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With the low cost, excellent safety and high theoretical specific capacity, aqueous zinc-ion batteries (AZ-
IBs) are considered as a potential rival for lithium-ion batteries to promote the sustainable development
of large-scale energy storage technologies. However, the notorious Zn dendrites and low Coulombic effi-
ciency (CE) limit further development of AZIBs, due to the unstable electrochemical deposition/stripping
behavior of Zn anode in aqueous zinc ion electrolytes. In this review, critical issues and advances are
summarized in electrolyte engineering strategies. These strategies are focused on active water molecules
during electrochemical process, including high-concentration electrolytes, ionic liquids, gel-polymer elec-
trolytes and functional additives. With suppressed active water molecules, the solvation and de-solvation
behavior of Zn?* can be regulated, thereby modulating the electrochemical performance of Zn anode.
Finally, the inherent problems of these strategies are discussed, and some promising directions are pro-
vided on electrolytes engineering for high performance Zn anode in AZIBs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With the increasing demand in the energy storage market and
environmental concerns, designing sustainable devices for environ-
mentally friendly, renewable energy storage is crucial. Wind, solar
and tidal energy provide some relief, but they are unstable and un-
predictable. The lithium-ion batteries have gained the most share
of the energy storage market in the latest 30 years because of the
superior energy density and long cycle life, but the concerns about
safety and expensive raw materials have limited the further appli-
cation [1-4]. Distinguishing from lithium-ion batteries that match
organic electrolytes, aqueous zinc-ion batteries have garnered ex-
tensive attention since 2018 because of their inherent safety, abun-
dant raw materials and the high theoretical volumetric capacity
of Zn (5855 mAh/cm? or 820 mAh/g) [5,6]. However, the signifi-
cant development of aqueous zinc-ion batteries is still hindered by
the limited reversibility of the zinc anode and low Coulombic ef-
ficiency (CE), primarily caused by the instability of the zinc anode
in aqueous environments [7-9].
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When zinc anode surfaces come into contact with active water
molecules, microscopic voltaic cells are formed on the surface,
thus the corrosion occurs even without applied electric field,
while hydrogen gas is generated through the dissociation of water
[10]. Limited by the intrinsic water splitting reactions including
oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER), the theoretical electrochemical stability windows (ESW) of
aqueous batteries are narrow (1.23V) [11]. Besides the formation
of by-products that can cause passivation of the zinc anode and
consumption of electrolytes. The uneven electric field distribution
on the surface of zinc anode is caused by the above problems,
thus resulting in notorious zinc dendrites. During the later Zn
stripping/plating process, the fracture of zinc dendrites to form
so-called “dead” zinc, leading to low Coulombic efficiency and
capacity loss [12]. Unlike organic-based battery systems, aqueous
batteries also need to consider their pH value of electrolytes. Under
different pH conditions, aqueous zinc-ion batteries have different
challenges and anodic reaction mechanisms [13]. In alkaline condi-
tions, dendrites growth and OER dominate, Zn anode can transfer
to the water-soluble Zn(OH)42~. After accumulating to a certain
extent, the formation of conductively poor by-products, such as
zinc oxide and zinc hydroxide, leads to passivation of the zinc elec-
trode. Under acidic conditions, the corrosion and hydrogen evolu-
tion reaction (HER) need to be overcome, with passivation being
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alleviated [14]. Different from strongly acid and alkali electrolyte
with more inferior morphological instability of Zn anode, the
employment of mildly acidic (pH 3-7) aqueous electrolytes plays
a vital role during the critical phase of energy transition. Since it
possesses intrinsic safety, recyclability and high economic benefits,
making it highly applicable in energy storage systems [15,16].

To obtain high performance Zn anode in aqueous zinc-ion bat-
teries, it is vital and convenient to design the electrolyte com-
position, in this review, the issues about corrosion and dendrites
on the Zn anode are clarified, and we timely summarize the
electrolyte design engineering via the regulation of active wa-
ter molecules for Zn anode protection. We will divide electrolyte
strategies into the following categories: high-concentration elec-
trolytes, ionic liquids, gel-polymer electrolytes and functional ad-
ditives. The strategies provided also can applied in other Zn-based
energy storage systems, such as Zn-air batteries or zinc ion hybrid
capacitor. Lastly, the verified electrolyte regulation mechanisms
and promising perspectives on potential future research are out-
lined. We hope that this review can provide a comprehensive ref-
erence to effectively design electrolyte for high performance aque-
ous zinc-ion batteries and other aqueous ion batteries, such as alu-
minum, magnesium, and calcium ion batteries.

2. Corrosion and dendrites

Currently, commercial zinc foil is commonly used as the anode
in AZIBs. However, the zinc anode is unstable in aqueous elec-
trolytes due to corrosion and dendrites related to active water
molecules [17,18]. Both chemical and electrochemical corrosion is-
sues exist. Chemical corrosion dominates during resting state; elec-
trochemical corrosion is the main problem during cycling state due
to the repeated Zn deposition/stripping processes [19]. The zinc
ions tend to coordinate with water molecules in the aqueous elec-
trolyte environment, and the process of solvated zinc-ion deposi-
tion can be roughly divided into the following steps: (1) Diffusion
of solvated Zn2*; (2) de-solvation of Zn2*; (3) charge transfer; and
(4) nucleation and growth [8].

Because of the reduction potential (—0.76V vs. SHE) of Zn metal
[20], the H* ions from polarized water molecules will be reduced
to hydrogen during Zn?* deposition process, thermodynamically.
There are two sources of polarized water molecules in contact with
the zinc anode. One is the bulk water molecules in electrolyte, and
the other is the de-solvated water molecules of the carrier Zn’*.
The increase in hydroxide (-OH) concentration caused by HER will
change the pH value of electrolyte, and convective disturbance
of hydrogen bubbles impacts the voltage stability [21]. The con-
tinuous H, evolution will exacerbate the inhomogeneity of Zn%*+
flux reaching the surface of zinc matrix, leading to an increase
of the concentration polarization near the interface. The protrud-
ing Zn caused by non-uniform deposition has a higher curvature
and therefore produces a higher electric field due to the ‘tip ef-
fect’, Zn?t are preferentially nucleate in and 2D diffuse to these
active sites [22], which promotes the rapid growth of Zn dendrites
and worsens the inhomogeneity of Zn anodes. In addition, den-
drites in turn promote corrosion by increasing the reaction sur-
face area [5]. Since these problems do not exist in isolation, but
are closely related to each other, it is necessary to focus on the
core of these problems when designing optimized electrolyte for-
mulations (Fig. 1). The water solvent provides fast charge transfer
kinetics, due to the intrinsic high polarity of water molecules and
small carriers size in aqueous electrolyte. Simultaneously, divalent
nature of Zn** enhance the electronic interactions with charged
skeleton, thus inhibit diffusion process, fast ion migration is facili-
tated by the shielding effect of water molecules on Zn?* ions [17].
But aforementioned side reactions are directly related to active wa-
ter molecules. The water in the electrolyte molecules is a double-
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Fig. 1. Schematic diagram of the interfacial side reactions on the zinc anode in
mildly acidic electrolytes.

edged sword. Therefore, in the application of electrolyte engineer-
ing to stabilize zinc-ion batteries, attention should be paid to the
regulation of water molecules.

3. Electrolyte design engineering

To suppress the issues caused by water molecules while main-
taining the inherent safety and high conductivity of aqueous elec-
trolytes, it is desirable to keep the water molecules in an elec-
trochemically stable state. This can be achieved by constructing
a hydrophobic region on the zinc metal surface to achieve an-
odic protection at the interface, as well as by inhibiting the ac-
tivity of water molecules (suppressing the polarization of free wa-
ter molecules on the zinc anode surface). Researches regulating
the Zn anode/electrolyte interface currently focus on composition
and structure design, surface modification of Zn anode and elec-
trolyte regulation [15,23,24]. Both of the first two operations are
complicated, and the processing time of surface modification is
much longer. The interface state between Zn anode and the elec-
trolyte significantly depends on the electrolyte system since the
electrolyte acts as a communication channel between the cathode
and anode. Therefore, systematic research on electrolyte regulation
engineering is necessary.

Adjusting the electrolyte is a convenient strategy that allows for
dynamic regulation of the interface. In neutral or mildly acidic sys-
tems, the corrosion issue of the zinc anode is more severe com-
pared to alkaline systems [17], this is due to the lack of passi-
vation effect of amphoteric zinc oxide (ZnO). Currently, the com-
mercial electrolytes used in aqueous zinc-ion batteries are mildly
acidic, such as zinc sulfate (ZnSO4) and zinc trifluoromethanesul-
fonate [Zn(OTf),], which have ultra-high ionic conductivity [25].
For large-scale commercialization, it is necessary to consider fur-
ther modifications to the zinc sulfate electrolyte (Fig. 2). One strat-
egy for regulating aqueous electrolytes is to reduce the quantity
of water molecules, which includes the use of high-concentration
electrolytes [26], ionic liquids [27-29] and gel polymer electrolytes
[30-37]. Another approach involves the use of functional additives
in the existing aqueous electrolyte to displace or occupy the sol-
vation shell of zinc-ions, thus blocking water-induced corrosion
on the zinc anode surface [38-44]. The addition of additives fa-
cilitates the de-solvation process of zinc-ions and prevents direct
contact between active water and the zinc anode surface, which
is an economically effective method of control. The corresponding
water molecules regulation strategies in electrolyte are shown in
Fig. 2 [27,28,45-49]. In the next part, we will discuss the advan-
tages and disadvantages of these electrolyte modification strategies
in detail.
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Fig. 2. Overview of the electrolyte engineering for zinc anode protection with suppressed water molecules. Reproduced with permission [27]. Copyright 2022, Royal Society
of Chemistry. Reproduced with permission [28]. Copyright 2023, John Wiley and Sons. Reproduced with permission [45]. Copyright 2022, American Chemical Society. Re-
produced with permission [46]. Copyright 2018, Springer Nature. Reproduced with permission [47]. Copyright 2021, John Wiley and Sons. Reproduced with permission [48].
Copyright 2021, Elsevier. Reproduced with permission [49]. Copyright 2022, John Wiley and Sons.

3.1. High-concentration electrolytes

When zinc salts dissolve in water, water molecules spon-
taneously coordinate with zinc-ions to form hydrated zinc-ions
[Zn(H,0)g2"], in a commercial electrolyte, water molecules are rel-
atively abundant. Zinc-ions attract six regularly arranged water
molecules through a strong electrostatic potential field, while the
arrangement of outer shell water molecules is partially ordered
with an indefinite number. Therefore, the strategy of increasing
solute concentration to expel water molecules from the solvation
shell has emerged. As the concentration of electrolyte salts in-
creases, the number of solvent water molecules decreases, and the
distance between the cations and anions shortens, leading to the
formation of what is known as water-in-salt electrolytes (WISEs).
In highly concentrated states, cations and anions exist in pairs, re-
sembling the characteristics of ionic liquids. Detailed discussions
regarding ionic liquids will be presented in the next subsection.
The effectiveness of artificial solid electrolyte interface layers (SEI)
is demonstrated in metal batteries (magnesium metal batteries,
sodium metal batteries and lithium metal batteries) [2,45,46]. Tens
of anions and cations can induce the in-situ formation of a SEI,
which stably protect the Zn anode during electrochemical strip-
ping/plating, achieving corrosion inhibition and regulating cyclic
stability. Particularly, highly concentrated electrolytes can effec-
tively widen the narrow voltage window (1.23V) limited by sol-
vent water [47], there is potential to achieve higher energy density
in zinc-based batteries.

The salt concentration from ‘dilute’ to ‘super-concentrated’
leads to a stepwise change in the state of zinc ions and salt
existence (Fig. 3a) [18], and the electrochemical stability win-
dow (ESW) of aqueous electrolytes with different concentrations
(Fig. 3b) [11]. The high-concentration enhance the coordination
number of anions in the inner solvation shell of Zn2+, but the
maximum concentration is limited by solubility. Typically used
zinc salts like ZnSOg4, Zn(TFSI);, and ZnCl, have low solubil-
ity in aqueous solutions (typically below 21—32mol/kg). Gao et
al. achieved a high concentration of up to 75mol/kg by adding
water-salt oligomers. As the salt concentration increases, the wa-
ter content of the solvation shell surrounding zinc ions decreases
sharply (Fig. 3c) [26]. Moreover, with additional chlorine salts and
dimethyl carbonate in concentrated ZnCl, electrolyte, the forma-
tion of a double-layered organic/inorganic composite SEI stably
protect the Zn anode (Fig. 3d) [48]. The obtained SEI enabled sta-

ble cycling of a pouch cell with a VOPO4-2H,0 cathode under
practical conditions for 500 cycles, providing an energy density
of 100Wh/kg. Wang et al. [49] achieved dendrite-free Zn strip-
ping/plating with nearly 100% Coulombic efficiency using a high-
concentration LiTFSI/Zn(TFSI), saltwater electrolyte (Figs. 3e and
f), TFSI, bis(trifluoromethanesulfonyl)imide). Of note, the compro-
mise between high stable voltage windows and the rate perfor-
mance should have to be taken into account when committed to
increasing salt concentration, the ultra-high electrolyte concentra-
tion posed challenges such as high viscosity and low ionic con-
ductivity. Localized high-concentration electrolytes for lithium-ion
batteries have gained extensive attention, and it is believed that
they also provide insights for concentration regulation in zinc-
based battery electrolytes. There is a recent research has focused
on controlling the concentration gradient in electrolytes [50], thus
mitigating the side effects dominated by the high activity of water
molecules and regulate the kinetics of needed interfacial reactions.

Currently, high-concentration electrolytes are mostly prepared
using fluorine-containing salts, which pose significant challenges
in terms of cost and environmental sustainability [18,47,51]. More-
over, they are likely to sacrifice the kinetics of the carrier. In or-
der to achieve large-scale commercial applications, it is not a long-
term solution to rely solely on the stacking of high-concentration
salt. In the future, researches on high-concentration electrolytes
still needs to address issues related to economic viability and
charge transfer kinetics.

3.2. lonic liquids electrolytes

Ionic liquids are molten salts with low melting points (below
100°C) that consist solely of ions. They are characterized by their
non-volatility, non-flammability, and a wide range of selectable
components. Furthermore, they exhibit excellent stability in terms
of their properties [52]. Ionic liquids exist in a neutral ion pair
state [27], which effectively stabilizes the stripping/plating behav-
ior of Zn?* and expands the electrochemical stable window, but
the high cost limits further large-scale application. Pure ionic lig-
uids used as electrolytes suffer from high viscosity, which hin-
ders ion diffusion kinetics [53]. However, if introduced as addi-
tives to commercial electrolytes with a suitable ratio, the high con-
ductivity and wide stable voltage window of ionic liquids can be
achieved while retaining the high fluidity and interface compatibil-
ity of the commercial electrolyte [54]. Of note, selecting a aqueous
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Fig. 3. (a) Diagram illustrating different concentrations into three regimes for dissociating and aggregating salts. Reproduced with permission [18]. Copyright 2022, Elsevier.
(b) The ESW of aqueous electrolytes at various concentrations. Reproduced with permission [11]. Copyright 2022, John Wiley and Sons. (c) Trends in the variations of
Zn(H,0)s2* and polymeric species content in electrolytes ranging from 1mol/L to 46 mol/L. Reproduced with permission [26]. Copyright 2021, John Wiley and Sons. (d)
Schematic illustrating the structure of dual-layer SEI in the Zn anode with electrolyte of 30 mol/L ZnCl, + 5 mol/L LiCl. Reproduced with permission [48]. Copyright 2023,
Springer Nature. (e) Cyclic voltammogram illustrating the process of Zn stripping/plating in a three-electrode cell. Inset: Chronocoulometry curves. (f) Scanning electron
microscope (SEM) image of the Zn anode after undergoing 500 stripping/plating cycles in 1 mol/L Zn(TFSI), + 20 mol/L LiTFSI electrolyte. Inset: X-ray diffraction (XRD) pattern.

Reproduced with permission [49]. Copyright 2018, Springer Nature.

basic electrolyte with suitable ionic liquid additive components can
construct a stable SEI and improve the reversibility of zinc anodes
[55].

Chen et al. [27] constructed an adaptive inner Helmholtz
layer at the zinc anode with zwitterionic liquid additives, 3-(1-
methylimidazole)propanesulfonate (ImS) (Fig. 4a), to induce ho-
mogenous Zn%* flux at the interface and gain high-voltage char-
acteristics (Fig. 4b). Even in the state of high zinc utilization ra-
tio (85%), the Zn anode cycling performance was improved by
35 times compared to a commercial aqueous electrolyte (2 mol/L
ZnS0y,). This type of ionic liquid also simultaneously regulated the
double-layer structure at the cathode, inferior interfacial of both
Zn anode and the cathode being synchronously regulating should
be the key during stripping/plating cycles. Yu et al. [28] added
1-ethyl-3-methylimidazolium bis(fluorosulfonyl)amide (EmimFSI),
which is immiscible with water, to a aqueous Zn(OTf), system
to encapsulate zinc ions coordinated with active water molecules
(Fig. 4h), this effectively blocked parasitic reactions triggered by ac-
tive water molecules. The additive effect of this composition strat-
egy can enhance overall performance especially for high-voltage
zinc ion batteries. Additionally, research has shown that a small

amount of water molecules can enhance the ion conductivity of
ionic liquid electrolytes by providing lubrication, while the ionic
liquid network restricts the activity of water molecules (Fig. 4c)
[56]. Previous researches have demonstrated that adding grafting
ionic liquids to solid or quasi-solid electrolytes can have syner-
gistic effect. For example, compared to Zn/Zn**, water only ex-
hibited an electrochemical stability window of —0.05V to 1.7 V.
When EMIMBF, was added, the stability window was extended
to —0.75V to 2.8V (Fig. 4d) [57]. The ionic liquids additive en-
dows the low vapor pressure of ionic liquids provides excellent
safety and physical-chemical stability to the AZIBs (Figs. 4e and
i) [57,58], highlighting the parallelism of electrolyte pathways.
Special ionic liquid cations, such as 1-butyl-3-methylimidazolium
cation (BMIm™ ion), have the function of inducing (002) zinc depo-
sition (Figs. 4f and g) [59], which provides inspiration for design-
ing electrolyte components to restructure the preferred texture of
Zn anodes.

At present, the research on the influence law of anion and
cation needs to be further systematized and comprehensive. The
design of ionic liquids, which have the ability to optimize the elec-
trolyte/electrode interface, needs to be based on the comprehen-
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Fig. 4. (a) Mechanism diagram of a self-adaptive electric double layer construction in ionic liquid additive electrolyte. (b) The ESW of basic electrolyte a series of zwitteri-
onic ionic liquids additives in the electrolyte. Reproduced with permission [27]. Copyright 2022, Royal Society of Chemistry. (c) Schematic diagram of water locking network
structure constructed by ionic liquids. Reproduced with permission [56]. Copyright 2023, American Chemical Society. (d) The ESW of basic electrolyte and EMIMBF, ionic
liquids additives electrolyte. (e) Capacity retention ratio of all-solid-state batteries with EMIMBF, ionic liquid additives in the electrolyte under varying cutting times. Repro-
duced with permission [57]. Copyright 2020, John Wiley and Sons. (f) SEM images and (g) XRD of cycled Zn anodes morphology with 0.02m BMIm™* additives electrolyte
under 5mA/cm?. Inset: Corresponding texture parameters of Zn anodes. Reproduced with permission [59]. Copyright 2022, John Wiley and Sons. (h) Digital images of the
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ing as “water pocket”. Reproduced with permission [28]. Copyright 2023, John Wiley and Sons. (i) Schematic illustrating ionic liquids optimized gel-polymer electrolyte for
anti-drying and stable interface. Reproduced with permission [58]. Copyright 2022, American Chemical Society.

sive consideration of the role of anions and cations in the re-
versible Zn deposition/stripping and the inhibition of HER. Due to
the wide variety of ionic liquids, it is flexible and efficient to disas-
semble them into pairs of functional ions, and more kinds of ionic
liquids need to be applied to ZIBs. The use of ionic liquid as an ad-
ditive can alleviate the problem of its expensive price to a certain
extent.

3.3. Gel-polymer electrolytes

Solid-state/quasi-solid-state electrolytes are ideal electrolytes
for flexible zinc-ion energy storage devices due to their high
safety, flexibility and mechanical properties [60]. Reduced water
molecule content and polymerized electrolyte solved the most of
problems of electrolyte leakage and water splitting, which are fa-
tal in large-scale application of AZIBs. In contrast to liquid elec-
trolytes, highly crystalline solid-state/quasi-solid-state electrolytes
have substantially worse motion properties [53], gel polymer elec-
trolytes are quasi-solid-state electrolytes obtained by crosslinking
polymers with zinc salts while retaining a small amount of water
molecules; water molecules play a role in lubrication and reducing
the energy barrier of charge diffusion. However, gel-polymer elec-
trolytes are subject to low ion conductivity at room temperature
and interface wetting issues hitherto [57,61]. Traditional methods
for preparing gel polymer electrolytes include phase transition, sol-
vent casting, and in-situ polymerization [62]. Gel polymer elec-
trolytes that possess high ion conductivity and low electronic con-
ductivity have the potential to serve as both electrolytes and sepa-

rators in batteries [63], thus enhancing the energy density of entire
battery system.

Luo et al. developed a polyzwitterionic hydrogel electrolyte
(PZHE) with polar N and O groups, which immobilizes water
molecules within the polymer framework. The polar groups effec-
tively bind and retain water molecules [64]. Through in-situ optical
microscopy observations, it was found that the Zn//Zn symmetric
cell using PZHE exhibited significantly suppressed HER during elec-
trochemical cycling (Fig. 5a), the reversibility of the Zn anode was
improved (lifespan of over 3500 h under 0.5 mA/cm?), with a room
temperature ion conductivity of 32 mS/cm and the Zn?*t migra-
tion number of 0.656. Otherwise, the gel polymer can lift up the
resting performance with suppressed chemical corrosion, Zhou et
al. used tannic acid-modified sodium alginate to obtain a hydrogel
with carboxyl groups and phenolic hydroxyl groups, which interact
with Zn?t+ ions [65]. Specifically, the zinc anode and its matched
cathode have conflicting requirements for water molecules. In the
zinc anode, corrosion can be suppressed by reducing the number
of water molecules, while most cathodes require co-intercalation
of protons and Zn2?* to achieve high capacity and high rate capa-
bility [66]. The synergies of reduced water content and zinc-philic
ligand leads to uniform zinc deposition and improved shelf per-
formance (Fig. 5d). The improved reversibility of the zinc anode
was also confirmed in a Zn//Cu asymmetric cell (Fig. 5e) [63]. The
gel-polymer electrolytes as well exhibit the potential in crossover
fields. A hierarchical alginate hydrogel developed that simultane-
ously inhibits corrosion and byproducts (Fig. 5b). Through valida-
tion in the rabbit intestinal tract, the hydrogel demonstrated bio-
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mercial liquid electrolyte. Reproduced with permission [64]. Copyright 2020, John Wiley and Sons. (b) The EPMA/WDS mapping of Zn elements intensity from Zn anode
cycled with liquid electrolyte and alginate polymer electrolyte. (c) Optical photos of duodenal tissue in living rabbits after 6 h of storage of punched batteries with algi-
nate polymer electrolyte. Reproduced with permission [67]. Copyright 2022, Oxford University Press. (d) Electrochemical performances of Zn//Zn symmetric cells with and

without resting for 60 h under 1.13 mA/cm?.

(e) The Coulombic efficiency of the Zn//Cu asymmetric cells with tannic acid (TA) modified sodium alginate (SA) composite gel

electrolyte, SA and liquid electrolyte. Reproduced with permission [65]. Copyright 2020, Elsevier. (f) Shelve performance of Zn//Zn symmetric cell with Sodium alginate gel
electrolyte ‘plating’ and liquid electrolyte under 2 mA/cm?. Reproduced with permission [68]. Copyright 2021, Oxford University Press.

compatibility for zinc battery applications (Fig. 5c) [67]. It exhib-
ited excellent safety and enhanced the potential for zinc battery
applications in wearable devices and biomedicine. The unique self-
healing properties of hydrogels compared to liquid electrolytes can
enhance the stability of the entire battery system (Fig. 5f) [68].

A very small amount of water molecular content inhibits the
corresponding side reactions. Hydrogels with mechanical proper-
ties and certain ionic conductivity achieve a long-term stable cycle
of the battery. Other commonly used hydrophilic matrix polymers
such as poly(ethylene oxide) (PEO) [69], poly(vinylidene fluoride)
(PVDF) [70], poly(vinyl alcohol) (PVA) [63,71,72], polyacrylamide
(PAM) [73] and others regulate the zinc ion deposition behavior
based on similar principles.

To enhance ion conductivity, the strategy can focus on lower-
ing the crystallinity of the polymer electrolytes to achieve faster

ion diffusion kinetics. Seeking the suitable ratio of polymer and
zinc salt is also the key to improve the ionic conductivity in gel
electrolyte applications. It is also need to consider the adaptability
of the matrix polymer to zinc salts. Typical zinc salt cations like
S042~ and PO42~ based on the Hofmeister Series can induce salt
out, leading to the disruption of the gel polymer’s uniformity [74].
In order to regulate water molecules, Zhi et al. have developed a
class of asymmetric electrolytes, where the zinc anode side con-
sists of an inorganic solid-state electrolyte, and the cathode side is
a hydrogel [61]. This work provides a design strategy for dendrite-
free and near 100% CE solid/quasi-solid-state zinc ion batteries. In
conclusion, hydrogel electrolytes can be used in unique application
scenarios, such as wearable flexibility and biomedicine, but their
large-scale application is severely constrained by their poor con-
ductivity, inability to transport high current densities.
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Fig. 6. (a) Study the solvation structure of Zn?* with alcohol organic additives. synchrotron-radiation extended X-ray absorption fine structure (EXAFS) spectra for elec-
trolytes. Reproduced with permission [98]. Copyright 2022, John Wiley and Sons. (b) Schematic diagram of the mechanism of SEI formation with N,N-dimethylformami-dium
trifluoromethanesulfonate (DOTf) additives electrolytes. Reproduced with permission [120]. Copyright 2022, Elsevier. The performance of electrolytes at low temperatures
by incorporating ethylene glycol additives: (c) Freezing point data from differential scanning calorimetry (DSC) curves and (d) the ionic conductivities of hybrid electrolytes
at different temperatures. Inset: regulation mechanism. Reproduced with permission [100]. Copyright 2020, Royal Society of Chemistry. (e) Zn?* Solvation structure and
component content of 4 mol/L Zn(OTf),, and 4 mol/L Zn(OTf), + PEG400 additives electrolyte. Reproduced with permission [107]. Copyright 2022, American Chemical Soci-
ety. (f) Coulombic efficiency of Zn//Cu cells with and without long-chain polyethylene oxide (PEO) polymer additive electrolytes. (g) The Schematics of the mechanism PEO
regulating Zn deposition behavior. Reproduced with permission [95]. Copyright 2020, John Wiley and Sons. (h) Linear sweep voltammetry tests of electrolyte with differ-
ent concentrations of PEO and (i) different types electrolytes. Reproduced with permission [94]. Copyright 2020, Springer Nature. (j) Schematic diagram of the way MgSO4
additive electrolyte alleviating the dissolution of cathode MgxV,0s-nH,0. Reproduced with permission [113]. Copyright 2020, Springer Nature. (k) Cycling performance of
Zn//NaV30g-1.5H,0 (NVO) full batteries with and without Na,SO, additives electrolytes. (1) Schematic diagram of the way Na,SO,4 additives inhibits Zn dendrites and the
breakdown of NVO nanobelts. Reproduced with permission [109]. Copyright 2018, Springer Nature.

3.4. Functional additives

Functional additives have been widely reported by researchers
due to their excellent cost effectiveness. In the case of a trace
amount of additive, the stability of the anode/electrolyte and cath-

ode/electrolyte interface can be adjusted simultaneously, so the
functional additives have spacious research prospects [75]. Signif-
icantly, some additives with a weakly solvating effect can regulate
the solvation structure of Zn?* and promote the de-solvation
process [1,76], as well break the hydrogen-bonding network of
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water molecules simultaneously [77,78]. To achieve low-cost and
high performance AZIBs, it is the strategy that shows the most
promise compared to the others.

3.4.1. Organic additives

The investigation of organic additives mainly includes organic
small molecules [76,79-91] and polymers [92-97]. The structure
and composition of organic additives play a significant role in pro-
tecting the zinc anode, including factors such as molecular polarity,
steric hindrance, and carbon chain length [38]. Organic additives
with polar functional groups (such as N, O, and F, which possess
strong electronegativity) can compete with water molecules in the
solvation shell of Zn%*. The coordinating ability of these additives
can be regulated based on factors such as the number and distri-
bution of polar functional groups, molecular size, and the number
of donor sites. This allows for the design of solvent pathways and
surface adsorption pathways [1].

Polar organic additives primarily function by preferentially ad-
sorbing onto the zinc anode surface, forming a hydrophobic film
that can resist the free water molecules flowing in the bulk phase.
When hydrated Zn?* arrives at the Zn anode while deposition
process, the solvated water molecules also are expelled. A higher
number of polar groups can better adsorb on the Zn anode sur-
face; but may result in lower hydrogen evolution overpotential
[62]. On the other hand, in the bulk phase, strongly coordinating
additives can enter the solvation shell of zinc ions, altering the
strong interaction between zinc ions and water molecules. Addi-
tionally, polar molecules can form bonds with water molecules,
effectively binding them and limiting their activity. To achieve
changes in solvation, it is generally necessary to consider param-
eters such as dielectric constant and molecular size. This is due
to the combined consideration of coordination ability and steric
hindrance effects. In general, larger solvation radius of zinc ions
leads to more difficult diffusion and larger de-solvation barriers.
These two mechanisms usually work synergistically in zinc anode
protection.

The organic small molecules strongly coordinate with Zn** and
strong adsorb on the zinc anode. This results in a higher de-
solvation polarization barrier, hindering the reduction process of
Zn?t and promoting nucleation rather than growth [44,82,85,98].
This can be manifested in higher polarization voltage and a
more compact nucleation state, ultimately leading to long-lasting,
uniform and smooth Zn stripping/plating interfaces. Polar small
molecules can form hydrogen bonds with water molecules, re-
sulting in the reduced activity of the water molecules. Therefore,
they provide more feasibility for the design of low-temperature de-
vices. Hao et al. proposed that typical monohydric alcohols, such as
methanol, which can enter the inner solvation shell of Zn2* due
to their high dielectric constant and small size [99]. This alters
the presence or arrangement of the six water molecules, result-
ing in uniform zinc deposition, inhibiting dendrite growth, and en-
hancing CE and cycle life. Ma et al. added isopropanol to maintain
the Zn(H,0)g%* state and design the outer solvation shell of zinc
ions (Fig. 6a), resulting in a smooth zinc deposition surface and
higher CE [98]. This enabled a cycle life of over 2000 h for Zn/Zn
symmetric batteries at —40°C and over 1000 cycles for pouch bat-
teries operated at —20°C. Strong coordination with Zn?+ also im-
plies a more challenging de-solvation polarization process, which
prompt the introduction of weakly coordinating additives to facil-
itate the transition of Zn2* from solvent structures dominated by
water molecules to those dominated by anions [76]. Through the
weak solvation effect, SEI derived from anions with high ion con-
ductivity was constructed, providing a novel and effective strategy
for electrolyte design. Polar small molecules may achieve dynamic
adsorption of double layers during cycling, or form a stable SEI that
stably controls Zn nucleation and growth (Fig. 6b), which is re-
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lated to the composition design. Additionally, alcohol additives can
lower the freezing point of the electrolyte [100], providing a low-
cost and convenient approach for low-temperature aqueous batter-
ies (Figs. 6¢ and d).

In addition to alcohol organic additives, other organic additives
such as dimethyl sulfoxide (DMSO) [101,102], ethylenediaminete-
traacetic acid (EDTA) [103], DMSO molecules with high donor
number (DN) can tightly bind water molecules as hydrogen bond
acceptors, reducing the number of free water molecules and en-
hancing the stability of the zinc anode. EDTA molecules, rich in
polar functional groups such as O and F, chemically adsorb on
the zinc anode surface, isolating water molecules and corrosion.
By alternately combining electrochemical cycling and static resting,
symmetric batteries achieved stable cycles of over 5000 h, provid-
ing effective improvement in the reversibility of zinc anodes un-
der corrosion prevention strategies, supported by practical scien-
tific validation. Moreover, succinonitrile (SN) [104], 8-cyclodextrin
(B-CD) [22], N,N-dimethyl acetamide (DMA) [77], 14-dioxane
(DX) [85], y-butyrolactone (GBL) [105], 1,3-benzenedisulfonic acid
disodium salt (BSA) [106] and hexamethylenetetramine (HMTA)
[79] have also been widely studied.

Organic polymers additives with long carbon chains, due to
their excellent absorption characteristics, can inhibit the corro-
sion of zinc anode with only a small amount of addition. Li et
al. used polymer PEG400 additives, and the polymer network ad-
sorbed water molecules, significantly reducing the number of free
water molecules at low salt concentrations (Fig. 6e) [107]. How-
ever, the abundance of functional groups in the polymer can lead
to excessive chemical adsorption on the zinc surface, which sac-
rifices the kinetics of zinc ion deposition and dissolution, mani-
festing in the large polarization voltage. Moreover, as additives in
aqueous electrolytes, the hydrophilicity of the polymer needs to be
considered. The matching between the solubility and interface sta-
bility capability limited the organic polymer additives due to the
long chain structure. Jin et al. introduced 0.5 wt% of long-chain
polyethylene oxide (PEO) as an additive, where the electrochem-
ically inert PEO molecules precisely adsorbed on the zinc anode
surface, inhibiting hydrogen evolution corrosion [95]. The zinc an-
ode exhibited stable cycles of over 3000 h (CE > 99.5%) (Figs. 6f
and g). Xie et al. used water-soluble polymer polyethylene glycol
(PEG) to broaden the operating voltage window (3.2V) at low salt
concentrations, providing insights for high-voltage aqueous batter-
ies (Figs. 6h and i) [94].

3.4.2. Inorganic additives

Inorganic additives primarily include inorganic salts introduced
as ion additives electrolyte concentration control agent [108-117].
These additives utilize dissolution equilibrium to introduce ions
which are corresponding to the positive electrode. The pre-adding
ions provide an advantageous recombination/dissolution equilib-
rium of cathodes, for example, MgSO, additives can reduce the
dissolution of MgxV,05 [113]. Moreover, the pre-adding ions can
intercalate into cathodes along with the Zn%+, thereby increasing
capacity and inhibiting cathode dissolution, and other inorganic
ions additives works with a similar mechanism (Figs. 6j and k)
[109,110]. On the other hand, cations with a lower reduction po-
tential than Zn2*, produce an electrostatic shielding effect to sup-
press zinc dendrites via dynamic adsorption (Fig. 61) [109]. Special
anions mainly contribute to regulating the formation and compo-
nent of SEI [118-120]. The inorganic non-metallic minerals [111],
which can reduce the activity of water molecules and regulate the
electrolyte concentration gradient, this is might an class of effec-
tive and low-cost additive and have certain research potential and
gap for no-dendrite Zn anode.

In addition to the aforementioned control methods, there
are also zinc salt anion design [121-123], pH regulation
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Table 1
Summary of the cell performance of recently reported strategies developed for ZIBs.
Type Electrolyte Current Capacity Over-potential ~ Life-span (h) CE (%) Feature Ref.
density (mAh/cm2)  (mV)
(mA/cm?)
High- 1 mol/L Zn(TFSI); + 20 mol/L liTFSI 0.2 0.034 150 170 99.7 Retains water in the open [49]
concentration atmosphere
electrolytes 4mol/L Zn(TFSI), 0.25 0.25 40 700 97.5 \ [130]
4mol/L Zn(S0)4 0.25 0.25 80 600 95.8 \ [130]
30mol/L ZnCl+ 10 mol/L TMACl +5mol/L 1 1 40 260 99.95 Doublelayered inorganic—organic ~ [48]
LiCl in H,O/DMC (5:1) hybrid SEI
7.5mol/L ZnCl, 0.2 0.2 25 400 97.93 Low-temperature aqueous [131]
batteries
30mol/L ZnCl, 0.2 0.2 10 2000 99.03 \ [132]
30mol/L ZnCl + 5 mol/L LiCl 2 4 24 4000 99.7 \ [133]
7.6 mol/L ZnCl; +0.05 mol/L SnCl 3 3 20 500 99.7 Zincophilic and Zinophobic [134]
hybrid SEI
1 mol/L Zn(OTf), + 20 mol/L LiTFSL 0.2 1 50 700 99.75 Anion-derived SEI [135]
Ionic liquids 0.1 mol/L ImS +ZnSOy4 1 1 90 3400 99.9 \ [27]
EmimFSI + Zn(OTf), 1 1 100 690 ~99 \ [28]
BMImOTf + ZnSOy4 2 1 100 3300 99.8 Preference growth of Zn (002) [59]
BMITFSI + Zn(TFSI), 1 0.5 100 1000 99.27 Inorganic—organic complex SEI [56]
[BMIm]OTf + Zn(OTf), 1 1 50 1000 99.46 Inorganic—organic complex SEI [55]
Imidazole + ZnCl, 1 1 30 240 \ \ [54]
[EMIM]BF4 + Zn(BF4), 2 1 75 1500 99.36 Ionic-liquid-based all-solid-state [57]
Zn-ion battery
lonic conductivity of 1.69 x 102
S/cm
[Emim]OTf + PEO polymer +ZnO 0.1 0.1 150 1800 \ Jonic conductivity of 0.23 x 102 [58]
nanofillers S/cm
Gel-polymer PAM/PPF-SSEs + Zn(OTF), 2 4 30 2000 99.9 Ionic conductivity of 5.086 x 10~4  [61]
electrolyte S/cm
Pseudopolyrotaxane gel electrolyte 0.7 0.7 80 1300 ~100 lonic conductivity of 0.8 x 102 [32]
S/cm
PAAM + Chitosan + Zn(OTf), 0.5 90 370 99.02 lonic conductivity of 1.16 x 102 [34]
S/cm
Xanthan bio-polymer + ZnSO4 + MnSOy4 \ \ \ \ Tonic conductivity of 1.46 x 102 [136]
S/cm
Acid PAM hydrogel + Alkaline \ \ \ \ lonic conductivity of 1.463 x 10-2  [73]
PAA-Na + Neutral PAM +ZnSO,4 S/cm
PVA + Zn(OTf), 0.1 0.1 85 800 Jonic conductivity of 1.5 x 10—2 [53]
S/cm
Alginate polymer 5 1.25 100 500 99.65 Tonic conductivity of 2.5 x 10~2 [49]
S/cm
Tannic acid + Sodium alginate +ZnSO,4 113 0.2825 50 300 ~100 Ionic conductivity of 2.42 x 102 [48]
S/cm
PSBMA polymer + ZnSOy 1 150 1900 \ Jonic conductivity of 3.20 x 102 [47]
S/cm
Palygorskite + Sodium 1 0.48 50 600 \ \ [57]
alginate +ZnS0,4 + Na,SOy4
Additive Methanol +ZnSOy4 1 0.5 \ \ 99.7 \ [78]
electrolyte Ethanol+ Zn(OTf), + NaOTf 0.5 0.5 50 670 99.7 \ [25]
Ethylene glycol +ZnS0O,4 2 1 60 150 94 High zinc-ion conductivity (6.9 [79]
mS/cm at —40°C)
2-Propanol + Zn(OTf), 1 1 100 3000 99.06 Regulation of outer solvation [98]
shell
15 15 200 500 \
Tripropylene glycol +ZnSOy4 1 0.5 180 1100 99.73 \ [82]
Sorbitol +ZnSOy4 1 1 50 1200 96.9 \ [137]
2,2,2-Trifluoroethanol + ZnCl, 0.2 0.2 8 4000 99.74 Smaller Zn2+ solvation clusters [132]
Ethylene glycol monomethyl 1 0.5 100 8000 99.5 \ [138]
ether +ZnS04
y-Butyrolactone 4+ ZnSOy4 2 1 50 5000 98.6 \ [105]
Sac+ ZnSOy 0.5 0.5 60 500 \ \ [80]
10 10 80 550 99.6
1,4-Dioxane +ZnSOy4 1 1 100 1200 99.7 Exposure of Zn (002) facets [85]
1,4-Dioxane + Zn(OTf), + NaOTf 0.5 2 60 5000 99.0 Weakly solvating effect [76]
Inorganic SEI
Succinonitrile +ZnSOy4 1 2 100 700 99.71 Zincophobic electrolyte and [104]
horizontal stacking of SEI
Glycine +ZnSOy4 1 1 50 3200 99.68 ZnS-rich SEI layer [86]
NH4Ac + ZnSOy4 2 2 80 500 99.50  CF/CF3-rich SEI [119]
and stabler PH
N,N-Dimethylformamidium 4 4 60 350 99.97 Nanostructured SEI [120]
trifluoromethanesulfonate + ZnSO4
N,N-Dimethyl acetamide +ZnSO,4 1 0.5 100 4500 99.60 \ [77]
Zinc formate 4+ ZnSOy4 5 1 80 2400 99.80  Stabler PH [81]
Sericin molecules +ZnSOy4 1 1 100 4400 99.29 Insulating SEI [44]
Urea + LiOAc + Zn(OTf), 4.8 1 30 600 99.7 Hybrid solute additives [39]
Polyethylene oxide polymer +ZnSO4 \ \ \ 99.5 \ [95]
Polyethylene glycol 400 + Zn(OTf), 0.5 1 220 1800 99.7 \ [107]
La(NO3)3 +ZnSOy4 1 1 40 1200 99.9 \ [108]
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[73,81,118,119,124], electrochemical methods [125-127] and flow
batteries [128,129]. Furthermore, zinc-ion batteries have also
achieved certain achievements in non-aqueous electrolyte field
[53], but it is beyond the scope of this article and will not be elab-
orated.

4. Conclusion and perspectives

In summary, the instability of the zinc anode in the elec-
trolyte is caused by the polarization of active water molecules
on the zinc anode surface, resulting in issues such as zinc den-
drites, hydrogen evolution corrosion, byproduct formation, and
passivation. These problems are mutually reinforcing, leading to
a vicious cycle and severe deterioration of the performance of
aqueous zinc-ion batteries. To control the polarization of active
water molecules on the zinc metal surface, effective strategies
in electrolyte regulation engineering include: (1) Eliminating wa-
ter from the solvation shell of Zn2t; (2) forming hydrophobic
films on the zinc anode surface; (3) designing stable SEI struc-
tures to block protons from reaching the zinc surface; and (4)
inducing the texture growth of Zn (002). To sum up, a num-
ber of recently reported water molecules regulation strategies
are shown in Table 1 [25,27,28,32,34,39,44,47-49,53-59,61,73,76-
78,80-82,85,86,95,98,104,105,107,108,119,120,130-138].

Specific electrolyte regulation engineering approaches to imple-
ment the aforementioned strategies include:

(1) Reducing the water content in the electrolyte, such as
using high-concentration electrolytes, ionic liquids, and gel
polymer electrolytes. While high-concentration electrolytes
and ionic liquids widen the electrochemical window and
offer excellent electrochemical performance, their high cost
hinders industrial applications. Gel polymer -electrolytes
provide good mechanical properties and high safety, open-
ing up new possibilities for biological application. However,
their electrochemical performance is limited by the low ion
conductivity.

Chinese Chemical Letters 35 (2024) 109143

(2) Isolating the water molecules from the Zn anode. For in-
stance, functional additives preferentially adsorb onto the
zinc anode surface, forming a dynamic hydrophobic film.
Moreover, the similar positive effects act on the cathode. The
adsorption of polar induced molecules on the electrode sur-
face is not enough to form a strong protective layer to en-
hance the stability of the two electrodes. It is possible to
achieve the in-situ formation of hydrophobic but zinc-philic
SEI on the Zn anode surface due to the preferential electro-
reduction of added ingredients. However, low-cost additives
that can take effect by micro-addition are necessary.
Regulating the activity of water molecules. Functional ad-
ditives form hydrogen bonds with water molecules to sup-
press polarization, and enhance the electrochemical perfor-
mance under low temperature. The stronger binding energy
with Zn?+ than water molecules lead to expel water content
from the solvation structure of Zn%*, thus settling the par-
asitic side reactions. Functional additives with excellent ef-
fects are simple to apply, making them crucial in optimizing
the industrialization of aqueous zinc-ion batteries.

—
w
~—

For practical AZIBs, there are also demands for high elec-
tric conductivity gel-polymer electrolytes and low-cost high-
concentration additives. Development of more ionic liquids is
worthwhile after in-depth understanding of the role of anions and
cations. Organic additives with polar functional groups (such as F,
0, S, and N) are widely studied, organic molecules with the po-
lar functional groups including -CF3, -phenyl are worthwhile to re-
search in AZIBs. To sum up, the general trend is that the stronger
the polarity, the tighter the adsorption on the zinc anode sur-
face to exclude water molecules. However, there is still a lack of
descriptors that accurately describe the relationship among po-
lar functional groups, water molecules zinc ions, and anion. Most
functional additives are determined through empirical and exper-
imental trial-and-error methods, considering parameters like vis-
cosity, steric hindrance, and dielectric constants. It is crucial to de-
sign functional additives to regulate the solvation structure of Zn2+
while reducing the barrier of de-solvation, appropriate descriptors
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are necessary, closely relating to solvation structures, to guide the
molecular design of additives at a fundamental level. Regarding the
extent of changes in the solvation structure of zinc ions and the
diffusion behaviors of zinc ions through the formed SEI, there is
still unclear, and the research on electrochemical stripping are de-
ficient. These issues may be improved through the continuous de-
velopment of experimental and computational models and in-situ
characterization techniques. Otherwise, for high performance AZ-
IBs, the engineering of composite electrolytes combining various
strategies can lead to synergistic effects, which can match various
demand in energy storage (Fig. 7).
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