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 HIGHLIGHTS

•	 The fading mechanisms of different kinds of state-of-the-art aqueous battery cathodes including manganese/vanadium-based material, 
chalcogen and halogen materials, Prussian blue analogues, as well as Ni(OH)2 cathodes were summarized.

•	 Recent progresses on electrolyte engineering on the stability of cathode materials such as bulk electrolyte modification, electrolyte 
additives, water-in-salt electrolytes, and hydrogel electrolytes were systematically reviewed.

•	 The issues that should be concerned in future electrolyte design for highly state aqueous battery cathodes were proposed.

ABSTRACT  The stability of cathode materials is a crucial factor that 
influence the overall performance of aqueous batteries. Electrolyte 
greatly influences on the stability of cathode material due to the com-
plexed electrochemical–chemical reactions at the interfaces. Therefore, 
electrolyte engineering is a direct and powerful way to solve various 
problems at aqueous electrolyte interfaces. In this review article, we 
firstly summarized the fading mechanisms of different kinds of state-of-
the-art aqueous battery cathodes including manganese/vanadium-based 
material, chalcogen and halogen materials, Prussian blue analogues, 
and Ni(OH)2 cathodes. Afterward, we reviewed recent progresses on 
electrolyte engineering on the stability of cathode materials such as bulk electrolyte modification, electrolyte additives, water-in-salt 
electrolytes, and hydrogel electrolytes. Finally, we proposed the issues that should be concerned in future electrolyte design for highly 
state aqueous battery cathodes.
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1  Introduction

Electrochemical energy storage covers various aspects from 
the portable electronics power sources to the large-scale 
electricity storage. The safety issue has drawn considerable 

concerns due to the explosion and fire runaway caused by the 
flammable ester and ether-based electrolytes. Therefore, bat-
teries based on aqueous electrolyte have been re-emphasized 
in the recent decade due to its irreplaceability in the energy 
storage condition that requires extreme safety. For instance, 
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lead-acid batteries are more encouraged to be used in two-
wheel electric vehicles by the Chinese government to reduce 
the fire accident caused by traditional lithium-ion batteries 
(LIBs). Aqueous nickel–zinc batteries are also more favora-
ble to be used as uninterruptable power source (UPS) sys-
tems in computing power center than LIBs due to high safety 
requirement. However, the traditional lead-acid batteries and 
nickel-based alkaline batteries neither have low energy den-
sity or high levelized cost of energy (LCOE), which cannot 
fulfill the electrical energy storage needs in future growing 
high safety energy storage market. Therefore, novel aqueous 
batteries with higher energy density, longer cycle stability, 
and lower cost are proposed to meet these requirements.

Although batteries based on aqueous electrolyte have 
been developed for over a hundred years, with the rapid 
growing of LIBs and sodium-ion batteries (SIBs), aqueous 
batteries are not mentioned as much as these non-aqueous 
batteries in past decades and usually considered as “novel” 
electrochemical energy storage devices. This is due to the 
effort of researchers who tried to overcome the disadvan-
tages of traditional aqueous batteries by developing novel 
battery systems other than lead-acid and alkaline nickel bat-
teries, including aqueous LIBs, aqueous SIBs, and aqueous 
zinc-ion batteries. The most significant difference between 
traditional aqueous batteries and novel aqueous batteries is 
the pH of the electrolytes. For lead-acid and alkaline nickel-
alkaline batteries, the electrolytes are either strong acidic or 
strong basic; meanwhile, for the newly developed aqueous 
batteries, the electrolytes are mostly pH neutral. The change 
of electrolyte pH greatly expanded the electrode material 
types. The change to a near-neutral pH environment reduces 
the corrosive effects associated with strong acids or bases, 
allowing sensitive electrode materials such as certain metal 
oxides and organic compounds to be stably used. In this 
way, the neutral electrolyte not only broadens the range of 
compatible electrode materials but also mitigates degrada-
tion pathways that limit the performance and cycle life of 
traditional aqueous batteries. Up to now, numerous kinds 
of aqueous battery electrode material have been developed, 
including metal oxides/sulfides, halogens, chalcogens, as 
well as small organic molecules and coordination polymers.

These newly developed aqueous batteries such as aqueous 
zinc-ion batteries (AZIBs), and aqueous lithium-/sodium-
ion batteries (ALIBs, ASIBs) have been researched for over 
a decade, and unfortunately, only a few of these batteries 
are commercialized nor showing high potential to be used 

in practice. This discrepancy between prosperous scientific 
research and poorly commercialization potential lies in the 
different interest of academic and industrial groups. For aca-
demic researchers, it is more favorable to develop new chem-
istries or materials to gain academic reputations, papers, and 
research funds. For industrial researchers, it is more desired 
to upgrade mature technologies with higher performance or 
lower cost. Despite these discrepancies, it has to be admitted 
that there are barely aqueous batteries in current research 
that can be readily converted to commercial products. One of 
the most important reasons for this situation is the stability 
of cathode materials. Electrolyte engineering approaches can 
bridge this gap by improving long-term cycle stability under 
practical mass loading conditions. By improving cycle life 
and suppressing material degradation under realistic oper-
ating conditions, these approaches not only advance funda-
mental understanding but also address critical barriers to the 
commercialization of aqueous batteries.

The poor stability of aqueous battery cathode materials 
significantly influences on the overall performance. For 
instance, the dissolution and shuttling of cathodic species 
not only result in continuous loss of active materials, the 
oxidative ions would directly react with anode materials, 
which lead to anode corrosion, and decrease in Coulom-
bic efficiency. Besides, the structural degradation of cath-
ode material also aggravates the dissolution, altering the 
charge–discharge path and leading to local pH fluctuation, 
which leads to electrolyte depletion and gas formation.

The degradation of aqueous battery cathode materials 
can be categorized into intrinsic degradation and extrinsic 
degradation. For intrinsic degradation, the cathode failure 
is caused by the irreversible structural deformation during 
charge–discharge process. Therefore, structural modifica-
tions such as element doping and phase modulation are 
effective to deal with intrinsic degradation. For extrinsic 
degradation, the cathode failure is caused by the attack 
of electrolyte components. Specifically, water molecules 
are highly reactive under cathode operation voltages. 
Water-induced degradation is the most significant prob-
lem in most of the aqueous batteries because water would 
hydrolyze the cathode materials, either by the dissociated 
hydroxide ions or protons. Therefore, reducing and tuning 
the water molecule activity is a highly effective way to 
enhance the stability of aqueous battery cathode materi-
als, which needs delicate modification of the electrolyte 
(Fig. 1).
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In this review article, we firstly discussed the failure 
mechanisms of different cathode materials. Mechanistic 
understandings are essential to precisely diagnose the 
fading of cathode materials, and therefore can we pro-
pose modification methods. In this section, we will firstly 
introduce the general failure mechanism of aqueous bat-
tery cathodes, after which the mechanism of dissolution 
and shuttling of cathodic species. Structural degradation 
induced by electrolyte is also discussed in this section. 
After mechanism discussion, we summarized recent pro-
gresses on the cathode stabilization strategies by electro-
lyte engineering, including mixed electrolytes, electrolyte 
additives, water-in-salt electrolytes, and hydrogel electro-
lytes. In the last section of this review article, we summa-
rized the current electrolyte engineering methods, as well 
as proposing some perspective views on the future possible 
modification methods on aqueous electrolyte engineering.

2 � Cathode Failure in Aqueous Electrolyte

In aqueous battery, the degradation of cathode materials is 
a complicated issue. On the one hand, the cathode materi-
als suffer from structural degradation by ion intercalation; 
on the other hand, the dissolution of cathode materials and 

the subsequent shuttle effect further aggravate the struc-
tural degradation of cathodes. These issues are prominent 
in cathodes based on redox-active transition metals and 
halogen species, such as Mn, Fe, halogens, and chalcogens 
compounds, which are inherently prone to partial solubiliza-
tion in aqueous electrolytes during electrochemical cycling 
[1–3]. Cathode dissolution leads to irreversible loss of active 
materials, structural degradation, and rapid capacity fading. 
For instance, in manganese-based cathodes, Mn2⁺ ions read-
ily dissolve into the electrolyte under mildly acidic or neutral 
conditions, undermining the structural integrity of the host 
lattice. Similarly, iodine-based cathodes suffer from the dis-
solution of polyiodide species, which can dynamically shut-
tle between electrodes.

The shuttle effect further exacerbates performance deg-
radation by facilitating the uncontrolled migration of dis-
solved redox species, resulting in parasitic side reactions 
at the counter electrode. This leads to low Coulombic effi-
ciency, increased self-discharge, and long-term instability 
[1]. The coexistence of dissolution and shuttle processes not 
only complicates the electrochemical environment but also 
introduces serious reliability concerns for practical aque-
ous battery deployment. These phenomena are not limited 
to a single class of materials but are rather intrinsic to the 

Fig. 1   Schematic illustration of the review article concerning electrolyte engineering on stabilization of aqueous battery cathode materials
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aqueous environment, where high ion mobility and solubility 
contribute to the universality and severity of these issues [4].

2.1 � Degradation of Manganese‑Based Cathodes

Manganese oxide (MnO2) cathodes are one of the most stud-
ied cathodes for aqueous batteries due to its moderate opera-
tion voltage, large capacity, and low cost. However, MnO2 
cathodes suffer from serious capacity fading during electro-
chemical cycles. The fading mechanisms were justified by 
various kinds of electrochemical and structural characteriza-
tions. To facilitate understanding, we respectively discuss 
the failure mechanisms of MnO2 cathodes under alkaline, 
neutral, and acidic pH conditions (Fig. 2).

Alkaline zinc–manganese batteries are among the most 
widely used power sources in electronic devices [1]. The 
typical cathode material is electrolytic manganese dioxide 

(EMD). The γ-MnO2 undergoes a two-electron structural 
transformation, eventually forming either α-MnOOH or 
γ-MnOOH [2–5]. This process involves a simultaneous 
Mn–O bond rearrangement and proton insertion. Accord-
ing to the Pourbaix diagram of manganese oxides, MnO2 
undergoes a low-potential reaction (0.250 V vs. SHE) 
under high-pH conditions, potentially transforming into 
electrochemically inactive species. Upon coordination 
with protons, Mn4+ is reduced to Mn3+. During the sec-
ond reduction step, Mn3O4 and Mn(OH)2 are formed. If 
zinc ions are present in the electrolyte, an electrochemi-
cally inactive compound, spinel-phase ZnMn2O4, may be 
produced via a subsequent reaction pathway.

The irreversibility of MnO2 is closely associated with 
the formation of spinel-phase Mn3O4 and ZnMn2O4 [6, 
7]. The surfaces of cycled manganese oxide cathodes are 

(1)2MnOOH + Zn(OH)2−
4

→ ZnMn2O4 + 2H2O + 2OH−

Fig. 2   Degradation mechanism of manganese-based cathodes
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typically covered with moss-like aggregates of electro-
chemically inactive by-products.

Mildly acidic or near-neutral electrolytes alleviate the 
drawbacks of alkaline systems, such as suppressing the for-
mation of electrochemically inactive phases (e.g., ZnO on 
the anode and Mn3O4/ZnMn2O4 on the cathode) [11]. Nev-
ertheless, new challenges including structural distortion of 
the MnO2 cathode and manganese dissolution arise in these 
media. The Jahn–Teller (J–T) distortion effect emerges 
as a predominant failure mechanism, particularly during 
Mn3+/Mn4+ conversion step in MnO2, where the asymmet-
ric electronic configuration (t2g3eg1) induces characteristic 
octahedral distortion. This J–T distortion significant alters 
the lattice parameters, including notable variations in c/a 
axial ratios, which severely compromise ionic diffusion 
pathways, as evidenced by the substantial interlayer spac-
ing fluctuations (7.0 Å) observed in δ-MnO2 structures. 
Phase transition-induced structural deformations consti-
tute another major degradation pathway, where reversible 
phase transformations (e.g., P2-O2 transitions) during 
electrochemical cycling generate substantial volumetric 
changes ranging of 2%–15%. These dimensional instabili-
ties mechanically destabilize the crystal framework through 
microcrack propagation and active material delamination. 
Furthermore, the high charge density of Zn2+ (0.74 Å ionic 
radius) induces pronounced polarization effects within the 
host matrix, creating strong electrostatic interactions with 
anionic frameworks that progressively weaken coordina-
tion bonds [5]. This effect becomes especially detrimen-
tal at high potential states where diminished electrostatic 
screening dramatically increases structural collapse suscep-
tibility. Moreover, although the formation of irreversible 
compounds is suppressed in neutral electrolytes, the issue 
of manganese dissolution becomes more severe. Studies on 
Zn//MnO2 batteries with different polymorphs demonstrate 
that the charge storage mechanism involves substantial dis-
solution–deposition reactions [6] The dissolution of Mn-
based cathode materials, particularly MnO2, is a critical 
factor contributing to capacity fade in aqueous Zn-ion bat-
teries [12]. The chemical reductive dissolution of MnO2 
during discharge is:

These formed Mn2+ would be oxidized into ZnMn2O4 
or ZnMn3O7 electrochemical inert species in presence of 

(2)MnO2 + 4H+ + 2e− → Mn2+ + 2H2O

zinc hydroxides (Zn4SO4(OH)8) formed during discharging 
process. Researchers have attempted to suppress manganese 
dissolution by adding Mn2+ ions to the electrolyte, leverag-
ing the shift in chemical equilibrium. Comparative studies 
on different Mn2+ concentrations have shown that although 
this strategy can temporarily inhibit Mn2+ dissolution and 
even contribute additional capacity through Mn2⁺ redeposi-
tion, a sharp capacity drop occurs after a certain number 
of cycles as the Mn2⁺ in the electrolyte becomes depleted 
or accelerate the formation of ZnMn2O4 instead [13, 14]. 
Nevertheless, the formation of inert species is not the full 
reason for stability decay. In most literatures, despite the 
modification strategies, MnO2 showed poor cycle stability at 
high loading mass (> 20 mg cm−2) while can stably operate 
for over thousands cycles at low mass loading. To date, Ah-
level Zn-MnO2 batteries can only operate for less than 200 
cycles in neutral electrolyte. The huge discrepancy between 
long cycle stability of thin electrode and poor cycle stabil-
ity when the cathode scaled up cannot be simply explained 
by the formation of inactive species. The inactive species 
ratio should be similar in both cases as they share a com-
mon formation mechanism. Besides cathode degradation by 
electrochemical inactive product formation, we hypothesize 
that electroactive but insulating product accumulation may 
be another reason for fast capacity decay.

Acidic MnO2 cathode has been proposed and consider 
as one of the most attractive ways to fully utilize the two-
electron transfer of Mn4+/Mn2+ [7] Attributing to the sim-
ple dissolution/deposition mechanism, this acidic MnO2//Zn 
battery is relatively stable than basic electrolyte and neutral 
electrolyte. Nevertheless, this kind of MnO2 cathode still 
suffers from incomplete dissolution, which produces dead 
MnO2 on current collector.

2.2 � Degradation of Vanadium‑Based Cathodes

Vanadium-based material is another widely studied cathode 
for ZIBs due to their high specific capacity. They can be 
generally classified into two categories: oxides and phos-
phate. In aqueous electrolyte, the most serious problem is 
the high valent vanadium cation chemically/electrochemi-
cally reacts with water, resulting in dissolution and phase 
transformations during rest and charge–discharge cycling 
[8]. This would convert highly crystallized cathode materials 
into amorphous vanadium oxides or layered zinc vanadates, 
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driven by oxidation to V5+ and interactions with protons or 
electrolyte components.

The transformation typically follows a dissolution–pre-
cipitation pathway, where vanadium species transformed 
to water-soluble intermediates like decavanadates 
([V10O26(OH)2]4−) before reprecipitating as hydrated oxides, 
a process heavily influenced by pH fluctuations during 
cycling [2]. The cycled vanadium cathodes often exhibit low 
crystallinity, complicating characterization but sometimes 
improving ion diffusion and cyclability [9]. While the process 
enhances specific capacity by activation of solid-state oxide, 
it may also lead to voltage decay and structural instability by 
active material dissolution. This dynamic behavior results in 
the complex trade-offs between specific capacity and stability 
degradation in aqueous vanadium-based cathodes.

Compared with vanadium oxides, vanadium phosphates 
are relatively stable by stronger PO4

3−–V5+ bond. Never-
theless, besides dissolution mechanism, the most signifi-
cant characteristics of phosphate degradation is voltage 
decay. Although this degradation usually results in capac-
ity increase while, the overall energy density is seriously 
reduced due to lower operation voltage. The voltage fad-
ing of vanadium phosphate is primary due to the structural 
intermixing of PO4

3− of the layered structure, which could 
be regulated by higher operation potential or intercalation 
of organic molecules [10–12].

(3)5V2O5 + 3H2O → [V10O26(OH)2]
4− + 4H+

2.3 � Degradation of Polyhalides

Halogen-based cathode materials (e.g., I2, Br2, Cl2) with 
large capacity, high voltage, as well as low cost are promis-
ing cathode materials for zinc batteries (Fig. 3). However, 
halogen-based cathodes suffer from critical challenges of 
shuttling effects and hydrolysis [13]. During discharge, 
halogens (X2) undergo reduction to form soluble polyhalide 
intermediates (X3

−, X5
−):

The chemical bonding between Lewis basic halide ion and 
halogen element with Lewis acidity is a spontaneous reac-
tion. The large polyhalide ions are typical soft bases which 
has low affinity toward metal cations. Therefore, the polyhal-
ide salts can be easily ionized and dissolved in the aqueous 
electrolyte, which lead to shuttle effect. The highly oxidative 
polyhalides would subsequently corrode the zinc anode by 
parasitic reactions (X3

− + Zn → Zn2+  + 3X−), which results 
in low cycle stability as well as serious self-discharge. 
Besides shuttle effect, halogens also suffer from hydrolysis. 
Hydrolysis reactions (e.g., I2 + H2O → HOI + H+  + I−) fur-
ther reduce the cycle life of halogen cathodes, especially for 
light halogen such as Cl2- and Br2-based cathode in neutral/
alkaline electrolytes [14]. For two-electron process (I−/I0/I+) 
in high-voltage zinc–halogen batteries, the active halonium 

(4)X2 + 2e− ⇌ 2X−(Solid − phase reduction)

(5)X2 + X−
⇌ X−

3
(Dissolution equilibrium)

Fig. 3   Degradation of halogen cathodes: polyhalides shuttle effect and hydrolysis of halonium



Nano-Micro Lett.          (2026) 18:226 	 Page 7 of 25    226 

species is particularly prone to hydrolyze, for which the pro-
cess is electrochemical irreversible. While strategies like 
halogen confinement in porous hosts or electrolyte additives 
can mitigate these issues, achieving long-term stability with-
out sacrificing capacity remains a key research frontier for 
aqueous halogen-based batteries.

2.4 � Degradation of Polysulfides

Aqueous sulfur batteries (ASBs) have emerged as a promis-
ing candidate for next-generation energy storage systems due 
to their high theoretical specific capacity (1675 mAh g−1), 
low cost, and environmental friendliness. However, the sul-
fur cathode tends to generate soluble polysulfides during 
charge–discharge processes, leading to the notorious shuttle 
effect [15]. This phenomenon results in active material loss, 
rapid capacity fading, and reduced Coulombic efficiency, 
significantly deteriorating battery performance.

The solubility of polysulfides (PS) in aqueous solvents 
differs significantly from organic solvents. Short-chain PS 
(e.g., Li2Sn, Na2Sn, K2Sn, n ≤ 4) exhibit high solubility in 
water, whereas long-chain PS dissolve poorly, leading to a 
simplified one-step solid-to-liquid (S−L) redox reaction in 
sulfur–alkali batteries (SABs) [16]. The high ionic conduc-
tivity (> 100 mS cm−1) in aqueous electrolytes accelerates 
mass transport. Licht et al. initially categorized this process 
into full (S–L) and half (L–L) routes, with recent studies 
introducing an S–S redox pathway. The L–L redox offers 

S2−
4

+ 4H2O + 6e− ⇌ 4HS− + 4OH−

(6)E0 = 0.51V
(

vsSHE
)

S2−
4

+ 4H2O + 6e− ⇌ 4HS− + 4OH−

(7)E0 = 0.51V
(

vsSHE
)

S + H2O + 2e− ⇌ HS− + OH−

(8)E0 = 0.51V
(

vsSHE
)

(9)3S2−
4

+ 2e− ⇌ 4S2−
3

E0 = −0.48V(vs SHE)

(10)S2−
3

+ S ⇌ S2−
4

E0 = −0.48V(vs SHE)

fast kinetics but limited capacity (1254 mAh g−1), while the 
S–L redox enables higher capacity by utilizing solid sulfur, 
albeit with slower kinetics due to solid phase activation. 
Still, SABs outperform Li-SOBs in redox kinetics. The S–S 
redox potential (E0) depends on counterions, influencing 
practical cell configurations. To fully exploit SABs, further 
optimization of electrochemical metrics (kinetics, thermody-
namics) and resolution of existing challenges are essential. 
Therefore, developing effective strategies to suppress cath-
ode dissolution and mitigate shuttle effects remains a funda-
mental prerequisite for the advancement of aqueous battery 
systems. Besides polysulfide dissolution in aqueous Li, Na 
K batteries, low reaction kinetics of ZnS in zinc–sulfur bat-
teries is a serious problem. The solid–solid conversion of 
ZnS/S results in huge overpotential (> 0.5 V), which makes 
the operation voltage of Zn–S battery lower than 0.8 V even 
under low current densities.

2.5 � Structural Degradation of Prussian Blue

Structural stability is one of the most discussed issues for 
Prussian blue analogues cathode materials. The primary 
distortion mechanism involves J-T effects of Mn3+/Fe3+ 
containing frameworks. The degenerate eg orbital con-
figuration induces octahedral distortions, altering lattice 
parameters that disrupt ionic diffusion. These effects are 
exacerbated by high charge density of Zn2+ (0.74 Å), creat-
ing strong electrostatic interactions with host frameworks 
that weaken coordination bonds. Phase transformations 
introduce additional mechanical stresses. Cubic–tetragonal 
transitions in Prussian blue analogues and P2-O2 changes 
in layered structures cause 2%–15% volume change, propa-
gating microcracks and active material delamination. These 
dimensional changes also facilitate component dissolution 
through solvation reactions. The coupled effects of J-T 
distortions, phase transitions, and coordination disruption 
collectively degrade performance through multiple path-
ways: distorted ion channels impede transport, mechanical 
instability accelerates material degradation, and diminished 
structural reversibility limits cycle life [5, 17, 18]. In low-
vacancy, high-potassium-content KxMn[Fe(CN)6]γ, K+ ions 
shift cooperatively from high-symmetry positions, leading 
to pronounced slide distortions and a phase transition from 
cubic to monoclinic [19, 20]. The resulting phase transitions 
during cycling induce volume changes and internal stress, 
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ultimately causing capacity fading. During cycling, transi-
tions between Mn3+ and Mn2+ lead to repeated phase switch-
ing, structural fatigue, and degradation. J–T distortions also 
reduce the electron transfer rate and the Mn redox potential, 
impairing rate capability.

In aqueous electrolyte, Prussian blue cathode materials 
face more serious structural distortion issues, primarily 
A-site cation slide and Jahn–Teller distortions. In aqueous 
environments, the presence of water intensifies these issues, 
as water can penetrate the framework, interact with distorted 
structures, and trigger side reactions or Mn dissolution. 
Therefore, it is crucial to suppress the water activity and 
hence to reduce the direct reaction between water molecule 
and A-site metal centers, which would reduce side reactions 
and hence the better long-term electrochemical stability. 
Moreover, A-site cation sliding can exacerbate J–T distor-
tions by locally altering the octahedral geometry, and the 
two mechanisms may act synergistically to amplify lattice 
parameter changes, further destabilizing the framework and 
accelerating structural degradation.

2.6 � Structural Degradation of Ni(OH)2

Ni(OH)2-based cathodes are widely used in various kinds 
of secondary alkaline batteries such as Ni–Cd battery, 
Ni–Zn battery, and Ni-mMH battery. The electrochemical 

performance of nickel hydroxide (Ni(OH)2) as a cathode 
material in rechargeable batteries is significantly influenced 
by its structure. Perfectly crystalline Ni(OH)2 exhibits lim-
ited electrochemical activity, making it unsuitable for bat-
tery applications (Fig. 4). Instead, battery-grade Ni(OH)2 
requires controlled structural distortions, such as stacking 
faults, intercalated species, and defects, to enhance proton 
diffusion and electronic conductivity. Ni(OH)₂ exists in 
two primary polymorphs: α-Ni(OH)2 and β-Ni(OH)2, each 
with distinct structural characteristics. β-Ni(OH)2 adopts a 
brucite-like layered structure with hexagonal close-packed 
OH− ions and Ni2+ occupying octahedral sites. However, 
anisotropic bonding—strong iono-covalent interactions 
within layers and weaker electrostatic forces between 
them—-facilitates layer misalignment, leading to stacking 
faults that improve electrochemical activity. In contrast, 
α-Ni(OH)2 has a turbostratic structure with intercalated 
water molecules (Ni(OH)2·(0.5–0.7)H2O), expanding the 
interlayer spacing to ~ 8 Å. This hydrated phase offers higher 
theoretical capacity (456 mAh g−1 via the α ↔ γ transition) 
but suffers from instability in alkaline electrolytes, often 
dehydrating into β-Ni(OH)2. Structural disorder can be 
introduced through synthesis conditions. Chemical precipi-
tation methods allow control over crystallinity by adjusting 
pH, temperature, and additives (e.g., Co, Al, or CO3

2−). For 
instance, urea hydrolysis or low-temperature precipitation 
favors α-Ni(OH)2, while high-pH environments promote 

Fig. 4   Redox mechanisms and degradation of Ni(OH)2 cathodes
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ordered β-Ni(OH)2. Electrochemical synthesis, on the other 
hand, enables precise tuning of the OH⁻/Ni2+ ratio, where 
values > 6 yield crystalline β-phase, whereas lower ratios 
(< 1) produce disordered α-phase. The impact of disorder 
on battery performance is multifaceted. While α-Ni(OH)2 
delivers higher capacity, its volumetric energy density is 
compromised by low tap density (~ 0.75 vs. ~ 2.1 g mL−1 
for β-phase). Moreover, γ-NiOOH (derived from α-Ni(OH)₂ 
oxidation) undergoes severe swelling, degrading electrode 
integrity [21, 22]. Conversely, β-NiOOH exhibits minimal 
volume changes, enhancing cycle life. Additives like Co or 
Y₂O₃ mitigate parasitic oxygen evolution and stabilize the 
γ-phase, further optimizing efficiency. Besides structural 
degradation of Ni(OH)2, oxygen evolution reaction (OER) 
is another reason for cathode instability. It is well known 
that nickel is an OER-active metal catalytic center, espe-
cially in alkaline environment. The oxygen generation not 
only reduces the cathodic faradaic efficiency, and the loss of 
water is detrimental to the battery cell, especially for lean-
electrolyte condition. Moreover, the gas generated during 
battery operation would cause cell distortion and lead to 
loss of electric contact of battery components. Zinc spe-
cies dissolved in the alkaline electrolyte would also cause 
cathode failure. The Zn(OH)4

2− ions undergoes dehydro-
genation during discharging process. In summary, strategic 
manipulation of structural disorder in Ni(OH)2 is pivotal 
for advancing nickel-based batteries, offering a pathway to 
higher energy densities and longer lifespans in energy stor-
age systems.

3 � Cathode Stabilization Strategies 
by Electrolyte Engineering

Aqueous batteries have high safety and environmental benefits 
unmatched by organic batteries, but their cathode materials 
also face many challenges during battery operation. In the pre-
vious section, we discussed failure mechanisms of cathode 
materials of aqueous batteries in detail including structural 
collapse by lattice expansion/contraction during repeatedly 
intercalation/deintercalation of cations in intercalation-type 
cathode materials; dissolution and shuttle effects of active spe-
cies caused by formation of water-soluble oxidative products. 
Besides, the side reaction such as OER and hydrolysis of active 
materials also influenced on the stability of cathode materials 
of aqueous batteries.

Electrolyte engineering has long been one of the most effec-
tive solutions aiming at these problems. On the one hand, the 
high reactivity of water molecule is responsible for serious 
structural degradation; on the other hand, water acts as a good 
solvent to dissolve active material and facilitates shuttle effect. 
Therefore, electrolyte engineering could directly solve these 
problems.

3.1 � Bulk Electrolyte Modulation

3.1.1 � Electrolyte Modulation for Oxide Cathodes

The main problems of aqueous batteries are the instability 
of the cathode material and the side reactions due to the 
high reactivity of water. Organic molecules can improve 
the interfacial stability of the cathode material by occupy-
ing the inner Helmholtz layer on the surface of the posi-
tive electrode material. In addition, organic molecules can 
regulate the solvation structure of the electrolyte through 
intermolecular interactions and inhibit the side reactions 
of water and negative electrode. Therefore, selecting a 
suitable organic co-solvent for the aqueous electrolyte 
can alleviate the dissolution problem of the cathode mate-
rial, maintain the structural stability of the material and 
improve the performance of the electrolyte and the nega-
tive electrode. Water/organic hybrid electrolytes have been 
widely used in enhancing the stability of aqueous zinc-
ion batteries. In summary, these studies demonstrate that 
introducing organic co-solvents to modulate the solvation 
structure is an effective strategy to suppress cathode dis-
solution (Fig. 5).

Dong et al. [23] added an organic solvent, dimethyl car-
bonate (DMC), to a low concentration aqueous solution of 
trifluoromethanesulfonic acid (Zn(OTf)2) and utilized the 
joint participation of DMC and OTf to adjust the solvated 
structure of Zn2+ to form a new solvated coating layer, which 
stabilizes the zinc negative electrode and is compatible with 
a variety of cathode materials, such as V2O5 and MnO2, 
and inhibits the dissolution of the cathode materials, thus 
improving the battery cycling performance. Meng et al. 
[26] prepared an acetonitrile–water co-solvent electrolyte 
by adding acetonitrile as an organic co-solvent to Zn(OTf)2 
aqueous electrolyte. Acetonitrile can regulate the solvated 
structure of the electrolyte and inhibit the dissolution of 
vanadium, the active ingredient in vanadium-based anode 
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materials (Al–V–O, V–O–H, etc.), thus improving the sta-
bility of the anode structure. In addition, acetonitrile can 
inhibit the decomposition and side reaction of water in the 
electrolyte, thus reducing the generation of by-products on 
the surface of the anode, keeping the ion transport chan-
nel unobstructed, and improving the cycling stability of the 
battery.

Chen et al. [24] introduced polyethylene glycol (PEG400) 
as a co-solvent into the aqueous electrolyte with low concen-
tration of Zn(OTf)2. The hydroxyl group of PEG can form 
hydrogen bonds with water molecules, reduce the activity 
of free water molecules, and adjust the solvation structure of 
Zn2+, thus inhibiting the occurrence of side reactions such 
as dissolution of anodic vanadium and decomposition of 
water, and improving the cycling stability. Similarly, Chang 
et al. [27] also designed a hybrid aqueous–organic electro-
lyte with performance modulation by hydrogen bonding. By 
mixing ethylene glycol with aqueous zinc sulfate, the hydro-
gen bonding between ethylene glycol and water was used to 
regulate the solvation of water and Zn2+, which suppressed 
the side reactions on the surface of the cathode material, 
and the assembled batteries still had good cycling perfor-
mance at low temperatures (− 20 °C). Mei et al. [28] also 

used organic co-solvents to control the solvation structure 
of Zn2+. They used triethyl phosphate (TEP) as an organic 
co-solvent to form an organic–water hybrid electrolyte with 
Zn(OTf)₂ and water, which on the one hand reduces the sol-
vation degree of Zn2+ through the coordination of TEP with 
Zn2+ and inhibits the activity of water, thus reducing side 
reactions such as hydrogen evolution; at the same time, the 
dissolution of V2O5/MXene cathode material was signifi-
cantly inhibited by adjusting the solvation structure, and the 
cathode material remained structurally intact after cycling.

Aqueous lithium-ion batteries are safer, relatively inex-
pensive, and more environmentally friendly than organic 
systems. However, the presence of water results in both a 
narrower electrochemical window and lower energy density, 
as well as making electrode materials susceptible to corro-
sion or dissolution (e.g., vanadium-based cathode materials), 
resulting in shorter battery life. To combine the advantages 
of both, researchers have developed and investigated aque-
ous/organic hybrid electrolytes. Shang et al. [25] used tetra-
ethylene glycol dimethyl ether (TEGDME) as a co-solvent 
dissolved in a high concentration of LiTFSI aqueous elec-
trolyte to create a “water-in-ether” electrolyte for aqueous 
lithium-ion batteries. The ether oxygen atoms of TEGDME, 

Fig. 5   a Photographs and MD simulation 3D snapshot of phase separated DMC/H2O and homogenous phase when Zn(OTf)2 was added. b 
FTIR spectra of different DMC/H2O electrolytes [23]. c Dissolution of V2O5·nH2O cathode in ZnSO4, Zn(OTf)2 and Zn(OTf)2–60%PEG and d 
corresponding ICP-MS [24]. e Composition of the Li+ first coordination shell of EIWE and f CEI on cathode surface [25]
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water molecules in the aqueous solution, and the oxygen and 
nitrogen atoms of TFSI− can coordinate with Li+, which can 
participate in the regulation of the solvation shell structure 
and stabilize the interfacial chemistry of the electrolyte, and 
the increase in the concentration of TFSI− and TEGDME in 
the inner layer of the cathode–electrolyte—the inner layer 
of the Helmholtz layer—can displace the water molecules 
from the surface of the cathode material and inhibit the oxi-
dation side reaction of the cathode, and the increase in the 
concentration of TFSI− and TEGDME in the inner layer of 
the cathode–electrolyte–the inner layer of the Helmholtz 
layer—can inhibit the oxidation side reaction of the cath-
ode and enhance the stability of the cathode and improve the 
stability of the cathode–electrolyte interface.

Aqueous potassium ion batteries are rich in resources, 
high in safety, and have better long-cycle performance. 
Although the current energy density still needs to be 
improved and the electrode materials and fluids have more 
limitations, it is expected to achieve a breakthrough in 
performance through the optimization of electrolyte, the 
development of electrode materials, and the regulation of 
interface. Among them, the optimization strategy of the elec-
trolyte is similar to that of aqueous zinc-ion and lithium-ion 
batteries, which can protect the cathode material by lowering 
the molecular weight of water in the solvated shell on the 
surface of the cathode and at the same time inhibit the activ-
ity of water through some intermolecular interactions. For 
example, Xia et al. [29] introduced butanedinitrile (SCN) 
into potassium bisfluorosulfonimide (KFSI) as a hydrogen 
bonding moderator. On the one hand, the cyano group was 
used to form weak hydrogen bonds with water and weaken 
the strong hydrogen bonding network of free water, thus 
reducing side reactions such as water decomposition in the 
electrolyte and expanding the electrochemical stabilization 
window, as well as improving the high-voltage resistance of 
the electrolyte. On the other hand, SCN enters the solvated 
shell layer of K+, which can reduce the number of water 
molecules in the inner layer and inhibit the side reactions 
of the positive electrode due to the involvement of water. 
And SCN and FSI preferred to water for decomposition can 
form a dense interfacial layer on the surface of the positive 
electrode, which protects the positive electrode material and 
improves the battery stability.

Water activity is one of the most important reasons for 
cathode dissolution. The addition of specific electrolyte 
additives can regulate the solvation structure of Zn2+, by 

disrupting the hydrogen bond network between water mol-
ecules and reducing the activity of free water, thereby inhib-
iting the dissolution of cathode materials. For instance, tri-
ethyl phosphate (TEP) with a high donor number (DN value) 
is more likely to occupy the area around the internal solva-
tion sheath of Zn2+ compared to water and at the same time 
form hydrogen bonds with water, reducing the reactivity of 
water with the V2O5 cathode and improving the stability 
of the system [30]. Mei et al. [28] further investigated the 
optimal ratio of this triethyl phosphate (TEP)/water mixed 
electrolyte and designed a V2O5/MXene composite cathode 
material to explore the zinc storage mechanism of V2O5/
MXene in the electrolyte. Experimental data show that the 
Zn-V2O5 battery using the electrolyte with A Zn(OTf)2-TEP/
H2O-80% ratio still has a capacity retention rate as high as 
78.6% after 4000 cycles at a current density of 0.5 A g−1, 
which is superior to the performance of the vast majority of 
reported Zn-V2O5 batteries.

Similar to the mechanism of action of TEP, propylene 
carbonate (PC) forms a complex with Zn2+, reducing the 
number of active water molecules and the amount of H+ in 
the electrolyte, thereby lowering the destructive effect of 
H+ and H2O co-insertion on the cathode material during 
discharge–charge [31]. Meanwhile, the addition of PC also 
lowers the freezing point of the electrolyte and improves 
the low-temperature performance of the battery. Specifically, 
under the conditions of − 40 °C and 0.1 A g−1, the capacity 
retention rate after 300 cycles is as high as 100%. LiOTF 
also plays the same role [32]. By coordinating with Zn2+, 
it forms hydrogen bonds with water molecules, reduces the 
activity and quantity of water molecules, and prevents water 
molecules from forming hydrogen bonds with oxygen atoms 
in the cathode material, resulting in weakened V–O bond 
strength and even structural collapse.

It is not difficult to find that the core idea of the above 
examples is to avoid the dissolution of the cathode mate-
rial by reducing the activity of water molecules. During 
the first charge and discharge of the battery, due to defects 
or inhomogeneity on the surface of the electrode material, 
the local electric field is enhanced, which in turn trig-
gers the decomposition reaction of the electrolyte. The 
decomposition products generated by the reaction will 
deposit on the surface of the electrode material, forming 
a passivation layer, namely the solid electrolyte interface 
(SEI). Because the reduction potential of organic elec-
trolytes is usually low and the ESW is narrow, the SEI 



	 Nano-Micro Lett.          (2026) 18:226   226   Page 12 of 25

https://doi.org/10.1007/s40820-025-02048-w© The authors

film was initially thought to be generated only in organic 
electrolytes. However, with the continuous development of 
aqueous batteries, researchers have found that SEI can also 
form in aqueous electrolytes. Suo et al. [33] successfully 
formed the first aqueous SEI by changing the Li-solvation 
sheath structure through super-concentration, significantly 
expanding the ESW of the system from 1.23 to over 4.0 V, 
and successfully introducing the SEI into aqueous batter-
ies. Because the phenomenon of performance deterioration 
caused by the dissolution of the cathode material in aque-
ous batteries is very common, this discovery has inspired 
researchers in aqueous batteries. How can a passivation 
layer be formed on the surface of the electrode material 
to protect the electrode material and stabilize the inter-
face? The researchers suppressed cathode dissolution by 
constructing a cathode–electrolyte interface (CEI) on the 
cathode surface. Among them, adding electrolyte additives 
is the simplest and cheapest method. Many studies have 
proved that choosing the appropriate electrolyte additives 
can protect the cathode material from dissolving.

VC/H2O mixture significantly enhances the cycling sta-
bility and coulombic efficiency of Li1.05Cr0.10Mn1.85O4 in 
aqueous solutions by forming a protective film on the sur-
face of electrode materials, preventing electrolyte decom-
position and water penetration [34]. Furthermore, adding 
Mn(CF3SO3)2 to the Zn(CF3SO3)2 electrolyte enables the 
Zn-MnO2 battery to still provide a reversible capacity of 
1550 mAh after 50 cycles, and the total energy density 
reaches 75.2  Wh  kg−1 [35]. Adding Mn(CF3SO3)2 can 
replenish dissolved Mn2+. Additionally, the volume of the 
CF3SO3

—anion is relatively large, which can reduce the sol-
vation effect of water molecules on Zn2+ and facilitate the 
migration of Zn2+. In addition, a uniform and porous MnOx 
nanosheet layer was formed on the surface of the cathode, 
preventing the structural damage of the cathode material 
and improving the cycling stability. The NMP molecule 
exhibits the highest HOMO energy level, so it shows the 
greatest tendency to adsorb on the positive electrode surface 
and induce the formation of CEI [36]. It was observed that 
the energy of LUMO showed a downward trend. Therefore, 
NMP molecules preferentially adsorbed on the surface of Zn 
and underwent solvation with Zn2+ at the interface. Electron 
transfer occurs between NMP molecules and the cathode 
material, further enhancing the adsorption effect and mak-
ing the CEI layer more stable. The CEI layer prevents direct 

contact between the electrolyte and the cathode material, 
thereby inhibiting the dissolution of vanadium.

3.1.2 � Electrolyte Modulation for Chalcogen Cathodes

Selenium has a theoretical capacity of 678 mAh g−1. The 
polarization voltage of Se cathode is relatively low com-
pared with sulfur cathodes. Se cathode undergoes the same 
reversible conversion reaction whether in organic or aque-
ous electrolyte:

Although Se cathode showed limited battery performance 
in aqueous electrolyte of 1 M ZnTFSI, the performance is 
significantly enhanced when PEG was used. The ZnTFSI/
PEG/H2O electrolyte enabled the stable cycle of Zn-Se bat-
tery (1.5 V, 600 mAh g−1), which is comparable with that 
of in EMC organic electrolyte. Nevertheless, the platform 
contribution is lower for aqueous electrolyte, which needs 
further electrolyte modification [37].

Tellurium cathode has a theoretical capacity of 
419 mAh g−1 in two-electron conversion manner (Te0/ZnTe), 
and 1260 mAh g−1 when tellurium is further oxidized to 
TeO2. However, Te4+ undergoes vigorous hydrolysis in 
water to form TeO2, resulting in irreversible loss of active 
substances and increased resistance to charge transfer. Zhi 
et al. [38] found that 30 m ZnCl2 electrolyte can achieve 
the Te2−/Te0/Te4+ six-electron reaction. The high-concen-
tration ZnCl2 electrolyte reduced water activity and inhibited 
Te4+ hydrolysis. Besides, Cl− as a charge carrier can drive 
the reversible conversion of Te0/Te4+. Therefore, a high-
energy Zn-Te battery was achieved with specific capacity 
of 1223.9 mAh g−1and significantly reduced polarization 
voltage (0.39 V).

By designing suitable organic co-solvents, the solvated 
structure of the electrolyte can be regulated by intermolecu-
lar interactions, which can not only broaden the voltage win-
dow and inhibit side reactions such as water decomposition 
in the aqueous electrolyte but also optimize the interfacial 
chemistry and stabilize the anode structure. To some extent, 
it solves the bottleneck problem of traditional aqueous bat-
teries. While maintaining the advantages of the high safety 
of aqueous batteries, it improves the energy density and 
cycle life of batteries, providing an important technology 

(11)Se + Zn
2+ + 2e

−
⇌ ZnSe
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pathway for the next generation of cost-effective and safe 
energy storage systems.

3.2 � Electrolyte Additives

Besides mixed organic–aqueous electrolyte, electrolyte addi-
tives have also attracted much attention due to their advan-
tages of high efficiency, simple process, and the ability to 
effectively improve the electrochemical performance of 
aqueous batteries. The small amount of usage would change 
the overall properties on various aspects. Although electro-
lyte additive strategy is most used to alleviate the zinc anode 
problems, the electrolyte additives also showed significant 
advantages in enhancing the cathode performance.

3.2.1 � Additives for Halogen Cathodes

In aqueous zinc–halogen battery, the notorious shuttle effect 
will result in irreversible capacity loss as well as low cycle 
stability (Fig.  6). The traditional physical confinement 
strategies by porous matrix cannot fully solve this problem. 
Meanwhile, electrolyte additives could assist the inhibition 
of shuttle effects by the interaction between electrolyte addi-
tives molecule and polyhalide ions [39].

The mostly used electrolyte additives for halogen cath-
odes are quaternary ammonium salts (QASs). They stabilize 
polyhalide ions by the strong electrophilic nitrogen cations 
and hydrophobic alkyl chains. Through reasonable struc-
tural design, the shuttle effect of halogen cathodes can be 
effectively improved, and the stability of the system can be 
enhanced. Zhao et al. [40] introduced a series of QASs as 
electrolyte additives in dual-plating type zinc–iodine bat-
tery. The iodine forms conductive polyiodide ion liquid 
(PIL) cathode in presence of non-symmetric QASs, which 
enhanced the conductivity and suppressed polyiodides 
dissolution. The PIL cathode enables the zinc–iodine bat-
tery stably cycling for over 990 h at high areal capacity of 
3.12 mAh cm−2. Beside iodine cathode, bromine cathode 
could also be stabilized by QASs. Liang et al. [41] used 
1-hexylpyridinium bromide (HPYBr) as a complexing addi-
tive in electrolyte. Pyridine cations form stable complexes 
with polybromides, thereby inhibiting the shuttle effect of 
polybromides and stabilize bromonium cation in presence 
of HPYBr. The battery achieved a high specific capacity of 

215 mAh g−1 with high capacity retention of 88.5% after 
1000 cycles at a current density of 3C.

At present, high-concentration salt electrolytes and 
eutectic electrolytes were developed to inhibit the hydroly-
sis of I+ [42]. Although these strategies can reduce water 
activity, the charging process will still form water-rich 
zones, intensifying I+ hydrolysis and leading to irrevers-
ible conversion of four-electron iodine. The TEA⁺ dynamic 
Janus interface design proposed by He et al. [43] dynami-
cally repels water and enriches Cl⁻ through the ion sieve 
effect, forming a unique water-poor and chlorine-rich 
interface. While inhibiting I⁺ hydrolysis, it maintains a 
high ionic conductivity, achieving an ultra-high rate of 
189.5C, low-temperature operation at − 65 °C, and an 
ultra-long cycle of 35,000 times, breaking through the bot-
tleneck of traditional strategies. Chen et al. [44] designed 
a bifunctional electrolyte additive trimethylamine hydro-
chloride (TAH), which contains both amine groups and 
Cl−. It can form a unique (TA)ICl bidentate coordina-
tion structure at low concentrations to achieve efficient 
anchoring of I+. DFT calculations show that this structure 
is more stable than the traditional single-tooth coordina-
tion (with a binding energy of − 3.20 eV), and it can be 
directly added to ZnSO4 aqueous solution, fully retaining 
the high ionic conductivity characteristics of aqueous elec-
trolyte. The zinc–iodine battery showed a high capacity of 
450 mAh g−1 at 2 A g−1, and an impressive rate perfor-
mance of 200 mAh g−1 at 40 A g−1.

3.2.2 � Additives for Chalcogen Cathodes

Recent studies have shown that high-capacity conversion-
type cathode materials such as S (1148 mAh g−1) can be 
used in zinc batteries. Similar to halogen cathodes, sulfur 
cathodes generate soluble polysulfides during discharge, 
causing problems such as loss of active materials and 
low coulombic efficiency (Fig. 7). Moreover, the process 
of reducing sulfur (S8) to sulfide (S2−) involves multiple 
solid–liquid–solid phase transitions, with a high reaction 
energy barrier, resulting in low sulfur utilization rate and 
large voltage polarization.

In order to deal with the slow solid–solid conversion 
rate of ZnS and the poor redox kinetics of sulfur cath-
odes, researchers have found that adding iodine addi-
tives to the electrolyte can accelerate the solid–solid 
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(S-ZnS) conversion reaction kinetics of sulfur cathodes. 
The strong interaction between I− and ZnS rearranges 
the atomic structure of ZnS, weakening the Zn–S bond 
and promoting the electrochemical oxidation from ZnS 
to S. Enhance the capacity and stability of the battery 
[45]. Sun et al. [46] introduced a dual-mediating trimeth-
ylphenylammonium iodide (Me3PhN+I−) additive into 
the Zn(OAc)2 electrolyte to induce the formation of solu-
ble polysulfide ion intermediates on cathode. This strat-
egy transforms the solid–solid conversion reaction path 
between S and ZnS into a solid–liquid–solid conversion 
path. During the charging process, I3

−/I redox pairs are 
utilized to promote the conversion reaction, and Me3PhN+ 
is employed to inhibit the shuttling of I3

−. Experimental 
data show that the battery achieves a high discharge capac-
ity of 1659 mAh g−1 at 0.1 A g−1 with low overpoten-
tial of 0.34 V. Under the conditions of a sulfur loading of 

5.1 mg cm−2 and lean-electrolyte condition (10 μL mgs
−1), 

the battery can still achieve a high discharge capacity of 
1623 mAh g−1/8.3 mAh cm−2 with low overpotential of 
0.37 V.

3.2.3 � Additives for Oxide Cathodes

The long-term cycling stability of zinc–manganese bat-
tery systems in mild-acid aqueous electrolyte can also be 
modulated by electrolyte additives (Fig. 8). Guo et al. [50] 
found that the Na0.44MnO2 cathode with SDS additive had 
a higher initial discharge capacity, better rate performance, 
and cycle stability. Under the condition of 1 A g−1, the 
battery could still maintain 93% of its capacity after 1500 
cycles. Zhang et al. [47] introduced dimethyl carbonate 
(DMC) and lithium nitrate (LiNO3) as additives into the 

Fig. 6   a Voltage profiles of the Zn-Br battery with HPY Br b Photographs of the complexes in pure water or ZnSO4 solution. c Salting-out 
effect of kosmotropic salt for chaotropic organics [41]. d PEG hybrid electrolytes and its influences on iodine redox. e Photographs of iodine 
species dissolution different electrolytes. f UV–Vis spectra of the generated I3

− anions in various electrolytes [42]. g Four-electron iodine con-
version and hydrolysis of I+. h Janus interface in TEA+-containing systems i Cycling stability in ZnCl2 bare and ZnCl2-TEA+ electrolytes [43]
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aqueous solution of Zn(OTf)2 to construct the HD-OTf/Li 
composite electrolyte. Li+ and Zn2+ competed for coordi-
nation with water molecules, further reducing the content 
of free water molecules. It promotes the participation of 
NO3

− in the formation of the SEI film, effectively pre-
venting the direct contact between active substances and 
electrolytes, and simultaneously effectively improving the 
mechanical problems of ion transport.

The quaternary ammonium salts and iodide ion additives 
mentioned above can not only improve the electrochemi-
cal performance of halogen cathodes but also effectively 
enhance the electrochemical performance of oxide cath-
odes. Zhi et al. [48] utilized the structural characteristics 
of cetylpyridine chloride (HCCM) to achieve ion selective 
regulation and cathode interface stabilization. The HCCM 
inhibits the dissolution and side reactions of MnO2 in the 
electrolyte and enhances the utilization rate of active sub-
stances. Through a unique three-step electrochemical energy 
storage process, it can achieve a high area capacity of 
1.8 mAh cm−2 and a high specific energy of 0.858 Wh cm−2 
even with a low MnO2 load mass of 0.5 mg cm−2.

For MnO2 in acidic electrolyte, Lu et al. [49] proposed 
a redox mediator strategy to enhance the cycling stability 
at high surface capacity by promoting the dissolution of 
MnO2 and restoring the “lost” capacity from the exfoliated 
MnO2. The iodide redox mediator continuously consum-
ing the accumulated MnO2 by reducing dead MnO2. With 
low concentration iodide (0.1 M), the zinc–manganese 
static battery could stably cycle for more than 400 times 
at 2.5 mAh cm−2. The zinc–manganese flow battery stably 
cycled for more than 225 times at 15 mAh cm−2 and 50 
times at 50 mAh cm−2.

3.2.4 � Additives for PBA Cathodes

In the aqueous sodium-ion system, the traditional J–T distor-
tion in Prussian blue cathode during charging and discharg-
ing causes irreversible structural damage, dissolution of Mn, 
and rapid capacity fading. In addition, the dissolved Mn3⁺ 
directly reacts with anode, generating by-products which will 
intensify polarization and accelerate capacity loss (Fig. 9). 
Wang et al. [51] added Na4Fe(CN)6 to a high-concentration 

Fig. 7   a First charge–discharge curves and b Cycling stability of the batteries c iodine catalytic mechanism [45]. d Sulfur reaction paths in 
aqueous Zn–S cells with the dual mediator of R4N+I−, e Galvanostatic charge–discharge and f dQ/dV curves with different electrolytes [46]
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electrolyte to capture the dissolved manganese during charg-
ing. The ferrocyanides fill the surface Mn vacancies formed 
in the Prussian blue cathode material during the cycling 
process, which effectively resolves the issues of unstable 
cathode structure and enhances cycling stability. The spe-
cific energy of the resulting aqueous sodium-ion battery was 
94 Wh kg−1 at 0.5 A g−1, and the discharge capacity reten-
tion rate after 15,000 cycles at 2 A g−1 is 73.4%. Besides 
this strategy, Hou et al. [52] found that surfactants additives 
can stabilize the cathode interface by modulating solva-
tion structure. For example, when sodium dodecyl sulfate 
(SDS) was added to the aqueous electrolyte to CMC, the 
ESW could reach 2.5 V. Through contact angle analysis, it 
was found that the contact angle of the electrolyte with SDS 
added on the positive electrode of Na2MnFe(CN)6 changed 
from 60° to 120°. The electrolyte adsorbed on the electrode 
surface through electrostatic interaction can effectively sup-
press the contact between the electrode and water. Further 
XRD analysis of the cathode after 2000 cycles revealed no 
change before and after the cycle, indicating that the addition 
of SDS can effectively improve the stability of the cathode 
material.

The application of electrolyte additives in aqueous bat-
teries has made remarkable progress. By combining the 
different functionalities of different additives or designing 

multifunctional additives by molecular engineering, the goal 
of “one stone multi-birds” can be achieved. Moreover, the 
functionalities of more sustainable and cost-effective natu-
ral products additives are yet to be exploited. In the future, 
the research of electrolyte additives in aqueous batteries is 
expected to be more extensive and in-depth on multi-scales.

3.3 � Water‑in‑Salt Electrolyte

Traditional aqueous batteries using dilute aqueous electro-
lyte suffers from various problems induced by high reac-
tivity of water molecules. Although electrolyte additives 
can improve the performance of the electrolyte, these addi-
tives cannot fully suppress the side reactions. Water-in-salt 
Electrolyte (WiSE) is developed to eliminate the drawbacks 
brought by water activity. In this kind of electrolyte, water 
activity is mostly suppressed by using extremely high con-
centration of salt. Depending on the solvent’s ability to dis-
solve salts, the concentration of ultra-concentrated electro-
lytes is typically 3–5 m in organic solvents and 4–10 m in 
aqueous solvents, depending on the type of salt used [53]. 
Taking LiTFSI as an example, if its concentration exceeds 
5 m, it can be called WiSE. When there is sufficient sol-
vent water in the dilute solution, cations can form primary 
and secondary solvation sheath structures, and anions are 

Fig. 8   a Miscibility of the HD-OTf/Li electrolyte. b In situ electrochemical optical microscope images of the Zn surface and c Optical images 
of V2O5 electrodes immersed in H-OTf, HD-OTf, and HD-OTf/Li electrolytes [47]. DFT simulations of d the configuration and e the binding 
energy of PAM-CTAC-C18, PAM-HCCM-C18 and PAM-HI-C18 with Zn2+ [48]. f–g Cycling stability of the Zn-Mn2+/MnO2 cells with 0.1 M KI 
under 20 mA cm.−2 [49]
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distributed in the free water of the diffusion layer. Water 
molecules are mainly bonded with cations. In the second-
ary solvation sheath, the loosely bound water exists in the 
form of “free water”. As the salt concentration increases, 
the number of available water molecules decreases, and the 
solvation sheath structure of cations begins to change. When 
the concentration increases to the WiSE level, the average 
number of water molecules within the primary solvated 
sheath of the cation is significantly lower than the average 
number of water molecules in the dilute solution. Moreover, 
the cations no longer form the secondary solvation sheath 
structure. When the salt concentration increases again, the 
limited water molecules are insufficient to neutralize the 
electrostatic field generated by the cations, causing the ani-
ons to enter the primary solvation sheath structure, and its 
structure undergoes a complete change. This will lead to an 
increase in the interaction force between ions and a decrease 
in the interaction force between ions and solvents, and WiSE 
will thereby exhibit special physicochemical properties [54, 
55].

As the salt concentration in the solution increases, the per-
formance of WiSE also undergoes significant changes, such 
as pH, ESW, freezing point (Tf), density, viscosity, and ionic 
conductivity. WiSE has successfully extended the ESW, a 
critical concern for electrochemists, from the initial 1.23 V 
to approximately 2–3 V. This advancement enables stable 

operation at high voltages while significantly mitigating the 
dissolution of electrode materials [56].

Since its proposal in 2015, WiSE has been successfully 
applied to various water-based battery systems, including 
lithium-ion batteries and zinc-ion batteries. Compared with 
traditional aqueous electrolytes, it has a wider electrochemi-
cal window, can support a working environment with higher 
voltages, and at the same time maintains the safety and low-
cost advantages of aqueous electrolytes. Therefore, the prob-
lems of aqueous battery cathodes induced by water can be 
solved by WiSE (Fig. 10).

The single-salt system has become the most common sys-
tem of WiSE due to its simplicity, ease of availability and 
low cost. However, since it contains only one metal salt, 
the performance of the electrolyte can only be optimized 
by adjusting the concentration of the salt. The optimization 
space is limited and it may not be possible to completely 
suppress the side reactions. Common salts include LiTFSI, 
ZnCl2, MgCl2, CaCl2, etc.

ZnCl2 is one of the most common and widely studied sin-
gle-salt WiSE. It functions through multiple mechanisms 
in aqueous batteries, significantly enhancing battery perfor-
mance, especially excelling in zinc-ion batteries (AZIBs). 
ZnCl2 was proposed as a widely used WiSE for zinc-ion 
batteries [60]. It was found that ZnCl2 WiSE inhibits dis-
solution of Ca0.20V2O5∙0.80H2O cathodes during cycling, 
which would formed highly soluble Zn3(OH)2V2O7·2H2O in 

Fig. 9   a FTIR spectra of the -OH stretching mode and b Raman spectra of ClO4
− stretching mode for different solutions. c Cycling performance 

of PTCDI||NaFeMnF cell in modified electrolyte [51]. d CV profiles of Na2MnFe(CN)6 cathode in electrolyte with added SDS. e Charge–dis-
charge profiles in electrolyte with added SDS. f Schematic of the battery [52]
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dilute solution. Benefit from the high-concentration chloride 
ions that inhibits the dissolution of cathode materials. The 
cycle stability of the battery increases from 8.4% to 51.1% 
over 100 cycles even at a low current rate of 50 mA g−1 
(C/10) [61]. V2O5 is a commonly used cathode material in 
aqueous zinc-ion batteries. Zn2+ and H2O co-intercalate 
into the V2O5 lattice in dilute electrolyte solutions, leading 
to lattice expansion, structural collapse, and loss of active 
substances, thereby deteriorating the electrochemical perfor-
mance of the battery. Zhang et al. [61] discovered that ZnCl2 
WiSE can effectively inhibit the co-intercalation of water 
molecules and solve the stability problem of vanadium oxide 
electrodes. When the electrolyte concentration was increased 
from 1 to 30 m, the specific capacity increased from 296 
to 496 mAh  g−1. The improvement of cycling stability 
(with a capacity retention rate of 90.5% after 300 cycles at 
50 mA g−1) and the suppression of self-discharge (with a 
capacity retention rate of 74.66% after 300 h at 55 °C). Coin-
cidentally, Tang et al. [57] also conducted research on this 

system, and the experimental data further confirmed that the 
WiSE strategy has a positive impact on battery performance, 
but the mechanism of action is different.

The concentration of ZnCl2 would significantly affect the 
redox potential of anion-accepting electrodes. Wu et al. [62] 
explored the electrochemical performance of Ferrocene in 
ZnCl2 electrolyte. On the one hand, the ZnCl2 WiSE mini-
mized the dissolution of ferrocenium, on the other, increase 
the concentration of ZnCl2 would simultaneously increase 
the redox potential of cathode and decrease the redox poten-
tial in the anode, thereby increasing the overall battery volt-
age by 0.35 V. Inspired by this, Marschilok applied WiSE to 
the MoO3||Zn system [58]. Compared with the irreversible 
Zn4SO4(OH)6·3H2O formed by the traditional dilute solu-
tion, the reversible Zn5(OH)8Cl2·H2O protective layer effec-
tively prevented Mo ions from migrating to the surface of the 
zinc anode, reducing the occurrence of side reactions. Mean-
while, due to the high insertion potential of H+ and Zn2+ in 
WiSE, the voltage of the battery rises, thereby increasing 

Fig. 10   a HAADF image of the V2O5 electrode after discharge in WiSE. b Cycling stability of the V2O5 electrode at a current density of 
1 A g−1 in WiSE. c Charge retention and charge recovery of the V2O5 electrode in different electrolyte environments at high temperatures [57]. 
d, e CV curves of 3 M ZnSO4 and 30 m ZnCl2 collected at different scan rates [58]. f Ultraviolet–visible spectra of ICl in different electrolyte 
systems vary with time. g Raman spectra of different electrolyte systems [59]
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the energy density of the battery. After cycling 100 times at 
a current density of 100 mA g−1, the capacity retention rate 
of the WiSE battery is as high as 73%, which is three times 
higher than that of the dilute solution.

Although the single-salt WiSE system can effectively 
address issues such as electrode dissolution, narrow ESW, 
and side reactions in aqueous batteries, it also brings about 
problems such as excessive system viscosity and low ionic 
conductivity, resulting in poor performance of the battery in 
terms of rate performance, coulombic efficiency, and imped-
ance. To address this issue, the performance of the electro-
lyte can be further optimized by adding other auxiliary salts 
or electrolytes for coordinated regulation.

Researchers have found that changing the dilute solution 
electrolyte of traditional zinc-iodine batteries to WiSE can 
reduce the activity of free water in the electrolyte, inhibit 
the dissolution of I2 and polyiodinated polymers, reduce the 
shuttling effect of iodine and improve the Coulombic effi-
ciency (CE) [59]. Adding auxiliary salts to form a mixed 
electrolyte can not only provide a higher discharge capac-
ity, but also improve the rate performance of the system. 
Ji et al. [63] added KI to the ZnCl2 WiSE, providing addi-
tional I− ions to form stronger coordination bonds with Zn2+, 
thereby effectively inhibiting the dissolution of I2 and I3

− in 
the electrolyte and reducing the shuttle effect. Experimental 
data show that after 2000 cycles at 50 mA cm−2, excellent 
cycling stability with almost 100% capacity retention rate 
was achieved. Another strategy is to prepare a new type of 
WiSE with multiple solvation configurations. Zhao et al. 
[64] developed a novel WiDES electrolyte, which is com-
posed of ZnCl2, choline chloride (ChCl), ethylene glycol 
(EG), and H2O, and exhibits multiple solvation configura-
tions. In this system, ChCl not only serves as a Cl source but 
also acts as a hydrogen bond donor, forming a low eutectic 
solvent electrolyte with ZnCl2. This effectively lowers the 
melting point of the electrolyte and increases the solubility 
of ZnCl2, further reducing the activity of water. Further-
more, the interaction between the polar groups within EG 
and Zn2+ promoted the rearrangement of the solvated Zn2+ 
structure, and expanded the ESW from 3.65 to 4.02 V (vs. 
Ag/AgCl), and increased the coulombic efficiency of the first 
cycle from 68.2% to 98.7%. The experimental results show 
that at a low current density of 100 mA g−1, this electrolyte 
achieves a capacity of 987 mAh g−1, corresponding to an 
extremely high energy density of up to 1278 Wh kg−1, and 
the coulomb efficiency remains above 91.3%. This research 

achievement provides new ideas for the development of 
high-performance electrolytes and demonstrates its great 
potential in the field of energy storage.

In conclusion, WiSE is a highly promising aqueous bat-
tery electrolyte that significantly enhances the stability of the 
cathode in aqueous batteries and overcomes the limitations 
of traditional aqueous electrolytes. However, the develop-
ment still needs to overcome some challenges. In the future, 
it is necessary to further optimize the salt concentration, 
additives, and interface design of WiSE to promote its appli-
cation in more new battery systems.

3.4 � Hydrogel Electrolyte

Hydrogel with structural rigidity of gel and the ionic con-
duction of liquid make it suitable for the electrolyte of aque-
ous batteries. Aiming at reducing structural degradation and 
active material dissolution, hydrogel-based electrolyte has 
unique ability to confine water molecule by polarity-tunable 
polymer chains. Therefore, both the water-induced cathode 
instability and shuttle effect would be efficiently suppressed. 
Moreover, by designing suitable functional groups, it is also 
possible to optimize the interfacial contact of cathode mate-
rials, reduce the interfacial impedance, and inhibit the for-
mation of unstable by-products, thus improving the overall 
cycling stability of the battery (Fig. 11).

Chen et al. [71] prepared an all-round cellulose hydro-
gel using cotton as a raw material, tetraethoxysilane as a 
crosslinking agent, and glycerol as an antifreeze. For the 
cathode material MnO2, the adhesion of the hydrogel 
ensures that it is in close contact with the electrode sur-
face and reduces the interfacial resistance, thus inhibiting 
the dissolution of the cathode material and maintaining the 
stable operation of the battery. Chen et al. [65] constructed a 
polyanion hydrogel by in situ electropolymerization method, 
which was also applied to Zn-MnO2 battery. On the anode 
side, the hydrogel formed in situ during the initial battery 
cycling can penetrate into the interior of the porous MnO2 
anode and firmly bond with the interface of the anode 
material, thus reducing the charge transfer impedance and 
increasing the ion transfer efficiency, thereby accelerating 
the reaction kinetics. At the same time, the hydrogel can 
limit the activity of water in the electrolyte, thus inhibiting 
the dissolution of MnO2, maintaining the structural stability 
of the anode material, and thus inhibiting the capacity decay.
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Hydrogen bonding enriched in hydrogels can also be 
designed to improve the performance of aqueous batteries. 
Huang et al. [66] designed a highly flexible polysaccharide 
hydrogel and modulated the performance of zinc-ion batter-
ies based on the Hofmeister effect using a low concentration 
of Zn(ClO4)2 salts. The ClO4

−, water, and polysaccharide 
polymer chains formed a ternary weak hydrogen bond. The 
ternary weak hydrogen bonding reduces the content of free 
water, which reduces the side reaction caused by the decom-
position of water and the corrosion of the anode material pol-
yaniline, and the surface of the anode can still be kept flat at 
− 30 °C, and the cycling stability has been greatly improved.

Modulation of functional groups of hydrogels is an effec-
tive method to suppress the polyiodide shuttle in zinc-iodide 

batteries. Yang et al. [68] designed a bilayer heterogeneous 
polyionic hydrogel linked by covalent bonding. The positive 
side of this hydrogel is a polycationic hydrogel with iodo-
philic groups, and the self-contained ammonium groups can 
immobilize the polyiodides by electrostatic action, effec-
tively mitigating the shuttle effect. Meanwhile, the carbon 
nanotubes provide fast electron transfer to promote the redox 
kinetics of iodine species. On the negative side, a polyanion 
hydrogel exerts electrostatic repulsion on polyiodides and 
anions in the electrolyte, reduces corrosion and hydrogen 
precipitation reactions on the electrode surface, and inhibits 
the growth of zinc dendrites. The design realizes a long-life 
and high-kinetic aqueous zinc-iodide battery through the syn-
ergistic effect of heterogeneous polyanions. Xiong et al. [69] 

Fig. 11   a Schematic of the cell fabrication by in situ electropolymerization with well-bonded interfaces [65]. b Digital images of the CSAM, 
CSAM-S, CSAM-C hydrogels, and Zn(ClO4)2 after 12 h storage at − 30 °C [66]. c Compositions of WiETG electrolytes. d Image of CMC-PAM 
polymer after freeze-drying and after immersing in ACE-131 electrolyte [67]. e Catalytic effect of PCH on iodine cathode and on Zn metal 
anode [68]. f XPS spectrum of C 1s of the PC-PVA, PC and PVA gel [69]. g FTIR of SO4

2− in aqueous Na2SO4 electrolyte and Na2SO4-SiO2 
hydrogel electrolyte [72]. h Structure of HHE in P(A25-SDBS-3F1) hydrogel. i Electrochemical stability window (ESW) of P(A25-SDBS-3F1) 
hydrogel electrolyte [70]
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also prepared hydrogel electrolytes suitable for aqueous zinc-
iodide batteries using polycarboxylate–polyvinyl alcohol 
and zinc trifluoromethanesulfonate. The abundance of polar 
oxygen-containing groups in the polycarboxylate–poly(vinyl 
alcohol) gels can trap polyiodides and mitigate the shuttle 
effect, thus improving the redox kinetics of I2/I−.

Besides common hydrogel composed of water as sol-
vent, Hou et al. [67] prepared a new type of “water-con-
taining eutectic gel,” combining carboxymethylcellulose-
crosslinked polyacrylamide as a polymer matrix with deep 
eutectic solvent consisting of LiTFSI and acetamide. The 
designed hydrogel not only widens the electrochemical 
stabilization window and suppresses the oxidation side 
reactions of HER and TFSI, but also forms a uniform cath-
ode–electrolyte interface on the cathode surface, suppresses 
the dissolution of cathode transition metals and OER, and 
improves the overall cycling stability. Li et al. [70] pre-
pared a hydrophobic unit-conditioned hydrogel electrolyte 
by introducing a small number of hydrophobic particles 
into the hydrophilic polymer chain, supplemented with an 
amphoteric surfactant as a physical crosslinking agent. The 
hydrophobic units therein can enhance the hydrogen bond-
ing strength between neighboring hydrophilic groups and 
water molecules, thus inhibiting water decomposition and 
also extending the electrochemical stabilization window.

Aqueous sodium-ion batteries are safe, inexpensive, and 
environmentally friendly, but they have poor low-tempera-
ture performance. The low-temperature performance of the 
batteries can be effectively improved by designing antifreeze 
hydrogel electrolytes. For example, Cheng et al. [72] used 
fumed silica as the gel matrix and methanol as the antifreeze 
additive to prepare a new type of Na2SO4-SiO2 hydrogel 
electrolyte, and the three-dimensional structure composed 
of SiO2, water and methanol solvent mixture can prevent 
the precipitation of Na2SO4 and the solidification of water, 
which can not only optimize the low-temperature perfor-
mance of the battery, but also inhibit the oxygen precipita-
tion reaction of the activated carbon cathode and improve 
the stability of the cathode material.

Non-metallic ammonium ions have the advantages of abun-
dant reserves, low molar mass, and small radius of hydrated 
ions, which are easier to enhance the reaction kinetics and 
power density as charge carriers, and have recently been 
explored to be used as effective charge carriers in battery 
systems. Kuchena et al. [73] simply prepared a concentrated 
hydrogel electrolyte using xanthan gum as the polymer matrix, 

ammonium sulfate as the salt, and water as the solvent. The 
highly concentrated salt in this hydrogel reduces the dissolu-
tion of the cathode active substance NH4V3O8·2.9H2O and 
the side reaction caused by water, and the mechanical flexibil-
ity of the hydrogel can still maintain the contact between the 
cathode and the electrolyte when the battery is bent again to 
reduce the structural deformation. In addition, the high ionic 
conductivity of the hydrogel can accelerate the embedding/
de-embedding of NH4

+ in the layered vanadium oxides, thus 
improving the reaction kinetics of the anode. In addition, the 
adhesive property of xanthan gum can also improve the elec-
trode/electrolyte interfacial contact and enhance the cycle life 
of the battery. Niu et al. [74–77] prepared a hydrogel with 
self-healing function using polyvinyl alcohol and ammonium 
chloride. The ionic conductivity and mechanical strength were 
balanced by a freeze/thaw strategy to form a crosslinked net-
work structure and optimize the salt concentration of NH4Cl. 
The high ionic conductivity of the hydrogel accelerates the 
embedding/de-embedding of NH4

+ and increases the capac-
ity through the reversible Mn4+/Mn3+ redox reaction of the 
cathode active material MnO2. In addition, the hydrogel net-
work reduces the dissolution of MnO2 and the flexibility of 
the hydrogel reduces the structural deformation of the anode, 
thus improving the cycling stability of the battery.

In general, for the cathode of aqueous batteries, hydrogel 
electrolytes can reduce the dissolution and side reactions of 
cathode materials by adjusting the activity and distribution 
of water molecules to enhance the stability; and their high 
hydrophilicity and strong hydrogen bonding network can also 
promote the embedding/de-embedding of protons or ions in 
the cathode, thus enhancing the capacity and cycling per-
formance of the batteries. In addition, the quasi-solid nature 
of the hydrogel can be used to reduce the impedance at the 
anode-electrolyte interface and improve the kinetic perfor-
mance. These properties make hydrogel electrolytes unique 
in improving the overall performance of aqueous batteries. 
Therefore, hydrogel electrolytes provide multiple performance 
advantages and represent an effective strategy to enhance both 
the cycling stability and energy density of aqueous batteries.

4 � Summary and Perspectives

We have summarized the failure mechanism of cathode 
materials induced by water molecules. For manganese-con-
taining cathode, J-T distortion accelerated the Mn species 
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dissolution, and the dissolved Mn is prone to redeposit as 
electrochemical inactive product or electronic insulating 
product in neutral/alkaline electrolyte. The incomplete 
reduction of MnO2 is the main reason for low Coulombic 
efficiency and low stability. For vanadium-based cathode, 
continuous dissolution of vanadium in aqueous solution 
causes the loss of active material. The structure change 
would also lead to voltage decay. Both of the fading mech-
anisms lead to a decay in energy efficiency. For Prussian 
blue analogues, the dissolution of active material induced 
by water attack is the primary reason for capacity fading. 
For chalcogen and halogen cathodes, insulating product and 
shuttle effects limit the capacity and detrimental to the cycle 
stability. For Ni(OH)2 cathodes, precipitation of zinc oxides 
at cathodes together with structure distortion is the primary 
capacity fading mechanism.

Electrolyte modulation could be one of the most efficient 
strategies to ameliorate the fading of the cathodes in differ-
ent ways. Although various strategies have been proposed, 
several issues should be noted. Firstly, the amount of the 
electrolyte should be considered. In some of the strategies, 
the stabilization of cathodes is related with chemical reac-
tion with the electrolyte itself. Under these circumstances, 
the ratio of the cathode materials and electrolyte greatly 
influenced the effectiveness of the modulation. Secondly, 
since electrolyte always in contact with both the cathode 
and anode materials, the influence of electrolytes on anode 
materials should also be considered. Lastly, it should be 
noted that when large amount of organic solvent was intro-
duced into the electrolytes, the flammability of the elec-
trolyte should be evaluated. There is a huge difference in 
flammability between water-in-organic and organic-in-water 
electrolytes.

In summary, electrolyte is one of the most important fac-
tors that influence the cathode performance. Electrolyte 
modulation has proven to be a highly effective strategy in 
addressing various cathode-related problems. Previous stud-
ies have proposed various strategies. Nevertheless, the com-
mercialization of many types of aqueous batteries is still on 
the way since the poor cathode performance under practical 
conditions. Therefore, novel electrolyte modulation methods 
are expected to accelerate the development of aqueous bat-
teries under commercialized standard. Future research could 
focus on low-cost natural product additives or develop syn-
ergistic strategies that combine bulk electrolyte modification 

with targeted additives, which may further enhance cathode 
stability and promote practical applications.
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