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ABSTRACT

Aqueous zinc-ion batteries (AZIBs) are promising candidates for large-scale energy storage due to their intrinsic safety and low
cost. However, their commercialization is hampered by notorious zinc anode issues, including uncontrolled dendrite growth
and parasitic side reactions. Multiscale interfacial regulation has recently emerged as a transformative strategy to address these
challenges. This approach overcomes the limitations of single-interface modulation by constructing multilayer structures and
optimizing interface coupling, thereby providing effective anode protection. To promote uniform zinc plating and suppress side
reactions, this review comprehensively summarizes multiscale strategies that span the optimization of multi-physical fields, zinc
deposition orientation, and electrolyte solvation structures. We systematically present recent advances in applying these multiscale
strategies to zinc foil, zinc powder, and host-based anodes, as well as separators and hydrogel electrolytes, with a focus on their
design principles, underlying mechanisms, and scenario-specific applicability. Furthermore, we elucidate how this technology
achieves synergistic optimization of ion transport, deposition behavior, and the interfacial environment through functionally
complementary multilayer, Janus, or gradient interfaces, thereby systematically mitigating zinc anode failure. Finally, future
research directions and challenges are discussed, emphasizing that a profound mechanistic understanding coupled with rational
design is pivotal for unlocking the full potential of next-generation AZIBs.

1 | Introduction density, short cycle life, and prolonged charging times of LABs
severely limit their viability [8]. Consequently, there is a pressing
need to develop economical, environmentally benign, and high-

performance energy storage devices that can better complement

The development of safe and efficient energy storage systems
presents a promising strategy to overcome the inherent inter-

mittency and geographical constraints of renewable sources like
solar, wind, and tidal energy [1-5]. In the realm of electrochem-
ical energy storage, lithium-ion batteries (LIBs) dominate the
market with ~89% share, owing to their high energy density,
wide operating voltage, and long cycle life [6]. However, the
scarcity of lithium resources and the flammability of electrolytes
restrict their broader application [7]. Presently, many applications
supplementary to LIBs still rely on the more economical and
safer lead-acid batteries (LABs). Nevertheless, the low energy
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LIBs.

Aqueous zinc ion batteries (AZIBs) have attracted significant
attention in academic research due to their high energy density,
excellent safety performance, low cost, and minimal environmen-
tal requirements (Scheme 1a) [9-10]. As shown in Scheme 1b,
the conventional AZIBs consist of a cathode, a zinc metal anode,
a separator, and an aqueous electrolyte, in which Zn** ions
shuttle back and forth between the cathode and the anode
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SCHEME 1 | (a) Statistics on the advantages and disadvantages of different types of batteries. (b) The working mechanism of AZIBs. (c) The
challenges faced by zinc metal anodes. (d) Annual publication volume of different zinc metal anode protection methods.

to enable energy conversion and storage. In comparison to
organic electrolytes, aqueous electrolytes have the advantages
of enhanced safety, reduced cost, and improved ion transport
kinetics. Meanwhile, the weakly acidic nature of this electrolyte
is less corrosive to zinc metal anodes than strongly alkaline
electrolytes, reducing side reactions such as hydrogen evolution
and passivation [11-12]. The cathode materials of AZIBs comprise
manganese-based oxides, vanadium-based oxides, conductive
polymers, and Prussian blue analogs, among other categories
[13-14]. These materials typically achieve zinc ion insertion
chemical reactions through various specific structures [15-16].
However, due to thermodynamic mismatch, dynamic hystere-
sis, and uneven interface electric field, cathode materials face
problems such as structural collapse, dissolution of active ingredi-
ents, and accumulation of by-products [17-18]. Researchers have
greatly improved the electrochemical performance of cathode
materials through methods such as guest ion pre-intercalation,
defect engineering, construction of conductive networks, and
three-dimensional structural design [19-20].

The anode material used for zinc batteries is still mainly zinc
metal, although zinc-free or zinc-host anodes such as carbon-
based materials, transition metal sulfides, and organic polymers
have also been developed [21-23]. This is because zinc metal has
a high theoretical specific capacity (5855 mAh cm~ and 820 mAh
g1, a low electrochemical equilibrium potential (—=0.76 V vs.
SHE), and cost-effectiveness (22.5 ¥ kg™) [24-25]. However, zinc
metal anodes used in aqueous solutions also face some challenges
that hinder the reversibility of Zn?** ion deposition/stripping
(Scheme 1c). For example, Zn** ions tend to deposit unevenly
on the anode surface due to an uneven electric field distribution
and restricted ion diffusion, leading to dendrite formation. The
growth of zinc dendrites with a high Young’s modulus will

eventually puncture the separator and cause a short circuit in
the battery [26]. Meanwhile, this brittle zinc dendrite is prone to
fracture and form dead zinc, resulting in a loss of battery capacity
and an increase in internal resistance [27]. In addition, the
hydrogen evolution reaction (HER) occurring at the zinc metal
anode not only increases the internal pressure of the battery but
also leads to alocal rise in pH due to the consumption of hydrogen
ions [28-29]. The elevated pH promotes the reaction between
metallic zinc and water, resulting in the formation of a zinc
oxide/zinc hydroxide passivation layer, which further depletes the
active zinc. Unfortunately, the solid electrolyte interphase (SEI)
is typically absent in AZIBs, making the suppression of water-
induced side reactions and dendritic growth on zinc metal anodes
particularly challenging [30-31].

Recently, researchers have proposed various strategies to regulate
the deposition behavior of Zn** ions on the surface of zinc
metal anodes, and the number of related publications has shown
a rapid upward trend every year (Scheme 1d). The improve-
ment method contains building an artificial SEI interface [32],
alloying zinc anode [33], constructing a three-dimensional (3D)
collector [34], multifunctional separator design [35], electrolyte
modification [36-37], and employing hydrogel electrolyte [38],
etc. These methods follow several adjustment principles: [39-
41] (1) reducing the desolvation energy barrier of hydrated zinc
ions ([Zn(H,0),]*") to minimize energy loss; (2) optimizing the
electric field distribution to achieve uniform transmission of
zinc ions; (3) preventing active water molecules from directly
contacting the zinc anode, thereby suppressing the hydrogen
evolution reaction and reducing the formation of by-products; (4)
guiding the zinc metal to preferentially grow along the low-energy
(002) crystal plane to inhibit dendrite formation; (5) optimiz-
ing the migration path of zinc ions to alleviate concentration
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polarization. Among these improvement strategies, interface
engineering is widely used in AZIBs due to its strong economic
and practical value [11]. Specifically, interfacial engineering
achieves effective regulation of zinc ion deposition behavior
and water molecule interaction by constructing interfaces with
specific functions on the surface of zinc anodes, separators,
or hydrogel electrolyte [42]. These strategies can significantly
suppress the growth of zinc dendrites and reduce the occurrence
of side reactions at zinc anodes, making it an effective approach
to enhance the stability of zinc metal anodes [43]. There are
various methods to construct the interface layer, including typical
approaches such as physical coating, in-situ conversion, and elec-
trochemical deposition [11]. However, the selection of interface
materials should fully consider their intrinsic characteristics and
adaptability to the target technology, including but not limited
to key parameters such as electrochemical stability, mechanical
strength, and interface compatibility, to ensure the synergistic
optimization of the material technology system [44].

Moreover, existing research indicates that a single interfacial
protection strategy typically only offers limited mitigation for
a specific failure mechanism of zinc metal anodes (such as
dendrite growth or HER), and it is difficult to achieve coor-
dinated inhibition of multiple failure behaviors [45, 46]. In
other words, single interface protection struggles to reconcile the
inherent trade-off between “rapid ion transport” and “effective
blocking of harmful species”. The densely engineered barrier
layer, intended to mitigate side reactions, typically elevates the
energy barrier for ion migration, resulting in heightened polar-
ization and diminished rate capability of the battery. Therefore,
research efforts have increasingly focused on the development of
multilayer interface cooperative regulation systems. By design-
ing multiscale interfacial regulation layers with complementary
functions, the excellent properties of different materials can be
effectively integrated, and multiple problems, such as dendrite
formation, parasitic reactions, and interface passivation, can be
solved simultaneously through functional zoning, collaborative
coupling, and structural gradient design. For example, an inner
layer enriched with zincophilic sites can promote uniform zinc
nucleation, while an outer layer exhibiting high ionic conduc-
tivity and hydrophobicity can inhibit water-induced degradation
and facilitate efficient ion transport. Such a hierarchical and
multifunctional multiscale interfacial architecture not only sub-
stantially improves the cycling stability of zinc metal anodes but
also enables the realization of higher capacity and extended cycle
life in AZIBs.

While numerous reviews have covered interfacial regulation
strategies for AZIBs, most focus on listing materials or prepa-
ration methods, often limited to a single strategy. This narrow
focus fails to coordinate the suppression of multiple failure modes
like dendrite growth, hydrogen evolution, and corrosion [47-50].
Recently, multiscale interfacial regulation methods have gained
popularity for hierarchically controlling zinc ion diffusion and
deposition. However, a comprehensive review that systemati-
cally summarizes these emerging strategies and outlines future
research directions is still lacking. This review systematically
correlates the construction mechanisms of multiscale interfaces
in AZIBs with their control over zinc anode behavior. The
insights provided herein are intended to offer essential theoretical
guidance and viable technical pathways for advancing high-

performance, long-life, zinc-based energy storage. Specifically,
this review covers the following types of interface strategies:
construction of a multiscale interfacial protection layer for zinc
foil anode and zinc powder anode, internal/external interface
control in zinc-host anode system, collaborative design of func-
tional coatings on both sides of the separator, and interface
control in hydrogel electrolyte (Scheme 2). These strategies
enhance the overall performance of the battery by optimizing
ion transport, suppressing side reactions, and guiding uniform
deposition. Finally, this review also provides an outlook on
the future research directions and development prospects of
zinc anodes. With the increasing demand for large-scale energy
storage, it is particularly crucial to develop zinc anodes that
combine high capacity, high stability, and good economy. We
expect this review to inspire researchers to further explore new
interface materials and multi-level structure designs, pushing
the performance boundaries of AZIBs in practical applications,
and ultimately meeting the stringent requirements for elec-
trode material lifespan and safety in large-scale energy storage
systems.

2 | Regulatory Mechanism of Interface
Engineering

Eliminating zinc dendrites and suppressing side reactions are
key to improving the anode electrochemical performance of
AZIBs. It is an effective strategy to obtain high reversibility and
utilization of zinc anode to regulate the deposition behavior of
Zn?" ions by surface coating protection, electrolyte modification,
and construction of hydrogel polymer electrolyte. The core mech-
anism of these strategies lies in achieving multi-scale regulation
through interface engineering, and their common features are
reflected in the precise modification and functional design of
electrode/electrolyte interfaces. Multiscale interfacial regulation
technology achieves collaborative coupling and complementary
advantages of multiple protection mechanisms by constructing a
composite interface system with functional gradient characteris-
tics. To further reveal its mechanism of action, this section will
focus on the research of single interface systems in advance, with
a particular emphasis on analyzing their dual mechanisms of
inhibiting dendritic nucleation/growth through interface energy
barrier regulation and suppressing side reactions through inter-
face chemical reaction kinetics optimization. The collaborative
regulation mechanism of multiscale interfaces will be introduced
in subsequent sections.

2.1 | Inhibiting Dendrite Growth

According to the Nernst-Planck equation [51-52] and Butler—
Volmer equation [26, 53], the nucleation and growth rate of
crystals during electrochemical deposition are significantly influ-
enced by multiple parameters such as ion concentration, electric
field strength, convection conditions, and temperature. These
factors are positively correlated with the nucleation rate, and a
fluctuation in any of these parameters will change the nucle-
ation energy barrier for zinc metal deposition, thereby affecting
the nucleation overpotential. When the above parameters are
unevenly distributed at the electrode interface, zinc metal tends
to preferentially nucleate in local areas and grow rapidly, leading
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SCHEME 2 | Schematic diagram of multiscale interfacial regulation technologies in AZIBs.

to a decrease in interface stability and causing instability in
crystal growth morphology [54]. Ultimately, under sustained
non-equilibrium growth conditions, zinc metal tends to form
dendritic structures, which in turn affect the cycling and safety
performance of the electrode. Unfortunately, the rough surface
and impurities inside the zinc metal anode will cause uneven
distribution of local electric fields or differences in ion flux
on its surface, ultimately leading to the preferential nucleation
and growth of zinc ions in specific regions, forming protrusions
[55-56]. Even worse, this tip effect significantly enhances the
electric field strength around these protrusions, resulting in a
serious mismatch between the diffusion rate and deposition
rate of zinc ions near the tip, which in turn triggers a sharp
increase in local concentration gradient and uncontrolled two-
dimensional (2D) diffusion [24]. This positive feedback further
facilitates preferential deposition at the tip, eventually evolving
into dendritic growth. When zinc dendrites grow to a certain
extent, they will puncture the separator and cause a short circuit
in the battery. And due to their brittle nature, dendrites easily
detach from the zinc anode surface, forming “dead zinc” and
greatly reducing the utilization rate of zinc metal [57].

There are two main ways to eliminate zinc dendrites: one is
to “block,” and the other is to “guide.” For the first method,
a physical protective layer can be formed between the metal
Zn anode and the electrolyte to directly block the growth of
dendrites, such as through the use of CaCO; [58], TiO, [59],
and so on. Although this method is the most direct, microscopic
defects or inadequate edge protection in the mechanical barrier
may allow zinc dendrites to grow from weak points, causing
short circuits. In the process of zinc deposition, due to its high
volume expansion rate of about 88%, if the mechanical barrier
lacks sufficient elasticity and a deformable structure, it is prone to

stress concentration, which induces crack formation and provides
a priority path for the growth of zinc dendrites [60]. Therefore,
researchers are more committed to developing interface layers
that can induce uniform deposition of zinc ions. In terms of
regulating zinc deposition behavior, four main strategies have
been used to guide the uniform deposition of zinc ions: ensuring
a uniform zinc ion concentration field, achieving a uniform dis-
tribution of electric field strength, optimizing zinc ion migration
pathways, and inducing preferred growth of zinc along specific
crystallographic directions.

211 | Homogenizing the Concentration of Zinc Ions

The differences in the dynamics of exfoliation and deposition,
along with variations in the gravitational field, can result in an
uneven ion concentration distribution. The mismatch between
the diffusion rate and deposition rate of zinc ions in high-
concentration areas leads to a sharp increase in local current
density, exacerbating the formation of dendrites [61]. In addition,
the supersaturation of zinc ions in high-concentration areas can
trigger instantaneous nucleation, resulting in the formation of a
large number of small crystal nuclei and rapid growth to form
dendrites [62]. Therefore, a uniform zinc ion concentration will
eliminate the concentration gradient on the electrode surface,
reduce concentration overpotential, and prevent dendrite depo-
sition caused by local electric field variations [63]. Pre-setting the
migration trajectory of zinc ions is an effective method to promote
the orderly deposition of zinc ions along the channel from bottom
to top, thus avoiding local concentration polarization of zinc ions
[48]. There are two main methods to restrict the diffusion path of
zinc ions: one is a high ion conduction network constraint, and
the other is pore limitation.
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SCHEME 3 | Interface engineering in the protection mechanism of the zinc metal anode.

1. Polymer coatings with polar functional groups such as car-
bonyl (C=0) [64-65], hydroxyl (-OH) [66], sulfonate (-SO;")
[67-68], cyano group (C=N) [69], and amino (-NH,) [70]
have been found to form high-speed ion transfer networks
to alleviate the non-uniformity of ion flux. This is attributed
to the highly polar and dipolar characteristics of these
functional groups, which facilitate the uniform migration and
nucleation of Zn?* through the formation of coordination
bonds with Zn?*, thereby playing a critical role in enhancing
the cycling stability of zinc anodes [71]. In addition, certain
hydrophilic polymers can be further extended to the appli-
cation of hydrogel electrolytes. The resulting 3D network
exhibits high ionic conductivity, which facilitates uniform
zinc ion flux and enables effective regulation of global ion
distribution (Scheme 3a) [72].

2. The interface coating containing porous materials (such as
porous SiO, [73], mesoporous hollow carbon spheres [74],
3D graphene [75], metal organic frameworks (MOFs) [76]
and covalent organic frameworks (COFs) [77]) effectively
reduce the zinc ion flux density per unit projected area
through the spatial confinement effect formed by its three-
dimensional network, thereby achieving precise control of
zinc deposition kinetics (Scheme 3b) [78]. Further research
has shown that the surface of such porous materials is often
modified with abundant polar functional groups, and these
active sites can be directionally coupled with solvated zinc

ions through coordination, significantly reducing the ion
desolvation energy barrier and promoting rapid diffusion and
migration of zinc ions [79-80]. This collaborative mechanism
not only optimizes the uniformity of zinc deposition but also
provides a dual guarantee for suppressing dendrite growth.

21.2 | Homogenizing the Electric Field Strength

According to the Poisson equation (V-E = p/e, where V is the
Laplace operator, E is the potential, p is the electric charge volume
density, and ¢ is the permittivity of free space), the electric field
strength on the surface of the zinc metal anode is often positively
correlated with the ion concentration [81]. Uneven concentration
of zinc ions alters the potential distribution of the electron-
conducting layer and leads to differences in the electric field
strength in different regions of the interface, especially at higher
current densities [82]. In addition, the inherent roughness of
the zinc anode surface (such as grain boundaries and defects)
can cause local electric field distortion, forming a tip effect,
which in turn triggers the preferential growth of zinc dendrites
[83]. Therefore, it is necessary to regulate the electric field
distribution on the surface of the zinc metal anode to promote
uniform deposition of zinc ions. There are two main methods
to regulate the distribution of electric fields, including the
following:
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1. Enhancing the overall electric field strength on the surface
of zinc metal to weaken the difference in electric field
distribution. The common method is to attach materials
with high electronic conductivity to the surface of the zinc
anode, such as MXene [84], metallic silver [85], and poly(3,4-
ethylenedioxythiophene) (PEDOT) [86], which helps mini-
mize charge accumulation and form a uniform electric field
on the zinc anode surface (Scheme 3c).

2. Using high dielectric materials such as Si;N, [87], PbTiO,
[88], ZnTiO; [89] as “electric field pumps”, which generate
polarization effects under the action of external electric
fields. These materials not only significantly increase the
vertical electric field strength on the electrode surface but
also suppress the horizontal electric field component and
eliminate the local growth of zinc dendrites caused by tip
effects (Scheme 3d) [90].

2.1.3 | Reducing the Energy Barrier for Nucleation

According to classical nucleation theory, reducing the nucleation
energy barrier can simultaneously increase nucleation density
and reduce crystal nucleus size, providing a thermodynamic
basis for suppressing dendrites [91]. The common method is to
introduce zincophilic sites in the interface layer, which promote
uniform ion flux through strong ion adsorption ability and syner-
gistically regulate the nucleation and growth behavior of metallic
zinc. Zincophilic sites are divided into two types: zincophilic
metal sites and polymers with a large number of polar functional
groups.

1. The 3d/4d electron orbitals of some low electronegative
elements (such as Bi [92], In [93], Sn [94]) are prone to form
covalent bonds with the 3d orbitals of Zn**, reducing the
nucleation overpotential. In addition, the d-band centers of
these zincophilic metals are close to the Fermi level, further
enhancing the electronic coupling with Zn** [95]. According
to the classical heterogeneous nucleation theory, enhancing
the absorption/binding ability of Zn?* at the interface reduces
the nucleation energy barrier, leading to denser and more
uniform zinc deposition, which enhances the stability of the
zinc metal anode (Scheme 3e) [96].

2. Inaddition, some polar groups, such as O-H, C=0, and N-H,
present in polymer coatings form local low-energy potential
wells through the coordination of electronegative atoms with
Zn**, which can reduce the difference in Zn?* concentration
and guide the uniform deposition of Zn** [65, 70, 97]. This
directional ion transport can reduce nucleation overpotential
and suppress random dendrite growth (Scheme 3f).

2.1.4 | Inducing the Crystal Growth Direction of Zinc
Metal

The lattice structure of zinc metal belongs to the P63/mmc space
group, exhibiting a hexagonal close-packed (hcp) structure [98].
In the process of electrodeposition, the typical crystal surface
characteristics of zinc metal are mainly defined by three Miller
indices: (100), (002), and (101) planes, each with a unique atomic
arrangement [99]. Among them, when deposited along the (100)

and (101) crystal planes, zinc atoms are inclined at a large
angle of 70°-90°, making it easy to form dendrites. In contrast,
when deposited along the (002) crystal plane, zinc atoms tend
to deposit parallel to the substrate at a small angle of 0°-30°,
which effectively suppresses the growth of zinc dendrites and
the occurrence of corrosion reactions [100]. However, the atomic
arrangement of the (100) and (101) crystal planes is relatively loose
and has a higher surface energy, while the (002) crystal plane has
the lowest surface energy [101]. This energy difference promotes
the preferential deposition of zinc ions on the crystal plane
with higher surface energy, and repeated cycling exacerbates
this heterogeneity, leading to surface roughness or dendrite
formation. Therefore, maintaining a parallel orientation between
the zinc (002) crystal plane and the current collector can guide
the deposition of zinc to form a smooth morphology, which helps
to achieve stable zinc stripping and deposition processes in mild
electrolytes. In interface engineering technology, there are two
main methods for inducing zinc growth along the (002) crystal
plane: the first method is to use a heterogeneous substrate with
less lattice mismatch with the zinc (002) crystal plane to orient
zinc ion deposition, and the second method is to use physical or
chemical methods to expose more (002) crystal planes on the zinc
metal substrate, allowing it to grow along the (002) texture and
ultimately develop into a continuous plane.

1. According to the lattice distortion theory, when the interface
between the zinc coating and the substrate has a small
lattice mismatch (<15%), epitaxial deposition of zinc can
occur in the direction parallel to the substrate [102]. Some
materials with less lattice mismatch to zinc (002) crystal
planes, such as graphene [103], MXene [104-105], metallic
Cu [106-108], ZnSe [109], nitinol alloy [110], etc., are often
used to construct interfacial layers to guide the preferen-
tial orientation deposition of zinc ions. The construction
position of the interface layer can be selected from the
zinc metal surface, the current collector surface, and the
separator surface, all of which play a good regulatory role
(Scheme 3 g) [35].

2. The second method, also known as homoepitaxial deposi-
tion, exposes more zinc (002) crystal planes through pre-
treatment. The mechanism of the physical pretreatment
method is to rearrange zinc atoms through rolling or heat
treatment [111]. During the recrystallization process of grains,
the (002) crystal plane with the lowest surface energy
gradually dominates the grain orientation due to its energy
advantage [112-114]. The mechanism of the chemical pretreat-
ment method is to selectively etch the high surface energy
crystal planes on the zinc metal anode surface using chemical
reagents and acids, such as sodium hexametaphosphate [115],
glutamic acid [116], terephthalic/zirconium chloride [117],
to expose specific (002) crystal planes. During the cycling
process, these zinc ions will grow epitaxially along the
exposed (002) crystal plane and gradually connect into a
whole (Scheme 3 h).

It should be noted that the low surface energy of the (002) crystal
plane implies lower electrochemical activity and higher activa-
tion energy. In contrast, other planes, such as (101) and (100), have
lower activation energies and promote rapid reaction kinetics at
the interface. Therefore, inducing zinc ions to uniformly deposit

6 of 53

Advanced Energy Materials, 2026

85U80 |7 SUOWIWOD aAIeaID 3[cedtjdde au Aq pausenob ae sapife VO ‘@SN JO e[ 10} A%eiq18ulUO A1\ UO (SUORIPUCO-pUe-SWLRY/LIO" A3 1M AfeIq 1l |UO//:SdNY) SUORIPUOD pue swid 1 8y 88s *[9202/70/ST] uo Areiqiiauliuo felim ‘Aisienun ewioN Bueibyz Aq 1020, Wuse/z00T 0T/10p/wod A8 | im Areiq1 Ul U0 peoueAe//SdnY Wou) pepeo|umod ‘0 ‘0789 TIT



along the (101) and (100) planes to form a flat surface may result
in higher charge and discharge efficiency [98].

2.1.5 | Others

In addition to the mainstream strategies for regulating zinc ion
deposition mentioned above, dendrite suppression can also be
achieved by controlling the thermodynamic distribution on the
surface of zinc metal. La et al. [118]. constructed functionalized
heat transfer enhancement layers on both sides of the zinc foil,
effectively preventing local heat accumulation at the electrode
and successfully eliminating hot spot effects, thereby significantly
reducing thermodynamically driven side reactions and dendrite
growth rates.

2.2 | Inhibiting Hydrogen Evolution and
By-Products

Another factor restricting the practical application of AZIBs is the
decomposition of water molecules in the electrolyte. On the one
hand, the water decomposition process generates a large amount
of hydrogen gas, causing bubbles/expansion in the battery. On the
other hand, locally generated OH" further reacts with Zn** and
acidic atomic groups in the electrolyte to produce reversible by-
products that adhere to the surface of metallic zinc [119]. These
low-conductivity and loosely structured by-products increase
the interface impedance of the zinc anode, reducing the active
nucleation sites of zinc while also increasing the concentration
polarization on the electrode surface, promoting the formation
of dendrites [120]. Moreover, these loose by-products do not
hinder the continuous occurrence of the process, which will
continuously consume active zinc substances and electrolytes,
leading to a decrease in Coulombic efficiency [121].

According to different hydrogen evolution mechanisms, it can
be divided into two types: self-corrosion hydrogen evolution
and electrochemical corrosion hydrogen evolution. As is well
known, pure zinc barely reacts with pure water under normal
temperature and pressure due to its relatively low metal activ-
ity, which makes it difficult to displace hydrogen from water.
However, in fact, when zinc metal is immersed in a weakly
acidic salt solution, it spontaneously produces hydrogen gas and
by-products. This is because impurities (such as Cu and Fe)
in the zinc metal anode form micro batteries with the zinc
metal itself. Zinc dissolves preferentially as the anode (Zn —
Zn** 4 2¢7), while impurities act as the cathode to promote the
reduction of H* to H, [122]. This process is thermodynamically
spontaneous, which continuously generates H, and consumes
active zinc, resulting in a decrease in the Coulombic efficiency
of AZIBs [123]. One of the more important reasons for causing
side reactions is the electrochemical corrosion process. In neutral
or weakly acidic environments, the theoretical HER potential is
higher than the standard electrode potential of Zn?*/Zn, making
HER thermodynamically spontaneous [124]. In fact, due to the
high hydrogen evolution overpotential of zinc metal, this will
greatly inhibit the HER to a certain extent according to the Butler-
Volmer equation [125-126]. However, Zn?" has strong polarization
and a high charge, which strongly attracts it to the negatively
charged oxygen terminals of six water molecules through ion-

dipole interactions, forming a stable solvation shell [127]. This
strong interaction will cause electrons to transfer from Zn?* to
water molecules in [Zn(H,0),]**, thereby weakening the O-H
bond in water molecules and making it easier to break. During
the zinc ion deposition process, highly active water molecules in
the solvation shell undergo desolvation at the electrode interface,
resulting in a decrease in the O-H bond dissociation energy
and easier release of H*, leading to a decrease in hydrogen
evolution overpotential and ultimately causing HER and the gen-
eration of by-products [128]. In addition, the hydrogen evolution
overpotential is also affected by the roughness of the electrode
surface, operating temperature, zinc concentration, and other
factors. In response to the above situation, researchers in the field
of interface engineering have proposed various improvement
measures.

2.21 | Physical Isolating Water Molecules

Constructing a physical interface layer on the surface of the
zinc anode to prevent H,O molecules in the electrolyte from
contacting the zinc metal surface is the most direct method to sup-
press the decomposition of H,O molecules, including free water
and bound water. So far, various hydrophobic materials with
stable structures and chemical properties have been developed,
such as Mg-Al LDH [129], polydimethylsiloxane [130], hydropho-
bic adiponitrile [131], and some self-assembling supermolecules
[132], etc., to provide an isolation function (Scheme 3i). These
hydrophobic groups strip Zn** coordinated water molecules
through electrostatic repulsion, forming partially dehydrated
intermediate states. However, it should be noted that the interface
layer that completely isolates H,O molecules may hinder the
transport of Zn?*, and porous structures or gradient coatings need
to be designed to balance water resistance and ion conductivity.

2.2.2 | Reducing Coordinated Active Water Molecules

Asmentioned above, the decomposition of active water molecules
is the main culprit leading to HERs and by-products. Therefore,
another approach is to reduce the number and reduce the activity
of coordinated active water molecules of [Zn(H,0),]** to slow
down the HER:

1. Through the competitive hydrogen bonding mechanism
involving highly electronegative functional groups (such as
-COO0", -SO*, and -0-), water molecules in the solvation
shell of zinc ions are progressively displaced, as these func-
tional groups preferentially occupy the coordination sites
[133]. This facilitates the transformation of [Zn(H,0)¢]**
into a lower hydration state (e.g., [Zn(H,0);]*"), thereby
reducing the degree of hydration of zinc ions at the interface
and creating favorable conditions for subsequent deposition
reactions (Scheme 3j).

2. Some polar functional groups (such as OH-, -CONH-,
-COO, etc.) effectively anchor and bind free water molecules
and bound water released during the desolvation process of
[Zn(H,0),]** by forming a strong hydrogen bonding network
[134-135]. These highly active water molecules transition
from a “reactant” state where they can freely move and
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easily access the electrode surface to obtain electrons, to
a “bound water” state where translational and rotational
degrees of freedom are limited, thereby significantly reducing
their chemical activity and reaction probability at the elec-
trode/electrolyte interface [136]. This microscopic fixation
breaks the continuous hydrogen bonding channels that rely
on interface H* transfer, fundamentally suppressing the
hydrogen evolution side reaction that leads to battery failure.

3. Using the pore channels of microporous materials (such as
hybrid molecular sieves [137], ultra-micropores nanospheres
[138], zeolite nanoparticles [67]) to apply spatial confinement
to [Zn(H,0),]** ions, forcing some bound water to desorb
[44]. Tt should be noted that the diameter of hydrated zinc
ions is about 0.74 nm, and the micropore size needs to be
less than 2 nm to form a confinement effect, but being too
small (such as < 0.8 nm) will hinder ion entry. Therefore,
it is recommended to design graded pores, with micropores
accounting for no more than 70%, to avoid kinetic hysteresis
caused by insufficient electrolyte infiltration. In addition,
introducing oxygen/nitrogen functional groups (such as car-
boxyl and pyridine nitrogen) can reduce the desolvation
energy barrier and increase the migration number of zinc
ions [1].

2.2.3 | Increasing Hydrogen Evolution Overpotential

The last protection to prevent parasitic HER and suppress side
reactions is to increase the hydrogen evolution overpotential
on the surface of the zinc anode, which can be regulated at
multiple scales through thermodynamics, kinetics, and interface
microenvironment.

1. The first principle calculations indicate that the Zn (002)
crystal plane has the lowest surface energy, resulting in
a significant increase in the adsorption energy barrier of
H* on this crystal plane, thereby suppressing HER kinetics
[139]. The hexagonal close-packed structure exposed on
the Zn (002) crystal plane can induce the formation of a
highly ordered hydrogen bonding network at the interface of
water molecules, which contributes to the protons needing
to overcome higher energy barriers to break through the
hydrogen bonding network and reach the active site [140].
Therefore, exposing the (002) crystal plane of zinc metal as
much as possible is beneficial for increasing the hydrogen
evolution overpotential, thereby suppressing HER and side
reactions.

2. Depositing zincophilic metals (such as Pb, Cd, Bi, In, etc.)
with high HER overpotential on the surface of zinc can
reduce H adsorption energy through electronic structure
regulation [33]. Density function theory (DFT) calculations
indicate that these elements will weaken the hydrogen
adsorption capacity of surrounding zinc vacancies, thereby
increasing the Gibbs energy barrier for hydrogen evolution
[33]. And thanks to the zincophilicity of these elements,
a uniform zinc coating can be achieved. The introduc-
tion of high hydrogen potential metals can be divided
into two methods: surface deposition [92, 95] and alloying
treatment [93, 141].

3. By utilizing active functional groups in organic polymers to
selectively coordinate with highly mobile H* ions and form
stable hydrogen-bonded intermediates (e.g., H-COOH), the
concentration of free H* ions is significantly reduced, thereby
inhibiting the Volmer reaction [142]. The charge redistribu-
tion effect weakened the adsorption energy of H* on the
zinc surface, increasing the hydrogen evolution overpotential
(Scheme 3k).

3 | Multiscale Interface Construction Techniques
in Zinc Foil Anode

Constructing an artificial interphase layer on the surface of
zinc foil anodes to regulate their interaction with electrolytes
has become a common method for protecting zinc foil anodes.
Specifically, an artificial SEI layer can be constructed to isolate
H,0 molecules, promote desolvation of hydrated zinc ions, create
a uniform electric field, optimize the diffusion path of zinc ions,
and induce directional deposition of zinc ions, among other
methods [143]. However, the diffusion and deposition process
of zinc ions is complex and variable, so relying solely on a
single regulatory method has limited effectiveness. Furthermore,
poor compatibility between the coating and zinc metal may lead
to cracking or reduced adhesion during cycling, compromising
long-term electrode stability [99]. Therefore, constructing double-
layer or even multi-layer protective layers on the surface of zinc
metal anodes to synergistically regulate the deposition of zinc
ions and suppress side reactions has become a novel and effective
approach [144]. There are three methods for constructing mul-
tiscale interfaces on zinc foil anodes: pre-fabricating multilayer
interface coating, in-situ multiphasic transition, and in-situ con-
struction by electrolyte additives or eutectic electrolyte. Accord-
ing to the different types of interfaces, they can be divided into the
SEI layer, the molecular layer, and the SEI-molecular composite
layer. The multiscale interfacial regulation technologies for zinc
anodes reported in the literature are summarized in Table 1. The
majority of these studies demonstrate excellent durability of zinc
anodes. This chapter will provide a comprehensive explanation
and examples of five different methods from the perspective
of construction principles and methods, with a focus on the
construction principles and control mechanisms of multiscale
interfaces.

3.1 | Pre-Fabricating Multiscale Interface Layers

The simplest and most effective method to obtain a multiscale
interface layer is to directly construct it on the surface of
the zinc metal anode through physical or chemical means in
multiple steps. This method has a highly controllable preparation
process, enabling precise design of coating structure, thickness,
and functional layering, and facilitating the realization of multi-
functional synergy, such as a zincophilic layer and a hydrophobic
layer. Its interface has been stably formed before the cycle, and
its structure is predictable and independent of electrochemical
reactions, avoiding capacity loss and efficiency decline caused by
additive consumption. In addition, this strategy features flexible
material selection and mature technology, making it easy to
integrate with existing battery manufacturing processes. It has
great potential for large-scale application and is an efficient,
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FIGURE 1 | (a) Cross-sectional SEM images of SA-Cu@Zn and (b) corresponding EDS elemental mappings. Adsorption energy of (c) one H,O
molecule and (d) one Zn atom adsorbed on different surfaces [146]. Copyright 2023, Wiley-VCH. (e) Schematic diagram and digital photos of Cu-

(X) preparation process. (f) Schematic illustrations of Zn?* ion deposition behavior on bare Zn and Cu-40 anodes [147]. Copyright 2025, Elsevier.
(g) Schematic illustration of Zn?** ion deposition behavior on the NFZP composite layer. (h) Cycling performances of NFZP@Zn, Nafion@Zn,
Zn3(PO,4),@Zn, and bare Zn symmetrical batteries [148]. Copyright 2022, Elsevier. (i) Schematic illustration and (j) TEM cross-sectional image of the

Janus OH-F-mSiO, interphase. (k) The adsorption and desolvation mechanism of Zn?*(H,0), in Janus OH-F-mSiO, interphase [149]. Copyright 2025,

American Chemical Society.

stable, and engineerable interfacial regulation strategy for zinc
anodes [47]. Normally, the inner interface layer regulates the
uniform deposition of zinc ions by introducing zincophilicity
sites or high ion conductivity materials, while the outer inter-
face layer promotes rapid diffusion of zinc ions and acts as
a barrier to water molecules. For example, inspired by the
lotus effect, Han et al. [146]. developed a metal-organic bilayer
structure exhibiting hydrophobic properties and zincophilic on
the surface of zinc metal. The preparation process involves
the in-situ growth of copper nanorod arrays on the surface of
zinc (Cu@Zn) via chemical displacement reactions. During the
immersion of Cu@Zn in a stearic acid ethanol solution, dissolved
oxygen in the solution oxidizes the copper nanorod surface to
release Cu?*. These Cu?* then combine with stearic acid (StA)
to form a copper stearate film, creating a low surface energy
hydrophobic layer on the copper nanorods (StA-Cu@Zn), similar
to the wax layer on lotus leaves (Figure 1a,b). In this structure,
the copper stearate film on the upper protective layer repels
water molecules due to the hydrophobic nature of its long-chain

alkyl groups, thereby inhibiting HER and mitigating corrosion
(Figure 1c). The copper nanorod array embedded in the lower
protective layer offers well-ordered Zn?* transport pathways and
zincophilic sites, thereby reducing the nucleation overpotential
(Figure 1d). The StA-Cu@Zn symmetric battery, which incorpo-
rates a hydrophobic zinc bilayer SEI structure, exhibits long-term
cycling stability over 2000 h and outstanding rate performance
at a current density of 1 mA cm™? and a capacity of 1 mAh
cm™. In contrast, the zinc anode solely loaded with metallic
copper short-circuited after only 900 h of cycling at this current
density.

Similarly, Zhang and co-workers developed a Cu-based organic-
inorganic hybrid protective layer on the surface of a zinc anode,
with the difference being that this study penetrated metal copper
nanoparticles into a hydrophobic organic layer (Figure 1le) [147].
In the process of electroless copper plating, Cu?* is initially
reduced to Cu®, which subsequently nucleates and grows on
the surface of zinc, ultimately forming copper nanoparticles. As
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the reaction progresses, the functional groups in N-methyl-2-
pyrrolidone (NMP) molecules, such as the carbonyl group (C =
0), coordinate with Cu®** to form complexes. These complexes
subsequently decompose on the zinc surface and contribute to
the formation of organic-inorganic hybrid layers. The integration
of upper copper nanoparticles with a lower organic-inorganic
hybrid layer constructs a synergistic bilayer architecture. The
upper layer of copper nanoparticles serves to provide high elec-
trical conductivity and facilitate the uniform deposition of zinc
ions. The lower-layer organic-inorganic hybrid layer contributes
to enhanced mechanical and chemical stability of the overall
coating. Additionally, the organic components derived from NMP
improve hydrophobicity, reduce electrolyte penetration, and help
suppress HER and corrosion (Figure 1f). This dual-layer con-
figuration demonstrates superior performance in inhibiting zinc
dendrite formation, enhancing cycling stability, and promoting
uniform zinc ion deposition.

In addition to copper, highly electronegative metals such as
indium (In) and bismuth (Bi) can also serve as zincophilic sites. Li
and colleagues constructed a novel double-layer gradient coating
on the surface of zinc anodes, which consists of a zincophilic
Sn inner layer and an outer layer of organic polymer (noted
as OSA/PAM@Sn) [153]. The organic outer layer is prepared
by scraping cross-linked sodium alginate and polyacrylamide
(OSA/PAM), which not only isolates active water but also
promotes the desolvation process of [Zn(H,0),]*" with its rich
polar functional groups, accelerating the diffusion of zinc ions
and effectively suppressing harmful HER and zinc self-corrosion
phenomena. The inner layer of metallic stannum (Sn) is obtained
through an in-situ displacement reaction on the surface of zinc
foil. The loosely structured Sn inner layer can provide abundant
nucleation sites, which promote uniform zinc deposition in
a “bottom-up” manner and result in low overpotential. The
synergistic effect of the double-layer gradient coating facilitates
the maintenance of a smooth surface on the zinc anode during
cycling, while effectively suppressing side reactions, thereby
contributing to superior electrochemical performance.

Besides incorporating zincophilic metals, favorable outcomes can
also be achieved through the synergistic interaction between
a Zn?* ion conductive layer and a hydrophobic layer. Wang
et al. [148]. developed an organic-inorganic bilayer interface,
Nafion/Zn,(PO,), (NFZP), to enhance the stability of zinc anodes
(Figure 1g). This method forms a thin Zn,;(PO,), layer on the
zinc metal surface through an in-situ reaction, followed by
coating it with a Nafion film via impregnation. Among these,
the hydrophobic region of the Nafion membrane is capable of
blocking certain small anions, such as SO,*", as well as free
water molecules, whereas the Zn;(PO,), layer exhibits selective
conductivity for zinc ions. This synergistic protective layer can
effectively suppress the uncontrolled growth of zinc dendrites
and HER, thereby enabling an ultra-low overpotential of 45 mV
at 0.5 mA cm~2 during zinc deposition and dissolution. The
NFZP@Zn electrode demonstrates excellent cycling stability for
over 900 h. In comparison, Zn metal electrodes modified with
only a Nafion or Zn,(PO,), layer exhibit lifetimes of 280 and 320
h, respectively (Figure 1h).

Constructing coatings with hydrophilic-hydrophobic dual inter-
faces can also asynchronously regulate the deposition of zinc

ions from the perspective of desolvation. For example, Wang
et al. [149]. proposed a tandem chemical strategy and con-
structed an SEI layer featuring Janus mesoporous channels
via electrochemical-assisted self-assembly (Figure 1i). The Janus
mesoporous layer enables asynchronous acceleration of cascade
chemical reactions by decoupling the adsorption and desolva-
tion processes of Zn**. In the preparation process, fluorosilane
(PFOTMS) is first induced to preferentially self-polymerize and
condense on the zinc surface, forming fluorinated mesoporous
SiO, nanochannels (F-mSiO, layer). Subsequently, under the
influence of an electric field, tetraethyl orthosilicate (TEOS)
and cetyltrimethylammonium bromide (CTAB) micelles undergo
secondary self-assembly on the F-mSiO, layer, leading to the
formation of a hydrophilic, OH-enriched layer (OH-mSiO, layer),
ultimately resulting in a Janus structure with distinct upper and
lower functional regions (OH-F-mSiO,@Zn). Energy dispersive
X-ray spectroscopy (EDX) shows that silicon and oxygen are
uniformly distributed, while fluorine (F) is enriched in the bottom
layer (Figure 1j). In this structure, the hydrophilic upper layer
with ~OH groups captures [Zn(H,0),]** clusters via electrostatic
interactions, creating the local high Zn?>* concentrations. This
significantly shortens the diffusion path of Zn?*, reduces ion
transport resistance, and thereby mitigates concentration polar-
ization. Meanwhile, the solvation structure of Zn?* is transformed
from Zn**(H,0)507,(S04> )o.03 to Zn**(H,0)555(SO4> )14, Which
reduces the number of coordinated water molecules and lowers
the desolvation energy barrier. The hydrophobic -F groups in
the lower layer repel the solvation of H,0O molecules, thereby
reducing the activation energy of Zn** desolvation to 7.66 kJ/mol
(only 20% of that on bare zinc) and increasing the diffusion
coefficient to 1.09 x 1077 cm?/s (Figure 1k). Additionally, the
ordered mesoporous channel structure features vertically aligned
nanochannels, which significantly reduce the tortuosity of the
Zn** transport pathway and enhance the diffusion efficiency. On
the other hand, it guides the 3D uniform diffusion of Zn**, avoids
local ion depletion or accumulation, and achieves dynamic equi-
librium in the sedimentation/dissolution process. The obtained
symmetrical battery achieved over 8000 reversible cycles at high
current densities of 4 mA cm™2, which is significantly longer
than that of the single hydrophilic -OH interphase modified zinc
anode of about 500 h.

In addition to preparing double-layer coatings, some researchers
have attempted to synergistically and further regulate the depo-
sition process of zinc ions by constructing three-layer, four-layer,
or even more coatings. For example, Zhou et al. [130] fabricated
a three-layer structured artificial SEI layer, denoted as SFM, on
a zinc metal anode through the integration of molecular self-
assembly engineering, scraper coating, and air spray techniques.
During the deposition of zinc ions, the superhydrophobic inter-
face composed of trimethoxy(octadecyl)silane (OTS)-modified
nanosilicon dioxide particles in the outermost layer, together
with the polydimethylsiloxane (PDMS) middle layer, effectively
suppresses water-related side reactions. Meanwhile, the -NH,
group located in the innermost layer, which originates from
triethoxy-3-aminopropylsilane self-assembled monolayers, pos-
sesses nitrogen atoms with lone pair electrons that lower the
binding energy with zinc ions, thereby facilitating their transport
kinetics. Moreover, the highly elastic nature of PDMS can effec-
tively prevent polymer failure during the dynamic evolution of
Zn*" ions, while also serving as a uniform diffusion layer for Zn**
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during the deposition and stripping processes. Therefore, due to
the synergistic effect of the three coatings, the SFM/ZnlISFM/Zn
symmetric battery exhibits a highly reversible and stable zinc
plating/stripping behavior. Cai et al. [158] developed a simple
and controllable layer-by-layer self-assembly technique based on
spin coating to construct an ion-conductive and mechanically
robust electrolyte/electrode interface, thereby stabilizing the zinc
electrode. This layer-by-layer film is composed of chitosan (CS)
and sodium alginate (SA). Among them, CS, as a positively
charged polyelectrolyte, interacts with the surface of the Zn
anode through electrostatic forces to form the first layer of a
protective film. Its abundant amino (—NH,) and hydroxyl (—OH)
groups can strongly adsorb onto the surface of metallic Zn
via hydrogen bonding, thereby enhancing mechanical strength
and suppressing dendrite growth. Moreover, the —OH of CS
removes water molecules from the Zn?** solvation sheath via
hydrogen bonding, thereby suppressing side reactions caused
by reactive water species and reducing the desolvation energy
barrier. As a negatively charged polyelectrolyte, SA forms a stable,
gel-like double interface layer through electrostatic interactions
between its carboxyl groups (—COO~) and the amino groups of
CS. Its flexible chain structure can adapt to the volume change
of Zn deposition/stripping. Additionally, Na* in SA forms an
electrostatic shielding layer on the Zn surface, which suppresses
dendritic tip growth by preventing localized enrichment of
Zn**. A symmetrical battery composed of four CS/SA bilayers
(CS/SA,-Zn) exhibits stable performance over 6500 h of cycling.

Overall, constructing multiscale interface coatings on the sur-
face of zinc metal anodes through pre-construction methods is
convenient and widely applicable. However, its inherent static
characteristics and limited interface stability represent the pri-
mary limitations for commercial applications. This is because
the bonding between multi-layer coatings formed on the surface
of zinc foil through physical methods (such as scraping, spin
coating, sputtering) or chemical methods (such as chemical vapor
deposition, liquid-phase reaction) typically involves physical
adsorption or weak chemical interactions. During the AZIBs
cycling process, the zinc anode undergoes repeated exfoliation
and deposition, with inevitable volume changes causing stress
between protective layers, leading to coating cracking and delam-
ination. Moreover, poor compatibility between the two coatings
will significantly increase zinc anode interface impedance, rais-
ing battery polarization voltage and reducing operating voltage
and energy efficiency.

3.2 | Inducing Multiphasic Transition of A Single
Interface Layer

As mentioned above, the pre-fabricated SEI layers featuring
a multi-layer structure may undergo delamination under pro-
longed cycling conditions due to mechanical stress or chemical
corrosion, thereby compromising their protective function. In
contrast, in-situ inducing a multi-layer interface spontaneously
from a single-layer SEI interface enables real-time adaptation to
electrode deformation and electrolyte changes, preventing inter-
face delamination due to mismatched pre-coating and electrode
expansion. Additionally, the dynamically formed interface better
conforms to the surface morphology of the electrode, thereby
avoiding potential issues of poor contact that may arise with

pre-coating methods. There are two commonly used conversion
methods: one is about the displacement reaction, and the other is
about the decomposition reaction.

The core of the displacement reaction strategy lies in the sponta-
neous redox process driven by the difference in metal activity in
the electrochemical system. This strategy first performs a mono-
layer functional coating containing specific inert metal compo-
nents (such as Cu, Sn, In, etc.) on the substrate surface. Then,
when the coating comes into contact with a zinc metal anode or a
zinc-containing electrolyte, due to zinc’s lower electrode potential
(-0.76 V vs. SHE), it spontaneously undergoes a displacement
reaction with the inert metals in the coating. During this process,
zinc atoms are oxidized to zinc ions and enter the solution, while
the inert metal ions in the coating are reduced to metallic simple
substances, thereby forming a dense inert metal protective layer
beneath or on the surface of the original coating, and even further
transforming into corresponding metal oxide/sulfide interphases.
This in-situ formed multi-layer structure is not simply stacked
but naturally constructed into a multiscale interface system with
gradually changing composition, density, or function from the
inside to the outside through the control of reaction kinetics
and thermodynamics. This multiscale interfacial structure can
not only effectively regulate the distribution of zinc ion flow,
inhibit dendrite growth, but also enhance the mechanical sta-
bility and corrosion resistance of the interface, achieving an
upgrade from simple physical isolation to chemical-mechanical
synergistic protection. For example, Luo et al. [161]. used spin
coating technology to load PVDF and Cul mixed slurry onto
the surface of the zinc anode, and then constructed an organic
component copper metal composite layer on the zinc anode
(Org-Cu@Zn) through a one-step and in-situ spontaneous dis-
placement reaction (Zn + 2Cul — 2Cu + Znl,). The functional
groups present in the outer organic layer can act as active sites and
conductive pathways for zinc ion migration, thereby enhancing
ion transport kinetics. Meanwhile, its organic components can
enhance the interfacial adhesion between the copper layer and
the zinc anode. The inner layer of zincophilic copper clusters
reduces the interface resistance, which is beneficial for zinc ion
diffusion and deposition (Figure 2a). DFT calculations show that
the adsorption energy of Org-Cu@Zn is -1.06 eV, indicating that
the synergistic effect of the organic layer and the metallic copper
layer can further enhance the affinity for zinc (Figure 2b). This
distinctive double-layer structure demonstrates enhanced zinc
affinity, reduced interfacial resistance, lower nucleation energy
barriers, and improved corrosion resistance, thereby effectively
inhibiting zinc dendrite formation and mitigating side reactions.
Thus, the Org-Cu@Zn symmetric battery achieves a remarkable
lifetime of 4300 h at 1 mA cm™ and 1 mAh cm™2, surpassing
that of bare Zn (340 h), PVDF@Zn (500 h), and Cu@Zn (1750 h)
batteries.

By the same token, Zhang et al. [162] pre-prepared InF; coating
on the surface of zinc foil using a traditional coating method, and
then formed an ultra-thin ZnF, layer and an In layer through
spontaneous electroplating displacement reaction between InF;
and Zn. The final formation is a self-assembled multi-level solid
electrolyte interface (Zn@InF;) composed of InF;, In, and ZnF,
layers, arranged from the outside to the inside (Figure 2c). Among
them, the waterproof surface of InF; and the high hydrogen
evolution overpotential of metallic In jointly reduce electrolyte
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FIGURE 2 | (a) Schematic diagram of the Zn?* deposition process on Org-Cu@Zn anodes. (b) The adsorption energy of a Zn atom on bare Zn,
Cu@Zn, and Org-Cu@Zn anodes [161]. Copyright 2024, Elsevier. (c) Schematic illustration of the standing and circulating process of Zn@InF. (d)
The binding energy of Zn?** on Zn (002), InF; (104), and ZnF, (002) [162]. Copyright 2023, Springer Nature. (e) Schematic illustration of the “dual-
layer” structure and the corresponding HRTEM images of the VZSe/V@Zn anode. AFM 3D reconstruction images of the (f) bare Zn anode and (g)
ZEA@Zn anode after zinc plating [163]. Copyright 2024, Wiley-VCH. (h) Illustration of Zn deposition behavior on FAG@Zn Anodes [164]. Copyright

2023, American Chemical Society.

decomposition and hydrogen evolution. The inner ZnF, layer
has a lower absorption energy barrier and higher Zn** con-
ductivity, enabling Zn?* to preferentially adsorb onto ZnF, and
deposit uniformly (Figure 2d). Furthermore, its high resistivity
hinders local current concentration, thereby suppressing zinc
dendrites. The prepared zinc anode can achieve dendrite-free zinc
deposition/stripping for over 6000 h at almost 100% Coulombic
efficiency.

In addition to displacement reactions in the electrolyte, heat
treatment represents another effective approach for constructing
multiscale coating structures on zinc metal surfaces. At higher
temperatures, atoms have higher kinetic energy, which is con-
ducive to the formation of thermodynamically stable interfacial
phases in electrochemical environments, which may themselves
have excellent ionic conductivity and chemical stability. This
technique facilitates a reaction between the initial coating and the
zinc substrate, enabling the in situ formation of multiple protec-
tive layers. Zhang et al. [163]. proposed an in-situ transformation
strategy for the construction of a protective bilayer structure
(VZSe/V@Zn) on the surface of metallic zinc (Figure 2e). In

this process, 1T-VSe, nanosheets were uniformly deposited onto
the zinc anode via spray coating, after which the 1T-VSe, reacts
with metallic zinc in an Ar atmosphere at 300°C, resulting in
the formation of ZnSe and metallic vanadium. Among them,
vanadium atoms are predominantly concentrated at the interface
rather than within the zinc lattice, which contributes to supe-
rior corrosion resistance. This characteristic effectively inhibits
electrolyte-induced corrosion of the zinc anode and thereby
extends the operational lifespan of the battery. Moreover, the
vanadium layer regulates interfacial energy during zinc deposi-
tion, thereby promoting uniform zinc deposition and suppressing
the formation of zinc dendrites. The outer layer of VZSe, com-
posed of VSe, and ZnSe, exhibits a lower lattice mismatch with
the (002) crystal plane of zinc, thereby facilitating the ordered
planar deposition of zinc ions (Figure 2f,g). Additionally, the
VZSe layer possesses a high electronic conductivity of 1150 S cm ™,
which enhances interfacial zinc ion diffusion and improves both
ion and electron transport efficiency during the deposition and
stripping processes. The synergistic interaction between the inner
and outer layers collectively improves the cycling stability and
reversibility of the zinc anode.
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For the decomposition method, elements such as F, S, Se, and Te
in the single coating are released to form an electrically insulating
but ion-conductive dielectric layer with zinc atoms on the surface
of zinc metal [167]. This in-situ generated zinc-ion conductor
layer (such as ZnF,, ZnS, ZnSe, and ZnTe) not only optimizes the
interfacial ion transport kinetics and reduces the overpotential for
zinc deposition, but also guides the uniform epitaxial growth of
zinc along low-energy crystal planes through its own crystal ori-
entation and interfacial energy regulation, thereby synergistically
inhibiting dendrite formation and enhancing the reversibility and
stability of zinc deposition and stripping [197-198]. It is worth
emphasizing that this decomposition process is selective and
local, and does not completely destroy the overall structure and
function of the original coating. The undecomposed parts of the
original coating can still play their preset interface regulation
roles (such as providing zinc affinity sites, regulating electric field
distribution, and blocking water molecules), thereby forming
a composite interface system with functional complementarity
with the newly formed dielectric layer. This strategy of achieving
functional superposition through partial decomposition not only
continues the design advantages of single-layer coatings but
also enhances the ion selectivity and structural stability of the
interface by introducing inorganic dielectric phases, achieving
multi-level coordinated regulation of zinc deposition behavior.
For example, Shi et al. [164] constructed a dual-interface SEI
layer on the surface of the zinc anode through an in-situ decom-
position and transformation process (Figure 2h). Specifically, a
multifunctional fluorapatite aerogel (FAG) protective layer was
pre-constructed on the surface of the zinc metal anode. During
the zinc deposition/stripping process, the F atoms in the FAG
gradually released from the fluorapatite structure, and reacted
with Zn** to form ZnF, through ion exchange adsorption and
high ion electronegativity difference. The nano channels and ion
exchange sites on the outer FAG layer improve the migration
efficiency of Zn?** and reduce their desolvation energy barrier,
which helps to eliminate tip effects and suppress dendrites. In
addition, due to the hydrophobic and lightweight characteristics
of FAG aerogel, the FAG layer inhibits the side reactions and
enhances the energy density of the battery. For the inner ZnF,
layer, its high interface energy promotes the parallel deposition of
Zn** along the (002) crystal plane, further eliminating dendrites.
Based on the synergistic effect of outer and inner interfaces, the
FAG@Zn symmetric battery achieves excellent cycling stability
for over 4000 h at a current density of 1 mA cm~2. Another
design concept is to introduce highly electronegative atoms such
as F, S, and Se into functionalized matrices (such as Mxene
[199], graphite [200], or composite coatings) during the material
synthesis stage, to construct precursor structures with ion release
potential. During the battery charging and discharging process,
these anions are controllably released under the drive of an
electric field or chemical potential, and then react with the
Zn** on the zinc metal surface or in the electrolyte to in situ
generate inorganic solid electrolyte interface layers with good
Zn** conduction ability. For instance, Ge et al. [201]. designed and
prepared a fluorinated carbon dots (F-CDs) artificial interphase
layer, which possesses three zincophilic functional groups (-C
= 0, -CHO, -F). DFT calculations confirmed its extremely
strong Zn** adsorption capacity, which is conducive to uniform
nucleation. Meanwhile, the hydrophobic property of the C-F
group can block H,0 molecules, suppress hydrogen evolution,
and corrosion. More importantly, the -F functional group can

in situ induce the formation of a ZnF, layer during cycling,
which acts as a solid Zn** conductor to further guide uniform
deposition. The synergistic effect of these two layers enables fine
control over the zinc deposition behavior, effectively suppressing
dendrite growth and side reactions. As a result, the Zn@F-CDs
anode achieved an ultra-long stable cycling of over 3500 h in a
symmetrical cell.

In conclusion, constructing multi-layer coatings through in-situ
multiphasic transition represents a highly intelligent, efficient,
and advanced strategy with significant industrial potential. The
key advantage of this approach lies in the formation of a
robust and adaptive integrated interface. This adaptive formation
ensures uniform interfacial contact and effectively mitigates
dendrite growth induced by high local current density. Moreover,
the mixed SEI utilizes the high hardness and strength of inorganic
components, which can significantly inhibit the growth of metal
dendrites. The organic components in the mixed SEI can ensure
sufficient flexibility to adapt to volume changes during metal
plating/stripping processes. It should be noted that the selected
material must be easily coated and capable of controlled, benefi-
cial chemical reactions within a specific electrochemical window
to form an ideal multilayer structure. This demands considerable
foresight and rigorous screening in material chemistry and
electrochemistry, resulting in a high research and development
barrier. Furthermore, the extent and kinetics of the conversion
reaction, as well as the homogeneity of the final product, may be
influenced by various factors, including electrolyte composition,
current density, and operating temperature.

3.3 | In Situ Fabricating A Multiscale Interface
Layer Using Electrolyte Additives

In the strategy of in-situ constructing the SEI layer on the zinc
metal surface by using electrolyte additives, the core mechanism
lies in the preferential reduction, adsorption, or coordination
reactions of the additive molecules at the zinc anode interface
during the electrochemical cycling process, thereby controllably
generating multiscale interfacial phases with specific structures
and functions [202-203]. The additive molecules typically contain
highly electronegative functional groups (e.g., F, S, N, O), which
migrate toward the zinc surface under an electric field and
form an inorganic inner layer of zinc salts (e.g., ZnF,, ZnS,
ZnO) and an organic-rich outer layer via chemical decompo-
sition, electrochemical reduction, or reaction with zinc ions
or electrolyte components [204-205]. The in-situ construction
of a multiscale interfacial layer using electrolyte additives has
significant advantages over traditional coating methods: (1) The
in-situ formation of a multiscale interface layer using elec-
trolyte additives offers strong interfacial adhesion and avoids the
poor physical contact issues associated with traditional coating
methods. (2) Electrolyte additive molecules dynamically regulate
electrolyte interface growth, adapt to electrode surface changes,
and ensure uniform nanoscale coverage. (3) The in-situ formation
of a multiscale interface layer usually has self-healing ability,
avoiding problems such as uneven thickness or cracks caused by
process influences. (4) The SEI formed by the in-situ method has
high Zn?" conductivity and selectivity compared to the coating
method, which can greatly improve the diffusion efficiency of
Zn?**. (5) The construction method is simpler and can form a

Advanced Energy Materials, 2026

17 of 53

85U80 |7 SUOWIWOD aAIeaID 3[cedtjdde au Aq pausenob ae sapife VO ‘@SN JO e[ 10} A%eiq18ulUO A1\ UO (SUORIPUCO-pUe-SWLRY/LIO" A3 1M AfeIq 1l |UO//:SdNY) SUORIPUOD pue swid 1 8y 88s *[9202/70/ST] uo Areiqiiauliuo felim ‘Aisienun ewioN Bueibyz Aq 1020, Wuse/z00T 0T/10p/wod A8 | im Areiq1 Ul U0 peoueAe//SdnY Wou) pepeo|umod ‘0 ‘0789 TIT



double- or multi-layer structure with complementary functions
in one step, making it more suitable for large-scale production.

A commonly employed approach involves utilizing organic com-
pounds that contain highly electronegative elements as either
electrolytes or electrolyte additives. These organic compounds
can react with zinc anodes and electrolytes to form zinc-based
semiconductor materials, such as ZnS, ZnF,, and ZnSe, while
simultaneously generating organic layers. The generated zinc-
based semiconductor material, functioning as an efficient Zn>*
conductor, facilitates the complete desolvation of hydrated Zn**
ions, ensures a uniform Zn?* flux, and promotes homoge-
neous zinc nucleation [164-165]. In addition, the accompanying
organic/inorganic layer can isolate water molecules and reduce
the generation of by-products [178]. For example, Meng et al.
[206] developed a robust bilayer SEI by incorporating 1,3-
dimethyl-2-imidazolidinone (DMI) as an electrolyte additive.
In the construction process, DMI molecules undergo electro-
chemically induced redox reactions through electron-driven and
proton transfer mechanisms, decomposing into dimethylamine
and carbon dioxide. Subsequently, dimethylamine rapidly com-
bines with H* and SO,2" in the solution to form [C,H;,N,]SO,.
Meanwhile, the decomposed CO, dissolves in the electrolyte
and reacts with zinc ions to form ZnCO;. At the same time,
a small amount of SO,2~ adsorbed on the surface of the zinc
electrode undergoes reduction during both electron-driven and
proton-driven processes, generating S*~, which subsequently
reacts with zinc ions to form ZnS (Figure 3a,b). The outer layer,
enriched with crystalline ZnCO;, enhances mechanical stability
during repeated zinc plating and stripping processes, whereas the
amorphous ZnS inner layer facilitates uniform zinc ion transport,
leading to homogeneous and dense zinc deposition. Moreover,
the [C,H,N,]SO, present around the double-layer SEI exhibits
high viscoelasticity and can accommodate substantial volume
changes during the Zn electroplating and stripping processes,
thus ensuring the mechanical stability of the SEI. Therefore, this
synergistic bilayer SEI can regulate the uniform transport of zinc
ions, thereby enabling uniform and dendrite-free zinc deposition
(Figure 3c). It simultaneously ensures homogeneous Zn?* trans-
port and sustained mechanical stability, thus enhancing the zinc
electrode’s high utilization rate and Coulombic efficiency.

In a similar manner, Li et al. [171] developed a low-concentration
aqueous electrolyte based on Zn(OTF), and Zn(NO,),, and
successfully constructed a stable inorganic-organic hybrid SEI
composed of ZnF,, Zns(CO;),(OH)s, and an organism on the
surface of the zinc metal anode through in-situ conversion
technology (Figure 3d). Simply put, when zinc metal comes into
contact with this mixed electrolyte, a dense in situ passivation
layer of Zny(OH)4(NO;),-2H,0 forms on its surface. This layer
not only prevents water molecules from coming into contact
with the zinc surface but also possesses self-healing properties.
Subsequently, this layer will gradually transform into a more
stable Zn;(CO;),(OH), phase, accompanied by the formation of
an SEI film composed of an organic outer layer derived from
CF;S0O;~ and NO;~ reaction products, as well as a ZnF, inner
layer. The highly flexible organic outer layer effectively prevents
cracking of the SEI caused by volume changes during cycling,
while facilitating the migration of solvated Zn?*. The hydrophobic
ZnF, inner layer further removes solvated water molecules,
thereby suppressing water decomposition and inhibiting zinc

dendrite formation by preventing direct contact between the zinc
anode and electrolyte, while still permitting the transport of Zn?*.
Owing to this double-layer gradient structure, the assembled
titanium-zinc battery achieves a Coulombic efficiency as high as
99.8% over 200 h. Zhu et al. [170] introduced sodium thioctate (ST)
into the zinc sulfate electrolyte and constructed a stable bilayer
electrolyte-electric double layer-electrode-electrolyte interface on
zinc and manganese dioxide electrodes. During this process, ST
anions are selectively adsorbed onto the surface of the zinc anode
via electrostatic adsorption and electrochemical interactions,
leading to the formation of a densely packed coating layer.
Subsequently, the ST molecules adsorbed onto the electrode
surface undergo in situ polymerization at the interface, resulting
in the formation of a poly(zinc thioctate) (PZT) layer. At the same
time, ST molecules partially decompose on the electrode surface,
combine with Zn to form ZnS, and further hybridize with organic
components to construct an inorganic-organic composite inner
layer. Ultimately, SEI comprises an outer layer of PZT polymer
and an inner layer of ZnS organic amorphous material, thereby
forming a stable bilayer structure (Figure 3e). The outer PZT
layer improves the mechanical stability of the SEI, whereas the
inner ZnS layer effectively regulates Zn** ion flux, promoting
uniform ion deposition and dissolution. This can be observed
in the morphological evolution of zinc deposited from different
electrolytes (Figure 3f). In addition, this bilayer structure signifi-
cantly enhances the mechanical strength and chemical stability of
the SEI, effectively suppressing electrode volume expansion and
structural degradation during cycling. Moreover, the dynamic
disulfide bonds in ST molecules possess the capacity to break and
reform, thereby endowing the SEI with self-healing properties
and enabling the repair of interfacial damage during prolonged
cycling.

Moreover, researchers have found that in situ constructing a layer
of water-insoluble zinc-based oxygen-containing acid salts (such
as ZnCO; and Zn(PO;),) on the surface of zinc anodes can also
act as physical barriers, guiding the orderly deposition of zinc
ions through graded confinement and thereby extending the cycle
life. On the other hand, this layer regulates the Zn>* flux through
electrostatic interactions, reduces nucleation overpotential, and
promotes smooth deposition [24, 207]. For example, Li et al. [172].
proposed a chelating-ligand additive strategy to construct an in
situ inorganic/organic hybrid bilayer interface (Figure 3g). This
process employs diethylenetriaminepenta (methylenephospho-
nic acid) sodium salt (DS) as an additive, and its -PO; functional
group, which exhibits more negative adsorption energy (—3.52
electron volts), preferentially adsorbs onto the zinc surface, form-
ing a cross-linked network through zinc-oxygen bonding. During
the reduction process, DS anions with a lower lowest unoccupied
molecular orbital energy of 0.34 eV decompose preferentially,
forming an inorganic SEI layer enriched with Zn(PO;), near the
zinc surface. At the same time, the carbon skeleton crosslinks
and forms an organic layer on the surface of the SEI, resulting
in the formation of an inorganic/organic hybrid SEI interface
(Figure 3h). The Zn(PO,), inner layer effectively prevents direct
contact between the zinc metal and active water molecules in
the electrolyte, significantly suppressing corrosion reactions and
HER, while simultaneously regulating the Zn?* ion flux at the
interface and promoting uniform zinc deposition. Moreover, its
organic outer layer further prevents harmful substances in the
electrolyte from corroding the zinc metal anode, while strong
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FIGURE 3 | (a,b) HRTEM images of bilayer SEI on the Zn surface in ZnSO4-DMI electrolyte. (c) AFM images of Zn deposited on Cu foil with
bilayer and without SEI [206]. Copyright 2024, Springer Nature. (d) Formation mechanism of ZnF,-Zns(CO3),(OH)s-organic SEI [171]. Copyright 2021,
Wiley-VCH. (e) FIB-TEM images of cycled Zn anode in ST/ZnSO, electrolyte. (f) Morphological evolution of Zn depositing in different electrolytes [170].
Copyright 2025, Wiley-VCH. (g) Schematic of the organic/inorganic hybrid SEI from the BE-DS electrolyte on the Zn anode. (h) SA-TEM images of the
interphases on the Zn surface from the BE-DS electrolyte [172]. Copyright 2025, American Chemical Society. (i) HR-TEM images of the Zn anode surface
in 0.03 M HL/ZnSO, electrolyte. (j-k) In situ Raman spectra of v-SO,%~ band in different electrolytes [173]. Copyright 2025, Elsevier. (1) Cross-sectional
SEM of PT-ZHC-Sn@Zn. (m) Hierarchical cascade modulation mechanism of Zn?* deposition behavior on the PT-ZHC-Sn layer. (n) Gibbs free energy

AGH* and adsorption configurations of an H atom on Zn, Sn, ZHC, and PT substrates [174]. Copyright 2024, Wiley-VCH.

adhesion among the organic layer, inorganic layer, and zinc
metal matrix ensures the stability and durability of the SEI layer.
Therefore, this symmetrical Znl|Zn battery exhibits a long cycling
life exceeding 1700 h at a current density of 5 mA cm™2. Moreover,
the zinc-iodine battery retains 71.3% of its initial capacity after
1100 cycles.

Likewise, Sun et al. [173]. introduced L-carnitine (HL) as an
electrolyte additive to form a dynamic organic-inorganic bilayer
SEI, thereby enhancing the stability of the zinc anode. In a
weakly acidic ZnSO, electrolyte, HL molecules tend to exist
in both protonated (H,L*) and deprotonated (HL™) forms. The
protonated species (H,L*) selectively adsorbs onto the surface
of the zinc anode, forming a novel organic protective layer with

reduced water content. This layer effectively mitigates interfacial
concentration polarization, homogenizes the Zn?* ion flux, and
suppresses dendrite formation. And H,L* interacts with Zn**
and other components in the electrolyte through its protonation,
forming an amorphous organic inner layer. This inner layer is rich
in C-N bonds and exhibits good flexibility. The autonomously
released HL™ exhibits strong nucleophilic coordination with Zn?*,
disrupting the original solvation configuration and thereby lower-
ing the desolvation energy of Zn**. Subsequently, HL™ undergoes
decarboxylation to generate CO,, which reacts with Zn** to
construct a well-ordered ZnCO; crystalline layer on the outer
surface of the SEI. This inorganic outer phase efficiently hinders
the penetration of water molecules, mitigates HER and by-
product formation, and concurrently enhances the mechanical

Advanced Energy Materials, 2026

19 of 53

95UB01 7 SUOLULUOD 9AIIE1D 3[edl[dde sy Ag peusenob ke sapie O ‘8sn J0 S9Nl 1o} Akeid1T8UIIUQ AB]IA UO (SUOTHPUOD-PUR-SULIBYW0D" AS 1M ARIq 1jBul JUO//:SdNL) SUOTIPUOD PUe SWie 1 841 89S *[9202/70/ST] uo AreigiTauliuo A8|im ‘AisieAlun euloN Buelbyz Aq v0,02 Wuse/z00T 0T/I0p/W0d™A8 | im Akeiq Ul |uo psoueApe//Sdny WOl pepeojumod ‘0 ‘0v89rTIT



robustness and structural integrity of the SEI (Figure 3i). As
shown in the in-situ Raman spectra presented in Figure 3j.k, the
Raman signal intensity remains notably more stable in the 0.03 M
HL/ZnSO, electrolyte compared to the pure ZnSO, electrolyte
during the entire Zn?* deposition process. This indicates that
the incorporation of HL facilitates the formation of a bilayer
dynamic SEI, which efficiently modulates the Zn?* ion flux
at the electrode/electrolyte interface, thus improving interfacial
stability. Therefore, under the current density of 1 mA cm=2 and 1
mAh cm~2, the cycle life of the ZnllIZn symmetric battery exceeds
5500 h.

There are also literature reports on using the reduction product
of dimethyl carbonate to construct an outer protective layer to
reduce the Hammett acidity of the electrolyte and minimize the
side reactions between water molecules and the zinc anode. Con-
structing an inorganic inner protective layer mainly composed of
Zn-Cl and Zn-0 bonds to promote the rapid transport of Zn** and
ensure the kinetic performance of electrochemical reactions [175].
Another work uses polyvinylidene fluoride trifluoroethylene
chlorotrifluoroethylene copolymer as an ultra-thin amorphous
outer layer, directly isolating the contact between the electrolyte
and metallic zinc to reduce side reactions. The inner layer is rich
in inorganic components such as ZnF,, ZnS, ZnO, and ZnCO;,
forming gradient ion channels that promote uniform diffusion of
Zn?* and reduce local current density [182].

Another method is to add zincophilic metal salts (such
as SnCl,, InCl;, and CdCl,) to the electrolyte, which can
generate zincophilic metal sites in situ on the surface of the
zinc anode to regulate the uniform deposition of zinc ions
and suppress parasitic HER. For example, Shao et al. [174]
prepared a triple-gradient poly(diallyldimethylammonium)
bis(trifluoromethanesulfonyl)imide (PDDA-TFSI)-Zns(OH);Cl,-
‘H,0-Sn (PT-ZHC-Sn) artificial layer through in-situ self-
reconstruction and solvent evaporation strategy (Figure 31).
Simply put, by coating PDDA-TFSI with an NMP solution
of SnCl, on the surface of zinc metal, an in-situ reaction
spontaneously occurs during vacuum drying: SnCl, reacts with
Zn to form a bottom layer of metallic Sn layer, while Zn**
and OH/CIl” form an intermediate layer of ZHC nanosheets,
and the outermost PT layer is formed by phase separation.
Among them, the PT layer binds SO, ions through electrostatic
interactions and facilitates the desolvation of Zn** ions. The
ZHC layer functions as a rapid transport channel for Zn?* ions,
while simultaneously suppressing electrolyte decomposition
and zinc nucleation at the interface. The metallic Sn layer
provides abundant zinc nucleation sites, promoting the uniform
deposition of Zn*" ions (Figure 3m). Additionally, density
functional theory calculations showed that the Gibbs free energy
(AGH*) values exhibited by PT, ZHC, and Sn during hydrogen
adsorption were significantly higher than those of naked Zn,
indicating that the PT-ZHC-Sn layer effectively suppressed the
HER (Figure 3n). As a result, the PT-ZHC-Sn@Zn symmetric
battery demonstrated an exceptionally long cycling stability,
maintaining performance for more than 6500 h under a current
density of 0.5 mA cm™ and an area capacity of 0.5 mAh cm™.
This lifespan is markedly superior to those of the ZHC-Sn@Zn
electrode (approximately 1245 h) and the Sn@Zn electrode
(around 980 h), and is nearly 46 times greater than that of the
bare Zn electrode, which lasted about 255 h. Similarly, when Snl,

is used as an electrolyte additive, it participates in a displacement
reaction with the zinc metal during the electrochemical cycling
process, resulting in the formation of a double-layer interface
between the electrolyte and the zinc anode [184]. This interface
consists of an Sn-based protective inner layer that is compatible
with zinc, as well as an iodine-enriched adsorption outer layer.
The zincophilicity of the Sn layer makes the diffusion energy
barrier of Zn** on the Sn (200) crystal plane lower than that on
the pure Zn (002) crystal plane, promoting uniform nucleation.
The I” ion rich adsorption layer repels SO,2~ and reduces active
H,O contact, inhibiting the formation of Zn,SO,(OH)s-H,O
by-products. The assembled symmetrical battery was cycled for
1660 h at 5 mA cm~2/5 mAh cm~2, with a cumulative galvanized
capacity of 11.6 Ah cm™2.

In conclusion, the in situ construction of dual- or multi-
layer SEI layers using electrolytes or electrolyte additives has
excellent interface compatibility and self-healing ability. The
additive molecules preferentially reduce, decompose, or adsorb
on the zinc anode surface under an electric field, forming an
SEI interface layer that accommodates volume changes and
morphological evolution during zinc deposition and dissolution.
Microcracks in the interface layer during cycling can be dynam-
ically repaired by continuous replenishment of free electrolyte
additives. The interface layer is formed directly on the zinc surface
via molecular-level reactions, enabling seamless atomic bonding
without physical gaps. This results in a thin, uniform layer
that minimizes interfacial ion transport resistance. However,
SEI formation from additives during the first charge-discharge
cycle is irreversible and consumes zinc ions and electrolyte
permanently, reducing the battery’s initial coulombic efficiency
and causing capacity loss. For high-energy-density applications,
this represents a drawback that must be carefully balanced.

3.4 | In Situ Fabricating A Multiscale Interface
Layer Using Eutectic Electrolyte

In addition to using electrolyte additives, a dual- or multi-
interface SEI layer can also be constructed through eutectic
electrolytes. The eutectic electrolyte in AZIBs is a low eutectic
system formed by specific salts (such as ZnSO, or ZnCl,) and
solvents (such as ethylene glycol, propylene glycol, and other
polyols) [204]. Its core advantage lies in inhibiting dendrite
growth, reducing side reactions, and improving interface stability
by regulating the solvation structure of Zn>* [208]. Moreover, dur-
ing the electrochemical cycling process, the eutectic components
at the zinc electrode interface undergo preferential reduction or
decomposition and are in situ transformed into a stable SEI layer
mainly composed of inorganic zinc salts such as ZnF, and ZnS.
This SEI layer has good Zn?" conductivity and can effectively
prevent direct contact between water molecules and active zinc
[209]. Compared with the strategy of electrolyte additives, the
core advantage of using an eutectic electrolyte to construct
multiscale interface layers is that it can spontaneously assemble a
dense, uniform, and stable solid electrolyte interface facial mask
on the zinc anode surface through strong coordination [210].
The interface layer maintains a dynamic equilibrium with the
bulk electrolyte. Unlike systems that rely on sacrificial additives,
this prevents the protective effect from diminishing over time,
resulting in superior long-term cycling stability.
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FIGURE 4 | (a) Scheme of Sn/Zns(OH)sCl,-H,O bilayer interface structure. (b) Atomic structures and related surface/interfacial energies of
Zns(OH)gCl,-H, 0 surface, Zn surface, Zns(OH)gCl,-H,0(001)IZn(101) interface [185]. Copyright 2021, Wiley-VCH. (c) Schematic illustrations depicting
the Zn?* solvation structure and electrochemical processes at the Zn/electrolyte interface within a hybrid hydrated eutectic electrolyte system. (d) XRD
profiles of Zn anodes following cycling in 2 M Zn(ClO,), and the ZG-14/In-30 hydrated eutectic electrolyte. (e) Scanning electron microscopy image of
the cycled zinc electrode obtained via focused ion beam, along with the associated elemental mapping [186]. Copyright 2024, Wiley-VCH. (f) Schematic
representation of the interfacial characteristics within a hydrated eutectic electrolyte system. (g) 3D ToF-SIMS imaging of F~ and BO~ species on the
surface of Zn electrodes after cycling in Ace-6 and Ace-8 electrolytes. (h) CA profiles of the Zn electrode in aqueous and selected eutectic electrolytes [187].
Copyright 2024, Wiley-VCH. (i) Schematic of the in-situ generated gradient organic/inorganic hybrid solid-electrolyte interphase. (j) Schematic diagrams
of the Zn deposition behavior in the ZBFD electrolyte (above) and the ZnSO4 electrolyte (below) [190]. Copyright 2023, Royal Society of Chemistry.

For example, Cao et al. [185] introduced a eutectic electrolyte
composed of SnCl, and ZnCl,, and in situ formed a zin-
cophilic/zincophobic bilayer interface (Sn/Zns(OH);Cl,-H,0) on
the surface of the zinc anode (Figure 4a). During construction,
metallic Sn preferentially deposits on the current collector due
to its higher reduction potential (0.62 V vs. Zn/Zn?") compared
to Zn**. The deposited Sn is zincophilic, which reduces the
overpotential of Zn deposition, promotes uniform Zn deposition,
and suppresses side reactions due to its high hydrogen evolution
overpotential. Based on the Sn layer, Zn?* reacts with OH/CI" in
the electrolyte to form a Zn;(OH);Cl,-H, O layer. DFT calculations
indicate that the surface energy of the Zn;(OH);Cl,-H,O layer
is 1.03 T m~2, which is significantly higher than that of Zn (0.38

J m~2), demonstrating strong zincophobicity (Figure 4b). There-
fore, Zn** will deposit between the two SEI interfaces, and the
Zns;(OH);Cl,-H,O0 layer effectively inhibits the penetration of Zn
dendrites through physical barriers and reduces interface energy.
In addition, the hydrophobicity of Zn;(OH);Cl,-H,O electrolyte
interface facial mask further inhibits HER. Experiments have
shown that Znl|Zn symmetric batteries can stably cycle for 500
h at 3 mA/cm?.

In the same way, Wan et al. [186] formed a zincopho-
bic/zincophilic bilayer interphase through in-situ dissociation-
reduction of a hydrated eutectic electrolyte consisting of
Zn(Cl0,),-6H,0, ethylene glycol (EG), and InCl; on the
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surface of a zinc anode (Figure 4c). The top of the bilayer
interphase is composed of the dissociation-reduction products of
eutectic molecules (Zn(Cl0O,),-6H,0 and EG), including organic
components (C-Cl components) and inorganic components
(Zns(OH),Cl,-H,0 and ZnCO,) (Figure 4d). On the one hand,
this zincophobic layer inhibits side reactions by blocking direct
contact between active water and the zinc anode. On the
other hand, its organic-inorganic hybrid structure enhances
the mechanical stability of the SEI interphase. The bottom of
the bilayer interphase is a metal indium layer formed by the
spontaneous displacement reaction of InCl; in the electrolyte
and attached to the surface of the zinc anode (Figure 4e).
This zincophilic layer exhibits a low zinc nucleation energy
barrier, thereby facilitating the preferential deposition of (002)
crystal planes and effectively suppressing dendrite formation.
Combining the limiting effect of liquid eutectic network on
H,0 molecules, the assembled ZnllZn symmetric battery can
cycle 3000 times at a current of 1 mA cm~2, the cycle life can be
extended to 2500 h at 50°C and 800 h at -50°C.

Adding organic compounds to eutectic electrolytes can sponta-
neously construct a dense and flexible organic-inorganic com-
posite SEI film on the surface of zinc, effectively inhibiting
dendrite growth. For example, Wang et al. [187]. developed a
gradient-structured and robust solid gradient SEI, consisting of B,
O-inner layers and F, O-exterior layers, for achieving uniform and
reversible deposition of zinc (Figure 4f,g). This structure is in situ
formed through a hydrated eutectic electrolyte system composed
of zinc tetrafluoroborate (Zn(BF,),) and acetamide. Specifically,
BF,” is confined to the solvation sheath of Zn?' in eutectic
electrolytes, inhibiting its hydrolysis to HF and generating boron-
containing oxides through electrochemical reduction reactions.
The inner layer, rich in boron and oxygen, has high zinc ion
permeability, enabling uniform lateral diffusion and preventing
local accumulation (Figure 4h). The outer layer is coordinated
by the C = O of acetamide and Zn**, and decomposes during
electrodeposition to form an organic-inorganic hybrid interface
enriched with F/O species. The high mechanical strength of ZnF,
inhibits dendritic puncture, while organic components enhance
interfacial flexibility. The assembled ZnllZn symmetric battery
was cycled for 4400 h at 0.5 mA cm™2, and the Znl|IPANI full
battery maintained a capacity of 73.2% after 4000 cycles.

Similarly, Meng et al. [190] used a eutectic electrolyte (ZBFD)
composed of BF,” and dimethyl ether (DME) to form a gra-
dient organic/inorganic hybrid SEI layer on the surface of
the zinc anode through in-situ chemical reconstruction. The
ZnF, produced by BF,” hydrolysis accumulates near the zinc
metal interface, while the decomposition products of DME, like
hydrocarbons and carbon oxides, gradually decrease in the outer
layer, forming an organic-to-inorganic compositional gradient
(Figure 4i). The inner ZnF, layer prevents H,O molecules from
contacting the zinc anode, greatly reducing hydrogen evolution. It
also improves Zn** diffusion at the interface, promoting epitaxial
growth along the low-energy (002) crystal plane (Figure 4j). The
flexible organic components in the outer layer alleviate the stress
during the zinc deposition/stripping process, preventing the SEI
layer from cracking. And the organic layer guides the uniform dif-
fusion of Zn?* through gradient component distribution, avoiding
dendrites caused by excessive local concentration. The synergistic
effect of the inner and outer layers achieves a “balance of rigidity

and flexibility” interface stability, resulting in a lifespan of 2200
h at 5 mA cm™ for ZnllZn symmetric batteries, and no capacity
degradation for Znl|V,0; full battery after 22 000 cycles.

Overall, the key to constructing multiple interfacial layers using
eutectic electrolytes is to achieve precise control of their “bottom-
up” assembly process. It is necessary to ensure strong and stable
chemical anchoring between the eutectic components and the
zinc substrate, rather than physical adsorption, to ensure the
structural integrity of the interfacial layer during cycling. In
addition, the thickness and density of the interface layer need
to reach an optimal balance. Excessive thickness will increase
ion migration resistance, while excessive thickness may lead to
insufficient protection.

3.5 | In-Situ Fabricating Multiple Molecular
Layers With the Electrolyte Additive

Although in-situ or ex-situ fabrication of multiscale interface arti-
ficial SEI layers on the surface of zinc metal anodes offers notable
advantages over single-interface artificial SEI layers, these arti-
ficial SEI layers still face certain limitations, including limited
flexibility, low ionic conductivity, and potential environmental
toxicity [44]. And the thickness of these coatings is usually over
tens of micrometers, which reduces the energy density of the bat-
tery and hinders its further commercialization [24]. More impor-
tantly, the diffusion of zinc ions across the interface layer involves
overcoming a certain energy barrier, thereby necessitating precise
control of the layer thickness to minimize the diffusion path
as much as possible [195]. In contrast, developing complex and
robust biomolecular artificial interface layers through molecular-
level chemical design holds significant research value. During
the construction process, the functional molecules (such as
amphiphilic molecules, biomolecules, or silane coupling agents)
are usually firmly anchored to the zinc substrate through strong
terminal chemical interactions (such as Zn-S, Zn-N covalent
bonds or coordination bonds, electrostatic adsorption, etc.) to
form the first layer of adsorption [211]. On this basis, through
intermolecular hydrogen bonds, hydrophobic interactions, 7-7
stacking, or electrostatic interactions, the molecules are further
guided to self-assemble in an ordered manner in the vertical or
horizontal direction, thereby constructing multi-layer interfaces
with clear chemical gradients and structural orientations [212].
These multi-molecular layers can effectively inhibit dendrite
formation by regulating the migration pathway of zinc ions or
guiding the preferred deposition of Zn (002) crystal planes [213].
From the perspective of construction principles, multi molecular
layer artificial interfaces can be divided into the following three
typical strategies, whose core lies in achieving ordered assembly
and functional integration of interface structures through precise
and controllable intermolecular interactions: (1) By utilizing a
single amphiphilic molecule and relying on its different affinities
with zinc metal/electrolyte, it spontaneously arranges vertically
at the interface to form a functionally distinct bilayer structure. (2)
By enhancing the interactions between the head or tail groups of
molecules (such as hydrogen bonds), amphiphilic molecules can
self-assemble in a “head-to-head” or “tail-to-tail” manner, form-
ing a sandwich multilayer interface with a denser structure and
higher mechanical strength. (3) Assemble two or more molecules
with complementary functions through intermolecular forces
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FIGURE 5 | (a)The schematic illustrations of the optimization mechanism of ACh* on the Zn surface. (b) Arrhenius curves of activation energies

with different electrolytes. (c) Adsorption energy of ACh™ on different crystal planes of Zn anode [191]. Copyright 2025, Wiley-VCH. (d) Cross-sectional

schematic diagram of multifunctional BSA bilayer. () Solvation energy and desolvation energy of Zn?* with H,0 and BSA molecules. (f) Comparison
of adsorption energies of BSA and H,0 toward the Zn (002) plane [192]. Copyright 2024, Wiley-VCH. (g) Schematic representation of the proposed
molecular mechanism of SAB enabling concurrent in-plane Zn/Zn?* transport and electrochemical reaction. (h) MSD of Zn?* ions along the SAB

direction compared to other orientations derived from CMD simulations. (i) (0001) Zn pole figures for both bare Zn and SAB-Zn anodes following the
initial charge-discharge cycle [193]. Copyright 2021, Wiley-VCH. (j) Schematic illustrations of Zn?* diffusive deposition on SF@Zn anode. (k) I-t curves
of different anodes [194]. Copyright 2024, American Association for the Advancement of Science.

like a “puzzle” to construct a composite interface layer that
can simultaneously meet multiple requirements, such as strong
anchoring and fast conduction.

For the first method, Li et al. [191] used the amphiphilic acetyl-
choline cation (Ach™) as an interface modifier, and its asymmetric
electrostatic potential distribution caused it to preferentially
adsorb vertically on the surface of the zinc anode, forming a
hydrophobic-hydrophilic gradient interface structure (Figure 5a).
The hydrophobic groups (-N*(CH;);) in the inner layer are
positioned near the zinc surface, minimizing H,0 molecule
contact and forming a water-poor electric double layer (EDL)

structure that reduces direct interaction between zinc and the
electrolyte, thereby suppressing side reactions. The hydrophilic
groups (—C=0 or —OH) on the outer layer extend outward,
disrupting the existing hydrogen bonding network between water
molecules, reducing water activity, and the energy barrier for Zn**
desolvation. This is evident in the AChI-ZnSO, electrolyte, which
has the lowest activation energy (Figure 5b). In addition, Ach*
selectively adsorbs onto the Zn (100)/(101) crystal plane, exposing
the (002) crystal plane (Figure 5c). This guides Zn** deposition
along the low-energy plane and suppresses dendrite formation.
When coupled with an I, cathode, Ach* fixes I>*/I°" through
electrostatic action, suppressing the iodine shuttle effect and
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improving the cycling stability of zinc iodine batteries. Therefore,
the zinc anode with optimized double-layer structure operates
stably for over 3700 h at 1.0 mA cm~2/1.0 mAh cm ™2, and for over
1500 h at a high-current density of 10 mA cm™2/1.0 mAh cm™.

In contrast, a cross-linked network is formed through strong
interactions between molecular heads or tails for lateral con-
nections. This makes the interface layer more like a solid “thin
film” rather than a simple stacking of single molecular layers,
which can more effectively suppress the piercing of zinc dendrites
and provide better interface shielding. And the tight arrangement
between molecules can form ion channels with a more uniform
size and clearer pathways. This highly ordered structure is con-
ducive to more precise regulation of the migration kinetics of zinc
ions, such as achieving a more uniform ion flow, thereby guiding
the flat deposition of zinc. For example, Lu et al. [192] regulated
zinc ion migration and facilitated their desolvation process by
employing the self-assembly of bovine serum albumin (BSA) on
a zinc metal anode to construct a bilayer architecture. The bilayer
structure is formed by dynamic self-assembly of hydrophilic
and hydrophobic fragments in BSA molecules, with hydrophilic
chains facing outward and hydrophobic chains facing inward,
forming a multifunctional interface layer with a “hydrophilic
hydrophobic hydrophilic” sandwich structure (Figure 5d). The
cysteine in the hydrophilic outer layer contains a large number
of S-S bonds that can replace H,O molecules in the solvation
structure of Zn*" ions, reducing the number and activity of
H,0 molecules near the Zn anode surface. The hydrophobic
inner layer prevents the invasion of solvated water molecules,
thereby promoting the desolvation of [Zn(H,0),]** and reducing
the direct contact between water molecules and the zinc anode.
And the reduction of solvation energy provides more favorable
conditions for the rapid and reversible insertion and extraction of
Zn** ions through SEI (Figure 5e). Moreover, the high adsorption
energy of BSA on the Zn (002) crystal plane further promotes the
preferential deposition of Zn along the (002) orientation, effec-
tively inhibiting the growth of Zn anode dendrites (Figure 5f).
The assembled ZnllZn symmetric cell exhibited stable cycling
performance over 2400 h at a current density of 10 mA cm™.
In contrast, the SH@Zn anode grafted with only a single layer
of KH590 was cycled for merely 3000 h at the same cycling
condition.

The core advantage of the third “multi-component functional
assembly” method compared to the first two is the customizabil-
ity of functional integration and performance. It overcomes the
constraints of a single molecular structure, enabling specialized
functional division and synergistic enhancement of efficiency. By
carefully selecting and organizing different functional molecules,
it is expected to construct a truly intelligent and robust artificial
interface layer, thereby comprehensively improving the perfor-
mance of zinc metal anodes. Inspired by the natural cell mem-
branes conformation, Chen et al. [193] developed a lipopeptide
molecule (C14-RWW-NH,) with a supramolecular bilayer (SAB)
structure formed by self-assembly of hydrophobic fatty chains
(Cy) and arginine (R)-tryptophan dimer (WW) through non-
covalent forces. This structure consists of two external peptide
layers and a staggered alkyl chain in the middle, arranged in an
upright array. On the zinc surface and electrolyte side, external
peptide layers with high zincophilicity are arranged in a vertically
ordered manner, achieving extensive and rapid Zn** transport,

while the hydrophobic interior serves as a directional channel,
allowing Zn?* to dissolve and pass through the bilayer interface
with a uniform ion flow (Figure 5g). From the molecular diffusion
spectrum (MSD), it can be seen that the diffusion coefficient of
Zn** ions in the SAB crystal array is larger than that in other
directions, which proves the existence of directional transport
properties (Figure 5h). In addition, the indole ring of tryptophan
and the amino terminal (C-terminal-NH,) of arginine form
Zn-N bonds with the zinc surface through coordination. Under
the electric field, the in-plane Zn-N bond further promotes the
synchronous transport and redox reaction of Zn/Zn*, leading to
the growth of the planar Zn (0001) crystal plane (Figure 5i).

Along the same lines, Yan et al. [194] developed a bilayer
silane film (SF) with hydrophobicity, ion buffering, and strong
interfacial adhesion by precisely assembling silane coupling
agents. This process is developed through a two-step molecular
assembly approach utilizing two distinct surfactant molecules:
(3-mercaptopropyl)trimethoxysilane  (KH590) and (3,3,3-
trifluoropropyl)trimethoxysilane (TFPS). Simply put, the —SH
group of KH590 covalently binds to the zinc surface through
Zn-S, forming a monolayer modified SH@Zn. Subsequently,
TFPS was hydrolyzed and condensed onto the KH590 layer
to form a second layer, constructing a bilayer structure with a
thickness of only 6 nm. The structure consists of a hydrophobic
functional layer, an ion buffer layer, and a stable interface
layer from top to bottom (Figure 5j). The —CF; group in
the hydrophobic functional layer promotes dehydration of
[Zn(H,0),]*" and prevents H,O from contacting the zinc anode.
The ion buffer layer alleviates concentration polarization by
adjusting the migration rate of Zn?*. The stable interface layer
ensures the firm adhesion of the solid fluorine layer through
Zn-S bonds. The chronoamperometry (CA) results show that
SF@Zn has a much shorter 2D diffusion time, indicating that
the SF layer effectively guides uniform Zn?* deposition and
nucleation (Figure 5k). Thus, the SF@Zn anode demonstrates
exceptional reversibility, achieving 4300 h of cycling at 1 mA
cm~2 and 1230 h at 10 mA cm~2. In contrast, the SH@Zn anode
grafted with only a single layer of KH590 was cycled for merely
3000 h at the same cycling condition.

In conclusion, the core principle of constructing protective layers
at the molecular scale is to move from physical mixing to chem-
ical directional assembly and achieve customized optimization
of interface performance through precise control of molecular
arrangement. To successfully achieve and leverage its advantages,
on the one hand, functional molecules must be stably anchored
to the zinc substrate through strong chemical bonds to resist
delamination during cycling. On the other hand, the molecular
structure needs to be carefully designed to form a dense and
uniform defect-free coverage to prevent dendrite initiation, while
also incorporating efficient ion transport channels to ensure that
zinc ions can quickly pass through instead of forming insulating
barriers. To enhance the interface selectivity and functional
compatibility of the molecular layer, another feasible strategy is to
structurally integrate and functionally coordinate the constructed
SEI layer with the self-assembled molecular layer. This “SEI-
molecular layer” composite interface not only possesses chemical
stability and structural orderliness, but also can optimize the ion
transport and reaction microenvironment at the SEI-electrolyte
interface through the dynamic adjustment of the molecular
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layer. Thus, it enhances the uniformity of zinc deposition while
improving the environmental adaptability and long-cycle stability
of the interface. Lastly, the cost and environmental friendliness
of the selected molecules are also practical considerations that
cannot be ignored in the transition from laboratory to commercial
applications.

4 | Multiscale Interface Construction
Technologies in Zinc Powder Anode

As mentioned above, zinc foil electrodes remain the mainstream
system in the research of aqueous zinc-ion battery anodes due to
their advantages such as strong modifiability, high energy density,
and low cost. However, the fatigue characteristics of metallic zinc
itself limit its application in flexible devices, while its relatively
low depth of discharge also constrains the improvement of actual
energy efficiency. In comparison, zinc powder (ZnP) anodes
possess unique advantages such as controllable active material
usage, high discharge depth, excellent spatial adaptability, and
structural designability, making them particularly suitable for
large-scale production and flexible energy storage applications
[214-216]. Specifically, the high specific surface area of ZnP can
accelerate ion transport and electrochemical reactions, enabling
the storage of more charges per unit volume, achieving higher
energy density and longer cycle life [217]. Moreover, the particle
characteristics of zinc powder allow easy integration into battery
cells of various shapes and sizes, making it ideal for space-
constrained applications [218]. However, there are also many
problems with using zinc powder as an anode material for AZIBs:
(1) Similar to zinc foil, uneven zinc deposition and dissolution
during charge-discharge cycles cause dendrite formation. As the
dissolution process proceeds, the original spherical morphology
of ZnP is gradually compromised, and during subsequent elec-
trodeposition, zinc ions preferentially accumulate at localized
regions known as “hotspots”, promoting dendritic growth [219].
These dendrites will grow into large dendritic clusters on their
own, penetrate the separator, and ultimately lead to battery
failure. (2) The extended ion migration pathway in ZnP may
result in localized over-deposition of zinc, thereby accelerating
performance degradation. (3) The high specific surface area
and manufacturing defects of ZnP increase its susceptibility to
HER, leading to catalytic corrosion, loss of active materials, and
formation of non-uniform passivation layers that worsen the “tip
effect” and dendrite growth [220]. Clearly, a single surface mod-
ification strategy can no longer comprehensively address these
issues, necessitating systematic, multiscale interfacial regulation
strategies.

The multiscale interfacial regulation strategies aim to start from
guiding the migration and deposition behavior of zinc ions, simul-
taneously enhancing the microstructure stability of zinc powder
electrodes, the uniformity of electrochemical reactions, and the
overall integrity of macroscopic electrodes, thereby overcoming
their inherent bottlenecks such as high contact resistance, large
volume changes, and intense side reactions. The constructed
interface layer not only needs to have basic functions such as
anti-corrosion and dendrite inhibition, but also should possess
characteristics like guiding the directional deposition of zinc
ions, high ionic conductivity, and good mechanical strength, to
ensure the controllability of zinc deposition positions and adapt

to volume changes during the cycling process. For example,
Zheng et al. developed a novel biomimetic quasi-skin-capillary
ZnP anode, whose dual-interface protective layer consists of an
outer interface of aramid nanofibers (ANF) and an inner interface
interwoven with ANF and acetylene black (AB) (Figure 6a) [221].
The inner interface is formed by electrostatic self-assembly of
negatively charged ANF and positively charged ZnP. During the
interweaving process, AB is coated on the surface of ZnP to form
a conductive network, ensuring the continuity of the ion-electron
transport network. The ANF outer interface serves dual functions
of ion redistribution and electron barrier formation, effectively
homogenizing the Zn** ion flux and preventing direct contact
between water and the ZnP anode. Moreover, the capillary-
shaped ANF adhesive extends inward to firmly anchor the
approximate unit of ZnP, offering high selectivity for Zn** and
thereby enhancing the efficiency of Zn** plating and stripping
(Figure 6b). From the COMSOL Multiphysics simulation results,
it is evident that the designed biomimetic quasi-skin capillary
full-chain ZnP-FC can further homogenize the surface electric
field and Zn** ion flux, thereby promoting uniform zinc depo-
sition (Figure 6¢). Owing to the synergistic effect between the
inner and outer layers, the ZnP-FCI|ZnP-FC symmetric battery
is capable of continuous operation for 1650 h under a current
density of 5 mA cm™2.

Analogously, a three-layer golf-type anode with high conductivity
was developed by Hu et al. to enhance the Gibbs free energy
and mitigate the volume change of the anode [222]. The process
first carbonizes zinc citrate microspheres and removes zinc oxide
to create carbon microspheres with an egg yolk-shell structure.
Then, a powder carburizing method is used to embed zinc pow-
der into the yolk-shell structure at high temperatures, forming
composite zinc-carbon powder (ZCP). Then, a small amount of
metallic Bi nanosheets was deposited on the surface of ZCP
via liquid-phase reduction, forming a bismuth layer (Figure 6d).
The inner carbon layer enhances the conductivity and specific
surface area of the anode, and facilitates electron transfer while
optimizing the surface electric field distribution through its
continuous carbon network structure. The outer metallic Bi layer
provides superconductivity, enhances the binding energy with
zinc ions, suppresses HER, promotes uniform deposition of zinc
ions, and reduces dendrite formation. Owing to the synergistic
interaction between the carbon and bismuth layers, the gradient
architecture significantly enhances Gibbs free energy while min-
imizing volumetric fluctuations in the anode, thereby enabling
stable zinc-manganese electrochemical cycling. Therefore, the
ZCBP//Ti battery manufactured has an average CE of 98.62% in
1400 cycles (Figure 6e), and the ZCBP symmetric battery has a
cycle life of up to 5000 h (Figure 6f).

Dimethyl diallyl ammonium chloride (DMDAAC), a cationic
surfactant characterized by high charge density, enables it to
readily copolymerize with diverse unsaturated monomers and
possesses inherent adhesive capabilities. In a research by Tang
etal. [223], DMDAAC was employed as a multifunctional additive
in the construction of a ZnP anode, where it was copolymerized
with Ti;C,T, MXene to form a composite powder anode (DDA-
MXene@Zn-p) with improved cycling performance. The incor-
poration of DMDAAC introduces a positive surface charge on
ZnP particles, strengthening the electrostatic interaction between
ZnP and Ti;C,T, MXene (Figure 6g). Moreover, by tuning the
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FIGURE 6 | (a)ESP of ANF unit. (b) Schematic assembly structure and corresponding SEM image of ZnP-ANF. (c) Schematic structure of ZnP-FC
[221]. Copyright 2025, Wiley-VCH. (d) Schematic diagram of the construction of the outermost Bi layer in ZCBP. (e) CE plots of ZP//Ti and ZCBP//Ti
cells at 2 mA cm~2 and 1 mAh cm~2. (f) Galvanostatic charge/discharge cycling voltage profiles of ZP//ZP and ZCBP//ZCBP cells at 1 mA cm~2/0.5 mAh
cm™? [222]. Copyright 2025, Wiley-VCH. (g) Zeta potential comparison of MXene, DDA, and DDA-MXene@Zn-p. (h) SEM images of the surface of Zn-p,
MZXene@Zn-p, and DDA-MXene@Zn-p after 50 cycles [223]. Copyright 2025, Elsevier.

interfacial surface tension, DMDAAC facilitates the formation of
a hydrophobic layer within the composite anode, which effec-
tively inhibits zinc dendrite formation and mitigates parasitic side
reactions. The external Ti;C,T, MXene layer exhibits excellent
electrical conductivity, which facilitates rapid electron transfer
within the anode and reduces internal resistance. Moreover, the
abundant surface functional groups (such as —-OH, -0, and -F)
on the Ti;C,T, MXene layer can selectively bind with ions in
the electrolyte, thereby enhancing the transport behavior of both
ions and electrons. Therefore, the synthesized ZnP composite
anode effectively suppresses dendrite formation and mitigates
corrosion, thereby achieving enhanced interfacial stability over
extended periods. As shown in the SEM image of Figure 6h,
the DDA-MXene@Zn-p electrode retains a relatively smooth
surface without dendritic formation after cycling. The symmetric
cell based on DDA-MXene@Zn-p demonstrates lower nucleation
overpotentials and maintains stable cycling performance for over
300 h at a current density of 1 mA cm~2 and 1 mAh cm~2, whereas

the Zn-p and MXene@Zn-p cells fail due to polarization after
33 and 67 h, respectively. These observations and tests suggest
that the zinc deposition/stripping process in the ZnP composite
electrodes is highly reversible.

Overall, the core advantage of constructing a multi-layer pro-
tective coating on ZnP over a single layer is that it offers more
comprehensive and stable three-dimensional protection for high
surface area active materials. By ensuring uniform zinc ion
deposition on each ZnP surface through the inner layer design,
the dense middle layer effectively suppresses dendrite growth
and side reactions, while the outer layer withstands electrolyte
erosion and cyclic stress, collectively enhancing the composite
anode’s cycle life and coulombic efficiency. However, special
attention should be paid to the uniformity and integrity of the
multi-layer coating process on the micro/nano scale ZnP to avoid
defects caused by uneven coating or particle aggregation. At the
same time, it is essential to precisely control the thickness of
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each layer to prevent excessive accumulation within the overall
package, as this would significantly reduce the volumetric energy
density of the anode. Additionally, a robust interlayer bond must
be ensured to prevent delamination from the ZnP surface during
volume changes associated with charge and discharge cycles.

5 | Multiscale Interface Construction
Technologies in Zinc Host Anode

Although constructing multiple protective layers on the surface of
ZnP significantly enhances its electrochemical performance and
offers greater flexibility in electrode design, it remains undeniable
that most ZnP anodes still face challenges in achieving high DOD.
For example, first-principles calculations show that the adsorp-
tion energy of carbon for Zn?" (E,q = -4.83 €V) is slightly higher
than that of metallic zinc (E,q = -4.62 V), indicating stronger
zincophilicity [222]. The experimental results indicate that com-
plete spatial confinement regeneration is difficult after zinc metal
dissolves outside the carbon coating, and this irreversible effect
worsens with more cycles (>500) and deeper discharge (DOD >
80%) [224]. More importantly, this results in the loss of internal
physical support for the protective layer originally coating the
surface, ultimately causing structural collapse, delamination, and
functional failure [218].

In contrast, pre-constructing a mechanically robust deposition
space can fundamentally address this issue by providing a stable,
independent host framework [225]. The difference lies in that zinc
host electrodes pre-construct a three-dimensional conductive
skeleton as the deposition space for zinc, and then load zinc metal
through methods such as electroplating or melt infiltration. This
hollow host structure maintains structural integrity regardless
of zinc deposition and dissolution cycles, offering continuous
spatial confinement and mechanical support, ensuring electrode
stability even under deep discharge and long-term cycling.
However, a simple hollow structure cannot spontaneously guide
zinc ions to deposit preferentially in its inner cavity, which
may lead to the failure of the “confinement effect” over time.
Therefore, multiscale interfacial regulation strategies should be
employed to differentially and functionally modify the inner and
outer surfaces of the hollow structure in a coordinated manner,
achieving a synergistic enhancement effect through “internal and
external repair”. Specifically, its inner interface can be designed as
a zincophilicity or interface with specific crystal plane orientation
to guide zinc ions to preferentially nucleate uniformly, achieving
precise localized deposition [226]. And its outer interface can be
modified as a strongly hydrophobic or chemically inert interface,
effectively isolating water molecules in the electrolyte from
contacting the active substance, thereby synergistically inhibiting
dendrite growth and side reactions, ultimately constructing an
almost ideal zinc deposition microenvironment. The key to
constructing this zinc host anode lies in ensuring the structural
robustness of the skeleton and the rational functionalization of
both inner and outer surfaces.

The application of electrospinning technology to fabricate carbon
skeletons with hollow architectures has been extensively explored
in the field of energy storage, demonstrating significant potential
for use as zinc host anodes [227]. For example, Xue et al. [228].
developed a 3D porous hollow fiber scaffold incorporating well-

dispersed TiO,, SiO,, and carbon, serving as a highly zincophilic
host material for zinc anodes. This method involves electrospin-
ning a mixed solution of polyvinylpyrrolidone (PVP) containing
tetrabutyl titanate (TNB) and tetraethyl orthosilicate (TEOS),
leading to phase separation, followed by hydrolysis and condensa-
tion reactions between TEOS and TNB, forming a 3D fiber-based
framework consisting of cross-linked SiO, and TiO,. During
the carbonization process, hollow porous fibers with zincophilic
substances are formed in the core layer, while a nitrogen-doped
carbon layer develops due to the Kirkendall effect. The inner
SiO, layer can effectively suppress the HER and markedly reduce
the dissociation activity, thereby simplifying and stabilizing the
zinc deposition kinetics. Furthermore, the TiO, present in the
inner layer acts as a zincophilic site, facilitating a more uniform
distribution of zinc ion flux and promoting homogeneous zinc
deposition within the fibers during both plating and stripping
processes (Figure 7a). This phenomenon can be substantiated by
the DFT calculation results of SiO, and TiO, with varying struc-
tural configurations, as illustrated in Figure 7b. For amorphous
SiO, and TiO, surfaces, the binding energy of zinc can reach -2.46
and -3.32 eV, respectively, which is much lower than that of the
crystalline carbon, indicating strong zinc adsorption anchoring
and excellent performance. The fiber outer surface coated with
highly conductive nitrogen-doped carbon enhances wetting and
conductivity, promoting zinc deposition inside the fiber rather
than on its surface. Additionally, the 3D conductive network
within the fibers provides extra pathways for zinc deposition
and dissolution during electroplating and stripping, improving
the rate performance of ZIBs. Due to the synergistic effect,
HSTF exhibits significant mechanical strength during repeated
electroplating/peeling processes, capable of withstanding a large
amount of Zn loading, and the Zn@HSTF symmetric battery has
a stable polarization voltage of ~154 mV and significant cycling
stability, with no dendrite growth after more than 2000 cycles.

Likewise, Li et al. [224] proposed a layered constraint strat-
egy to regulate zinc affinity and construct spatial traps by
employing a series of cobalt-embedded porous carbon cages.
During the preparation process, cobalt-based metal organic
frameworks (Co-MOF) were mixed with polyacrylonitrile (PAN)
in N, N-dimethylformamide and electrospun to form a composite
Co-MOF@PAN precursor fiber. After annealing treatment, it
transforms into a cobalt carbon composite material (CoCC) with
multi-level pores in structure. As shown in Figure 7c, during the
zinc ion deposition process, the inner layer containing zincophilic
cobalt sites acts as a preferential nucleation region with low
nucleation barriers, effectively guiding the targeted nucleation of
zinc. The outer carbon cage serves as a trap to spatially restrict
and accommodate zinc deposition. This integrated framework
with both internal and external interfaces not only reduces
local current density and homogenizes zinc ion flux but also
buffers significant volume changes during long-term zinc depo-
sition/stripping processes. From Figure 7d, as deposition time
increases, irregular protrusions develop on the surface of bare
zinc and eventually form dendrites. In contrast, CoCC shows no
obvious protrusions or dendrites throughout the entire electro-
plating process, maintaining uniform zinc deposition even after
90 min. These results further confirm the spatial confinement
effect within the framework of cobalt carbon composite mate-
rials. Therefore, the assembled CoCClICoCC symmetric battery
has a significantly stable cycle life of over 800 cycles and an
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FIGURE 7 | (a)Schematic illustration of the deposition behavior of Zn?* ion flux on 3D HSTF electrodes. (b) The calculated binding energies of Zn
adsorbed on the surfaces of crystalline/amorphous TiO,, SiO,, and carbon [228]. Copyright 2021, Wiley-VCH. (c) Schematic illustration of Zn deposition
on the CoCC electrode. (d) In-situ optical microscopy observations of zinc plating on both bare zinc foil and CoCC electrodes, conducted at a current
density of 10 mA cm™2 [224]. Copyright 2022, American Chemical Society. (e) Schematic representation showing the process of Zn deposition on both

bare Zn foil and Sn@NHCEF. (f) GCD profiles of symmetric cells equipped with various composite Zn-based electrodes, along with the corresponding

magnified voltage curves (inset) recorded at a current density of 1 mA cm™

2 with a specific capacity of 1 mAh cm~2 [229]. Copyright 2022, American

Association for the Advancement of Science. (g) Illustration depicting the deposition process of Zn on the HMCSST host. (h) Overview of the computed
adsorption energies of Zn atoms interacting with Sn, TiO,, and graphene. (i) Initial zinc plating voltage curves recorded on various hosts at a current

density of 1 mA cm~2 [230]. Copyright 2024, Wiley-VCH.

overpotential as low as about 65 millivolts at 20 mA cm™2. In
contrast, when Co-MOF is not introduced, although the prepared
carbon fibers (CFs) anode also has a long cycle life, it will even-
tually fail after hundreds of cycles due to a significant increase
in voltage fluctuation. This phenomenon can be attributed to the
increase in the accumulation of “failed zinc” substances at the
interface caused by the lack of induced deposition.

Along the same lines, Yu et al. [229]. employed a hard template
strategy to fabricate interconnected N-doped carbon spheres
embedded with numerous Sn nanoparticles, forming a 3D hol-
low fiber skeleton (designated as Sn@NHCF), which serves as

a high-performance anode for aqueous ZIBs. In this process,
SiO, was employed as a hard template to fabricate hollow
SnO, nanospheres through in situ coating combined with alkali
etching. Subsequently, resorcinol-formaldehyde (RF) was coated
onto its surface, and Sn@NHCF was synthesized via electrospin-
ning technology. Within this structural design, Sn nanoparticles
embedded in the inner layer exhibit strong zincophilicity, which
facilitates the preferential binding of zinc ions to these sites
during deposition. This characteristic facilitates both nucleation
and growth on the surface of the inner layer, thereby inhibiting
the formation of zinc dendrites and promoting uniform zinc
deposition. In addition, metallic Sn with weak electrocatalytic

28 of 53

Advanced Energy Materials, 2026

95UB01 7 SUOLULUOD 9AIIE1D 3[edl[dde sy Ag peusenob ke sapie O ‘8sn J0 S9Nl 1o} Akeid1T8UIIUQ AB]IA UO (SUOTHPUOD-PUR-SULIBYW0D" AS 1M ARIq 1jBul JUO//:SdNL) SUOTIPUOD PUe SWie 1 841 89S *[9202/70/ST] uo AreigiTauliuo A8|im ‘AisieAlun euloN Buelbyz Aq v0,02 Wuse/z00T 0T/I0p/W0d™A8 | im Akeiq Ul |uo psoueApe//Sdny WOl pepeojumod ‘0 ‘0v89rTIT



properties towards HER can prevent the generation of hydrogen
bubbles inside the battery (Figure 7e). The outer N-doped carbon
fiber enhances zinc ion interaction, promoting their adsorption
and desorption on the electrode surface. It also protects the
inner Sn nanoparticles and zinc deposits from electrolyte corro-
sion, maintaining electrode stability and reducing side reactions.
In addition, the hollow structure of the outer layer provides
sufficient space for zinc deposition, accommodating volume
changes and suppressing zinc dendrite formation. Thanks to
these advantages, the Sn@NHCEF electrode achieved a very low
nucleation overpotential, enabling dendrite-free zinc deposition,
minimal voltage hysteresis, and stable performance over 370 h
of cycling, which is much longer than that of the NHCF anode
(Figure 7f).

In addition to using electrospinning technology, the prepared hol-
low material can also be directly coated onto the current collector.
Sun et al. [230] synthesized SiO, @SiO,/resorcinol-formaldehyde
(RF) spheres through the evaporation-induced self-assembly
method to form tightly arranged opal arrays on carbon paper.
Subsequently, a hollow mesoporous carbon sphere (HMCS) opal
with a mesoporous hollow structure was synthesized through
sequential calcination and etching strategies. Finally, metallic
Sn and TiO, were encapsulated into the mesoporous channels
and inner surface of HMCS through immersion and thermal
reduction, forming a HMCS opal structure with enclosed Sn/TiO,
nanoparticles (HMCSST), which serves as a high-performance
zincophilic carrier for creating 3D zincophilic materials. As
shown in Figure 7g, the high specific surface area and porosity
of the outer hollow mesoporous carbon spheres allow rapid
electrolyte penetration and diffusion during zinc ion deposition,
improving Zn ion transport efficiency. The encapsulated Sn/TiO,
nanoparticles act as zincophilic sites that enhance Zn atom
adsorption (Figure 7h) and reduce Zn deposition nucleation
overpotential (Figure 7i), leading to uniform Zn deposition. In
addition, the platform potential of the HMCSST bulk is much
lower than that of the carbon paper (CP), HMCS (which lacks
a mesoporous wall), and HCSST hosts, which indicates that
its mass transfer is faster, charge transfer is more rapid, and
resistance is lower. The synergistic effect between the inner and
outer layers of HMCSST enhances the Coulombic efficiency,
accelerates Zn** diffusion, and prolongs the cycling stability
of the Zn metal anode by facilitating electrolyte penetration,
homogenizing current distribution, offering zincophilic sites, and
suppressing side reactions.

In conclusion, pre-constructing hollow structures can signifi-
cantly improve the discharge depth of zinc anodes and greatly
reduce direct and disordered contact between the zinc surface
and electrolyte, effectively suppressing side reactions such as
HER and corrosion, which is more conducive to commercial
use. However, when using this hollow structure to guide zinc
deposition, it is important to note that the structure itself must
have sufficient mechanical strength to resist significant volume
changes during zinc deposition/dissolution, avoiding rupture or
collapse. On the other hand, excellent ionic conductivity must
be ensured to enable zinc ions to quickly migrate into the cavity
and prevent deposition from occurring outside the structure due
to slow kinetics. In addition, precise control of cavity size and
distribution is necessary, and differentiated functional interfaces
must be designed for the inner and outer surfaces of the structure

to achieve efficient and stable dendrite-free zinc deposition in
synergy.

6 | Multiscale Interfacial Construction
Technologies in Separators

In AZIBs, the core of separator regulation lies in actively
regulating ion transport behavior and interface environment
through its own properties, such as pore size, hydrophilic-
ity, hydrophobicity, surface chemistry, and ionic conductivity,
thereby achieving precise optimization of battery performance
[231]. The regulation mechanism mainly includes three types:
[232-233] (1) optimizing the nanopores and surface functional
groups of the separator to regulate the uniform distribution of
ion flow, avoiding the formation of ion concentration gradients
on the surface of the zinc anode, thereby suppressing the local
preferential growth of dendrites from the source. (2) By endowing
the separator with hydrophobic properties or functional coatings,
direct contact between dissolved oxygen and water molecules
and the zinc anode can be physically blocked and chemically
isolated, effectively suppressing corrosion and HER. (3) By
guiding the preferential deposition of Zn (002) crystal surface
through surface functional groups, a smoother and more stable
electrode/electrolyte interface is formed. However, to effectively
suppress dendrite formation, the modified layer typically requires
increased density or a high concentration of functional groups,
which often leads to elevated ion transport impedance and
reduced separator porosity. Furthermore, the modified layer may
exhibit poor compatibility with the chemical environment of
the cathode material or bulk electrolyte, potentially triggering
undesirable side reactions.

Therefore, separators with Janus structures (such as different
material types, dispersion concentrations, or functional group
contents) have attracted much attention from researchers. This
Janus-type separator ensures the storage of electrolyte on the
cathode side and the rapid transport of ions, while physically
blocking the shuttle of substances dissolved in the anode. On
the other hand, it can guide the uniform deposition of Zn**
at the zinc anode and suppress side reactions. Currently, the
traditional method for creating Janus-type separators involves
functionalizing one side of the GF separator while leaving the
other side reserved for the high chemical stability, high porosity,
and excellent wettability of GF [234]. For example, Li et al. [235]
fabricated a double-sided functional separator by integrating
chemical vapor deposition (CVD) with air plasma treatment,
enabling the in-situ formation of a vertically oriented graphene
(VG) mesh structure co-doped with oxygen and nitrogen atoms
on one side of a GF separator. The 3D VG conductive net-
work adjacent to the zinc anode effectively promotes uniform
electric field distribution, reduces localized current density, and
postpones the initial formation of dendrites. The co-doping of
oxygen and nitrogen further enhances the zincophilicity of the
VG network structure and significantly improves the wettability
of the ZnSO, electrolyte, thereby facilitating zinc ion transport.
In addition, the 3D VG adjacent to the zinc anode can be
regarded as a continuation of the zinc anode perpendicular to
its plane direction, providing spatial extension for guiding zinc
deposition. Other materials also with similar functions include
sulfonic acid-functionalized cellulose-modified graphene [236],
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SnS, [237], MXene [238], halloysite nanotubes [239], etc., which
promote the parallel deposition of Zn** along the (002) crystal
plane and effectively suppress dendrite formation.

However, an ideal separator requires simultaneous optimization
of the deposition kinetics of zinc ions on the anode side and the
whole diffusion behavior on the cathode side, and this traditional
type of Janus separator ignores the regulation of zinc ions on
the cathode side, which limits the regulation process and range,
ultimately limiting the cycling performance and lifespan of zinc
metal batteries. Therefore, the new Janus-type separator needs
to be modified on both sides to transform into a key component
that can actively regulate the internal chemical environment of
the battery through its unique asymmetric structure and mul-
tiscale interfacial regulation. Its dual-face design can precisely
target and adapt the interface microenvironment between the
anode and cathode. The prepared Janus-type separator primarily
follows two design strategies: one involves imparting distinct
functional properties to each side to synergistically regulate zinc
ion deposition and suppress the dissolution and shuttle effect
of the cathode active material. The second approach involves
creating a separator with a gradient distribution by applying
different functional materials to the cathode and anode sides,
effectively suppressing side reactions at each interface. The
specific preparation principles and regulatory mechanisms will
be discussed in this section. Table 2 summarizes the reporting
strategies and performance of different Janus-type separators.

6.1 | Double-Sided Decoration Type Separator

As mentioned above, the GF separator relies solely on fiber
stacking to form pores of different sizes, and its inherent
low conductivity is not conducive to the rapid and uniform
transmission of ions. Therefore, a new generation of Janus-type
separators with double-sided decoration has been developed,
which can overcome the limitations of single-sided modified
GF separators. Specifically, one method involves modifying both
surfaces of the original GF separator, enabling its upper and
lower surfaces to selectively isolate harmful anions and regu-
late zinc ion deposition, respectively. Another method is using
functionalized materials such as cellulose, polymer, Nafion, etc.,
as the separator base and modifying one of its surfaces. These
functionalized separators themselves have high porosity and
rich active functional groups, which can directly serve as high-
quality surfaces for regulating zinc ion transfer. By combining the
modified surface on the opposing side, a synergistic effect can be
achieved, which effectively regulates the flux distribution of zinc
ions and the interfacial electric field strength, thereby enhancing
the deposition kinetics of zinc metal anodes and suppressing
dendrite formation.

For the double-sided modified GF separators, Bi et al. [255]
prepared Co-HNMXS and Cu-HMXS with hollow conductive
structures using a hard template method, and loaded them onto
the cathode and anode sides of a GF separator through vacuum
filtration. The prepared Janus separator with a heterogeneous
double-sided interface mediated by highly conductive MXene
simultaneously controls zinc deposition and accelerates the kinet-
ics of iodine adsorption conversion reaction (Figure 8a). Among
them, the Cu-HMXS on the anode side of the Janus separator

contains a large number of zincophilic Cu sites, which reduces
the nucleation energy barrier of zinc (Figure 8b). Its conductive
hollow sphere structure alleviates the tip effect and induces
horizontally oriented dendrite-free growth of zinc. In addition,
the relatively high fluorine content in Cu-HMXS ensures the
hydrophobicity of its interface and eliminates competitive side
reactions caused by water on the anode side. For the Co-HNMXS
located on the cathode side of the Janus separator, its high
porosity and abundant Co-N-C active sites strongly chemically
adsorb I;~ intermediate and inhibit the iodine shuttle effect
(Figure 8c). Moreover, the Co-N-C active site optimizes the
electronic structure, promotes the charge transfer of I,/I" redox,
and accelerates the redox kinetics. In addition, the hydrophilic
interface and hierarchical pore structure of Co-HNMXS acceler-
ate the transport kinetics of charge carriers on the cathode side.
Owing to the synergistic effects of this dual-interface engineering
approach, this Janus separator enabled ZnllZn symmetric batter-
ies to achieve over 2900 h of stable cycling, while also delivering
an ultra-high capacity of 274 mAh g™ and a cycle life exceeding
20 000 cycles for Zn-1, batteries.

Compared with the GF separator, using separator materials rich
in hydrophilic functional groups (such as -OH, -COOH) can
significantly improve electrolyte wettability and zincophilicity,
promote uniform ion transport; using separator materials rich
in sulfonic acid groups (SO;~) can selectively guide the uni-
form migration of Zn?**, while partially repelling anions, which
helps to suppress concentration polarization [264]. For example,
Zheng et al. [251] employed bacterial cellulose (BC) and silver
nanowires (AgNWs) as raw materials to fabricate an ultrathin
Janus separator featuring abundant zincophilic sites, a uniform
electric field distribution, and enhanced ion transport kinetics,
through a two-step vacuum-assisted filtration process. The Janus
separator features two distinct sides: one composed of a BC
layer and the other consisting of an AgNWs/BC composite
layer (Figure 8d). Among them, BC nanofibers form a dense
network structure through intermolecular hydrogen bonding and
van der Waals forces, endowing the separator with excellent
mechanical strength and puncture resistance. Moreover, BC
nanofibers are rich in ~-OH and highly compatible with aqueous
electrolytes, helping to balance current density and suppress
dendrite formation. The uniformly distributed zincophilic silver
nanowires in the anode side of AgNWs/BC separator exhibit
excellent electrical and thermal conductivity, acting as ion pumps
that efficiently transport Zn** through the electrolyte and guide
uniform nucleation for subsequent zinc deposition. This results
in dense and dendrite-free zinc plating, which can be confirmed
from the laser confocal scanning microscopy (LCSM) images
(Figure 8e). In addition, the tightly interwoven AgNWs/BC net-
work structure reduces hydrogen bonds between BC nanofibers,
thereby adjusting the pore structure and improving the diffusion
kinetics of Zn** carriers. Therefore, the ZnllZn symmetrical
battery employing this Janus separator has a stable cycle life of
over 2400 h at 2 mA cm~2 with 1 mA h cm~2 (Figure 8f).

Similarly, Zheng et al. [254] fabricated a double-sided cellulose
fiber (CF)/polyvinyl alcohol (PVA)/ZrO, composite separator
through the vacuum filtration method. During the vacuum filtra-
tion process, ZrO, nanoparticles tend to precipitate and aggregate
at the bottom of the separator, resulting in the formation of
composite films with asymmetric surfaces (Figure 8g). In this
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FIGURE 8 | (a)Mechanism illustration of Cu-HMXS/Co-HNMXS@GFA separator. (b) Nucleation overpotential at 1 mA cm™2 of various materials.
(c) The UV-vis spectra with different separators after standing for 60 min [255]. Copyright 2025, Wiley-VCH. (d) Schematic illustration of the function

mechanism of the AgNWs/BC Janus separators. (e) LCSM 3D topographic images of zinc deposition with BC and AgNWs/BC Janus separators. (f)
Cycling performances of ZnllZn symmetrical battery of 2 mA cm~2 and 1 mA h cm~2 [251]. Copyright 2023, Wiley-VCH. (g) Cross-sectional SEM image
and the corresponding elemental maps of O, C, and Zr taken from the CF/PVA/ZrO, separator. Simulated electric field distribution near the Zn anode in

contact with (h) a CF separator and (i) a CF/PVA/ZrO, separator [254]. Copyright 2025, Wiley-VCH. (j) Schematic representation of interfacial processes

in Zn-I, batteries employing the ISO + Co@CNF Janus separator. (k) SEM images of Zn electrodes after 20 and 50 cycles using GF and ISO separators,
respectively. In-situ Raman spectra combined with time-dependent voltage profiles of ZnllI, full cells equipped with (1) GF and (m) ISO + Co@CNF
separators during the initial charge-discharge cycle at a rate of 0.5 C [256]. Copyright 2025, Wiley-VCH.

asymmetric configuration, the fibrous surface on the cathode side
retains a porous architecture, which facilitates efficient ion trans-
port. Moreover, the hydroxyl groups present in cellulose exhibit
favorable wetting characteristics for aqueous electrolytes, which
facilitates the desolvation of hydrated zinc ions, [Zn(H,0),]*",
thereby reducing the activation energy required for the process.
The anode side surface of the asymmetric separator is embedded
with numerous ZrO, nanoparticles possessing a high dielectric
constant. These nanoparticles generate a polarizing electric field
under an applied voltage, thereby facilitating uniform zinc ion
deposition and transport pathways (Figure 8h,i). In addition, DFT
shows a strong chemical affinity between the ZrO, (220) crystal
surface and Zn (101) crystal surface, which facilitates rapid Zn
(101) growth and results in a compact, flat, and dendrite-free zinc
anode. Therefore, the ZnllZn symmetric battery demonstrates

excellent electrochemical performance, operating for over 1500 h
at 1 mA cm~2 and 400 h at 6 mA cm 2.

In addition to the above two methods, another method is to
prepare different types of separators in advance and stack them
for use. This method has higher flexibility and can design
corresponding separator surfaces based on the selected anode
and cathode materials. For example, Li et al. [256] prepared a
separator with an integrated series structure consisting of an
In,05-Si0, (ISO) layer and a carbon nanofiber layer encapsulated
with cobalt nanoparticles (Co@CNF) using a two-step electro-
spinning combined with a calcination process (Figure 8j). In
this separator, the zwitterionic In,0O; present in the ISO layer
on the anode side can effectively neutralize the OH™ generated
by local HER, while releasing soluble indium species (In,O; +
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20H~ - 2[In(OH),]"). The indium species generated during
electrodeposition are reduced to indium metal and deposited onto
the damaged areas of the zinc anode. The loaded indium metal
offers zincophilic sites and inhibits the HER, helping to restore
the interfacial environment and reduce anode degradation. As
shown in Figure 8k, the zinc anode with the ISO separator shows
denser and flatter deposition than that with the GF separator,
clearly indicating the ISO layer’s regulation of zinc deposition. In
addition, dual protection of the zinc anode interface is achieved
through physical isolation of SiO, and chemical dynamic repair
of In,0;. The 3D porous carbon fiber network of CoO@CNF on
the cathode side provides abundant adsorption sites to anchor
multi-iodides (I;~, I57), suppress shuttle effects, and prevent
anode corrosion caused by multi-iodides. In detail, due to the
strong hybridization between the d-orbitals of Co and the p-
orbitals of I, the I-I bond strength is significantly weakened. This
facilitates the preferential chemical adsorption of I;~ by cobalt
nanoparticles, leading to their dissociation into I, intermediates
and the formation of Co-I bonds. The conductive network formed
by nitrogen-doped carbon enhances electron transfer, thereby
promoting the rapid reduction of I,~ to I". The in-situ Raman
spectra show that with an ISO separator, the intensity of I~
(110 cm™) and I~ (150 cm™) in the electrolyte is significantly
lower than with a GF separator (Figure 8l,m). This confirms
the synergistic effect of cobalt nanoparticles and nitrogen-doped
carbon materials in reducing the energy barrier from I;” toI;” and
accelerating the redox reaction rate. Owing to the complementary
stabilization effect provided by both electrode interfaces, the
fabricated full cell exhibited a remarkable areal capacity of 2.97
mAh cm™ and showed outstanding cycling performance with
stability maintained over 20 000 cycles.

In conclusion, constructing a dual-functional surface-regulated
separator can achieve multi-step fine regulation of zinc deposi-
tion behavior through bilateral synergistic effects. Compared to
single-sided modified separators, this strategy provides richer reg-
ulatory dimensions and simultaneously inhibits dendrite growth
and side reactions on the zinc anode side. At the same time,
the functional layer facing the cathode effectively blocks the
dissolution and shuttle effect of the active material. This dual-
pronged design, initiated at the key interfaces on both sides of
the battery, significantly enhances the overall electrochemical
stability of the system. However, this strategy still needs to pay
attention to the following two points in practical applications:
(1) the introduction of a multi-layer structure may increase
the overall impedance of the separator, and the thickness and
properties of each functional layer need to be precisely controlled
to ensure high ion conductivity and fast reaction kinetics. (2) The
long-term bonding strength between different functional layers is
crucial, and it is necessary to avoid interlayer separation caused by
uneven swelling or shrinkage during the cycling process, which
poses a challenge to the preparation process.

6.2 | Gradient Distribution Type Separator

The gradient distributed separator refers to a continuous or lay-
ered gradient in its physical or chemical properties (such as pore
size, hydrophilicity, hydrophobicity, functional group density,
etc.) along the thickness direction of the separator. It does not
have a sudden interface switch like a double-sided decorative sep-

arator. This gradient structure can guide zinc ions more smoothly
from one side to the other, avoiding sudden changes in ion flow at
the interface, thereby more effectively achieving uniform ion flux
and suppressing dendrites from the root. In addition, the gradient
mechanical modulus can better match the volume change of the
electrode. The side closer to the zinc cathode can be designed to
be more durable to physically block dendrites, while the middle
layer provides flexibility to adapt to deformation during cycling
and reduce internal stress. Although its preparation process is
more complex than that of double-sided modified separators, the
gradient structure effectively avoids long-term stability issues that
may arise from interlayer interfaces, providing a more promising
overall solution for achieving highly stable AZIBs.

The first method is to introduce high dielectric materials into
the separator and form a gradient distribution. Under the action
of an electric field, they will polarize and generate an induced
electric field in the opposite direction to the external electric
field internally. This polarization effect effectively weakens the
local electric field strength near the surface of the zinc anode,
especially in the “hot spot” areas that are prone to dendrite
formation. The final homogenization of zinc ion flow induces
uniform deposition of zinc. For example, Liang et al. [261] devel-
oped a dual-functional gradient-type separator by optimizing the
concentration of BaTiO; (BTO)/polyvinylidene fluoride (PVDF)
dispersion and by immobilizing BTO nanoparticles on the surface
and within the pores of a GF separator through a filtration-
based approach. This process enhances the efficiency of zinc
ion deposition through a two-stage regulatory mechanism. First,
when zinc ions pass through the GF separator in the electrolyte,
the asymmetric crystal structure of BTO causes misalignment
between positive and negative charge centers, resulting in a
spontaneous polarization and an electric dipole moment. This
polarization creates an internal electric field that selectively
attracts positively charged Zn?* ions and accelerates their migra-
tion (Figure 9a). Furthermore, the electric field directs Zn**
ions to move orderly along the (110) plane, preventing random
diffusion (Figure 9b). Subsequently, the BTO enrichment layer
creates a uniform electric field at the separator-anode interface,
preventing localized charge accumulation. This uniform ion flow
reduces the exposed active area of the Zn anode, suppressing
zinc dendrite and by-product formation. Simply put, the fiber-
electrolyte interface acts as an “ion accelerator” that enhances
transport rates through polarized electric fields and zincophilic-
ity. The separator-anode interface serves as an “ion redistribution
device”, achieving ion flow homogenization through uniform fill-
ing. Thanks to the synergistic effect of the dual interface, efficient
zinc ion regulation is achieved. The ZnllZn symmetrical battery
with this dual-interface engineering separator operates stably
for 1600 h with minimal voltage fluctuations, outperforming the
unmodified version.

The gradient-type separator can also be designed from the
perspective of adjusting the desolvation and diffusion of hydrated
zinc ions. Specifically, the cathode side ensures excellent elec-
trolyte wettability and ion conductivity, ensuring good rate
performance, while the anode side strongly suppresses side
reactions. The intermediate gradient transition layer ensures
the continuity of ion transport and avoids sudden changes in
performance. For example, Dong et al. [259] used hydrophilic
BC as the substrate material to prepare BC separators with
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FIGURE 9 | (a) The schematic diagram of dual-interface engineering of the separator. (b) Schematic diagram of enhanced mechanism for Zn?**

transport [261]. Copyright 2022, Wiley-VCH. (c) Cross-sectional SEM image and (d) the corresponding EDS mapping of the Si element of the gradient-type

BC separator. (e) Contact angle measurement of the gradient-type BC separator and the corresponding optical images [259]. Copyright 2025, Wiley-VCH.
(f) Schematic diagram illustrating the bifunctional MZS separator to stabilize both the cathode and Zn anode. (g) Permeation experiments with an H-type
equipped with a GF and MZS separator. (h) Ion distribution field simulations of MZS using finite element analysis [262]. Copyright 2025, Wiley-VCH.
(i) Schematic illustration of a Zn metal battery with a gradient separator. (j) Binding energies of H,0-H,0, Zn?**-H,0, NMP-H,0, and Zn**-NMP and
corresponding structures. (k) Mechanism illustration of the gradient separator on the cathode [263]. Copyright 2024, Wiley-VCH.

a thickness of only 18 um through vacuum filtration. They
then impregnated the BC skeleton with a hydrophobic gas-
SiO, solution to form a continuous gradient distribution from
hydrophilic to hydrophobic (Figure 9c-e). On the hydrophilic
side, the oxygen-containing functional groups on the BC surface
anchor free water through hydrogen bonds, converting it into
low activity bound water. And the negatively charged groups of
the BC skeleton selectively block the penetration of CI- through
electrostatic repulsion, while accelerating the diffusion of Zn**
ions. The introduction of SiO, nanoparticles in the hydrophobic
side disrupts the dense hydrogen bonds of cellulose, reconstructs
the pore structure, and forms a continuous ion transport channel.
This further weakens the interaction between Zn*' ions and
water molecules, forming a highly aggregated electrolyte. Ulti-
mately, the two achieved synergy through gradient design, jointly
suppressing Cl~ corrosion and moisture-induced side reactions.
Therefore, Znl||Zn symmetric batteries can operate stably for 2900
h at a current density of 1 mA cm™2/1 mAh cm™ in natural
seawater electrolytes, and can operate for 1300 h at a discharge

depth of 50%. Materials with similar functionalities also include
CeF;, which, when dispersed in a gradient concentration within
GF, can regulate Zn>* ion flux and suppress SO,>~ migration,
thus facilitating dense and uniform zinc deposition. The strong
interaction between CeF; nanoparticles and water molecules
effectively desolvates Zn?** ions at the electrolyte/zinc anode
interface, thereby inhibiting parasitic side reactions [260].

On this basis, gradient-type separators can be extended to two-
component systems, which can not only improve the dendrite
and hydrogen evolution problems at the anode but also suppress
the dissolution and shuttle of cathode active materials. For
example, Chang et al. [262] prepared MCM-41 zeolite separators
(named MZS) with a gradient distribution using a template-
assisted method. During the preparation process, MCM-41 zeolite
is uniformly dispersed under the action of a magnetic stirrer and
forms a concentration gradient distribution in the subsequent
film drying stage due to natural gravity. Ultimately, the distribu-
tion of upper layer (MZS-U) zeolite is relatively sparse, while the
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distribution of lower layer (MZS-D) zeolite is dense (Figure 9f).
The MCM-41 zeolite distribution in the MZS-U layer is relatively
light while the polymer concentration is high, forming a relatively
dense structural layer. This effectively inhibits the dissolution and
shuttle of VO**, reducing the loss of cathode material (Figure 9g).
In contrast, gravity-induced MCM-41 zeolite accumulates in the
MZS-D layer, forming a porous structure. On the one hand,
the hydrophilicity of MCM-41 zeolite and the attractive effect of
P(VDF-co-HFP) on Zn?*" synergistically reduce the desolvation
energy barrier, inhibit HER and related corrosion reactions. On
the other hand, the loose and porous structure of heavy zeolite
distribution effectively regulates the flux of Zn?* ions (Figure 9h),
promotes 3D Zn?* diffusion behavior, and inhibits the formation
of zinc dendrites caused by 2D diffusion. This dual-function
design enables the ZnllZn symmetric battery to have a cycle life
of over 2400 h, and the entire battery maintains a high capacity
of 212.5 mAh g! after 1000 cycles at a current density of 1 A
¢!, demonstrating excellent electrochemical stability. Similarly,
Tian et al. [263] utilized capillary action to load a semi-solid
NMP slurry containing polyethylene oxide (PEO) binder and
ZnCl, onto a glass fiber separator, forming a densely packed
high Zn?* concentration region. Subsequently, 1.0 M Zn(OTf), +
H,O0 electrolyte is injected into the upper layer of the separator
to form a low Zn?* concentration region, ultimately forming a
stable concentration layered structure (Figure 9i). The low Zn**
concentration region maintains the wettability of the cathode
interface, while NMP diffused from the high concentration region
coordinates with Zn** through strong electrostatic interactions,
disrupting the hydrogen bonding network of water molecules
and reducing water-induced side reactions (Figure 9j). In addi-
tion, NMP will form a cathode electrolyte interface rich in
N/ZnS/ZnF,, thereby inhibiting the leaching of vanadium ions
(Figure 9k). The high Zn** concentration region homogenizes the
ion flow, and its synergistic in-situ generated flexible SEI inhibits
dendrite growth and hydrogen evolution reaction.

In conclusion, the core advantage of gradient separators in AZIBs
lies in their “partition design” concept, which can synergistically
solve the two major problems of dendrites and side reactions.
The side near the zinc anode is usually designed with a smaller
pore size or hydrophobicity to guide the uniform deposition of
zinc and isolate water molecules, effectively suppressing dendrite
growth and corrosion, hydrogen evolution side reactions. On the
side closer to the cathode, it maintains a larger pore size and good
hydrophilicity, ensuring efficient ion transport. This synergistic
effect significantly improves the cycle life and safety of the battery,
but specific parameters need to be finely optimized according to
the specific battery system, and an unreasonable gradient design
may have the opposite effect. For example, if the hydrophobic
layer is too thick or the hydrophilicity is too poor, it may lead to
a decrease in overall ionic conductivity. If the aperture gradient
design is improper, it may cause uneven ion flow at the interface.

7 | Multiscale Interface Construction
Technologies in Hydrogel Electrolyte

The water in the hydrogel electrolyte is immobilized within
the polymer scaffold (typically through interactions with polar
functional groups on the polymer chains), preventing electrolyte
depletion caused by the high reactivity of water in batteries that

use traditional aqueous electrolytes [72]. Rich functional groups
and hydrophilic polymer chains can form cross-linked networks
with water molecules, not only establishing ordered ion migration
pathways, but also promoting uniform distribution of ion flux
[265]. Although the traditional hydrogel electrolyte provides a
good application prospect for aqueous system AZIBs due to its
inherent flexibility and ionic conductivity, its inherent structural
symmetry and chemical uniformity constitute the theoretical
and practical bottleneck for further performance breakthroughs.
This homogeneous system exposes its fundamental shortcomings
when facing the heterogeneous and dynamic electrochemical
interface inside the battery: it cannot provide “tailored” microen-
vironment regulation for the positive and anodes with vastly
different physical and chemical environmental requirements.
Specifically, strategies aimed at stabilizing the zinc anode and
suppressing dendrites and side reactions (such as reducing water
activity) often contradict the conditions required to maintain the
structural stability of the cathode material and achieve high-
capacity storage (such as sufficient solvation environment) [120].
This “one size fits all” design philosophy results in the electrolyte
being in a suboptimal state at both electrode interfaces, leading
to limited cycle life of the battery, difficulty in further improving
Coulombic efficiency, and actual energy density lower than
theoretical expectations at a macro level.

The multiscale interface construction methods in hydrogel elec-
trolytes can perfectly solve the above problems. Specifically, the
hydrogel electrolyte is designed as two different components
inside and outside. One of the main obstacles to the application
of AZIBs is the conflicting demand between the zinc metal anode
and cathode. On the anode side, water can cause severe corrosion
and dendrite growth, significantly inhibiting the reversibility
of zinc deposition/stripping. On the cathode side, water is
essential because many cathode materials require simultaneous
insertion/extraction of H* and Zn?* to achieve high capacity and
long lifespan.

7.1 | Janus-Type Hydrogel Electrolyte

The Janus-type hydrogel electrolytes are primarily composed of
asymmetric structures derived from distinct chemical compo-
nents, with common configurations including polymer-polymer
composites, polymer-inorganic hybrids, and functionally modi-
fied systems. Compared with traditional homogeneous hydrogel
electrolytes, the core advantage of the Janus-type hydrogel elec-
trolytes lies in overcoming the limitation of single-component
systems, which struggle to simultaneously optimize multiple
performance metrics [266]. It achieves synergistic functionality
through spatially defined functional zones, enabling each region
to perform its designated role effectively. The anode-facing side
can be designed as a high mechanical modulus layer to suppress
dendrite growth and regulate zinc ion solvation, reducing side
reactions. The cathode-facing side can feature high ion con-
ductivity and interface compatibility to ensure efficient reaction
kinetics, significantly improving cycling stability, coulombic effi-
ciency, and interface performance without compromising ion
transport.

One of the common methods is to combine the hydrogel with the
SEI interface of the zinc anode, such as porphyrin paddlewheel
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framework (PPFs) [267], PEDOT:PSS [268], CALF-20 [266], etc.
Its core advantage is to build a “rigid and flexible” cooperative
protection mechanism: the flexible hydrogel layer can perfectly
fit the surface of the zinc anode, effectively alleviate the vol-
ume change during the charging and discharging process, and
maintain close interface contact. At the same time, its internal
free water molecules provide a rapid migration channel for zinc
ions. The SEI interface acts as a mechanically robust barrier that
effectively prevents zinc dendrite penetration and blocks water
molecules from contacting zinc metal due to its chemical stability,
significantly suppressing HER and corrosion. This structure
balances interface stability with ion transport kinetics, enabling
efficient ion conduction and enhancing the reversibility of zinc
deposition/dissolution and battery cycle life. For example, Chen
et al. [267]. proposed an asymmetric design using an inorganic
solid-state electrolyte (SSE) and a hydrogel electrolyte to simulta-
neously meet the differing requirements of the anode and cathode
(Figure 10a). The surface of the asymmetric electrolyte adjacent
to the zinc metal anode is a solid electrolyte layer featuring
2D PPF metal-organic framework sheets (PPF-SSEs), fabricated
via an ion diffusion impregnation coating method. Conversely,
the surface facing the cathode side consists of a polyacrylamide
(PAM) hydrogel, prepared using a pre-polymerization combined
coating technique. Finally, these two pre-prepared electrolyte
layers were subjected to hot pressing and in-situ polymerization
to form a PPF-SSEs/PAM bilayer asymmetric structure. In this
asymmetric configuration, the PPF-SSE solid electrolyte layer
effectively separates the zinc electrode from direct contact with
water, thereby preventing water-induced corrosion of zinc and
the accompanying hydrogen evolution. And through the physical
desolvation effect of MOF channels, [Zn(H,0),]** coordination
ions are forced to remove water molecules, reducing uneven
deposition of zinc and further achieving dendrite-free and HER-
free zinc deposition/dissolution. The Raman spectrum shows
that the peak intensities of ZnO and Zn(OH), in the zinc foil
with asymmetric electrolyte are significantly weaker than those
with the ordinary hydrogel electrolyte, further indicating that
the PPF-SSEs layer suppresses side reactions (Figure 10b,c). On
the cathode side, the PAM hydrogel layer serves a dual function.
Firstly, it provides water molecules as both the source and
lubricant for H* ions, facilitating H*/Zn?* synergistic interca-
lation and deintercalation in cathode materials like MnO, and
V,0;, thus enabling high capacity. Secondly, the PAM hydrogel
exhibits a conductivity of 84.79 mS cm™!, effectively enhanc-
ing the cathodic reaction kinetics. Owing to the synergistic
effect of the asymmetric structure, the fabricated Zn//MnO,
battery maintains excellent stability after 1000 charge-discharge
cycles, demonstrating an initial capacity retention of up to 94%
(Figure 10d).

In contrast, a Janus-type hydrogel electrolyte formed by com-
bining two kinds of hydrogels achieves a higher degree of
interface fusion and performance homogenization. Both sides
of this Janus-type gel electrolyte structure are composed of
flexible hydrogels, ensuring excellent interface compatibility and
ionic conductivity continuity within the entire electrolyte, and
avoiding the risk of poor contact or peeling due to modulus
mutation between the water gel and the rigid solid layer. At the
same time, through the precise design of the chemical compo-
sition of the hydrogels on both sides, the dendrite suppression
function facing the anode side and the high ion transmission

capability facing the cathode side can be given respectively on the
premise of maintaining the overall flexibility, to synergistically
improve the magnification performance and cycle stability of
the battery without introducing significant interface impedance,
which is especially suitable for the application scenarios of
flexible devices that need to withstand repeated deformation.
For example, Zhao et al. [269] developed an anhydrous Janus
quasi-solid-state electrolyte to achieve excellent cycling perfor-
mance of AZIBs, aiming at the two problems of the hydrogel
electrolyte’s significant kinetic barrier and the lack of free water,
which will lead to a significant decline in cathode capacity.
This Janus-type electrolyte is composed of two different polymer
components, namely polymethyl methacrylate (PMMA) and poly
(vinylidene fluoride hexafluoropropylene copolymer) (P(VDF-co-
HFP)), which allows the characteristics of the cathode and anode
interface to be independently adjusted (Figure 10e). Specifically,
the abundant carbonyl groups (C=0) in the PMMA polymer
backbone temporarily capture and evenly distribute Zn**, form-
ing a Zn?* enrichment layer at the anode interface, which ensures
rapid replenishment of Zn?*, significantly reducing concentration
polarization on the electrode surface and avoiding dendrite
growth caused by ion depletion at the root. In addition, the lower
LUMO energy levels of the PMMA and CF;SO;~ make them
more prone to reduction and decomposition on the anode sur-
face, forming a unique in-situ “organic-outer/inorganic-inner”
gradient SEI (Figure 10f). The PHEC layer near the cathode
incorporates 1-ethyl-3-methylimidazolium chloride (EMIMCI)
ionic liquid, reducing internal resistance and enabling high-
rate performance. The EMIM* cation in the ionic liquid has
the highest HOMO energy level among all components, making
it highly resistant to oxidation. This provides the PHEC layer
with excellent high-voltage stability and helps stabilize the
cathode/electrolyte interface. More importantly, at the interface
between PHEC and PAZT, a spontaneous ion bilayer forms due
to differences in built-in electric field and ion solubility, with C1~
and Zn?* confined to their respective layers (Figure 10g). During
charging and discharging, Zn** works on the anode side, while
Cl- works on the cathode side. They rely on the ionic double
layer to complete charge transfer together, while avoiding side
reactions and concentration polarization caused by ion crossing.
The ZnllZn symmetric battery prepared with the PHEC/PAZT
solid electrolyte operated for over 13 300 h at 0.1 mA cm™ at
25°C and for 3000 h at 60°C. In contrast, the Zn||Zn symmetric
battery using a single PAZT solid electrolyte can only cycle for
1200 h, and obvious voltage fluctuations occur during the cycling
process, indicating that its ability to suppress side reactions is
relatively weak. Furthermore, the Znl|PANI full battery based on
the PHEC/PAZT solid electrolyte was cycled 10000 times at 3 A
g1, with a capacity retention rate of 75%.

In the same way, Liu et al. [270] adopted the superimposition
pouring method to develop a hierarchical structure hydrogel elec-
trolyte based on high water content polyacrylamide (PAM) hydro-
gel and low water content poly (sulfonated ethanol methacrylate)
(PSBMA) hydrogel, aiming to reduce the corrosion of the zinc
anode and enhance the proton storage capacity of the cathode
(Figure 10h). In this structure, the low water content hydrogel
electrolyte at the zinc anode side reduces the H* concentration
at the interface, thus effectively inhibiting the corrosion of the
zinc anode and the HER. In addition, the low water content
zwitterionic hydrogel contributes to the dehydration of zinc ions
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FIGURE 10 | (a)Schematic illustration of the PAM/PPF-SSEs asymmetric electrolyte. Raman spectra of Zn electrode with (b) hydrogel electrolyte
and (c) PAM/PPF-SSEs asymmetric electrolyte. (d) The cyclic stability of Zn//MnO, full cells using PAM/PPF-SSEs asymmetric electrolyte and hydrogel
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Zn@CNTF in a dual-layer gel electrolyte with lysine at different DOD of Zn metal [271]. Copyright 2024, Wiley-VCH.

and further inhibits the HER, which can be proved by the
calculation of the molecular orbital energy level. The energy
level difference of SBMA-Zn[5H,0]*" is relatively small, and
the unoccupied molecular orbital (LUMO) is also lower than
that of Zn[6H,0]** and AM-Zn[5H,0]**, indicating that water
reduction at the PAMS30-ZH junction is not very favorable,
thereby inhibiting HER behavior (Figure 10i). Moreover, the
sulfonic acid group in PSBMA coordinates with Zn**, altering its
solvation structure and reducing the desolvation energy barrier.
And PSBMA preferentially adsorbs on the surface of the zinc
anode, guiding Zn>* to deposit at low surface energy sites and
avoiding dendrite formation. The high water content hydrogel
on the cathode side provides more H* for the electrochemical
reaction, thus improving the energy storage capacity of the
cathode. And high moisture content helps to buffer the volume
change of the cathode during charging and discharging, improv-

ing structural stability. Based on the synergistic effect of the two
hydrogel electrolytes, the prepared ZnllZn symmetric battery was
cycled for 1200 h at 80% DOD, and the ZnlIVN full battery was
cycled 4000 times at 2 A g~!, with a capacity retention rate of
91.2%. In contrast, the Znl|Zn symmetrical battery cycle life of a
single PAM hydrogel is only over 800 h, and the performance of
the assembled Znl||IVN full battery also deteriorates sharply.

On these basics, Li et al. [271] extended the Janus-type hydrogel
electrolyte to the field of fiber-shaped batteries. They used ion
crosslinking and confinement encapsulation strategies to prepare
a double-layer gel electrolyte with a high-fluidity inner layer and
a high-strength outer layer. Using this double-layer gel electrolyte
with a fibrous zinc anode can solve the problems of interface
separation and zinc dendrite growth in flexible batteries.
In the preparation process, the polyvinyl alcohol-Zn acetate
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[PVA-Zn(AC),] solution is first coated onto the fibrous
Zn@carbon nanotube fiber [Zn@CNTF]| electrode. Then
the composite fiber is immersed in a sodium alginate (SA)
solution, forming an outer layer of zinc alginate (ZA) through
Zn** cross-linking, resulting in a double-layer gel electrolyte
composed of an inner PVA-Zn(AC), layer and an outer ZA
layer (Figure 10j). The high-fluidity gel formed by PVA-Zn(Ac),
with a low degree of crosslinking enables dynamic filling of the
interfacial gaps caused by zinc anode stripping or deformation,
thereby maintaining intimate contact between the electrode and
the electrolyte during the charge-discharge process (Figure 10k).
Moreover, the outer layer of ZA forms a dense structure through
electrostatic interactions, thereby exhibiting high mechanical
strength, which can constrain the flow of the inner layer, prevent
electrolyte leakage, and avoid short circuits caused by direct
electrode contact. Meanwhile, lysine is incorporated into this
dual-layer gel electrolyte as an additive. The amino (-NH,)
and carboxyl (-COOH) functional groups within its molecular
structure can selectively adsorb onto the surface of the zinc
anode, thereby forming a stable SEI film. In addition, the lowest
unoccupied molecular orbital (LUMO) energy level of lysine
is lower than that of water molecules, making it easier to bind
with Zn?*, thereby regulating the solvation structure of Zn?*
and inhibiting HER. Benefiting from the synergistic effect of
inner and outer gel electrolytes combined with lysine additives,
the fabricated fibrous ZnllZn symmetric battery exhibited an
extended cycle life exceeding 800 h under a current density of
1 mA cm~2 and a dynamic bending frequency of 0.1 Hz.

In conclusion, Janus-type hydrogel electrolyte achieves the
advantages of functional synergy and spatial separation by build-
ing an asymmetric structure with different physical/chemical
properties on both sides: one side is committed to promoting
the uniform deposition of zinc ions to inhibit dendrites, and
the other side focuses on regulating the solvation structure of
[Zn(H,0)¢]* and inhibiting the dissolution of cathode materials
to reduce side reactions, thereby simultaneously improving the
cycle stability and reversibility of the battery. However, special
attention should be paid to the chemical compatibility and stable
bonding of the two interfaces during the construction process
to avoid delamination failure caused by volume changes or
increased interface impedance during charging and discharging.
At the same time, it is necessary to accurately balance the ion
conductivity and mechanical strength of the components on both
sides to ensure the long-term stability of ion transport kinetics and
interface contact.

7.2 | Gradient-Type Hydrogel Electrolyte

The gradient hydrogel electrolyte is different from the Janus
electrolyte hydrogel mentioned above, and its internal composi-
tion presents a continuous gradient distribution without obvious
mutation, which eliminates the clear interface in the Janus
structure caused by sudden changes in the physical and chemical
properties of the two components. This transition structure
without mutation can achieve seamless connection of material
physical and chemical properties such as ionic conductivity and
mechanical modulus in space, bringing two key benefits: first, it
can effectively avoid uneven zinc ion flow distribution, increased
interface impedance, and interlayer delamination problems that

may occur at the Janus interface due to modulus or conductivity
mismatch, providing a more uniform dynamic environment for
zinc ion deposition and fundamentally reducing the risk of
local dendrite growth; Second, the gradient structure enables a
precisely controlled functional transition from the zinc anode
side, characterized by high modulus and strong suppression capa-
bility, to the cathode side, which exhibits high conductivity and
efficient ion transport. This integrated gradient design ensures
excellent dendrite suppression capability while providing better
ion transport paths and interface stability, which is particularly
beneficial for improving the cycle life and overall reliability of the
battery at high rates. The constructed gradient-type hydrogels are
of three types: electrolyte concentration gradient type, dispersoid
concentration gradient type, and polymer backbone gradient
distribution.

In high-concentration electrolytes, abundant zinc ions promote
dense zinc deposition and enhance electrochemical stability
by binding most solvent molecules into a solvation shell,
minimizing free water. However, the poor wettability between
high-concentration electrolytes and GF separators, along with
a tendency for the electrolytes to become water-poor during
circulation, hinders zinc ion transport and limits battery perfor-
mance. In response to this issue, Lu et al. [272] proposed an
electrolyte gradient strategy, which achieved dense and dendrite-
free deposition of zinc by constructing a zinc ion concentration
gradient from the zinc anode to the separator direction, sig-
nificantly improving the cycle life of AZIBs (Figure 1la). This
method involves coating a mixture of high-concentration ZnSO,
electrolyte and carboxymethyl cellulose sodium (CMC) on the
surface of a zinc anode (HCE@CMC). The high-concentration
electrolytes provide sufficient Zn?**, promote uniform nucle-
ation and dense deposition, and inhibit dendrite formation
(Figure 11b,c). CMC anchors high-concentration electrolytes on
the zinc anode surface via water absorption and molecular
chain structure, creating a stable concentration gradient. And the
terminal oxygen atoms in CMC molecules can coordinate with
water, reducing free water content and regulating Zn** solvation
to promote dense deposition. On the contrary, filling the GF
separator with low-concentration ZnSO, electrolyte ensures good
wetting and ion migration, preventing polarization and dendrite
growth due to ion depletion. The exchange current density of this
electrolyte gradient system is higher than that of conventional
electrolytes, indicating its faster zinc deposition kinetics. In
ZnllZn symmetrical batteries, batteries using 4 M@CMCI1 M4
M@CMC gradient electrolytes cycled over 14 000 times (>8
months) at 5 mA cm~2, far superior to conventional electrolytes.

As mentioned in section 2, using high dielectric performance
materials as “electric field pumps” significantly enhances the
vertical electric field strength on the electrode surface under
the action of an external electric field, suppresses the horizontal
electric field component, and eliminates the local growth of
zinc dendrites caused by the tip effect. When incorporated into
the gel electrolyte, it establishes a 3D, dynamic ion-regulating
network that actively guides zinc ions toward uniform dis-
tribution along their migration pathway before reaching the
electrode surface, thereby suppressing dendritic nucleation at its
origin. For example, Wang et al. [273] constructed an asymmetric
piezoelectric gradient polymer electrolyte based on PVDF-based
polymer matrix (PVHF), and introduced piezoelectric ceramic
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(d) Ilustration showing the design of Zn|IMnO, batteries utilizing the BPVHF electrolyte with an asymmetric configuration. (e) Conceptual diagram
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systems [273]. Copyright 2025, Elsevier. (g) The distribution of functional groups on the hydrophilic and hydrophobic sides of the Janus PAZPM hydrogel
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barium titanate (BTO) nanofillers. This design introduces a
built-in gradient electric field in the direction of electrolyte

efficient ion transport without causing excessive polarization.
Therefore, based on this asymmetric gradient polymer electrolyte,

thickness, utilizing the electromagnetic properties of BTO to
regulate zinc ion transport and interface dynamics (Figure 11d).
On the zinc anode side, the spontaneous polarization of high-
concentration BTO forms an internal electric field, guiding Zn**
to migrate uniformly along the electric field lines (Figure 1le).
The mechanical stress induced by dendritic growth activates the
piezoelectric effect of BTO, thereby generating localized electric
fields that enable real-time regulation of ion distribution and
effectively suppress dendrite deterioration. On the contrary, the
MnO, cathode surface contains a softer and higher polymer
content phase with lower BTO content, which ensures better
interface compatibility and lower contact resistance, achieving

an ion conductivity of 1.39 mS cm™ and a high zinc ion
transfer number of 0.69 were achieved, which is superior to
traditional solid electrolytes (Figure 11f). Thanks to this gradient
electrolyte, the assembled ZnllZn symmetric batteries exhibit
excellent cycling stability and can sustain operation for over
1500 h, while ZnlIMnO, full batteries demonstrate stable cycling
performance after 1200 cycles.

The third method is to use two or more polymers to form
an asymmetric gradient hydrogel electrolyte. The similarities
with Janus-type hydrogel electrolyte mentioned above are that
it adapts to the cathode and anode, respectively, according
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to the water locking capacity, hydrophilicity, and porosity of
different polymers, and cooperatively regulates the transfer and
deposition of zinc ions. The difference is that all the polymers
in the gradient hydrogel electrolyte run through the entire
electrolyte in the thickness direction, presenting a continuous
and gradual transition state, which is often more advantageous
in alleviating interlayer stress concentration and ensuring con-
tinuous transition of ion flow. For example, Zhu et al. [274]
innovatively designed an integrated Janus gradient hydrogel with
two different hydrophilic surfaces and a gradient pore structure
inside to meet the needs of the cathode and anode for different
water content. The Janus gradient hydrogel is driven by the
polarity difference of the mold. In detail, in an aqueous solution
containing four organic monomers, the hydrophilic acrylamide
(AM) and zinc acrylate (Zn-AC) monomers tend to diffuse
towards glass surfaces with higher polarity, while hydrophobic
monomers, such as N-isopropylacrylamide (NIPAM), tend to
aggregate towards the hydrophobic PTFE surface (Figure 11g).
During this process, the hydrophobic isopropyl group of NIPAM
induces the polymer chains to coil tightly, thereby repelling
water molecules and facilitating the formation of a compact pore
structure. The hydrophilic groups (-CONH,, -COO") of AM and
Zn-AC extend the polymer chains to accommodate more aqueous
solutions, forming a large pore structure (Figure 11h). In this
gradient hydrogel, the hydrophobic surface is positioned next
to the zinc metal anode. Its dense polymer chains and highly
entangled hydrophobic segments effectively guide uniform and
concentrated zinc deposition on the anode, while also reducing
water activity and inhibiting water-induced corrosion through
the formation of a dense polymer network and small pore struc-
ture. Furthermore, the high polymer density on the hydrophobic
side endows the hydrogel with excellent mechanical strength,
supporting the stability of the battery under extreme conditions
such as bending or cutting. The hydrophilic surface next to the
cathode facilitates hydrogen ion insertion. It also stabilizes water
molecules through strong hydrogen and ionic bonds (-COO-,
-NH,), buffers pH changes, and reduces cathodic dissolution by-
products (Figure 11i). Moreover, the large pore structure on the
hydrophilic side provides a fast ion transport channel with an
ion conductivity of 17.0 mS cm~2, nearly matching the symmetric
hydrophilic gel (20.6 mS cm™2), ensuring high rate performance
of the battery. The AZIBs exhibit a high capacity of 475 mA h g!
and excellent cycle stability of 88% capacity retention after 1000
cycles when employing this Janus gradient hydrogel electrolyte,
significantly outperforming both symmetric hydrogel and liquid
electrolytes.

To achieve higher performance goals, three different gradient
designs can be coupled to comprehensively improve the overall
performance of the AZIBs. For example, Wang et al. [275] drew
inspiration from articular cartilage and integrated the network-
forming capabilities of PVA and cellulose nanofibers (CNF),
along with the dielectric properties of graphene oxide (GO), to
develop a Janus-type hydrogel electrolyte featuring a gradient net-
work structure and optimized interfacial chemistry (Figure 11;j).
In brief, the Janus-type hydrogel with the density difference
between the upper and lower layers was prepared by adjusting
the solid content of the pouring solution, combining the two-
step pouring molding process and the freezing-thawing molding
method (Figure 11k). Among these, the low-network-density
polyvinyl alcohol/cellulose nanofiber (PC) hydrogel layer on the

cathode side features a broad network of channels and a high
water content, which facilitates the rapid transport of zinc ions.
The high-network-density polyvinyl alcohol/cellulose/graphene
oxide (PCG) hydrogel layer on the anode side features a dense
network with abundant carboxyl and hydroxyl groups that des-
olvate zinc ions, reduce water molecule activity, homogenize ion
flow, and improve mechanical strength (Figure 111). In addition,
the presence of polar oxygen-containing groups, such as carboxyl
(-COOH) and hydroxyl (-OH) groups in GO within PCG, endows
it with dielectric and negatively charged characteristics. These
features reduce the binding energy between Zn** and water
molecules, thereby enhancing the Zn?* transference number
and ionic conductivity in the hydrogel electrolyte. Thanks to its
Janus-type gradient network structure and optimized interface
chemistry, this hydrogel electrolyte exhibits excellent electro-
chemical stability and high-performance magnification. It allows
ZnllZn symmetric batteries to maintain stability for over 2200
h at 1 mA cm~2 and enhances the rate capability and safety of
Zn-MnO, full batteries.

Along the same lines, Zhou et al. [276] constructed a double-layer
hydrogel electrolyte with a spatial concentration gradient based
on the regulation of different anions in the Hofmeister sequence
on polymer solubility and crosslinking degree. Specifically, the
process uses a cyclic freeze-thaw method to construct a dual
crosslinked network consisting of PVA and hydroxyethyl cellulose
(HEC) physically crosslinked. Zinc acetate (Zn(OAc),) is used
as the salt solution, and the middle position characteristic of
acetate ions (OAc™) in the Hofmeister sequence is utilized to
construct a high concentration layer on the zinc anode side
and a low concentration layer on the cathode side, forming a
continuous concentration gradient and hydrogen bond network
gradient. The non-uniform structure restricts free water in local
hydrogen bond traps at the molecular scale, while promoting
rapid dehydration and transport of zinc ions, effectively sup-
pressing HER and corrosion. A uniform ion flow guides zinc to
deposit along the (002) crystal plane at the electrode interface,
thereby suppressing dendrite growth and forming a flat crystal
structure.

In conclusion, the gradient hydrogel electrolyte has constructed a
smooth gradient distribution of physical and chemical properties,
such as ionic conductivity and mechanical modulus, from anode
to cathode through its continuously changing internal dispersion
concentration. Its core advantage is that it can achieve spatially
accurate matching of functions: the side close to the anode can be
designed with a high modulus to mechanically inhibit dendritic
growth, while the high concentration network helps guide the
uniform flow of zinc ions. On the cathode side, it can be optimized
for high ion conductivity to ensure fast reaction kinetics. This
seamless transition structure can more effectively synergistically
improve the cycle life and rate performance of the battery.
However, the key to the construction of such electrolytes is to
precisely control the formation and stability of the concentration
gradient. It is necessary to ensure that the gradient structure can
be accurately formed during the gel process and does not relax or
migrate under long-term use. At the same time, it is necessary
to optimize the ion transport path at the gradient interface to
avoid new interface impedance or uneven ion flow caused by
sudden property changes, which may lead to local deposition or
corrosion.
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8 | Summary and Prospects

In summary, AZIBs are a promising alternative to LIBs due
to their high safety, low cost, and high energy density. How-
ever, practical applications of high-performance AZIBs are lim-
ited by issues such as dendrite growth, HER, corrosion, and
passivation during electrochemical cycling. Among numerous
solutions, interface regulation has become the most effective
strategy to address these issues [49]. This review first sys-
tematically explores the formation mechanisms of zinc anode
dendrites, hydrogen evolution reactions, and side reactions,
and then lists various interface regulation methods to address
these issues. In addition, to overcome the limitations of sin-
gle interface regulation, this review emphasizes and provides
examples of multiscale interfacial regulation strategies to syn-
ergistically address multiple challenges in zinc anodes, aiming
to provide valuable insights into the synergistic effects of mul-
tiscale interfaces in electrode and electrolyte design. Firstly,
four approaches for constructing multiple SEI layers on the
surface of zinc anodes are summarized: the pre-construction
method, the multiphase conversion method, the electrolyte
additive-based in-situ construction method, and the eutectic
electrolyte-based in-situ construction method. The respective
advantages and limitations of each method are systematically
analyzed. Furthermore, the protective interface on the sur-
face of the zinc anode has been extended and systematically
summarized at the molecular level. Subsequently, this review
examines the design principles and regulatory mechanisms of
multiscale interface layers for zinc powder anodes and zinc
host anodes, to enable the development of zinc-based anodes
capable of achieving high depths of discharge. Finally, this
review summarizes the application of multiscale interfacial reg-
ulation strategies in AZIBs separators and hydrogel electrolytes,
categorizing them primarily into Janus-type and gradient-type
structures. We further discuss the respective advantages and
limitations of these two configurations, along with key consider-
ations for their design and implementation. Although significant
progress has been achieved in enhancing the performance of
zinc anodes through multiscale interfacial regulation strategies,
further optimization remains necessary to fully realize their
potential in AZIBs. This section discusses key challenges and
outlines prospective research directions for advancing multiscale
interfacial regulation approaches in zinc anode development
(Scheme 4).

1. Prefabricated multi-layer coatings typically rely on physical
or weak chemical interactions to adhere to the surface of zinc
foil. During the zinc deposition/stripping process, cracking
or interlayer delamination is prone to occur due to volume
changes and mechanical stress, leading to the failure of
protective functions. In addition, the total thickness of multi-
layer coatings often reaches tens of micrometers, significantly
reducing the energy density of batteries and limiting their
application in high-energy demand scenarios. In the future,
dynamic self-healing coating systems with strong interfacial
bonding capabilities should be developed, such as introduc-
ing reversible covalent bonds or supramolecular interactions
to enhance the structural integrity of coatings during cycling.
At the same time, the design of nanoscale ultra-thin multi-
functional composite coatings should be explored to achieve a

balance between high ion conductivity and high mechanical
strength.

. The induction of multiphase transformation in single-layer

coatings relies on controllable chemical reactions (such as
displacement and decomposition) between the coating and
zinc or electrolyte. The degree, uniformity, and kinetics of
these reactions are influenced by various factors such as
electrolyte composition, current density, and temperature,
making it difficult to accurately control and leading to uneven
interfacial layers or the formation of non-ideal products. In
addition, the applicable precursor materials are limited, and
the research and development barriers are high. Suggest com-
bining DFT theoretical calculations with high-throughput
experimental screening to develop precursor materials with
clear reaction pathways and high selectivity. By optimizing
the composition of the electrolyte and assisting with external
fields such as thermal and electric fields, precise control
of interface reaction kinetics and spatial distribution can
be achieved, promoting the controllable preparation and
practical application of such intelligent responsive interface
layers.

. When using electrolyte additives to construct a multi-layer

SEI, it irreversibly consumes active Zn?* ions and electrolyte
during the first charge and discharge process, resulting in a
decrease in initial coulombic efficiency and capacity loss of
the battery, which is particularly unfavorable for high-energy
density batteries. In addition, the continuous consumption of
additives may weaken their long-term protective effects, and
some additive molecules may cause environmental toxicity
issues. In the future, efforts should be made to develop “zero
consumption” or “low consumption” intelligent additives
that can dynamically repair SEI during the cycling process
without being continuously consumed. The research focus
can be on the design of polymer additives with self-healing
function or inorganic organic hybrid molecules that can
form ultra-stable SEI on zinc surfaces, while paying close
attention to the environmental friendliness and cost of
additives.

. The core challenge of using eutectic electrolytes to construct

multi-layer interfacial layers in situ on the surface of zinc
anodes lies in the precise control of the “bottom-up” assem-
bly process. A stable chemical bond between the eutectic
components and the zinc substrate is essential, not mere
physical adsorption, to ensure interfacial structural integrity
during cycling. In addition, the thickness and density of the
interface layer need to reach an optimal balance point. An
excessively thick interface layer can significantly increase ion
migration resistance, while an excessively thin layer may lead
to insufficient protection and fail to effectively suppress den-
drite penetration and side reactions. Future research should
focus on molecular design to regulate the functional groups
of each molecule in eutectic components and their reactivity
with zinc surfaces, in order to achieve controllable interfacial
layer growth kinetics and thermodynamics. Develop eutectic
systems with self-limiting growth characteristics, enabling
them to automatically form multi-layer structures with opti-
mal thickness, density, and uniformity. At the same time,
advanced in-situ characterization techniques should be com-
bined to monitor the formation and evolution process of the
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interface layer in real time, providing theoretical guidance for
the rational design of eutectic electrolyte formulations.

5. The main challenge in constructing protective layers at the
molecular scale is how to achieve stable, oriented, and
defect-free assembly of functional molecules on zinc surfaces.
Functional molecules must be stably anchored on a zinc
substrate through strong chemical bonds (such as Zn-S, Zn-
N) to resist peeling forces during cycling. At the same time,
the molecular structure needs to be carefully designed to form
a dense and uniform coverage, prevent dendrite initiation
from defects, and integrate efficient ion transport channels to
avoid the formation of ion insulation barriers. In addition, the
cost and environmental friendliness of the selected molecules
are also practical considerations that cannot be ignored in
the transition from laboratory to commercialization. Future
research directions should focus on the “multi-component
functional assembly” strategy, integrating molecules with
complementary functions such as strong anchoring, rapid
conduction, and hydrophobic isolation through intermolec-
ular forces like a “puzzle” to construct a truly intelligent
and robust artificial interface layer. We need to vigorously
develop precise synthesis methods for interface molecu-
lar engineering to achieve precise control over molecular
arrangement, stacking methods, and channel sizes. At the
same time, inspiration should be drawn from the structure

of natural biological membranes (such as cell membranes)
to design biomimetic multi-molecular layer structures with
ordered ion channels, opening up new avenues for achieving
ultra-high rate and ultra-long lifespan zinc metal anodes.

It is particularly important to emphasize that in the repetitive
cycle with high discharge depth, the stress on the interface protec-
tive layer continuously accumulates, posing a severe challenge to
its structural stability, and the risk of instability and even collapse
significantly increases. Therefore, future multi-scale interface
layers must simultaneously meet two strict conditions: first, they
must possess excellent mechanical adaptability and toughness,
capable of withstanding the significant volume changes caused
by the intense deposition/dissolution of zinc without cracking
or peeling off. Second, it ensures uniform ion redistribution and
deposition guidance. Even at high absolute deposition rates, it can
still strongly regulate the zinc ion current, inhibit dendrite growth
and side reactions, thereby achieving coordinated stability at both
the physical barrier and electrochemical regulation levels.

6. It is extremely challenging to achieve a uniform, complete,
and strong multi-layer coating on the surface of zinc powder
particles with high specific surface area. Coating defects or
particle agglomeration can lead to uneven zinc deposition,
exacerbating dendrites and side reactions. During deep
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discharge, the drastic changes in the volume of zinc powder
can easily cause the collapse of the coating structure and
functional failure. Develop new micro-nano level coating
technologies, such as atomic layer deposition combined with
molecular self-assembly, to achieve uniform coating of zinc
powder surface with sub-nanometer precision. Meanwhile,
a “soft hard” alternating structure coating with gradient
modulus can be designed to better adapt to volume changes,
and the three-dimensional conductive network can be
utilized to enhance the structural stability and reaction
reversibility of the zinc powder electrode.

. When pre-constructing hollow structures as deposition
carriers, if the mechanical strength of the hollow structure
itself is insufficient, it is prone to rupture or collapse
under the stress of repeated zinc deposition/dissolution.
In addition, if the ion conductivity of the structure is
poor, zinc ions will find it difficult to quickly enter
the cavity, resulting in zinc preferentially depositing
outside the structure and losing the meaning of spatial
confinement. The precise control of cavity size and
distribution is also a major preparation challenge. In the
future, the focus should be on developing new hollow
frame materials with high strength and ionic conductivity,
such as COFs or composite ceramic materials. Through
advanced imaging technology and simulation calculations,
the relationship between cavity structure (size, shape,
distribution) and zinc deposition behavior is accurately
correlated to guide optimal structural design. At the same
time, differential functional modifications should be
applied to the inner and outer surfaces of the structure
to achieve zincophilicity and hydrophobicity/inertness,
respectively, in order to synergistically enhance
performance.

. There may be compatibility and adhesion issues between
the functional layers of double-sided modified separators,
which can lead to interlayer separation due to changes
in electrode volume over long-term cycling, resulting in
increased impedance and loss of function. In addition, the
introduction of functional layers usually increases the total
thickness of the separator and ion migration resistance,
which may sacrifice the rate performance of the battery.
The research direction should lean towards developing
integrated Janus separators rather than simple physical
stacking to enhance interlayer bonding. Functional layers
can be directly constructed on substrates using grafting
polymerization or in situ growth techniques. At the same
time, it is necessary to carefully design the pore structure and
chemical properties of each functional layer to ensure that it
can selectively regulate ions without significantly increasing
the overall impedance.

. The preparation process of gradient structure separators is
usually complex (such as requiring control of component
settling, phase separation, etc.), making it difficult to achieve
large-scale, low-cost continuous production. Unreasonable
gradient design, such as excessive hydrophilic-hydrophobic
transition or improper pore size gradient, may lead to
uneven distribution of ion flow at the interface, and even
trigger new local corrosion or dendrite growth points. Sim-
ple and controllable gradient-forming techniques should

be developed, such as using electric and magnetic fields
to drive the directional arrangement of nanoparticles or
achieving continuous gradient changes in components
through microfluidic technology. Combining finite element
analysis to simulate the transport behavior of ions in
different gradient structures, to reverse engineer the opti-
mal gradient parameters. Developing gradient materials
with dynamic adaptability to fine-tune their properties
based on battery states is the forefront direction of the
future.

10. The components on both sides of the Janus hydrogel
usually have different swelling degrees, moduli, or chem-
ical properties. Due to moisture migration or electrode
volume changes during charging and discharging, it is
easy to generate internal stress at the interface between
the two layers, leading to delamination or increased inter-
face impedance. The strong coupling relationship between
the performance on both sides also makes independent
optimization difficult. In the future, efforts should be
made to design Janus hydrogels with chemical bonding
interfaces, such as interpenetrating polymer networks or
chemical reactions at the interface, to fundamentally solve
the layering problem. Develop a dual network structure
with a “soft hard” gradient or complementary performance
to achieve synergistic suppression of anode side dendrites
and high ion conductivity on the cathode side. For flexible
devices, it is necessary to ensure that the overall elec-
trolyte can maintain interface integrity under bending and
stretching.

11. The core challenge of gradient hydrogels is the stability of
their concentration gradient or network density gradient
during long-term use and storage. The components may be
gradually homogenized due to diffusion, leading to func-
tional degradation. The precise control of gradient formation
during the preparation process is also a major technical
challenge. The research focus can be on using cross-linking
density gradient or fixed charge density gradient to construct
stable non-equilibrium structures, which are not easily
relaxed due to simple diffusion. A novel bionic gradient
hydrogel was developed to mimic the structural charac-
teristics of biological tissues, such as cartilage, to achieve
the optimal spatial distribution of mechanical and ion
transport properties. Real-time monitoring of the evolution
of gradient structures during battery operation using in-
situ characterization techniques provides a direct basis for
optimizing design.

In summary, while multiscale interfacial regulation of zinc
anodes significantly enhances battery performance, significant
challenges persist. These include limited long-term interfacial
stability, compromised energy density, scalability of fabrication
processes, and environmental compatibility. To address these
issues, future research should prioritize in-situ and dynamic
interfacial engineering, multi-scale theoretical modeling inte-
grated with artificial intelligence, the development of sustainable
materials, and system-level optimization. Such an integrated
approach is indispensable for translating high-performance, long-
life, and low-cost AZIBs from the laboratory to commercial
viability.
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