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HIGHLIGHTS

o This review systematically summarizes the electrochemical principles governing Zn** nucleation and deposition, elucidating their intrinsic

correlations.

e The review discusses zinc salt optimization, electrolyte additives, and novel electrolyte designs, providing mechanistic insights into anodic

Zn** electrodeposition.

e The review proposes future directions for aqueous zinc metal anode, including dynamic reconstruction, Al-guided additive screening, etc.

ABSTRACT Aqueous zinc-ion batteries (AZIBs) have garnered considerable
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attention as promising post-lithium energy storage technologies owing to their

intrinsic safety, cost-effectiveness, and competitive gravimetric energy density.
However, their practical commercialization is hindered by critical challenges on
the anode side, including dendrite growth and parasitic reactions at the anode/
electrolyte interface. Recent studies highlight that rational electrolyte structure
engineering offers an effective route to mitigate these issues and strengthen the
electrochemical performance of the zinc metal anode. In this review, we sys-
tematically summarize state-of-the-art strategies for electrolyte optimization,
with a particular focus on the zinc salts regulation, electrolyte additives, and
the construction of novel electrolytes, while elucidating the underlying design
principles. We further discuss the key structure—property relationships governing
electrolyte behavior to provide guidance for the development of next-generation

electrolytes. Finally, future perspectives on advanced electrolyte design are pro-
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posed. This review aims to serve as a comprehensive reference for researchers

exploring high-performance electrolyte engineering in AZIBs.
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1 Introduction

The rapid depletion of fossil fuels and escalating environ-
mental concerns have intensified the demand for advanced
energy storage technologies, making their development a
critical global priority [1]. Among sustainable energy solu-
tions, rechargeable batteries are pivotal, providing vital
energy storage and conversion for electronic devices and
transportation systems, playing an indispensable role in the
pursuit of carbon neutrality.

Aqueous electrolytes offer ionic conductivities that are two
orders of magnitude higher than the organic counterparts and,
importantly, exhibit outstanding intrinsic safety. Therefore,
aqueous metal-ion batteries are emerging as high-safety can-
didates for large-scale energy storage applications. In par-
ticular, aqueous zinc-ion batteries (AZIBs), using zinc ions
(Zn*") as charge carriers, have attracted considerable atten-
tion due to their low redox potential (—0.76 V vs. standard
hydrogen electrode, SHE), high theoretical capacity (5855
mAh cm and 820 mAh g!), intrinsic safety, and facile pro-
cessing [2—4]. Revisiting the Zn>* storage mechanism based
on Zn>*/Zn redox couple (Zn** +2e~ =Zn), the interfacial
zinc chemistry at the electrode/electrolyte interface plays a
critical role, especially for the metallic Zn anode. In neutral
electrolytes, solvated Zn** forms a stable hydration shell with
abundant polar water molecules, while water molecules pref-
erentially adsorb onto the Stern layer of the electric dou-
ble layer (EDL), leading to parasitic water reduction and
increased internal pressure. The associated hydrogen evolu-
tion reaction (HER) fluctuates the pH value in local areas,
enriching anions (e.g., OH™, SO,%7), which subsequently
undergo complexation and generate insulating and passivat-
ing zinc byproducts. These processes continuously consume
active Zn?* and hinder ion/electron transport [5-7]. Fur-
thermore, the uncontrolled growth of zinc dendrites, arising
from the non-uniform Zn>* flux, desolvation, and nucleation
barriers, remains a crucial obstacle, similar to other (alkali)
metal anodes. The issues of HER, passivation, and dendrite
formation are interrelated: dendrite growth enlarges the
anode surface area and accelerates HER; HER elevates local
OH™ concentration and promotes inert byproduct formation;
these byproducts deposit unevenly, exacerbate electric field
polarization, and further stimulate dendrite growth. These
synergistic degradation leads to capacity fading, reduced
Coulombic efficiency (CE), and shortened battery lifespan.
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To address these challenges, tremendous efforts have
been devoted to moderating the electrochemical behavior
of Zn>* and water molecules, including anode design [8],
artificial interphase engineering [9—11], electrolyte structure
regulation [12, 13], charging protocol optimization [14], etc.
Among these, electrolyte engineering has emerged as a piv-
otal strategy for advancing Zn metal anode in AZIBs, owing
to its profound influence on Zn** solvation structure, ion flux,
migration dynamics, and nucleation behavior, and in situ for-
mation of functional interphases. Early approaches focused
on adjusting salt types and concentration to tailor Zn>* sol-
vation, thereby suppressing water-induced side reactions by
weakening water activity. In addition to these effects, many
additives promote in situ formation of protective interphases
that isolate the reactive water molecules, offering ion sieving
capabilities that modulate Zn** desolvation and enable uni-
form nucleation on the Zn anode, mitigating dendrite growth.
Recently, a dynamic interphase concept [ 15] has been proven
to achieve real-time conformal contact with the Zn anode,
continuously regulating deposition behavior and enhancing
long-term anode stability. Beyond this, a range of emerging
concepts and theoretical frameworks have further advanced
the landscape of electrolyte design.

In this review, we systematically summarize the electro-
chemical principles governing Zn** nucleation and deposition,
while elucidating their intrinsic interrelationships. Adopting
a chronological framework, we discuss key developments in
(1) zinc salt optimization, (ii) functional electrolyte additives,
and (iii) the design of novel electrolyte systems (Fig. 1), pro-
viding mechanistic insights into Zn>* electrodeposition from
the perspective of electrolyte engineering. In contrast to prior
reviews that classify additives by chemical composition, we
organize the additive section based on dominant functional
mechanisms, including electrostatic shielding, interfacial
adsorption, desolvation modulation, in situ solid electrolyte
interphase (SEI) formation, and crystal-plane engineering.
These mechanisms are critically evaluated to reveal the fun-
damental processes underlying improved electrochemical
performance. Furthermore, we highlight recent advances in
dynamic interfacial construction, emphasizing real-time, self-
regulating stabilization strategies under cycling conditions.
Finally, we summarize the recent progress, existing chal-
lenges, and provide prospects in electrolyte engineering for
Zn metal anode in AZIBs, aiming to inspire new insights and
accelerate their practical deployment.

https://doi.org/10.1007/s40820-025-01950-7
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Fig. 1 Electrolyte structure regulation strategies for Zn metal anodes in AZIBs

2 Electrochemical Theory of Zn** Nucleation
and Growth

The electrochemical performance of Zn metal anode in
AZIBs is critically influenced by the nucleation particle
size and nucleation energy barrier, two key parameters that
dictate Zn** deposition behavior and consequently affect
both cycling stability and battery lifespan. The EDL model
provides an effective theoretical framework for elucidating
the nucleation and growth mechanisms at the anode/electro-
lyte interface. In conventional ZnSO, electrolytes, solvated
Zn>* ions, primarily in the form of [Zn(H20)6]2+, diffuse
from the diffusion layer to the outer Helmholtz plane (OHP)
and undergo desolvation under long-range electrostatic
interactions. The energy barrier associated with this desol-
vation process governs the kinetics of Zn>* deposition [16].

SHANGHAI JIAO TONG UNIVERSITY PRESS

Additionally, the potential drop across the Helmholtz layer
serves as a crucial descriptor for nucleation and growth,
influencing both the critical nucleation size and nucleation
rate. The electric field distribution within the EDL further
modulates Zn** deposition morphology [17]. Therefore, an
in-depth understanding of these descriptors and interfacial
parameters from an electrochemical theory perspective is
essential for rationalizing Zn>* nucleation behavior and
guiding the design of high-performance AZIBs.

2.1 Electric Double Layer Theory

To elucidate the spatial arrangement of ions and solvent
molecules at the anode/electrolyte interface, the EDL theory
provides a fundamental framework for understanding inter-
facial reactions and performance-enhancing mechanisms in
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AZIBs. According to the Stern model, the EDL in AZIBs is
composed of two distinct regions: the Stern layer and the dif-
fusion layer. The Stern layer comprises the inner Helmholtz
plane (IHP) and the outer Helmholtz plane (OHP) [16]. The
IHP contains specifically adsorbed ions directly adjacent to
the electrode surface, whereas the OHP host partially des-
olvated Zn>* ions and a portion of the anions. Beyond the
OHP lies the diffusion layer, extending into the bulk elec-
trolyte. During deposition, Zn** migrates from the diffusion
layer to the OHP, undergoes desolvation, and is subsequently
reduced and deposited within the IHP(Fig. 2a) [18].
Hydrogen evolution and by-product formation, two key
factors affecting the cycling stability and long-term perfor-
mance of Zn anodes, are closely linked to the EDL, whose
structure and composition critically govern interfacial reac-
tivity [16]. Taking the ZnSO,-based electrolyte as a repre-
sentative example, hydrated Zn>* ions [Zn(H2O)6]2+ migrate
from the bulk solution into the EDL during charging. Upon
partial or complete desolvation, Zn** ions are reduced and
electrodeposited onto the anode surface. However, incom-
pletely desolvated species may reach the interface, trigger-
ing parasitic hydrogen evolution and corrosion of the zinc
anode. Additionally, the preferential accumulation of water
dipoles and sulfate anions (SO,>") within the EDL intensifies
electrostatic repulsion among adjacent Zn nuclei, disrupt-
ing uniform nucleation and resulting in dispersed, loosely
packed platelet-like deposits [19]. The extent of electrostatic
repulsion is determined by the EDL thickness (6), which, for
a planar interface, can be expressed analytically as a func-
tion of the Debye length (k') and the dimensionless surface
charge density (o). The explicit form of 6 is given by Eq. (1)

[20]:
sinh_lg
tanh< > >

sinh~' Z M
2
tanh < 500 >

Herein, tanh~! and sinh™! represent the inverse hyperbolic

5=lln
K

tangent and inverse hyperbolic sine functions, respectively.

A decrease in the EDL thickness J, achieved by reduc-
ing the Debye length k! or the surface charge density
o, effectively migrates inter-platelet electrostatic repul-
sion and facilitates dense, uniform zinc electrodeposi-
tion. As a representative strategy, Qie et al. introduced
La(NOs;); into an aqueous electrolyte. The high-valent
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La’* cations competitively replace Zn?* at the interface,
thereby decreasing the net surface charge of the nascent
zinc layer. As shown in Fig. 2b—d, this charge attenua-
tion leads to a significant contraction in &, resulting in
improved cycling stability and enhanced electrochemical
performance of the cell [21].

2.2 Nucleation Mechanism of Zn2*
2.2.1 Nucleation Barrier

Zinc deposition initiates with nucleation: Zn** ions first
migrate toward the anode—electrolyte interface under the
influence of an electric field and then nucleate on the Zn
anode surface after overcoming the corresponding nucleation
energy barrier [22]. A high nucleation barrier can limit the
number of active nucleation sites, thereby promoting non-
uniform zinc deposition (Fig. 2e). During continued deposi-
tion, Zn>* ions undergo two-dimensional surface diffusion,
which lead to Volmer—Weber growth characterized by island-
like, inhomogeneous deposition. This uneven morphology
disrupts the electric field distribution and ultimately induces
the tip effect. As tip curvature increases, the local electric
field intensity and surface charge density rise, enabling Zn>*
ions in the vicinity to overcome the nucleation barrier more
readily and initiate dendritic growth. Moreover, ion concen-
tration plays a vital role in the nucleation process: regions
with higher ionic concentration or faster ion transport exhibit
reduced nucleation barriers [23, 24]. Recent studies have
demonstrated that both the binding energy between the Zn>*
and the anode substrate, and lattice adaptability significantly
influence the energy barrier for nucleation.

To suppress dendrite formation, Zhao et al. introduced
cyclodextrin (a-CD) as an electrolyte additive. The a-CD
molecules interact strongly with metallic zinc, preferen-
tially adsorbing onto the anode surface and lowering the
nucleation barrier. This adsorption also induces additional
surface charge on the zinc, generating enhanced electrostatic
attraction for Zn>* and guiding its deposition. Experimen-
tal results show that the nucleation overpotential on Zn
foil decreases progressively with increasing a-CD concen-
tration, confirming its effectiveness in reducing the zinc
nucleation barrier. As a result, the a-CD additive promotes
three-dimensional Zn** diffusion, leading to more uniform
deposition [25].

https://doi.org/10.1007/s40820-025-01950-7



Nano-Micro Lett. (2026) 18:102 Page 50of34 102
(a) 5 2M ZnSO, electrolyte (f)
> -
= R ] Franke-Van Der Merwe
S 7R P ¢ e ' Mode
@ ¥ 024 !
& Solvent Zn2+ <1
a = :
. > s | .
' > 04 o
. % Desolvation o~ W
! A s a s -
T and Diffusion .- : ps H, Superlattice o
o 5 - , o
- / | | 0.0 | Aumcmep====""7 1 1 1
Helmholtz plane Y $ . - 1 2 3 4 5
S F
o g: L: .‘r', P\, -~ "f ;//_‘“1 ‘,;{g I as'afl lag (%)
= Yy v M § H.0 H*
Uneven deposition U UAEE Ly = ‘ :
0.1
= Volmer-Weber Mode
N
Stern layer Diffuse Layer Stern layer Diffuse Layer

—

k) e © ©® ©

'@ © 0@

®

()Repuision
® © » )

®©

Y @: @ @ ; 1 @ @ @ @ @ ; : Distance :
i | A & 1 A & e
) P p :
' v, o} ' V. y
¢ = S =]
= 5

Charging process

(e)

I
I
I
| I |
I I |
i A
18 A
| I
o : Electrolyte K 1)
& anion— R
o :// [
| / | o
| ) A |
7
| AR 1 ]
i e | I
i N ! l ! I
l © Zn anode ! L |

e I

Attraction

Low nucleation overpotential

og%oo

Zn?* + 2e"— Zn0

Electric field

©eo

OOOOOOOI

——mgrmmmmmmmmmmm -
Q

Fig. 2 a Schematic illustration of Zn deposition process [18]. Comparison of the EDL structures of Zn deposits in b ZnSO, and ¢ La**-ZnSO,
electrolytes [21]. d Proposed growth models of Zn deposits in La>*-ZnSO, electrolytes [21]. e Schematic diagram of the effect of overpotential
on Zn deposition behavior [28]. f Three nucleation regions mapped as a function of lattice mismatch (x-axis) and surface energy differences
(y-axis), where y, and v; represent the surface energies of the substrate and deposited film, respectively, and a, an a; denote their corresponding

lattice parameters [23, 30]

2.2.2 Nucleation Particle Size

The nucleation particle size also plays a critical role in
determining the electrochemical performance of Zn anodes.
According to classical homogeneous nucleation theory, the
critical radius (r) of the spherical nucleus is given by:

SHANGHAI JIAO TONG UNIVERSITY PRESS
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where y is the surface energy at the anode—electrolyte inter-
face, V,, is the molar volume of Zn, F is the Faraday con-
stant, and 7 is the nucleation overpotential. This expression
indicates that smaller nucleation particle size corresponds
to higher polarization overpotentials, which in turn enhance
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the nucleation driving force and promote finer, more uniform
zinc deposition [18, 26]. Zhou et al. utilized ZnCl,-based
electrolytes to investigate how electrolyte concentration
influences the nucleation radius and Zn deposition behav-
ior. In situ atomic force microscopy (AFM) observations
revealed that in dilute electrolytes, large and sparsely dis-
tributed zinc nuclei were formed. In contrast, medium-con-
centration electrolytes minimized the y/x ratio, leading to
the formation of smaller zinc nuclei and enabling uniform,
dense deposition of zinc species [27].

2.2.3 Nucleation Rate

The nucleation rate significantly influences the stability of
the Zn anode, as a higher nucleation rate promotes more
uniform Zn?*deposition during cycling. The nucleation rate
(w) can be described by Eq.:

3

2
w=Kexp<—ﬂh6 LA>

pnFRTy

where K is the pre-exponential factor, o is the interfacial
tension, L is Avogadro number, n is the valence number of
the metal ion, R and F are the gas constant and Faraday’s
constant, 7 is the absolute temperature, and p, &, and A are
the density, atomic height, and atomic weight of the depos-
ited metal Zn, respectively. This expression indicates that the
nucleation rate increases exponentially with the increase in
overpotential, thereby allowing the formation of a uniform
and compact Zn layer. Leveraging this principle, Hu et al.
introduced sodium L-tartrate (Na-L) into the ZnSO, solu-
tion to regulate the nucleation overpotential and improve
zinc deposition uniformity. With the Na-L additive, the
nucleation overpotential increased from 28.3 to 45.9 mV.
Chronoamperometry measurements further revealed that
Na-L enabled uniform three-dimensional diffusion of Zn*™,
as evidenced by the rapid stabilization of the current density,
suggesting homogeneous crystal growth during electrodepo-
sition [28].

2.3 Growth Mode of Deposits

The physicochemical properties of the substrate, particularly
the lattice mismatch between zinc crystals and the substrate,
directly affect its zincophilicity [29]. Accordingly, three clas-
sical deposition growth modes have been proposed based on
the degree of lattice mismatch and interfacial energy differ-
ences between the deposit and the substrate: the Frank—Van

© The authors

der Merwe mode, the Volmer—Weber mode, and the Stran-
ski—Krastanov mode (Fig. 2f) [5, 23, 30]. When the lattice
mismatch is minimal, epitaxial growth favors smooth and
continuous film deposition, characteristic of the Frank—Van
der Merwe growth mode. As the mismatch increases, depo-
sition behavior transitions to the Stranski—Krastanov mode,
where layer-by-layer growth is followed by island forma-
tion. In cases of significant mismatch, where the interatomic
forces within the deposited atoms surpass the adhesion to the
substrate, the Volmer—Weber mode dominates, resulting in
discrete island growth.

Based on this framework, regulating the lattice mismatch
between the substrate and zinc enables controlled zinc nucle-
ation and growth, leading to compact, dendrite-free deposits.
For instance, Li et al. introduced maleic anhydride (MA) as
an additive, which preferentially adsorbs on the (002) facet
of Zn. This surface-selective interaction guides the deposi-
tion toward the Frank—Van der Merwe mode, thereby sup-
pressing dendrite formation and enhancing uniformity [6].
Similarly, Ma et al. introduced sodium hyaluronate (SH)
in ZnSO, electrolyte. The SH exhibits a strong affinity for
Zn, restructuring the electric double layer and forming a
dynamic Zn-SH* interface. This promotes the preferential
growth of Zn along the (002) plane, attributed to the polar
functional groups in SH that improve surface adsorption.
Moreover, the enhanced wettability of the SH-modified elec-
trolyte facilitates Frank—Van der Merwe-type deposition,
yielding a uniform and dense Zn deposition [31].

2.4 Frontier Orbital Theory

In the development of electrolyte additives, the highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energy levels, derived from
frontier molecular orbital theory, are crucial parameters for
screening solvents and additives in electrolyte systems [32,
33]. A higher HOMO energy level enhances a molecule’s
electron-donating ability, thereby facilitating coordination
with metal ions or adsorption on electrode surfaces. In
contrast, a lower LUMO energy level indicates a stronger
electron-accepting ability, promoting the reduction and
deposition of metal ions. Molecules that exhibit both low
HOMO and high LUMO energies typically possess strong
chemisorptive properties. Density functional theory (DFT)
calculations of HOMO-LUMO levels are therefore widely

https://doi.org/10.1007/s40820-025-01950-7
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employed to guide the rational selection of electrolyte
components. The energy difference between HOMO and
LUMO is closely related to both the electrochemical stabil-
ity window and the electrode potential. Ideally, the electrode
potential must lie within the HOMO-LUMO energy range of
the electrolyte to prevent decomposition [34]. For instance,
when the Fermi level of a cathode material is lower than
the HOMO level of the electrolyte, electrons can transfer
from the electrolyte to the cathode, leading to oxidation of
the electrolyte. Hence, the working potentials of both anode
and cathode must fall within the HOMO-LUMO gap of the
electrolyte system to ensure stability [35, 36].

Additives with a narrow HOMO-LUMO gap can diminish
interfacial charge-transfer resistance, thereby lowering the
nucleation barrier for zinc deposition. For example, Wang
et al. employed a system comprising Zn(BF,),-4H,0 salt
and vinylene carbonate (VC) solution, where DFT calcula-
tions revealed a decreased HOMO-LUMO gap and elevated
HOMO level in the solvated structure. VC exhibits a higher
HOMO level at—6.96 eV compared to water (—8.06 eV),
indicating enhanced electron-donating capability and
improved charge transfer, thus increasing the reduction
stability of the electrolyte [37]. Additionally, LUMO and
HOMO levels are strongly associated with SEI formation.
Additives with low LUMO levels preferentially accept elec-
trons and are reduced at the electrode surface, facilitating
SEI formation and uniform Zn>** deposition [38]. Han et al.
introduced tetradecafluorononane-1,9-diol (TDFND) as an
additive, which, with a low LUMO of 0.10 eV significantly
lower than that of water, underwent preferential reduc-
tion to form a ZnF,-rich SEI layer [39]. Li et al. employed
sodium diethyldithiocarbamate (DDTC) and calculated the
LUMO for H,0, Zn**~H,0, DDTC", and Zn-DDTC to be
2.06,—0.75,0.01, and — 1.88 eV, respectively. This indicates
that DDTC coordinated with Zn®> undergoes preferential
reduction, contributing to SEI formation on the anode sur-
face [40]. Similarly, Wei et al. utilized the HOMO energy
levels to screen non-sacrificial additives for Zn anode stabi-
lization. Among three anionic surfactants, sodium dodecyl
benzene sulfonate (SDBS) possessed the highest HOMO
level and strongest electron-donating capability, consistent
with its high binding and adsorption energy. This strong
coordination with Zn>* helped reduce active water content
and enhanced superior adsorption, thereby inhibiting Zn-
H,O interactions [41]. Notably, LUMO and HOMO levels
are key design parameters for cathode material modification.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

For instance, Ye et al. introduced — CN groups into the
organic cathode material Hexaazatrinaphthalene, thereby
lowering its LUMO and HOMO energies, increasing the
operating voltage, narrowing the energy gap, and enhanc-
ing electronic conductivity and charge transport [32].
Nevertheless, it is important to recognize that in practi-
cal electrolytes, the electrochemical stability window cannot
be solely determined by the HOMO-LUMO gap due to the
influence of solvation effects and additives. Although the
HOMO and LUMO levels are correlated with redox behav-
ior, an energy offset of several eVs may occur. Therefore,
caution should be exercised when using HOMO and LUMO
as a direct indicator of the electrochemical stability [42].

3 Electrolyte Structure Regulation
3.1 Zinc Salt Improvements

The selection of zinc salt fundamentally determines the
physicochemical properties of the aqueous electrolyte,
directly impacting the electrochemical performance of Zn
anode in AZIBs. Crucially, the nature of the salt governs
electrolyte pH, which strongly influences Zn** electrodepo-
sition behavior, alongside the parasitic HER kinetics and
surface passivation. In detail, the anion size and chemical
properties significantly affect the Zn>* solvation structure,
determining the number of coordinated water molecules, the
energy barrier for Zn>* desolvation, and the overall ion dif-
fusion dynamics. The intrinsic water solubility of different
zinc salts further constrains the maximum achievable salt
concentration in the electrolyte. Notably, electrolyte concen-
tration has a profound impact on solvation chemistry: higher
concentrations can reconstruct solvation shells, reduce free
water activity, increase viscosity, and modulate ion trans-
port. Therefore, rational selection of zinc salt requires a
comprehensive balance among key parameters, including
pH, anion size, concentration, desolvation kinetics, and ion
diffusion capabilities, to achieve reversible Zn plating/strip-
ping and mitigate parasitic reactions.

Conventional zinc salts, such as ZnCl,, Zn(Cl10,),,
Zn(NO3),, Zn(CF;S03), and Zn(CH;COO0O),, have been
explored, each demonstrating distinct chemical properties
and consequently differing impacts on electrolyte pH, sol-
vation structure, and kinetics for the Zn anode (Table 1)
[43-49], while these salts still face several challenges,

@ Springer
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including unstable Zn>* solvation structures, high water
reactivity, uneven ion flux, all of which might lead to the
parasitic side reactions thereby reducing cycle life and
coulombic efficiency. Initially, KOH was employed as the
electrolyte due to the faster Zn>* kinetics in alkaline media.
However, long-term battery operation is hindered by anode
passivation caused by self-corrosion and electrochemical
corrosion. In alkaline conditions, the redox potential of
Zn0O/Zn (—1.26 V vs. SHE) is more negative than that of
the HER (—0.83 V vs. SHE), accelerating spontaneous zinc
oxidation. Continued cycling leads to irreversible zinc loss,
forming “dead zinc” and insulating precipitates. The main
reactions are summarized below [50]:

Anode:
Zn** + 20H™ = Zn(OH), + 2e~ 4)
Zn(OH), = ZnO + H,0 5)
Cathode:
MnOOH + H,0 + ¢~ = Mn(OH), + OH™ (6)

Accumulation of byproducts, such as Zn(OH),, ZnO,
and Mn(OH),, significantly reduces capacity and cou-
lombic efficiency, resembling a “primary battery” [51].
Moreover, in high-concentration 6 M KOH electrolyte, the
battery experienced rapid polarization within six cycles
and short-circuited in 5.3 h due to aggressive dendrite for-
mation [52]. These findings highlight the importance of
electrolyte pH on battery stability.

In neutral and mildly acidic electrolytes, strong Coulom-
bic interactions between the solvated Zn>* ion and its sur-
rounding H,O shell accelerate parasitic water reduction;
meanwhile, the HER kinetics become highly pH-depend-
ent. HER dominates in acidic media (2H" +2e~— H,),
competing with Zn** deposition. H;0" ions first absorb
and accept electrons on the anode surface (Volmer step),
forming H* intermediates. These either recombine to form
H, (Tafel step) or react with more H;O" and electrons
(Heyrovsky step). In neutral conditions, the HER mecha-
nism is more complex and influenced by multiple factors,
including electrolyte concentration and species identity
[53]. Zinc possesses a relatively high hydrogen evolution
overpotential, which theoretically suppresses HER. This
hydrogen evolution overpotential (1) can be expressed
using the Tafel Equation:

© The authors

n = a + blogi @)

where i is the current density, and a and b are constants ( b
is the Tafel slope). The Tafel slope is often used to identify
the rate-determining step of the HER. Despite a high value
of a, HER still occurs spontaneously due to practical kinetic
factors, including electrode roughness, temperature, and
electrolyte composition [54]. During charging, HER con-
tinuously consumes both electrons and electrolyte, reducing
coulombic efficiency and shortening battery life. Accumu-
lated H, also elevates internal pressure, thereby causing bat-
tery swelling and potentially even explosion [55, 56].

To mitigate these issues, near-neutral zinc salts are pre-
ferred for stable cycling. Zn(CF;SO5), has gained popular-
ity due to its effective desolvation capability (Fig. 3a) [49].
Nevertheless, other near-neutral zinc salts like Zn(NOj;),
and Zn(ClO,), also pose challenges. Their strong oxi-
dizing anions can induce ZnO passivation on the anode,
raising Zn>* dissolution/deposition impedance and slow-
ing kinetics. Interestingly, in a Zn(Cl10,), and NaClO,
mixed system, high CIO,” concentrations replace water
in the solvation shell, reducing free water molecules and
thus suppressing HER, while also modifying ion trans-
port properties (Fig. 3b—d) [48]. Though Cl~ species
are less oxidizing and can coordinate with Zn** to form
ZnCl42_ complexes (Fig. 3e, f) [47], AZIBs with ZnCl,
still suffer from poor cycling due to a limited electrochem-
ical stability window [43]. In contrast, Zn(CF;S0;),, and
Zn(TFSI), are considered promising candidates owing to
their wide electrochemical windows, high compatibility
with electrode materials, and their anions that promote
beneficial physicochemical properties like reduced solva-
tion and suppressed water activity [57, 58].

For instance, Li et al. introduced trace amounts of
NOj;™ into the Zn(CF;S03), electrolyte, which facilitates salt
decomposition and promotes the formation of a compact
SEI (Fig. 3g, h). Ar sputtering-assisted X-ray photoelectron
spectroscopy (XPS) analysis revealed that the SEI comprises
an organic-rich outer layer and an inorganic ZnF,-rich inner
layer (Fig. 3i-k). Additionally, cyclic voltammetry meas-
urements demonstrated the effect of the SEI on reducing
polarization voltage(Fig. 31) [59]. In Zn(CF;S03),, the
bulky CF;SO;~ anions effectively reduce Zn** solvation
by decreasing the number of coordinated water molecules,
thereby facilitating Zn>* transport and improving the cou-
lombic efficiency [60, 61]. Furthermore, CF;SO;™ anions

https://doi.org/10.1007/s40820-025-01950-7
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Table 1 Comparison of the performance of different zinc salts as electrolytes
Electrolytes Cathodes Solubility Capacity Cycle performance References
1 m Zn(NO;), graphite paper 138 g/100mL  Low capacity 47.4% CE at 0.02 A g™ [64]
1 m Zn(CH,COO),  graphite paper 30 g/100 mL Low capacity 64.8% CE at 0.02 A g [64]
0.5 m Zn(CH;COO0), Na;V,(PO,), 30 g/100 mL 97 mAh-g~! at 0.5C retains 74% capacity after [65]
100 cycles
Zn(CH;CO0), NH,V,0,, 30 g/100 mL 281mAh g~! with a capacity retention of  [66]
at 500 mA g! 90.13% after 200 cycles
3 m Zn(CF;5805), HNaV0,¢4H,0 Highly soluble ~ 444mAh g~'at 0.5 A g™! with a capacity retention [67]
ratio of 93.7% after 1000
cycles GA g™
3 m Zn(CF;S05), (NH,),V,05-nH,0 Highly soluble 344 mAh g~ with 80% retention after [68]
at02 A g 2,000 cycles at 0.2 A g~
3 m Zn(CF;S05), NH,-V,CT,/ZnO Highly soluble 173 mAh g~! the average CE is almost [69]
at2 A g! 100% during 300 cycles at
2Ag™!
3 m Zn(CF;S05), V,05-2.2H,0 Soluble in water high initial capacity 25,000 cycles at 1 A g~ [70]
(4.5 mA hcm™)
Zn(CF;S503), Cu Soluble in water High capacity CE 0f 99.9% at 1 mA cm™  [71]
and 1 mA h cm™>
3 m Zn(CF;S05), NH,V,0, Soluble in water / high capacity retention rate ~ [72]
of 71.1% after 1000 cycles
1 m ZnCl, Cay,,V,050.80H,0 395¢/100 mL 296 mAh g~ ~50% CEat 1.6 A g™ [73]
at 50 mA g~
30 m ZnCl, Ca 5, V,05+0.80H,0 395¢/100 mL 496 mAh g~ 99.6% CE at 1.6 A g~ [73]
at 50 mA g~!
3 m ZnCl, NaV,04 395¢/100mL  362mAhg'at02Ag™!  84cyclesatl1 Ag! [74]
3 m Zn(Cl0,), NaV,0q 4.30 mol/kg 352mAhg'at02 Ag™'  30cyclesat1 A g™! [74]
1 m Zn(ClO,), VO, 4.30 mol/kg 240 mAh g7! high stability for over [46]
at0.5 A g™ 3500 h
3 m Zn(ClO,), Polyaniline 4.30 mol/kg 174 mAh g~! 70,000 cycles at—35 °C [75]
at0.5 A g™! under 15 Ag™!
1 m ZnSO, Zn 53.8g/100mL / 98.0% CE at 2 mA cm™2 [46]
3 m ZnSO, V0,5 with high-content V3* 53.8 ¢/100 mL 520 mAh g~ with 85.3% capacity reten-  [76]
at 0.5A g tion at the 1000th cycle at
2 mA cm™>
3 m Zn(BF,), polyaniline and carbon Highly soluble 109 mAh g'at0.1 A g™ high capacity retention of [77]
nanotubes 94% after 1000 cycles at
1A cm™
3 m Zn(BF,), NaV,04 Highly soluble 193 mAhg~'at02A g™  S6cyclesat1 A g™ [74]

can react with Zn anode to form a stable SEI, contributing
to long-term cycling stability [62]. Similarly, Zn(TFSI),, a
commonly studied zinc salt, features a large anionic struc-
ture that disrupts strong hydrogen bonding and reduces
the population of free water molecules in the electrolyte
(Fig. 3m). While TFSI™ ions effectively suppress aqueous
side reactions and promote Zn** transport, their widespread
application remains limited by the high cost of the salt [63].
Beyond the type of zinc salt, increasing the electrolyte con-
centration is also considered an effective strategy to mitigate

SHANGHAI JIAO TONG UNIVERSITY PRESS

side reactions by regulating the interaction between Zn>*
and H,0. Table 2 summarizes the ionic conductivity, elec-
trochemical stability window, and cycling performance of
electrolytes across various concentrations, underscoring the
significance of concentration engineering. Recent studies
demonstrate that elevated salt concentrations enhance elec-
trostatic interactions between anions and cations while weak-
ening the coordination between Zn>* and H,O. This adjust-
ment reshapes the solvation environment and solvent sheath
surrounding Zn?* in the electrolyte [78, 79]. As a result, the
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Fig. 3 a Three-dimensional molecular dynamics snapshots of the Zn(CH;SO;), system, with partially enlarged view illustrating the solva-
tion structure of Zn>* [49]. Equilibrium trajectories snapshots from ab initio MD simulations of b 0.5 mol kg™! Zn(ClO,),, ¢ 0.5 mol kg™
Zn(Cl0,),+9 mol kg~! NaClO,, and d 0.5 mol kg~ Zn(ClO,), + 18 mol kg~! NaClO, [48]. e Representative solvation structure of Zn>* ions. f
Schematic showing how the introduction of C1~ ions releases coordinated water molecules, resulting in a modified solvation structure [47]. g A
schematic illustration of the growth of Zn dendrites in aqueous electrolytes. h Proposed formation mechanism of ZnF,-Zns(CO;),(OH)4-organic
SEI[59]. XPSof iN 15, jC 1s,and k F 1 s with different Ar sputtering durations [59]. 1 CV of ZnlIMnO, full cells at a scan rate of 0.1 mV s7!
[59]. m The radial distribution function and coordination number plots of Zn**solvation structure in ZnSO, and Zn(TFSI), electrolyte [63]

hydration coordination number of Zn** is reduced to below
6, thereby suppressing the HER [79, 80]. For instance, in the
ZnCl,-LiCl system, increasing LiCl concentration reduces
Zn?* hydration. Molecular dynamics simulations reveal that
a higher Li* concentration increases the number of water
molecules coordinated to Li*, consequently decreasing
the population of free water molecules and lowering HER
probability (Fig. 4a—c) [78]. Similarly, in the Zn(TFSI),-
LiTFSI electrolyte, increasing LiTFSI concentration alters
the Zn?*solvation structure, with the solvation sheath being
predominantly occupied by TFSI™ anions in highly concen-
trated formulations (Fig. 4d) [52]. Huang et al. compared
two electrolyte systems with different concentrations: a
high-concentration system (4.2 m ZnSO,-7H,0+0.1 m
MnSO,-H,0, denoted as CZSAE) and a low-concentration
system (2 m ZnSO,-7H,0+0.1 m MnSO,-H,O0, denoted as
LZSAE). O 1 s XPS spectra revealed that a passivation layer
enriched in S—O species dominates in CZSAE, indicating

© The authors

increased Zn** coordination with sulfate anions and reduced
interaction with water molecules(Fig. 4e, f). This solvation
adjustment directly influences the composition and morphol-
ogy of the passivation layer (Fig. 4g, h) [81].

Additionally, recent studies have shown that a high con-
centration of 30 m ZnCl, effectively suppresses the forma-
tion of fully hydrated [Zn(H2O)6]2+ complexes and instead
promotes the formation of ion pairs, such as [Zn(H,0)
Cl1,]*~ and [ZnCl,]*~, more than in 20 m ZnCl,. Experimen-
tal results indicate that the electrochemical stability window
significantly broadens with increasing ZnCl, concentration,
suggesting suppression of HER and the formation of inactive
by-products, such as Zn(OH), and ZnO (Fig. 4i) [82]. To
address the dissolution of Zn-based ion clusters in aqueous
ZnCl, solutions, Wang et al. developed a water-in-salt (WIS)
hydrogel electrolyte containing 7.5 m ZnCl,. This system
not only broadened the electrochemical window but also
enhanced the reversibility of the Zn metal anode (Fig. 4j)

https://doi.org/10.1007/s40820-025-01950-7
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Table 2 The effects of different electrolyte concentrations on various battery performance

Electrolytes ESW (V) Ionic Conductivity Device Cycling Performance References
5 m ZnCl, 1.6 High ZnllZn CE of 73.2% [82]
10 m ZnCl, 2.0 High ZnllZn / [82]
15 m ZnCl, 1.6 12 mS cm™! ZnlIK 456V,0s 1400 cycles with 95.02% capacity retention [85]
15 m ZnCl, 24 / ZnlILiFePO, a capacity retention of 70% after 1000 cycles at 3C [86]
+1 mLiCl

20 m ZnCl, 22 Low ZnllZn / [82]
30 m ZnCl, 2.3 3mS cm™! ZnllZn CE of 95.4% [82]
21 m LiTFSI —0.102/2.745 024 of 1,, > value  ZnllYP-80F cycle 5220 h [87]
+2mZn(0OTf),  of HER/OER at0.5 A g™

21 m LiTFSI 2.6 7mS cm™! ZnllGraphite CE of 95% over 600 cycles at 0.2 A g™! [88]
+3 m Zn(OT%),

1 m Zn(OTY), 29 1.71 mS em™! ZnllLiMn,0, CE of 99.62% at 300 cycles [89]
+20 m LiTFSI

30 m KAc 2.3 6.5mS cm™! ZnlILiFePO, 1000 h at 0.1 mA cm™ [90]
+3 mLiAc

+3 mZnAc,

1.5 m LiAc / High ZnlILiMn,O, cannot provide sufficient cyclability [90]
+1.5 m ZnAc,

30 m KAc 2.2 High ZnllAC high capacity retention [91]
+1m ZnAc, over 10000 cycles

1 m KAc 1.6 Low ZnllAC rapid capacity fading occurs within 10 cycles [91]
+1 m ZnAc,

1 m Zn(OTY), 23 High ZnllZMO/C along with a lower CE after the 3rd cycle [43]
3 m Zn(OTf), 2.5 3.47S cm™ ZnllIZMO/C nearly 100% CE for both anode and cathode [43]
0.5mZn(CIO,), / 98.5 mS cm™! ZnlINVO Capacity retention of 80.9% after 15 days at 0.1 A g='  [48]
+18 m NaClO,

8 m Zn(ClO,), 2.8 / ZnllGraphite cycle life of over 500 cycles at 0.1 A cm™ [92]
3 m Zn(ClO,), 2.5 4.23mS cm™! ZnlMnO, cycle life of over 1000 cycles at 6 A g™! [93]

[83]. Notably, the battery retained 95.1% of its initial capac-
ity after 100,000 charge—discharge cycles. However, elevated
electrolyte concentration can introduce several drawbacks,
including reduced ionic conductivity, increased viscosity,
and high voltage polarization, all of which hinder battery
performance in practical applications [84]. Therefore, care-
ful optimization of the electrolyte concentrations for each
zinc salt is essential to balance performance, stability, and
practical applicability in AZIBs.

3.2 Electrolyte Additives

Electrolyte additives fundamentally modify the chemical
and physical environment at the anode/electrolyte interface
in a “trace amounts yet highly effective” manner, playing a
crucial role in interfacial stability in AZIBs [94]. To func-
tion effectively, ideal electrolyte additives must possess

SHANGHAI JIAO TONG UNIVERSITY PRESS

high water solubility, a critical prerequisite that guides the
screening and rational design of additive molecules. The
hydrophilic and hydrophobic balance of functional groups,
along with potential non-covalent interactions, should be
comprehensively considered to ensure both adequate disso-
lution and targeted interaction at the anode/electrolyte inter-
face. Moreover, strategies, such as pH adjustment and the
use of solubilizing agents, are widely employed to enhance
additive water solubility [95, 96]. Electrolyte additives must
also demonstrate chemical compatibility with other battery
components and avoid inducing harmful side reactions.
From a practical standpoint, additives should be low-cost
and exhibit minimal toxicity to meet scalability and safety
requirements [97].

Based on these design principles and their mechanisms of
action, commonly employed electrolyte additives for AZIBs
can be broadly categorized into five groups: (i) self-heal-
ing via electrostatic shielding, (ii) surface adsorption, (iii)
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desolvation regulation, (iv) in situ SEI formation layer, and
(v) crystal plane regulation. A detailed discussion of these
mechanisms and representative examples will be presented
below.

3.2.1 Self-Healing Electrostatic Shield Mechanism

The self-healing electrostatic shielding mechanism was ini-
tially proposed to enhance the performance of lithium-ion
batteries. Zhang and co-workers observed that alkali-metal
ions, such as Cs* and Rb", preferentially adsorb onto lithium-
dendrite tips, forming a positively charged protective layer
that redirects Li* deposition toward the surrounding surface.
This electrostatic shield repels incoming Li" from the pro-
trusion tip, forcing uniform deposition in adjacent regions

© The authors

and thereby “self-healing” nascent defects, thereby suppress-
ing dendrite growth; this process is termed the self-healing
electrostatic shield mechanism [98]. Theoretical calculations
further indicate that these ions possess lower adsorption
energies and diffusion barriers on lithium metal, facilitating
their migration and selective accumulation at dendritic tips.
In addition, they also show a tendency to prioritize the repair
of SEI defects in battery systems [99].

Inspired by these findings, the strategy has been
extended to AZIBs, yielding promising results. Monovalent
and multivalent cations, such as Li* [100], Na* [101, 102],
Mg?* [103], Ga®* [104], Rb* [105], and plasma-derived
additives, have been reported to form positively charged
electrostatic shields around zinc deposition tips, effectively
suppressing dendritic growth. For example, Yuan et al.
achieved a high coulombic efficiency in ZnllZn symmetric

https://doi.org/10.1007/s40820-025-01950-7
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cells by introducing lithium halides into the electrolyte
[100]. DFT calculations indicated that the adsorption
energy of Zn”" ion the surface of Zn (100) surface is lower
than that on the Zn (200) surface [106], causing Zn’* to
preferentially adsorb onto the (100) face and form daisy-
chain dendrites (Fig. 5c¢). Experimental results demon-
strated that Li* ions were found to preferentially adsorbed
onto the (100) face due to their low binding energy, redi-
recting zinc nucleation toward the (002) plane and resulting
in a denser, smoother anode surface (Fig. 5d).

Distinct from the Lit, Na*, and K* ions, Rb*, with a
larger ionic radius and stronger electrostatic repulsion, more
effectively occupies surface protrusions, forming a broader
electrostatic shield and promoting lateral Zn** deposition
across the Zn surface [105]. DFT results show that Rb™*
exhibits a significantly higher adsorption energy on metal-
lic Zn (—32.60 kcal mol™') compared to H,O molecules
(—3.55 kcal mol™), confirming its preferential adsorption.
In addition, electrolytes containing Rb*™ demonstrated a
lower EDL capacitance(159.45 uF cm™>) relative to pristine
2 M ZnSO, (216.09 pF cm™2), attributed to Rb,SO, occu-
pying active tip sites and altering Zn>*adsorption behavior
(Fig. Se, f). Thus, the ZnllZn symmetric cells with 1.5 mmol
Rb,SO, exhibited a prolonged cycle life exceeding 6000 h
at a current density of 0.5 mA cm2 and a capacity density
of 0.25 mAh cm™2, superior to the control group without
Rb,SO, (which cycled for 300 h).

Additionally, Wu et al. introduced a cost-effective gela-
tin molecule as an additive in ZnSO, electrolyte [49], in
which the self-healing electrostatic shield mechanism was
also achieved. Owing to their steric hindrance, gelatin mol-
ecules preferentially adsorbed on the Zn surface during the
electrochemical cycling. The strong Zn>* binding capacity
of gelatine, combined with positively charged — CN;Hs*
groups generated under mildly acidic conditions, the 2D
Zn** diffusion was effectively inhibited. This facilitates
uniform zinc deposition and enhanced interfacial stability,
thereby improving overall battery performance.

3.2.2 Adsorption Effects

In AZIBs, the adsorption effect of additives is considered
an effective strategy to reduce the two-dimensional dif-
fusion time of Zn>" ions and lower the nucleation over-
potential, thereby inhibiting the dendrite growth and

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

mitigating side reactions. Additives with strong adsorption
capabilities can form a uniformly distributed protective
layer on the Zn metal surface, preventing direct contact
between the anode and electrolyte. This physical barrier
significantly suppresses parasitic HER and promotes uni-
form Zn deposition during electroplating [107]. In contrast
to the self-healing electrostatic shield mechanism, which
involves a repulsive layer created by cations with the same
charge as Zn?*, neutral or even negatively charged spe-
cies can also induce an adsorption effect. These species
increase the density of nucleation sites and reduce the
energy barrier for Zn>* nucleation, thereby promoting
homogeneous metal deposition. Notably, certain additives
can guide Zn>* deposition along a preferred crystal orien-
tation, optimizing the microstructure of the zinc layer and
enhancing electrochemical performance.

Among the reported additives, graphene-based materi-
als have emerged as a particularly promising material. Qiu
et al. [108] incorporated graphene oxide (GO) into the elec-
trolyte and demonstrated that GO particles strongly adsorb
onto the Zn surface through electrostatic interactions. This
adsorption suppresses local electric field inhomogeneities
and facilitates a more uniform field distribution, thereby
lowering the Zn** nucleation overpotential. Furthermore,
the abundant polar functional groups on GO surfaces accel-
erate Zn>" migration to the reaction interface, increasing
active nucleation sites and enhancing ion diffusion, result-
ing in a denser and smoother zinc deposit. As a result, the
AZIBs using GO additive exhibited remarkable stability,
operating continuously for over 650 h at a current density
of 1 mA cm~2 (Fig. 6a), and maintaining stable cycling for
400 and 140 h at 5 mA cm™ (Fig. 6b) and 10 mA cm™2,
respectively (Fig. 6¢). Electrochemical impedance spectros-
copy (EIS) analysis revealed significantly reduced resistance
in GO-containing systems (Fig. 6d), indicating improved
charge transfer kinetics. Additionally, the system achieved
a high coulombic efficiency of 99.16%, which is superior to
the conventional ZnSO, electrolyte in both cycling stability
and energy conversion efficiency.

Building upon insights into the rate of change of elec-
trochemical surface area (dS/dt), Xie et al. developed two
nucleation models, the instantaneous nucleation model
(INM) and the continuous nucleation model (CNM). The
INM describes limited two-dimensional diffusion under con-
ditions of weak electrostatic adsorption of Zn**, while CNM
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occurs when Zn>* adsorption is enhanced, facilitating con-
tinuous two-dimensional diffusion and nucleation (Fig. 6e)
[109]. The authors demonstrated that ZnSO, electrolytes,
due to the relatively weak electrostatic adsorption with Zn>,
favor the INM. In this scenario, multiple independent nuclei
form rapidly at the onset of electrodeposition and subse-
quently grow via three-dimensional diffusion. However, this
leads to a loosely packed zinc layer prone to dendrite for-
mation, as evidenced by prominent dendrite growth when
cetyltrimethylammonium bromide (CTAB) was used as an

© The authors

additive. In contrast, the introduction of sodium dodecylben-
zene sulfonate (SDBS) into the electrolyte led to continuous
nucleation, with new crystal nuclei forming both during the
early and later stages of deposition (Fig. 6f, g). This behavior
indicates enhanced Zn** electro-adsorption and supports a
CNM mechanism, which promotes denser and more planar
Zn deposition through a dominant two-dimensional diffusion
pathway. This continuous nucleation mechanism has also
proven effective for other long-chain anionic surfactants,
such as the anionic part of sodium dodecyl sulfate (SDS)

https://doi.org/10.1007/s40820-025-01950-7
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cycling stability of ZnllZn symmetric cells with a depth of 2 mAh cm™~2 at 4 and 10 mA cm™~

2 in various surfactant-modulated electrolytes [109].

g Cycling performance of ZnlMnO, batteries in various surfactant-modulated electrolytes at a current density of 1 A g=' [109]. h Raman spectra
of the electrolyte with 6-AA in the Raman shift range of 965-1005 cm™' [113]. i pH values of the pristine electrolyte and the various concentra-

tions of the 6-AA added electrolyte [113]

[110], and provides a promising strategy for the rational
design of Zn anodes [111].

Remarkable adsorption properties were also observed
in electrolytes containing ethylenediaminetetraacetic acid
(EDTA) anions. DFT calculations indicated the adsorption
energy of EDTA anions on the Zn surface is—1.62 eV, sig-
nificantly lower than that of free H,O (—0.31 eV) and the
Zn(HZO)ézJr complex (—0.12 eV), indicating a stronger affin-
ity of the Zn surface for EDTA anions. Owing to their firm
adsorption, EDTA anions effectively block HER sites on Zn
surface, thereby suppressing parasitic HER during both plat-
ing and stripping processes. Furthermore, the strong compl-
exation between EDTA and Zn** provides additional nuclea-
tion sites during the initial deposition stage, which effectively
facilitates grain refinement. The adsorption layer formed by

SHANGHAI JIAO TONG UNIVERSITY PRESS

EDTA also facilitates the formation of nanoscale ion-transport
pathways, preventing direct water access and mitigating H,O
interference in the deposition process. These combined effects
contribute to uniform and flat zinc deposition and enhance the
cycling stability. Experimental results indicated that a sym-
metric cell with tetrasodium EDTA achieves over 2000 h of
stable cycling at current densities of 5 mA cm™, approxi-
mately 30 times longer than the pristine ZnSO, electrolyte
[111]. Besides, Wang et al. demonstrated that 0.04 M EDTA,
when added to a zinc-vanadium pentoxide battery system,
improved the coulombic efficiency to 99.36% and enabled
over 4000 h of stable operation, confirming EDTA’s effective-
ness in boosting AZIBs’ performance [112]..

Similarly, the zwitterionic molecule 6-aminocaproic acid
(6-AA) has shown potential to enhance battery performance
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through surface adsorption effects [113]. As illustrated by
the Raman shift in Fig. 6i, the cationic portion (amino
group) of 6-AA can interact with Zn>" ions on the Zn metal
surface via physical adsorption or chemical bonding, creat-
ing a barrier that inhibits water molecules and other potential
reactive ions’ access and reduces side reactions.

3.2.3 Desolvation

During the electrodeposition of Zn**, the desolvation of
hydrated zinc ions of [Zn(HZO)é]zJr is a critical step that
significantly affects Zn deposition behavior. To enable long-
term stable performance of AZIBs, this process, requiring
partial or complete removal of water molecules from the sol-
vation shell, must effectively reverse the initial solvation of
Zn2t [114, 115]. Notably, the water molecules released dur-
ing the desolvation process are often more reactive than free
water [116], which increases the energy barrier for desolva-
tion, and subsequently hinders Zn>* diffusion and deposition
kinetics [117]. In addition to slowing ion transport, these
highly reactive water molecules could attack the cathode
lattice structure, leading to cathode dissolution, irreversible
phase transitions, and overall degradation of electrochemi-
cal stability. Thus, regulating the desolvation behavior of
[Zn(H20)6]2+ by rational electrolyte design is essential to
achieve uniform and efficient zinc deposition [118, 119].

Recent advances in electrolyte engineering have made sig-
nificant progress by tailoring the Zn>* solvation structure.
Ma et al. focused on manipulating the outer solvation shell
through 2-propanol additives, which establish a eutectic
solvent network that preferentially interacts with Zn (101)
crystal planes (Fig. 7a) [120]. The 2-propanol-water eutec-
tic structure exhibits strong directional affinity toward the
Zn (101), promoting oriented Zn deposition and acceler-
ating desolvation kinetics, particularly at low temperature
conditions, thus delivering fast and reliable electrochemi-
cal performance. Moreover, 2-propanol disrupts the pre-
existing H,O —H,O hydrogen bonding network by forming
new 2-propanol — H,O hydrogen bonds. Its hydroxyl groups
also serve as coordination sites for Zn>*, contributing to the
formation of efficient ion transport pathways and enhancing
Zn** mobility.

Qiu et al. introduced an innovative strategy by incor-
porating hyaluronic acid (HA), a chaotropic polymer-type
additive, into the electrolyte, which effectively suppressed
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undesired dendrite growth and side product formation on
the Zn anode (Fig. 7b) [121]. As shown in Raman spectra
(Fig. 7c), the HA additive disrupts the original hydrogen-
bonded network of H,O—H,O interactions, reducing the
number of active water molecules. This disruption leads to
the formation of new HA—H,O hydrogen bonds, thereby
mitigating parasitic reactions driven by highly reactive water
species. Additionally, abundant functional groups, such as
carboxyl (—COOH) and hydroxyl (—OH), distributed along
the HA polymer chains serve as binding sites for Zn**, facili-
tating the formation of effective ion transport channels and
enhancing Zn>* transfer. The dynamic coupling/decoupling
behavior of Zn** along the flexible HA chains elevates the
Zn?* transference number to 0.62, significantly improving
the cycling life of ZnllZn symmetric cells. As a result, the
constructed AZIBs achieved outstanding cycling stabil-
ity, with lifetimes of 2,200 h at 1 mA cm~%/1 mAh cm™2
(Fig. 7d) and 800 h at 5 mA cm~%/5 mAh cm~2 (Fig. 7e),
respectively.

To further regulate the hydration structure of Zn>*, a zin-
cophilic anionic hydrogel electrolyte (PSCA/Zn(OTf),) was
developed, incorporating dodecyl sulfate anions ((OSO;R)")
micelles to suppress dendrite growth and parasitic reactions
on the Zn anode (Fig. 7f) [122]. Experimental evidence
revealed that (OSO;R)™ anions disrupt the native H,0 —H,0
hydrogen-bond network, reducing the population of active
water molecules, and form new (OSO;R)™-H,O hydrogen
bonds. This suppresses passivation and HER. Furthermore,
functional groups along the (OSO;R)~ chains provide Zn*
binding sites, enabling the construction of effective ion
transport pathways and enhancing Zn>" transference. This
design significantly improves the lifetime of ZnllZn sym-
metric cells, achieving 760 h at 1 mA cm=%/0.5 mAh cm™2,
Additionally (Fig. 7g), dynamic ion-polymer interactions
along flexible (OSO;R)™ chains further promote Zn**" mobil-
ity, resulting in ultra-long cycling stability of over 40,000
cycles with a capacity decay of only 0.00027% per cycle.

In addition to the small-molecule additives, polymeric
additives also possess unique capabilities in modulating
Zn>* solvation structure [95]. He et al. employed a nonionic
amphiphilic polymer additive (APA) to establish a nano-
scaled hydrophobic confinement layer at the anode—electro-
lyte interface. The hydrophilic acrylamide segments of APA
preferentially adsorb onto the Zn metal surface, while the
hydrophobic methacrylate segments form a water-repellent

https://doi.org/10.1007/s40820-025-01950-7
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shell that locally suppresses H,O activity. This amphiphilic ~ thereby minimizing water-related side reactions. This strat-
structure induces a partial desolvation of Zn?* by replac-  egy achieves exceptional cycling stability, exceeding 8,800 h
ing coordinated water molecules with polymer segments,  at 1 mA cm™%/1 mAh cm™2 [123]. Similarly, Zhang et al.
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introduced poly(acrylic acid) (PAA) to reconstruct the Zn*t
solvation structure from [Zn(HZO)é]zJr to a more conductive
[Zn(H,0),(AA),]*~ complex, thereby accelerating charge-
transfer kinetics. The carboxyl moieties in PAA self-assem-
ble into a hydrophobic interfacial layer that isolates the Zn
anode from bulk water, promoting 7Zn** desolvation and
uniform electrodeposition, ultimately enhancing cycling
reversibility [124].

3.2.4 Formation of In Situ SEl Layer

The formation of the SEI is closely associated with the
decomposition of solvents and additives in the electrolyte.
Structurally, the SEI typically comprises two distinct lay-
ers: a dense inner layer and a porous outer (diffuse) layer.
The dense layer is primarily composed of elements, such
as Zn, F, and O, possessing high mechanical strength and
compactness; whereas the outer layer mainly consists of
organic compounds, offering flexibility and porosity. This
dual-layer architecture effectively mitigates direct contact
between the Zn anode and the electrolyte, thereby mitigating
side reactions and dendrite growth. Furthermore, the inti-
mate adhesion between the diffuse and dense layers prevents
SEI cracking and facilitates Zn** ions transport. However,
in aqueous electrolytes, the formation of an in situ SEI layer
remains challenging due to intense HER and the difficulty
in decomposing zinc salts [125]. Current efforts focus on
constructing artificial SEI layers using inorganic or organic
composite coatings (e.g., MOFs and COFs) or introducing
trace electrolyte additives [9, 122, 126—129]. Among these
approaches, electrolyte additives are particularly attractive
due to their operational simplicity, low cost, and compat-
ibility with commercial-scale applications.

Inspired by the phosphating solution Zn(H,PO,), in the
electroplating, where a phosphide layer forms on Zn, Guo
et al. introduced the Zn(H,PO,), into a ZnSO, electrolyte
to induce the in situ formation of an inorganic Zn;(PO,),
SEI layer, significantly enhancing the reversibility of the Zn
anode [130]. This dense, inorganic-rich SEI acts as an effec-
tive physical barrier, preventing water penetration and thus
suppressing the HER and passivation. The OH -mediated
formation of the SEI endows it with strong Zn** adsorption
capacity, substantially higher than that of the bare zinc anode
(Fig. 8a), thereby increasing the Zn** transference number
(Fig. 8b) and reducing the diffusion energy barrier (Fig. 8c).

© The authors

Beyond phosphate-based layers, fluorinated SEI has also
been extensively studied for AZIBs. For instance, Cao et al.
employed Me;EtNOT( as an additive in the Zn(OTf), elec-
trolytes, leading to the in situ formation of a 64 nm ZnF,
layer, as confirmed by transmission electron microscopy.
This layer acts as an electronic barrier to suppress water
reduction, while permitting Zn>* transport [131]. Luo et al.
constructed a multifunctional in situ SEI composed of PNM-
ZnF,-ZnS-ZnS0O, that blocks water and anion penetration,
while enabling selective Zn** shuttling [132]. Other strate-
gies have also proven effective [133-136]. Wu et al. con-
structed a dense SEI layer through chelation-induced polym-
erization of Zn>* with poly(N-[2-(3,4-dihydroxyphenyl)
ethyl]-2-methylacrylamide) [137]. Huang et al. introduced
saccharin (Sac) as a zincophilic additive. The Sac anion
strongly adsorbs onto the Zn surface, forming an electric
double layer that repels H,O and regulates Zn?* diffusion,
thereby suppressing dendrite growth and limiting the water
access essential for HER and subsequent passivation [138].

However, the in situ formation of the SEI is inherently
uncontrollable, making it difficult to precisely regulate its
structure, composition, thickness, and compactness. Moreo-
ver, current strategies for constructing interfacial layers often
suffer from limitations during battery cycling, such as layer
fracture, inability to regenerate, or the continuous consump-
tion of electrolyte and functional components. Given that the
deposition/stripping of Zn** ions at the reaction interface is
a dynamic process, relying on static interfacial modifica-
tions is insufficient to accommodate long-term changes in
interfacial microstructure and local electrochemical micro-
environments. Therefore, establishing a dynamically stable
and compact interface that enables real-time, directional
control of interfacial reactions is essential. To address this,
our team employed graphitic carbon nitride quantum dots
(C5N,4QDs) as an example to evidence this concept of con-
structing a dynamic self-repairing protective interface [15].
These C;N,QDs act as highly efficient colloidal ion carriers
in the electrolyte, exhibiting strong interactions with Zn>",
thereby optimizing their solvation structure and suppress-
ing water activity. Additionally, C;N,QDs self-assemble
horizontally on the Zn anode to form a protective SEI layer.
Their periodic sub-nanometer pores are oriented perpendicu-
lar to the electrode surface, forming directional ion chan-
nels that selectively allow the transport of Zn** ions while
excluding solvated species, effectively achieving a molecu-
lar sieving effect. Upon electric field reversal, the C;N,QDs
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that were previously tightly attached to the surface of the
Zn anode can desorb and return to the bulk electrolyte via
coulombic interactions (Fig. 8d, ). This dynamic regenera-
tion occurs repeatedly during each charge—discharge cycle.
Consequently, defects or early stage dendrite formation can
be repaired in subsequent cycles through C;N,QDs redis-
tribution. This mechanism actively corrects Zn deposition

SHANGHAI JIAO TONG UNIVERSITY PRESS

behavior, fundamentally eliminating the irreversible inter-
face rupture and maintaining long-term interfacial stability.
Similarly, Wang et al. introduced positively charged chlorin-
ated graphene quantum dots (C1-GQDs) as additives. During
charging, CI-GQDs electrostatically adsorb onto the Zn sur-
face, forming a shielding layer. Their chlorine groups exhibit
hydrophobic characteristics that further promote uniform Zn
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deposition (Fig. 8f, g). Upon discharge, CI-GQDs undergo
dynamic regeneration and redissolve into the electrolyte,
ensuring a continuous and stable interfacial layer [139]. The-
oretical calculations and electrochemical characterizations
revealed that Cl-functionalized GQDs exhibit significantly
lower binding energies with water molecules (Fig. 8h), con-
firming their superior hydrophobicity and suitability for
constructing robust interfacial layers. Notably, this dynamic
self-healing process does not consume the additives, ena-
bling sustained interfacial protection and contributing to
significantly enhanced performance of AZIBs.

3.2.5 Regulation of the Zinc Crystal Plane

Understanding the crystallographic behavior of the Zn
anode, particularly the distinct electrochemical properties
of its crystal facets, is essential for designing and evaluat-
ing interfacial strategies in electrolyte engineering. Elec-
trolyte components can markedly influence Zn nucleation
and growth orientation via preferential adsorption, thereby
dictating deposition morphology and long-term stability
[140, 141]. A central goal in optimizing Zn-deposition
morphology is to promote preferential growth along the
(002) crystal plane. This facet orientation plays a critical
role in determining corrosion resistance and the dendrite
growth direction of the zinc anode. Crystallographically,
during the initial nucleation stage, Zn atoms tend to nucle-
ate on low-energy planes such as Zn (101) and Zn (100)
due to the polycrystalline nature of zinc and the anisotropy
inherent in its hexagonal close-packed (hcp) lattice. As
deposition proceeds, Zn atoms commonly adopt a two-
dimensional hexagonal morphology with sharp edges
and continue to grow along these crystal planes [142].
In general, a larger angle between the growth direction
of Zn dendrites and the anode surface correlates with
increased dendrite formation. Under constant voltage, the
current response for Zn (002) remains stable after an ini-
tial brief two-dimensional diffusion phase, indicative of a
steady three-dimensional diffusion process (Fig. 9a). This
behavior suggests that the Zn (002) crystal plane exhib-
its a lower nucleation overpotential and reduced energy
barrier for critical nucleus formation (Fig. 9b), making it
an ideal target for electrolyte additives aiming to induce
uniform nucleation and suppress dendrite formation. The
planar symmetric structure and close-packed nature of
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the (002) crystal plane facilitate the uniform and dense
deposition of zinc atoms, effectively eliminating dendrite
growth (Fig. 9¢). This deposition mode represents an ideal
benchmark in electrolyte design. Furthermore, the (002)
crystal plane exhibits relatively low HER activity, reduc-
ing the likelihood of parasitic side reactions [143, 144].
Other crystal planes, such as Zn (103) and Zn (105), also
demonstrate low HER activity, owing to their small angle
(Iess than 30°) relative to the substrate surface, further
supporting their potential in dendrite suppression strate-
gies [145].

Constructing a Zn metal anode with a dominant (002)
crystal plane orientation has emerged as a simple yet effec-
tive strategy for achieving high-performance AZIBs. How-
ever, conventional approaches such as etching and epitaxial
electrodeposition often involve complex procedures and
limited scalability [146—148]. Recent studies have dem-
onstrated that specific electrolyte additives can effectively
induce zinc deposition with preferred orientation origina-
tion by selectively adsorbing onto specific crystal planes.
Inorganic additives, such as indium sulfate, tin oxide, and
boric acid [143, 149], have been shown to regulate crystal
orientation and inhibit the growth of dendrites. For instance,
Deng et al. developed a densified aqueous electrolyte incor-
porating SrTiO; metal oxide as an additive to achieve high-
performance AZIBs [150]. DFT calculations revealed that Ti
atoms on the SrTiO; (110) plane exhibit high binding energy
with water molecules, indicating a strong water affinity. Con-
sequently, SrTiO; particles adsorb water molecules, altering
Zn** solvation structure and facilitating the incorporation of
SO42_ into the solvation shell (Fig. 9d). Meanwhile, SrTiO;
exhibits excellent affinity for Zn>* ions, thereby guiding zinc
deposition along the Zn (002) plane (Fig. 9e, f), enabling a
Frank—Van der Merwe layer-by-layer growth mechanism.
As a result, ZnlIMnO, cells assembled with this densified
electrolyte delivered a high specific capacity of 328.2mAh
g lat 1 A g7 after 500 cycles.

Organic additives, such as sulfonate anions, alcohols,
and sugars, have also demonstrated the ability to tailor
zinc texture by interacting with specific crystallographic
planes [61, 96, 151, 152]. Certain polymers, owing to their
specific functional groups, can preferentially adsorb onto
the anode surface and promote uniform Zn**deposition
along the (002) crystal plane [153]. Ma et al. proposed a
novel organic cation-assisted non-epitaxial electrodepo-
sition strategy using 1-butyl-3-methylimidazolium cation

https://doi.org/10.1007/s40820-025-01950-7
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(Bmim) as a paradigm additive [154]. Mechanistic studies
indicated that Bmim™* cations selectively adsorb on the Zn
(002) plane while simultaneously suppressing the growth
rate of this plane, ultimately exposing and stabilizing the
(002) orientation (Fig. 9g, h). The synergistic effect of the
textured (002)Zn anode and the Bmim-containing electro-
lyte endows excellent cycling stability for over 350 h at 20
mAh cm~? with a discharge depth of 72.6%.

SHANGHAI JIAO TONG UNIVERSITY PRESS

3.3 New-Type of Electrolytes

In AZIBs, liquid electrolytes are widely adopted due to
their high ionic conductivity. However, the application
also introduces challenges, such as persistent side reac-
tions and the instability at the solid-liquid interface, which
limit further enhancements in battery performance [155,
156]. To overcome these limitations, hydrated eutectic
electrolytes and gel electrolytes have emerged as promis-
ing alternatives for the next generation of AZIBs.
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3.3.1 Hydrated Eutectic Electrolytes

Hydrated eutectic systems are formed by dissolving another
crystallographically compatible salt or certain organic addi-
tives into hydrated salts, enabling the formation of eutectic
mixtures with high salt concentrations and extended electro-
chemical stability windows. These systems can alter the Zn>*
solvation structure and reconstruct the interfacial phase of the
EDL, thereby expanding the electrochemical stability window
and enhancing ion transport [157, 158].

Under supersaturated conditions, ions disrupt the hydro-
gen-bond network of both coordinated and free water
molecules, resulting in suppressed water activity, broader
stability window, and improved ionic conductivity, all of
which contribute to high-performance AZIBs [159, 160].
By tuning the composition, hydrated eutectic electrolytes
significantly alter the solvation structure of Zn>* and rein-
force the hydrogen bonding, effectively immobilizing free
water molecules. The synergistic effect between the opti-
mized solvation and the strengthened hydrogen-bonding
networks collectively imparts the electrolyte with enhanced
capabilities to suppress side reactions and facilitate ion
transport, thereby significantly improving the overall bat-
tery performance. Chen et al. developed a hydrated eutec-
tic electrolyte based on ethylene glycol (EG), Zn(OTf),,
and a trace amount of H,O. By precisely controlling the
water content, they minimized the number of active water
molecules. In this system, EG and OTf" anions coopera-
tively coordinate with Zn** ions via hydrogen bonds, estab-
lishing a thermodynamically stable solvation structure of
[Zn(H,0),(EG),(OTf),]. This architecture confines water
activity and stabilizes the solvation sheath, resulting in a
wide electrochemical stability window, low viscosity, and
a high ion transference number [161]. More recently, Jiang
et al. proposed a dual-salt high concentration electrolyte
(15 mol kg™' ZnCl, + 10 mol kg~! NH,NH,SO,), denoted
as DS-HCE. The modulated solvation structure in DS-HCE
delivers high ionic conductivity and ultra-low water activ-
ity. Compared to the conventional 30 M ZnCl,, DS-HCE
achieves a broader electrochemical stability window. As a
result, ZnllZn symmetric cells using DS-HCE exhibit out-
standing cycling stability, maintaining a lifespan of 2,200 h
at 0.5 mA cm? and 0.5 mAh cm ™ [162].
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3.3.2 Gel Electrolytes

Gel electrolytes, which combine the structural stability of
solid-state electrolytes with the high ionic kinetics of liquid
electrolytes, have also become a focal point of research in
the field of AZIBs [163, 164]. Compared to conventional
aqueous electrolytes, gel electrolytes typically feature a
porous and three-dimensional network composed of func-
tional chemical components that facilitate the creation of
efficient ion transport channels and enable uniform Zn*
deposition (Fig. 10a, b) [165, 166]. Recent studies have
shown that polar functional groups, such as hydroxyl, car-
boxyl, and sulfonic groups, are widely present in gel elec-
trolytes. These groups promote directional Zn>* migra-
tion, enhance ionic conductivity, and reduce overpotential
induced by concentration polarization. For instance, Zeng
et al. introduced amphiphilic groups into a hydrogel electro-
lyte, enabling three-dimensional Zn>* diffusion and guiding
the formation of crystalline zinc deposits (Fig. 10c, d) [166].
Furthermore, charged functional groups (e.g., sulfonate and
imidazole groups) can modulate the Zn>* solvated structure
and induce preferential growth along the Zn (002) crystal
plane (Fig. 10e) [167]. The hydrophilic segments within
gel electrolytes form hydrogen bonds with water molecules,
effectively reducing the content of free water, thereby mini-
mizing side reactions and providing a safer and more stable
electrochemical environment [168—170]. Building on this
strategy, He et al. incorporated a betaine-type zwitterionic
monomer into Zn(ClO,), and copolymerized it with acryla-
mide to construct a gel framework with both hydrophilicity
and charged groups (denoted as ADC-gel). The interaction
between water and hydrophilic groups imparts high water
retention, while the polymer backbone, under an applied
electric field, forms directional ion migration channels along
the aligned zwitterionic side chains, thereby enhancing Zn>*
transport efficiency (Fig. 10f). This gel electrolyte confers
an extremely long cycle life on ZnllZn symmetric batteries,
with a cycle life exceeding 3,000 h at a current density of
0.5 mA cm ™ [171].

Despite these advancements, gel electrolytes still face
challenges, including low ionic conductivity, limited
mechanical strength, and poor environmental sustainabil-
ity [172]. To address these issues, water-in-salt hydrogel

https://doi.org/10.1007/s40820-025-01950-7
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electrolytes have been proposed [173, 174]. These systems
suppress H,O activity, broaden the electrochemical stabil-
ity window, and improve ionic conductivity [157]. Their
low water content enhances interfacial adhesion, offering
promise for flexible and wearable energy storage devices
(Fig. 10g, h). For instance, Wang et al. reported a lean-water
hydrogel electrolyte based on a polymeric zwitterion. The
sulfonate groups exhibited both hydrophilic and zincophilic
characteristics, facilitating Zn** transport. In this low-water
environment, interactions between water molecules and
charged groups result in the formation of molecular lubri-
cation layers that reduce the interaction friction and enhance
ion-pair mobility (Fig. 10i, j) [175]. Moreover, supramo-
lecular design strategies integrating conductive polymers
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into flexible hydrogel matrices have been shown to improve
conductivity, mechanical toughness, and self-healing capa-
bilities. These multifunctional hydrogels enable the develop-
ment of highly stretchable, biocompatible, and self-repairing
wearable sensors [176, 177].

3.4 Commentary and Comparison

The growth of dendrite, HER, and surface passivation
have profound impacts on the discharge capacity, Cou-
lombic efficiency, and cycling stability of AZIBs. To
address these issues, constructing a thermally stable metal
anode—electrolyte interface is crucial [178, 179]. Among

@ Springer
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various approaches, including anode structural modifica-
tion and the introduction of interfacial catalysts, electro-
lyte engineering has proven to be one of the most effec-
tive approaches [180-182]. Based on this, several feasible
optimization directions in electrolyte engineering can be
proposed:

1. Zinc salt optimization: The selection of appropriate zinc
salts can regulate electrolyte pH and chemical stability,
thereby establishing a more favorable electrochemical
environment. Additionally, concentration adjustment
enables the expansion of the electrochemical stability
window, contributing to enhanced AZIBs performance.

2. Electrolyte additives: Incorporating various additives,
such as alkali metal ions for electrostatic shielding,
organic molecules with strong adsorption capability,
desolvation agents, SEI film precursors, and dynamic
interfacial regulators, can significantly improve Zn**
deposition behavior and suppress side reactions. Nota-
bly, these mechanisms often act synergistically rather
than independently [183]. For instance, adsorption not
only shortens the 7Zn* two-dimensional diffusion time,
increases nucleation site density, and lowers the nuclea-
tion energy barrier to promote uniform and directional
Zn** deposition, but also facilitates rapid interfacial
passivation to form a robust artificial SEI layer. There-
fore, additive design should comprehensively consider
the interaction among these multiple functional mecha-
nisms.

3. Development of advanced electrolytes: Emerging
systems, including gel and hydrogel electrolytes with
reduced free water content, offer enhanced stability and
suppressed reactivity. These systems enable AZIBs to
operate over a wide temperature range and at high cur-
rent densities, making them particularly suitable for flex-
ible and wearable electronic devices.

To aid comparison and provide clarity, Table 3 sum-
marizes the electrolyte additives discussed in this review
along with their corresponding electrochemical performance
metrics.

It is particularly noteworthy that the aforementioned
electrolyte engineering strategies must be considered in
tandem with their potential effects on cathode materials.
As summarized in Table 3, the compatibility between
electrolyte additives and cathode materials plays a critical
role in the overall electrochemical performance of AZIBs.
For instance, vanadium oxide cathodes are susceptible to
dissolution, prompting the use of Zn(CF;505),-based

© The authors

electrolytes to mitigate degradation. Vanadate-based cath-
odes often require the incorporation of metal ions to sup-
press active material leaching. Manganese-based cathodes
frequently employ mixed electrolyte systems to alleviate
Mn dissolution. For Prussian blue analogs (PBAs), con-
trolling electrolyte concentration or introducing metal ion
additives (such as Ni%") is essential to prevent structural
phase transitions and capacity fading [58, 184]. There-
fore, future research should focus on the rational design of
cathode—anode compatible electrolyte systems to achieve
coordinated optimization of full cell performance.

4 Summary and Prospects

This review highlights the electrolyte-related challenges
associated with Zn metal anode in AZIBs and discusses
corresponding strategies for their mitigation. Key issues,
including dendrite growth, HER, and surface passivation,
substantially compromise the electrochemical performance
and safety of Zn metal anodes. Dendrite formation not
only reduces the active anode surface area but also poses
a risk of internal short circuits. Concurrently, HER and
surface passivation induce energy loss and, in some cases,
can cause battery swelling, posing serious safety concerns.
The complexity and interconnectivity of these degradation
mechanisms have prompted the development of diverse
mitigation strategies, among which electrolyte structure
engineering has emerged as one of the most effective.

Based on the above, viable approaches in electrolyte
design include zinc salts optimization, the development of
functional additives, and the design of novel electrolytes.
However, several pressing challenges and emerging direc-
tions remain to be addressed:

1. Dynamic Reconstruction Techniques: Conventional
stationary interfacial modification methods often fail to
maintain long-term efficacy in complex operating envi-
ronments due to continuous microstructural evolution
and localized electrochemical heterogeneity. A dynamic
and adaptive interfacial layer capable of real-time self-
regulation is essential. Recent developments in dynamic
self-healing and dynamic interface reconstruction tech-
nologies have shown promise in stabilizing the anode/
electrolyte interface via autonomous structural recon-
figuration during charging/discharging processes.

2. Artificial intelligence (AI)-Guided Additive Screen-
ing: The integration of AI enables high-throughput

https://doi.org/10.1007/s40820-025-01950-7
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Table 3 Electrolyte additives and their impact on battery performance

Additive Device Main mechanism Cycling performance References
LiCl ZnllZn Self-healing electrostatic shield > 1000 cycles at 100 mA cm™ [100]
CE ~ 99.9%
Rb,SO, ZnllVO, Self-healing electrostatic shield 71.6% capacity retention after 500 [105]
cyclesat5 A g!
Ga(NO3), ZnllVO, Self-healing electrostatic shield 122.9 mAh g’] retained after 1500 [104]
cyclesat5 A gt
Graphene Oxide (GO) ZnlMnO, Adsorption effects 93% capacity retention after 250 cycles  [108]
atl Ag!
6-Aminohexanoic acid (6AA) ZnlMnO, Adsorption effects > 9?.5% CE over 200 cycles at 0.5 A [113]
g
SDBS (anionic surfactant) ZnlIMnO, Adsorption Effects 85% capacity retention after 1000 cycles [109]
atlAg!
Hyaluronic acid (HA) ZnllZn Desolvation 2200 h at 1 mA cm™> [121]
Hyaluronic acid (HA) ZnlMnO, Desolvation 61.4% retention after 1000 cycles at 1 [121]
Ag'!
2-Propanol ZnllZn Desolvation 500 h at 15 mA cm 2 [120]
Dodecyl sulfate (OSO;R") ZnlIN-doped  Desolvation 89.1% retention after 40 000 cycles at [122]
porous 5A¢g!
carbon
APA (amphiphilic polymer) ZnllZn Desolvation 8800 h at 1 mA cm™ [123]
PAA (polyacrylic acid) ZnllZn Desolvation 3293 h at 5 mA cm™ [124]
Zn(H,PO,), ZnllV,0s SEI formation nearly 100% CE at 0.8 A g~! over 1000  [130]
cycles
trimethylethyl ammonium trifluorometh- ZnllVOPO,  SEI formation average CE of 99.9% at 2 A g~! after [131]
anesulfonate (Me;EtNOTY) 6000 cycles
Poly (N-vinylpyrrolidone-co-methyl ZnlINVO SEI formation capacity retention of 94.33% for 60 days [132]
acrylate) dipolymer
sucrose biomolecule ZnlINVO SEI formation 73.1% capacity retention at 1 A g~! over [133]
670 cycles
N-[2-(3,4-dihydroxyphenyl)ethyl]- ZnlINVO SEI formation CE of 99.84% at 1 A g™ after 1000 [137]
2-methylacrylamide cycles
saccharin ZnlIMnO, SEI formation CE of 99.9% after 7500 cycles [138]
positively charged chlorinated graphene ZnlLMO SEI formation capacity retention of 86% after 100 [139]
quantum dot cycles
graphitic carbon nitride quantum dots ZnlMnO, SEI formation nearly 100% CE over 500 cycles [15]
SrTiO; ZnlMnO, Regulate crystal plane specific capacity of 238 mA h g~! after  [150]
200 cycles at 0.5A g™}
polyethylene glycol ZnllV,0s Regulate crystal plane capacity retention of 84% at 15 A g™ [151]
after 500 cycles
Dextran(with a 70 000 molecular ZnlMnO, Regulate crystal plane capacity retention of 83% at 1 A [152]
weight) g~ 'after 3000 cycles
2-methacryloyloxyethyl phosphorylcho-  Znl[PANI Regulate crystal plane capacity retention of 90% at 15 A g™! [153]
line and N-acryloyl glycinamide after 12,000 cycles
1-butyl-3-methylimidazolium cation ZnllVOH Regulate crystal plane capacity retention of 90% at 0.2 A g™ [154]
after 300 cycles
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screening, property prediction, and intelligent materi-
als discovery with minimal computational cost. Future
research might focus on leveraging Al for efficient addi-
tive design and formulation optimization to meet specific
requirements, such as reducing the nucleation barriers,
controlling the nucleation rate, promoting Frank—Van
der Merwe deposition, etc. These advancements will
accelerate the development of next-generation AZIBs
systems with enhanced interfacial control and electro-
chemical performance.

3. Adaptability to Extreme Conditions: Under harsh operat-
ing conditions, such as low temperatures and high cur-
rent densities, the kinetics of ion transport and interfa-
cial processes become increasingly complex. Tailoring
electrolytes to ensure high-rate capability and robust
cycling stability under such conditions remains a key
direction for future development.

4. Application-specific Electrolyte Engineering: Beyond
improving intrinsic performance, the electrolytes for
AZIBs should be tailored for diverse application sce-
narios. Strategic electrolyte modifications can broaden
AZIBs utility across fields, such as biodegradable
electronics, implantable medical devices, and flexible/
wearable systems, thereby facilitating cross-disciplinary
innovation.

Despite considerable advancements in electrolyte struc-
ture regulation, unresolved challenges related to Zn anodes
require more systematic and integrative solutions. Given
the intrinsic coupling of dendrite growth, HER, and pas-
sivation, single-strategy approaches often face inherent
limitations. Therefore, multi-functional and synergis-
tic strategies that simultaneously improve performance,
cost-efficiency, and scalability are urgently needed. In
this context, a deeper understanding of interfacial mech-
anisms and ion transport kinetics is vital for enhancing
electrochemical efficiency and prolonging battery lifespan.
Furthermore, this review emphasizes the importance of
developing electrolyte systems that are not only function-
ally robust and chemically stable but also environmen-
tally sustainable and economically viable. Future research
should incorporate comprehensive assessments of ecologi-
cal impact and cost to guide the practical deployment of
AZIBs. Given their potential in large-scale, sustainable
energy storage, continued innovation in electrolyte struc-
ture design will be instrumental in positioning AZIBs as
a leading solution for future clean energy technologies.

© The authors
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