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Abstract Aqueous zinc metal batteries (AZMBs) are considered as promising candidates for grid-scale energy storage systems because of the abundance of zinc 
reserves, high theoretical capacity of zinc anode, and intrinsic safety of the aqueous electrolytes. However, zinc anodes in aqueous electrolytes suffer from severe 
issues, such as H 2 evolution, dendrite growth, and spontaneous corrosion, resulting in poor reversibility and lifespan. Introducing ionic liquids (ILs) with tunable 
structures and superior physicochemical properties offers a viable solution. This strategy modulates both the bulk electrolyte and the interfacial environment, 
thereby addressing these challenges. This review outlines the recent progress in ILs for AZMBs employing mild electrolytes, emphasizing electrolyte design strategies 
and interfacial chemistry. We begin by introducing the fundamental properties of ILs relevant to AZMBs. Subsequently, we elucidate their specific roles and 
functions within the electrolyte, followed by an analysis of the modified interfacial chemistry at the anode. Finally, the remaining challenges associated with IL 
utilization are examined, and a potential future direction for the practical development of IL-based electrolytes in AZMBs is proposed. 
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1 Introduction  

The first rechargeable Zn-based aqueous battery employing mild 
electrolyte (2 M ZnSO 4) was created in 1986 by Yamamoto and 
Shoji [1]. Afterwards, aqueous zinc metal batteries (AZMBs) in mild 
aqueous electrolytes regained tremendous attention during the past 
decade because of their great potential in the application of grid- 
scale energy storage systems which requires high-level safety and 
low cost as well [2]. Among various aqueous batteries with different 
charge carriers (monovalent Li +, Na +, K +, NH 4 

+ and multivalent 
Ca 2+, Mg 2+, Al 3+) [3–5], AZMBs stand out since Zn metal anode 
possesses the proper redox potential (−0.76 V vs. standard 
hydrogen electrode) of Zn/Zn 2+, high abundance, well-established 
manufacturing and recycling technologies, and high energy density 
(820 mAh g −1 for gravimetric and 5855 mAh cm −3 for volumetric) 
[6–8]. Meanwhile, the advantages of aqueous electrolytes include 
fast ionic transport and environmental benignity as well [9,10]. 
However, the utilization of aqueous mild electrolytes (defined herein 
as having an operational pH range of 3.0–8.0) [11,12] and Zn 
metal anode together bring a lot of challenges, such as poor 
Coulombic efficiency (CE) and short lifespan of Zn anodes caused by 
dendrite formation and side reactions (hydrogen evolution and 
corrosion) [2,13,14]. Specifically, pure water exhibits narrow 
theoretical electrochemical stability window (ESW) of 1.23 V and 
diluted aqueous electrolytes merely have increased ESW of ~1.9 V 
[9,15]. Supposing that the pH value of the designed electrolyte is 7, 
the theoretical onset potential of hydrogen evolution reaction (HER) 

is −0.413 V vs. standard hydrogen electrode (E H 2 
= −0.059 × pH), 

which is higher than the redox potential of Zn/Zn 2+ [2]. Even 
though Zn metal anode exhibits certain overpotential towards HER, 
HER inevitably happens during the stripping/plating processes of 
Zn, which heavily impact the CE and stability of the battery [8,16]. 
The horrible HER is detrimental as it is responsible for elevating the 
local pH at the Zn surface, which promotes the formation of the 
passivating by-product Zn 4(OH) 6SO 4·xH 2O [2]. Meanwhile, Zn 
spontaneously corrodes in aqueous electrolyte, generating identical 
passivation layer. The poorly electronic and ionic-conductive 
passivation parts will cause uneven distribution of electric field in 
Zn, therefore resulting in uncontrolled growth of Zn dendrites [17]. 
Besides, the rampant dendrite growth will finally penetrate the 
separator and leads to short circuit. 

Based on the above background, several categories of effective 
strategies have been developed to solve the challenges, including Zn 
electrode construction [18,19], separator modification [20], and 
electrolyte engineering [21–23]. Among these, electrolyte engineer
ing is particularly pivotal, as it targets the root cause of undesirable 
reactions at the electrode/electrolyte interface, like HER, corrosion, 
and dendrite formation [24–26]. Therefore, electrolytes not only 
connect cathodes and anodes by ion diffusion but also directly 
determine the electrochemical performance of Zn metal anodes. 
Ionic liquids (ILs), composed of cations and anions, possess tunable 
physicochemical properties, rendering them attractive as co-salts or 
additives for designing functional electrolytes aimed at enhancing 
the electrochemical performance of Zn anodes [27,28]. Generally 
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speaking, IL has advantages with wide ESW, excellent thermal/ 
chemical stability, an acceptable level of ionic conductivity and 
intrinsic inflammability, which have been widely utilized in 
nonaqueous alkaline-metal batteries [29]. During the past decade, 
IL-based aqueous electrolytes have been intensively investigated 
in AZMBs with the objective of boosting the electrochemical 
performance of Zn metal anodes [27]. The protection mechanism 
of these approaches for stable Zn anodes mainly includes (Figure 1): 
(1) breaking the H-bonds of water and reorganizing the inner 
solvation structure of Zn; (2) constructing the in-situ formation of 
solid electrolyte interphase (SEI); (3) suppressing the tip effect to 
induce uniform Zn deposition. 

The application of IL-based aqueous electrolytes in AZMBs has 
proliferated significantly, particularly over the past five years. 
Despite this growing interest, few reviews have systematically 
clarified the interactions between different species of IL-based 
electrolytes and their modifying effects on the interfacial chemistry 
at the electrode/electrolyte interface. Given the structural diversity 
of ILs, different ions can profoundly influence the physicochemical 
and electrochemical properties of aqueous electrolytes, accordingly, 
impacting the performance of Zn anodes. Understanding the 
mechanisms behind the improved electrochemical performance of 
zinc anodes can guide the purposeful molecular design of ILs. In this 
review, we provide a comprehensive overview of the roles of ILs in 
AZMBs. We begin with an introduction to the fundamental 
properties of ILs, followed by a discussion of their behavior and 
functions in aqueous electrolytes. Afterwards, we focus on 
IL-mediated interfacial chemistry, including modifications to EDL 
and the formation of SEI. Finally, the challenges of IL utilization are 
discussed, followed by a proposed future direction for the practical 
development of IL-based electrolytes in AZMBs. We hope this review 
will stimulate further interest in IL-based electrolytes, thereby 

paving the way for the application of AZMBs in grid-scale energy 
storage. 

2 Fundamentals of ILs relevant to AZMBs  

2.1 Classification of ILs  

ILs are normally described as compounds completely consisting of 
ions with a melting point of below 100 °C [34]. The invention of the 
first room-temperature IL, ethyl ammonium nitrate, could be traced 
back to 1914, reported by Walden’s group [35]. Then in 1992, 
Wilkes’s group [36] synthesized 1-ethyl-3-methylimidazolium 
tetrafluoroborate ([EMIM]BF 4), an air/water-stable IL with strong 
chemical stability, making the wide use of IL possible [37]. Since 
then, task-specific ILs were introduced, i.e., by tuning the functional 
groups of cations and anions to achieve specific chemistry or 
bioactivity [38]. Specifically, the combination of different cations 
and anions heavily impacts the physicochemical properties of ILs, 
such as viscosity, melting point, ionic conductivity, chemical/ 
electrochemical stability, hydrophilicity, hydrophobicity, and so on 
[39]. The physical properties, including viscosity and ionic 
conductivity of several commonly used ILs in AZMBs, were 
summarized in Table 1. 

The typical structures of ILs are demonstrated in Figure 2, 
including cations and anions. These ILs are commonly categorized 
into two important groups according to the types of contained 
cation: protic and aprotic [40]. Protic ILs refer to those whose 
cations are generated by a proton transfer reaction between the 
interactions of Brønsted acid and base, keeping labile protons (i.e., 
N–H) [41]. For example, triethylammonium and 1-methylimidazo
lium-based ILs are protic ILs. Those ILs normally come from 
exchange reactions between organic compounds with alkyl halides, 

Figure 1 (Color online) Summary of protection mechanisms of IL for stable zinc anodes. (i) Solvation structure alternation. Reproduced with permission from Ref. [30]. 
Copyright©2025, Wiley-VCH. (ii) Hydrogen bond modulation. Reproduced with permission from Ref. [31]. Copyright©2025, the Royal Society of Chemistry. (iii) Promoting SEI 
formation. Reproduced with permission from Ref. [32]. Copyright©2025, Elsevier. (iv) Electric double layer (EDL) reconstruction. Reproduced with permission from Ref. [33]. 
Copyright©2025, Elsevier.  
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without interchangeable protons, are defined as aprotic ILs [42], 
such as ILs containing [BMIM] + and [EMIM] +. Finally, there is a 
special kind of IL analogue, deep eutectic solvents (DESs), which are 
not considered identical as the traditional ILs but have similar 
physical properties as ILs, such as low vapor pressure, high ionic 
conductivity and low melting point. DESs, eutectic mixtures, are 
normally composed of H-bond donors and H-bond acceptors, formed 
by H-bonds. 

2.2 Viscosity  

Most ILs are viscous at room temperature, with viscosities 
comparable to those of oils, typically two to three times higher 
than the viscosity of conventional organic solvents [34]. Their 
viscosity values broadly range from 0.7 to as high as 257000 mPa s 
[43]. Generally speaking, the viscosity of ILs mainly arises from the 
interactions between cations and anions [44]. Furthermore, 
increasing the length of the alkyl chains on the cations does not 
invariably lead to higher viscosity, while the types of anions 
significantly influence the viscosity of ILs [45]. It is currently well- 
established that insufficient data exists to draw a definitive 
conclusion. The high viscosity leads to inferior rate capability, 
lower reaction kinetics, etc., which violates part intrinsic advan
tages of aqueous electrolytes. Thus, the amount of ILs utilized in 

aqueous electrolytes should be carefully evaluated in order to reach 
a balance between electro/chemical stability, ionic conductivity and 
viscosity. 

2.3 Hydrophilicity/hydrophobicity  

The hydrophilicity/hydrophobicity of ILs is mainly determined by 
the properties of anions. Hydrophilic anions normally include Cl −, 
BF 4 

−, CH 3COO −, and NO 3 
− while PF 6 

−, TFSI −, and FSI − are 
hydrophobic [40]. For example, [EMIM]Cl is hydrophilic, but 
[EMIM]TFSI is hydrophobic. If the anion is fixed, the longer the 
alkyl chain, the lower the solubility of the IL in water [41]. The 
interactions of ILs in aqueous electrolytes are quite complicated. 
After dissolving, the hydrophilic anions are able to interrupt the H- 
bonds between water molecules in diluted aqueous electrolytes. For 
protic ILs, the N–H groups on cations can form H-bonds with water 
as well, further reducing water activity. Even though some ILs are 
insoluble in pure water, they can be dissolved with the help of 
solutes. For example, [EMIM]FSI, intrinsically hydrophobic, is 
soluble in 3 M Zn(OTF) 2 aqueous solution [42]. 

2.4 Melting point  

The typical definition of ILs ensures that the melting point is below 

Table 1 Physical properties, including viscosity, ionic conductivity, and melting point of several commonly used ILs for stabilizing Zn anode in AZMBs 

ILs Viscosity (mPa s) Ionic conductivity (mS cm −1) Melting point (°C) Ref. 

[BMIM]OTF a) 90 3.7 16 [36] 

[EMIM]OTF 42.9 9.29 −9 [37,38] 

[BMIM]TFSI b) 52 3.9 −4 [36] 

[EMIM]OAc c) 143.6 2.96 – [39] 

[EMIM]FSI d) 19 17.74 – [29] 

[EMIM]BF 4 37.7 14 12.5 [37] 

[BMIM]PF 6 
e) 1.4 312 −8 [36] 

a) [BMIM] + is the abbreviation of 1-butyl-2,3-dimethylimidazolium cation; OTF − is the abbreviation of triflate anion. b) TFSI − is the abbreviation of bis- 
(trifluoromethanesulfonyl)imide anion. c) OAc − is the abbreviation of acetate anion. d) FSI − is the abbreviation of bis(fluorosulfonyl)imide anion. e) PF 6 

− is the 
hexafluorophosphate anion.  

Figure 2 (Color online) Chemical structures of typical cations and anions in ILs.  
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100 °C. The factors affecting the melting point of a substance are 
van der Walls interactions, charge distribution, H-bonds formation 
and the symmetry of ions [44]. By comparing the melting point of 
organic salt (e.g., the melting point of NaCl is 803 °C) and 
traditional IL (e.g., the melting point of is 84 °C), it can be seen 
that the reduction of melting point in IL is attributed to the 
replacement of small inorganic cation by big-size asymmetrical 
organic cations [34]. In aqueous electrolytes, dissolved ILs 
profoundly impact the thermal behavior, i.e., decreasing the melting 
point and enhancing the anti-freezing resistance, via extensive 
interactions with water molecules. 

2.5 Ionic conductivity  

In battery applications, the ionic conductivity of ILs generally falls 
within the range of 0.1 to 18 mS cm −1, with the actual value 
determined by the number of available charge carriers and their 
mobility [46]. The stronger interactions between different species in 
ILs will result in lower mobility. Therefore, the ionic conductivity is 
higher when there are fewer ion interactions and more delocalized 
charges. For example, strong Brønsted acids and bases have higher 
ionic conductivity. Moreover, the ionic conductivity is lower if 
the size of cations in ILs is larger (lower mobility), as exemplified by 
the lower ionic conductivity of 1-benzyl-2-ethylimidazolium-based 
ILs in comparison with 1-methyl-2-methylimidazolium-based ILs 
[47]. 

2.6 Electro/chemical stability  

Multiple elements impact the electrochemical stability of ILs, highly 
associated with the specific structures of the composed cations and 
anions. Among anions, the anti-oxidized ability varies from type to 
type. For example, BF 4 

− and PF 6 
− are more stable than the organic 

counterparts such as TFSI − and OTF − at higher potentials [48]. In 
terms of the cations, the structures are highly variable, including 
different cation types, functional groups on the side chain, alkyl 
chain length and position of the substituents [44]. Normally, 
imidazolium, pyridinium and ammonium demonstrate weaker 
electrochemical stability than pyrrolidinium, piperidinium and 
phosphonium cations. Besides, reduced chain length and functio
nalization cannot assure the increase of electrochemical stability, 
which is simultaneously affected by the nature of the cations and 
anions and the interactions between them. 

3 Design strategies for IL-based electrolytes in 
AZMBs  

In traditional aqueous electrolytes of zinc batteries, commonly used 
salts include ZnSO 4, Zn(CH 3COO) 2, Zn(OTF) 2, Zn(ClO 4) 2, and 

Zn(NO 3) 2. Water, characterized by its high dielectric constant and 
polarity, tends to coordinate zinc ions via the long pair electrons of 
oxygen atoms in water molecules [9]. This coordination is dominant 
in mild dilute electrolytes, where water is abundant, leading to the 
formation of a primary [Zn(H 2O) 6] 2+ solvation shell with negligible 
anion involvement (Figure 3). The deprotonation energy of solvated 
water molecules is confirmed to be lower than that of non-solvated 
water due to the strong interactions between O atom in water and 
Zn 2+, thus leading to reduced O–H bond strength [49]. This means 
deprotonation in solvated water is energetically favorable, under
scoring higher risk of HER. Consequently, HER results in local pH 
increase and the formation of corrosion by-product which further 
covers the active sites and hinders the kinetics of Zn stripping/ 
plating. Therefore, altering the primary solvation structure of Zn 2+ 

is an effective strategy to boost the electrochemical performance of 
Zn anodes, which not only reduces the amount of solvated water, 
but also elevates the deprotonation energy of solvated water 
molecules which makes them harder to decompose [50]. Apart 
from the solvated water, the activity of non-solvated water 
molecules in the electrolytes is also critical to the electrochemical 
performance of Zn anodes [24]. These non-solvated water molecules 
can exist in different states, which are determined by their local 
hydrogen-bonding environments, including free O–H vibration, DA 
(single donor-single acceptor), DDA (double donor-single acceptor), 
DAA (single donor-double acceptor), or DDAA (double donor- 
double acceptor) [51]. According to Grotthuss mechanism, the 
continuous H-bonds network between water molecules facilitates 
fast proton migration which enhance HER risk [52]. Additionally, 
non-solvated water molecules tend to adsorb onto the Zn surface, 
thereby increasing the interfacial water content and consequently 
aggravating side reactions. Thus, the modulation of hydrogen 
bonding and the solvation structure are both critical considerations 
in electrolyte design. 

The design of IL-based electrolytes for AZMBs has emerged as an 
effective strategy to tackle the above-mentioned challenges. Thanks 
to the advantages of interactions between cations and anions, 
strong electrochemical stability, tunable structures and nonvolati
lity of IL, the enrollment of ILs in aqueous electrolytes provides 
flexible ways to overcome the shortcomings [27]. How ILs integrate 
with traditional aqueous electrolytes dictates the role they play and 
the form they adopt. In this regard, we review the design strategies 
for IL-based electrolytes, categorized by the method of IL introduc
tion into the electrolyte with a focus on the interactions among 
various species within the electrolytes. 

3.1 Pure IL-based electrolytes  

Even though the viscosity and cost of pure conventional ILs as 
electrolytes remain high, they can provide a water-free environ

Figure 3 (Color online) Schematic illustration of side reactions on Zn anodes induced by the bulk-electrolyte structure in diluted mild aqueous electrolytes.  
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ment to avoid HER, suppress side reactions and possibly alleviate 
dendrite growth. Choline chloride (ChCl)-based DESs have received 
much attention among researchers since ChCl has the advantages 
of low cost and a scalable one-pot fabrication process, together with 
similar physical properties as in traditional ILs [53]. The systems 
normally contain Ch + with asymmetrical structure and complex 
anions composed of Cl − and hydrogen bond donors (i.e., urea, 
sugar, glycerin, etc.). In the past decade, the electrochemical 
deposition of Zn in ChCl-based DESs has been intensively 
investigated. In different ChCl-based DESs with ZnCl 2 as supporting 
salt, the viscosity of the ChCl/2urea system decreased while that of 
ChCl/2EG (ethylene glycol) remained similar after the introduction 
of ZnCl 2 [54]. Additionally, the extended X-ray absorption fine 
structure (EXAFS) results showed that the solvation structure of 
Zn ions in both electrolytes is identical, Zn 2+ surrounded by four 
Cl − ([ZnCl 4] 2−). However, the deposited Zn in ChCl/2urea appeared 
as rice grain shape (Figure 4a) while they were thin flakes in 
ChCl/2EG with the plates perpendicular to the electrode surface 
(Figure 4b). The different Zn deposition morphology can likely 
arise from speciation of solvated Zn ions, mass transport and double 
layer structure at the interface. After thorough examination of 
the electrolytes and the deposition behaviour in these electrolytes, 
they found that double-layer differences are the most likely cause 
of the difference. The specific adsorption of some species, pre

sumably chloride ions, on the electrode surface prevents growth 
on certain faces. This result shows that not only the mass transport 
and solvation structure of Zn ions, but also the double layer 
structure at the interface plays important roles in altering the 
deposition behavior of Zn, which will be explained detailly in later 
section. 

Recently, Zhi’s group [55] prepared a traditional pure IL-based 
electrolyte, which consists of [EMIM]BF 4 and a supporting zinc salt 
Zn(BF 4) 2 to study the electrochemical performance of Zn metal 
anodes in water-free environments. In this proposed electrolyte, 
each Zn ion was solvated by three BF 4 

− anions (Figure 4c), which 
facilitated the transformation of Zn 2+ to Zn 0 via a 2D diffusion rate 
(Figure 4d). The ESW of the prepared IL-based electrolyte expanded 
to −0.75–2.8 V vs. Zn/Zn 2+ (Figure 4e). By sharp contrast, the 
uneven Zn deposition process in aqueous electrolyte (2 M Zn(BF 4) 2) 
was unceasingly interfered with by severe side reactions (Figure 4f, g), 
including HER and Zn corrosion owing to the existence of 
detrimental water molecules. The water-free electrolyte provides a 
fundamental solution to the problems of HER and zinc dendrite 
growth in Zn-ion batteries (Figure 4h). 

In the absence of water molecules, zinc ions coordinate with 
anions in the electrolyte rather than forming Zn(H 2O) 6 

2+ complexes. 
These cation-anion contact ion pairs (CIPs) facilitate uniform zinc 
deposition through two-dimensional diffusion and promote den

Figure 4 (Color online) Scanning electronic microscopy images of Zn deposits in (a) ChCl/2urea and (b) ChCl/2EG-based electrolytes at a current density of 3 mA cm −2. Reproduced with 
permission from Ref. [54]. Copyright©2011, the Royal Society of Chemistry. (c) Solvation structure of Zn 2+ surrounded by three BF 4 

− in 2 M ZnBF 4/[EMIM]BF 4 electrolyte. 
(d) Chronoamperometry curves of Zn foils in 2 M ZnSO 4 aqueous electrolyte and 2 M ZnBF 4/[EMIM]BF 4 electrolyte at the overpotential of −150 mV. (e) ESW of water solvent and 
[EMIM]BF 4 IL; and cyclic voltammetry curves of Zn plating/stripping curves in different electrolytes with 3-electrode cells (Zn as both counter and reference electrode and stainless steel as 
working electrode). (f–h) The morphology of Zn electrodes cycled in different electrolytes after 300 cycles at a current density of 0.5 mA cm −2. Reproduced with permission from Ref. [55]. 
Copyright©2020, Wiley-VCH.  
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drite-free growth of zinc anodes. Additionally, the combination of 
CIPs elevates the reduction potential of the anions, thereby 
enhancing the feasibility of forming SEI and further suppressing 
side reactions. 

3.2 IL as supporting salt or functional additives  

Even though neat IL with a supporting zinc salt can provide a water- 
free environment to prevent serious adverse reactions and HER, 
several challenges remain as follows. (i) The inherent low ionic 
conductivity and high viscosity compared to traditional aqueous 
electrolytes (≈10 2 mS m −1) lead to inferior rate capability, 
especially at low temperatures [56]. (ii) The high cost of ILs poses 
a great challenge to the practical application of zinc metal batteries. 
Thus, incorporating ILs as supporting salts or additives in the 
electrolytes would be an ideal solution to overcome the above issues 
and bring some new benefits from ILs. To balance performance and 
practicality, IL-water mixed systems regulate zinc-ion solvation 
structures while retaining aqueous conductivity. 

Zhang’s group [57] reported an IL-based aqueous electrolyte with 
excellent anti-freezing ability by including 0.5 M [BMIM]OTF in 3 M 

Zn(OTF) 2. For example, the as-prepared electrolyte has a high ionic 
conductivity of 27.7 mS cm −1 at an extreme temperature of −40 °C 
while 3 M Zn(OTF) 2 only possess 1.28 mS cm −1. The abundant 
hydrophilic OTF − anions, together with big-size [BMIM] cations 
exhibiting a quite low binding energy with H 2O (Figure 5a), could 
reduce the freezing point of the IL-based electrolyte down to −62 °C 
by interrupting continuous H-bond networks between water 
molecules (Figure 5b). As a result, the H 11Al 2V 6O 23.2 cathode 
could deliver a high capacity of 160.5 mAh g −1 at −30 °C and 
exhibit excellent cyclability (Figure 5c). The disruption of hydrogen 
bonds was further demonstrated by the O–H stretching bands of 
water in the Raman and FTIR spectra (Figure 5d, e). Additionally, a 
higher concentration of OTF − in the electrolyte would enhance the 
interactions with Zn 2+, thus excluding more water molecules from 
the inner solvation shell. To further reduce the freezing point of the 
electrolytes, EG, commonly used as an anti-freezing agent, was 
introduced as a cosolvent in IL-based aqueous electrolyte by Wang 
et al. [58]. The room-temperature liquid Zn salt is called as Zn 
coordinated IL (i.e., [EMIM] 5Zn(OTF) 7), prepared by mixing the 
[EMIM]OTF IL with Zn(OTF) 2 salt in a molar ratio of 5:1. In 
traditional 2 M ZnSO 4 electrolyte, Zn 2+ is primarily solvated by 5.2 

Figure 5 (Color online) (a) Binding energies of different couples. (b) Differential scanning calorimetry curves of 3 M Zn(OTF) 2 electrolyte with or without 0.5 M [BMIM]OTF. (c) Long- 
term cycling stability of Zn||H 11Al 2V 6O 23.2 full cells in aqueous electrolytes with/without 0.5 m [BMIM]OTF addition at −30 °C under a current density of 2 A g −1. (d) Raman and 
(e) Fourier transform infrared (FTIR) spectra of 3 M Zn(OTF) 2 electrolyte with different concentrations of [BMIM]OTF. Reproduced with permission from Ref. [57]. Copyright©2022, 
Elsevier. (f) Radical distribution functions (RDF) of the proposed electrolyte ([EMIM] 5Zn(OTF) 7 in EG/H 2O mixtures) from molecular dynamics (MD). Galvanostatic charge/discharge 
profiles of Zn||Polyaniline cells tested (g) at different temperature with a current density of 0.1 A g −1 and (h) at 60 °C with 5 A g −1, respectively. Reproduced with permission from Ref. 
[58]. Copyright©2024, Wiley-VCH.   
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water molecules and 0.8 SO 4 
2− on average. These high-content 

solvating water molecules decompose competitively during zinc 
plating and stripping processes, leading to severe side reactions such 
as corrosion and the formation of byproducts. In contrast, the 
primary solvation shell of designed hybrid electrolyte largely 
composed of OTF − anions and EG molecules, thus repelling water 
out of the inner solvation sheath (Figure 5f). Meanwhile, imidazole 
cations and EG molecules are crowded out of the outer solvation 
layer as well and interrupts H-bonds networks of water molecules, 
lowering the electrolyte’s freezing point to below −100 °C. 
Additionally, thanks to the chemically ultra-stable IL and organic 
cosolvent, Zn||Polyaniline full cells with the designed electrolyte 
exhibits superior performance over a wide temperature range of 
−40 °C to 60 °C (Figure 5g, h), indicating strong potential for 
practical applications. Even though traditional [EMIM] + cations 
have a positive effect of unifying Zn 2+ flux at the anode/electrolyte 
interface, they normally lack polar functional groups that can 
coordinate Zn 2+. Hence, Ciucci’s group [30] proposed hydroxyl- 
functionalized [EMIM]OTF (denoted as HO-Emim) working as a bi- 
functional electrolyte modulator for AZMBs. In [EMIM] +-contained 
electrolyte, the [EMIM] cation didn’t show up in the first solvation 
shell of Zn 2+. Oppositely, in the presence of HO-Emim, the obvious 
HO-Emim signal appeared in the primary solvation sheath as shown 
in Figure 6a–c. Accordingly, the coordination number of water 
molecules in the inner solvation sheath gradually reduced. There 
are 5.09 water molecules in standard 2 m Zn(OTF) 2 electrolyte and 
5.01 water molecules in [EMIM]-based electrolyte because of higher 
OTF − population. Notably, only 4.90 water molecules were present 
in the HO-Emim incorporated electrolyte, suggesting that HO-Emim 
will further break the hydrated Zn 2+ shell by partially replacing 
water molecules. This result underscores the highly tailorable 
structure of ILs and their versatility for a wide range of application 
scenarios. 

Similarly, IL ([EMIM]OAc, denoted as EAc) with another 
hydrophilic anions were introduced to a 2 M ZnSO 4 electrolyte, 
effectively altering the solvation structure of Zn 2+ [59]. Notably, 
OAc − not only have strong interactions with water molecules via 
H-bonds formation because of their hydrophilic feature, but also 
exhibit excellent solvation affinity to Zn 2+ [50,60]. The MD and 
spectroscopy results confirmed that the solvation structure compo
sition changed by EAc. Specifically, EAc mainly increased the CIP of 
Zn 2+–SO 4 

2− from 17.8% to 26.6% (Figure 6d). In addition, acetate 
anions entered the first solvation shell as well and increased 
Zn 2+–OAc − CIPs. Therefore, the solvated water content is compara
tively reduced in IL-modified electrolyte, which is beneficial to 
suppressing side reactions related to water activity [49]. In addition, 
the altered water activity in the bulk electrolyte was confirmed by 
Raman results in Figure 6e. Interestingly, [EMIM]FSI, a water- 
immiscible IL, was utilized to enable stable and environment- 
adaptable AZMBs as well [42]. Initially, 1 m [EMIM]FSI was 
immiscible with water, forming a biphasic mixture. After adding 
3 m Zn(OTF) 2 to the binary mixture, the ternary system formed a 
clear, homogeneous solution (Figure 6f). This distinct miscibility 
transition allows for the separation and subsequent recycling of 
high-value components from the electrolyte through a mild drying 
process, facilitated by the near-zero vapor pressure feature of the IL. 
According to the MD simulations, Zn(OTf) 2/H 2O-[EMIM]FSI has a 
more negative interaction energy compared to H 2O-EmimFSI, 
explaining the miscibility transition phenomenon of the ternary 
systems. From a physicochemical perspective, the coexistence of the 
hydrophobic –CF 3 group and the hydrophilic sulfonate group (–SO 3) 
within the OTf − anion imparts an amphiphilic nature to Zn(OTf) 2, 
enabling it to modulate the miscibility between two or more solvents 
with differing hydrophobicity. At the molecular scale, the IL works 

as a “water pocket” to significantly suppress water activity 
(Figure 6g), attributed to enclosing highly active H 2O-dominated 
Zn 2+ complexes to protect them from parasitic reactions due to the 
weak solvating capability of [EMIM]FSI. Alternatively, ILs as 
additives introduce interfacial stabilization and dendrite suppression 
at low dosage, offering a cost-effective solution. Shen et al. [61] 
added 1% of [BMIM]PF 6 as a multifunctional IL additive to the base 
electrolyte (2 M ZnSO 4). Despite the smaller dosage, the downshift of 
the O–H stretching vibration from 3172.2 to 3116.7 cm −1 with 
increasing [BMIM]PF 6 concentration (from 1% to 10%) indicates 
effective modulation of the H-bonding network (Figure 6h). The 
[BMIM]PF 6 was confirmed to alter the solvation structure of Zn 2+ by 
simulation results. 0.12 PF 6 

− molecules entered the inner solvation 
shell of Zn 2+ by replacing water molecules (Figure 6i, j). 
Additionally, [BMIM] cations have strong interactions with sulfate 
anions (Figure 6k), therefore suppressing the formation of Zn 4SO 4 

(OH) 6·xH 2O as a by-product, which is consistent with the fact that 
the suppressed Zn corrosion after immersion in IL-added electrolytes 
is characterized by ex-situ XRD measurements. Table 2 summarizes 
the diverse applications of ILs employed as supporting salts or 
additives in AZMBs. 

While various ILs have been explored for AZMBs, imidazolium- 
based ILs are among the most frequently studied in this field. More 
broadly, imidazolium-based ILs also represent the most extensively 
investigated and data-rich category of ILs across multiple research 
areas [72]. Specifically, with appropriate alkyl chain lengths (e.g., 
[BMIM]OTF), they typically exhibit low melting points, low 
viscosity, and high ionic conductivity. These properties make them 
more suitable than other types of ILs for applications in AZMBs, 
which require electrolytes with superior electrochemical perfor
mance. For instance, the electrolyte composed of 3 M Zn(OTF) 2 with 
0.5 M [BMIM]OTF shows only a 5.8% decrease in ionic conductivity 
compared to the base electrolyte while exhibiting excellent anti- 
freezing performance [57]. In contrast, adding 0.5 M trimethylethyl 
ammonium-OTF to a 4 M Zn(OTF) 2 aqueous solution leads to an 
18.2% reduction in ionic conductivity, with almost no improvement 
in anti-freezing capability [73]. Despite these advantages, imidazo
lium-based ILs indeed have notable limitations. Their synthesis, 
especially with fluorinated anions, is often costly, limiting large- 
scale use. Environmental and toxicity concerns still exist, as many of 
them exhibit poor biodegradability. Besides, their long-term stability 
can be compromised under harsh electrochemical conditions. 
Therefore, their practical application requires balanced performance 
with cost, sustainability, and durability for achieving excellent task- 
specific materials. 

3.3 ILs composite-based gel electrolytes  

Furthermore, IL-based gel electrolytes integrate mechanical robust
ness with ionic conductivity and flexibility. 

As an ideal polymer matrix, polyacrylamide (PAM) exhibits stable 
physicochemical properties, suitable swelling behavior, and ex
cellent flexibility, owing to the hydrogen bonding between its 
polymer chains and water molecules [74]. However, conventional 
PAM/ZnSO 4 systems still encounter drawbacks such as low ionic 
conductivity, side reactions with zinc, and zinc dendrite formation, 
which degrade battery performance and limit their application [74]. 
ILs have advantages of wide ESW, high ionic conductivity and 
adjustable structures. For instance, the ILs that have imidazole 
cations and hydrophilic anions could effectively suppress HER, thus 
prolonging battery lifespan. In addition, IL can form a stable 
solvation structure to reduce solvated water content, suppress free- 
water activity and dendrite formation. In this regard, introducing 
ILs into the PAM-based hydrogel offers a way to strike a balance 
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between mechanical strength, ionic conductivity, and battery 
performance [75,76]. Accordingly, Chen’s group [77] prepared a 
hybrid hydrogel electrolyte (denoted as PDEM), including a PAM 
network, ZnSO 4, [EMIM]BF 4, and DES (mixture of ZnClO 4 and EG) 
based on the characteristics of DES and IL (Figure 7a). The F atom in 
the BF 4 anion not only forms strong H-bonds with multiple 
functional groups, like hydroxyl, amino, EG, etc., but also has weak 
interactions with cations (e.g., hydrated Zn 2+). These features allow 
for the sustainment of weak cross-linking during deformation, thus 

significantly enhancing the deformation ability of polymer net
works. Meanwhile, the polar groups of IL strengthened the 
interactions with free water, improving anti-freezing resistance. 
Besides the introduction of ILs, Zhang et al. [78] incorporated 
2,2,6,6-tetramethylpiperidine-1-oxyl-oxidized bacterial cellulose 
(denoted as TBC) into the PAM-based hydrogel to prepare 
dual-crosslinked polymer networks. A 2 M ZnSO 4 aqueous 
electrolyte was utilized as a comparison (Figure 7b). The composi
tion of the proposed hydrogel electrolyte was presented in Figure 7c, 

Figure 6 (Color online) RDFs of (a) 2 m Zn(OTF) 2, (b) 2 m Zn(OTF) 2 with [EMIM]OTF IL, and (c) 2 m Zn(TfO) 2 with HO-[EMIM]OTF IL, respectively. Reproduced with permission from 
Ref. [30]. Copyright©2025, Wiley-VCH. Raman spectra fitting at the region of (d) 2800–3800 cm −1 and (e) 960–990 cm −1 of different electrolytes for analyzing the H-bond structure 
and CIP statistical results, respectively. Reproduced with permission from Ref. [59]. Copyright©2024, Wiley-VCH. (f) Optical images show that addition of Zn(OTf) 2 transforms the 
immiscible H 2O-[EMIM]FSI mixture into a homogeneous solution. (g) Attenuated total reflection FTIR spectra of O–H stretching in the region from 3800 to 2800 cm −1 for pure water, 
1 M Zn(OTf) 2, 3 M Zn(OTf) 2, and Zn(OTf) 2/H 2O-EmimFSI electrolyte. Reproduced with permission from Ref. [42]. Copyright©2023, Wiley-VCH. (h) FTIR spectra of 2 M ZnSO 4 and 
electrolytes with different doping concentrations of [BMIM]PF 6 additive. (i) Representative solvation structure and (j) RDFs of electrolyte with [BMIM]PF 6 additive obtained from MD 
simulations. (k) The binding energies of H 2O/Zn 2+, H 2O/SO 4 

2−, H 2O/BMIM +, and SO 4 
2−/BMIM + couples. Reproduced with permission from Ref. [61]. Copyright©2025, the Royal Society of 

Chemistry.  
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demonstrating a three-dimensional network connection. This dual- 
crosslinked polymer hydrogel enables high ionic conductivity of 
43.7 mS cm −1 and brilliant mechanical strength (tensile strength: 
175.25 kPa; elastic modulus: 3.48 GPa; elongation at break: 
38.36%). Furthermore, the –COOH and –CONH 2 functional groups 
on the crosslinked networks, together with the BF 4 

− anions, can 
coordinate with Zn 2+. This coordination modulates the Zn 2+ 

solvation structure and reduces the nucleation overpotential during 
deposition. 

Recently, Zhang’s group [79] introduced [EMIM]OAc to polyvinyl 
alcohol (PVA)-based hydrogel to decrease water activity and 
enhance low-temperature durability (Figure 7d). [EMIM] + can have 
stronger interactions with the chain segments of PVA rather than 
water molecules by forming H-bonds, leading to abundant crystal
line microregions and facilitating physical cross-linking. As a result, 
these crystalline sites gradually enhanced the mechanical strength 
(i.e., 0.28 MPa of fracture strength and 362.78% of fracture strain) 
of hydrogel electrolyte (Figure 7e). Additionally, by comparing 
the binding energies of different species in Figure 7f, it indicates 
that water molecules primarily interact with PVA and [EMIM] + 

rather than H 2O, thus disrupting continuous H-bonds network 

between water molecules (Figure 7f). Meanwhile, Li’s group [80] 
designed a supramolecular IL gel electrolyte consisting of PVA 
polymer matrix and [BMIM][ZnBr 3] IL, which exhibits remarkable 
mechanical properties, including a tensile strength of 2.22 MPa, a 
deformation capability exceeding 1200%, and a high toughness of 
1900.74 MJ m 3. Thanks to its unique stress dissipation mechanism, 
the anode achieves an extended cycle life of over 2000 h. The 
above-mentioned results prove that the integration of IL into the 
hydrogel electrolyte would provide more abundant interactions 
between species within the gel electrolyte and bring excellent 
mechanical properties. 

3.4 Polymerized ILs  

Finally, polymeric ILs extend the concept by immobilizing IL 
moieties within polymer matrices, enabling stable ion transport 
networks and improved electrochemical stability. Recently, Liu’s 
group [81] designed zwitterionic poly-IL hydrogel electrolyte (PICZ) 
for flexible AZMBs. The cation of 1-carboxymethyl-3-vinylimidazo
lium bromide (CAVIm) IL was grafted onto the PAM backbone 
(Figure 8a). Besides, chitosan (CS) was also introduced to the 

Table 2 Recent developments of the electrochemical performance of Zn anodes in aqueous electrolytes incorporating IL as supporting salts or additives 

Electrolyte composition Main functions Average CE (%) Cycling lifespan Ref. 

3 M Zn(OTF) 2 + 0.5 M [BMIM]OTF Promoting SEI formation 
H-bonds modulation 99.46 500 h (5, 25) [57] 

20 wt% H 2O + 100 wt% Zn 0.5[BMIM](TFSI) 2 
H-bonds modulation 

Promoting SEI formation 99.27 1000 h (1, 0.5) [62] 

3 M Zn(OTF) 2 + 1 M [EMIM]FSI Regulating SEI formation 
Solvation structure reconstruction Over 99 680 (1, 1) [42] 

1 M ZnSO 4 + 1 wt% [DMP]BF 4 
a) 

H-bonds modulation 
Promoting SEI formation 

Solvation structure reconstruction 
97 1400 h (5, 2.5) [63] 

2 M ZnSO 4 + 0.2 M [EMIM][OAc] 
EDL reconstruction 

Solvation structure altering 
H-bonds modulation 

Over 99 1000 h (10, 10) [59] 

0.261 M (EMIM) 5Zn(OTF) 7 in EG:H 2O (6:4) 
Solvation structure altering 

H-bonds modulation 
Promoting SEI formation 

Over 99 2500 (1, 1) [58] 

3 M Zn(OTF) 2 + 1 M [EMIM]FSI 
Solvation structure altering 

H-bonds modulation 
Promoting SEI formation 

Over 99 2000 (1, 1) [64] 

Zn(BF 4) 2:EMIMBF 4 = 1:3 (molar ratio) Regulating SEI formation 
Solvation structure altering 99.73 1300 (1, 1) [65] 

2 M ZnSO 4 + 1% [BMIM]PF 6 
Solvation structure altering 

EDL reconstruction 
99.87 1000 (4, 0.5) [61] 

1 M ZnSO 4 + 0.05 M [EMIM]BF 4 or [EMIM]Ts H-bonds modulation at the interface Over 99 Over 1000 h (1, 0.5) [51] 

2 M ZnSO 4 + 0.1 M [EMIM][OAc] 
EDL reconstruction 

Solvation structure altering 
H-bonds modulation 

99.65 Over 2000 h (5, 1) [33] 

1 M ZnAc 2 + 0.1 M [EMIM][Ac] Solvation structure altering 
EDL reconstruction – 1350 h (1, 1) [66] 

2 M ZnSO 4 + 0.025 M [BMIM]HSO 4 EDL reconstruction 99.5 5310 h (1, 1) [67] 

Zn(OTF) 2:[EMIM]OTF:H 2O = 6:10.8:0.056  
(molar ratio) 

EDL reconstruction 
Promoting SEI formation 

Solvation structure altering 
98.8 3400 h (2, 2) [68] 

2 M ZnSO 4 + 0.2 M [EMIM]OTF 
Solvation structure altering 

Regulating SEI formation 
EDL reconstruction 

99.6 900 (5, 5) [69] 

2 M Zn(OTF) 2 + 0.6 M HO-[EMIM]OTF Solvation structure altering 99.6 1800 h (1, –) [30] 

0.5 M ZnCl 2 + 1 M [EMIM]I Solvation structure altering 
Promoting SEI formation – 592, (5, 2.5) [70] 

2 M ZnSO 4 + 0.05 M [BMIM]Br 
Solvation structure altering 

Regulating SEI formation 
EDL reconstruction 

99.42 2700 (1, 1) [71] 

a) [DMP] + is the abbreviation of N,N-dimethylpyrrolidinium cation.  
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hydrogel electrolyte and interacted with CAVIm, improving the 
ionic conductivity and mechanical strength by formation of 
protonated amines and carboxylate anions. The unique structure 
of profound immobilized cations/anions (imidazole cation, –COO − 

and –NH 3 
+) within the system enables fast ions diffusion under 

electric field, leading to high ionic conductivity of 25.62 mS cm −1. 
MD simulation was employed to study the characteristics of PICZ. 
The RDFs show that the Zn–O (CAVIm) is 1.98 Å while Zn–O 
(OTf −), Zn–O (H 2O), and Zn–O (AM) are all 2.03 Å (Figure 8b, c), 
indicating that carboxylate anions, acyl group and triflate anions 
can all solvate with Zn ions. From the statistic results, the 
coordination number of each zinc ion is six, including 0.1 CAVIm, 
0.28 AM, 0.32 OTF −, and 5.3 water molecules, substituting partial 
water from Zn(H 2O) 6 

2+ complexes in traditional diluted electrolyte. 
Furthermore, the Raman results gave an overview of modified water 
activity after adding CAVIm and CS, allowing for reduced corrosion 

and side reactions. Chen et al. [31] grafted imidazole-based IL onto 
esterified cellulose to design polymerized IL as well but employed the 
cellulose-based poly-IL as electrolyte additive (Figure 8d). Cellulose 
intrinsically has many H-bonds formation sites on its backbone, like 
–OH and ether oxygen atom. The feature of imidazole-based IL is the 
imidazole ring, which can be involved into nitrogen or protons 
induced H-bonds. Even though big-size IL cations can play roles in 
homogenizing the electric field at the Zn/electrolyte interface and 
promote uniform Zn deposition, traditional quaternary ammonium 
cations lack the ability to further regulate H-bonds of the 
electrolytes compared to imidazole-based IL. Therefore, the proposed 
cellulose-based poly-IL additive exhibits significant synergetic 
H-bonds reconstruction and ion regulation capability towards 
AZMBs. Similarly, Xu et al. [82] designed CS-based poly(aprotic/ 
protic IL)s through Brønsted acid-base reaction utilized as additive 
to modulate the local chemical environment at electrode/electrolyte 

Figure 7 (Color online) (a) The schematic illustration of the molecular motion inside the PDEM electrolyte. Reproduced with permission from Ref. [77]. Copyright©2025, Wiley-VCH. 
(b, c) Schematic illustration of the solvation structure and interfacial activities in different electrolytes. Reproduced with permission from Ref. [78]. Copyright, 2024, Elsevier. 
(d) Schematic illustration of the anti-freezing and side-reaction suppression mechanisms in the as-prepared PVA-IL hydrogel electrolyte. (e) Mechanical properties of different hydrogels. 
(f) The binding energies of PVA-H 2O, [EMIM] +-H 2O, and H 2O–H 2O. Reproduced with permission from Ref. [79]. Copyright©2025, Wiley-VCH.  
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interface and cation-anion interactions in the electrolyte. 

4 IL-induced interfacial engineering  

The parasitic reactions, like HER, corrosion, coupled with uncon
trolled dendrite formation, originate from the chaotic interfacial 
environment at the Zn/electrolyte interface [2]. Since the structure 
of the bulk electrolyte and the interfacial properties are intrinsically 
linked, the components, compositions, solvation structure and 
interactions of different species within the electrolytes directly 

determine what will happen on the interface. Therefore, IL-based 
effective electrolyte engineering will promote ideal interfacial 
chemistry on two critical factors by inhibiting side reactions and 
dendrite growth. One key strategy involves modulating the 
structure and composition of the EDL to guide Zn 2+ desolvation 
and transport. This is achieved as the bulky cations from the IL 
adsorb onto the Zn surface, which helps mitigate the tip effect 
during zinc deposition (promoting uniform deposition). Concur
rently, this cation adsorption displaces water molecules from the 
interface, creating a water-poor local environment that effectively 

Figure 8 (Color online) (a) Schematic diagram of the composition and interactions of PICZ gel electrolyte. (b) Snapshot and (c) RDFs of PICZ electrolyte during MD simulations. 
Reproduced with permission from Ref. [81]. Copyright©2025, Elsevier. (d) Schematic illustration for the preparation of the cellulosic PIL electrolyte additive. Reproduced with permission 
from Ref. [31]. Copyright©2025, the Royal Society of Chemistry.  
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suppresses parasitic side reactions. On the other hand, IL-altered 
solvation structure possesses reduced water molecules coordinated 
to Zn 2+, thereby making the HER less favorable. Additionally, this 
modified solvation environment increases the likelihood of anion 
reduction, which promotes the in-situ formation of a robust and 
Zn 2+-conductive SEI. This SEI further inhibits side reactions and 
contributes to more uniform zinc deposition. Therefore, this section 
will delve into these fundamental mechanisms, exploring how 
IL-based electrolytes induce EDL restructuring and derived SEI 
formation are pivotal in unlocking the full potential of durable zinc 
metal anodes. 

4.1 EDL modulation at Zn anode surface  

The interface is the boundary located between two substances or the 
same substance with different physical states, also called a phase 
boundary [83]. In AZMBs, the interface refers to the phase 
boundary between the electrodes and the electrolyte. EDL formation 
originates from the chemical potential difference between the 
cathode and anode. The chemical potential of a Zn atom is 
associated with Zn 2+ and electrons. Since the electrolyte is an ionic 
conductor, the chemical potential of Zn 2+ in the anode, electrolyte 
and cathode are identical as long as the circuit is opened. 
Additionally, electrodes with electronic channels are isopotential 
[84]. Therefore, EDL formed at the interface undertakes the 
difference between cathode and anode, which correspondingly 
determines the interfacial chemistry and electronic properties. The 
understanding of EDL structure has evolved over 100 years. For 
AZMBs, the modified Gouty-Chapman-Stern and BockrisDeva
nathan-Müller models are widely accepted to describe the EDL 
structure [85]. EDL consists of a compact layer (CL) and a diffusion 
layer (DL). CL is further classified into the inner Helmholtz plane 
(IHP) and an outer Helmholtz plane (OHP), as shown in Figure 9. 
The EDL model precisely dictates the electrochemical process at the 
Zn anode interface. In a traditional dilute ZnSO 4 electrolyte, the 
primary solvation shell of Zn 2+ comprises six water molecules, as 
existing in the DL and OHP. The hydrated Zn ions are bound at OHP 
by electrostatic interactions due to the limited space in IHP, while 
water molecules and SO 4 

2− anions are located at the IHP by specific 
adsorption. During Zn deposition process, the Zn(H 2O) 6 

2+ complexes 
diffuse from DL to OHP and then go through de-solvation. The 
naked Zn ions will be reduced and deposited on the Zn electrode by 
long-term electrostatic force. At the same time, H 2O will decompose 
into H 2 and OH − due to the relatively low Zn/Zn 2+ redox potential. 

Afterwards, the generated OH − will rapidly interact with Zn 2+ and 
SO 4 

2− to form side products, thus causing lower CE and instability to 
the battery performance. Additionally, the high desolvation energy 
barrier will prevent smooth Zn 2+ diffusion between OHP and IHP, 
resulting in uneven Zn 2+ flux and then facilitating dendrite 
formation. Therefore, modulating EDL at the Zn surface is crucial 
to suppress parasitic reactions and dendrite formation. 

As cations in ILs normally possess large sizes, they tend to adsorb 
on the Zn surface, thereby altering the EDL structure. Due to the 
significant difficulties of exploring the EDL structure at the 
nanoscale, simulation methods were often used to investigate and 
hypothesize the EDL structure. Fan’s group [59] carried out MD 
simulations to examine the distribution of H 2O molecules and 
[EMIM] + near Zn surface based on the two electrolytes of 2 M ZnSO 4 

(ZS) and 2 M ZnSO 4 + 0.2 M [EMIM]OAc (ZS-EAc). The snapshots 
of MD simulations revealed the abundance of [EMIM] + in IHP 
(Figure 10a). Then the distribution density of H 2O molecules and 
[EMIM] + further suggests that [EMIM] + repels water molecules out 
of IHP (Figure 10b, c). Together with the modified primary solvation 
structure of Zn 2+ via OAc − in OHP, the water content in EDL of 
IL-modified electrolyte reduced significantly (Figure 10d), thereby 
boosting the electrochemical performance of Zn anodes. Differently, 
Chen et al. [57] employed DFT method to determine the adsorption 
energy of different species on Zn surface as shown. The adsorption 
energy of [BMIM] + cations (−2.08 eV) on (002) plane of Zn anode is 
much more negative than that of water molecules (−0.221 eV), 
which means [BMIM] + cations are preferentially adsorbed on Zn 
surface during Zn deposition process, creating water-poor surface 
(Figure 10e, f). Similar results are found as well in some other 
literature [33,66–69,71]. Notably, hydrophobic IL, [BMIM]PF 6, 
was also introduced to adjust the EDL structure in 2 M ZnSO 4 

electrolyte [61]. The preferential adsorption of [BMIM] cation on 
Zn (002) surface was confirmed by the First-principles calculation 
(DFT). The adsorption energy of [BMIM] + on Zn surface (−1.07 eV) 
is relatively low when compared to that of water molecules 
(−0.14 eV) (Figure 10g, h). This result suggests that [BMIM] 
cations exhibit higher affinity to Zn surface and rule out partial 
water out of IHP, thus effectively suppressing water-induced side 
reactions. Then, the contact angle test of the electrolytes was 
performed to examine the affinity between the electrode and 
electrolyte. The contact angle on Zn surface in bare electrolyte is 
86.72° as shown in Figure 10i. After introduction of [BMIM]PF 6, 
the contact angle was reduced to 70.04°, demonstrating that 
[BMIM]PF 6 has better affinity to Zn surface, likely attributed to the 

Figure 9 (Color online) Schematic diagram illustrating the structure of the EDL at a Zn electrode in aqueous ZnSO 4 solution. Reproduced with permission from Ref. [85]. 
Copyright©2023, Elsevier.  

12                                                                                                                                                                                                       SCIENCE CHINA Chemistry 



preferential adsorption of [BMIM] cation on Zn surface. 
Even though the cations of hydrophilic or hydrophobic IL can 

repel partial water molecules out of the interface by adsorbing on 
the Zn surface, the anions, which mainly determine the hydrophilic 
properties of individual IL, may play important roles in modulating 
hydrogen bonds at the interface as well. Sun’s group [51] 
thoroughly investigated the influence of both hydrophilic and 
hydrophobic IL on the interfacial structure at the anode/electrolyte 
interface. In this work, they chose 1 M ZnSO 4 as a control group 
(denoted as base) and 1 M ZnSO 4 containing hydrophilic [EMIM]BF 4 

(denoted as IL-philic) or hydrophobic [EMIM] p-toluene sulfonate 
(denoted as IL-phobic) as experimental groups. H-bonds between 
water molecules are complicated and attenuated total reflection 
FTIR (ATR-FTIR) was utilized to detect and analyze these H-bonds. 
H-bonds with different chemical environments have various 
vibration patterns, which can be examined through spectra 
deconvolution. The higher the wavenumber of the OH stretching, 
the weaker the H-bonds. As shown in Figure 11a, the ATR-FTIR 
spectra of the three bulk electrolytes at the region of OH stretching 
display nearly identical appearance, indicating that 0.02 m of IL 
addition have little impact on the H-bonds of the bulk electrolyte. 
However, the H-bonds environment at the anode/electrolyte 
interface shows the opposite, detected by SEIRAS with higher 
sensitivity (Figure 11b). The peakfit results show that the strong 
H-bonds ratio in both IL-based electrolytes increased while the weak 
H-bonds decreased. The increasement of strong H-bonds makes it 
harder for H 2O to deprotonate, consequently suppressing water 

activity. The schematic mechanism of this finding is illustrated in 
Figure 11c. Since IL cations are preferentially adsorbed on Zn 
surface, the anions are located at an outer area by electrostatic 
interactions. Specifically, for IL-philic anions, they form strong 
H-bonds with water molecules due to their hydrophilic property at 
the interface. In the case of IL-phobic anions, they repel water 
molecules and induce them to aggregate and form strong H-bonds. 
A highly refined technique is presented in this work to probe 
OH signals at the electrode/electrolyte interface, thereby opening 
new avenues for the development of highly sensitive sensing 
technologies. 

4.2 Formation of IL-derived SEI-like layers  

The concept of SEI is derived from nonaqueous lithium-ion batteries 
proposed by Peled in 1979 (Figure 12a) [86]. Since then, as shown 
in Figure 12b–d, multi-layered model, the Mosaic model and plum 
pudding model were brought up to describe the SEI layers in various 
battery systems [87]. SEI is a protective layer which prevents the 
continuous decomposition of electrolytes and extends the ESW of 
the electrolytes. A well-formed SEI not only preserves electroche
mical stability under operating conditions exceeding the thermo
dynamic limits of the electrolyte but also improves the structural 
integrity of the electrode itself. Key characteristics of an optimal 
electrode/electrolyte interphase include: (i) high ionic conductivity 
coupled with effective electronic insulation; (ii) resistance to thermal 
and chemical degradation; (iii) a dense and homogeneous 

Figure 10 (Color online) (a) Snapshots of the Zn/electrolyte interface in ZS and ZS-EAc electrolytes. The distribution density of (b) water molecules and (c) EMIM cations near the Zn 
surface obtained from simulation results. (d) Solvation structure of Zn 2+ and EDL structure on Zn surface in IL-modified electrolyte. Reproduced with permission from Ref. [59]. 
Copyright©2024, Wiley-VCH. (e) Adsorption energies of H 2O, Zn 2+, OTF −, and [BMIM] + on Zn (002) surface. (f) Charge density distribution diagram for [BMIM] + adsorbed on Zn (002) 
surface. Electron accumulation and depletion are shown in yellow and cyan, respectively. Reproduced with permission from Ref. [57]. Copyright©2022, Elsevier. (g) Adsorption energies 
of water molecules and [BMIM] + on Zn (002) surface. (h) Charge density difference diagram for [BMIM] + adsorbed on Zn (002) surface. (i) Contact angle of different electrolytes on Zn 
electrodes. Reproduced with permission from Ref. [61]. Copyright©2025, the Royal Society of Chemistry.  
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morphology that prevents physical contact between the electrode 
and electrolyte; and (iv) sufficient mechanical robustness to 
withstand repeated cycling. SEI is insoluble product generated at 
the anode/electrolyte interface, decomposed of organic electrolytes, 
i.e., solvent and salt. However, in traditional dilute aqueous 
electrolytes, the solvent (water) easily decomposes into gaseous 
products during Zn stripping/plating processes. This implies that 
salt, specifically the anion, is responsible for the formation of SEI. 
Therefore, one popular strategy is to increase the salt population in 
the electrolytes, trying to involve anions inside the primary 
solvation shell of Zn 2+. Additionally, another strategy is to include 
reactive species in aqueous electrolytes, such as functional anions 
(TFSI −, OTF −, and OAc −), dissolved gases like CO 2, organic co- 
solvents (e.g., trimethyl phosphate) and additives like urea [88–91]. 

It’s worth noting that these SEI-forming precursors contain critical 
elements, such as nitrogen, fluorine and phosphorus as well as 
organic constituents, essential for forming traditional SEI compo
nents, including inorganic zinc salts and various organic species. 

Therefore, ILs are excellent and promising precursors for in-situ 
forming a stable SEI in AZMBs, owing to their highly designable 
chemical structures and compositions. OTF-based ILs are usually 
employed in AZMBs because they are able to provide the critical 
elements, likewise in aqueous sodium-ion battery [92]. In 3 M 
Zn(OTF) 2 + 0.5 M [BMIM]OTF electrolyte, the X-ray photoelectron 
spectroscopy (XPS) results of the top surface of Zn anode revealed 
the adsorption of [BMIM] cations, C–N and C–S organic species, ZnS, 
ZnF 2, and ZnSO 3 inorganic components (Figure 13a). After 
sputtering for 5 min, the N 1s signal of C–N and the signal of 
inorganic zinc salt (i.e., ZnF 2 and ZnS) became more pronounced, 
suggesting that the inorganic species are embedded in the organic 
components, which form a dense SEI. On the contrary, the signal 
of inorganic salts cannot be detected without the addition of 
[BMIM]OTF in the electrolyte even though Zn(OTF) 2 is also present 
in the electrolyte. The results demonstrate the excellent capability of 
[BMIM]OTF IL in promoting the formation of a stable and dense SEI 
in AZMBs. Undoubtedly, SEI formation is closely related to the 
increased formation of cation-anion CIPs in Zn 2+ solvation 
structure, as discussed in the previous section. Differently, with 
the same concentration (3 M) of the Zn(OTF) 2-based electrolyte, the 
XPS results with a certain depth of Ar + sputtering revealed an 
inhomogeneous distribution of ZnF 2, ZnS, ZnSO 3, and ZnCO 3 

(Figure 13b) in Chen’s work [42]. In contrast, upon the 
introduction of [EMIM]FSI, a uniform SEI layer enriched in 
inorganic species (Figure 13c) was formed, resulting from the 
decomposition of Zn-anion complexes within the altered solvation 
structure. Building on the experimental investigations of SEI 
composition and distribution, they further studied the anion 
reduction chemistry through both experimental and theoretical 
approaches. This study is essential for understanding the chemistry 

Figure 11 (Color online) (a) ATR-FTIR spectra in the regions of 3800–2600 cm −1 and distributions of strong and weak H-bonds of the bulk electrolytes (top). The bottom is the 
corresponding difference spectra. (b) Surface-enhanced infrared absorption spectroscopy (SEIRAS) spectra and strong and weak H-bond contents for the base, IL-philic, and IL-phobic 
electrolytes (top), with their corresponding difference spectra (bottom). (c) Schematic diagram of water molecule distribution and H-bond formation at the anode/electrolyte interface. 
Reproduced with permission from Ref. [51]. Copyright©2025, the American Chemical Society.  

Figure 12 (Color online) Proposed models of SEI composition and their distribution. 
(a) The single crystal representation, (b) the multi-layered model, (c) the Mosaic model, 
and (d) the plum pudding model. Reproduced with permission from Ref. [87]. 
Copyright©2025, the Multidisciplinary Digital Publishing Institute.  
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behind SEI formation. Typically, the electrochemical reduction 
potential of OTF − and FSI − is out of the operating potential range of 
AZMBs. Nevertheless, when they are complexed with Zn-ions, the 
DFT simulation results suggest that the onset reduction potential 
(vs. Zn/Zn 2+) of Zn 2+-OTF − and Zn 2+-FSI − are 0.22 and 0.52 V, 
respectively (Figure 13d), which had been further proved by Linear 
sweep voltammetry curves (Figure 13e). 

The ex-situ SEI derived from the IL typically presents itself in the 
form of a membrane, composed of polymeric IL, on the zinc surface. 
This protective layer is able to physically separate Zn anodes from 
continuous contact with aqueous electrolytes and confine Zn 2+ flux 
by multiple ion channels, therefore suppressing parasitic reactions 
and guiding uniform Zn deposition. Earlier in 2021, the poly IL 
precursor consisted of Zn(TFSI) 2, 1-butyl-1-methylpyrrolidinium- 
TFSI and thiol-ene polymer compliant skeleton was spin-coated on 

the Zn surface, followed by irradiation-assisted curing [93]. The 
ideal thickness of this membrane was proved to be 500 nm, together 
with a smaller charge transfer resistance and longer cycling life in 
symmetrical Zn||Zn cell. This Zn-ion conductive membrane was 
confirmed to effectively suppress water-induced side reactions due to 
its hydrophobicity and enable uniform Zn 2+ conduction through it 
at the same time. These advantages allow for stable cycling 
performance of a symmetrical Zn||Zn cell at an extremely high 
DOD of 90%. Later, Li’s group [94] designed a poly IL layer based on 
CAVIm IL, employing the spin-coating method as well. Further
more, they adjusted the ratio between IL monomer and crosslinker 
to delicately manipulate the morphology, realizing the best balance 
between ion permeability and selectivity. Besides, the coated poly IL 
layer effectively suppresses HER and side reactions. Notably, Chen 
et al. [95] proposed a multifunctional IL co-polymer protective layer 

Figure 13 (Color online) (a) High resolution XPS spectra (N 1s, F 1s, and S 2p) without or with Ar + sputtering of Zn electrodes cycled in 3 M Zn(OTF) 2 + 0.5 M [BMIM]OTF electrolyte. 
Reproduced with permission from Ref. [57]. Copyright©2022, Elsevier. (b) Schematic diagram of the proposed SEI formation mechanisms and distribution in different electrolytes. 
(c) High-resolution XPS spectra (C 1s, F1s, S 2p, and O 1s) of cycled Zn electrodes in different electrolytes after Ar + sputtering for 0, 2, and 4 min. (d) The calculated anion reduction 
potential in Zn 2+-OTF − and Zn 2+-FSI − complexes. (e) Linear sweep voltammetry curves of 3 M Zn(OTF) 2 and IL-AE electrolytes. Reproduced with permission from Ref. [42]. 
Copyright©2023, Wiley-VCH.  
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on top of the Zn surface. The two monomers are tert-butyl acrylate 
and [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl). The for
mer one possesses water-blocking functional groups, preventing 
water from penetrating through the polymer and then reaching the 
Zn surface. The latter one contains cations and anions, which are 
capable of modulating Zn 2+ flux via strong interactions with Zn 2+ 

and helping reduce charge transfer resistance. However, this 
membrane has a thickness of 10 μm, which is much thicker than 
500 nm in the case of Lee’s work [93]. 

4.3 Interfacial compatibility with cathodes (e.g., Mn-based, 
V-based, conversion type)  

The electrolyte composition not only has a profound impact on the 
Zn anode’s performance but also exerts equally important effects on 
the cathode. Therefore, evaluating the compatibility between 
IL-based electrolytes and cathodes is essential to achieve the 
outstanding electrochemical performance required for practical 
zinc batteries. 

Cathode materials based on manganese (e.g., MnO 2) and 
vanadium (e.g., NH 4V 4O 10, V 2O 5, NaV 3O 8) all suffer from a 
common and significant challenge which is the dissolution of their 
active materials [96]. For instance, the dissolution of the Mn 

element resulted from the transformation of MnO 2 when the cell 
voltage is lower than 1.56 V. Additionally, the intrinsic solubility of 
Mn 2+ in water is relatively high, reaching 70 g in 100 mL H 2O at 
7 °C. For V-based cathodes, vanadium dissolution primarily stems 
from pH fluctuations at the electrode/electrolyte interface and 
active-water attack. These pH fluctuations are triggered by two 
factors. One is the co-insertion of H + into the host cathode material 
and the other is the migration of OH − from the anode, the latter 
being a product of the HER. Consequently, IL-modified electrolytes, 
which effectively suppress HER at the anode and lower the overall 
water activity, can mitigate vanadium dissolution and thereby 
enhance the electrochemical performance of V-based zinc full cells 
[59]. Additionally, the Zn||Zn 0.25V 2O 5·nH 2O full cell operating at a 
high temperature of 60 °C exhibited much better cycling perfor
mance compared to the electrolyte without IL (Figure 14a), 
demonstrating the superior electrochemical stability of IL at high 
temperatures. Conversely, the designed electrolyte demonstrates 
limited efficacy in improving the MnO 2 cathode performance, as the 
incorporation of IL fails to effectively mitigate the Mn 2+ dissolution 
issue (Figure 14b). 

The dissolution mechanism of halogen cathodes is more complex 
than those of the cathodes mentioned above. Taking the typical 
conversion-type iodine-based cathode as an example, the one-step 

Figure 14 (Color online) (a) The long-term cycling stability of Zn||Zn 0.25V 2O 5·nH 2O full cells in different electrolytes under a current density 1 A g −1 of at 60 °C. (b) Cycling stability 
comparison of Zn||MnO 2 full cells in different electrolytes under a current density 1 A g −1. Reproduced with permission from Ref. [42]. Copyright©2023, Wiley-VCH. (c) Charge density 
differences with I 3 

− and [BMIM] +. (d) ATR-FTIR spectra in the regions of 1500–1800 cm −1 of [BMIM]OTF aqueous solution and following addition of KI 3 solution. Reproduced with 
permission from Ref. [97]. Copyright©2024, the American Chemical Society. (e) Galvanostatic charge/discharge profiles of Zn-S cells in different electrolytes. (f) The discharge curve of S 
electrode in a 3-electrode cell with a saturated calomel electrode as reference electrode in 0.25 m [Me 3PhN] +Cl − electrolyte at 0.1 A g −1. (g) The UV-Vis spectra of the corresponding 
discharged electrolyte and following addition of zinc acetate in the regions of 230–700 nm −1. Reproduced with permission from Ref. [100]. Copyright©20232, the Royal Society of 
Chemistry.  
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I 0/I − redox reaction involves the intermittent formation of 
polyiodides (e.g., I 3 

− and I 5 
−), which are highly soluble in aqueous 

solution. This liquid-liquid transition process enables rapid conver
sion kinetics. However, the resulting polyiodides can migrate 
toward the Zn anode on account of gradients, leading to the well- 
known shuttle effect of polyiodides. Imidazolium-based IL was found 
to be capable of forming N–I bonds (N of C–N in imidazole ring) with 
I 3 
− and I 5 

−, which is confirmed by both the simulation results and 
spectroscopy results (Figure 14c, d) [97]. This strategy molecularly 
suppresses the polyiodide shuttle issue, a mechanism not typically 
provided by traditional additives which often rely on electron 
affinity to I 3 

− or I 5 
− [98]. Therefore, the Zn||I 2 battery exhibited 

extraordinary electrochemical performance. Another promising 
conversion-type cathode material is sulfur due to its high theoretical 
capacity of 1675 mAh g −1. In AZMBs, the S cathode goes through a 
solid-solid transition (S ⇋ ZnS), unlike in the multiple steps of S 
chemistry in non-aqueous lithium-ion batteries [99]. The solid-solid 
transition process, combined with the low electronic conductivity of 
S, lead to sluggish S reaction kinetics and comparatively high 
polarization of over 0.7 V at relatively low current densities. 
Quaternary ammonium iodide was proposed to facilitate the 
formation of soluble intermediates or reactants [100]. The reduction 
voltage of Zn||S cells was elevated from 0.6 to 0.8 V after 
introducing the 0.25 M IL to 1 M ZnAc 2 electrolyte (Figure 14e), 
confirming the enhanced S reduction chemistry. The soluble 
intermediates of polysulfides were also revealed by experimental 
and simulation results (Figure 14f, g). 

5 Summary and outlook  

The zinc metal anode is a promising solution to achieve high- 
energy-density aqueous batteries [14]. ILs, with their tunable 
structures, excellent electrochemical stability and low flammability, 
have been employed to enhance the electrochemical performance of 
zinc anodes in AZMBs. In this review, we systematically examine 
recent advances in the use of ILs in AZMBs, categorizing them based 
on their modes of incorporation into aqueous electrolytes. Special 
emphasis is placed on the interactions between ILs and water or zinc 
ions, particularly regarding solvation structures and hydrogen bond 
formation. We further explore the interfacial chemistry, including 
the formation of the SEI and the structure of the EDL, both of which 

are highly influenced by their specific chemical structures and 
compositions. A unified schematic illustrating the multi-scale 
protective roles of ILs for stable zinc anodes is summarized in 
Figure 15, complementing the existing Figure 1. Based on the above 
discussion, it can be concluded that the structural diversity and 
tunability of ILs contribute to suppressed water activity both in the 
bulk electrolyte and at the anode/electrolyte interface, as well as to 
modifications in the solvation structure and the formation of a 
protective SEI layer. These advantages of IL largely boost the 
electrochemical performance of zinc anodes in terms of suppressed 
side reactions, prolonged lifespan and excellent reversibility. 
However, despite great progress, challenges still remain in the 
application of ILs for AZMBs as demonstrated in the following 
aspects. 

(1) The high cost and complex synthesis processes of ILs remain 
major obstacles to their practical application in AZMBs, as is the 
case in many other fields. Using ILs directly as supporting salts 
significantly raises the cost of hybrid aqueous electrolytes. The 
multi-step synthesis involved in producing ILs is a primary reason 
for their high expense. Therefore, developing task-specific ILs 
tailored for AZMBs, leveraging versatile cationic and anionic 
synergies (such as concurrently buffering the local pH and 
promoting the formation of a stable SEI), to achieve multifunction 
with a smaller dosage, as well as bio-derived and easily scalable ILs, 
represents a promising direction for reducing costs. Besides, 
machine learning can be employed to predict the relationship 
between the structure of IL and properties, providing guidance for 
researchers to find the most promising IL-based electrolytes. 

(2) More future breakthroughs in AZMB electrolytes can stem 
from the synergistic combination of ILs with other advanced 
strategies. ILs integrated with high-concentration electrolytes are 
expected to further suppress water activity and expand the 
electrochemical window. Additionally, blending ILs with 
co-solvents enables precise tuning of solvation structure and 
physicochemical properties, such as HER-free and anti-freezing 
capability. Moving beyond single-component optimization, these 
hybrid systems represent a promising pathway towards designing 
high-performance and durable electrolytes for practical AZMBs. 

(3) The working mechanisms of ILs in AZMBs remain incomple
tely understood. Even though intensive spectroscopy studies (FTIR, 
Raman and nuclear magnetic resonance spectroscopy) have been 

Figure 15 (Color online) A unified schematic illustration demonstrating the multi-scale protective roles of ILs for stable zinc anodes.  
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carried out to reveal the water activity, most cases of the solvation 
structure of Zn 2+ in different electrolytes were studied by theoretical 
simulations. Additionally, the existence of conflicting interpreta
tions in literature underscores the necessity for employing more 
sophisticated techniques to reveal the true mechanisms. In this 
regard, the application of in-situ and other high-precision methods 
to study the electrode/electrolyte interface will be paramount for 
gaining a deeper understanding of these dynamic processes. 

(4) Most cathode materials with low mass loading are initially 
tested in coin cells using a zinc-rich anode. However, factors such as 
low areal capacity of the cathode, low zinc utilization, and excess 
electrolyte decrease the practical energy density of the cells. 
Therefore, the reliability of IL-based electrolytes for AZMBs must 
be reassessed under more rigorous conditions. 

We do hope this review will inspire more research on the 
application of ILs in AZMBs, including task-specific and cost- 
effective IL design, integrating ILs with other approaches, deep 
understanding of working mechanisms and battery-level cell 
assembly under lean-electrolyte conditions for achieving real 
high-energy-level ZMBs. 
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