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Challenges and possibilities for aqueous battery
systems
Heeju Ahn1,2, Daye Kim1,2, Minji Lee1,2 & Kwan Woo Nam 1✉

Fatal casualties resulting from explosions of electric vehicles and energy storage systems

equipped with lithium-ion batteries have become increasingly common worldwide. As a

result, interest in developing safer and more advanced battery systems has grown. Aqueous

batteries are emerging as a promising alternative to lithium-ion batteries, which offer

advantages such as low cost, safety, high ionic conductivity, and environmental friendliness.

In this Review, we discuss the challenges and recent strategies for various aqueous battery

systems that use lithium, zinc, sodium, magnesium, and aluminium ions as carrier ions. We

also highlight the three key factors that need the most improvement in these aqueous battery

systems: higher operating voltage for the cathode, a more stable metal anode interface, and a

larger electrochemical stability window of the electrolyte.

As global interest in environmental protection increases due to climate change, there is a
growing need for energy storage systems that can efficiently store and supply electrical
energy produced from renewable sources and electric vehicles1–3. As a result, the demand

for large-scale secondary batteries has grown, with price and safety emerging as the most
important factors for the commercialization of electric vehicles. However, many serious hazards,
including fire, explosion, and harmful leakage, have been reported with organic solvent elec-
trolytes currently used in commercial electric vehicles batteries4,5. To address these issues,
research is being conducted to replace the organic electrolyte with a non-volatile aqueous
electrolyte that offers high thermal resistance6,7. This method not only mitigates the risk of
thermal runaway but also reduces costs by utilizing inexpensive separators and salts suitable for
aqueous electrolytes.

In addition to their safety advantages, aqueous electrolytes are environmentally friendly and
have high ionic conductivity (~10−1 Ω−1 cm−1) compared to other types of electrolytes: organic
electrolytes (10−3–10−2 Ω−1 cm−1), polymer electrolytes (10−7–10−3 Ω−1 cm−1) and inorganic
solid electrolytes (10−7–10−2 Ω−1 cm−1) (Fig. 1a). Although research on aqueous battery sys-
tems has been ongoing since the first report of a water-based battery using LiMn2O4 (LMO) as a
cathode and VO2(B) as an anode by the Dahn group8, the development of aqueous batteries
(ABs) is still limited by the availability of suitable electrode materials that can operate within the
narrow electrochemical stability window (ESW) of aqueous electrolytes (1.23 V) without
decomposing (Fig. 1a). Additionally, self-discharge is a common problem in ABs. Self-discharge
refers to the gradual loss of charge in a battery, even when it is not in use, due to internal
chemical reactions. In aqueous-based batteries, self-discharge is mainly caused by the diffusion
of ions through the electrolyte and the reaction of the electrode materials with water. In par-
ticular, high-temperature operation can accelerate self-discharge, increase electrode corrosion,
and reduce the battery’s overall performance and lifespan.

To overcome these challenges, efforts are being made to develop high-voltage aqueous elec-
trolytes, appropriate electrode materials, and suitable combinations of materials and electrolytes
in various fields (Fig. 1b). Different kinds of batteries must be intensely investigated due to
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crucial issues that arise from their main sources, including high
cost, depletion, and environmental toxicity. Additionally, each
field of application requires different battery properties as a
priority. For instance, long-term stability would be the most
important property for large-scale energy storage systems, while

high energy density is a priority for electric vehicles rather than
long-term stability. However, there is still no representative sys-
tem for aqueous batteries, such as the lithium battery systems for
non-aqueous batteries. Figure 1c displays the varying character-
istics of five items, namely voltage, capacity, rate, lifetime, and

Fig. 1 Opportunities and challenges of aqueous battery systems (ABSs) and key factors for performance improvement. a Advantages and limitations of
ABSs. b Novel strategies for each part of the cathode, anode, and electrolytes, which are major components of ABSs. c Radar plots of characteristics of each
system (Li, Zn, Na, Ma, Al).
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safety, as these characteristics differ from system to system.
Furthermore, Fig. 2 is intended to enhance the comprehension of
the current state of each aqueous system by presenting the
average voltage/total electrode capacity graph. In this paper, we
will introduce the recent research on lithium (Li), zinc (Zn),
magnesium (Mg), aluminum (Al), and sodium (Na) aqueous
batteries from the perspective of both electrolytes and electrodes
and discuss prospects for the future. Our comprehensive review
will assist researchers in identifying the appropriate battery sys-
tem for their targeted applications.

Current strategies for cathode, anode, and electrolyte for
improving the performance of ABSs
Cathode. Overall, the development of aqueous batteries has been
driven by the commercial success of Li-ion organic electrolyte
systems in the battery industry. The first aqueous Li-ion battery
(ALIB) was proposed in 1994 using a conventional spinel cathode
(LMO), which had a relatively low operating voltage of 1.5 V and
an energy density of ~55Wh kg−1, larger than Pb-acid batteries.
However, it had poor cycle life, lasting only approximately 25
cycles. The conventional cathode structure is shown in Fig. 3a.

The operating mechanism of layered LiCoO2 (LCO) in the
aqueous electrolyte is identical to that in the organic electrolyte,
which is de-/intercalation. However, the capacity of LCO is only
about 120 mAh g−1 9. Spinel structure cathodes, such as LMO, are
widely used as cathodes for aqueous batteries. In a 2M Li2SO4

aqueous electrolyte, the average discharge voltage of spinel LMO is
about 1.04 V, and the capacities after 100 and 220 cycles are 29.5
and 20.2 mAh g−1 10. Olivine-LiFePO4 (LFP) is considered one of
the most promising materials in organic electrolyte batteries due to
the abundance of iron (Fe) and the robust property of the phosphate
anion (PO4

2−), which makes it safe for high-energy-density and
high-rate capability lithium ion battery(LIB)s11. However, their
application in aqueous electrolytes is restricted due to the surface
instability of LFP, which is related to the electrochemically
vulnerable aqueous electrolyte12,13. LFP has a discharge capacity of
123 mAh g−1 and poor capacity retention of 82% after 100 cycles14.

The cathodes that perform well in organic electrolytes may not
necessarily perform well in aqueous systems, as discussed earlier.
Therefore, aqueous systems require suitable cathode materials
that meet specific conditions. One important condition is that the
redox potentials of the electrode materials for aqueous batteries
should be within the narrow electrolysis potentials of water to
prevent a continuous water-splitting reaction. In addition, fast
de-/intercalation is desirable when hydrated ions themselves are
introduced into the cathode without the electrolyte desolvation
process. As a result, new cathode types such as prussian blue15

and organic compounds16, whose structures are shown in Fig. 3a,
have been recently introduced for ABSs cathodes. Despite these
efforts to find the optimal cathode, further improvements are still
necessary. The merits and demerits of current cathodes are shown
in Fig. 3b, represented as radar plots that demonstrate the relative
performance of cathode materials.

Li system. In the case of Li systems, many studies have been
conducted to modify existing cathode materials used in organic
systems to solve the above problems. Jian zhi et al. introduced an
artificial ASEI layer on the spinel cathode material LMO,
increasing the probability of Li-ions diffusing into the cathode,
suppressing Jahn Teller distortion, and demonstrating higher
coulombic efficiency17. Additionally, coating LCO with a Nafion
film substituted with Li has been conducted to improve structural
stability18. Another investigation was performed to enhance
electrical conductivity by coating olivine LFP with carbon or
carbon nanotubes (CNT) through a sol-gel method19.

In addition to reforming these conventional cathode materials,
ALIB cathodes are also working on the development of new
cathodes. Liang Xue and co-authors. demonstrated that proton
(H+) insertion, which accelerates irreversible layered-to-spinel

Fig. 2 Performance of various ABSs. Average voltages versus total
electrode capacities of a Li system, b Zn system, and c Na, Mg, Al systems.
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phase transition, is the primary reason for structural degradation
and rapid capacity fading in LCO20. To suppress this, LCO in
carbon cloth made by the low-temperature annealing method is
introduced, reducing the insertion of protons that can cause

electrode polarization and inhibit distortion of the layered
structure compared to hydrothermally treated LCO. Because this
cathode has nanostructures, the diffusion rate of carrier ions in
the host cathode is fast, realizing excellent rate capability.

Fig. 3 Overview of strategies for improving the performance of cathodes in ABSs. a Representative cathode materials applied to ABSs. b Radar plots
demonstrating the relative qualities of different classes of cathode materials.
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Furthermore, Li1.08Co0.92O1.92 was synthesized through a molten
salt synthesis method in the Xue group. This enables the
reinforced CoO structure and water insertion of the (001) plane,
effectively suppressing the structural transition. This retained
70% capacity even after 1000 cycles.

There are many attempts to use organic materials as new
cathodes21–23. Covalent organic frameworks are a class of nano
porous crystalline organic polymer materials consisting of organic
building units that self-assemble. These organic building blocks
are ordered, sharing strong covalent bonds between them,
resulting in a robust framework with high porosity. Additionally,
the selection of building units allows for the alteration of the
structure with the desired porosity, functional groups, and redox
behavior, which is an important factor for the cathode. Jhulki and
co-authors reported on the use of 1,3,5-tris(4-aminophenyl)
benzene Naphthalene diimides TAPB-NDI covalent organic
framework, instead of using conventional transition metal
cathodes. Naphthalene diimides made in the shape of a covalent
organic framework can be reversibly reduced, but they can be
dissolved in the electrolyte22. To prevent this problem, Naphtha-
lene diimides are connected to TAPB to make a covalent organic
framework structure. A new redox-active NDI-based 2D covalent
organic framework has one of the largest pores (pore size
40–50 Å) to date. With efficient transport of Li-ions, the covalent
organic framework cathode cell could realize 95% of the
theoretical capacity at a 0.05 C rate (63 mAh g–1).

Zn system. Manganese oxide and vanadium oxide are widely
studied for their good electrochemical performance in aqueous
zinc-ion batteries (AZIBs). As Li+ ions intercalation into MnO2

and VO2 is widely reported, it also became used in the Zn system.
In case of MnO2, the higher discharge voltage and lower toxicity
contribute to its wide use in the Zn system. Alfaruqi, Muhammad
Hilmy, and others prepared layered-type nanoflakes δ-MnO2 by
the thermal decomposition reaction, indicating 122 mAh g−1 first
discharge capacity under a high current density of 83 mA g−1.
The discharge capacity increased to 252 mAh g−1 in the fourth
cycle. After that, various strategies have been employed to
enhance the performance of cathodes, including modifying its
morphology, pre-intercalating ions, and introducing atomic
vacancies.

Manganese oxide: Manganese dioxide (MnO2) polymorphs are
extensively researched due to their large theoretical capacity with
Zn-ion and diverse structure. The fundamental building block of
all MnO2 polymorphs is the octahedral MnO6 unit, which is
assembled by corner and edge sharing. MnO2 polymorphs can be
classified into tunnel, layered, and spinel types based on their
structure. Among these, α-MnO2 has received a lot of attention
after Dr. Chengjun Xu et al.24 demonstrated its high reversibility
and reported a large capacity of 210 mAh g–1 at 0.5 C. Even at
high charge/discharge rates (6 C), α-MnO2 exhibited a high uti-
lization of its electric capability. After 100 cycles, the discharge
capacity of the α-MnO2 remained nearly 100% of the initial
values.

Following the aforementioned research, there have been
numerous investigations into manganese oxide cathodes. Huang
and colleagues explored the use of ramsdellite (1*2) tunnel
structure as a cathode, resulting in a novel in-situ generated bulk
oxygen deficient Mn3O4 nano frame25. The oxygen defects of
Mn3O4, referred to as Od-Mn3O4, were prepared using the solid
template of cubic prussian blue analogue (Mn3[Co(CN)6]2,
MnCo-PBA). This cathode displayed a good gravimetric capacity
of 325.4 mAh g−1 and a high energy density of 423Wh kg−1.
During battery cycling, the initial Mn3O4 structure was converted
to ramsdellite MnO2, and numerous edge sites and oxygen

vacancies acted as preferred intercalation sites for Zn2+, resulting
in a larger capacity than that of defect-free Mn3O4. Additionally,
the cavity structure of oxygen deficient Mn3O4 could store a large
amount of Zn2+ and withstanding volume changes caused by
phase changes. Moreover, the oxygen vacancy inhibited the
dissolution of Mn.

Islam and colleagues proposed the use of Mn-deficient
ZnMn2O4@C (Mn-d-ZMO@C) nanoarchitecture as a cathode
material26,27. The ZnO-MnO@C nanocomposite was synthesized
using a simple solvent dry process, and the Mn-d-ZMO@C was
made during cycling. The Mn-deficient ZnMn2O4@C continued
to grow in-situ along with the Zn4(OH)6(SO4)•xH2O phase in the
Zn cell with an aqueous 2M ZnSO4 and 0.2 M MnSO4 electrolyte.
This Zn/Mn-d-ZMO@C cell showed a good discharge capacity of
219 mAh g−1 at 0.1 A g−1. The improved performance was
attributed to the porosity, in-situ formation of ZnMn2O4 with the
Mn vacancy, and carbon coating of the cathode.

Mn3O4@C hierarchical nanospheres from the Mn
metal–organic framework are suggested as excellent AZIB
cathodes. This cathode is easily synthesized by combining a
hydrothermal method with a heat treatment process. The carbon
coating allows the Mn3O4@C cathode to achieve a specific
capacity of 331.5 mAh g–1 at 0.2 A g–1 (or 124.3 mAh g–1 at
3.0 A g–1) and exhibit good cyclic stability over 1900 cycles.
Through ex-situ XRD and XPS analysis, it was discovered that the
zinc storage mechanism involves a hybrid process of H+/Zn2+

insertion/extraction and phase transformation, as well as redox
conversion between Mn3+ and Mn4+.

Vanadium oxides: Vanadium cathodes have shown great poten-
tial for use in AZIBs due to their high capacity and excellent rate
capability28. Many studies have been conducted on both layered29

and tunnel30 vanadium oxide cathodes. For example, in 2016, a
layered Zn0.3V2O5·1.5H2O cathode was proposed and exhibited a
specific capacity of 426 mAh g−1 at 0.2 A g−1, along with superior
long-term cyclic stability with 96% capacity retention over 20,000
cycles at 10 A g−1 31. Additionally, this cell showed an energy
density of 336Wh kg−1 at a power density of 149 kW kg−1. This
cathode’s outstanding electrochemical performance was attrib-
uted to the lattice expansion by hydronium (H3O+) intercalation
and lattice contraction by Zn intercalation that cancel each other
out, enabling the lattice to remain constant during the charging/
discharging process. Additionally, VO2 nanofibers consisting of
unique tunnels have been studied, showing a high capacity of 357
mAh g−1 due to their ability to transport large-sized Zn-ions
(0.82 and 0.5 nm2 along the b- and c-axes, respectively) and
minimal structural changes during Zn2+ de-/intercalation32.

Recently, various approaches such as insertion of cations,
defect induction, unique morphology, and bi-phase introduction
have been employed to enhance the performance of vanadium
cathodes. In a study, Du and colleagues reported a new cathode,
(Na,Mn)V8O20·nH2O (NMVO), created by adding Mn ions to
NaV8O20

33. The introduction of two reduction states of Mn
(Mn2+/Mn3+) enhances electrical conductivity and the presence
of Na+ facilitates fast migration of Zn-ions. During the charge/
discharge process, Mn ions stabilize the NaV8O20·nH2O structure,
and the dissolution of metal ions is reduced by increasing the
content of Mn-ions. In addition to Mn ions, the researchers also
inserted monovalent and divalent/trivalent cations into V8O20

nanobelts. They investigated cathode materials derived from
NMVO by substituting Na with K, Li, and Zn, as well as
derivatives from NMVO by substituting Mn with Fe, Co, Ni, Ca,
and K, to determine the benefits of different transition metal ions.
Among these materials, NMVO exhibited the highest electro-
chemical performance, delivering a capacity of 377 mAh g−1 at a
current density of 0.1 A g−1. Furthermore, at a high current
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density of 4 A g−1, NMVO displayed a capacity of 146 mAh g−1

and a retention rate of 88% after 1000 cycles.
Another strategy was proposed by Yang and colleagues, who

suggested using rocksalt vanadium oxynitride as a cathode by
introducing cationic vacancies or defects, which involves replacing
low-valent oxygen with high-valent nitrogen34–37. This approach
enables the rocksalt vanadium oxynitrides to store Zn-ions.
However, when the battery with pure rocksalt as the cathode was
tested, it delivered a very small capacity of <40 mAh g−1 during the
initial discharge due to the limited diffusion of Zn-ions in the close-
packed face-centered cubic lattices. To overcome this, during the
first charging in an aqueous electrolyte, the stoichiometric rocksalt
vanadium oxynitride undergoes a conversion reaction, in which
high-valent nitrogen anion (N3−) is partially substituted by low-
valent oxygen anion (O2−), resulting in anion-disordered rocksalt
with abundant vacancies/defects. This disorderly structure with
abundant vacancies provides a diffusion channel that allows for the
rapid diffusion of Zn-ions, leading to a cathode with a great
reversible capacity (603 mAh g−1 at 0.2 C) and high-rate capability
(124 mAh g−1 at 600 C).

Vanadium pentoxide is a cathode that has a high theoretical
capacity (589 mAh g–1), but its interlayer distance is insufficient
for the reversible de/intercalation of zinc ions, leading to poor
cycle stability. To overcome this issue, Yin, Chengjie and their
team proposed a method to improve battery performance by
increasing the layer distance using intercalated polyaniline
(PANI). The incorporation of PANI into V2O5 enhances its
conductivity and structural stability, while also effectively
expanding its interlayer spacing (to 1.41 nm), which allows for
easier Zn2+ diffusion. As a result of these modifications, the
cathode achieves a high specific capacity of 356 mAh g–1 at
0.1 A g–1 and superior cycling performance (96.3% capacity
retention after 1000 cycles at 5 A g–1) in an aqueous electrolyte.

Organic materials: Developing cathode materials that can provide
high cycling performance for AZIBs remains a critical challenge,
hindering their widespread application. Therefore, researchers
have investigated stable electrochemically active organic materials
for AZIBs, which can function well in aqueous electrolytes38.

One such cathode material is the composite of redox-active
anthraquinone-based covalent organic framework and graphene
oxide (covalent organic frameworks-GOPH)38. The researchers
introduced a unique electrolyte composition of Zn and Li and
found that the optimal ratio of Li and Zn ions favors the diffusion
of Zn2+ ions into the covalent organic framework cathode. The
charge storage mechanism of covalent organic framework
involves the intercalation and deintercalation of Zn2+ ion into
the covalent organic framework with concurrent reversible redox
activity of carbonyl and imine moieties of covalent organic
framework. The electrochemical performance shows best result
when the cell consists of the covalent organic framework-GOPH
in the 0.5 M ZnSO4 and 0.5 M Li2SO4 electrolyte, exhibiting great
cyclability and superior capacity with retention of 83% after 500
cycles.

Another promising organic cathode material is the coordi-
nately unsaturated Mn-based metal organic framework(MOF)s.
The Mn-H3BTC-MOF-4 was synthesized through a melt-
infiltration strategy to obtain Cu-doped and carbon-coated
V2O5

39. The unsaturated Mn(II) atom in Mn-H3BTC-MOF-4
can access Zn2+ ions and has stronger interactions with electrons,
resulting in faster electrochemical kinetics and better Zn2+

storage capability. This cathode demonstrates a high specific
capacity of 328.8 mAh g−1 at 0.2 A g−1, great rate performance of
163.8 mAh g−1 at 2 A g−1, and superior long-term stability with
93.5% retention after 500 cycles. With their unique characteristics
of large surface area, adjustable porosity, and molecular level

regulation, MOFs hold tremendous potential for energy storage
applications.

Na, Mg, Al systems
Na system: Numerous studies are currently underway to develop
the cathode structure of aqueous sodium-ion batteries (ANIBs) to
improve the diffusion rate of Na-ions. The typical cathode
structure for ANIBs is a tunnel-type 3D structure, which has
excellent cyclability and high-water stability. However, the widely
studied cathode material Na0.44MnO2, which has a tunnel
structure, has a significant drawback in that it can only deliver
half of its theoretical capacity during the initial charging process,
resulting in insufficient reversible capacity of the cell40. To
address this issue, researchers have proposed increasing the
sodium content, which has proven to be an effective
method for enhancing the reversible capacity. Wang and colla-
borators have developed a new tunnel-type cathode material,
Na0.66[Mn0.66Ti0.34]O2, which is substituted with titanium (Ti) to
maintain a stable tunnel structure without phase transformation
and increase cycle stability41. This material has shown the highest
capacity among transition-metal oxides-based cathode materials.
Research into cathode materials for ANIBs has recently expanded
beyond transition metal oxides to include prussian blue42–44 and
its analogues45,46, which have large ionic channels, many inter-
stitial sites, and can adjust redox potential. However, prussian
blue analogues have a critical disadvantage in electrochemical
performance, such as low specific capacity, cycling stability, and
low CE, due to the large amount of Fe(CN)6 vacancies and
coordinated water in the crystal framework. To address these
limitations, Zhu and co-workers have developed monoclinic
sodium-rich nickel hexacyanoferrate nanocubes (m-NiHCF) as a
cathode, which has a higher sodium content than conventional
prussian blue analogue and lower Fe(CN)6 vacancies and coor-
dination water47. This material has shown high specific capacity
(70.1 mAh g−1 at 100 mA g−1), ultrahigh rate capability (76%
capacity retention at 2000 mA g−1), and stable cycling perfor-
mance (97.1% capacity retention over 8000 cycles). Also, it is
shown that the carbon coordinated FeII/FeIII redox couple acts as
a redox active site during the insertion and extraction of Na ions,
enabling fast kinetics of this cathode material.

In addition to the transition metal oxide and the prussian blue,
Polyanionic compounds, including NASICON-type compounds,
are being explored as promising cathode materials for ANIBs due
to their stable structure, large ionic channels, and efficient
intercalation and deintercalation of Na+ ions. NASICON is an
abbreviation for sodium superionic conductors, AnB2(PO4)3 in
chemical formula48. A is a monovalent cation and B is a
transition metal ion NaTi2(PO4)3, a type of NASICON com-
pounds, is commonly used as an anode because Ti4+/Ti3+

oxidation potential is higher than hydrogen generation potential.
Na3V2(PO4)3 is used as a cathode because oxidation potential of
V4+/V3+ is lower than oxygen generation potential. However,
Na3V2(PO4)3 has a problem that the structure is unstable in
aqueous solution and capacity fading is commonly occurred. In
this regard, transition-metal substitution is suggested to increase
the structural stability.

Han and co-authors evaluated the electrochemical performance
of the symmetric cell with a halide-free, low-cost water-in-salt
electrolyte using NASICON-type Na2VTi(PO4)3/C (NVTP/C) as
an electrode material49. This cell system delivered an average
discharging voltage of 1.13 V with stable cycling performance. The
coulombic efficiency was 99.1% at 1 C for more than 500 cycles and
higher than 99.9% at 10 C. However, in the case of NVTP/C
electrode, the electrochemical reaction was more stable when
applied as an anode rather than a cathode, to be precise. In this
paper, the reason of this result is that the lower voltage range of the
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electrode potential is far from the hydrogen generation potential,
but the upper voltage part contacts the oxygen generation potential.
As such, many efforts have been made finding the optimal cathode
material in ANIBs, but there are still many challenges to be
overcome.

Recently, Ullah and co-workers suggested a hierarchically
nanostructured high-capacity cathode material (denoted as
Na6V10O28 @Mn-BTC) which is synthesized in situ method,
encapsulating sodium decavanadate Na6V10O28 in the scaffold of
Mn-based MOF Mn-BTC (where BTC is 1,3,5-benzenetricar-
boxylic acid)50. Na6V10O28 is uniformly distributed within the
pores of Mn-BTC. This enables the multielectron redox proper-
ties of Na6V10O28 whereas the diverse 3D diffusion channels, high
surface area, and flexible architecture of Mn-BTC ensure high
intercalation capacity by suppressing the agglomeration and
providing faster ionic diffusion kinetics in the Na6V10O28@Mn-
BTC nano-hybrid cathode material. In addition, the Mn-BTC
framework maintains the structure of Na6V10O28 and enhances
sodium storage capacity by participation of Mn in the redox
process. The Na6V10O28@Mn-BTC cathode material showed a
high reversible capacity of 137 mAh g−1 at 1 C rate (146 mA g−1).

Mg system: Mg-ion batteries (MIBs) have limited commerciali-
zation due to several factors. One of these is the limited elec-
trochemical oxidative stability, even when non-aqueous
electrolytes are used. Additionally, the diffusion of Mg2+ ions in
the cathode is slower than in Li-ion systems due to the strong
electrostatic attraction of Mg2+ ions. Even when using organic
electrolytes, MIBs did not satisfy the energy density and cycle life
requirements. Therefore, aqueous electrolytes with safety and
eco-friendliness are considered a good alternative.

Chen and colleagues reported the first aqueous Mg-ion battery
(AMIB) using a Prussian blue type nickel hexacyanoferrate
cathode51. This material is capable of reversible intercalation of
monovalent cations and multivalent Mg2+ ions in its open-
framework structure. The chemical composition of the as-
prepared material was found to be Na1.4Ni1.3Fe(CN)6·5H2O
using inductively coupled plasma mass spectrometry and
thermogravimetric analysis analyses. Galvanostatic charge-
discharge cycling of the material showed that the specific capacity
decreased from 65 mAh g–1 to 40 mAh g–1 when the current rate
was increased from 0.1 A g–1 to 10 A g–1 with the energy density
of 33Wh kg−1. Additionally, the kinetics of the material were
demonstrated through cyclic voltammetry with different scan
rates. The b-value of the PBN-based electrode was 0.76, indicating
a fast diffusion of Mg2+ ions in a 1M aqueous MgSO4 electrolyte,
which can be attributed to the open framework of PBN.

Spinel-type transition metal oxides, such as MgMn2O4, are
generally considered appropriate cathodes for AMIBs. Based on a
recent study that demonstrated partially replacing Mn cations of
a spinel-type electrode with other metal elements (M) like Fe, Ti,
Al, Ni, Co, Cr, Mo, and Au, Zhang and colleagues applied
MgFexMn2-xO4 (x= 0.67, 1, 1.22, 1.6) materials as the cathode of
MgABs52. In this material, the atomic ratio of Fe and Mn plays an
important role in Mg2+ ion transport. MgFe1.33Mn0.67O4 with an
Fe:Mn ratio of 2:1 was selected as the optimal cathode material
for high capacity and outstanding rate capability. At a current
density of 1 A g–1, the MgFe1.33Mn0.67O4 cathode material
showed stable cycling performance and a specific capacity of
88.3 mAh g–1 after 1000 cycles. It is demonstrated that the
coordination between Mn and Fe significantly improves the
electrochemical cycling stability and the discharge capacity of the
cathode through high diffusion coefficient and improved rate
performance.

As another strategy to effectively improve sluggish kinetics
from strong electrostatic attraction of Mg2+ ions, Sun and

team suggested inverse-spinel MgMn2O4 material as a high-
performance cathode for MgABs53. They added Mn-salt additive
(MnSO4) to form reversible manganese oxide (MnO1.44) on the
surface of the Mg2MnO4 electrode to reduce the dissolution of the
Mn element from the electrode and improve the transfer of Mg2+

ions. The Mg2MnO4//PI battery in 1M MgSO4 electrolyte had a
higher average voltage than the 1M MgSO4+ 0.1 M MnSO4

electrolyte, but the discharge capacity was lower (35.4 mAh g–1 at
5 C) with the energy density of 60.1Wh kg−1. The Mg2MnO4//PI
battery using 1M MgSO4 electrolyte had fast capacity fading after
100 cycles, but when the 0.1 M MnSO4 additive was added, it
showed excellent cycle stability without obvious capacity fading
even after 100 cycles.

Recently, Wen et al. proposed 3D flower-like MgMn2O4

(s-MMO) as a new strategy to increase the stability of the integral
structure while inhibiting the sluggish electrochemical kinetics of
Mg2+ ions54. The obtained s-MMO is rich in active sites and
nanofluidic channels, showing strong confinement. The study
also revealed that H2O molecules enter and remain in the
MgMn2O4 lattice during the activation process. Consequently,
H2O molecules present between the interlayers expand the
interplanar spacing and interfere with the electrostatic interaction
between Mg2+ ions and the host framework, which facilitates the
de-intercalation of Mg2+ ions, resulting in an improved specific
capacity, electrochemical kinetics, and stability of the s-MMO
electrode. The as-fabricated s-MMO-based cell showed a specific
capacity of 194.0 mAh g–1 at 0.1 A g–1. It also reached a very
stable cycling life of more than 16,000 cycles with a high energy
density of 481.4Wh kg–1.

Al system: One of the most significant challenges facing aqueous
Al-ion batteries (AAIBs) is the lack of appropriate cathode
materials. Al-ions are trivalent ions with strong electrical prop-
erties, leading to sluggish kinetics, high overpotential, and col-
lapse of the host structure. Therefore, a cathode material with
weak bonding between host frameworks is required. Additionally,
the development of cathode materials that minimize side reac-
tions with aqueous electrolytes is an urgent task. Lahan and Das
explored molybdenum trioxide (MoO3) with a layered structure
as a cathode material for AAIBs55. The examination of the elec-
trochemical interaction between MoO3 and various salts such as
AlCl3, Al2(SO4)3, and Al(NO3)3 showed reversible intercalation
and deintercalation of Al3+ ions in the MoO3 cathode.

On the other hand, it was impossible to reversibly charge and
discharge in the Al(NO3)3 aqueous electrolyte. These results
verify that intercalation and deintercalation of Al3+ ions are
greatly affected by the cathode material and the composition of
the electrolyte. An AAIB that uses MoO3 as a cathode material
and AlCl3 as an aqueous electrolyte demonstrated excellent Al3+

ion storage capacity, long-term stability, and minimized polar-
ization. In this case, the first discharging cycle showed an
excellent capacity of 680 mAh g–1 at a specific current of 2.5 A g–1

(5 mA cm–2).
The use of prussian blue analogues as cathode materials for

AAIBs is another promising approach. Prussian blue analogues
exhibit fast charging and discharging capabilities due to their
ability to rapidly replace alkali metal ions through redox reactions
in the aqueous electrolyte. Prussian blue analogues possess
advantages such as a 3D open-framework structure, ionic
migration, and an easy fabrication process. Ru and colleagues
investigated potassium cobalt hexacyanoferrate (K2CoFe(CN)6),
one of the prussian blue analogues, as the working electrode of
AAIBs56. The 3D open-framework structure of K2CoFe(CN)6
accelerated the electronic and ionic transmission and was able to
optimize electrochemical properties. K2CoFe(CN)6 synthesized
by a one-step hydrothermal method and low-temperature
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calcination operation exhibited a reversible discharge capacity of
50 mAh g–1 at 0.1 Ah g–1 and a capacity retention of 76% after
1600 cycles.

The cathode material FeVO4 has been explored as one of the
conversion-type cathodes by Kumar and colleagues57. The
reaction potential of the FeVO4 cathode enables discharging/
charging cycles within the potential stability window of water.
This cathode material exhibited a good capacity ranging from
60 mAh g–1 to 350 mAh g–1. Kumar and others found two
parallel sets of ongoing reactions based on various characteriza-
tion techniques and analyses: FeVO4 reacting with Al and FeVO4

reacting with the electrolyte. They explained the mechanism by
which Al-ions entering FeVO4 form an AlxVyO4 spinel phase and
an amorphous Fe-O-Al phase, and simultaneously, FeVO4 on the
surface reacts with the electrolyte to form V2O5 and metallic
Fe3Al. Moreover, during the charging process, FeVO4 and Fe-O
phase were formed, V2O5 was dissolved as V5+ in the electrolyte,
and metallic phase Fe3Al was still detected on the surface. Based
on these results, the Kumar group suggested an Al-ion intake
mechanism in which, with every cycle, some V5+ dissolves and
remains trapped in the electrolyte, which could have otherwise
reversibly converted back to FeVO4.

Yang and co-authors recently reported on iodine embedded in
MOF-derived N-doped microporous carbon polyhedra (I2@ZIF-
8-C) as another conversion-type cathode for AAIBs58. Compared
to conventional Al-I2 batteries that use ionic liquid electrolytes,
the aqueous Al-I2 battery in this study showed significantly
improved electrochemical performance in terms of specific
capacity and voltage plateaus. The confined liquid-solid conver-
sion of iodine at hierarchical N-doped microporous carbon
polyhedrons, combined with the improved reaction kinetics of
the aqueous electrolyte, enabled the I2@ZIF-8-C cathode to
deliver superior specific capacity (219.8 mAh g–1 at 2 A g–1) and
high-rate performance (102.6 mAh g–1 at 8 A g–1).

Chen and collaborators have recently presented a flexible
organic molecule, phenazine (PZ), which enables large-size Al-
complex co-intercalation as an AAIBs cathode material59. Unlike
conventional inorganic materials with limited lattice spacing and
rigid structures, PZ has reversible redox-active centers (-C=N-)
that facilitate co-intercalation behavior, suppressing strong
coulombic repulsion between Al3+ and host materials during
ion de-/intercalation. The PZ cathode showed a high capacity of
132 mAh g–1 and a stable cycle life for 300 cycles.

Yan et al. proposed an aqueous Al-ion full-cell configuration
with K2CuFe(CN)6 as a cathode, which is one of the prussianWhite
Analogues (PWAs), using 1M Al2(SO4)3 as an electrolyte and an
organic 9,10-anthraquinone (AQ) as an anode60. PWAs have a 3D
open-framework structure, large octahedral interstitial sites, and
open channels for the diffusion of multivalent ions. PWAs can also
be oxidized through the extraction of alkali metal ions during the
first charge process, allowing PWAs to act as a cathode while
avoiding the pre-insertion process. This full-cell showed the first
discharge capacity of 53.2 mAh g–1 and the capacity retention of
89.1% for more than 100 cycles at 500 mAh g–1 with the energy
density of 16Wh kg−1.

Electrolyte. The electrolyte stability window is a critical para-
meter in batteries, as it determines the range of voltages over
which the battery can operate safely without undergoing
unwanted side reactions. The electrolyte is the medium con-
taining ions that enable the movement of those ions between the
anode and cathode in batteries during charging and discharging
processes. Therefore, the stability window is the voltage range
within which the electrolyte remains stable and does not
decompose or react with the electrodes or other components in

the battery. However aqueous electrolyte-based batteries face
challenges, such as the narrow ESW of water (1.23 V) and the
decomposition of water at the electrode, making electrode selec-
tion difficult. Researchers are working to overcome these chal-
lenges to use safe and environmentally friendly water as a solvent.
One challenge is HER at the anode side. Lowering the reduction
potential through pH control allows the use of anode materials
not available in the past. Despite this, the ESW remains constant
in pH-adjusted electrolytes, leading researchers to search for ways
to widen the ESW of aqueous electrolytes. Figure 4a, b show
examples of expanding the ESW in ALIBs.

Water in salt electrolyte (WISE). In the case of conventional
aqueous electrolytes, O2/H2 produced by the decomposition of
water cannot be deposited on the surface of the electrode in a solid
state, so it is not possible to create a stable interface that protects
the electrode. However, in the case of WISE, an SEI layer, a
protective interface formed on the anode, is created by the
reduction of anions, suppressing HER, and exhibiting a sub-
stantially wider ESW in the range of 3 V. The WISE of the ALIB
battery is an electrolyte in which dissolved Li salt is much more
than water molecules in terms of volume and mass61. Kang and
others showed that a high capacity of the energy density of
84Wh kg−1 was maintained in an LMO/Mo6S8 cell using a 21m
LiTFSI aqueous electrolyte. For salt concentrations <5m, since the
reduction of water is higher than the potential of lithiation of the
anode, water is preferentially reduced, and continuous hydrogen
generation prevents the insertion of Li-ion and the TFSI– reduc-
tion. However, as the concentration of LiTFSI increases above
20m, the Li-ion solvation sheath structure changes. In the Li+

primary solvation sheath, an average of two TFSI– and 2.6 water
molecules are solvated, and the resulting Li2(TFSI)(H2O)x is
reduced at 2.9 V versus Li. (isolated TFSI anion reduction reaction
is 1.4 V and HER is 2.63 V) Therefore, the reduction reaction of
the solvation sheath containing anions creates a LiF-rich SEI layer
similar to SEI in organic electrolytes. Haitao et al. analyzed the SEI
layer of a highly oriented pyrolytic graphite electrode by these
21 m LiTFSI high-concentration aqueous electrolytes with a
combination of in-situ AFM and ex-situ XPS62.

Lin and team analyzed the inhibition of water decomposition
in the WISE and the mechanism of preventing dissolution of the
cathode active material of LMO63. As a result, through SEM
images, side reactions were suppressed in the WISE and the shape
of the electrode particles of LMO was spherical particles close to
pristine, while the shape of spherical LMO particles was severely
damaged in the 1M LiTFSI: LiBETI electrolyte during battery
cycling. In addition, the operando imaging shows that in the
WISE cell, the particles do not experience much movement and
reversibly contract and recover during charging and discharging
processes, whereas the particles on the electrode of the 1M
LiTFSI:LiBETI electrolyte cell are not only rearranged during
battery cycling but also particle size was accompanied by
significant contrast loss charged and discharged.

To improve the SEI layer homogeneously and reduce the
solubility of the SEI layer created by the reduction of dissolved
gases (O2 and CO2) and the electrolyte salt anion TFSI− in the
conventional WISE, Xin He and colleagues reported an electrolyte
that can stabilize the anode/electrolyte interface by adding 5 wt%
of polyacrylamide, a polymer additive, to 21 mol kg−1 LiTFSI
electrolyte64. Polyacrylamide participates in the Li+ primary
solvation sheath to reduce the presence of Li+(H2O)n and water
on the anode surface through chemical adsorption, thereby
reducing hydrogen evolution reaction (HER) generation and
minimizing the dissolution of the SEI layer. This resulted in a
discharge capacity of 138 mAh g−1 at 1 C rate (150 mAh g−1)
and a high capacity retention of 86.3% even after 100 cycles.
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To widen the ESW of aqueous electrolytes in NIBs, Suo and co-
authors applied the WISE concept for the first time, which had
been studied in Li-ion batteries65. Based on LIBs, the effectiveness
of WISE using sodium trifluoromethane sulfonate (NaCF3SO3, or

NaOTF) was demonstrated. By using this electrolyte, Na+-
conducting SEI was formed on the surface of the NaTi2(PO4)3
anode, and as a result, HER could be suppressed. In particular, it
was found by Raman spectra and molecular scale simulations that

Fig. 4 Overview of strategies for improving the performance of electrolytes in ABSs. a ESW with different electrolyte types inf Li-ion aqueous batteries.
b Schematic of diverse electrolytes strategies of ABSs.
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the interaction between cations and anions in Na-ion electrolytes
appears much stronger than in the case of Li-ion, leading to
pronounced ion aggregation and intimate Na-F contacts. There-
fore, it was possible to prevent water splitting more effectively by
increasing the anion reduction potential, and stable SEI formation
was possible even at a much lower salt concentration than in the
case of Li. Also, on the side of the Na0.66[Mn0.66Ti0.34]O2 cathode,
oxygen generation at the cathode decreased as the electrochemical
activity of water decreased. As a result, the WISE of these NIBs
expanded the ESW to 2.5 V, and the performance of NaTi2(PO4)3
and Na0.66[Mn0.66Ti0.34]O2 based full cells was also excellent. At a
cycle of 350 or more, it showed a high coulombic efficiency of
more than 99.2% even at a low rate of 0.2 C and an energy density
of 31Wh kg−1. It maintained a stable long-term cycle life over
cycles. Kühnel and colleagues extended the ESW to 2.6 V by
introducing a high-concentration aqueous electrolyte into the
NIB66. Sodium bis(fluorosulfonyl)imide (NaFSI) has a low lattice
energy with a melting point of 106 °C lower than that of NaTFSI
(257 °C).

Leong and colleagues proposed a new MgCl2 WISE AMIBs to
further drive the kinetics of Mg batteries using Mg metal67. Cl−

ions can inhibit passivation by displacing water molecules and
protecting the Mg surface. In addition, it partially dissolves the
passivating film to make the electrodeposition of Mg more
effective. Therefore, in this study, the MgCl2 WISE with high salt
concentration and small free water ratio maximizes the Cl−

advantage and minimizes the HER by water. The full cell
composed of Mg metal anode, CuHCF cathode, and
MgCl2×6H2O shows a specific capacity of 47 mAh g−1 at a
current density of 0.25 A g−1 and a voltage range of 2.4–1.2 V
and exhibits excellent electrochemical performance with 99%
CE. In particular, this study is noteworthy in that it enabled
reversible and durable Mg stripping/plating chemistry by
converting the passivation film of Mg metal into a conductive
Mg-MgO interphase.

To create a stable aqueous electrolyte in which Al3+ can be
reversibly ex/inserted, Wu et al. have used Al/Al(OTF)3-H2O/
AlxMnO2 using an aqueous WISE using 5M Al(OTF)3 new salt68.
The AAIBs with nH2O composition were devised, and this cell
exhibited a high specific capacity of 467 mAh g−1 and a high
energy density of 481Wh kg−1. The overall stable ESW of this
aqueous electrolyte was confirmed to be in the voltage range of
−0.3 to 3.3 V (vs. Al/Al3+) through cyclic voltammetry. Within
this voltage range, the Al(OTF)3 electrolyte was stabilized and Al
could be striped and plated on the anode side, while intercalation
and desorption of Al3+ were possible on the cathode side without
side reactions occurring. In addition, Wu and co-workers
conducted comparative experiments using HOTF-H2O aqueous
electrolyte and AlCl3/[BMIM]Cl ionic liquid electrolyte to
confirm the trivalent mechanism of Al3+ and to identify the role
of aqueous electrolyte in electrochemical performance. As a
result, other cations in the electrolyte including H3O+ do not
contribute to the discharge capacities at all, and all the discharge
capacities of Al/Al(OTF)3-H2O/AlxMnO2×nH2O are the result of
Al3+ intercalation. Recently, Zhang and co-workers explored the
importance of the ASEI on the Al anode for the charge/discharge
cycling stability using a 2 m Al(OTF)3 aqueous electrolyte69. As a
result, they found that this interphase provides chloride anions
which cause corrosion of Al metal anode and thus lower the
potential gap. The simple introduction of chloride anions (e.g.
0.15 m NaCl) was able to realize an Al//MnO2 cell with excellent
performance, such as a specific capacity of 250 mAh g–1.

Cosolvent
Suppression of water reactivity: Metal ions make solvation shells
with electrolytes and are decomposed and then deposited on the

surface of electrodes during charging and discharging processes.
This creates a solid product that prevents direct contact between
the electrode and the electrolyte. This layer is insulative but
requires good ion migration. When this product is formed well,
the electrochemical stability of the electrolyte can be prolonged
without continuous decomposition of the electrolyte and salt.
Thus, it is important to create this stable passivation layer. Using
a co-solvent will help make these SEI/CEI layers more effective.

Chen and others developed a novel ether-in-water electrolyte
by introducing the non-aqueous co-solvent tetraethylene
glycol dimethyl ether into a Li aqueous electrolyte at high
concentrations70. Tetraethylene glycol dimethyl ether was chosen
as a co-solvent for aqueous batteries because of its excellent
interfacial stability, low viscosity, and large dielectric constant,
which contribute to the effective separation of anion–cation pairs
in the electrolyte. Additional theoretical calculations show that
4Li+ are coordinated with tetraethylene glycol dimethyl ether and
the reduction potential increases to 2.64 V (versus Li+/Li). Since
it is higher than the hydrogen generation potential (2.63 V vs Li+/
Li) and lower than the aggregate reduction potential of
Li+2(TFSI−), the Li+2(TFSI−) complex is preferentially adsorbed
and reduced to form SEI, CEI, followed by Li+4 tetraethylene
glycol dimethyl ether decomposition. These two reduction
reactions contributed to the formation of a hybrid interface
passivation film composed of inorganic LiF and organic
carbonaceous species at both the anode and cathode, and
prevented the direct interaction between H2O and the electrode
surface, helping the cell to be cycled for a long time.

To make a dense SEI layer in ALIBs, Hou and team used urea,
strong polar organic molecules that have low proton activity and
can be coordinated with Li-ions71. An aqueous electrolyte was
prepared with a LiClO4-H2O-urea ratio of 1-3-2. The reduction
reaction of urea occurs at 2.7 V higher than 2.5 V. This makes the
passivation layer both in the cathode and anode. This passivation
layer suppresses HER and lowers it from 2.5 V to 2.0 V. It also
extends the overall ESW of the electrolyte from 1.7 V to 3.0 V.
The coordination of urea to Li+ offers a high probability that the
interface chemistry is dominated by the oxidation of urea, while
almost all water molecules are coordinated to Li+, depleting
the free water fraction and allowing the precipitate to remain in
the solid state without dissolving. The Li2CO3 SEI layer on the
cathode surface can inhibit oxygen evolution and Mn dissolution.
The full cell consisted of LMO cathode and Mo6S8 anode
demonstrating a working voltage of 2.0 V and stability over 2000
cycles.

Liu and co-authors tuned the solvation structure of an aqueous
Zn electrolyte using a cosolvent called triethyl phosphate which
has a high donor number and strong hydrogen bonding and
made strong coordination of triethyl phosphate with Zn2+ and
H2O molecules72,73. This also generates a triethyl phosphate-
dominated solvation sheath around Zn2+ ions, greatly reduces
water activity and inhibits cathode elution. The poly-
metaphosphate-ZnF2 rod phase insulates electrons and favors
rapid Zn2+ diffusion which can suppress Zn dendrites. As a
result, the capacity of 250 mAh g−1 for over 1000 cycles at a high
current density of 5 A g−1 was shown under the condition of full
cell lean electrolyte (11.5 g Ah−1). In addition to cosolvents,
recently electrolyte additives such as interface stabilizer of 2,3,4,5-
tetrahydrothiophene-1,1-dioxide (TD) are used to significantly
reduce the corrosion of the zinc electrode and helped to form a
stable passivation layer on the electrode surface.

Liu and others introduced a water-locked eutectic electrolyte as
another method to increase the stability and performance of
ANIBs74. Liu and co-workers devised a strategy to strengthen the
O-H bonds of water by adding additives (cosolvents or anions)
with weaker proton-accepting sites than water oxygen itself to
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form weak H-bond networks. The room-temperature eutectic
liquid with sufficient bipolar sites was chosen as an appropriate
additive to control water binding. As a method of comparing
proton affinity between anions and solvents, donor number was
used, and succinonitrile (donor number= 15), which has a lower
value than donor number (18) of water, were selected as a non-
ionic bidentate ligand and functional cosolvent, and ClO4

−

(donor number= 8) with tetradentate proton-accepting oxygen
sites was used as an anion. In conclusion, the ternary eutectic
phase of succinonitrile -NaClO4-H2O was devised, and a water-
locked bipolar environment was formed that completely broke
the original H-bond network and strengthened the O-H bond of
water. By using this water-locked eutectic electrolyte, both anodic
and cathodic limits were increased and ESW was extended to
3.41 V. The Na2MnFe(CN)6 | |NaTi2(PO4)3 full cells with water-
locked eutectic electrolyte showed a high energy density of about
80Wh kg−1 and capacity retention of 74.5% after 1000 cycles.
These results indicate that the eutectic environment played an
important role in reducing water activity and dissolubility.

Furthermore, Xu and co-workers used organic solvent-in-water
electrolytes to prevent the shortening of cycling life due to the
Mg(OH)2 passivation layer accumulated on the anode and
making a robust interfacial layer when using Mg anode75.
Organic solvents decompose on the Mg anode to form MgO, a
polyether Mg enriched organic-inorganic hybrid interfacial layer,
hindering the interaction between free water molecules and the
anode. As a result, the Mg(OH)2 accumulation that results in
electrical isolation can be prevented. In addition, organic solvents
can maintain Mg anode stably in that they form hydrogen bonds
with water molecules to reduce the activity of water. The full cell
composed of Mg metal, MnO2, and solvent-in-water electrolyte
showed a high discharge capacity of about 500 mAh g−1 and a
high discharge plateau of 2.51 V during a long cycle life of more
than 1000 cycles.

Low temperature: In general, the solubility of salt decreases as the
temperature decreases. The high electrolyte concentrations sig-
nificantly limit operation at low temperatures. Therefore, efforts
are needed to overcome the problem of poor low-temperature
operation in high-voltage water-based batteries and to find co-
solvents that meet various requirements.

Xing et al. proposed an electrolyte with the ESW of 4.5 V by
using acetonitrile and 1,3-dioxolane as a high solvent with
water76,77. In the case of acetonitrile hybrid electrolyte, water and
acetonitrile are separated from each other in the Li+ solvation
sheaths, which helps fast Li+ conduction, and in the case of DOL
hybrid electrolyte, the DOL hybrid electrolyte has a low freezing
point, leading to improve the conductivity of the electrolyte even
at low temperatures.

Yu Liu reported a water/sulfolane hybrid electrolyte using
sololane with a small Donor number78. The Li+ coordinates with
water molecules preferentially, reducing the ratio of free water
molecules, and water molecules that are not coordinated with Li+

do not decompose and bond with sulfolane molecules, so that
almost all water molecules are fixed by Li+, ClO4

−, and sulfolane
molecules. The water molecules fixed in this way have difficulty
going to the electrode, and when sulfolane is added as a co-
solvent, the solvation structure with Li+ changes, so the ESW is
widened. sulfolane also plays a role in helping to have a low
melting point by separating the hydrogen bonds of water. In the
case of LMO/LTO full cell using this electrolyte, it shows excellent
low-temperature performance with 98% capacity retention at 0 ~
–20 °C.

Tron and collaborators use ethylene glycol as an antifreeze
additive and compared the amount of additives that worked well
at each low temperature according to the amount of additives79.

At 0 ~ –5 °C, adding an antifreeze agent deteriorates the ionic
conductivity and performance. However, at –10 ~ –20 °C, it was
shown that it can be operated for longer cycling because it
reduces the surface resistance by providing good contact between
the electrolytes.

Mo and co-authors reported an ethylene glycol-based water-
borne anionic polyurethane acrylate electrolyte that can create a
stable matrix by covalently bonding alcohol structures to polymer
chains for low-temperature operation of AZIBs80. When the full
cell test was performed at room temperature with the electrolyte,
it showed a capacity of 275 mAh g−1 at a current density of
0.2 A g−1, and a high volumetric energy density of 32.68 mWh
cm−3. At low temperatures, it also gets excellent capacity
retention approaching as high as 72.54% of the initial value after
600 cycles at 2.4 A g−1.

Bi-salt: Dissolving unhydrated salt with similar chemical prop-
erties in the existing high-concentration aqueous electrolyte
enables a wider ESW. Sou and others added 7 m LiOTF in 21 m
LiTFSI electrolyte to reduce the number of free water molecules
and create a wider 3.1 V ESW with effective SEI formation81. The
LMO/C-TiO2 full cell driven through the electrolyte has sig-
nificantly improved the cycling stability of 100Wh kg−1. As well
as LiOTF, Zn-ion or Cl-based salt is used as bi-salt in the Li-ion
water-based batteries, which is better than conventional high-
concentration electrolytes82,83. Wang and colleagues reported 1 m
Zn(TFSI)2 + 20 m LiTFSI by introducing LiTFSI, a salt used in
high-concentration Li-ion electrolytes, into a Zn water-based
battery for the first time84. Owing to the unusual solvation-sheath
structure of Zn2+ ion, a high number of anions causes Zn-ions to
form similar ion pairs (Zn–TFSI)+, and (Zn–(H2O)6)2+ to be
present in small amounts. In the Zn batteries cell, it delivered
180Wh kg–1 while retaining 80% capacity for 4000 cycles.

Qian and team reported that a salt called triethylamine
hydrochloride, which can compete with water molecules by
serving as an electron donor in a Zn battery was used to change
the solvation structure to suppress side reaction by-products
caused by water85. Adding N atoms to ethyl of triethylamine
hydrochloride changes the electron cloud of the entire molecule
and creates polarization to change the electron donating ability.
In addition, Zhu et al. used a high concentration of sodium salt
NaClO4 in the Zn electrolyte to change the solvation structure,
thereby creating a unique interface in situ on the Zn anode86.
Despite the presence of Na salts, Na-ion did not affect the
operating process of ZIB. In the case of the Zn anode, the NVO
cathode full cell using 0.5 m Zn(ClO4)2+ 18 m NaClO4 as the
electrolyte, high capacity of 253 mA h g−1 at 0.1 A g−1 and 94 mA
at 4 A g−1 rate. In addition, to make a strong and good SEI layer
on the Zn anode, Zeng and others added Zn(H2PO4)2 salt, which
can make a stable and highly conductive Zn2+ SEI layer, in (1 m
Zn(CF3SO3)2)87. Also, a small amount of KPF6 as a new
electrolyte salt was introduced by Chu and colleagues that can
effectively suppress dendrites by forming composite SEI mainly
composed of Zn3(PO4)2 and ZnF2(ZCS)88.

Inorganic secondary salt was introduced to fluoride salt such as
FSI− as one way to expand WISE’s ESW in the sodium water-
based batteries. Jin and co-workers reached the ESW of 2.8 V
using 19 m NaClO4-NaOTF (17 m NaClO4+ 2 m NaOTF)
electrolyte89. By adding 2 m NaOTF, which can be reduced in
the Na+-solvation structure, the NaF-based SEI can be formed on
the anode surface, and the SEI thus formed serves to prevent the
decomposition of water on the anode surface. As a result, a high
energy density of 70Wh kg−1 appeared in a 1.75 V symmetric full
cell (Na3V2(PO4)3 | |Na3V2(PO4)3), and capacity retention of
87.5% was maintained at 1 C after 100 cycles, indicating a cycle
life of 500 cycles.
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Additionally, since aqueous electrolytes naturally have a high
freezing point, ANIBs have a problem limiting their practical
application due to severe capacity fading at low temperatures. In
this study, 3.86 m calcium chloride (CaCl2), which has a strong
interaction with water molecules, was added as an anti-freezing
additive to a 1 m NaClO4 aqueous electrolyte90. As a result, the
freezing point of the electrolyte was reduced below −50 °C and a
high ionic conductivity of 7.13 mS cm−1 at −50 °C was exhibited.
In addition, the full cell composed of Na2CoFe(CN)6 cathode and
active carbon anode at −30 °C showed the high capacity of 74.5
mAh g−1 at 1 C and stable cycling stability.

Recently, Gao and collaborators used a method of adding a
second salt as a strategy to obtain a wider ESW than the general
WISE by suppressing the activity of water in an Al aqueous
electrolyte91. This group devised water in bi-salt electrolyte, 1 M
Al(OTF)3+ 15M LiOTF, containing a high concentration of
supporting salt, and the ESW of this electrolyte was ultra-wide at
4.35 V and showed very low overvoltage at 14.6 mV. In addition,
when the AlxMnO2 cathode was used together, a discharge
capacity of 160 mAh g−1 was obtained after 150 cycles, and the
coulombic efficiency was about 95%. Molecular Dynamics
simulations results revealed that these excellent electrochemical
performances were attributed to the particular solvation sheath
structure of Al3+ and the suppressed water activity of the highly
concentrated aqueous electrolyte. In addition, the interface
chemistry between the cathode and the electrolyte was investi-
gated through kinetic analysis.

Gel electrolytes: With WISE, water molecules still have difficulty
dissolving additional water molecules due to solubility limita-
tions. If the water-based electrolyte is made in the form of a gel, it
can stabilize the activity of water molecules while having higher
ion conductivity than the existing solid electrolyte. Zhang and co-
authors made a precursor solution by adding a monomer and a
photoinitiator to the WISE and cured it with UV light to create a
solid-state aqueous polymer lithium electrolyte92. In the case of
solid-state aqueous polymer lithium electrolyte, the movement of
water molecules between hydrophilic polymer chains is inhibited.
This prevents water decomposition and forms an SEI interphase
with low water content between the cathode and the electrolyte to
expand the ESW (3.86 V). The LMO//LTO full cell using 12 m
solid-state aqueous polymer lithium electrolyte@solid-state
polymer lithium electrolyte showed a high coulombic efficiency of
90.5%. Shigang et al. made an oversaturated gel electrolyte
through a relatively inexpensive Li salt called LiNO3, and this
electrolyte enabled stable operation of VO2/LMO at room tem-
perature and high temperature93. In oversaturated gel electrolyte,
the number of coordinated Li-ions and water molecules
decreased, and the distance between Li-ions and NO3

− was
shortened to 2.8 Å.

AAIBs were also reported on the gel electrolyte. Tao and others
developed a strongly hydrolyzed/polymerized Al-iron hybrid
electrolyte to overcome the poor reversibility of AAIBs due to the
presence of an oxide layer and HER94. This inorganic polymer
hybrid electrolyte formed by the polymerization of Al and iron
induces Al3+ intercalation into NiFe-Prussian blue analogues and
at the same time, reducing ferric ions on the surface to occur in
parallel. In addition, the Fe-Al alloy formed at the anode
accelerated the deposition of Al ions to increase battery stability,
resulting in improved reversibility and energy density of AAIBs.
As a result, this hybrid-ion battery showed a specific volumetric
capacity of 35 Ah L−1 at a current density of 1.0 mA cm−2 and a
good cycle life of 90% over 500 cycles with high capacity.

Diluent electrolyte: In the case of making a high-concentration
electrolyte with only water, there are problems such as the high

cost of expensive salt, temperature limit due to the high melting
point of water, high viscosity, and low ionic conductivity. In
addition, in the case of high-concentration electrolytes, there is a
disadvantage in that expensive lithium salts enter high con-
centrations, resulting in loss of viscosity. Jaumaux and co-authors
showed the localized WISE using 1,5-pentanediol diluent95. The
LiNO3 has good miscibility with water, does not dissolve in 1,5-
pentanediol well, and 1,5-pentanediol comes together like a
polymer chain through hydrogen bonding. Accordingly, the
number of water molecules bound to Li-ions increases, and
the water decomposition reaction decreases. Moreover, when the
diluent enters, the bond between Li and NO3

− anion increases,
reducing the number of water molecules in the Li solvation sheet,
which has the effect of widening the ESW to 2.9 V.

Molecular crowding electrolyte: 2 m LiTFSI–94% polyethylene
glycol–6% H2O reported as a Li aqueous electrolyte, which can
reduce the concentration of Li salts by using liquid polyethylene
glycol, which is 40-100 times cheaper than LiTFSI, as a crowding
agent, trap water in the polyethylene glycol network, inhibit HER,
and expand ESW to 3.2 V96. Xie and others operated L-LTO/
LMO cells in a molecular dense aqueous electrolyte with high
ionic conductivity, low interface resistance, high thermal stability,
and almost eliminated water decomposition. To achieve this
similar effect, a PBBZf electrolyte composed of hydrophilic
poly(ethylene glycol) monomer, bisphenol A ethoxylate dime-
thacrylate cross-linking monomer, benzoyl peroxide thermo
initiator, and 3M Zn(OTF)2 salt was reported for the aqueous Zn
electrolyte97. Owing to the crowded environment of the ESW was
widened attributed to the water trapping ability. When the Zn//
PBBZf//V2O5@MnO2 full cell was operated at 0.2 A g–1 current
density, it showed 422 mAh g–1 capacity. Recently, Fu and co-
authors devised an electrolyte containing polyethylene glycol and
0.8 m Mg(TFSI)2 salt by reorganizing the solvation structure of
aqueous Mg-ion electrolyte98. Polyethylene glycol plays a role in
converting Mg2+ solvation and the electrolyte’s hydrogen bond
network, forming direct coordination between Mg2+ and TFSI–.
As a result, the addition of PEG can enhance the electrochemical/
physicochemical properties of aqueous Mg-ion electrolyte and
hinder water splitting. When high crystalline α-V2O5 was used as
an electrode, it showed a high discharge/charge capacity of 359/
326 mAh g–1 in the first cycle and a high capacity retention rate
of 80% even after 100 cycles.

Anode. Anode side of aqueous batteries is also one of the main
bottlenecks for realizing the large-scale application of safe aqu-
eous electrolyte in various industries. The narrow ESW of water
induces the side-reactions such as HER, dendrite growth, corro-
sion, and formation of passivation layer at the anodes. To achieve
an aqueous battery not only green and safe but also showing
superior electrochemical performance, a lot of efforts have been
put into developing better anode materials. Herein, we introduce
the representative approaches to anode development which
includes coating the surface or particle of metal anode with
substances (Fig. 5a, b), designing a novel material as an anode,
and modifying the metal anode (Fig. 5c).

Li system
Li metal: The development of ALIBs has been limited by the lack
of appropriate electrode materials that can work stably in the low
electrochemical stability window (ESW) of water (1.23 V), without
inducing hydrolysis. Various research efforts aimed at widening
the ESW of aqueous electrolytes are in progress. A lot of effort has
been put into applying Li metal with a lower redox potential than
the adjacent materials as the anode of ALIB. Yang and co-workers
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coated the surface of Li metal with a heterogeneous SEI additive,
1,1,2,2-Tetrafluoroethyl-2’,2’,2’-trifluoroethyl ether, which does
not dissolve in the aqueous electrolyte and thus minimizes water
molecules on the periphery of the anode before the formation of
the SEI layer on the anode particle99. The additive enhances the
decomposition of LiF or organic C-F into the abundance of the
SEI layer and makes Li metal work reversibly as the anode.
Moreover, Wang and others proposed coating the Li metal anode
with LISICON film and gel polymer electrolyte (GPE) as an
effective strategy to suppress dendrite growth and hinder the
transport of protons, H2O, hydrated, or solvated ions100. Addi-
tionally, Yang and colleagues reported the ALIB with a tavorite-
type material, LiVPO4F, indicating two voltage plateaus during the
ex/insertion of Li-ion, as both cathode and anode101. LiVPO4F
facilitates the fast diffusion of Li-ion on the ac, bc planes, similar
to Li4Ti5O12 possessing the spinel structure. A symmetric LiV-
PO4F/LiVPO4F full cell showed superior rate performance of 40.8
mAh g–1 at 60 C. Furthermore, great cycle performance was
confirmed in that the structure was stably maintained and the
capacity remained about 87% after 4000 cycles at 20 C.

Inorganic materials: Designing an anode material that can be
intercalated/deintercalated with Li before HER or oxygen evolu-
tion reaction (OER) occurs is the most important challenge on
the anode side. On the cathode side, there are various approaches
to coating the surface of the anode in ALIB with different sub-
stances. Chen et al. mitigated the oxygen reduction reaction

(ORR) that occurs during the formation of solid electrolyte
interphase (SEI) layer by coating a 2.0 nm Al oxide layer on
LiTi2(PO4)3102. Assembled with LMO cathode and high-
concentration aqueous electrolyte, Al2O3@LiTi2(PO4)3 anode
exhibited long-term stability of over 1000 cycles even at the open
cell. TiO2-based materials are typically used as catalysts for water
splitting, and Zhou and co-authors reported a carbon-coated
titanium dioxide (TiO2) anode by reducing the carbon film,
which is an inert catalyst possessing high electrical conductivity,
on the surface of TiO2

103. Recently, Cao and co-workers sug-
gested VO2 (D) submicron-spheres as an active anode material
for ALIBs104,105. D phase of VO2 has a three-dimensional fra-
mework and a semiconducting character with a band gap of
0.33 eV. Cao group confirmed that the prepared VO2 (D) shows
appropriate negative electrode potential in the aqueous electrolyte
of lithium sulfate and achieved a high reversible capacity (97.43
mAh g−1 at 100 mA g−1) and great rate capacity.

Zn system. Regulating the surface of the anode remains a chal-
lenging issue for aqueous AZIBs, identical to ALIBs. Due to the
non-uniform flux of Zn-ion at the anode surface, Zn aggregation
is formed, resulting in dendrite growth. Dendrites are a significant
problem as they can lead to poor cyclability and low coulombic
efficiency in AZIBs. As dendrites grow, the surface area of the
anode in contact with the electrolyte expands, inducing more
corrosion and other side reactions and resulting in faster battery
degradation. If dendrites continue to grow, they can even tear the

Fig. 5 Overview of strategies for improving the performance of anode. a Schematic of coating the electrodes with Al2O3 nano-layer using the atomic
layer deposition (ALD) equipment102. b Schematic of the MOF integrated Zn anode fabrication process109. c Schematic of the predominant H+

intercalation in the oxygen deficient MoO3-x (OD-MoO3-x)125.
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separator, resulting in a short circuit between the positive and
negative electrodes, posing a crucial safety issue. To improve the
cyclability of Zn metal anodes, various attempts have been made.
For example, alloying is one of the representative strategies
modifying the zinc metal anode for high-performance AZIB103.
Benefiting from other metals, such as Cu which possesses low
resistivity, high electrical conductivity, and the inherent electro-
chemical inertness, binary zinc alloys including ZnCu contribute
to improve the comprehensive performance of AZIBs. Beside the
alloying strategy, constructing a three-dimensional structure,
coating other substances on Zn metal, or introducing new
materials as anodes are also considered as effective strategies.

Liu et al. proposed a novel approach for modifying the bulk
structure of Zn metal anodes by fabricating a flexible, ultrathin,
and ultralight Zn micromesh using photolithography combined
with electrochemical machining106. The unique structure of the
Zn micromesh, which has a thickness of 8 m and an areal density
of 4.9 mg cm–2, exhibits high flexibility, improved mechanical
strength, and enhanced wettability to the electrolyte. The
micromesh consists of uniformly aligned micropores that enable
spatial-selective deposition and suppression of dendrite growth.
This feature is believed to be the reason for the lower
overpotential and superior cyclical stability of the Zn micromesh.
The regularly aligned micropores promote a uniform electric field
distribution, suppress the increase of defects, and facilitate the
homogeneous nucleation of Zn, thereby minimizing the nuclea-
tion overpotential. As a result, the Zn symmetrical cell with the
micromesh anode and 3.0 m Zn(CF3SO3)2 electrolyte exhibited
less voltage hysteresis than the Zn film, indicating a more
zincophilic and homogeneous Zn deposition due to the superior
characteristics of the Zn micromesh. Furthermore, a full-cell test
was conducted using polyaniline-intercalated vanadium oxide
(PVO) as the cathode and the Zn micromesh as the anode. The
full cell demonstrated high-rate capability, with 67.6% retention
at 100 times the current density, increasing from 0.1 to 10.0 A g–1,
and excellent cyclability, maintaining 87.6% of its capacity after
1000 cycles at 10.0 A g–1.

The use of various coatings on Zinc anodes has been
demonstrated as a powerful strategy for improving the electro-
chemical performance in AZIBs. Lee and colleagues chose the
ionic liquid skinny gel as a coating material due to its water-
repellent ionic conductivity107. The ionic liquid skinny gel, which
has a thickness of about 500 nm, is composed of hydrophobic
ionic liquid solvent, Zn salts, and thiolene polymer compliant
skeleton. It functions by blocking the entrance of water molecules
to Zn anodes but allowing Zn2+ ions. Assembled with IL-gel-skin
coated Zn as an anode, MnO2 as a cathode in the Zn sulfate
(ZnSO4)-based aqueous electrolyte, the full cell delivered high
cycling performance of ~95.7% capacity retention after 600 cycles.
In addition, zinc benzene tricarboxylate (Zn-BTC) MOF was
investigated as a promising coating substance by Wang and
colleagues. The rationally selected pores of Zn–BTC MOF act as
ionic sieves, accelerating the Zn transport and blocking electrolyte
anions108. The Zn–BTC anode consists of a 3D channel structure
with homogeneous micropores, each with a size of approximately
7–11 Å. This allows the non-competitive transportation of Zn2+

ions (0.74 Å) while expelling the electrolyte anions (>0.74 Å).
Meanwhile, the structural grids of Zn–BTC obstruct the 2D
diffusion of Zn2+ ions and control the electric field, enabling the
uniform transport of Zn2+ ions. It also functions as an ASEI,
expelling the solvated water molecules and suppressing side
reactions, leading to a superior lifespan of over 1000 cycles with
capacity retention of 81.1% at 2 A g−1 in the MnO2//Zn-BTC
MOF@Zn full cell. Organic material-based anodes were also
explored for advanced AZIBs. Yuksel et al. fabricated a MOF-
based Zn anode by selectively oxidizing a bare Zn foil surface and

directly growing the ZIF-8 MOF on the Zn foil by a wet chemistry
method109. The resultant underwent the pyrolysis process to gain
N-doped porous carbon. This Zn anode was not only hydrophilic
and porous, but also had intimate contact with the ZIF-8, with no
voids or spaces, thus preventing dendrite growth. Its function as a
charge distributor could also make the uniform charge of the
anode, further suppressing dendrite growth. During the plating
and stripping process, Zn2+ ions could diffuse through the
surface layer, but dendrites were hard to grow inside the pores. As
a result, the MOF-based anode showed high efficiency of Zn
plating/stripping and suppressed the formation of dendrites, as
shown by ex-situ SEM analysis.

Many researchers have investigated the strategy of using a 3D
structure host material to effectively suppress dendrite growth in
AZIBs. However, a larger surface area can lead to larger contact
with the electrolyte, accelerating the passivation and corrosion of
the anode, which in turn results in inferior cyclability. In this
regard, Zhou and others suggested using a foldable 3D MXene
(Ti3C2Tx) and graphene aerogel (MGA) as a highly zincophilic
skeleton for Zn encapsulation110. By using the electrodeposition
process, Zn2+ ions were densely encapsulated in the host based
on the plentiful zincophilic traits and micropores in the 3D
structure. The MGA anode efficiently suppressed dendrite growth
during battery cycling. Due to the inherent fluorine terminations
in MXene, an in-situ SEI consisting of zinc fluoride was formed
on the composite anode, uniformizing the Zn flux and nucleation
at the electrode-electrolyte interface. In/ex-situ tests revealed that
the 3D microscale distributed Zn design could successfully inhibit
HER (3.8 mmol h−1 cm−2) and passivation. As a result, MGA
achieved a great coulombic efficiency of 99.67% over 600 cycles at
a high current density of 10 mA cm−2, with a lower overpotential
compared to Cu foil (33 vs 88 mV at 60 cycles). The MGA@Zn
symmetric cell also delivered 5300 cycles due to the flat
deposition morphology and fast kinetics, leading to a dendrite-
free surface.

Na, Mg, Al systems
Na system: The anode side of aqueous sodium ion batteries
(ASIBs) mainly affects their low energy density and low specific
capacity. Prussian blue111,112 and its structural analogues113,114

have been considered promising electrode materials for ASIBs.
The theoretical energy storage capacities were enhanced by
controlling the reversible metal cation redox reactions of prussian
blue/Prussian blue analogues, and the inert open-framework
crystal structures of the materials enabled not only the mini-
mization of structural changes during Na+ (de)intercalation but
also facilitated the fast transport of Na+. However, the battery
capacities of the few preceding studies using prussian blue/
Prussian blue analogues as anodes were relatively low, at around
30 mAh g−1, and the average cell voltage was below 1 V due to
the narrow redox potential gaps between the anode and cathode.
Chromium hexacyanochromate (CrCr prussian blue analogue)
attracted the attention of Chen and co-workers as the promising
anode of ASIB in respect of its low redox potentials and reversible
redox reactions115. As a result, Chen and colleagues demonstrated
ASIB, achieving both high cell voltage and large energy storage
capacity. Cr-ions are located at two types of C and N coordina-
tion sites in the CrCr Prussian blue analogue anode, and it was
shown that Cr-ions at both sites attribute to Na+ storage by
X-ray photoelectron and electron energy loss spectroscopic
characterizations. The full cell assembled with manganese hex-
acyanoferrate cathode and the WISE (17M NaClO4) exhibited a
high energy density of 81.6Wh kg−1 and high specific capacity of
52.8 mAh g−1 at the average voltage of 1.55 V, due to the
low redox potentials of CrCr PBA contributing to the higher
battery voltage. Recently, Kumar and collaborators accomplished
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significant capacity enhancement of ASIB by introducing ele-
mental sulfur in the anode of ASIB116. Sulfur is a noticeable
electrode material because of its advantages of high theoretical
specific capacity, low cost, earth abundance, and environmental
benignity. When sulfur is applied as the electrode material
together with a non-aqueous electrolyte, a major bottleneck in
batteries is the dissolution of longer-chain polysulfides (Sn2−)
during the discharging process. This leads to the undesirable
polysulfide shuttling between the electrodes, undergoing self-
discharge and eventually decreasing the cycling stability of the
battery. However, longer-chain polysulfides are insoluble in
aqueous electrolyte, and the discharge products Na2S and short-
chain polysulfides (Na2Sn; n < 4) are highly soluble. In turn,
the redox kinetics can occur more rapidly in the aqueous
electrolyte than in the non-aqueous electrolyte. Kumar and col-
leagues reported 70% elemental sulfur along with CoS2 and 1-
butyl-3-methylimidazolium o,o-bis(2ethylhexyl) dithiophosphate
(BMIm-DDTP) ionic liquid as the anode (S@CoS2-ionic liquid)
for aqueous rechargeable Na-ion/sulfur batteries in 2M aqueous
Na2SO4 electrolyte. The high specific capacity of 977 mAh g−1 at
0.5 C was achieved, and the capacity retention of 98% and the
Coulombic efficiency of about 100% over 100 cycles implied the
stable cycle life of the S@CoS2-IL anode. In addition, various
research efforts are ongoing to achieve biocompatibility, high
stability, and flexibility, as wearable batteries are becoming
increasingly necessary nowadays. In this regard, He et al.
designed a binder-free anode for flexible ASIBs using hollow-
structure NaTi2(PO4)3 evenly encapsulated in cross-linked porous
N-doped carbon nanofiber (HNaTi2(PO4)3@PNC)117. As a
NASICON-type material, NaTi2(PO4)3 has a unique three-
dimensional open framework and an appropriate negative vol-
tage window, which allow for a larger accessible specific surface
area, shorter distance of ion diffusion, and less volumetric
changes during the charging/discharging process. The HNaTi2(-
PO4)3@PNC film electrode demonstrated a high-rate capacity of
108.3 mAh g−1 at 5.50 A g−1 and a high capacity retention of
97.2% after 3000 cycles.

Mg system: The urgent issues that aqueous AMIBs need to
overcome include passive film, poor corrosion resistance, den-
drites at high current rates, and poor compatibility with the
electrolytes of the anode side of AMIBs. Since Mg metal has a
relatively high reactivity with H2O, a parasitic reaction (Mg +
2H2O→Mg(OH)2+H2) occurs severely when used with an
aqueous electrolyte. This results in an increased pH of the elec-
trolyte, the formation of a passivation film, a large potential drop,
and energy loss due to the deposition of the large amount of
produced Mg(OH)2 on the surface of the anode. Consequently,
the reversible deposition of Mg2+ ions on the anode surface is
mitigated, and strategies such as finding the right host materials,
facilitating the reversible transport of Mg2+ ions, or modifying
the Mg metal anode are suggested118. Wang and others proposed
the poly pyromellitic dianhydride as a novel Mg-ion host
material119. Poly pyromellitic dianhydride, one of the organic
materials from the polyimide family, exhibits fast kinetics as an
intercalation host of divalent Mg2+ cation and is low-cost, green,
and sustainable. Poly pyromellitic dianhydride contributes to
most of the stability window because of its lower working voltage
than some other polyimide materials, and thus benefits the
aqueous full cell. The electrochemical performance of poly pyr-
omellitic dianhydride@MCNTs was confirmed in the three-
electrodes system of 4 m Mg(TFSI)2 aqueous electrolyte. By gal-
vanostatic charging/discharging at a current rate of 100 mA g–1 in
the same potential range of 1.7–2.5 V vs Mg (or −0.9 V and
−0.1 V vs Ag/AgCl), poly pyromellitic dianhydride@MCNTs
composite showed a reversible capacity of 110 mAh g−1 and an

initial Coulombic efficiency of 84.3%, which increased to 99% at
the second cycle and to 100% after 20 cycles. With a Li3V2(PO4)3
cathode and poly pyromellitic dianhydride anode, the AMIB full
cell delivered a discharge capacity of 52 mAh g−1 and an energy
density of 62.4Wh kg−1 at a 1 C rate (100 mAh g−1). Also, the
rate performance was superior, in which 74.9% of the capacity at
a 1 C rate remained at high rates of 60 C (6000 mA g−1), allowing
for a high specific power density of ~6400W kg−1 at 60 C.

Al system: In the case of AAIBs, achieving reversible electro-
chemical plating/deposition and stripping is difficult due to the
lower standard electrode potential of Al compared to H2, which
inevitably leads to HER. Additionally, the rapid formation of
passivated oxide coating, Al2O3, on the anode surface presents a
critical challenge. While Al metal is commonly used as the anode
in non-aqueous Al-ion batteries due to its low cost and stability,
uneven Al corrosion and hydrogen evolution can occur in aqu-
eous electrolytes, necessitating the development of a high-
efficiency anode that can mitigate instability and large capacity
fading. Anatase TiO2 has been considered a promising candidate
for this purpose due to its chemical stability, eco-friendliness, low
cost, ease of synthesis, and high capacity, but it still cannot
overcome the low specific capacity and electrical conductivity.
Furthermore, the multivalent ion storage of rutile TiO2 has not
been reported, and Wu and team suggested the use of univalent
ion doped rutile Ti0.95ϒ0.05O1.79Cl0.08(OH)0.13 with Ti vacancies
as a novel AAIB anode120. Wu and co-workers introduced Cl– to
obtain defective rutile TiO2 and synthesized the anode material
using a simple solvothermal method. Ti vacancies enhance the
electrochemical activity and stability of the rutile structure and
provide the structural stability that allows for a high reversible
capacity of 143.1 mAh g−1 at 0.5 A g−1. Al3+ ions can be
reversibly (de)intercalated through the lattice of Ti vacancies and
Ti0.95ϒ0.05O1.79Cl0.08(OH)0.13 without a phase change, and thus
the defective rutile TiO2 could achieve improved capacity relative
to commercial rutile TiO2.

Yu et al. designed a new AAIB system utilizing a zinc substrate-
supported Zn-Al alloy anode with an AlxMnO2 cathode and an
2M Al(OTF)3 aqueous electrolyte121. The Al3+ can compete with
other ions to arouse the extraordinary two-electron redox of
Mn4+/Mn2+ due to its strong electrostatic force and therefore,
result in a high theoretical capacity. Introducing the alloying
element Zn by depositing Al3+ onto the Zn foil substrate
mitigated the passivation and self-discharge behavior and
improved the Coulombic efficiency by inhibiting the H2 evolution
on the anode side. Also, Al3+ ions could form a positively
charged electrostatic shield during Zn2+/Al3+ deposition because
they have a lower electrochemical redox potential than Zn2+ ions
in aqueous media. Consequently, the formation of shield
suppressed the metal dendrite growth and the alloy anode
exhibited superior electrochemical performance and cycle-life of
over 1500 h.

Ran and colleagues reported the use of an Al-Cu alloy lamellar
heterostructure prepared with eutectic engineering as an active
material for the anode with the purpose of avoiding the existence
of the oxide layer and HER at the Al metal anode122. Eutectic
Al82Cu18 (at%) alloy (E-Al82Cu18) consists of alternating α-Al and
intermetallic Al2Cu nanolamellas and has a lamellar nanostruc-
ture that allows the anode to have periodically localized galvanic
couples of anodic α-Al and cathodic Al2Cu, making use of their
distinct corrosion potentials (−1.65 V and −1.2 V versus H+/H2)
and making the more-noble Al2Cu lamellas work as an electron
transfer pathway that could facilitate the Al stripping from the
less-noble Al lamellas. Consequently, E-Al82Cu18 enhanced the
reversibility of Al in the aqueous Al(OTF)3 electrolyte and
suppressed the HER and formation of passivating oxide layer.
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The anode material achieved a high specific energy density of
~670Wh kg−1 at 100 mA g−1 and a capacity retention of 83%
after 400 cycles, when assembled with AlxMnO2 as a cathode.
Recently, Chen and co-workers focused on the low conductivity
and sluggish redox kinetics of the anodes in AAIBs. Therefore,
they designed a novel W18O49 anode with rich oxygen vacancies
(denoted as W18O49-Ov)123. Tungsten oxide (WO3) has not only
a high theoretical capacity, relatively low redox potential, and
multiple oxidation state, but also a special tunnel structure that
can accelerate the insertion of ions such as Li+, Na+, and
Ca2+124. These properties make WO3 a potential intercalated
anode material. Chen and co-authors suggested vacancy engi-
neering as an effective strategy for optimizing the electronic
structure and improving the electrochemical behavior of WO3.
The introduction of oxygen vacancies could optimize not only
the electronic structure but also the Al3+ storage capability of the
W18O49-Ov anode. Thus, it contributed to the formation of the
stable 3D architecture of the anode. The full cell assembled with
W18O49-Ov anode and CuFe-Prussian blue analogue cathode
proved its superior long-term cycle performance, exhibiting high-
capacity retention of ~95.3% after 5000 cycles.

Moreover, in the aqueous electrolyte where an Al salt is added,
H+ is inevitably present due to the unavoidable hydrolysis of the Al

salt. Since the ionic radius of H+ is smaller than Al3+, H+ competes
with Al3+ as an intercalative charge carrier. Strong electrostatic
repulsion between the trivalent Al3+ ions andMoO3 can contribute
to the larger diffusion energy barriers. To overcome these
problems, Zhu and co-workers recently devised oxygen-deficient
MoO3 (denoted OD-MoO3-x) as a cathode material for AAIBs125.
The single-crystalline nature and preferential growth along the
[100] direction of OD-MoO3-x nanobelts synthesized by the
hydrothermal reaction are demonstrated by the selected area
electron diffraction. The XRD pattern and the Bragg equation of
OD-MoO3-x showed that the interlayer distance (6.98 Å) of the
(020) plane in OD-MoO3-x is larger than that of fully oxidized
MoO3 nanobelts (denoted as F-MoO3). This indicates that the
expansion of the interlayer occurs because of oxygen deficiency.
OD-MoO3-x shows ultrafast kinetics of charge storage (97 mAh g–1

at 50 A g–1), which Zhu and co-workers demonstrated that this
ultrahigh rate capability is attributed to the mechanism of the
extended interlayer and the predominant H+ intercalation. The
intercalation of H+ was identified with CV measurements using
different electrolytes (Eq. 1).

MoO3�x þ yHþ þ ye� ! HyMoO3�x ð1Þ

Fig. 6 Future of various ABSs. Future strategies for a cathode, b anode and c electrolyte.
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Additionally, efforts to apply Al metal as the anode of AAIBs
are in progress. Yan et al. investigated amorphization as a notable
strategy to hinder the incapable Al plating and side reactions of
the metallic Al anode in aqueous electrolytes by shifting the
reduction potential of Al deposition126–128. The amorphous
aluminum (a -Al) interfacial layer was prepared by an in-situ Li-
ion alloying/dealloying process at the metallic Al substrate.
Experimental and theoretical investigations demonstrated that
the amorphous structure can largely lower the Al nucleation
energy barrier. Therefore, the Al deposition becomes competitive
with the electron-stealing HER. In turn, the symmetric cell of
Al@a-Al anode, which has mitigated the passivation and
enhanced the interfacial ion transfer kinetics, maintained the
stable Al plating/stripping during 800 h. Several full cells with
Al@a-Al anode exhibited a higher discharge voltage plateau than
bare Al-based cells. Various researches are accelerating the
development of anodes in AAIBs that are reversible, high-voltage,
and stable.

Conclusions and outlook
The recent strategies for improving the performance of aqueous
batteries involve modifications to both electrodes and electrolytes,
as summarized in Fig. 6. Strategies for electrodes include mod-
ifying their structure to facilitate ion transport, enhancing inter-
facial stability, and mitigating corrosion of current collectors.
Strategies for electrolytes include tailoring the composition of the
SEI layer, controlling water-based side reactions, and expanding
the ESW with new electrolytes.

The desired characteristics of ABs include high electrochemical
performance, such as high energy density, long-term stability, and
high-rate capability, as well as environmental benignity. However,
compared to organic electrolyte-based battery systems, ABs cur-
rently exhibit poorer electrochemical performance. In particular,
improving the cathode’s voltage is critical, which requires doping
cathode materials with high electronegativity atoms such as
fluorine (Fig. 6a). Moreover, it is important to suppress the HER
problem in the anode interface. The problem is not that critical in
the coin cell, but in the case of the mass production cell unit, the
problem of swelling of the battery becomes serious (Fig. 6b).
Therefore, controlling the generation of hydrogen in the anode is
crucial for practical applications of ABs. In addition, developing
electrolytes with a larger ESW is essential to increase the oper-
ating voltage of the full cell. Various strategies have been
attempted, such as finding the eutectic point and adding bi-salt,
but there is still a lack of theory on electrolyte design, and over-
reliance on experimental results is prevalent. Hence, optimizing
these strategies by introducing technologies such as machine
learning to reduce the time for optimization is necessary (Fig. 6c).
Lastly, the battery industry is essential for the commercialization
of renewable energy. However, current battery materials, espe-
cially organic solvents, are not environmentally friendly. There-
fore, achieving environmental benignity in battery materials is
increasingly important for sustainable development. If the current
issues with ABs can be resolved, and their performance sig-
nificantly improved, they could potentially replace the current
LIB system for large-scale energy storage systems in the future.
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