. Li/Li* (Tables 1 and 8).
Addressing these challenges requires a deeper understand-
ing of the solution structure of electrolytes at a molecular level,
which is particularly challenging in aqueous and hybrid aqu-
eous/nonaqueous electrolytes. Techniques such as Raman and

4252 | Chem. Soc. Rev, 2025, 54, 4200-4313

Fourier transform infrared spectroscopy are frequently utilized to
estimate the solution structure of nonaqueous electrolytes, as
demonstrated in Fig. 43.*"*** For example, when the FSI™ anion
forms a solvent-separated ion pair with aprotic solvents—indicating
weak interactions—the corresponding Raman peak for the S-N-S
vibration appears at ~720 cm™*. As the interaction between the
Lewis acidic carrier ion and the FSI™ anion strengthens, leading to
ion pairing, the Raman peak shifts to higher wavenumbers: 725-
735 cm™ " for a contact ion pair and further to 745-760 cm ™" for an
ion-pair aggregate. This technique helps trace the interactions
between the anion and the molecules in the electrolyte, indirectly
determining the ligands of the carrier ion based on the assumption
that the anion interacts weakly with the aprotic solvent.

However, these spectroscopic techniques are less effective for
aqueous and hybrid aqueous/nonaqueous electrolytes. For the
TFSI™ anion, the Raman shift corresponding to the transformation

This journal is © The Royal Society of Chemistry 2025
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Fig. 43 Representative Raman spectra of (a) FSI=#? and (b) TFSI~ anions*?® in nonaqueous electrolytes, illustrating variational bands of the anion in
LiFSl/acetonitrile and LiTFSl/acetonitrile electrolytes. (c) Raman spectra of CF3 and SOsz vibrational bands in A(OTf)z and HOTf solutions at different salt
concentrations, labelled “low” and “high” in the figure.*?* (d) Schematic of HsO™~OTf™ ion pairing.*>* Reprinted with permission from Journal of The
Electrochemical Society (a) and (b) and Energy & Environmental Science (c) and (d).

of the solvent-separated ion pair to ion-pair aggregate was only
~10 em ™', ranging from 740 to 750 cm ', thus requiring high-
resolution spectroscopy measurements, as illustrated in Fig. 43.%%%%%°
Additionally, water, being a highly protic solvent with a high
dielectric constant (78 at 25 °C)**® and a high acceptor number
(AN = 55),****% strongly coordinates with the anion. This
implies that even when the anion is surrounded by water
molecules (i.e., solvent-separated ion pair), their interactions
are sufficiently strong to cause a shift in the Raman spectra.
Considering that the Lewis acidic carrier ion and protic water
compete to coordinate with the anion and that the electrolyte
pH influences the Raman spectra, identifying the ligands of the
carrier ion becomes significantly more complex (Fig. 43).***
Moreover, highly salt-concentrated aqueous electrolytes and

This journal is © The Royal Society of Chemistry 2025

hybrid aqueous/nonaqueous electrolytes typically contain only
a small amount of water—less than 10 wt% relative to the salts
and co-solvents—making it difficult to detect the O-H vibra-
tional changes in water. This poses additional challenges in
understanding the hydrogen bonding and clustering of water
molecules in these electrolytes.

7. Substantial challenges with aqueous
Zn-metal batteries
Aqueous rechargeable Zn-metal batteries, employing Zn-metal

anodes, are emerging as promising candidates for next-generation
energy storage systems, offering cost efficiency, environmental

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4253
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advantages, and safety, as shown in Fig. 44. Zn metal offers a high
theoretical capacity (820 mA h g%, 5855 mA h cm™?), has abundant
availability, and is almost non-reactive with water. The mild
reduction potential of Zn/Zn>" (—0.76 V vs. SHE), closely aligned
with the HER potential, further underscores its suitability for
aqueous rechargeable batteries. Research on aqueous Zn-metal
batteries is primarily driven by the hope that such batteries can
overcome the constraints associated with Li" and other carrier
ion-based batteries. However, recent studies have revealed
critical misunderstandings in the intercalation chemistry of
Zn cathode active materials in aqueous electrolytes.*****! More-
over, the thermodynamic and kinetic limitations in suppressing
electrochemical and chemical side reactions during Zn plating
and stripping, which lead to significant consumption of the
electrolyte and Zn resources and is accompanied by the irrever-
sible formation of byproducts, present substantial challenges
for the development of high-performance aqueous Zn-metal
batteries. The following sections will delve into common mis-
understandings and overlooked aspects of aqueous Zn-metal
batteries.

7.1. Complex intercalation chemistry of Zn cathode active
materials

The type of cathode active material significantly influences the
energy density of aqueous Zn-metal batteries. Extensive research
has been conducted to explore high-capacity and high-potential
Zn**-intercalation cathode active materials, as outlined in Table 11.
However, a misunderstanding of the intercalation chemistry and
unreasonable design concepts have misdirected research efforts
and material development. While initial assumptions based on the
small radius of Zn*" (~0.9 A) suggested that it should facilitate
solid-state transport and storage,*** its high charge density results in
strong interactions with lattice oxide ions in the active materials.
This makes solid-state transport much more challenging than for
monovalent ions, as depicted in Fig. 45.*****” Moreover, most
proposed Zn cathode active materials have been evaluated under
extremely high Crates, and their electrochemical properties, as
detailed in Table 11, are considered to be primarily derived from
the intercalation of protons and/or water-coordinated Zn>* rather
than pure (desolvated) Zn>*.****3¥3 The issue is that proton and
water co-intercalation increase the complexity of active material and
cell design, leading to unexpected electrochemical reactions. For

4254 | Chem. Soc. Rev,, 2025, 54, 4200-4313

instance, the increased electrolyte pH due to proton intercalation,
which occurs even under nearly neutral conditions, damages the
cathode active materials and leads to the formation/precipitation of
byproducts (e.g., Zn(OH), and Zn(anion),(OH),) on the Zn-metal
anode surface.*** Additionally, water co-intercalation causes signifi-
cant volume changes in the cathode active materials during charge
and discharge processes, thereby reducing their structural integrity.
This section will introduce the representative cathode active materi-
als tested in aqueous Zn-metal batteries, highlighting their struc-
tural features, intercalation chemistry, and practical feasibility. As
we demonstrated in Section 1, “M” and “m” were used interchange-
ably in several papers. Further, these expressions were quoted
directly without any corrections, despite the fact that “M” (molarity,
mol L") specifies the amount of salt per unit volume of a solution
(electrolyte), while “m” (molality, mol kg ') denotes the concen-
tration of salt dissolved in 1 kg of a solvent.

Manganese oxide (MnO,) was first utilized in primary Zn
alkaline batteries (Fig. 46).>>° Among its various polymorphs,
a- and 3-MnO, facilitate water co-intercalation owing to their
large tunnels, interlayer spaces, and flexible structural intersti-
tials, which provide sufficient tolerance for large guest
ions.**>36%%¢1 Conversely, y-MnO,, with its limited structural
interstitials and tunnel sizes, tends to prevent water co-
intercalation. However, in acidic and neutral electrolytes, the
intercalation of protons into all MnO, polymorphs occurs kine-
tically much faster than that of zZn**, Additionally, MnO, dis-
solves easily into the bulk electrolyte, a degradation mode that is
accelerated in alkaline conditions by forming OH-ranked complex
ions, [Mn(OH),,,]".”®* Although aqueous Zn electrolytes contain-
ing Mn®" salts such as MnSO, mitigate the issue of MnO,
dissolution,* the presence of Mn*" in the electrolyte can cause
anodic electrolysis of Mn*", producing additional y-MnO, deposits
while consuming water, which would alter the initial electrolyte
formulation. As another degradation mechanism, Laberty-Robert,
Balland, and Limoges et al. demonstrated that weak acid proton
donors (e.g [Zn(H,0)s]*), which readily form in aqueous Zn
solutions, facilitate the electrodissolution of various MnO,.”%*%

Based on the rich chemistry of V, diverse types of vanadium
oxides (V,O,) have been explored and tested for aqueous Zn-
metal batteries. V,O, provides a large capacity owing to its
multiple electron reactions (V**/V>"). A layered structure of
Zn, »5V,05-nH,0, consisting of V,05 bilayers with interlayer

This journal is © The Royal Society of Chemistry 2025
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Fig. 45 Computational calculation results for the migration energies of
monovalent and multivalent ions in (a) spinel Mn,Oy4, (b) olivine FePOy, (c)
layered NiO,, and (d) orthorhombic §-V,Os structures.**® Reprinted with
permission from Chemistry of Materials.

Zn** and water molecules, allows for water co-intercalation.**®
In contrast, bronze-type VO, is expected to restrict water co-
intercalation due to geometrical limitations arising from its
bridged interlayer gap.”®®> However, bronze-type VO, undergoes
hydrolysis in aqueous electrolytes and transforms into a water-
inserted layered structure.’®® Similar to MnO,, proton inter-
calation into V,0, is much faster than Zn>" intercalation.*”**%’
These observations indicate that the reported electrochemical
properties of V,0, largely originate from proton and water co-
intercalation rather than Zn>" intercalation.

This journal is © The Royal Society of Chemistry 2025
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The strong interactions between Zn** and lattice oxide ions
create a significant diffusion barrier, fundamentally limiting
the use of oxide materials as Zn cathode active materials.*** In
contrast, sulfides and selenides, such as MS, (M = Ti, V, Mo),
7Zn,Mo4Sg, and their sulfur-selenium substitutions,’®®”* have
weaker interactions with hard cations, including divalent Zn>*,
Mg™*, and AI**, and possess robust, flexible frameworks, thus
presenting viable alternatives.>*>7%*7%575 Notably, Zn,MogSg
exhibits identical charge and discharge curves in aprotic nonaqu-
eous and protic aqueous Zn electrolytes, as shown in Fig. 46.%**°7°
Crystallographic analysis with ex situ powder X-ray diffraction
(XRD) confirmed Zn>" insertion, and Fourier synthesis revealed
the presence of electron density in interstitial voids, further
validating the Zn®" insertion.>”°

Prussian blue analogs, A,M,[Fe(CN)s]-nH,O, have also been
studied as Zn>" host materials.’”® The octahedrally coordinated
M and Fe are interconnected by linear CN ™, forming an expanded
ReO;-like structure (Fig. 30). The A cations occupy the interstitials
corresponding to the A-site of the perovskite structure. This
expanded ReO; framework provides three-dimensional open chan-
nels that allow the diffusion of Zn®". The rich chemistry of
Prussian blue analogs, along with their intrinsic structural flex-
ibility and high redox potentials (e.g,, 1.7 V vs. Zn/Zn** in
Zn;[Fe(CN)g],),>*° render Zn** promising as host materials. How-
ever, the large but sparse open channel structure allows water co-
intercalation and limits the battery energy density per unit weight
and unit volume.

Beyond adapting known materials from monovalent-ion sys-
tems, unique designs to accommodate Zn** are necessary to
develop Zn cathode active materials. The first step involves gaining
a deeper understanding of the topochemical interactions and the
deconvolution of Zn*" and other intercalants (proton and water co-
intercalation) through direct analysis to validate Zn>" intercalation
in active materials. This can be achieved using methods like
electrochemical quartz crystal micro-balance measurements and
by quantitative evaluations of the atomistic structure, structure
factors, and elemental composition. Additionally, electrochemical
tests with aprotic nonaqueous electrolytes, which exclude proton
and water co-intercalation, will help understand Zn>" intercalation/
deintercalation reactions in the material.

7.2. Dilemma in pH selection

The pH of the electrolyte significantly impacts the thermo-
dynamic HER potential and the kinetics of byproduct formation
during the Zn plating and stripping processes. Therefore, thor-
oughly understanding the influence of the electrolyte pH on these
electrochemical and chemical side reactions is crucial for enhancing
the performance and safety of aqueous Zn-metal batteries. Elevated
pH levels help reduce hydrogen gas evolution by lowering the
thermodynamic HER potential, as illustrated in Fig. 10. However,
according to the Pourbaix diagram for Zn (Fig. 47),>”” undesirable
byproducts such as zinc oxide (ZnO) and zinc hydroxide (Zn(OH),)
can form at pH 8-11. This problem is often exacerbated by
precipitates of Zn-anion complexes, such as Zn,(OH)sSO,-nH,0,
Zn;5(OH)4Cl,-nH,0, and Zn,(OH),ClO,-nH,0.***7%>” These bypro-
ducts exhibit poor electrical and Zn** ionic conductivities, which
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Fig. 46 Schematics of proposed energy storage mechanisms in Zn cathode active materials;*! (a) pure (desolvated) Zn2* intercalation, (b) conversion
reaction, and (c) Zn®*/H* co-intercalation in MnO,. (d) Cyclic voltammograms of MogSg for Zn?* intercalation/deintercalation in protic aqueous and
aprotic nonaqueous electrolytes.>*® Reprinted with permission from Joule (a)—(c) and ACS Applied Materials & Interfaces (d).

result in poor Coulombic efficiency during Zn plating and
stripping. At high pH levels (pH > 11), the formation of soluble
zincate ions (Zn(OH);~ and Zn(OH),>") is promoted, which can
lead to severe chemical self-corrosion and create uneven elec-
trode surfaces. This not only poses risks of short-circuiting but
can also severely undermine the overall battery performance.
On the other hand, a decreased pH level in the electrolyte
can inhibit the formation of insoluble byproducts, which is
expected to significantly enhance the Coulombic efficiency of
Zn plating and stripping by eliminating surface contamination
and improving the Zn** conductivity. However, this advantage
is offset by a competing dynamic, namely, an increase in the
thermodynamic HER potential. Under acidic conditions, a
significant portion of the electrons intended for Zn deposition
may instead be consumed by the HER, thereby diminishing the
energy efficiency of the battery. Moreover, the hydrogen gas

4262 | Chem. Soc. Rev., 2025, 54, 4200-4313

bubbles and OH produced alongside the HER contribute to
several detrimental effects. Some of these effects are listed below:
(1) Safety risks, such as the generation of large amounts of
highly flammable hydrogen gas, which can lead to explosion or
fire hazards, negating the safety benefits of aqueous batteries.
(2) Blocking of contact between the electrolyte and Zn-
metal anode.
(3) Triggering the formation of byproducts such as Zn(OH),.
(4) Facilitation of battery short-circuiting through dendrite
formation, ultimately decreasing the overall battery performance.
Additionally, in an acidic electrolyte, the intercalation of H
into the cathode active materials might be favored over that of
Zn**. The smaller size and higher mobility of H" allow them to
migrate more readily within the electrolyte and intercalate into
the lattice structure of cathode active materials, thus redirecting
the energy storage mechanism of the battery toward H'-based

This journal is © The Royal Society of Chemistry 2025
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Fig. 47 Pourbaix diagram of Zn in aqueous electrolytes.>””-58% Reprinted
with permission from Journal of Materials Chemistry A.

reactions, and deviating from the expected Zn>**-based redox
reactions. Besides, acidic conditions accelerate the dissolution
of transition metals from the cathode, thereby deteriorating the
cycling stability of the battery. Note that H' can also originate
from Brensted weak acids (e.g aquo metal ion complexes;
[Zn(H,0)s]** = [Zn(H,0)s(OH)]" + H', pK, ~ 9), present in
the electrolyte with strong Lewis acids (e.g. Zn>*).>¢3°%4>81

Overall, the pH of the electrolyte plays an essential role in
determining the electrochemical and chemical dynamics, as
well as the overall performance of aqueous Zn-metal batteries.
Higher pH levels can facilitate the formation of insoluble bypro-
ducts with poor Zn** conductivity, thereby reducing the cycling
efficiency and increasing the internal resistance of batteries. On
the other hand, lower pH levels may accelerate the HER, trigger
unexpected H'-based redox reactions, and cause severe side reac-
tions, which degrade both the battery performance and safety. This
intricate balance among pH levels, electrochemical reactions, and
battery performance underscores the critical need for alternative
methods to mitigate all side reactions, ensuring the efficiency and
safety of Zn-metal batteries.

7.3. Limited options for Zn salts

The type of Zn salt used in the electrolyte significantly influences
the electrochemical and chemical properties, thereby affecting the
battery performance, and impacting practical aspects such as
battery safety and cost. However, the limited variety of available
Zn salts presents a significant challenge in addressing the broad
range of issues faced by aqueous Zn-metal batteries. Table 12

Table 12 Properties of diverse salts for aqueous Zn electrolytes
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outlines the properties of various Zn salts, providing insights into
their potential advantages and disadvantages.

Zinc sulfate (ZnSO,) is one of the most frequently used salts
in aqueous Zn-metal batteries, as highlighted in Table 11. Its
popularity stems from its moderate solubility in water, low cost,
high ionic conductivity, and mildly acidic electrolyte pH
(pH 4-6).°®>% These characteristics are favorable for achieving
high Coulombic efficiency in Zn plating and stripping processes.
However, the interactions among Zn metal, SO, , and OH  can
lead to the formation of insoluble zinc hydroxide compounds,
such as Zn,(OH)sSO,4-nH,0, which obstruct effective Zn>* transport
and contribute to capacity fading over continuous cycles (Fig. 48).
While ex situ coating on Zn metal can mitigate this issue, ensuring
the stability of the coating materials during the extensive volume
changes associated with Zn plating and stripping remains challen-
ging. Details of this approach and its challenges will be further
discussed in Section 7.5.

The high solubility and ionic conductivity of zinc chloride
(ZnCl,) render it a preferred choice in aqueous Zn-metal
batteries.”®* In 2020, Chen’s group developed low-temperature
aqueous Zn-metal batteries using a mildly salt-concentrated
7.5 m ZnCl, solution, which remained liquid even at extremely
low temperatures (—114 °C) (Fig. 49).>%® They investigated the
relationships among the ZnCl, concentration, solution struc-
ture, and phase-transition temperature of the electrolyte. MD
simulations showed that the dissolution of 7.5 m ZnCl, in water
was thermodynamically favorable compared to the separate
existence of solid ZnCl, and liquid water at 300 K (27 °C). When
the temperature was lowered to 100 K (—173 °C), the formation
of crystallized ZnCl, and ice became more energetically favor-
able than the formation of a metastable amorphous glass.
However, an energy barrier must be overcome to transition
from the amorphous glass state to a crystalline structure, and
this is hindered by the reduced thermal motion at such low
temperatures (as demonstrated by the supercooling phenom-
enon discussed in Section 4.3). For instance, at 100 K (—173 °C),
the mobility of Zn>* was significantly restricted, with the ions
moving less than 0.5 A from their original positions. This was
in stark contrast to the distance traversed (8.3 A) at 300 K
(27 °C). As for the stability of the liquid phase, low-temperature
Raman spectroscopy confirmed that the water and ions
remained interconnected, similar to the case in their liquid

Molecular weight  Solubility
Salts (g mol™) (mol kg™')  Cost Advantages Concerns
ZnS0O, 161.4 3.4 Low Low cost, moderate Zn Poor oxidation stability, byproduct formation
plating/stripping efficiency

ZnCl, 136.3 31 Low Low cost, high solubility Poor oxidation stability, corrosive
ZnF, 103.4 <0.1 Low Low cost Low solubility
Zn(OAc),  183.4 1.6 Low Low cost, pH control Poor oxidation stability
Zn(ClO,), 261.8 4.6 Low Low cost Explosive

Zn(NO;),  189.3 6.2 Low Low cost An oxidizing agent
Zn(PFs), 355.3 — Moderate  High oxidation stability Hydrolysis

Zn(BF,), 239.0 — Moderate  High oxidation stability Hydrolysis

Zn(OTf),  363.5 4.2 High High Zn plating/stripping efficiency  Cost, purity
Zn(TFSI), 625.7 3.7 High High Zn plating/stripping efficiency  Cost, purity

This journal is © The Royal Society of Chemistry 2025
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(a) Photographs and SEM images and (b) XRD patterns before and after soaking Zn metal in a 1 m ZnSO, solution for several days. (c) Crystal

structure of the byproduct, Zn,SO4(OH)e-3H,0.4*4 Reprinted with permission from Advanced Functional Materials.

state, preventing the crystallization of ZnCl, even at a tempera-
ture as low as —150 °C. The superior supercooling ability of the
7.5 m ZnCl,/H,O electrolyte allowed the stable cycling of
aqueous polyaniline|Zn full cells over 2000 cycles, with nearly
100% capacity retention at a constant current of 200 mA g~ *
and temperature of —70 °C.

In 2023, Borodin et al. developed a high-entropy Li,ZnCl,-
9H,0 electrolyte by adding LiCl as a supporting salt to the
aqueous ZnCl, solution (Fig. 50).°*® In this electrolyte, the
pronounced acidity allowed ZnCl, to accept donated Cl ", leading
to the formation of ZnCl,>~ anions, while the water molecules
either remained within the free solvent network or were coordi-
nated with Li*. This contributed to enhancing the ionic conduc-
tivity of the electrolytes over a wide temperature range (—80 to
+80 °C), resulting in these electrolytes outperforming conven-
tional aqueous electrolytes. The assembled Zn-air battery sus-
tained stable cycling for 800 h at a current density of 0.4 mA cm >
between —60 and +80 °C.

However, ZnCl,-based electrolytes exhibit strong corrosive-
ness toward metals such as Al, Cu, and Ni, and also SUS, limiting
the use of cost-effective materials for current collectors and other
battery components.>***¥”%8 While Ti, which has high resis-
tance to chloride solutions,*®® can be used as an alternative, its
high cost and low flexibility make it less desirable for battery

4264 | Chem. Soc. Rev, 2025, 54, 4200-4313

manufacturing, as demonstrated in Section 4.4. Additionally, the
high acidity of ZnCl, electrolytes poses further challenges. For
example, a highly concentrated ZnCl, aqueous electrolyte main-
tains a pH below 1, facilitating transition metal dissolution from
the cathode and electrolyte reduction on the Zn anode surface
with a substantially increased thermodynamic HER potential.

In 2021, Feng et al. developed an electrolyte incorporating a
zinc fluoride (ZnF,) additive.”®® They showed that the addition of
ZnF, could control the growth orientation of Zn crystals (details in
Section 7.7) and help in forming a F-rich protective surface layer
(details in Section 7.4), both of which mitigated byproduct for-
mation and electrolyte reduction. As a result, high average Cou-
lombic efficiencies of Zn plating and stripping in SUS|Zn cells
(96.56% after 3000 cycles at 0.6 mA h cm > and 1 mA cm %
99.58%, 99.53%, 99.87%, and 99.68% after 1000 cycles at 0.6 mA h
cm?; higher current densities of 10, 20, 30, and 40 mA cm™ >,
respectively) were achieved in the 2.0 M ZnSO, + 0.08 M ZnF,/H,0
electrolyte. However, the extremely low solubility of ZnF, restricts
its use as the main salt in aqueous systems.

Zinc acetate (Zn(OAc),) is valued for its affordability, envir-
onmental friendliness, and its ability to act as a buffer, thereby
stabilizing the pH levels of electrolytes. In 2023, Lu and co-
workers utilized hydrotropic solubilization, a technique com-
monly used in the pharmaceutical industry, to increase the

This journal is © The Royal Society of Chemistry 2025
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(a) Differential scanning calorimetry curves and (b) obtained phase transition diagram of a ZnCl,/water binary system. (c) Calculated transition

state in the transformation from the glass state to the separated crystalline state of a 7.5 m ZnCl,/H,O solution.>8 Reprinted with permission from Nature

Communications.

solubility of water-insoluble drugs by enabling the formation of
soluble complexes or associations with hydrotropic agents,
to address the low-solubility issue of the Zn(OAc), salt
(<£1.6 m).>®® By adding KOAc as a hydrotropic agent, they
prepared various aqueous Zn electrolytes with total anion
concentrations of ~35 m. In the tests conducted on Cu|Zn
cells using a 25 m solution composed of 10 m Zn(OAc), and
15 m KOAc, the cells achieved a Coulombic efficiency of 99.4%
for the first 100 cycles, which improved to 99.6% after
150 cycles. This performance significantly surpassed that of
the 1.6 m Zn(OAc),/H,O electrolyte, which maintained a Cou-
lombic efficiency of approximately 98.3% for approximately 50
cycles before experiencing a sudden failure due to a short
circuit. However, the poor oxidation stability of the OAc™ anion
restricts the use of Zn(OAc), as a salt in developing high-voltage
aqueous Zn-metal batteries.

This journal is © The Royal Society of Chemistry 2025

Zinc perchlorate (Zn(ClO,),) offers high ionic conductivity
and reduction stability. Sun et al. reported that the average
Coulombic efficiency of Zn plating and stripping in Cu|Zn cells
using 1 m Zn(ClO,),/H,0 reached 99.0% at 2 mA cm > and
2 mA h em ™2, which is higher than the Coulombic efficiencies
of 98.0% and 98.2% achieved with 1 m ZnSO,/H,O and 1 m
Zn(OAc),/H,0, respectively.>** However, although Zn(ClO,), salt
contributes to highly reversible Zn utilization, its potentially explo-
sive nature when concentrated or in contact with reactive metals or
organic solvents necessitates cautious handling, rendering it less
suitable for battery applications.

Kasiri et al. compared the stability of copper hexacyanofer-
rate cathodes in a zinc nitrate (Zn(NOs),)-based electrolyte with
those in other Zn salts (ZnSO,, ZnF,, and Zn(ClO,),), with salt
concentrations ranging from 20 to 100 mM (Fig. 51).°> The
charge and discharge curves in the electrolyte with NO; ™~ anions

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4265
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displayed notable differences, which were attributed to their
strong oxidizing properties. Rapid degradation of the battery
performance, along with Zn metal oxidation and a local increase
in the electrolyte pH, were observed using the Zn(NO;),-based
electrolyte, suggesting that Zn(NO;), might not be an ideal salt
for aqueous Zn-metal batteries.

Zinc hexafluorophosphate (Zn(PFs),) and zinc tetrafluorobo-
rate (Zn(BF,),) enhance the oxidation stability of electrolytes. In
2016, a team led by Schubert fabricated an aqueous Zn-metal
battery using redox-active polymer cathodes based on 9,10-di(1,3-
dithiol-2-ylidene)-9,10-dihydroanthracene and a 1 M Zn(BF,),:
nH,0 electrolyte.>*® The battery, tested between 0.6 and 1.7 V at
a constant current of 10C, maintained 86% of its initial capacity
after 9400 cycles. The research team suggested that the slightly
acidic pH of the electrolyte (~pH 6) helped prevent the oxidation
of the Zn-metal anode and the formation of dendrites. However,
the introduction of Zn(PFs), and Zn(BF,), salts into aqueous
solutions poses challenges owing to the strong propensity of the
PFs~ and BF, anions to hydrolyze, which lowers the electrolyte
PpH and leads to drastic capacity decay with severe corrosion of the
battery electrodes and components. This issue becomes more
pronounced under practical battery operating conditions, such
as elevated temperatures.

Zinc triflate (Zn(OTf),) and zinc bis(trifluoromethanesul-
fonyl)imide (Zn(TFSI),) provide mildly acidic conditions

4266 | Chem. Soc. Rev,, 2025, 54, 4200-4313
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(pH 3-5),°°*°°* a high oxidation stability, and a high Coulombic
efficiency in Zn plating and stripping reactions. Chen et al.
compared ZnSO, and Zn(OT), solutions at various concentrations
(Fig. 52),°°° demonstrating that Zn(OTf),/H,O offered improved
reversibility and reduced overpotentials for Zn plating and strip-
ping compared to ZnSO,/H,O. This was attributed to the bulky
OTf anions, which reduced the coordination number of water
molecules around Zn?* cations, thereby diminishing the solvation
effect and facilitating Zn>* transportation.*>**® Notably, the
mildly salt-concentrated 3.0 M Zn(OTf),/H,O solution (pH 3.6)
provided a high electrochemical stability with reduced water-
induced side reactions as well as high ionic conductivity, enabling
the long-term cycling of an aqueous cation-defective ZnMn,O,4|Zn
full cell over 500 cycles at 500 mA cm 2,

Zn(OTf), and Zn(TFSI), are considerably more expensive
than common inorganic Zn salts, such as Zn(OAc), (Fig. 53).>°""%
Additionally, the purity of commercially available Zn(OTf), ranges
from 98 to 99%, which falls short of the battery-grade requirement
of over 99.9%. Table 13 illustrates the stability of Zn plating and
stripping in Zn(OTf),-based aqueous electrolytes.

For instance, data from previous reports show that the cycle
life of Zn|Zn symmetric cells varies from 100 to 1226 h in 1 M
Zn(OTf),/H,0 and from 97 to 900 h in 2 M Zn(OTf),/H,O under
conditions of 0.5 mA cm™” to 1.0 mA em~ 2 and 0.5 mA h em >
to 1.0 mA h em ™. This considerable variation can be attributed
to differences in the measurement protocols and issues with
the purity of the Zn(OTf), salt.

The exploration of innovative salt systems has extended
beyond traditional options. In 2013, Zhang et al. introduced
zinc phenolsulfonate (Zn(PS),, Zn(C¢H,OHSO;),), a compound
typically used in cosmetics, as an electrolyte salt.®** This unique
choice improved the Coulombic efficiency of Zn plating and
stripping processes. A 1.0 M Zn(PS),/H,0 electrolyte exhibited a
cycle life of 202 h in a Zn|Zn cell under test conditions of 1 mA
em 2 and 1 mA h em ™!, which surpassed the performance of a
1.0 M ZnSO,/H,0 solution that lasted 190 h. Similar to imide
TFSI™, the bulky PS™ anion, which is approximately two and a
half times larger than the SO,>~ anion, effectively reduces the
coordination number of water molecules around Zn**, thus
diminishing hydrogen evolution during Zn plating. Addition-
ally, the inclusion of 0.2 mg mL ™" of tetrabutylammonium
4-toluenesulfonate, acting as a brightener (a leveling agent;
details in Section 7.7), to 1.0 M Zn(PS),/H,0, significantly
extended the cell cycle life to over 2000 h and helped prevent
Zn dendrite formation.

In the same year, Li et al. developed a multifunctional
fluorine-free Zn salt, zinc bis(benzenesulfonyl)benzenesulf-
onamide (Zn(BBI),, Zn[(C¢Hs),N(SO,),],) (Fig. 54).>°® The
hydrophilic sulfonamide group R-SO,-N-SO,-R’ of the BBI™
anion enhances salt solubility and strengthens H,O-anion
interactions, while the hydrophobic and spacious phenyl group
—-Cg¢H; disrupts the long-range hydrogen bond network between
water molecules, effectively reducing the water activity. Raman
spectroscopy analyses confirmed these effects, showing lower
peak intensities at 3000-3800 cm ™', which is indicative of a
weakened hydrogen bonding network, in 1.0 M Zn(BBI),/H,O

This journal is © The Royal Society of Chemistry 2025
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compared to solutions based on Zn(TFSI),, Zn(OTf),, and
ZnSO, salts. Moreover, the water vapor pressure in Zn(BBI),
solutions, an indicator of the water activity, was lower than in
other compared electrolytes. As a result, the cycle life of Zn|Zn
cells tested at 2 mA cm 2 and 2 mA h em ™2 in 1.0 M Zn(BBI),/
H,0 exceeded 2800 h, significantly outperforming those in
1.0 M Zn(TFSI),/H,O (415 h), 1.0 M Zn(OTf),/H,O (134 h),
and 1.0 M ZnSO,/H,O0 electrolytes (346 h).

Overall, a multidisciplinary approach that integrates materi-
als science, organic/inorganic chemistry, and electrochemical
engineering is essential to meet the increasingly demanding
requirements of energy storage technologies. The development
of new Zn salts and electrolyte systems is critical to effectively
unlock the full potential of aqueous Zn-metal batteries. Con-
tinuous studies are needed to meet rigorous practical require-
ments, including a high Coulombic efficiency for Zn plating
and stripping under various operating conditions, high oxida-
tion stability, affordability, environmental sustainability, safety,
low corrosivity, and high purity.

7.4. Uncertainty in SEI formation

Zn*" tend to deposit in a manner that minimizes the surface
energy, which complicates the prevention of dendrite formation
during plating. Further, the uneven electron distribution during
stripping can lead to the formation of ‘“dead” Zn. Both factors

This journal is © The Royal Society of Chemistry 2025

contribute to short circuits and significant capacity fading in
batteries. Equally important is the control of non-faradaic
(chemical) side reactions involving anions and water molecules,
as well as faradaic (electrochemical) side reactions that con-
tinuously deplete Zn>" resources and the electrolyte, accompa-
nied by the generation of hydrogen gas. To address these issues,
the concept of an SEI in nonaqueous Li-ion/Li-metal batteries
has been applied to aqueous Zn-metal batteries. However, its
applicability remains highly debatable.

It is essential to comprehensively understand the formation,
maintenance, and functionalities of an SEIL In aqueous electro-
Iytes, SEI formation largely relies on anion reduction. However, the
reduction potentials of free TFSI™ and OTF anions, which are
commonly used in aqueous Zn electrolytes, are significantly lower
than the redox potential of Zn/Zn>", rendering the formation of the
anion-derived SEI before Zn deposition challenging.****'® As pre-
viously demonstrated in Section 4.1, intense interactions between
strong Lewis acidic Zn** and anions can promote anion reduction
at higher potentials. Computational calculations estimated the
reduction potential of Zn>*(TFSI"), and Zn**(TFSI), ion pairs to
be 0.2-0.4 V and 0.9 V vs. Zn/Zn*", respectively.’® However, the
solubility of Zn(TFSI), and Zn(OTf), was limited to less than 4 m,
Y7 Further-
more, considering the overpotential of the anion reduction reac-
tion on Zn metal, the complete formation of the anion-derived SEI

providing a negligible amount of Zn(anion), ion pairs.
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should occur at lower potentials than the calculated values. For
example, in case of Li systems, the calculated reduction
potential of the Li*(TFSI), ion pair was ~2.9 V vs. Li/Li*."8
However, even with multiple favorable conditions for the for-
mation of an anion-derived SEI—such as using an Al electrode
with a high HER overpotential and a highly salt-concentrated
Li(PTFSI), ¢(TFSI)y.4-1H,O hydrate melt, which involves large
amounts of ion-pair aggregations and significantly reduced
water activity owing to the breakage of hydrogen bonds between
water molecules—the actual potential at which the SEI was
completely formed was ~2.2 V vs. Li/Li*, much lower than the
theoretically predicted reduction potential.*> All these observa-
tions suggest that the formation of an SEI on Zn metal through

4268 | Chem. Soc. Rev,, 2025, 54, 4200-4313

the electrochemical reduction of anions is challenging. This is
also supported by transmission electron microscopy (TEM)
images that confirm the absence of an SEI on Zn metal after
the plating and stripping reactions in nearly saturated 4 m
Zn(OTf),/H,0 and 4 m Zn(TFSI),/H,0 electrolytes (Fig. 55).°%°"°

Maintaining the SEI might be more challenging than its
formation. The SEI does not exist statically on the electrode
surface, but undergoes dynamic changes involving deformation
and regeneration. Components of the SEI diffuse into the bulk
electrolyte, and the insertion of electrolyte solvents into the SEI
causes it to swell. This dynamic change of the SEI hampers the
complete blocking of electrolyte contact with the electrode
surface, particularly in the case of metal electrodes, which
undergo significant volume changes.

Cui et al revealed that nonaqueous electrolytes, which
ensure high Coulombic efficiency in Li plating and stripping (e.g.,
highly salt-concentrated electrolytes, locally salt-concentrated elec-
trolytes, and weakly solvating electrolytes with ion pair-predominant
solution structures), can suppress the swelling of the SEI and the
diffusion of SEI components into the bulk electrolyte (Fig. 56).%6*2
In these electrolytes, the ligand of Li" is replaced by multiple anions
rather than solvents, resulting in a high concentration of anions on
the anode surface, which cannot dissolve or cause swelling of the
SEL. Additionally, the use of bulky, nonpolar, or low-dielectric-
constant solvents that have low solubility for SEI components and
are difficult to diffuse into the SEI might be another reason for the
suppressed changes in the SEIL

As mentioned before, maintaining the SEI in aqueous
electrolytes is even more challenging than forming an SEI

This journal is © The Royal Society of Chemistry 2025
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Table 13 Reported stabilities of electrolytes and Zn metal in Zn(OTf),/H,O solutions
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Electrolytes

Cell configuration

Cycle conditions

Cycle life or average Coulombic efficiency (%)

1 m Zn(OTf),/H,0°*° Zn|Zn
Cu|Zn
1 m Zn(OTf),/H,0%"° Cu|Zn
1 M Zn(OTf),/H,0°* Zn|Zn
1 M Zn(OTf),/H,0°” Zn|Zn
1 M Zn(OTf),/H,0°® Zn|Zn
1 M Zn(OTf),/H,0%" Zn|Zn
2 m Zn(OTf),/H,0%"* Zn|Zn
Ti|Zn
2 M Zn(OTf),/H,0°° Zn|Zn
Ti|Zn
2 M Zn(OTf),/H,0** Zn|Zn
Cu|Zn
2 M Zn(OTf),/H,0"® Zn|zZn
2 M Zn(OTf),/H,0°°° Ti|Zn
Zn|Zn
2 M Zn(OTf),/H,0%” Zn|Zn
Cul|Zn
2 M Zn(OTf),/H,0%® Zn|Zn
Cu|Zn
3 m Zn(OTf),/H,0%” Cu|Zn
3 M Zn(OTf),/H,0°*° Zn|Zn
Ti|Zn
3 M Zn(OTf),/H,0°"" Zn|Zn
3 M Zn(OTf),/H,0°%" Zn|Zn
4 m Zn(OTf),/H,0°* Ti|Zn
4 m Zn(OTf),/H,0°" Zn|Zn
Ti|Zn

0.5 mA cm ™2, 0.5 mA h cm™2
0.5 mA cm 2, 0.5 mA h cm™2
1.0 mA cm 2, 1.0 mA h cm ™2
0.5 mA cm ™2, 0.5 mA h cm™2
0.5 mA cm 2, 0.5 mA h cm™2
1.0 mA cm 2, 1.0 mA h em™2
2.0 mA cm 2, 2.0 mA h cm ™2
5.0 mA cm %, 5.0 mAh cm ™2
20 mA cm 2, 1.0 mA h cm 2
1.0 mA cm ™2, 1.0 mA h em ™2

1.0 mA cm 2, 0.5 mA h cm ™2
1.0 mA cm 2, 1.0 mA h em ™2
0.5mAcm % 0.5mAhcm 2
0.5 mA cm ™2, 0.5 mA h cm™2
2.0 mA cm 2, 1.0 mA h cm ™2
1.0 mA cm 2, 1.0 mA h cm ™2
5.0 mA cm 2, 1.5 mA h em ™2
1.0 mA cm 2, 1.0 mA h em ™2
1.0 mA cm 2, 1.0 mA h em™2
5.0 mA cm 2, 5.0 mA h em ™2
10 mA cm 2, 10 mA h cm ™2

0.25 mA cm 2, 0.25 mA h cm ™2

1.0 mA cm 2, 1.0 mA h em ™2
5.0 mA cm 2, 5.0 mAhcm ™2
5.0 mA cm 2, 1.0 mA h em ™2
0.25 mA cm ™2, 1.0 mA h em ™2
1.0 mA cm 2, 1.0 mA h cm ™2
5.0 mA cm ™2, 1.0 mA h em™2
1.0 mA cm 2, 0.5 mA h cm™2

1.0 mA cm ™2, 0.5 mA h em ™2
0.5 mA cm 2, 0.5 mA h cm™2
1.0 mA cm ™2, 0.5 mA h em™2
1.0 mA cm 2, 1.0 mA h em ™2
0.5mAcm % 25mAhcm 2

1.0 mA cm 2, 1.0 mA h em ™2
0.2mAcm % 1.0 mAhcm 2
1.0 mA cm 2, 1.0 mA h em ™2
1.0 mA cm ™2, 0.5 mA h cm™2

1226 h

~90% over 500 cycles
~90% over 400 cycles
~91% over 500 cycles
105 h

100 h

134 h

160 h

137 h

650 h

300 h

~75%, short circuit after 100 cycles
180 h

~60%, short circuit after 10 cycles
175 h

~80%, short circuit after 50 cycles
20 h

Short circuit after 20 cycles

~200 h

54 h

~50h

136 h

97 h

60 h

Short circuit after 310 cycles
600-800 h

400-900 h

120-600 h

Short circuit after 300 cycles

~70%, short circuit after 40 cycles
490 h

~85%, short circuit after 25 cycles
150 h

20 h

Short circuit after 3 cycles

1500 h

500 h

~85%, short circuit after 200 cycles

(Fig. 57). Most SEI components easily dissolve in or are highly
reactive in water. The high dielectric constant of water facil-
itates the rapid diffusion of SEI components into the bulk
electrolyte. Moreover, the diameter of water molecules is
2.75 A, almost similar to the diameter of hydrated alkali ions
(Stokes radius in Table 2), indicating that water molecules can
be easily inserted into the SEI The thickness of the SEI formed
in aqueous electrolytes is generally several ten to hundred
times higher than that formed in nonaqueous electrolytes.>®
The generation of hydrogen gas due to the reduction of water
molecules causes exfoliation of the SEI from the electrode
surface. The difficulty in SEI formation and the maintenance
of the SEI in aqueous systems can also be inferred from the
poor initial Coulombic efficiency (70-80%) related to SEI for-
mation in aqueous alkali-ion (Li*, Na*, and K") batteries.

The formation and maintenance of the SEI might be rela-
tively easier in hybrid aqueous/nonaqueous electrolytes. How-
ever, introducing co-solvents with higher reduction potentials
than water to force the formation of solvent-derived SEIs has
rarely been attempted. In most cases, the addition of co-solvents
aimed to reduce the water activity by decreasing the amount of

This journal is © The Royal Society of Chemistry 2025

water in the system and through the realization of various
hydrogen bond-related effects, as described in Section 6.3. This
suggests that the higher HER overpotential on Zn metal might
be a predominant cause for the improved Coulombic efficiency
in hybrid aqueous/nonaqueous electrolytes rather than SEI
formation.

Additionally, hybrid Zn electrolytes typically demonstrate
high initial efficiencies of over 90%. This is similar to the
initial Coulombic efficiency obtained in nonaqueous Li electro-
lytes with a graphite anode, which has a small surface area and
undergoes a slight (10%) volume change during charging and
discharging, thus forming a few-nanometer-thick SEI. However,
TEM observations showed thick layers, with thicknesses ran-
ging from tens to thousands of nanometers, on cycled Zn metal
in hybrid aqueous/nonaqueous Zn electrolytes (Fig. 55). This
indicates that the observed thick layers might not be part of the
SEI but have originated as a result of irreversible chemical side
reactions.

Moreover, as described in Section 7.1, the conductivity of
divalent ions within solids is significantly lower than that of
monovalent (alkali) ions because the higher charge density of

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4269
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Fig. 54

(a) Atomic structure of the BBI™ anion, with C, H, O, N, and S atoms denoted in black, light-gray, red, blue, and yellow, respectively. (b) Raman

spectra and (c) water activities of various Zn solutions. (d) Cycling performance of symmetric Zn|Zn cells in 1 M Zn(BBI), and 1 M ZnSO, electrolytes under
the given conditions.>® Reprinted with permission from Advanced Materials.

the former results in stronger Coulombic interactions with the
surrounding ligands, hindering their movement.®**"**® How-
ever, most studies have illustrated smooth Zn plating and
stripping despite the presence of thick layers on Zn metal,
which requires substantially high carrier ion conductivity. This
directly or indirectly suggests that the electrolyte can still
approach the electrode surface easily and that the formation
a genuine SEI—an interphase that blocks electrolyte contact
while allowing ion transport—on Zn metal is not yet certain.
The formation and functionalities of ZnF,-rich SEIs are also
debatable. In many cases, X-ray photoelectron spectroscopy
(XPS) has been used to confirm the presence of ZnF, within
the SEI. However, the decomposition of residual salts and
solvents and their reduced fragments on the electrode sample
during XPS measurements can produce a strong Zn-F signal,
especially under Ar* sputtering conditions."®*?”°>® The concept
of a F-rich SEI, an extension of ideas proposed for nonaqueous
Li-ion/Li-metal batteries, might not simply apply to aqueous
Zn-metal batteries. For example, both experimental and theo-
retical analyses have highlighted the effect of LiF in compacting
the SEI by trapping other SEI components owing to the high
electronegativity of fluorine.®”>*** LiF has low solubility in
organic solvents, allowing it to stably exist on the electrode
surface and serve as an anchor, connecting the anode and
SEL%*1%32 In the LiF-rich SEI, Li" are expected to conduct not
through LiF itself but rather through other SEI components or
at the grain boundary between LiF and other SEI components
because of the significantly high migration barrier for Li*
within the LiF crystals.**®?>%%337%37 1mportantly, various SEI

4270 | Chem. Soc. Rev., 2025, 54, 4200-4313

components, which ensure a high Li" conductivity, are present
within the LiF-rich SEI, and the synergistic effect of these
components with LiF contributes to the maintenance of the
SEI and the improvement of the SEI functionalities.?*®3>96337637

The migration of Zn** within ZnF, encounters more resis-
tance than the migration of Li* within LiF, as multivalent ions
typically exhibit higher migration resistance than alkali ions.
Computational calculations of Zn*" conduction on/within ZnF,-
rich layers have often assumed direct contact between ZnF, and Zn
metal (details in Section 7.5).°*%*° However, the layers formed on
Zn metal are tens to thousands of nanometers thick, and most of
the ZnF, exists within the layer without direct contact with the Zn
metal. Additionally, studies in other multivalent-ion systems (such
as Ca®" and Mg>*) have demonstrated that the use of imide salt-
based electrolytes, which form F-rich SEIs, results in a high
migration resistance of the carrier ions, leading to inferior Cou-
lombic efficiency in plating and stripping.®*'*** There is no
evidence that Zn>" can migrate rapidly within F-rich layers, unlike
other multivalent ions (Ca** and Mg>*). Moreover, as discussed in
Section 6, fluorinated compounds cannot stably exist on metal
surfaces even in highly salt-concentrated aqueous electrolytes
(Fig. 32). Furthermore, a synergistic effect with ZnF, and other
rapid Zn>"-conducting SEI components is hardly expected, as there
have been limited reports of fast multivalent ion-conducting
materials.®?*%?>% Introducing borate salts into nonaqueous elec-
trolytes provides high Coulombic efficiency in Ca and Mg plating/
stripping reactions, forming the SEI with sufficient Ca** and Mg”*
transport.””>**>"%*® However, borate salts are prone to hydrolysis,
rendering their use in aqueous systems challenging.

This journal is © The Royal Society of Chemistry 2025
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Fig. 55 TEM images of the cycled Zn metal in various electrolytes. No SEI was observed on the Zn-metal surface in aqueous (a) 4 m Zn(OTf),/H,0%8
and (b) 4 m Zn(TFSI)2/H»0.%%° The presence of the SEI was confirmed only in the hybrid aqueous/nonaqueous Zn electrolytes, such as (c) 4 m Zn(TFSI), +
4 m tributyl (2-methoxyethyl)-TFSI/H,0,*° (d) 4 m Zn(OTF), + 0.5 m trimethylethylammonium-OTf/H,0,5'® (e) 30 m ZnCl, + 5 m LICl + 10 m
trimethylammonium-Cl/dimethyl carbonate : H,O (1:5, n:n),>*” () 30 m ZnCl, + 5 m LiCl + 10 m trimethylammonium-Cl/diethyl carbonate : H,O (1:5,
n:n)%” and (g) 1 M Zn(OTf),/tetrahydrofuran: H,O (1:3, v:v).%%° However, the observed SEI, with a thickness ranging from tens to thousands of
nanometers, questions whether sufficient Zn?* transport into the SEI is possible. Reprinted with permission from Nature Nanotechnology (a) and (c),

Angewandte Chemie International Edition (b) and (d), Nature Sustainability (e) and (f), and Advanced Materials (g).

In summary, the presence and function of the SEI in aqu-
eous Zn-metal batteries lack substantial supporting evidence.
To summarize the rationale for this statement:

(1) The high redox potential of Zn metal provides insufficient
thermodynamic driving force for anion-derived SEI formation.

(2) The high dielectric constant and small molecular size of
water, along with hydrogen-gas generation from water
reduction, critically hinder the maintenance of the SEI.

(3) ZnF, has a high Zn** migration resistance and seldom
interacts directly with the metal surface in thick SEI layers.

(4) It is unclear whether specific compounds that provide
sufficient Zn>* conductivity are abundantly present within the SEL

The increased HER overpotential on Zn metal, induced by a
high salt concentration; the deposits of electrolyte reduction
products; and interactions among water, anions, co-solvents, and
their reduction species on Zn metal and in the electrolyte might
contribute more to suppressing the side reactions than the SEI
Further research on the formation, maintenance, and functional-
ities of the SEI in aqueous Zn-metal batteries, with a comprehen-
sive understanding and careful investigation is needed.

This journal is © The Royal Society of Chemistry 2025

7.5. Limited evidence on the effects of ex situ artificial SEIs

and scaffolds

The challenges associated with forming an in situ SEI through
electrolyte modification have driven the development of ex situ
artificial SEIs and scaffolds designed to facilitate smooth Zn
plating and stripping while preventing various side
reactions.®*’7%%° Table 14 lists the types of ex situ artificial SEIs
and scaffolds that have been introduced, along with their
contributions to the Zn-metal stability. Although a considerable
number of papers have been published on ex situ artificial SEIs
and scaffolds, numerous questions about these technologies
persist, some of which are listed below:

(1) Among the commonly discussed mechanisms, which
factor (e.g., hydrophobic binder, electrolyte wettability, nuclea-
tion overpotential, and distribution of Zn>" and electrons) is the
most crucial for stable Zn plating and stripping?

(2) Why are there only a handful of studies conducted under
practical conditions, where a substantial amount of Zn** is
involved in plating and stripping with a high state of charge
and depth of discharge?

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4271
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Fig. 56 (a) and (b) Comparison of the SEI thickness in the dry state and in a vitrified electrolyte.®? (c) Correlation between the Coulombic efficiency of Li
plating/stripping and the SEI swelling ratio in various electrolytes. Electrolytes providing high Coulombic efficiency in Li plating and stripping have a low
SEI swelling ratio (SEI thickness in the dried state compared to that in the vitrified state in the electrolyte).621 (d) SEI growth on Li metal before and after
calendar aging in LiPFe/ethylene carbonate:diethyl carbonate.®%? (e) Histogram of the time-dependent change in the SEI thickness.®? An electrolyte
design that suppresses changes in the SEI, such as swelling and dissolving, will ensure high Coulombic efficiency in batteries. Reprinted with permission

from Science (a)—-(c) and Nature Energy (d) and (e).

(3) Can ex situ artificial SEIs ensure sufficient Zn**
conductivity?

(4) Is delaying a short circuit of the battery using three-
dimensional scaffolds more important than their potential for
accelerating electrolyte reduction due to the increased surface
area of plated Zn?

All these questions highlight the persistent need for exten-
sive research from both scientific and practical perspectives.
Before delving into detailed discussions, an overview of the
research conducted on ex situ artificial SEIs and scaffolds will
be presented.

In 2018, Wang and Jiang’s group were successful in enhan-
cing the Zn-metal stability by coating it with a 90 um-thick
porous carbon film, which endowed high electrical conductivity
and chemical stability (Fig. 58).°>" This treatment facilitated

4272 | Chem. Soc. Rev., 2025, 54, 4200-4313

homogeneous current distribution, enabling uniform Zn
deposition without dendrite formation. In symmetric cell tests
using a 0.4 M Zn(OTf), + 8 M NaClO,/H,0 electrolyte at 2.5 mA
cm~2 and 1.0 mA h em ™2, the carbon-coated Zn metal demon-
strated stable cycling over 300 h, in contrast to bare Zn, which
short-circuited after just 20 h.

In 2019, Lu and co-workers adopted a three-dimensional
carbon nanotube framework with a high surface area and
electrical conductivity as a scaffold for Zn plating and
stripping.®®® This setup reduced the overpotential for Zn plat-
ing and minimized the tip effect by homogeneously distribut-
ing the electric field. Consequently, the symmetric cell in 2 M
ZnS0O,/H,0, operating at 2.0 mA cm > and 2.0 mA h ecm 2
demonstrated stable performance over 200 h with suppressed
side reactions and Zn dendrite growth.

This journal is © The Royal Society of Chemistry 2025
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Fig. 57 Various SEl degradation modes in aqueous electrolytes.

In 2023, Zhang et al. fabricated 20 nm-thick carbon-coated
Zn metal through magnetron sputtering.®®" The enhanced
wettability of the electrolyte, evidenced by a decrease in the
contact angle from 99° to 47°, promoted more uniform charge
distribution on the Zn metal. The plated Zn on the carbon-
coated surface was flatter, more compact, and uniform com-
pared to the loosely and unevenly distributed nanosheet-like
features on bare Zn, thus reducing electrolyte decomposition
with a smaller reaction area. Remarkably, the cycling stability of
symmetric cells in 2 M ZnSO,/H,0 exceeded 3500 h under
various conditions (0.5 mA cm™2/0.5 mA h cm ™2, 1.0 mA cm ™2/
1.0 mA h em™?, and 2.0 mA cm %/2.0 mA h cm™?), with a
notable suppression of byproduct formation.

The introduction of inorganic materials as artificial SEIs has
been explored for its potential benefits. In 2018, Mai et al.
applied a chemically and electrochemically stable amorphous
TiO, layer to Zn metal via atomic layer deposition, resulting in
an 8 nm-thick barrier that reduced the formation of less-
conductive byproducts like Zn(OH), and minimized electrolyte
decomposition, as shown in Fig. 59.°™ In symmetric cell tests
with 3 M Zn(OTf),/H,O at 1.0 mA cm > and 1.0 mA h cm ™2, the
TiO,-coated Zn exhibited enhanced stability, lasting over 150 h.
This was in contrast to the behavior of bare Zn, which failed
just after 30 h.

Around the same time, Kang and co-workers engineered a
porous, ex situ artificial SEI composed of nano CaCO; and poly-
vinylidene difluoride. The SEI was designed to mitigate dendrite
growth and suppress electrolyte reduction by guiding the Zn
plating and stripping processes beneath the artificial SEL.°** This
modification enabled sustained Zn plating and stripping for over
840 h in a symmetric cell containing a 3 M ZnSO, + 0.1 M MnSO,/
H,0 electrolyte at 0.25 mA cm ™ > and 0.05 mA h cm ™ To further

This journal is © The Royal Society of Chemistry 2025
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emphasize the role of metal affinity in the SEI performance, Wang
et al. demonstrated that TiO, with a low metal affinity offered
enhanced protective effects, inducing Zn plating and stripping
beneath the layer, as depicted in Fig. 59.°”' Density functional
theory calculations showed that the TiO, (001) facet exhibited
lower Zn affinity than the TiO, (100) facet. TiO,-coated Zn metal,
which was strategically prepared to expose primarily the TiO, (001)
facet, offered reduced dendrite growth and byproduct formation,
thereby extending the cycle life of Zn plating and stripping in a
symmetric cell using 1 M ZnSO,/H,0 to over 460 h at 1.0 mA cm™>
and 1.0 mA h em ™~

In 2021, Li et al. reported computational studies on the
enhanced cycling performance with ZnF,-coated Zn metal. Their
analyses revealed that the ZnF, matrix on the Zn surface aided
Zn** desolvation from the electrolyte and ensured a more uni-
form distribution, thus suppressing dendrite growth.®*® Concur-
rently, using the climbing image nudged elastic band method,
Ma et al. found that the diffusion energy barrier for a single Zn*
ion was significantly lower on the ZnF, (002) facet (0.27 eV)
compared to that on the bulk ZnF, surface (0.67 eV).**° This
suggested that Zn*>* exhibited higher conductivity on the exposed
ZnF, (002)/Zn metal surface, thereby kinetically facilitating their
insertion into the ZnF,-coated Zn metal with a reduced energy
barrier (0.52 eV), compared to those on bulk ZnF, (4.08 eV) and
bulk Zn (0.67 eV). Supporting this, Han and co-workers presented
corroborative results, which showed that based on the defect
formation energy calculations for ZnF,, the formation of Zn>*
interstitials made them the most energetically favorable defect.®*®
This allowed interstitial Zn>* to stably remain within the ZnF,
matrix. Furthermore, the ZnF, structure contained channels
along the c-axis, which spanned the entire structure, providing
diffusion barriers of 0.25 eV for Zn>" and 0.15 eV for Zn®, thereby
facilitating the transport of Zn>* to/from the Zn anode. However,
note that the electrochemical properties of ZnF, are still under
debate, as discussed in Section 7.4.

The cycling stability of aqueous Zn-metal batteries is signifi-
cantly affected by uncontrollable morphological changes and the
formation of numerous cracks and defects during the Zn plating
and stripping processes. Thermodynamically, the formation of
nuclei at dislocated sites is favored, leading to the creation of
numerous protuberances that eventually grow into Zn dendrites,
thereby shortening the lifespan of batteries. To address these
challenges, Lang et al. introduced lamella-nanostructured eutec-
tic zinc-aluminum (ZngsAly,) alloys (Fig. 60).°”> Zn and Al lamel-
las serve dual roles—they provide charge carriers for Zn®>" and
offer a favorable skeleton for Zn plating. The formation of an
Al,O; layer on Al lamellas protects against the dissolution of Al,
driven by the low thermodynamic potential of Al (AI/AI**: —1.66 V
vs. SHE) relative to that of Zn (Zn/Zn>*: —0.76 V vs. SHE), inhibits
electron transfer from Al to Zn**, and forms a positive electro-
static shield around the Al/Al,O; lamellas. This shield prevents
the direct reduction of Zn** on the Al lamellas and ensures
uniform Zn deposition within their interlayer spacing at Zn
precursor sites. A symmetric cell test performed in an O,-free
2 M ZnSO,/H,0 electrolyte at 0.5 mA cm™> and 0.5 mA h cm ™
exhibited almost negligible voltage hysteresis over 2000 h, which
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Table 14 Materials used for ex situ artificial SEls and scaffolds and their electrochemical properties. The Zn-metal stability is represented by the cycle life,
which corresponds to the amount of time for which Zn plating and stripping processes can be sustained in symmetric cells (modified Zn|modified Zn)
until a short circuit occurs

Year Materials Electrolytes Cycle conditions Cycle life (h)
2018  Active carbon®! 0.4 M Zn(OTf), + 8 M NaClO,/H,0 1.0 mA cm 2, 1.0 mA h cm > 200
2.5 mA cm 2, 1.0 mA h em ™2 300
2018 Reduced graphene oxide®* 1 M ZnSO,/H,O 1.0 mAcm %, 2.0 mAhcm 2 200
2.0 mA cm 2, 2.0 mA h em ™2 200
5.0 mAcm 2, 2.0 mAhcm 2 200
10 mA cm ™2, 2.0 mA h em™? 200
2019 Carbon nanotube®? 2 M ZnSO,/H,0 2.0 mA cm ™2, 2.0 mA h em™2 200
5.0 mA cm 2, 2.5 mA h cm ™2 150
2019  Reduced graphene oxide®>* 0.5 M ZnSO,/H,0 0.2 mA cm 2, 0.2 mA h cm ™2 2000
0.4 mA cm 2, 0.4 mA h cm™2 2000
1.0 mAcm % 1.0 mAhcm ™2 1200
2020  ZIF-8 metal organic framework- 1 M ZnSO4/H,0 1.0 mA cm 2, 1.0 mA h em ™2 400
derived carbon®*® 2.0 mA cm 2, 2.0 mA h cm™2 400
5.0 mA cm 2, 5.0 mAh cm ™2 400
10 mA cm ™2, 10 mA h em ™2 400
2020  Carbon nanotube®® 2 M Zn(OTf),/H,0 0.1 mA cm 2, 0.5 mA h cm™2 1800
2020  Graphite®”’ 2 M ZnSO,/H,0 0.1 mAcm 2 0.1 mAhcm? 200
2021 Carbon fiber/carbon®*® 3 M Zn(OTf),/H,0 0.25 mA cm ™2, 0.125 mA h cm™? 200
2021  N-Doped graphene oxide®*® 2 M ZnSO,/H,0 1.0 mA cm %, 1.0 mA h em ™ 1200
5.0 mA cm 2, 5.0 mA h cm ™2 300
2023 Fullerene Cg,®*° 2 M ZnSO4/H,0 0.25 mA cm ™2, 0.25 mA h cm ™2 3800
2.0 mAcm 2 1.0 mA h cm ™2 2000
2023 20 nm carbon®®* 2 M ZnS0,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 3500
1.0 mA cm ™2, 1.0 mA h em ™2 3500
2.0 mAcm 2% 2.0 mAhcm 2 3500
2023 Hollow porous carbon 2 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 2700
nanospheres®? 5.0 mA cm 2, 1.0 mA h cm 2 1515
10 mA cm ™2, 10 mA h em ™2 280
2023 B-Cyclodextrin-carbon 1 M ZnSO,4/H,0 5.0 mA cm %, 1.0 mA h cm ™2 1000
nanotube®®? 10 mA ecm ™2, 2.0 mA h em™2 350
2018  TiO,*"! 3 M Zn(OTf),/H,0 1.0 mA cm ™2, 1.0 mA h em™2 150
2018 CaCO;%%* 3 M ZnSO, + 0.1 M MnSO,/H,0 0.25 mA cm ™2, 0.05 mA h cm ™2 836
Si0,%** 0.25 mA cm ™2, 0.05 mA h cm ™2 200-250
Acetylene black®** 0.25 mA cm 2, 0.05 mA h cm ™2 400
2019  Au®® 3 M ZnSO,/H,0 0.25 mA cm ™2, 0.05 mA h cm ™2 2000
2019  ZnO®%® 2 M ZnSO, + 0.1 M MnSO,/H,O 5.0 mA cm 2, 1.25 mA h em™2 500
2020  In®®’ 2 M ZnSO,/H,0 0.2 mA cm 2, 0.2 mA h cm™2 1500
1.0 mAcm %, 1.0 mAh cm ™2 500
2020  In®%® 2 M ZnSO,/H,0 0.25 mA cm ™2, 0.05 mA h cm ™2 1400
1.0 mA cm ™2, 1.0 mA h em ™2 300
4.0 mAcm % 1.0 mAh cm™? 400
2020  Cu®® 3 M ZnSO,/H,0 1.0 mA cm 2, 0.5 mA h cm ™2 1500
2020  ZnS®° 1 M ZnSO4/H,0 2.0 mA cm 2, 2.0 mA h cm ™2 1100
2020  TiO,*"* 1 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 460
2.0 mA cm ™2, 2.0 mA h em™2 280
2020  ZnggAl,*"* 0, free - 2 M ZnSO,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 2000
2020  Zn0,*”? 1 M Zn(OTf),/H,0 0.2 mA cm 2, 0.2 mA h em > 1000
1.0 mA cm ™2, 1.0 mA h em ™2 400
5.0 mA cm 2, 2.5 mA h cm ™2 100
2020  ALO,%* 3 M Zn(OTf),/H,0 1.0 mA cm 2, 1.0 mA h em ™2 500
2020  Kaolin (Al,Si,05(0H),)*"® 2 M ZnSO,/H,0 4.4 mAcm % 1.1 mAh cm™? 800
2020  ZrO,%’° 2 M ZnSO,/H,0 0.25 mA cm ™2, 0.125 mA h cm™ 3800
5.0 mA cm 2, 1.0 mA h cm ™2 2100
2020  NaTiy(PO,);*"” 2 M ZnSO,/H,0 1.0 mA cm ™2, 1.0 mA h em ™2 250
2021 Cu®’® 3 M ZnSO, + 0.1 M MnSO,/H,0 1.0 mAcm 2, 1.0 mAhcm 2 5000
5.0 mA cm 2, 2.0 mA h em™2 1500
2021 In®”? 3 M ZnSO,/H,0 1.0 mA cm ™2, 0.5 mA h cm ™2 700
20 mA cm ™2, 20 mA h em ™2 80
2021 Ag*® 3 M Zn(OTf),/H,0 0.2 mA cm >, 0.2 mA h em™> 1450
1.0 mA cm 2, 1.0 mA h cm ™2 350
2.0 mA cm™2, 2.0 mA h em™? 150
2021 Sn°®%t 1 M ZnSO4/H,0 0.5 mA cm 2, 1.0 mA h cm ™2 500
2021 Sn®8? 2 M ZnSO,/H,0 1.0 mA cm ™2, 0.5 mA h cm ™2 500
2021  Sn°®®® 1 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em 2 800
2021 Zn;Mn®%* 2 M ZnSO,/H,0 80 mA cm 2, 16 mA h cm ™2 750
2021  Ga-In®*® 3 M ZnSO,/H,0 0.25 mA cm ™2, 0.05 mA h cm ™2 2100
1.0 mA cm 2, 0.1 mA h cm ™2 1250
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5.0 mA cm 2, 0.1 mA h em ™2 370
2021 Ga-In-Zn®%® 2 M ZnSO4/H,0 1.0 mA cm ™2, 0.5 mA h em ™2 500
2.5 mA cm 2, 2.5 mA h em™2 200
2021  ZnSe®®’ 2 M ZnS0,/H,0 0.5 mA cm 2, 1.0 mA h em ™2 450
1.0 mA cm 2, 1.0 mA h em™2 1500
10 mA cm 2, 1.0 mA h em? 1500
10 mA cm ™2, 5.0 mA h cm™? 160
2021 ZnSe®® 2 M ZnSO,/H,0 1.0 mA cm ™2, 1.0 mA h em ™2 1530
30 mA cm ™%, 10 mA h em ™2 170
2021 ZnSe®®® 2 M ZnSO4/H,0 1.0 mA cm 2, 0.5 mA h cm ™2 1700
2021  CuzN®° 2 M ZnS0,/H,0 0.5 mA cm™2, 0.5 mA h em™? 800
2021 TiN°®* 2 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h cm ™2 2800
2.0 mA cm 2, 2.0 mA h em™2 1000
5.0 mA cm 2, 0.5 mA h cm™2 500
2021  Si;N/polyacrylonitrile®®” 2 M ZnS0,/H,0 0.25 mA cm 2, 0.25 mA h cm ™2 800
1.0 mA cm ™2, 1.0 mA h em ™2 800
5.0 mAcm 2, 5.0 mAhcm 2 400
10 mA cm ™2, 10 mA h em ™2 250
2021 Znp®*? 2 M ZnSO,/H,0 2.0 mA cm 2, 0.5 mA h cm™2 3300
5.0 mA cm 2, 1.25 mA h cm ™2 3200
10 mA cm ™2, 2.5 mA h cm™? 1900
2021 7-ALO;* 2 M ZnSO,/H,0 1.0 mA cm ™2, 0.5 mA h em ™2 300
2021  BaTiO;*”® 2 M ZnS0,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 2000
5.0 mA cm 2, 2.5 mA h cm ™2 1500
2021 BaTiO;/polyvinylidene 1M ZnSO, + 0.1 M MnSO,/H,0 1.0 mA cm 2, 1.0 mA h cm ™2 4100
difluoride®® 10 mA cm 2, 2.0 mA h em? 1300
20 mA cm ™%, 2.0 mA h cm™? 600
40 mA cm ™2, 2.0 mA h em ™2 225
2021 Sc,0,%%7 2 M ZnSO, + 0.1 M MnSO,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 275
1.0 mA cm ™2, 1.0 mA h em ™2 200
2.0 mAcm % 2.0 mAhcm 2 250
2021 Ce0,%% 2 M ZnSO, + 0.1 M MnSO,/H,0 1.8 mA cm 2, 0.45 mA h cm ™2 100
44 mAcm % 1.1 mAhcm™? 1200
2021 Ce0,%” 2 M ZnSO,/H,0 0.5 mA cm 2, 0.25 mA h ecm™> 1300
5.0 mA cm 2, 2.5 mA h cm ™2 1300
2021 HfO,”%° 2 M ZnSO,/H,0 0.4mAcm % 0.1mAhcm? 250
2021  Zn,V,05nH,0”! 2 M ZnSO,/H,0 0.25 mA cm ™2, 0.05 mA h cm ™2 570
2021 Mg e67Alp.333(OH),- 2 M ZnSO,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 1450
(C03)0.157(H20)0.5702 1.0 mA cm ™2, 1.0 mA h em ™2 400
2.0 mA cm ™2, 1.0 mA h em™? 400
5.0 mA cm 2, 1.0 mA h cm ™2 400
2021  ZnF,** 2 M ZnS0,/H,0 0.5 mA cm 2, 1.0 mA h cm ™2 500
1.0 mA cm 2, 1.0 mA h em 2 800
10 mA cm ™2, 1.0 mA h cm™? 500
2021 ZnF,%* 2 M ZnSO,/H,0 1.0mAcm %, 1.0 mAhcm 2 2500
2.0 mA cm 2, 1.0 mA h cm ™2 2500
5.0 mA cm 2, 1.0 mA h cm ™2 2500
2021  ZnF,*® 2 M ZnS0,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 700
2021 ZnF,/Zn;(PO,4),/CF,”* 2 M ZnSO4/H,0 1.0 mA cm 2, 2.0 mA h em™2 500
14.2 mA cm™ 2, 7.1 mA h cm™? 187
2021 Zn-Sb;P,0,,”%* 3 M ZnSO, + 0.1 M MnSO,/H,0 1.0 mAcm 2 1.0 mA h cm 2 1300
10 mA cm ™2, 10 mA h em ™2 450
2022  ZnF,/Ag’® 2 M ZnS0,/H,0 2.0 mA cm 2, 2.0 mA h em™2 2200
5.0 mA cm 2, 10 mA h cm™> 140
0.25 mA cm %, 0.25 mA h em ™ (—40 °C) 1600
2022  ZnF,/Cu’® 1 M ZnSO,/H,0 1.0mAcm %, 1.0 mAhcm 2 2000
3.0mAcm 2 3.0 mAhcm 2 700
2022 MgF,’”’ 1 M Zn(OTf),/H,0 1.0 mA cm 2, 1.0 mA h cm™2 500
10 mA cm ™%, 1.0 mA h em ™2 1600
2022  In’%® 2 M ZnSO4/H,0 1.0 mA cm 2, 0.5 mA h cm ™2 9400
5.0 mA cm 2, 0.5 mA h cm™2 8000
2022 Sn’® 2 M ZnS0,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 1200
2022  Sb’° 2 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 800
3.0 mA cm 2, 1.0 mA h cm™2 1000
2022 ZnjzAl,7 M 2 M ZnS0,/H,0 1.0 mA cm 2, 1.0 mA h em 2 3000
5.0 mA cm 2, 1.0 mA h cm ™2 480
2.0 mA cm 2, 0.5 mA h cm™2 400
2.0 mA cm 2, 2.0 mA h em™? 500
2022  ZnMoO,”*? 3 M ZnSO,/H,0 0.25 mA cm ™2, 0.125 mA h cm™? 1000
1.0 mAcm %, 1.0 mAhcm 2 2000
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10 mA cm ™2, 1.0 mA h em™> 10000
2022  Znz(OH),V,0,-2H,0”" 2 M ZnSO4/H,0 1.0 mA cm ™2, 0.5 mA h em ™2 2000
2.0 mA cm 2, 1.0 mA h em™2 1100
10 mA cm ™2, 1.0 mA h em™? 1000
2022 Zng(PO,),/Nafion”** 1 M ZnSO,/H,0 0.5 mA cm 2, 0.25 mA h em™> 2800
2.0 mAcm % 1.0 mAhcm 2 900
2022  KTags54Nbg 4605 "° 1 M ZnSO4/H,0 1.0 mA cm 2, 1.0 mA h em ™2 1200
2.0 mA cm 2, 1.0 mA h cm™2 800
2022 ZrP’'® 2 M ZnS0,/H,0 0.5 mA cm 2, 1.0 mA h cm ™2 780
5.0 mA cm 2, 1.0 mA h cm ™2 780
10 mA ecm™2, 1.0 mA h em™2 350
2022  n-Butylamine intercalated 2 M ZnS0,/H,0 6.0 mA cm 2, 1.0 mA h cm ™2 3000
o-ZrP’Y’ 6.0 mA cm 2, 3.0 mA h em ™2 450
10 mA cm 2, 10 mA h em™2 80
2022  MoS,”*® 1 M ZnSO,4 + 1 M MnSO,4/H,0 2.5 mA cm 2, 0.416 mA h cm 2 170
2023 Feg,Nize ™0 3 M ZnSO,/H,0 0.5 mA cm 2, 0.5 mA h cm™2 700
2023 cu’?® 2 M ZnSO,/H,0 0.2 mAcm 2,02 mAhcm 2 1200
1.0 mA cm 2, 0.2 mA h em™2 400
2023  Au’*? 1 M ZnSO,/H,0 5.0 mA cm 2, 1.0 mA h cm ™2 1200
10 mA cm %, 1.0 mA h em ™2 1200
20 mA cm ™2, 1.0 mA h cm™? 1200
50 mA cm ™2, 1.0 mA h cm™? 200
5.0 mA cm 2,10 mA h em™? 500
20 mA cm ™2, 10 mA h em ™2 500
2023 Sn/Cu/reduced graphene oxide 2 M ZnSO,/H,0 0.5 mA cm™2, 1.0 mA h em™? 3000
2.0 mAcm 2 1.0 mA h cm 2 3500
10 mA ecm™ 2, 1.0 mA h em ™2 1600
10 mA cm 2, 10 mA h em™2 250
2023  Si/polyvinylidene fluoride’** 3 M ZnS0,/H,0 0.25 mA cm ™2, 0.05 mA h cm ™2 3800
2023 Cu-Zn/polyvinyl butyral”>* 2 M ZnSO4/H,0 0.5 mA cm 2, 0.5 mA h em > 2750
2023 SnSb/Nafion”*> 3 M ZnS0,/H,0 1.0mAcm %, 1.0 mAhcm 2 1500
6.0 mA cm 2, 1.0 mA h cm ™2 650
5.0 mA cm 2, 5.0 mA h cm ™2 350
10 mA cm ™2, 10 mA h em ™2 180
2023 Si0,-OH"%° 2 M ZnSO4/H,0 1.0 mA cm 2, 1.0 mA h em ™2 3400
10 mA cm 2, 1.0 mA h ecm 2 2500
2023 B’-Al,0;7* 2 M ZnSO,/H,0 1.0 mAcm %, 1.0 mAh cm ™2 1600
2.0 mA cm 2, 1.0 mA h em ™2 1125
4.0 mA cm ™2, 1.0 mA h cm™? 1200
10 mA cm ™2, 1.0 mA h em™> 750
2023 HfO, ,"*® 2 M ZnSO4/H,0 1.0 mA cm ™2, 1.0 mA h em ™2 5000
5.0 mA cm 2, 1.0 mA h cm ™2 2100
2023 SrTiO;"*° 2 M ZnSO,/H,0 0.5 mA cm 2, 0.5 mA h em ™2 4000
1.0 mA cm 2, 1.0 mA h em™2 3000
2.0 mAcm % 2.0 mAhcm 2 700
5.0 mA cm 2, 5.0 mA h cm ™2 400
2023 Zno”*° 2 M ZnSO,/H,0 1.0 mA cm ™2, 1.0 mA h ecm ™2 1500
20 mA cm ™2, 10 mA h em ™2 600
2023 ZnpP’3! 2 M ZnSO4/H,0 1.0 mA cm 2, 1.0 mA h em ™2 2000
10 mA cm %, 5.0 mA h ecm™2 1260
20 mA cm ™2, 10 mA h em ™2 100
2024  ZnOj/carbon fiber”*? 2 M ZnSO,/H,0 0.2 mA cm ™2, 0.2 mA h ecm™2 4000
1.0 mA cm 2, 1.0 mA h em ™2 1000
5.0 mA cm 2, 2.5 mA h em ™2 950
20 mA cm ™%, 10 mA h em™2 1750
30 mA cm 2,15 mA h cm ™2 1800
2024  Fe-N-porous carbon’®? 2 M ZnSO,/H,0 10 mA cm 2, 1.0 mA h em? 430
2019  UiO-667%* 3 M ZnSO, + 0.1 M MnSO,/H,0 1.0 mAcm %, 0.5 mAhcm 2 500
3.0 mA cm 2, 0.5 mA h cm™2 500
2020  ZIF-77%% 2 M ZnSO,/H,0 0.5 mA cm 2, 0.5 mA h cm™2 3000
2020  Zeolite/Nafion”® 2 M ZnS0,/H,0 1.0 mA cm 2, 0.5 mA h em ™2 1000
2.0 mA cm 2, 0.5 mA h cm ™2 1000
5.0 mA cm 2, 0.5 mA h cm™2 10 000
1.0 mA cm 2, 10 mA h em™> 1000
2020  ZIF-87%7 2 M ZnSO4/H,0 2.0 mA cm 2, 1.0 mA h cm ™2 1300
2.0 mA cm 2, 2.0 mA h em™2 700
2021  ZIF-87%® 2 M ZnS0,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 2000
2.0 mA cm 2, 1.0 mA h em™2 320
10 mA cm 2, 1.0 mA h em? 5000
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2021 Zn(benzene tricarboxylate);”*° 2 M ZnS0,/H,0 1.0 mA cm 2, 1.0 mA h em 2 800
3.0 mA cm ™2, 0.5 mA h cm™2 400
4.0 mAcm 2, 1.0 mA h em™? 400
2021 Covalent organic framework”*° 2 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 420
2.0 mA cm 2, 1.0 mA h cm™2 260
2021 Fluorinated covalent organic 2 M ZnSO,/H,0 5.0 mAcm 2, 1.0 mAh cm 2 1700
framework”** 40 mA cm ™2, 1.0 mA h em ™2 750
2021  Montmorillonite”*? 2 M ZnSO,/H,0 1.0 mA cm ™2, 0.25 mA h em ™ 1000
10 mA cm ™2, 45 mA h em ™2 1000
2021 Zn-montmorillonite”** 2 M ZnSO4/H,0 1.0 mA cm 2, 0.5 mA h cm ™2 900
2.0 mA cm ™2, 0.5 mA h cm™2 700
2.0 mA cm 2, 1.0 mA h cm 2 700
2022  ZIF-87% 2 M ZnSO,/H,0 0.5 mA cm 2, 0.2 mA h cm ™2 680
2022  ZIF-8/graphene oxide”*® 2 M ZnSO,/H,0 0.5 mA cm 2, 0.5 mA h cm™2 2200
10 mA cm ™2, 0.5 mA h em™> 2400
2022 MCM-41 mesoporous molecular 3 M ZnSO4/H,0 1.0 mA cm ™2, 1.0 mA h em ™2 1800
sieves’® 2.0 mAcm % 2.0 mAhcm 2 1500
5.0 mA cm 2, 1.0 mA h em ™2 2200
2022 Covalent organic framework 1 M ZnSO,/H,0 1.0 mA em 2, 5.0 mA h cm ™2 1000
(TpPa-SO;H)*” 5.0 mA cm 2, 5.0 mA h em™? 1000
2023  Sn-MCM-41/polyvinylidene 2 M ZnSO,/H,0 0.4 mA cm 2, 0.2 mA h em > 1400
fluoride”*®
2023  UiO-66-(COOH),”** 2 M ZnSO,/H,0 2.0 mA ecm™2, 2.0 mA h em™? 2800
5.0 mA cm 2, 5.0 mA h cm ™2 800
10 mA cm™2, 10 mA h em ™2 400
2023  ZIF-87° 2 M ZnS0,/H,0 1.0 mA cm™2, 1.0 mA h em™? 1100
5.0 mA cm 2, 5.0 mA h cm ™2 600
2023 UiO-66-(COOH),”*" 2 M ZnS0,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 2700
5.0 mA cm 2, 5.0 mA h em ™2 1600
2019  Polyamide”? 2 M ZnSO,/H,0 0.5 mA cm 2, 0.25 mA h cm ™2 8000
2020  Polypyrrole”™? 2 M ZnSO,/H,0 2.0 mA cm 2, 1.0 mA h cm™> 540
2020  Polyvinyl butyral*** 1 M ZnSO,4/H,0 0.5 mA cm 2, 0.5 mA h em > 2200
2020  Polyacrylamide/ 3 M Zn(OTf),/H,0 0.2 mA cm 2, 0.1 mA h cm™> 2200
polyvinylpyrrolidone”>*
2021 (3-Aminopropyl)triethoxysilane”>® 2 M ZnSO,/H,0 2.0 mA cm 2, 0.5 mA h cm™> 3500
20 mA cm 2, 5.0 mA h em? 600
2021 Lignin”>® 2 M ZnSO,/H,0 2.0 mA cm 2, 2.0 mA h em™2 650
5.0 mA cm 2, 2.0 mA h cm™2 400
2021  B-Polyvinylidene difluoride”” 2 M ZnS0,/H,0 0.25 mA cm 2, 0.05 mA h cm ™2 2000
1.5 mA cm ™2, 0.3 mA h ecm ™2 100
0.25 mA cm ™2, 0.5 mA h em ™2 100
2021  Poly(vinylidene fluoride- 2 M ZnSO,/H,0 0.2 mA cm 2, 0.2 mAh em > 2000
trifluoroethylene)’>®
2021  Polyacrylonitrile”® 2 m Zn(OTf),/H,0 1.0 mA em™2, 1.0 mA h em™? 1100
2021  Poly(2,5-dihydroxy-1,4- 2 M ZnSO,4/H,0 1.0 mA cm 2, 1.0 mA h em > 100
benzoquinonyl sulfide)”®®
2021 Cross-linked polymer (self- 2 M ZnSO4/H,0 2.0 mA cm 2, 2.0 mA h em™> 3500
healable ion regulator)’® 5.0 mA cm 2,20 mA h cm 2 950
10 mA cm 2, 10 mA h cm™? 2000
2021  Cross-linked gelatin®? 1 M Zn(OTf),/H,0 1.0 mA cm 2, 1.0 mA h cm > 4000
2021 Bacterial cellulose”®? 2 M ZnSO,/H,0 0.5 mA cm 2, 0.25 mA h cm™> 3000
5.0 mA cm 2, 2.5 mA h em™2 570
5.0 mA cm 2, 5.0 mA h em ™2 300
2022 Alginate - thermoplastic 2 M ZnSO4/H,0 5.0 mA cm 2, 5.0 mA h em > 1200
polyurethane’®? 10 mA cm ™2, 10 mA h em ™ 500
2022 Zinc alginate gel’®* 2 M ZnSO,/H,0 1.0 mA cm %, 1.0 mA h em > 500
2022  Polyvinyl alcohol®”’ 2 M Zn(OTf),/H,0 0.25 mA cm”?, 0.25 mA h em > 5000
1.0 mA cm 2, 1.0 mA h em ™2 2200
2023 Polyvinylidene difluoride”® 3 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em > 5000
5.0 mA cm 2, 5.0 mA h cm ™2 970
10 mA cm ™2, 10 mA h em ™2 350
2023 Chitosan/sodium alginate”®® 2 M ZnSO,/H,0 1.0 mA cm 2, 1.0 mA h em ™2 6700
5.0 mA cm 2, 2.5 mA h cm™2 1750
10 mA cm ™2, 10 mA h em™? 250
2023 Proteins (silk fibroin/lysozyme)”®” 2 M ZnS04/H,0 1.0mAcm > 1.0 mA h em™> 7000
5.0 mA cm 2, 5.0 mA h cm™2 2000
10 mA cm ™2, 10 mA h em ™2 1100
2023 Carboxymethyl cellulose”®® 1.5 M ZnSO4/H,0 1.0 mA cm % 0.1 mA h em™> 200

This journal is © The Royal Society of Chemistry 2025
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Year Materials Electrolytes Cycle conditions Cycle life (h)
2023 Poly(vinylidene fluoride- 2 M Zn(OTf),/H,0 0.25 mA cm 2, 0.25 mA h em > 6000
hexafluoro propylene) codoped 1.0 mA cm 2, 1.0 mA h cm™? 3250
with poly(ethylene oxide)/Zn- 5.0 mA cm 2, 1.0 mA h em 2000
montmorillonite®®®
2023 Polyglycidyl methacrylate/poly- 2 M ZnSO, + 0.1 M MnSO,/H,0 0.5 mA cm 2, 0.5 mA h em > 2370
ethylene glycol diamine/poly- 1.0 mA ecm™2, 1.0 mA h em™? 1280
vinylidene fluoride”®® 5.0 mA cm 2, 2.5 mA h cm™> 160
2023 Polyvinyl-phosphonic acrylamide/ 2 M ZnSO,/H,0 0.5 mA cm 2, 0.25 mA h em™? 6000
Zn’"° 5.0 mA cm 2, 2.5 mAhcem ™2 1092
2023  Cellulose/Al(OH),/ 3 M Zn(OTf),/H,0 1.0 mA cm 2, 0.16 mA h em™? 1000
polytetrafluoroethylene®'? 2.5 mA cm 2, 0.5 mA h cm ™2 260
2023 Polymerized 2- 2 M ZnSO,/H,0 40 mA cm 2, 1.0 mA h cm ™2 1000
methacryloyloxyethyl phosphor- 40 mA cm 2,10 mA h cm 2 325
ylcholine/carboxymethyl
chitosan””*
2023 1,3,5,9-Tetrathiophenylpyrene’”> 2 M ZnSO,/H,0 0.885 mA cm™ >, 0.885 mA h cm ™2 1000
2019  Ti,C,T,”? 2 M ZnSO,/H,0 1.0 mAcm 2 1.0 mAh cm ™2 300
2.0 mA cm 2, 4.0 mA h cm™2 180
2020  Hydrogen-substituted 2 M ZnSO,/H,0 0.5mAcm % 0.1 mAhcm 2 2400
graphdiyne””* 1.0 mA cm 2, 0.1 mA h em™> 2400
2.0 mA cm 2, 0.1 mA h cm™2 2400
2021 TizC,T,/Sb’”> 2 M ZnS0,/H,0 0.5 mA cm™2, 0.5 mA h em™? 1000
2.0 mA cm 2, 2.0 mA h em ™2 550
5.0 mA cm 2, 5.0 mA h cm™2 550
2021  TizC,T,/ZnS””® 2 M ZnS0,/H,0 0.5 mA cm 2, 0.5 mA h cm ™2 4600
1.0 mA cm ™2, 0.5 mA h em ™2 1100
1.0 mA cm 2, 1.0 mA h em ™2 1100
5.0 mA cm 2, 5.0 mA h em ™2 400
10 mA ecm™2, 1.0 mA h em™2 180
2021  Graphitic carbon nitride (g- 2 M ZnSO,/H,0 2.0 mA ecm™ 2, 2.0 mA h em™? 500
C3N,)”7 10 mA cm 2, 5.0 mA h cm? 120
2021 Sulfonate group-modified boron 2 M ZnSO,/H,0 2.0 mA cm 2, 2.0 mA h em > 2500
nitride””® 5.0 mA cm 2, 2.5 mA h em ™2 1000
10 mA cm ™2, 10 mA h em ™2 350
2022 N/Se-Ti;C,T,/ZnSe””® 2 M ZnSO,/H,0 1.0 mA ecm™2, 1.0 mA h em™? 2500
2.0 mA cm 2, 1.0 mA h em ™2 1500
5.0 mA cm 2, 5.0 mA h cm ™2 700
10 mA cm ™2, 10 mA h em™? 800
2022  Ti;C,Ty/chitosan”®® 2 M ZnSO4/H,0 0.5 mA cm ™2, 0.5 mA h cm ™2 1350
1.0 mA cm 2, 1.0 mA h em ™2 2100
5.0 mA cm 2, 1.0 mA h em? 270
2022 TizC,T,/polypyrrole’® 2 M ZnSO,4/H,0 0.2 mA cm 2, 0.2 mA h em > 2500
2022 Ti;C,T,/reduced graphene 2 M ZnSO,/H,0 10 mA cm 2, 1.0 mA h em? 1050
oxide”®?
2022  Boron nitride”®® 2 M ZnSO,/H,0 1.0 mA cm ™2, 1.0 mA h em ™2 3000
5.0 mA cm 2, 2.5 mAh cem ™2 1600
1.0 mA cm 2, 1.0 mA h em ™2 (=10 °C) 300
2022  Boron nitride”®* 2 M ZnSO,/H,0 1.0 mA cm ™2, 0.5 mA h cm ™ 1600
2.0 mA cm 2, 2.0 mA h em ™2 500
5.0 mA cm 2, 2.0 mA h em™2 600
10 mA cm ™2, 2.0 mA h em™? 600
2023  Graphdiyne™® 2 M ZnS0,/H,0 0.1 mAcm 2 1.0 mA h cm ™2 600
2022  Phytic acid”®® 2 M ZnS0,/H,0 2.0mAcm % 1.0 mAhcm 2 1400
5.0 mA cm 2, 2.5 mAhcm ™2 850
8.0 mA cm 2, 4.0 mA h cm™2 450
2022 Phytic acid”®’ 2 M ZnS0,/H,0 0.5 mA cm 2, 0.25 mA h cm 2 2000
5.0 mA cm 2, 2.5 mA h cm ™2 1800
2022  Phosphoric acid”®® 1 M ZnSO4/H,0 5.0 mA cm 2, 1.0 mA h cm ™2 2400
10 mA cm ™2, 1.0 mA h em™? 1100
20 mA cm ™2, 1.0 mA h cm™? 780
2023  Polyphosphoric acid”® 2 M ZnS0,/H,0 2.0 mA cm %, 1.0 mA h em ™ 6500
10 mA cm ™%, 1.0 mA h em™> 800
10 mA em™2, 5.0 mA h em ™2 300
4278 | Chem. Soc. Rev., 2025, 54, 4200-4313 This journal is © The Royal Society of Chemistry 2025
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Fig. 58 Prevention of Zn dendrite formation by carbon coating.®®* Rep-
rinted with permission from ACS Applied Materials & Interfaces.

200

is a marked improvement over the significant voltage hysteresis
observed in a bare Zn-based cell after only 26 h.

Metal-organic frameworks (MOFs) offer a higher specific
surface area than activated carbons or zeolites and feature a
porous coordination network structure created through interac-
tions between metal ions or cluster nodes and organic ligands.
In 2019, Pan et al. demonstrated that UiO-66, a type of metal-
organic framework, enhances electrolyte wetting capabilities
owing to its high surface area. This characteristic contributes
to stable and uniform Zn plating and stripping.”** This enabled
stable Zn plating and stripping for over 500 h in a symmetric cell

View Article Online

Chem Soc Rev

test using a 3 M ZnSO, + 0.1 M MnSO,/H,O electrolyte at a
constant current of 1.0 mA em™> or 3.0 mA cm > and an areal
capacity of 0.5 mA h cm 2. The following year, Zhou’s group
employed Raman spectroscopy to demonstrate that electrolytes
became highly concentrated within the channels of MOFs.”**
The small pores and channels in these frameworks posed
challenges for inserting large solvated-ion complexes, leading
to a solution structure dominated by ion pairs and reducing the
presence of free water molecules. This distinct environment
enabled smooth Zn plating and stripping while minimizing side
reactions (Fig. 61).

In 2021, Park et al. developed covalent organic frameworks
(COFs)-coated Zn-metal anodes, enabling stable Zn plating and
stripping over 400 h with suppressed side reactions (Fig. 62).”%°
Later that year, Zhao et al. demonstrated that introducing fluori-
nated COFs significantly enhanced the stability of Zn metal and
the electrolyte.”*! The strong interactions between electronegative
fluorine atoms in these frameworks and zinc atoms in the Zn-
metal anode directed the plating orientation to produce a densely
packed Zn deposit, which helped suppress dendrite growth. As a
result, they achieved stable cycling performance over 1700 h at
5.0 mA cm > and 1.0 mA h em™? in a 2 M ZnSO,4/H,0 electrolyte
(Fig. 62).

In the field of Zn electroplating, brighteners, also known as
levelers, are commonly used to enhance the surface gloss by
increasing the Zn nucleation overpotential through strong
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Fig. 59 (a) Performance of Zn|Zn symmetric cells with and without an 8 nm-thick TiO, coating on Zn metal.®™ (b) Schematic of Zn plating and Zn|Zn
symmetric cell results under different coating conditions. ZF, C-TiO,, and F-TiO, correspond to Zn foil, commercial TiO,, and highly (001) facet-exposed
TiO,, respectively.®”* Reprinted with permission from Advanced Materials Interfaces (a) and Nature Communications (o).
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coordination with Zn" in the electrolyte, thereby promoting the
growth of finer Zn nuclei. In 2019, Zhao and co-workers applied
this principle to prevent dendrite formation in aqueous Zn-metal
batteries (Fig. 63).”>> They engineered a polymeric interphase
composed of polyamide and Zn(OTf),, which increased the
nucleation overpotential during Zn plating. This polyamide-
coated Zn metal contributed to long-term cycling stability, endur-
ing over 8000 h in a symmetric cell test conducted in a 2 M
ZnS0,/H,0 electrolyte at 0.5 mA cm™> and 0.25 mA h em™ 2 In
2020, Hao et al. developed a thin polyvinyl butyral coating on Zn
metal using spin-coating techniques.*** The polyvinyl butyral
served as an effective ex situ artificial SEI with distinct properties;
it functioned as an electronic insulator with an electrical resis-
tivity of 2.4 x 10° Q cm. Its abundant oxygen functional groups
ensured strong adhesion to the Zn metal and facilitated Zn>*
transport, while its high hydrophilicity improved the electrolyte
wettability. As a result, the polyvinyl butyral-coated Zn metal
displayed stable performance for over 2200 h in a symmetric cell
that was tested at 0.5 mA cm > and 0.5 mAhem >ina1M
ZnS0,4/H,0 electrolyte.

Research on two-dimensional materials, mainly focusing on
Ti;C,T, MXene, graphdiyne, graphitic carbon nitride (g-C3N,),
and boron nitride, has been conducted because of their
remarkable flexibility, mechanical strength, chemical stability,
and electrolyte wettability. For instance, in 2022, Qiu et al
applied sulfonate group-modified boron nitride nanosheets to Zn
metal, achieving a substantial reduction in the Zn nucleation
overpotential (26 mV at a current density of 1 mA cm™?) and
solvation/desolvation activation energy (57.2 k] mol "), compared
to those on bare Zn, for which the corresponding values were
112 mV and 76.9 k] mol ", respectively (Fig. 64).””® The symme-
trical cell utilizing this sulfonate group-modified boron nitride-
coated Zn metal exhibited a prolonged cycling life, enduring up to
2500 h at 2.0 mA cm™ 2 and 2.0 mA h em ™2, 1000 h at 5.0 mA cm >
and 2.5 mA h em™2, and 350 h at 10 mA cm ™ 2 and 10 mA h em ™2,

Recent studies have focused on simplifying the formation
process of artificial SEIs by immersing Zn metal in acidic
solutions like phytic acid and phosphoric acid. For example, Zn
metal dipped in a 2 mM phytic acid solution for 1 min under
ambient conditions forms a phytic acid-Zn complex layer with a
lamellar structure due to the strong chelating action of the rich
phosphate/carboxyl groups in phytic acid (Fig. 65).”*¢ The anti-
corrosion effectiveness of this layer was evident, as demonstrated
by its substantially lower charge-transfer resistance compared to
that of the untreated bulk Zn metal after resting for two days in a
2 M ZnSO,/H,0 electrolyte. In symmetric cell tests, the phytic
acid-treated Zn metal exhibited high cycling stability, lasting for
1400, 850, and 450 h at 2.0 mA cm?*/1.0 mA h em ™2, 5.0 mA cm ™%/
2.5 mA h cm™> and 8.0 mA cm™>/4.0 mA h em™?, respectively.

However, there is insufficient evidence to confirm that the
materials commonly used in artificial SEIs and scaffolds provide
adequate Zn** conductivity. Additionally, the electrolyte/electrode
conditions that promote the growth of finer Zn nuclei with high Zn
nucleation overpotentials may also increase the Zn growth over-
potentials, thereby accelerating electrolyte reduction, generating
hydrogen gas bubbles, and ultimately hindering uniform Zn

4280 | Chem. Soc. Rev., 2025, 54, 4200-4313
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plating. Therefore, performance enhancement by modifying the
nucleation overpotentials might only be effective under specific
conditions where the operating potential window of the electrolyte
and the battery operating parameters, such as the current density
and temperature, are optimally aligned. Ideally, a protective film
on Zn metal should simultaneously maintain substantially high
HER overpotentials and low Zn plating/stripping overpotentials.
However, the rapid ion conductivity of protons over Zn>*, especially
in acidic solutions, coupled with the facilitated Volmer step of the
HER due to the strong Lewis acidity of Zn**, make the implemen-
tation of this strategy challenging.

Most importantly, the performance of aqueous Zn-metal
batteries has rarely been evaluated practically. To increase the
battery energy density, limiting the amounts of Zn metal and
electrolyte is essential. Under these conditions, long-term
cycling performance with sufficiently high Coulombic efficiency
should be guaranteed. However, most studies on aqueous Zn-
metal batteries, including those utilizing electrolyte modifica-
tion and artificial SEIs/scaffolds, have overlooked this aspect.

The required metal thickness (T}, in pm) to obtain a capacity
of 1 mA em ™2 can be estimated using the following equation:

Mw x 10 000

Required metal thickness (Ty) = WX Fxp

(20)
Here, Mw, n, F, and p represent the molecular weight of the
metal (g mol '), the number of electrons transferred (—), the
Faraday constant (96485 C mol ') which can be converted to
26 801 mA h mol ™, and the density of the metal (g cm™?). Based
on eqn (20), the thickness required to achieve 1 mA h cm™? for
Zn metal is calculated to be 1.71 pm, with My, = 65.38 g mol %,
n=2,and p = 7.14 g cm . This thickness is lesser than that
required for Li metal, which is 4.85-6.8 pm (with My =
6.94 gmol ', n=1,and p = 0.53 g cm ).

To increase the energy density, batteries must be assembled
with thin metal anodes; however, this configuration can limit
the supply of carrier ion resources and potentially degrade the
long-term cycling performance. This underscores the need to
maintain a proper balance among metal thickness, battery
energy density, and overall battery performance. For nonaqu-
eous Li-metal batteries, extensive research is underway to apply
limited amounts of Li metal. This involves using Li" resources,
ranging from none (x0 excess; anode-free setup) to an amount
equal to that provided by the cathode active materials
(x1 excess). For instance, with a layered oxide LiNi, gMn, ;C0,10,
cathode active material having a specific capacity of 200 mA h g+
and a cathode loading of 20 mg cm >, thereby yielding a capacity
of 4 mA h ecm™2, the Li metal should be 19.4 um thick (a capacity of
4 mA h ecm ™ from Li metal) to be able to supply the same amount
(x1 excess) of Li* resources provided from the cathode (Fig. 66).

The same standards can also be used for aqueous Zn-metal
batteries, although most cathode active materials for aqueous
Zn-metal batteries do not include Zn** carrier ion resources,
unlike those for nonaqueous Li-metal batteries. Furthermore,
as discussed in Section 7.1, the capacity of cathode active
materials for aqueous Zn-metal batteries is primarily derived
from the co-intercalation of proton and/or water, not pure

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic of suppressed Zn dendrite growth on lamella-nanostructured eutectic ZnggAly, alloys. (b) Long-term cycling of symmetric

batteries in an O,-free aqueous ZnSO4 solution.®”? Reprinted with permission from Nature Communications.

(desolvated) Zn** intercalation. If the electrode comprises
20 mg cm 2 of a cathode active material that does not offer
Zn”" carrier ion resources initially and provides a capacity of
2 mA h em™? with pure (desolvated) Zn>" intercalation, a 6.84 pm-
thick Zn metal (a capacity of 4 mA h em ™~ from Zn metal) would be
required to fabricate x1 excess Zn-metal batteries (Fig. 66).

Additionally, assuming the use of a 12 mm-diameter elec-
trode (1.13 c¢m?) in coin-cell fabrication for symmetric or
asymmetric Zn-metal stability tests and considering an aqu-
eous Zn electrolyte density of 1 mg mL ™", the amount of
electrolyte required under commercial standards (2-3 mg mA
h™'in Li-ion and Li-metal batteries) with 2 mA h cm 2 cathodes
would be approximately 4.5 pL.

However, many studies used substantially thicker Zn metal
and larger amounts of electrolyte. For instance, data from
approximately 90 papers referenced in Table 14 (excluding
those where values are not mentioned) show an average Zn
metal thickness of 120 pm, with minimum and maximum
values of 10 and 1000 pm, respectively. The exact amount of
electrolyte used is often unspecified; however, most aqueous
batteries employed thick glass fiber separators that require at

This journal is © The Royal Society of Chemistry 2025

least 30-100 pL of the electrolyte to ensure complete saturation.
These findings reveal that the Zn metal thickness and electro-
Iyte volume used in an academic scenario significantly deviate
from those used in commercial standards.

Additionally, side reactions between the electrolyte and Zn
metal involve the formation of complexes such as
Zn,(OH))(anion),-nH,0 and the evolution of hydrogen gas
(HER), which are highly dependent on the Arrhenius equation
(eqn (16)). The overpotentials for HER are typically higher than
those for Zn plating on the Zn-metal surface (details in Section
7.7). The high dielectric constant of water in aqueous Zn
electrolytes ensures rapid ion conductivity even at low temper-
atures—a stark contrast to nonaqueous electrolytes used in
conventional Li-ion batteries, which face conductivity issues at
low temperatures (details in Section 7.7). These distinct proper-
ties, which help stabilize Zn metal and the electrolyte, thereby
improving Coulombic efficiency with suppressed side reactions
at low temperatures, can be disrupted by ex situ coating.”®® On
the other hand, at higher temperatures, Zn metal and electro-
Iyte consumption increase due to accelerated side reactions,
which can compromise the performance and lifespan of the

Chem. Soc. Rev., 2025, 54, 4200-4313 | 4281
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battery. However, most studies on ex situ artificial SEIs and
scaffolds have been conducted at room temperature.

Importantly, under the required strict conditions, small and
medium-scale devices like mobile phones and electric vehicles
must ensure a minimum of 1000 cycles, while large-scale
devices, including energy storage systems, are expected to last
for at least 100000 cycles under a relatively low current of
<0.1 C. These discrepancies highlight the substantial chal-
lenges faced by aqueous Zn-metal batteries in meeting practical
standards.

7.6. Non-standardized methods for estimating Coulombic
efficiency

In all strategies, accurate measurement of the Coulombic
efficiency is the first step for enhancing battery stability. In 2020,
the research team at the US Army Research Laboratory underscored
that studies on rechargeable Zn-metal batteries have employed
different testing methods and conditions, rendering direct compar-
isons of their performance a complex process.””"”** Two electro-
chemical techniques are commonly used to measure the Coulombic
efficiency of Zn plating and stripping reactions: the potentiostatic
method (using cyclic voltammetry, which sweeps the potential at a
constant rate) and galvanostatic cycling (which involves applying a
constant current until specific cut-off conditions, such as voltage,
capacity, or time, are achieved). Fig. 67 illustrates the normalized

4282 | Chem. Soc. Rev., 2025, 54, 4200-4313

View Article Online

Review Article

cyclic voltammetry curves from previous papers, revealing unrealis-
tic potential ranges for Zn plating and stripping.”®> These include an
extremely low plating potential beyond —0.5 V vs. Zn/Zn** and a
high cut-off stripping potential beyond the operating potentials of
common Zn cathodes. The Zn-metal anode is maintained near the
Zn/Zn** potential in real battery applications, and the Zn stripping
potential is constrained by the full-cell discharge cut-off voltage,
typically <1.5 V. Furthermore, cyclic voltammetry does not control
important battery operation parameters such as the current density
and areal capacity.

Compared to cyclic voltammetry, galvanostatic cycling,
which closely replicates real battery operation, is more suitable
for accurately measuring the Coulombic efficiency during Zn
plating and stripping. However, considerable variability still
exists in the galvanostatic test parameters and setups reported
in the literature, and this has already been highlighted in
previous papers on Li-metal batteries. In 2017, Adams et al.
introduced an overview of the galvanostatic cycling conditions
and illustrated how variations in these methods could lead to
differences in the experimental results.”>> The representative
methods are described below.

Method 1. Since the 1970s (or even earlier), a cell comprising
a Li|inert substrate (e.g., such as Cu, Ni) has often been utilized
to measure the Coulombic efficiency during the metal plating
and stripping in nonaqueous electrolytes (Fig. 68).”°* The inert
substrate represents a substrate that has no excess metal. Thus,
the average Coulombic efficiency from Method 1 is determined
using the following equation:

. . . 1 Qs[ripping
Method 1) Average coulombic efficiency = — E =
( ) £ n Qplaling

(21)

Here, n, is the number of cycles, and Qpjating and Qstripping
correspond to the amount of charge passed during the plating
and stripping processes, respectively. This method provides
valuable insights into the development and study of anode-free
rechargeable batteries.

Method 2. In 1990, Aurbach et al introduced a protocol for
measuring the Coulombic efficiency. The method involved the
electrochemical plating of a certain amount of metal onto inert
substrates, followed by periodic stripping and re-plating with 15-
60% of the deposited metal in a systematic manner (Fig. 68).”°° This
method helps to reduce uncertainties related to the interactions
among the substrate surface, electrolyte, and plated metal during
initial plating and stripping processes (e.g. the reaction of surface
oxides on Cu foil with Li to form Cu and Li,0), thus allowing for a
more accurate assessment of the Coulombic efficiency during the
plating and stripping processes. The average Coulombic efficiency
from Method 2 can be derived as follows (eqn (22)):

(Method 2) Average coulombic efficiency

_ anlripping/ re-plating + Qﬁnal stripping (22)

antripping/Ie-plaLing + Qprc-plaﬁng

Here, antn'pping/re-plating; Qpre-platingy and nQﬁnaJ stripping represent the
amount of charge used to cycling processes, the charge used for the

This journal is © The Royal Society of Chemistry 2025
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initial pre-plating of metal onto the inert substrate to establish a
metal reservoir, and the charge passed during the concluding
stripping process, respectively. In the practical operation of
rechargeable metal batteries, the metal is not entirely stripped from
the substrate. Instead, metal plating and stripping occur on a metal
surface rather than on an inert substrate, suggesting that this
method provides critical perspectives for developing advanced
rechargeable metal batteries.

Method 3. It is generally known that electrolyte reduction
species cover both the metal and substrate surfaces during the
initial plating and stripping cycles in the electrolyte. Therefore, the
Pacific Northwest National Laboratory team introduced a modified
protocol that involved pre-treatment or substrate conditioning steps
before proceeding with Method 2 (Fig. 68).”%* This method helped
to eliminate the initial charge loss associated with conditioning the
metal and substrate surfaces, thus providing a more accurate
measure of the intrinsic stability of the metal in the electrolyte.

This journal is © The Royal Society of Chemistry 2025

Method 4. Employing a metal|metal symmetric cell to
measure the Coulombic efficiency has been explored but pre-
sents several challenges, including the absence of a voltage
change, which complicates assessing the cycling status or
detecting short circuits in the cell. Additionally, cycling a
metal|metal symmetric cell until the metal is fully depleted,
using an electrolyte that ensures high Coulombic efficiency, is
impractical and time-consuming.

Under the assumption that the redox potential of the
cathodes is located within the operating potential window of
the electrolyte, thereby minimizing electrolyte oxidation on the
cathode surface, the Coulombic efficiency of aqueous Zn-metal
batteries is expected to primarily originate from electrolyte
reduction on the Zn-metal surface. In this case, Method 3
would be most suitable for comparing the electrolyte stability
on the Zn-metal surface. The Coulombic efficiency also largely
depends on the current density, areal capacity, and cut-off
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voltage.”**7°® The US Army Research Laboratory team recom-
mended the following protocols: a current density of 0.5 mA
cm 2, areal capacity of 1 mA h cm ™2, an upper cut-off voltage of
0.5 V with a modest cycling number (e.g., ten cycles to avoid
interference from dendrite formation or excessive impedance
grOWth)) and a Qstripping/re-plating/Qpre-plating ratio of 1/5 USing a
100 um-thick Zn foil counter electrode.”®*

Note that Method 1, which utilizes protocols similar to those
of Method 3, proves advantageous for monitoring electrolyte
stability and consumption over prolonged battery cycling.
Moreover, it would benefit the future development of anode-

4284 | Chem. Soc. Rev,, 2025, 54, 4200-4313

free batteries, contingent upon a rise in Zn-metal prices. Given
the dual functionality of Zn metal as both a carrier ion provider
and a current collector, selecting a substrate for Method 1 is
debatable. Considering the drawbacks of alternative substrates,
such as accelerated electrolyte reduction with a low HER over-
potential on SUS,”®” prohibitive costs and limited adaptability
of Ti across various battery configurations, and low adhesion of
Zn deposits due to the fast formation of an Al,O; film on Al in
aqueous solutions,”®® Cu foil stands out as an ideal substrate
choice in Method 1 owing to its affordability, flexibility, and
adequate HER overpotential.

This journal is © The Royal Society of Chemistry 2025
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ZnSO, solution for two days.”®® Reprinted with permission from ACS Applied Materials & Interfaces.

Method 5. A modified “deposition-rest-dissolution” protocol,
initially suggested by Yoo et al, would be a practical method for
estimating the stability between electrolytes and Zn metal under
these varying temperature conditions (Fig. 69).”%° Specifically, after
completing a conditioning protocol (e.g:, initial conditioning cycling
in Method 3), a specific amount of Zn is plated onto a substrate at
room temperature. It is then maintained in the electrolyte at a set
temperature for various rest periods. During these periods, side
reactions occur between the plated Zn metal and the electrolyte,
consuming both. Thereafter, the remaining Zn metal is stripped at
room temperature. As indicated in eqn (23), the ratio of the mass of
the stripped Zn after resting ("uippingafter resting) and initially plated
Zn (Mp1ang) quantifies the stability of the electrolyte and Zn metal at
specific temperatures based on Faraday’s law, whereby the change
in the mass of Zn is proportional to the change in charge.

Mplating — Mcorrosion

(Method 5) Coulombic efficiency =
Mplating

Mistripping after resting

B Mpjating (23)

_ Qsln'pping after resting
Qplating

For instance, if 1 mA h em™? of Zn is plated onto Cu foils at a
constant current of 0.5 mA cm™ 2 in two electrolytes, A and B, and

This journal is © The Royal Society of Chemistry 2025

then maintained at 60 °C for a week, values of 0.1 mA h ecm ™2 and

0.6 mA h cm™> are obtained for electrolytes A and B, respectively,
through a stripping process at 0.5 mA cm 2 and an upper cut-off
voltage of 0.5 V. The test results demonstrate that electrolyte B offers
superior stability with Zn metal, enhancing the battery performance
at higher temperatures.

Method 6. Previous methods have primarily focused on
measuring the efficiency of plating and stripping between Zn
metals or between Zn metal and various metal-based sub-
strates. However, these methods still cannot exclude the possi-
bility of significantly different results based on test conditions,
including parameters of the coin-cell components and the size
of the Zn metal and substrate. Furthermore, avoiding the “edge
effect,” which leads to the preferential formation of “dead” Zn
at the edge zones and thus leads to significant differences in
the Coulombic efficiency, is challenging in coin-cell tests.®*°

A more ideal approach is to evaluate the cycling performance
and Coulombic efficiency within a full-cell configuration, which
includes host cathodes capable of carrier ion intercalation and
deintercalation, along with Zn-metal anodes, resembling the
setup of Li-metal batteries. In this regard, aqueous Zn-metal
batteries fabricated with Chevrel phase-MogSg cathodes and
Zn-metal anodes represent a standard system for evaluating
the stability of the electrolyte and Zn metal (Fig. 70). Mo¢Ss,
known for its ease of synthesis, high stability in the electrolyte,

Chem. Soc. Rev,, 2025, 54, 4200-4313 | 4285
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and moderate capacity (~100 mA h g~"), along with its high
density and electrical and ionic conductivities, allows for
the preparation of high-loading-level cathodes exceeding
20 mg cm~ > This setup is beneficial for the extensive testing
of Zn plating and stripping processes, typically involving more
than 2 mA h em™2,>*>%% offering a robust platform for assessing
the battery stability.

Moreover, unlike many cathode materials for aqueous Zn-
metal batteries that exhibit different charge and discharge curves
in aqueous and nonaqueous electrolytes owing to complex co-
intercalation reactions, MogSg exhibits identical curves in both
types of electrolytes, with negligible co-intercalation of protons
and/or water, thus simplifying the evaluation of Zn** carrier ion
consumption. Furthermore, the intercalation and deintercalation
of Zn®" into MogSs occur within a potential range of 0.2-1.0 V vs.
Zn/Zn?*', where neither the HER nor OER occurs on the electrode
surfaces, respectively, in most aqueous electrolytes. These advan-
tageous conditions indicate that the stability of the electrolyte

4286 | Chem. Soc. Rev, 2025, 54, 4200-4313

View Article Online

Review Article

and Zn metal can both be effectively quantified by analyzing the
cycling performance and Coulombic efficiency of a MogSg|Zn full
cell, constructed with limited amounts of Zn and the electrolyte.

7.7. Challenges with controlling the morphology and
orientation of Zn plating

One straightforward method to prevent Zn dendrite formation
is by controlling the morphology of Zn plating by using an
increased operating current density. This technique has been
proposed since the early twentieth century.®>*** Kundu et al.
reported significant improvements in the cycle life of Ti|Zn cells
in a 3 M ZnSO,/H,O electrolyte when the current density was
increased from a low value of 1 mA cm 2 to a high value of
20 mA cm ™. The cycle life extended from 244 h to over 8000 h,
affording uniform and dense plated Zn (Fig. 71).%°* Further
supporting this approach, Liu et al. studied the Zn plating
morphology under various current densities and areal capacities
in SUS|Zn cells, depicted in Fig. 72.%° Their findings indicated
that Zn dendrite formation was effectively suppressed at high
current densities such as 20 mA cm ™. Similarly, Yang and Zhou
et al. observed a densely packed morphology of Zn plated on Cu
foil at a high current density (30 mA cm™?) without the flake-like
shapes prevalent at lower current densities (0.3 mA cm™?).5%
Additionally, the amount of hydrogen evolved during Zn plating
decreased drastically from 60.04% to 2.11% when the current
density was increased from 0.05 to 10 mA cm 2.

Recent studies have questioned and sought to explain
deviations from the traditional theory, which posits that non-
uniform and dendritic metal deposition occurs at a high
current density owing to a rapid decrease in the ion concen-
tration at the electrode-electrolyte interface.®””

Indeed, the concept of “high current density” and its effects
vary significantly across different battery systems, particularly
due to differences in the physicochemical properties and beha-
vior of the electrolytes and metals used. The issues associated
with high current densities often involve imbalanced plating
caused by mass transport limitations. The crucial factor here is
not the current density but the mass transport limitations
resulting from reduced carrier ion concentration at the elec-
trode-electrolyte interface. Understanding the distinction
between “interface” and “interphase” is also essential.®®®

Nonaqueous Li electrolytes for Li-metal batteries typically
exhibit ionic conductivities below 10 mS em '. With its low
redox potential of —3.0 V vs. SHE, Li metal promptly reduces
these electrolytes. This reduction leads to the formation of an
interphase (SEI)—a complex mixture of organic and inorganic
species that can lower Li" transport compared to that in bulk
electrolytes.

Conversely, aqueous Zn electrolytes, such as 1 M and 2 M
ZnS0,4/H,0, show higher ionic conductivities (47 mS em ™! and
56 mS cm ', respectively) than typical nonaqueous solutions
due to the small molecule size and high dielectric constant of
water.?%° Furthermore, as discussed in Section 7.4, the relatively
high redox potential of Zn metal (—0.76 V vs. SHE) makes it less
likely to be fully covered by an SEI, allowing the Zn-metal
surface to function more as an interface—where the electrolyte

This journal is © The Royal Society of Chemistry 2025
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directly contacts the electrode surface—rather than as an
interphase.

Consequently, Zn plating in aqueous Zn electrolytes is likely to
proceed with fast carrier ion transport, compared to Li plating in
nonaqueous Li electrolytes, indicating that the threshold for the
“high current density,” which triggers dendrite growth owing to
mass transport limitations, is significantly higher in aqueous Zn
than in nonaqueous Li systems. Sun et al. demonstrated that in
1-3 M ZnS0O,/H,0, Sand’s time (Sand’s limiting current density;
the current density at which the carrier ion concentration at the
electrode surface decreases to zero, leading to unstable metal
plating)®'® was estimated to be from 20 to 60 mA cm ™2 based on
areal capacities of 2.0 to 8.3 mA h em™? (Fig. 73),°™" which was
considerably higher compared to that for Li plating in nonaqu-
eous Li electrolytes (<2 mA em™?) (Fig. 73).*'* Additionally, Zn
metal has a higher HER overpotential than other metals
(Fig. 74).%"® As the current density increases, the HER overpoten-
tial also increases rapidly, helping to suppress the formation of
hydrogen gas bubbles and the generation of OH™. Moreover,
computational calculations by Liu, Zhu, Huang, et al. illustrated
that with an increase in the current density:*'* (i) the
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& Interfaces.

concentration of Zn>* increased while that of anions decreased
to compensate for the negative charge on the electrode surface,
and (ii) the reaction kinetics for Zn plating were enhanced owing
to the decreased thickness of the electrical double layer, as
described by the Gouy-Chapman-Stern model,*"® thereby facil-
itating Zn>* transport with a shortened diffusion distance.®™*

Overall, the definition of ‘“high current density,” which
promotes dendrite growth through mass transport limitations,
significantly varies between nonaqueous Li and aqueous Zn
systems. In Li plating, a current density of 20 to 30 mA cm >
is considered “high” and is likely to induce dendrite growth due
to the low ionic conductivity of nonaqueous Li electrolytes and
the presence of an “interphase” on the Li-metal surface. How-
ever, under the same conditions, Zn plating may not be subject
to diffusion-controlled limitations, and both the HER and the
accompanying generation of hydrogen gas bubbles and OH™
ions are suppressed. Simultaneously, the Zn®>" concentration
increases while the anion concentration decreases at the elec-
trode-electrolyte “interface,” collectively reducing side reactions,
including byproduct formation. These points are further evi-
denced by the current density of conventional Zn electrowinning,
which has been optimized since the early twentieth century and
is generally controlled at 40 to 50 mA cm™ 2.5%

However, the “high current density’”’ strategy poses practical
limitations, especially in large-scale energy storage systems.
Increasing the current density necessitates heavier wiring and
chargers and leads to substantial heat generation, which can

This journal is © The Royal Society of Chemistry 2025
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(c) Histograms of Zn particle sizes after plating with a capacity of 0.1 mAhcm™

permission from ACS Applied Materials & Interfaces.

trigger severe side reactions, degrade the battery performance,
and in some cases, even cause fire accidents. This is particu-
larly concerning in closed battery systems where the generated
hydrogen gas cannot be immediately ventilated, unlike in
conventional Zn electrowinning, which uses an open system.
Therefore, developing aqueous Zn-metal batteries that guaran-
tee stable Zn plating and stripping at sufficiently low current
conditions (such as <0.1C) is crucial for their practical utiliza-
tion and for ensuring high safety.

On the other hand, numerous studies have been conducted
on controlling the morphology of plated Zn through electrolyte
modification. According to some studies by Haataja et al.,***%"”
dendrite growth is largely inhibited by the adsorption and
accumulation of electrolyte additives on the surface of the
protrusions formed during metal plating. This mechanism
involves the use of brighteners (levelers) in the electroplating
field, which increase the nucleation overpotential during metal
plating to form smaller and denser nuclei, a concept that has
been well-documented for decades.®"®

Further historical examples include the work of Sato in 1959,
who reported significant changes in the morphology and orienta-
tion of Zn deposits upon adding small amounts of natural polymers
like glue, gelatin, albumin, or carbohydrates such as gum arabic,
dextrin, starch, and saponin to acidic ZnSO, solutions.®*® In later
studies, Robinson et al. demonstrated the effective inhibition of
dendrites by incorporating small amounts of antimony and animal
glue.**® Additionally, the use of quaternary ammonium salts with
varying alkyl groups to suppress Zn dendrite formation was explored
by Diggle and Damjanovic in 1972%*' and further by Mackinnon

This journal is © The Royal Society of Chemistry 2025
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(a) Voltage profiles of galvanostatic Zn plating on SUS. (b) Variation in nucleation and growth overpotentials with respect to the current density.

2_(d) Schematic of Zn growth at different overpotentials.®°® Reprinted with

822 l 823

et al. in 1979.°* Other substances, such as polyethylene glycol,
perfluorocarboxylic acids,®** nonyl-phenyl-oxyethylene surfactant,
lignin sulfonate,**® and ionic liquids®*’**° have also proven effec-
tive in controlling the Zn morphology.

Guiding the orientation of metal plating to achieve densely
packed layers with reduced interelectrode space is a key strat-
egy for preventing Zn dendrite formation and “dead’” Zn, which
can compromise the battery stability and safety by increasing
the risk of short circuits. The structure of the Zn plating,
typically occurring in platelet shapes, is influenced by the
thermodynamically low surface energy of the (001),, crystal
plane in hexagonal close-packed Zn metal. Therefore, promot-
ing the [001],, orientation during plating is expected to
enhance the Coulombic efficiency and promote stable cycling.

In 2019, a team led by Archer explored this approach by
leveraging substrates with crystallographic facets with a low
lattice mismatch to the plated Zn, enabling epitaxial Zn plating
with densely packed structures (Fig. 75).%*° They prepared a
graphene coated SUS substrate, which shares a similar atomic
arrangement with the (001)z, plane. This arrangement exhibits
a lattice misfit of only 7%, significantly below the 25% thresh-
old typically considered necessary for coherent or semicoherent
interfaces. Such a low misfit facilitates successful epitaxial Zn
plating. In graphene-coated SUS|Zn coin cells using a 2 M
ZnSO, solution, the Coulombic efficiency exceeded 99% during
1000 cycles at 4.0 mA cm™ 2 and 0.8 mA h ecm ™ 2. When tested
under higher current densities of 16 and 40 mA cm >, the cells
maintained nearly 99.9% of the Coulombic efficiency over
10000 cycles. This was in sharp contrast to the performance

825
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represents Zn dendrite growth.8! (c) and (d) Sand's time and capacity for Li plating in nonaqueous Li electrolytes at various current densities.®2 Reprinted

with permission from Angewandte Chemie International Edition (a) and (b) and Energy &

Environmental Science (c) and (d).
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Fig. 74 Volcano plot for the HER. The intermediate Zn metal-hydrogen bond formed during the electrochemical reaction is weak, resulting in a high
overpotential (low exchange current) for the HER 8™ Reprinted with permission from Journal of Electroanalytical Chemistry and Interfacial Electrochemistry.
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Fig. 75 (a) Design principle of epitaxial metal electrodeposition. (b) SEM
images of Zn deposits on graphene-coated stainless steel (GSS). The
epitaxial electrodeposition process is divided into two stages: stage |
involves heteroepitaxy between Zn and graphene (A)-(D), and stage Il
involves the homoepitaxy of Zn after the graphene surface is fully covered
(E) and (F). (c) Coulombic efficiency at different current densities on
GSS.830 Reprinted with permission from Science.

of a bare SUS|Zn cell at 40 mA cm ™ and 0.8 mA h em ™2, which
was characterized by a poor Coulombic efficiency below 90%
and short-circuit of the cell within just 10 cycles.

Achieving densely packed Zn plating is difficult when com-
mercially available Zn plates, characterized by random orienta-
tions, are used as substrates. In 2021, Zhou et al. produced Zn
plates that enabled Zn growth in a direction perpendicular to
the Zn plane.®”” In a symmetric cell setup with 2 M ZnSO, +
0.1 M MnSO,/H,0 at 1 mA cm > and 1 mA h cm™?, the
developed Zn plates maintained stable cycling for over 500 h,
unlike commercial Zn plates, which often short-circuited before
reaching 50 cycles.

It is essential to clarify the distinction between “plane” and
“orientation” in crystallography, as these terms have often
been used interchangeably but inaccurately in the literature
on aqueous Zn-metal batteries. For example, (001), denotes a
crystal “plane” as defined by the Miller indices, while [001]
represents the direction perpendicular to this plane. Often,

This journal is © The Royal Society of Chemistry 2025
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there is confusion where (002),, is referenced, but the actual
exposed “plane” during the plating process is typically (001),.
This discrepancy arises from the misapplication of the ‘“systema-
tic extinction rule” related to structure factor calculations. Even
though certain crystal symmetries may result in specific structure
factors being exactly zero, this does not negate the existence of
the crystal “plane” or ‘“orientation.” Furthermore, identifying
these planes and orientations typically requires more than stan-
dard XRD techniques; a combination of SEM and electron back-
scatter diffraction is necessary for precise determination.

In most aqueous Zn electrolytes, Zn is plated in hexagonal
platelet shapes, with the (001),,, plane exposed to minimize the
thermodynamic surface energy. Fortunately, the (001), plane
offers a high HER overpotential, providing high reversibility for
Zn plating and stripping despite the thermodynamic potential
of Zn/Zn>" being lower than that of the HER in the electrolytes.
Therefore, controlling the “plane” is typically not the primary
focus in aqueous Zn-metal battery development.

However, when it is expressed that Zn grows in the direction
perpendicular to the (001), plane, this implies that the plated
Zn is oriented in the [001] direction (where [001] refers to the
directional vector). Confirming the “orientation” of plated Zn
requires detailed XRD analysis and comprehensive scanning of
the reciprocal space, such as through pole-figure measurements,
to analyze the crystal orientation distribution. The crystal growth
“orientation” largely depends on the type of substrate, and also on
factors such as the type of electrolyte and plating/stripping condi-
tions (e.g., current density, temperature, and areal capacity). Inter-
actions among the electrolyte, electrolyte reduction species, and
the plated Zn can modify the growth “orientation” in various ways,
even on substrates suitable for epitaxial growth. Thus, achieving
densely packed Zn with a reduced interelectrode space—thereby
enhancing the cycling stability of aqueous Zn-metal batteries and
preventing the formation of Zn dendrites and “dead” Zn—requires
the careful development of substrates and electrolytes, along with
optimized plating and stripping conditions.

7.8. Electrolyte-decoupled batteries with conversion reaction-
based cathodes

The electrolyte-decoupling concept has typically been utilized
in redox flow batteries. Recent advancements in ion-exchange
membranes, designed to prevent chemical crossover between
the anolyte and catholyte while facilitating charge carrier-ion
transport, have opened opportunities to apply this concept in
conventional non-flow aqueous batteries.®**

Attention has also shifted toward cathode materials that
align well with electrolyte-decoupling systems. A notable exam-
ple is halogen|Zn batteries, proposed over 150 years ago, which
utilize reversible conversion reactions between X~ and X,/X;~
(X =Cl, Br, and I). It is worth noting that F~/F, is excluded from
this review due to its extreme corrosiveness and toxicity, mak-
ing battery fabrication highly challenging.

7.8.1. ClLy|Zn batteries. Cl,|Zn batteries provide a high
theoretical energy density (300 W h kg™ ") and output voltage
(2.1 V). The prototype, initially developed by Charles Renard in
1884, later evolved into a large-scale 2 kW h battery tested in
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1976.%*> However, Cl, gas (boiling point —34 °C) is heavier than
air and reacts with moisture to form hydrochloric acid, which
severely damages human tissues. This hazard was even
exploited as a biochemical weapon during World War I, under-
scoring its extreme danger. To mitigate the risks, several
approaches have been explored, including; adsorbing Cl, onto
high-surface-area porous carbons,***** intercalating CI~ between
graphene layers in graphite,*> ™ and fixing Cl, as solid-state
chlorine complexes with coordinating agents.”®**** %1 However,
despite these efforts, the complete suppression of Cl, gas formation
remains an unresolved issue.

7.8.2. Br,|Zn and I,|Zn batteries. Br, and I,, with boiling
points of 59 °C and 184 °C respectively, exist as liquid and solid
under room-temperature operation, making them relatively
safer alternatives. Br,|Zn batteries (theoretically 150 W h kg™,
1.8 V) were patented in 1885, and kW h to MW h-scale hybrid
flow systems were developed during the 1970s and 1990s.3*'~%*>
I,|Zn batteries (theoretically 80 W h kg™, 1.3 V) were first
demonstrated by Martin in 1949, using a potassium iodide
solution as the active cathode material.®*® Recently, Xiao Liang
et al. proposed a four-electron I7/I,/I' conversion reaction-based
battery, enhancing the battery output voltage from 1.3 Vto 1.8 V
(2" 2 I, + 2e: 1.3 Vvs. Zn/Zn>" and consequent I, + 2C1~ 2
2ICl + 2e: 1.8 Vvs. Zn/Zn") in a highly salt-concentrated hybrid
aqueous/nonaqueous (ZnCl, + LiCl + acetonitrile/H,0) electro-
lyte (Fig. 76).%*
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However, inhalation of highly volatile Br, vapors can
severely damage the lungs and stomach. Moreover, oxidized
halogen ions form polyhalides, which maintain equilibrium
with dissociated X,, ;= and X, (X = Br or I) in solution.?*®3%°
The small molecular size and hydrophobic nature of halogen
molecules (e.g. Br,, I,), combined with the limited solubility of
polyhalides in aqueous electrolytes, drive phase separation and
crossover to the anode, substantially diminishing the battery’s
efficiency and stability. To address these issues, battery charging
is often limited to two-thirds of the state of charge. Functional
electrolyte additives such as quaternary ammonium, imidazo-
lium, nitriles, pyridinium, and soft cation/hard anion-based
zwitterionic trappers have also been studied to enhance the
solubility of polyhalides and enable high states of charge via
various stabilizing mechanisms, including electrostatic, dipole-
dipole, and hydrogen-bonding interactions (Fig. 77).5°°%%%

While these advances show potential for improved Coulombic
efficiency and charge/discharge depth, considerable obstacles per-
sist. The addition of large amounts of electrolyte additives reduces
energy efficiency with increased cell resistance. Furthermore, ensur-
ing long-term safety and reliability in large-scale batteries over multi-
year operations under practical conditions, including a wide tem-
perature range, varying cycling rates, and alternating depths of
charge and discharge remains a critical, unresolved challenge.

7.8.3. Transition metal oxides|Zn batteries. The limited
exploration of cathode active materials, offering smooth Zn**
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Fig. 76 High-voltage aqueous Zn-metal batteries based on 17/I,/I* conversion reactions in a highly salt-concentrated hybrid aqueous/nonaqueous
(ZnCl, + LiCl + acetonitrile/H,0) electrolyte. (a) Voltage profiles at 400 mA g~*, demonstrating an increased upper cut-off voltage from 1.3 V (I7/I) to
1.8 V (I/15/1%). Note that while the theoretical capacity of the 17/I,/I* conversion reaction is 422 mA h g%, a use of a carbon cathode host provides
additional capacitance, increasing the total capacity to 594 mA h g~ (b) and (c) Long-term cycling performance of the battery at 800 mA g~* and 2000
mA g%, respectively.®*” Reprinted with permission from Nature Communications.
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intercalation/deintercalation, has revived interest in transition
metal oxides (e.g. MnO,, PbO,, Co;0,, NiC0,0,, NiO)-based on
conversion reactions.®*"#! Fig. 78 shows one representative
example of electrolyte-decoupled MnO,|Zn batteries.®**~%¢*
Theoretically, using electrolytes with different pH values for
the anode and cathode (anolyte at pH 14 and catholyte at pH 0)
can expand the operating potential window to 2.06 V (Fig. 10).
Additionally, the Zn redox potential in an alkaline environment
(Zn(OH),* /Zn: —1.20 V vs. SHE) is 0.44 V lower than in acidic or
neutral conditions (Zn/Zn*": —0.76 V vs. SHE), further contributing
to an increase in battery voltage. While alkaline MnO,|Zn batteries
have long been commercialized, as reviewed in Section 1, their
performance deteriorates at high states of charge (high upper cut-
off voltage) due to the formation of irreversible intermediate
products such as Mn(OH),, Mn,0s, and Mn;0,.%>%% To ensure
high-voltage cycling with suppressed byproduct formation, Cheng
Zhong, Wenbin Hu, and colleagues proposed a electrolyte-
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decoupled battery system, MnO, with an acidic catholyte|ca-
tion-exchange membrane|K,SO, solution|anion-exchange mem-
brane|Zn metal with an alkaline anolyte (MnO,/Mn”": 2.44 V vs.
Zn(OH),> /Zn), maintaining a capacity retention rate of over 98%
after 200 hours (Fig. 78).%®> Similarly, Zhenhai Wen et al.
developed a 3 V-class battery, consisting of PbO, with an acidic
catholyte|cation-exchange membrane|K,SO, solution|anion-
exchange membrane|Zn metal with an alkaline anolyte (PbO,/
Pb*>*: 2.88 V vs. Zn(OH),*> /Zn) (Fig. 79).5*”

However, electrolyte-decoupling systems face a fundamental
limitation in their energy storage and release mechanisms,
which are heavily dependent on electrolyte volume. Addition-
ally, achieving reversible conversion reactions in transition
metal oxides involves nano-engineering, inherently lowering
Coulombic efficiency with accelerated electrolyte oxidation due
to the increased surface area. This, in turn, necessitates a large
amount of electrolyte to sustain long-term cycling, significantly
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(a) Design principle and (b) proposed reaction mechanism of soft-hard zwitterionic trappers (SH-ZITs) with polyhalides, leading to the formation

of soluble phases and reduced permeability. (c) Electrochemical performance of 2 M KBr catholyte charged to 80-90% state of charge without/with 2 M
SH-ZIT. Excess 1,1'-bis[3-sulfonatopropyll-4,4’-bipyridinium and 2 M KBr anolyte were utilized with cation-exchange membranes.8>® Reprinted with

permission from Nature.
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under a scan rate of 10 mV s 1% Reprinted with permission from
Angewandte Chemie International Edition.

diminishing energy density. The differing Coulombic efficiencies
of anode and cathode redox reactions require varying electrolyte
volumes within the system, adding complexity and further redu-
cing practicality. This stands in stark contrast to intercalation/
deintercalation-based batteries—a success story recognized by the
Nobel Prize—that largely enhance energy density by drastically
reducing electrolyte volume with a high Coulombic efficiency
exceeding 99.95% in a single electrolyte system. Also, batteries
containing Pb pose significant environmental risks, and Zn plat-
ing/stripping reactions in alkaline environments often suffer from
insufficient reversibility, as demonstrated in Section 7.2.
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Another challenge lies in ion-exchange membranes, which are
typically composed of a hydrophobic polymer matrix, fixed ionic
functional groups, and mobile counter-ions, with their ability to
select/transport ions governed by Donnan equilibrium.**" The
small size and high mobility of protons (H') and hydroxide ions
(OH™) make it particularly difficult to prevent their crossover
during long-term battery operation. Once H' and OH™ cross the
membrane, they undergo a neutralization reaction (H,O for-
mation), disrupting the local ionic balance and equilibrium.
Although advanced configurations, such as dual-membranes
(cation-exchange membrane|buffer electrolyte|anion-exchange
membrane) or bipolar membranes (cation-exchange membra-
ne|intermediate catalyst layer|anion-exchange membrane), have
been explored to address these issues, increasing the number of
membranes raises diffusion resistance, overpotential, and system
complexity, ultimately reducing the battery operation efficiency.
Furthermore, separating the anolyte and catholyte in traditional
electrode designs (e.g. jelly roll) and manufacturing processes is
infeasible without specialized methods such as semi-solid elec-
trode techniques, which are still in developmental stages (Fig. 80).

8. Conclusions and perspectives

The advancements and challenges associated with rechargeable
aqueous Li-, Na-, K-, and Zn-ion batteries have been thoroughly
discussed in this review. These batteries are promising because

This journal is © The Royal Society of Chemistry 2025
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Fig. 80 Schematic representation of ion transport mechanisms in (a)
anion- and (b) cation-exchange membranes.®3! Reprinted with permission
from Nature Review Chemistry.

of their low production costs, high safety, and environmental
benefits, rendering them ideal for various energy storage appli-
cations, particularly in large-scale systems. However, realizing
their full potential, i.e., offering high energy and power densities
while maintaining long-term cycling stability under practical
operating conditions, requires addressing several complex chal-
lenges related to (1) the narrow operating potential windows of
aqueous electrolytes, (2) unstable SEI, (3) insufficient exploration
and optimization of active materials, and (4) electrode/cell designs
to mitigate side reactions, lower manufacturing costs, and ensure
ease of production. These points are summarized below:

(1) The thermodynamically narrow potential window of
water (1.23 V) limits the output voltage of aqueous batteries.
Although highly salt-concentrated aqueous electrolytes, which
provide substantially reduced water activity, help to widen the
electrolyte potential window both thermodynamically and kine-
tically, they introduce additional issues such as increased
viscosity, decreased ionic conductivity, high costs, and poor
wide-temperature-range functionalities, all of which impact the
battery performance and manufacturability.

(2) Forming and maintaining an SEI in aqueous environ-
ments are more challenging than in nonaqueous systems. The
HER consumes the electrons needed for SEI formation, leading to
SEI exfoliation by the generation of hydrogen gas bubbles. Addi-
tionally, the small molecular size and high dielectric constant of
water destabilize the SEI by expanding it and accelerating the
diffusion of SEI components into the bulk electrolyte. These issues
are more pronounced in Na, K, and Zn systems than in aqueous Li
electrolytes owing to the weak Lewis acidity of Na" and K" and the
high redox potential of Zn/Zn*", which do not provide sufficient
driving force to lower the water activity and facilitate anion
reduction, respectively. Although ex situ SEI formation has been
explored as a solution, its effectiveness remains under debate
because of its low ionic conductivity, poor stability, and limited
functionality under practical operating conditions.

This journal is © The Royal Society of Chemistry 2025
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(3) The active materials introduced in aqueous systems are
often merely an extension of those developed for nonaqueous
batteries. There has been insufficient consideration of the unique
requirements of aqueous environments, such as high chemical
stability, minimal proton and/or water co-intercalation, low cata-
Iytic effect on water electrolysis, and high resistance to dissolution
in water. Furthermore, the limited exploration of suitable active
materials for K and Zn** presents challenges akin to those
encountered in nonaqueous systems. In some instances, research
and development efforts have been misguided owing to misunder-
stood intercalation chemistry.

(4) The compatibility of various battery components, such as
separators and current collectors with aqueous electrolytes,
presents significant challenges. Traditional separators designed
for nonaqueous batteries exhibit poor wettability in aqueous
electrolytes. Consequently, most studies on rechargeable aqu-
eous batteries have relied heavily on thick glass fiber-based
separators that necessitate the use of a large volume of electro-
lyte, thus reducing the energy density of the battery. Moreover,
using Ti, which offers high deformation resistance and limited
ductility, as the exclusive current collector in aqueous systems,
further complicates manufacturing and escalates production
costs. Research on binders and carbon additives suitable for
aqueous batteries is scant, as are studies on the optimization of
electrode compositions incorporating these materials.

Addressing the aforementioned challenges requires priori-
tizing a profound and clear understanding of practical issues,
the mechanisms behind proposed solutions, and the validity of
evaluation and analysis methods. Multidisciplinary approaches
that integrate materials science, organic/inorganic chemistry,
and electrochemical engineering are essential for material
development. Innovative electrolyte formulations based on
novel salts, co-solvents, additives, and advanced SEI formation
protocols or mechanisms, such as pulse charging/discharging,
need exploration.

Optimizing the potential diagram of full cells (potential-shift
strategy) can be one of the promising directions. Particularly
crucial is addressing the significant issue of electrolyte reduction
at the anode through a collective understanding of how the
electrostatic potential (liquid Madelung potential) of carrier ions
in the electrolyte is destabilized. Factors influencing the electrode
potential, such as the dielectric properties and entropy of the
electrolyte, should also be studied quantitatively and system-
atically. Research dedicated to tailoring active materials for
aqueous electrolytes, coupled with an intensive exploration of
structures that facilitate smooth intercalation and deintercalation
of large and/or divalent ions, as well as doping/coating of active
materials and the use of electrode additives, will enhance the
battery energy density and long-term cycling stability. Further-
more, the development of new separators and current collectors
that are thin, flexible, strong, and highly compatible with aqu-
eous electrolytes will enhance battery safety. The use of electrolyte
additives that allow for the employment of Al and Cu current
collectors and the optimization of overall electrode and battery
designs, including binders, carbon additives, and other compo-
nents, is advantageous in this research direction.
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Overcoming these barriers through strategic and innovative
methods will pave the way for the future expansion of high-energy-
density rechargeable aqueous batteries. Such advancements will
play a pivotal role in promoting a green power network and
realizing an energy-efficient and sustainable society.
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