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SUMMARY
Rechargeable zinc metal batteries (ZMBs) represent a promising solution for large-scale energy storage due
to their safety, cost-effectiveness, and high theoretical capacity. However, the development of zinc metal an-
odes is hindered by challenges such as dendrite formation, hydrogen evolution reaction (HER), and low
Coulombic efficiency stemming from undesirable interfacial processes in aqueous electrolytes. This review
explores various strategies to enhance zinc anode performance, focusing on artificial SEI, morphology ad-
justments, electrolyte regulation, and flowing electrolyte. These approaches aim to suppress dendrite
growth, mitigate side reactions, and optimize the electric double layer (EDL) and Zn2+ solvation structures.
By addressing these interfacial challenges, the insights presented here pave the way for designing high-per-
formance ZMBs, offering directions for future research into scalable and sustainable battery technologies.
INTRODUCTION

Electrical energy can be generated through various methods,

including thermal, hydroelectric, wind, solar, and nuclear power,

all of which involve converting other forms of energy into elec-

tricity. However, due to the inability of conventional materials

to store electrical energy for extended periodswithout consump-

tion, collecting and storing surplus energy becomes crucial.

Among energy storage technologies such as pumped hydro, fly-

wheels, compressed air, and secondary batteries, the latter

stands out for its flexibility and wide applicability across diverse

scenarios.

The US Department of Energy’s "Energy Storage Grand

Challenge" highlights secondary battery technologies such as

lithium-ion, sodium-based, lead-acid, and zinc-based batteries

and others as pivotal for bidirectional power storage systems.

Although lithium-ion batteries dominate due to their high energy

density, safety concerns have shifted attention toward aqueous

batteries, which use water as the electrolyte medium. Aqueous

options include lead-acid, all-vanadium flow batteries, aqueous

lithium-ion and sodium-ion batteries, and nickel-metal hydride

batteries.1,2 However, challenges such as environmental pollu-

tion from lead-acid batteries, the high cost of vanadium flow sys-

tems, low energy densities of aqueous lithium-ion and sodium-

ion batteries, and the expense of nickel-metal hydride batteries

leave no aqueous battery fully meeting energy storage

standards.3

Aqueous zinc metal batteries (ZMBs) belong to the category of

aqueous metal-ion batteries. The radius of Zn2+ is similar to that
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of Li+, suggesting that Zn2+ can intercalate into suitable materials

for storage.4 The standard electrode potential of Zn2+ relative to

the standard hydrogen electrode is �0.76V, which, when paired

with appropriate cathodes, yields a favorable electromotive

force for the full batteries. Compared to metal electrodes with

more negative electrode potentials, such as magnesium and

aluminum, zinc metal exhibits relatively mild hydrogen evolution

side reactions during deposition in aqueous electrolytes due to

its higher hydrogen evolution overpotential. This characteristic

makes zinc metal a more suitable anode for aqueous metal-ion

batteries. In addition to the advantages of suitable ionic radius

and electrode potential, zinc metal possesses other excellent

characteristics, such as low cost and an exceptionally high theo-

retical volumetric capacity (5585 mAh/cm3).5,6 However, devel-

oping secondary energy batteries demands enhanced system

reversibility and stability.7

The structure of current aqueous ZMBs is shown in Fig-

ure 1A.8,9 The cathode in ZMBs, similar to those in lithium-ion

batteries, is composed of materials capable of the reversible

intercalation and deintercalation of Zn2+ ions, including manga-

nese oxide (MnO2), vanadium oxides, Prussian blue analogs,

and organic cathodes. The aqueous electrolyte is typically pre-

pared by co-dissolving zinc salts [such as ZnSO4, ZnCl2, and

Zn(CF3SO3)2] with water and organic solvents, resulting in a

generally neutral or mildly acidic solution. On the anode

side, zinc metal undergoes dissolution-deposition reactions

throughout cycling. Although the energy density of aqueous

ZMBs is relatively lower than that of state-of-art lithium-ion bat-

teries, it remains higher than that of lead-acid batteries. Given
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Figure 1. Challenges faced by zinc metal

(A) Schematic of complete transfer of Zn2+ charge carriers in full cells.9

(B) Differences between electrodeposition morphology and ion concentration in dilute and concentrated electrolytes.10

(C) SEM imaging of Zn metal after cycling in a Zn||Zn symmetric cell. The inset shows the cross-sectional views of Zn foils.9 Copyright 2024 Elsevier Ltd.

(D) Pourbaix diagram of Zn in a 2 mol L�1 ZnSO4 solution.
11 Copyright 2021 Wiley-VCH GmbH.

(E) XRD patterns of cycled Zn anode interfaces.12 Copyright 2021 Wiley-VCH GmbH.

(F) In situ optical images of Zn plating/stripping process.13 Copyright 2024 Wiley-VCH GmbH.
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their extremely low cost, non-toxic nature, and safety, aqueous

ZMBs hold significant potential for future development in large-

scale energy storage applications. This potential is one of the

reasons why this emerging field, despite its only decade-long

history, has attracted significant interest from researchers.

Despite these advantages, practical deployment of ZMBs is

hindered by key interfacial challenges, including dendrite

growth, hydrogen evolution reactions (HER), and parasitic side

reactions at the zinc metal anode. In this review, we focus on

interface regulation and electrolyte design strategies as two crit-

ical pathways to address the interfacial challenges in aqueous

ZMBs. By systematically analyzing the successes, limitations,

and underlying mechanisms of these strategies, we aim to pro-

vide a comprehensive understanding of current advancements

and identify future research directions.

ISSUES WITH ZINC ANODES

Zinc dendrites
The basic principle of dendrite growth stems from the deposi-

tion theory of metal ions at the solid-liquid interface. Traditional

mass transfer theory posits that dendrite growth results from

morphological and kinetic instabilities, leading to uneven

mass transfer—generally, cations deposit on the solid surface
2 iScience 28, 111751, February 21, 2025
through diffusion, charge transfer, and nucleation growth

stages. The rate of charge transfer depends on the intensity

of the applied current. Typically, the charge transfer rate is

much higher than the diffusion rate, forming a concentration

gradient of cations from the bulk phase to the interface region.

When the applied current density exceeds the diffusion limiting

current density, over time, an "ion depletion space charge

layer" forms on the surface as bulk cations fail to replenish

the depleted surface layer in time (Figure 1B).10,14 This time is

referred to as "Sand’s time." The strong electro-negative elec-

tric field at the interface attracts a large number of metal ions,

eventually forming the classic dendritic structure.15 This theory

aligns well with experimental observations under high current

densities. However, experiments have shown that metal depo-

sition can exhibit dendritic morphology even at low current

densities. One theory suggests that the intrinsic inhomogeneity

of the metal surface leads to this result. Protruding parts of the

metal surface with higher curvature enhance the local electric

field, attracting more metal ions and thus exacerbating inhomo-

geneity, ultimately evolving into dendritic morphology.16 Den-

drites can locally puncture the separator, leading to direct con-

tact between the cathode and anode, causing intense heat

generation, significantly compromising battery stability, and ul-

timately resulting in battery failure.
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Similar to the challenges faced by lithium metal anodes in

practical applications, zinc metal anodes also encounter signifi-

cant issues with dendrites. Figure 1C shows the morphology of

zinc dendrites.17 Related to the hexagonal close-packed (hcp)

crystal structure of zinc metal,18 zinc dendrites typically form a

two-dimensional hexagonal plate-like structure, setting their

dendritic formation characteristics apart from those of traditional

alkali metal anodes (Li, Na, K). Dendrite growth is influenced by

various factors, including temperature, electrolyte concentra-

tion, and the inherent heterogeneity and ion transfer kinetics of

the solid electrolyte interface (SEI).9,10,19,20 These factors primar-

ily affect dendrite growth by influencing ion diffusion and mass

transfer processes. However, existing theories struggle to inte-

grate these factors into a unified theory. With continued theoret-

ical exploration and advances in characterization techniques, we

may gain a deeper understanding of dendrite growth in the

future.

It is important to emphasize that even if a short circuit occurs

within aqueous electrolytes, the electrolyte will neither ignite nor

explode, ensuring the overall safety of the battery. This provides

greater tolerance for potential zinc dendrite formation during

cycling, making zinc metal anodes more feasible for practical

battery applications than lithium metal anodes.

Low reversibility
The reversibility of zinc metal anodes is often unsatisfactory due

to factors such as HER, interfacial passivation, and the formation

of ‘‘dead zinc.’’ In neutral to mildly acidic aqueous zinc-ion elec-

trolytes, zinc anodes typically exhibit Coulombic efficiencies

below 90%, falling significantly short of the standards required

for commercial applications. One reason for the low Coulombic

efficiency is the inherent characteristics of aqueous electrolytes.

As shown in Figure 1D, the potential-pH diagram for Zn2+/Zn

based on the Nernst equation indicates that under thermody-

namic conditions, the electrode potential of Zn/Zn2+ is lower

than the standard hydrogen potential across the entire pH

range.11 Even considering the hydrogen evolution overpotential,

the HER inevitably occurs before the zinc deposition reaction in

typical aqueous electrolytes. The hydrogen produced by HER

dissipates from the battery system and cannot reversibly return

to the solution, thereby reducing the efficiency of the battery

system. Simultaneously, HER leaves OH� ions in the solution,

raising the local pH at the electrode surface. In specific

zinc salt solutions, an increase in pH leads to the formation

of ZnO or low-solubility, low-conductivity basic zinc salt

Zn(OH)yAznH2O,21 where A represents anions such as SO4
2�

or CF3SO3
�(Figure 1E). These passivating byproducts cover

the zinc anode surface, blocking contact between the zinc anode

and the electrolyte, significantly increasing the battery’s imped-

ance and hindering the efficient deposition of zinc ions. As the

cycle number increases, the electrolyte is gradually depleted,

and passivating inert byproducts accumulate, ultimately leading

to battery failure.

Another factor contributing to low reversibility is the formation

of ‘‘dead zinc,’’ which originates from the inherent properties of

zinc dendrites.18 As illustrated in Figure 1F, the sections of zinc

dendrites near the anode surface experience significant stress,

rendering them fragile and susceptible to breaking under
external disturbances. These detached zinc particles lose elec-

trical connectivity and fall off, becoming ‘‘dead zinc’’ that cannot

participate in subsequent electrochemical reactions, thereby

reducing the overall efficiency of the battery system.

It is important to note that dendrites and low reversibility are

not independent issues but are closely interrelated. The sharp

tips of zinc dendrites induce localized electric field enhance-

ments, which accelerate HER and interfacial side reactions,

consuming active materials and electrolytes, and thereby

reducing Coulombic efficiency and overall reversibility.

Conversely, poor interfacial stability and side reactions, which

manifest as low cycling reversibility, result in uneven zinc ion

flux and irregular zinc deposition, further promoting dendrite

growth. Zinc dendrites and low reversibility form a feedback

loop, where one issue aggravates the other.

OPTIMIZATION STRATEGIES FOR ZINC ANODES

The issues of zinc dendrites and low reversibility are the primary

factors limiting the practical application of zinc anodes. From the

aforementioned exploration, it can be observed that controlling

zinc dendrites requires managing the diffusion and transport of

zinc ions at the interface or the nucleation and growth process.

Enhancing the reversibility of zinc metal requires effectively

reducing the interfacial HER kinetics and preventing the forma-

tion of ‘‘dead zinc.’’ Overall, optimization strategies can be cate-

gorized into four main approaches: artificial SEI on zinc anodes,

morphological and structural adjustments of zinc anodes, elec-

trolyte regulation, and flowing electrolyte.

Artificial SEI on zinc anodes
The SEI is a solid byproduct generated from electron exchange

between the metal and electrolyte, exhibiting characteristics

similar to liquid electrolytes in that it conducts ions but insulates

electrons. With its independent phase structure, the SEI isolates

the metal from the electrolyte, preventing further side reactions

and allowing standard electrode reactions to proceed. However,

in aqueous ZMBs, basic salt byproducts on the zinc anode sur-

face accumulate loosely, failing to isolate the zinc metal from the

electrolyte effectively and thus unable to prevent side reactions.

Consequently, researchers have turned to artificial SEI layers to

isolate the electrolyte from the metal anode, thereby reducing

unwanted side reactions and improving the reversibility of zinc

metal. Applying an artificial SEI on the zinc anode surface can

also inhibit dendrite formation by creating a barrier that regulates

zinc ion flow. Research on artificial SEI layers for zinc metal can

be broadly categorized into organic, inorganic, and metallic

materials.

Organic materials, including polymeric materials,22–24 metal-

organic frameworks (MOFs),25,26 and covalent organic frame-

works (COFs),27–30 offer several advantages for zinc metal an-

odes. Specific functional groups can be precisely designed

through chemical synthesis to form a stable SEI with zinc metal.

These functional groups optimize Zn2+ transport, enhance

charge transfer kinetics, reduce nucleation overpotential, and

inhibit dendrite growth, effectively suppressing side reactions

and corrosion.31 Additionally, organic materials exhibit excellent

interfacial adaptability, maintaining strong adhesion and
iScience 28, 111751, February 21, 2025 3



Figure 2. Organic materials coating on Zn anode

(A–C) (A) Fresh Zn plate, partially coatedwith a PA layer while the other half remained bare, was examined before and after immersion in water for 7 days. (B) Long-

term galvanostatic cycling of symmetrical Zn cells with coated Zn. (C) Schematic diagrams for Zn deposition on the PA layer coated Zn.22 Copyright 2019 The

Royal Society of Chemistry.

(D and E) (D) The calculated binding energy of Zn2+ on Zn (001) and ZIF-8. (E) The activation energy for Zn2+ tomigrate from one energyminima to the other nearby

minima on Zn (001) and ZIF.26

(F–H) (F) Synthesis procedure of the FCOF film. (G) Mechanism comparison of the deposition processes for FCOF@Zn and bare Zn surfaces. (H) Cycling per-

formance of Zn symmetric cells with or without FCOF film protection.27
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encapsulation of the zinc anode even during volumetric

changes. This adaptability mitigates structural damage caused

by zinc expansion and contraction during cycling.32,33

The brightener-inspired polyamide (PA) layer has been directly

applied as a solid-state interfacial coating on Zn anodes in

rechargeable Zn-metal batteries (Figure 2A), enhancing lifespan

(over 8,000 h) and stabilizing high areal capacity cycling (10 mAh

cm⁻2), as shown in Figure 2B.22 The PA layer prevents Zn

dendrite formation, blocks harmful side reactions, and signifi-

cantly improves the Zn/MnO2 battery cycle life and capacity

retention (Figure 2C). MOFs and COFs materials coupling with

orderly pore structure and organic coordination sites have man-

ifested a duple benefit for Zn anode stability.34–38 Lu et al. pro-

posed using in situ grown zeolitic imidazolate framework-8

(ZIF-8) as a porous ion modulation layer to address dendrite

growth and side reactions in Zn anodes.26 DFT calculations

further reveal that ZIF-8 enhances Zn2+ adsorption energy and

surface diffusion barriers (Figures 2D and 2E), eliminating tip ef-

fects and ensuring uniform, dendrite-free Zn deposition. Guo

et al. synthesized a fluorinated covalent organic framework

(FCOF) film using 2,3,5,6-tetrafluoroterephthaldehyde and

1,3,5-tris(4-aminophenyl)benzene as monomers through a sol-

vothermal method,27 as shown in Figure 2F.
4 iScience 28, 111751, February 21, 2025
On the one hand, when solvated zinc ions pass through the 1D

channels of the COF under the influence of an electric field, the

strong hydrophobicity of F repels water molecules from the sol-

vation sheath, promoting desolvation of zinc ions. On the other

hand, calculations show that the strong binding ability between

F atoms and the Zn (002) plane can induce Zn growth along

the (002) direction, parallel to the anode surface, thus minimizing

dendrite formation, as shown in Figure 2G. Owing to these dual

functions of F, the FCOF@Zn anode demonstrates stable cycling

at an ultra-high current density of 40mA/cm2 for 750 h, as shown

in Figure 2H.

Inorganic materials, primarily carbon materials,39,40 metal ox-

ides,41 metal sulfides,42,43 and another metal mineral salts,44–46

differ from organic materials rich in functional groups. Inorganic

materials mainly utilize physical confinement to regulate the

diffusion and transport of Zn2+, influencing their nucleation and

growth process.

Carbon materials, available in various forms such as graphite,

carbon fiber, reduced graphene oxide (rGO), and carbon nano-

tubes (CNTs), offer adjustable porosity, surface area, and func-

tionalization potential, enabling tailored designs to stabilize Zn

metal anodes through their diverse physical and chemical prop-

erties.47–51 Chen et al. used the Langmuir-Blodgett monolayer



Figure 3. Inorganic materials coating on Zn anode

(A) The configuration of N- and O-doped graphene and SEM images of NGO@Zn sample.39 Copyright 2021 Wiley-VCH GmbH.

(B and C) (B) Digital image showing the color evolution of Zn plate before and after HsGDY growth. (C) Schematic illustration of the synthesis of HsGDY.40

Copyright 2020 Wiley-VCH GmbH.

(D and E) (D) Schematic illustration of the interaction between Zn and anatase TiO2 with different exposed facets. (E) Schematic illustration of the Zn plating

process with different coating layers.41

(F) Introducing the ZnS layer on the surface of the Zn metal substrate by an in situ strategy.42 Copyright 2020 Wiley-VCH GmbH.

(G) Schematic illustrations of morphology evolution for bare and nano-CaCO3-coated Zn foils during Zn stripping/plating cycling.52 Copyright 2018 Wiley-VCH

GmbH.

(H) Schematic of the Zn-based MMT interface inhibiting the side reactions and dendrite formation.45 Copyright 2021 Wiley-VCH GmbH.
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method to construct an ultrathin nitrogen-doped graphene oxide

(NGO) film on the surface of zinc sheets,39 as shown in Figure 3A.

The ultrathin NGO, with a thickness of only 120 nm, improves

Zn2+ kinetics and blocks the electrolyte, inhibiting the HER and

the formation of basic zinc salt byproducts. Moreover, Zhi

et al. utilized an alkyl cross-coupling reaction to generate a highly

substituted graphdiyne (HSGDY) protective layer on the zinc sur-

face, as shown in Figure 3B.40 This layer includes large organic

hexagonal rings as structural units and alternating distributions

of benzene rings and diyne units. The highly ordered hexagonal

ring structures have pore channels that are only 1.3–1.5 nmwide,

as shown in Figure 3C. The angstrom-scale channels in the

HSGDY-Zn anode guide Zn2+ transport along the electric field di-

rection, creating a uniform concentration field on the electrode

surface and enhancing deposition uniformity.

Metal oxides and chalcogenides, such as titanium oxide,41

aluminum oxide,53 zinc oxide,54 ZnS,42 SnS,43 etc., offer versa-

tility in designing protective layers with tailored properties to

meet specific needs. By adjusting their structure and composi-

tion, the electronic structure and electrical conductivity can be

optimized, enhancing the electrode reaction efficiency of zinc

anodes. Wang et al. reveal that the crystal plane orientation of

TiO2 coatings on zinc anodes significantly impacts Zn deposition
(Figure 3D): anatase TiO2 with the (100) plane favors Zn deposi-

tion on the coating surface, whereas TiO2 exposing the (001) and

(101) planes promotes bonding with underlying Zn, reducing

dendrite formation (Figure 3E).41 This study underscores the

importance of crystal orientation in developing effective protec-

tive coatings for zinc anodes. Guo et al. addressed the persistent

challenges of side reactions and dendrite growth in Zn metal an-

odes by constructing a robust and homogeneous ZnS inter-

phase via a vapor-solid strategy, as shown in Figure 3F.42 This

dense ZnS film acts as a physical barrier to suppress Zn corro-

sion and guides uniform Zn plating/stripping beneath the protec-

tive layer, effectively preventing dendrite formation.

Inorganic salts also often acted as a functional protective layer

for modified Zn anodes. Zhi Chunyi’s team applied a nanoporous

calcium carbonate (CaCO3) coating to Zn anodes, using delicate

pores to restrict Zn2+ diffusion and achieve uniform ion concen-

tration at the interface. The insulating CaCO3 layer directs Zn2+

deposition from the electrode surface rather than tip regions,

promoting uniform, bottom-up deposition stabilizing cycling,

as shown in Figure 3G.52 Li et al. developed an MMT@Zn anode

by intercalating Zn2+ ions into the layers of montmorillonite

(MMT), a layered aluminosilicate, which facilitates Zn2⁺ transport

and retention through electrostatic interactions (Figure 3H). The
iScience 28, 111751, February 21, 2025 5



Figure 4. Metallic materials coating on Zn anode

(A–C) (A) Schematic of the fabrication of the Zn/IHS electrode. (B) Schematic illustration of the Zn2+ diffusion in IHS solid electrolyte on Zn metal. (C) Voltage

profiles of Zn||Zn and Zn/IHS||Zn/IHS symmetric cells.66

(D and E) (D) Schematic illustration of the Zn stripping/plating process on a B-Zn and NA-Zn. (E) Long-term cycling profiles of Zn||Zn symmetrical cells.57
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hydrophobic MMT structure further isolates the electrolyte from

the electrode surface, reducing side reactions and enhancing

stability at high current densities.45

In addition to organic and inorganic materials, metallic mate-

rials can also be used as metallic materials for zinc anodes.

Various metals, including indium, copper, tin, antimony, silver,

and gold, etc. have been extensively explored, yielding signifi-

cant advancements in electrochemical performance.55–63 With

their excellent electrical conductivity, the incorporation of

metallic materials minimizes battery polarization, whereas

metals with higher hydrogen overpotentials effectively suppress

the HER.64,65 Sun et al. used an ion exchange reaction to coat

zinc anodes with indium, which is converted during electro-

chemical activation to an indium hydroxide sulfate (IHS) layer,

forming a Zn/IHS interface that excludes solvated Zn2+ ions (Fig-

ure 4A).66 This desolvation effect within the IHS layer facilitates

Zn2⁺ diffusion, reducing interfacial polarization voltage, whereas

the insulating properties of IHS prevent electron transfer, thus

suppressing HER and corrosion side reactions, as shown in Fig-

ure 4B. The protective layer enabled the Zn anode to maintain

stable cycling for 80 h under a current density of 20 mA/cm2

with 20 mAh/cm2 capacity while exhibiting a low polarization

voltage of 10 mV (Figure 4C). Zhi et al. developed an NA-Zn

anode by ion sputtering nanogold (Au) particles onto a zinc sub-

strate, where the high-curvature Au nanoparticles enhance local

electric fields and act as uniform nucleation sites for Zn2+, effec-

tively preventing dendrite formation (Figure 4D).57 This NA-Zn

anode demonstrated stable cycling for over 2,000 h at 0.25

mA/cm2, with the dissimilar metal layer guiding uniform Zn

growth and suppressing side reactions due to its higher HER

overpotential (Figure 4E).

Morphological and structural adjustments of zinc
anodes
Although many of the previously discussed coating methods

target flat zinc sheet electrodes, optimizing the morphology
6 iScience 28, 111751, February 21, 2025
and structure of zinc anodes is also a common approach to miti-

gate zinc dendrite formation. Structural modifications, such as

using nanostructured materials or creating porous architectures,

can enhance ion distribution and promote uniform deposition,

thereby preventing dendrite formation and improving overall

electrochemical performance.67

Zhi et al. identified issues with using zinc plate anodes as

working electrodes and current collectors, including imbalanced

NP ratios and severe storage corrosion, as shown in Figure 5A.68

Introducing an electroplated tin layer on the copper mitigated

corrosion, allowing the Zn-P@Sn-Cu//MnO2 cell to retain perfor-

mance after 120 h of aging (Figure 5B). Li et al. developed a Zn

powder/graphene (Zn-PG) anode by combining commercial

zinc powder with graphene, which serves as a binder-free

conductive network (Figure 5C).69 The graphene lattice’s low

defect density enhances interfacial charge transfer, whereas its

hexagonal structure aligns with zinc, promoting epitaxial growth

and suppressing dendrite formation (Figure 5D).

Beyond replacing flat zinc anodes with zinc powder anodes,

numerous studies have investigated electrodes with novel struc-

tural designs. Guan et al. employed a two-step chemical vapor

deposition process to load nitrogen-doped vertical graphene

(N-VG) nanosheets onto carbon cloth (CC), followed by zinc

electroplating to create a Zn@N-VG@CC anode structure (Fig-

ure 5E).70 The nitrogen atoms in N-VG attract Zn2⁺ ions, whereas

the 3D vertical graphene array enhances electric field uniformity,

reducing nucleation overpotential and promoting uniform Zn

nucleation. Xue et al. used inkjet printing to deposit silver nano-

particles (AgNPs) onto a 3D carbon cloth array. AgNPs serve as

nucleation sites that facilitate uniform Zn nucleation and growth

by forming an AgZn3 alloy phase (Figure 5F).71

An alternative strategy for controlling zinc anode morphology

involves using liquid metals. Metal deposition at the interface is

a liquid-solid reaction, with the electric field effect promoting

deposition at high-curvature points, thereby increasing the risk

of zinc dendrite formation. Some researchers have adopted an



Figure 5. Examples of morphological and structural adjustments of zinc anodes

(A andB) (A) Equivalent circuit of galvanic corrosion. (B) The cycling performance of the Zn-P@Sn-Cu||MnO2 cell for the initial state and aged for 120 h.68 Copyright

2021 Wiley-VCH GmbH.

(C and D) (C) The design idea of usingmultifunctional PG to construct zinc powder anode. (D) The schematic illustration of the deposition process of zinc ion on Zn

powder/PG and Zn foil electrodes.69 Copyright 2022 Elsevier Ltd.

(E) Schematic illustrations of preparing N-VG@CC and Zn@N-VG@CC electrode.70 Copyright 2021 Wiley-VCH GmbH.

(F) The schematic illustrations of Zn deposition on bare CC and AgNPs@CC scaffolds.71 Copyright 2021 Wiley-VCH GmbH.

(G) Dendrite-free GaIn@Zn anode by alloying-diffusion synergistic strategy.72

(H) Zn ion migration barrier energy from Zn and LM@Zn electrodes to the ZnSO4 electrolyte.
73 Copyright 2021 The Royal Society of Chemistry.
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alternative approach by using liquid alloys as the anode,

leveraging the fluidity of liquid metals to create a dynamic inter-

face. Zinc atoms can diffuse freely at both the interface and

within the bulk phase, fundamentally avoiding the limitations

associated with metal deposition. Ji et al. applied a layer of liquid

gallium-indium (Galn) alloy to a zinc anode surface. This created

a Galn@Zn anode where zinc forms a ternary alloy at the inter-

face before diffusing inward to deposit on the zinc layer.72 This

alloying-diffusion mechanism keeps the zinc content within the

solubility limit of the liquid alloy, stabilizing the interface (Fig-

ure 5G). Zhang et al. applied a liquid Galn alloy coating on zinc

to create a Galn@Zn anode, where the alloy layer lowers the

Zn2+ diffusion barrier (Figure 5H), promoting rapid and uniform

Zn nucleation.73 Challenges such as the zinc content threshold

in the alloy phase limited Zn2⁺ diffusion at high current densities,

and the lack of comprehensive multi-element phase diagrams

hinders the selection and advancement of suitable liquid alloy

systems.

Another alloying strategy integrates corrosion-resistant metals

with reactive zinc metal to create a stable structure that with-

stands mildly corrosive electrolytes. By incorporating appro-

priate amounts of metals or organic corrosion inhibitors into
the zinc anode, alloyed anodes can effectively inhibit the forma-

tion of unwanted by-products like Zn4SO4(OH)6$nH2O while pro-

tecting the zinc surface.74–77 Furthermore, thismethod promotes

uniform zinc-ion distribution, increases charge storage capacity,

reduces zinc nucleation energy, andminimizes polarization over-

potentials. Using an alloying strategy, Zhou et al. demonstrated

that intermetallic compounds (IMCs) preferentially distributed at

grain boundaries can suppress intergranular corrosion and sta-

bilize the zinc anode.77 This thermodynamic stability, combined

with the hybrid nucleation and growth mode induced by reduced

Gibbs free energy, enables dense Zn deposition, achieving

99.85% Coulombic efficiency over 4,000 cycles and stable

cycling in pouch cells for 500 cycles.

Electrolyte regulation
The electrolyte in ZMBs, composed of zinc salts, solvents, and

additives, is critical for determining ion transport behavior, elec-

trochemical stability, and Coulombic efficiency. Adjusting its

composition through strategies such as concentrated electro-

lytes,78–80 water-in-salt electrolytes (WISEs),81–87 and deep

eutectic electrolytes (DEEs)88–92 has effectively addressed chal-

lenges in aqueous ZMBs. Furthermore, incorporating targeted
iScience 28, 111751, February 21, 2025 7



Figure 6. Electrolyte regulation

(A) Schematic illustrations of the EDL structure at the Zn anode/electrolyte interface in different electrolytes.95 Copyright 2024 The Royal Society of Chemistry.

(B) The IHL, the desolvation process of zinc ions, and corresponding interfacial reactions of the zincmetal anode in the electrolyte with IS.94 Copyright 2024Wiley-

VCH GmbH.

(C) A schematic representation of the EDL-oriented eutectic additive design for stabilizing Zn anodes, along with characterizations illustrating the EDL orientation

of the GPC molecule.97 Copyright 2024 Wiley-VCH GmbH.

(D) Scheme of Zn2+ solvation structure and zinc surface passivation in H2O (left) and H2O–DMSO (right) solvents.90

(E) The MD simulation for super-concentrated electrolyte (1 m Zn(TFSI)2 + 20 m LiTFSI).85 Copyright 2018 Springer Science & Business Media.

(F) A schematic depiction of the proposed Zn2+-conducting SEI.99 Copyright 2021 Springer Science & Business Media.

(G and H) (G) Comparison of Zn2+ conductivity of typical cathodematerials, electrolytes, and SEIs. (H) The schematic showing Zn2+ conduction in SEI as the rate-

determining step in ZMBs.9 Copyright 2024 Elsevier Ltd.
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electrolyte additives into these electrolyte systems offers a low-

cost and eco-friendly method to enhance zinc anode stability

further and extend calendar life.93 Current research on electro-

lyte design can be categorized into three main approaches: (1)

modulating the electric double layer (EDL), (2) solvation structure

optimization, (3) facilitating in situ SEI formation. These advance-

ments provide valuable insights into solving interfacial chal-

lenges and improving the performance and scalability of ZMBs.

Modulating the electric double layer

The EDL plays a critical role in governing the interfacial proper-

ties of zinc-based batteries by mediating interactions between

the zinc anode and the electrolyte. Structurally, the EDL com-

prises the inner Helmholtz plane (IHP) and the outer Helmholtz

plane (OHP), where solvated zinc ions undergo desolvation

and reduction, facilitating zinc plating and stripping. However,

challenges such as high desolvation energy, HER, and parasitic

side reactions within the EDL result in uneven zinc ion flux and

dendrite formation, ultimately compromising battery perfor-

mance. Modulating the EDL provides a promising strategy to

enhance interfacial stability and improve the electrochemical ef-
8 iScience 28, 111751, February 21, 2025
ficiency of zinc-based batteries. Incorporating small amounts of

additives into aqueous electrolytes effectively tunes the EDL

while preserving the intrinsic properties of the original electro-

lyte, ensuring compatibility with existing cathode materials

system.94–98

Aspartame (APM) was used to regulate the EDL structure at

the Zn/electrolyte interface, transitioning from H2O-rich to

H2O-poor conditions to study its effects on Zn plating/stripping

processes.95 Reducing H2O in the EDL suppressed dendrite for-

mation and side reactions by increasing Zn nucleation overpo-

tential and limiting Zn’s contact with active water. However,

excessive H2O reduction impeded Zn stripping and caused

dead Zn formation (Figure 6A). An optimal H₂O-poor EDL,

achieved with 1 mM APM, balanced these effects, enabling

Zn||Zn symmetric cells to achieve an ultra-long lifespan and sta-

ble operation. Li et al. proposed a functional group assembly

strategy to design electrolyte additives for regulating the EDL

of zinc metal anodes, effectively mitigating side reactions and

enabling uniform Zn deposition (Figure 6B).94 By combining an

imidazole group with strong adsorption capability and a sulfone
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group that facilitates Zn2⁺ desolvation, the designed additive (N,

N-dimethyl-1H-imidazole-1-sulfonamide, IS) forms a molecular

protective layer in the inner Helmholtz layer, suppressing H2O-

induced side reactions and promoting compact Zn nucleation.

Huang et al. developed a eutectic additive with EDL-oriented

fragments to reconfigure the Zn anode/electrolyte interface in

ZMBs, achieving significant stability improvements.97 The highly

polarized glycerophosphorylcholine (GPC) molecules regulate

the EDL structure by modifying the hydrogen bond network to

suppress HER and enrich the interface with negative charge

density, forming a ZnxPyOz-rich SEI that prevents dendrite

growth in charge-rich regions, as shown in Figure 6C.

Solvation structure optimization

In aqueous zinc ion electrolytes, organic molecules and water

molecules act as Lewis bases, competing to coordinate with

Zn2+. To effectively replace water in the primary solvation shell

and suppress the HER during zinc ion reduction, the polar func-

tional groups of organic molecules must exhibit stronger Zn2+-

binding energies compared to water molecules, which can be

evaluated using DFT calculations by analyzing surface electro-

static potentials that reflect electron cloud densities. The incor-

poration of organic molecules not only replaces water molecules

in the solvation shell but also forms stronger hydrogenbondswith

water due to their more negative surface electrostatic potentials,

disrupting and weakening the original hydrogen-bond network

among water molecules, thereby reducing water activity in the

bulk electrolyte. Moreover, increasing the salt concentration in

the electrolyte also allows certain anions to enter the primary sol-

vation shell, displacing water molecules (Figure 6D).90,100 There-

fore, manipulating the solution structure, particularly the primary

solvation sheath structure of Zn2+, is crucial for enhancing

Coulombic efficiency and suppressing dendrite formation. The

use of additives, which offers a wide range of options and ease

of implementation, makes this approach more practical. In

ZMBs, additives include organic small molecules,101–105 inor-

ganic salts,106–110 and some polymers.111–115 These additives

integrate into the Zn2+ solvation sheath, modifying its structure

and enhancing performance. Yang et al. introduced triethylam-

monium ion (TMA) as an additive in ZnCl2 electrolyte, enhancing

Zn anode stability by forming ZnCl4(TMA)2 complexes, which

effectively excludewater from the solvation sheath and suppress

the HER side reaction.116 Mao et al. introduced g-butyrolactone

(GBL) into the ZnSO4 electrolyte, where the carbonyl group in

GBL coordinates with Zn2+, integrating into the solvation sheath

and enhancing ion stability.117

Another straightforward approach to modifying the solvation

structure of metal ions is by increasing salt concentration, which

allows anions to replace solvent molecules in the solvation

sheath—a strategy known as "water-in-salt" or super-concen-

trated electrolytes in lithium-ion batteries. This concept has

also been applied to aqueous zinc-ion batteries, where super-

concentrated electrolytes improve ion stability and suppress

side reactions.85 Wang et al. employed a super-concentrated

electrolyte comprising 1M Zn(TFSI)2 and 21M LiTFSI, signifi-

cantly altering the solvation structure of Zn2+ ions.85 Molecular

dynamics simulations revealed that as LiTFSI concentration in-

creases, water molecules in the Zn2+ solvation sheath are

progressively replaced by TFSI� ions, ultimately forming
Zn(TFSI)3
� without any water at 20M LiTFSI (Figure 6E). In addi-

tion to Zn(TFSI)2 electrolytes, ZnCl2 has also been used in super-

concentrated electrolyte systems for ZMBs.86,118,119

Facilitating in situ SEI formation

Using fluorinated anions as zinc salts makes CIP and AGG ion

pairs crucial for facilitating in situ fluorine-rich SEI formation

through anion reduction. Increasing the salt concentration in

the electrolyte confines water molecules, gradually reducing

the relative abundance of solvent-separated ion pairs (SSIP),

where cations predominantly coordinate with solvent molecules.

Relative abundance of contact ion pairs (CIP) and aggregated

ions (AGG) increases in which metal ions directly coordinate

with anions and multiple metal ions and multidentate anions

form. Additionally, additives or co-solvents can undergo syn-

chronous reduction during the zinc ion reduction process,

contributing to constructing a high-performance SEI.120 Wang

et al. introduced trimethylamine tris(trifluoromethanesulfonyl)

imide (Me₃EtNOTf) into Zn(OTf)2 electrolyte, resulting in an SEI

layer confirmed by XPS and TEM, comprising ZnF2, ZnSO3,

ZnCO3, and organic compounds (Figure 6F).99 This SEI layer

facilitated nearly 100% Coulombic efficiency and enabled the

zinc anode to cycle stably for over 6,000 h at 0.5 mA/cm2. Addi-

tional studies using Zn(NO3)2,
121 N,N-dimethylformamide tri-

fluoromethanesulfonate (DOTf),122 fluoroethylene carbonate

(FEC),123 1,3-dioxolane (DOL),124 and tetraethylammonium tri-

fluoromethanesulfonate (EtNOTf)125 also report effective in situ

SEI formation, though further research is needed to precisely

characterize SEI composition and formation conditions for opti-

mized zinc anode performance.17

Inorganic components, such as fluorinated species (e.g., ZnF2),

play a critical role in stabilizing the SEI and enhancing the revers-

ibility of zinc metal anodes by providing excellent electronic insu-

lation and controlled ion diffusion. Furthermore, organic species,

often formed from the reduction of electrolyte solvents or addi-

tives, contribute flexibility and chemical stability to the SEI. These

components improve interfacial adhesion and ensure conformal

coverageof the zinc surface,which isparticularly important for ac-

commodatingvolumechangesduringcycling. Thecombinationof

inorganic and organic components results in a composite SEI

layer with complementary properties. Han et al. proposed a fluo-

rine-rich double protective layer strategy using a multifunctional

tetradecafluorononane-1,9-diol (TDFND) additive containing

CF2-rich and OH-terminated groups, which preferentially adsorb

on the Zn surface to regulate Zn2+ flux and induce uniform

Zn(002) crystal plane deposition through a cross-linked Zn(OR)2
network.126 The decomposition of TDFND, facilitated by its low

LUMO energy, constructs a ZnF2-rich SEI that effectively sup-

presses side reactions, such as hydrogen evolution and by-prod-

uct formation, ensuring long-term cycling stability and high

Coulombic efficiency. Furthermore, Zhi et al. identifiedZn2+ trans-

port within the SEI as the limiting factor in in-cell carrier transfer ki-

netics for typical intercalation-type ZMBs (Figure 6G).9 The calcu-

lated migration barrier of Zn2+ in Zn3N2 is 0.52 eV, significantly

lower than those of ZnF2 (0.87 eV), ZnS (1.16 eV), ZnSO3 (1.25

eV), and ZnO (2.21 eV). This remarkably low barrier facilitates

faster ion transport and charge transfer, thereby enhancing Zn

stripping/platingkineticsandoverall batteryperformance.Byopti-

mizing SEI composition using an amide-based DEE with cyclic
iScience 28, 111751, February 21, 2025 9



Figure 7. Flowing electrolyte

(A–C) (A) Schematic view of the ZAFBs used in the study.

(B and C) SEM images depicting the morphology of Zn deposits during charge/discharge cycling at current densities of 50mA/cm2 (B) and 100mA/cm2 (C), using

flowing electrolyte (top) and static electrolyte (bottom).127 Copyright 2024 Elsevier Ltd.

(D–F) (D) Schematic illustration of the SSB. (E) SEM Images of the Zn Anode after the 20th (left) and 150th (right) cycles (after discharge). (F) XRD of the Zn anode

(pristine and after charging).128 Copyright 2020 Elsevier Ltd.
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amide additives, the formation of Zn3N2, a highly Zn
2+-conductive

species, was achieved, surpassing the performance of traditional

ZnF2 in promoting Zn2+ mobility and enhancing zinc anode stabil-

ity (Figure 6H).

Flowing electrolyte
Flowing electrolytes are commonly applied in aqueous zinc flow

batteries and significantly enhance the overall performance of

zinc anodes by reducing concentration polarization at the

anode-electrolyte interface and providing a smoother initial sur-

face for the zinc electrode, particularly at higher current densities

(Figure 7A). This promotes a more controlled and gradual evolu-

tion of the electrode structure, mitigating the detrimental effects

of dendrite formation and improving the overall stability of zinc

deposition. The consistent flow of electrolyte ensures more uni-

form zinc layer adhesion and enhances long-term cycling

performance.

Kheawhom et al. investigated the impact of electrolyte flow on

zinc electrodeposition and performance in zinc-air flow batteries

(ZAFBs), focusing on the interplay between current density, flow

rate, and their effects on electrode morphology and the ZnO

passivating layer.127 Their findings highlight that electrolyte

flow at specific current densities enhances zinc morphology by

reducing dendrite formation, improving deposition uniformity,

and decreasing charge transfer resistance, which ultimately pro-

longs cycling performance. Regulating electrolyte flow can

reduce internal resistance by enhancing ion transport and mini-

mizing concentration polarization, thereby improving the overall

energy efficiency of the system. Notably, the combination of

electrolyte flow with a moderate current density of 50 mA/cm2,

and even at a higher current density of 100 mA/cm2, significantly

refined zinc morphology and reduced passivation (Figures 7B

and 7C). In contrast to static electrolyte cells, flow electrolyte

cells exhibited less dendrite growth, delayed discharge polariza-

tion, and more stable performance, highlighting the advantages

of electrolyte flow for improving long-term cycling stability.
10 iScience 28, 111751, February 21, 2025
Moreover, Huang et al. developed a stirred self-stratified battery

(SSB) featuring a gravity-driven, self-stratified architecture,

where a zinc anode is positioned at the bottom, an aqueous elec-

trolyte in the middle, and an organic catholyte on top.128 The

SSB uses a thick, flowing aqueous electrolyte layer to separate

the zinc anode from the catholyte, effectively preventing

dendrite-induced short circuits (Figure 7D). Additionally, the

gravitational force and electrolyte stirring ensure that any exfoli-

ated zinc remains on the anode surface, contributing to the bat-

tery’s capacity while mitigating dendrite formation. Long-term

cycling tests showed an areal capacity of 99.5 mAh/cm2, corre-

sponding to a dense 168-mm-thick zinc film, significantly sur-

passing the typical <40 mAh/cm2 observed in conventional

zinc anode batteries. SEM and XRD analyses further confirmed

the stability of the zinc anode, with no signs of short-circuiting

or inert by-product formation after 150 cycles, highlighting its

exceptional deep charge-discharge stability (Figures 7E and 7F).

CONCLUSION AND OUTLOOK

We review the challenges zinc metal anodes face in deposition/

dissolution reactions, including dendrite formation, corrosion,

and side reactions in aqueous electrolytes, which critically hinder

the advancement of these batteries. This study conducts an in-

depth investigation into the effects of various enhancement stra-

tegies on the stability and reversibility of zinc anodes, including

artificial SEI on zinc anodes, morphology and structural adjust-

ments, electrolyte regulation, and flowing electrolyte. Thor-

oughly examining the mechanisms underlying performance

improvements from these modification approaches offers valu-

able insights and guidance for advancing zinc anode design.

Despite these progressions, the commercialization of RZBs de-

mands further efforts, particularly in addressing challenges

associated with large-area and high-capacity zinc deposition,

where non-uniform deposition exacerbates dendrite formation

and hydrogen evolution. To achieve high energy density and
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exceptional cycling performance in ZMBs, further investigation

into the formation and evolution of the SEI is essential. However,

several critical challenges must still be addressed to establish

efficient Zn metal anodes:

First, the zinc full cells should implement a lower negative-to-

positive (N/P) ratio to construct zinc-ion batteries with higher en-

ergy and power densities. This requires minimizing excess zinc

while integrating multiple optimization strategies, including artifi-

cial SEI layers, structural adjustments, and electrolyte regulation,

to address interfacial challenges synergistically and enable scal-

able high-performance ZMBs.

Second, SEI layers with optimized composition and structure

to facilitate higher-rate zinc deposition should be developed. A

well-designed SEI can improve the uniformity of zinc deposition,

reduce side reactions, and enhance the overall cycling stability

of the battery.

Third, a new electrolyte system that effectively reduces HER at

the zinc interface can be created. Extensive research has

focused on optimizing the solvation shell structure of zinc ions,

whereas relatively little attention has been directed toward the

microstructural design adjustment of electrolytes. Advanced

characterization tools are essential for providing deeper mecha-

nistic insights into the microstructural evolution of electrolytes.

Such insights will facilitate the development of innovative elec-

trolytes capable of enhancing Coulombic efficiency by mini-

mizing unwanted side reactions.

Fourth, further studies should focus on exploring and devel-

opingnewzinc-ioncathodematerialswith higher voltage andspe-

cificcapacity. Advancedcathodematerials cansignificantlyboost

the overall energy density and performance of ZMBs, making

them more competitive with other energy storage technologies.

Fifth, the gel and solid-state electrolytes (SSEs) represent

promising advancements for zinc anodes, with the role of in situ

SEI formation in these systems warranting detailed discussion.

However, both gel and SSEs exhibit intrinsic characteristics that

significantly influence SEI formation, particularly through limited

anion mobility. In gel electrolytes, anions are immobilized within

the polymermatrix, whereas in SSEs, their movement is restricted

by the solid lattice, reducing their participation in interfacial reac-

tions and hindering the development of substantial anion-derived

SEI layers. Consequently, SEI layers in these systems are often

less pronounced, and their necessity remains a subject of debate,

requiring further investigation in future studies.

Finally, the commercialization of ZMBs faces economic and

manufacturing challenges that require careful consideration of

the cost-effectiveness of materials, such as cathode materials

and electrolyte components, as well as scalable production tech-

niques. It is essential to balance material performance with indus-

trial feasibility, which is a critical factor for large-scale implemen-

tation. Additionally, exploring potential synergies between ZMBs

and other energy storage technologies, such as lithium-ion and

lead-acid batteries, could help address the demands of both res-

idential and large-scale energy storage applications.
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