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HIGHLIGHTS

•	 Zn anodes modification strategies are systematically summarized, with emphasis on the full-sequence nucleation and growth of Zn 
electrodeposition.

•	 A full-chain multi-scale regulatory framework is established, analyzing the working mechanisms, design principles, and state-of-the-
art advances of three core complementary strategies for Zn anode design.

•	 Critical challenges in practical anode engineering are outlined, the paradigm shift from empirical trial-and-error to rational material 
design is highlighted, and forward-looking research directions for commercial aqueous zinc-ion batteries are proposed.

ABSTRACT  Dendrite growth and parasitic side reactions at the Zn metal 
anode remain critical obstacles to the commercialization of aqueous zinc-ion 
batteries (AZIBs). Zn anode design regulates Zn deposition behavior from its 
thermodynamic and kinetic roots and is therefore recognized as a pivotal strat-
egy to address the above bottlenecks. However, Zn deposition evolves through 
a complex multistage nucleation-growth process, and the structure–property 
relationship between the anode designs and practical Zn deposition behavior 
remains to be elucidated. This review focuses on Zn deposition substrate and 
functional interphase engineering, systematically elucidates the microscopic 
mechanisms and key regulatory targets of Zn deposition at each stage, and establishes a multidimensional regulation framework covering 
atomic tuning, interfacial modification, and spatial confinement. Based on this framework, we summarize three core design strategies, namely 
zincophilic regulation, lattice-matched effects, and three-dimensional structural engineering, and provide in-depth elucidation of the  working 
mechanism and structure-property relationship of each strategy. By correlating these fundamental principles with the latest research advances 
in the field, we highlight the paradigm shift from empirical trial and error to rational material design. Finally, we outline the prevailing chal-
lenges and future research directions for Zn anode design, aiming to provide actionable insights for the development of advanced dendrite-free 
Zn anodes toward high-performance AZIBs. 
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1  Introduction

The worldwide shift toward renewable energy has acceler-
ated the deployment of solar, wind, and hydropower, yet their 
intermittency creates a critical need for reliable, grid-scale 
energy storage systems (Fig. 1a, left panel) [1–4]. However, 
the fluctuating nature of these renewables poses substantial 
obstacles to grid stability [5–7]. Within this context, aque-
ous zinc-ion batteries (AZIBs) are regarded as a promising 
replacement for lithium-ion systems, owing to their intrinsic 
safety provided by nonflammable aqueous electrolytes, low 
cost, and environmental compatibility arising from the abun-
dance and nontoxicity of Zn resources [8–13]. Furthermore, 
Zn metal offers a high theoretical capacity (820 mAh g–1 or 
5855 mAh cm–3) and a suitable redox potential (–0.76 V 
vs. standard hydrogen electrode) [14–18], providing crucial 
advantages for constructing high-energy-density storage sys-
tems (Fig. 1). These attributes collectively endow AZIBs 
with broad application potential across diverse fields such 
as smart grids, autonomous vehicles, and aerospace (Fig. 1a, 
right panel). Nevertheless, the practical performance and 
commercialization of AZIBs remain limited by the intrinsic 
defects of Zn anodes during cycling, which directly compro-
mise long-term electrochemical stability [19–21].

AZIBs operate on a “rocking-chair” mechanism, wherein 
energy storage and release are realized through the reversible 
insertion/extraction of Zn2+ ions within the cathode, coupled 
with the reversible dissolution/deposition of Zn at the anode 
(Fig. 1b) [22–26]. Consequently, the reversible Zn plating 
and stripping behavior on the anode dictates the long-term 
cycling life of AZIBs [27–32]. Ideally, Zn deposition would 
proceed via a layer-by-layer growth mode that follows its 
native crystal lattice, yielding a densely packed, uniform 
morphology [33]. In practical battery operation, however, 
Zn anodes inevitably suffer from three closely interrelated 
failure modes (Fig. 1c). Primarily, inhomogeneous electric-
field distribution and insufficient nucleation sites lead to 
uneven Zn deposition and dendrite formation. The dendritic 
growth perforates the separator, inducing internal short-cir-
cuiting of the cell [34–38]. Secondarily, the parasitic hydro-
gen evolution reaction (HER) irreversibly depletes protons 
and lowers Coulombic efficiency, while also inducing local 
pH fluctuations that accelerate Zn corrosion [39–42]. The 
buildup of gaseous hydrogen further elevates internal pres-
sure, risking electrolyte leakage or catastrophic cell failure 

[43]. Thirdly, electrically insulating passivation byproducts 
(e.g., Zn4SO4(OH)6·xH2O) generated by complex interfacial 
reactions passivate the anode surface and severely degrade 
cycling stability [44–46]. Uniform and compact Zn depo-
sition suppresses dendrite-induced short circuits and dead 
Zn formation, minimizes parasitic reactions associated 
with enlarged active surface area, and consequently enables 
AZIBs with lower polarization, higher Coulombic efficiency, 
and prolonged cycle life.

Zn anode design represents a highly promising approach 
to address the aforementioned challenges. It targets the root 
causes of anode failure, which are the inherent inhomogenei-
ties in nucleation site distribution, interfacial reaction kinetics, 
and mass transport during Zn plating/stripping. Specifically, it 
directly modulates the physicochemical properties of the elec-
trode itself by tailoring surface/interface characteristics, crys-
tallographic texture and three-dimensional (3D) topological 
architecture. This approach endows the anode with intrinsic 
capabilities to inhibit dendrite formation and side reactions, 
thus offering a more sustainable pathway for improving the 
performance of AZIBs [47–50]. Recently, substantial progress 
has been made in Zn anode engineering toward these objectives. 
However, the field still lacks a systematic mechanistic under-
standing of the complex, multistage, and multiscale evolutionary 
behaviors of the Zn deposition. Most reported Zn anode engi-
neering methods center on targeted regulation of individual steps 
of Zn deposition, such as diffusion, adsorption, nucleation, and 
growth, thereby failing to achieve synergistic regulation across 
the full nucleation-growth process of Zn deposition. There-
fore, proceeding from the fundamental nature of the Zn plat-
ing process, this review focuses on the Zn deposition substrate 
and functional interface engineering to optimize Zn deposition 
behavior, thereby laying the groundwork for constructing highly 
stable Zn metal anodes.

Herein, we systematically review the design principles 
and optimization strategies for Zn anodes, focusing on the 
regulation of the Zn deposition process to address the criti-
cal knowledge gap between the complex multistage nuclea-
tion-growth process and deposition behavior. By integrating 
atomic-level site engineering, interfacial lattice matching, 
and microscopic spatial confinement, we first deconstruct 
the microscopic mechanisms and core regulatory targets of 
each stage during Zn deposition. Then systematically dis-
cuss three core design strategies (zincophilic regulation, 
lattice‑matched effects, and 3D structural engineering) 
under this framework, with comprehensive analysis of their 
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working mechanisms and structure-property relationships. 
We further highlight the paradigm shift from empirical 
trial and error to rational material design in this field and 
finally outline the prevailing challenges and forward-looking 
research directions for Zn anode modification. Overall, this 
review aims to establish fundamental structure-property 
relationships and design criteria for suppressing dendrite 
growth and parasitic reactions, thereby providing theoreti-
cal guidance and scientific foundations for advancing high-
stability Zn metal anodes toward practical applications in 
AZIBs.

2 � Fundamental Mechanisms of Zn Deposition 
and Targeted Regulation of Zn Anodes

The electrochemical deposition of Zn metal directly deter-
mines the cycling reversibility, Coulombic efficiency, and 
structural integrity of AZIBs. Consequently, establishing an 

in‑depth comprehension of the fundamental reduction mech-
anisms and developing targeted modulation strategies have 
emerged as the core priority of ongoing research. Rational 
structural design is of decisive importance for facilitating 
homogeneous Zn plating and mitigating dendrite forma-
tion. The fundamental rationale behind this strategy lies in 
the deep insight and precise regulation of each sequential 
stage of Zn plating. This chapter systematically deconstructs 
the Zn deposition process, clarifies the origin of deposition 
inhomogeneity and failure, and builds a full-chain multiscale 
regulatory framework that runs through the entire review.

In the mildly acidic and/or neutral electrolytes that dom-
inate the current research of AZIBs, the Zn deposition pro-
cess undergoes five sequential and interconnected stages, 
each directly affecting the final deposition morphology 
and interfacial stability (Fig. 2a). These stages include: (i) 
migration of hydrated Zn2+ ions from the bulk electrolyte 
to the Helmholtz double layer; (ii) desolvation of hydrated 

Fig. 1   Challenges and structural characteristics of Zn anodes in AZIBs. a Schematic illustration of AZIBs implementation in grid-scale renew-
able energy storage systems. b Working mechanism of a typical AZIB. c Key challenges affecting Zn anode performance, including dendritic 
growth, hydrogen evolution, and surface passivation
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Zn2+ ions at the Helmholtz double layer, the key kinetic 
step for charge transfer; (iii) adsorption of desolvated 
Zn2+ ions onto the anode surface; (iv) electroreduction 
of adsorbed Zn2+ ions to Zn nuclei; and (v) growth of Zn 
nuclei into bulk metallic deposits [51–55].

The final morphological evolution and crystallo-
graphic habit of Zn electrodeposits are predominantly 
governed by the nucleation (stages iii and iv) and sub-
sequent growth (stage v) processes, which represent the 
core regulatory targets of anode design (Fig. 2b). Ther-
modynamically, Zn nucleation follows classical het-
erogeneous nucleation theory, where a low nucleation 
energy barrier favors uniform instantaneous nucleation, 
the prerequisite for dendrite-free deposition. Kinetically, 
Zn growth behavior is determined by the substrate crys-
tallographic structure, interfacial Zn2+ flux, and local 
electric field distribution, which collectively dictate the 
formation of compact deposits or disordered dendrites. 
Based on the full-sequence deposition mechanism and 
core regulatory targets clarified above, this review estab-
lishes a multiscale regulatory framework for Zn anode 
design with three core strategies. These approaches can 
be grouped into three complementary categories based 
on their primary mechanisms and the scales at which 
they operate. The first strategy is zincophilicity modula-
tion, which optimizes the physicochemical properties of 
the Zn substrate to enhance the binding affinity with Zn 
atoms, thus reducing the adsorption energy and nuclea-
tion barrier of Zn2+ ions and facilitating uniform nuclea-
tion. The second strategy is lattice-matching engineering, 
which leverages crystallographic orientation to guide the 
preferential orientation of growing grains and mitigates 
interfacial stress during growth, facilitating the forma-
tion of smooth and compact deposition layers. The third 
strategy is structural regulation, which homogenizes the 
local electric field and Zn2+ flux, alleviates concentra-
tion polarization, and accommodates volumetric expan-
sion during repeated plating/stripping cycles. These 
three strategies synergistically regulate the Zn deposi-
tion behavior from the atomic, interfacial to microscale, 
and the subsequent chapters systematically discuss their 
working mechanisms, structure-property relationships, 
and state-of-the-art research advances respectively.

3 � Zincophilicity Regulation for Uniform Zn 
Nucleation

The nucleation process of Zn2+ directly determines the ini-
tial distribution of Zn deposits and is the core regulatory 
target to suppress dendrite initiation from the source. Zin-
cophilicity modulation, as the first core strategy of the mul-
tiscale regulation framework, achieves targeted optimization 
of the Zn2+ adsorption and nucleation process by tuning the 
inherent physicochemical properties of the Zn matrix. This 
chapter systematically elucidates the fundamental mecha-
nisms of zincophilicity in regulating Zn electrochemical 
nucleation and summarizes the latest modification strategies 
for optimizing zincophilicity, with in-depth analysis of their 
structure-property relationships in stabilizing Zn anodes.

3.1 � Fundamentals of Zincophilicity

Zincophilicity describes the intrinsic binding affinity of a 
substrate toward Zn atoms and is crucial for regulating ini-
tial nucleation behavior and interfacial adhesion during Zn 
electrodeposition [49, 56, 57]. Appropriate zincophilicity 
enhancement reinforces the interfacial adhesion between 
deposited Zn atoms and the substrate, promotes uniform 
nucleation, improves interfacial stability, and suppresses 
dendrite formation [58–60]. The binding energy ( Ebind ) 
between Zn atoms and the substrate is the core quantitative 
parameter to evaluate zincophilicity and can be calculated 
as Eq. (1) [61]:

where Etotal , EZn , and Esubstrate are the total energy of the 
Zn-adsorbed substrate system, the energy of an isolated Zn 
atom, and the energy of the substrate, respectively [52, 62]. 
A relatively positive Ebind indicates zincophobic behavior, 
whereas values substantially more negative than the Zn-Zn 
cohesive energy benchmark (−0.68 eV) confirm zincophilic 
character [63, 64]. Generally, more negative binding ener-
gies correlate with enhanced zincophilicity. Systematic 
theoretical calculations and experimental validations have 
established a clear zincophilicity database for common elec-
trode materials, as summarized in Fig. 3a. These zincophilic 
materials mainly include metallic elements (e.g., In, Sn, Cu, 
Ag, Bi, Co, Ni, and Sb) [6, 41, 58, 65, 66], alloy phases (e.g., 

(1)Ebind = Etotal − EZn − Esubstrate
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AgZn3, brass, and CuZn5) [41, 65, 66], metal oxides (e.g., 
ZnO and TiO2) [65, 67], functional polymers (e.g., Zn-SHn, 
polyacrylamide (PAM), and polydopamine (PDA)) [66], as 
well as nonmetallic materials (e.g., g-C3N4 and graphene) 
[61, 68, 69]. These comprehensive investigations establish 
a fundamental materials database that enables the rational 
design of stabilized Zn anode substrates through adsorption 
energy optimization.

The initial stage of Zn electrodeposition follows classi-
cal heterogeneous nucleation theory, which requires over-
coming a nucleation energy barrier ( ΔGnucleation ) associated 
with solid-phase formation (Fig. 3b) [66, 70]. This barrier 
manifests experimentally as a nucleation overpotential in 
the deposition voltage profile. Typically, a characteristic 
signature is an initial rapid voltage drop to the nucleation 
potential (ηn), followed by a recovery to a stable plating 
plateau (ηp). The potential difference (ηp−ηn) quantifies 
the nucleation overpotential (Fig. 3c) [34]. Serving as a 
heterogeneous nucleation platform during Zn electrodepo-
sition, the substrate with high zincophilicity can reduce 

ΔGnucleation and the overpotential, which facilitates uniform 
Zn nucleation and accelerates Zn deposition kinetics [52, 
72]. Furthermore, according to classical heterogeneous 
nucleation theory, the nucleation barrier ΔG∗

het
 is deter-

mined by [70, 71, 73, 74]:

where ΔG∗
het

 and ΔG∗
hom

 correspond to the heterogeneous and 
homogeneous nucleation barrier, respectively. �SE , �ZS , and 
�ZE represent the interfacial energies between substrate–elec-
trolyte, Zn nucleus–substrate, and Zn nucleus–electrolyte, 
respectively; and θ is the contact angle reflecting the wetta-
bility of deposited Zn nuclei on the substrate (Fig. 3d). The 
contact angle (θ) critically determines the nucleation mode 
[75]. As summarized in Fig. 3e, different Zn-based elec-
trodes exhibit distinct contact angles in ZnSO4 electrolyte 

(2)ΔG∗
het

= S(�)ΔG∗
hom

(3)S(�) =
(2+����)(1−����)2

4

(4)���� =
�SE−�ZS

�ZE

Fig. 2   Electrodeposition behavior of Zn in aqueous electrolytes. a Schematic illustration of the multistage Zn electrodeposition process in 
mildly acidic/neutral electrolytes, depicting the sequential steps from bulk transport to interfacial growth. Reproduced with permission [51].  
Copyright 2022, Royal Society of Chemistry. b Schematic of Zn anode design encompassing three core regulation strategies: zincophilicity 
modulation, lattice matching engineering, and 3D structural regulation
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[58, 71]. When θ approaches zero, the ΔG∗
het

 diminishes 
nearly to zero, facilitating spontaneous Zn nucleation 
through minimizing the interface formation energy [58]. 
Generally, higher zincophilicity lowers the ΔGnucleation and 
the overpotential, thereby facilitating uniform instantaneous 
nucleation across the whole Zn anode. After uniform crystal 
nuclei are formed on the electrode surface, subsequent pref-
erential crystal growth proceeds on these pre-formed nuclei 

rather than at random locations, which in turn enables uni-
form Zn plating.

Based on the fundamental mechanisms clarified above, 
various modification approaches have been developed to 
enhance the surface zincophilicity of Zn anodes, such as the 
incorporation of heterometallic sites, grafting of polar func-
tional groups, and defect-engineered materials. These strate-
gies achieve targeted regulation of Zn nucleation behavior 

Fig. 3   The role of zincophilicity in modulating Zn nucleation behavior. a The binding energy between Zn and common substrate materials. 
Reproduced with permission [61].  Copyright 2023, American Chemical Society. b The Gibbs free energy diagram and c voltage profile for ini-
tial Zn nucleation processes. Reproduced with permission [52]. Copyright 2024, Royal Society of Chemistry. d The wettability of electrolyte on 
substrate. Reproduced with permission [71]. Copyright 2024, Wiley–VCH. e The contact angles between Zn and other metals. Reproduced with 
permission [58]. Copyright 2023, Wiley–VCH
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via tuning the inherent physicochemical properties of the Zn 
matrix itself, without introducing additional inactive exog-
enous components that sacrifice full-cell energy density.

3.2 � Strategies for Surface Zincophilicity Optimization

Recent advances have demonstrated that introducing het-
erometallic sites can effectively boost the zincophilicity of 
Zn anodes, which optimizes the interfacial binding energy 
toward Zn atoms, reduces the nucleation energy barrier, and 
promotes uniform Zn nucleation [76, 77]. Various zinco-
philic heterometallic elements have been explored for this 
purpose, including Au, Ag, In, Cu, Sn, and Ni [78, 79]. 
However, the zincophilicity and electrochemical perfor-
mance of these heterometallic sites vary significantly, posing 
distinct challenges for their practical application in stable Zn 
anodes. Among the various heterometallic candidates, bis-
muth (Bi) stands out due to its superior zincophilicity. The 
robust interfacial bonding between the Bi substrate and Zn 
atoms is observed in Fig. 4a, b, with Bi exhibiting the lowest 
Zn binding energy compared to other metal candidates (i.e., 
Sn, Cu, Ni, Fe, Co, and Zn) [58]. Bi@Zn interfaces exhibit 
the smallest nucleation overpotential (38 mV), as shown 
in the polarization curves (Fig. 4c). This lower nucleation 
overpotential stems from the thermodynamically favora-
ble Bi-Zn interaction, which boosts electrolyte wettability 
and suppresses HER. Consequently, the Bi@Zn heterome-
tallic interface achieves over 4700 cycles at 10 mA cm−2, 
alongside a small and stable overpotential of only ≈55 mV. 
Beyond the zincophilicity of the selected heterometallic 
element, the crystal orientation of the heterometallic sites 
serves as another critical and tunable handle to further opti-
mize Zn binding affinity and nucleation behavior. Given the 
facet-dependent Zn binding energies, deliberately exposing 
crystal facets with higher zincophilicity provides a direct 
route to regulate the Zn deposition mode. Zhang et al. dem-
onstrated that selective exposure of the TiO2(001) crystal 
facet can effectively tune the zincophilicity, thereby enabling 
the design of high-performance Zn anodes with suppressed 
dendrite growth [80].

Covalent grafting of polar functional groups on the 
Zn matrix surface offers an additional feasible route to 
enhance zincophilicity. Recently, studies have demon-
strated that organic polymers bearing abundant polar groups 
(e.g., −C−O −C, −C=O, −COO− , −COOH, −OH, −NH2, 

and −OCH3) exhibit excellent zincophilicity [57, 81, 82]. 
These polar groups can coordinate with Zn2+ to regulate 
its nucleation behavior, thereby facilitating homogene-
ous Zn deposition. In-situ grafting of hydroxyl-containing 
poly(dimethylsiloxane) (PDMS) onto the Zn anode surface 
is achieved through Si–O–Zn bonds (Fig. 4d). Density func-
tional theory (DFT) calculations show that the PDMS@
Zn surface delivers a Zn2+ adsorption energy of −0.95 eV, 
considerably lower than the −0.56 eV on bare Zn, which 
originates from the strong binding energy between the 
PDMS hydroxyl groups and Zn2+ on the (002) crystal plane 
(Fig. 4e). This strong Zn2+−PDMS interaction imparts supe-
rior zincophilicity and consequently promotes uniform Zn 
deposition [83].

Zincophilicity is also inherently governed by the sur-
face chemical state and defect structure of the substrate. 
Defect engineering and heteroatom doping of the substrate 
can effectively create abundant zincophilic active sites, 
optimizing the Zn adsorption behavior and nucleation 
mode [85, 86]. For example, pristine graphene composed 
of sp2-hybridized carbon exhibits zincophobicity, arising 
from its weak binding interaction with Zn atoms. Con-
versely, the deliberate introduction of heteroatom dopants 
and/or the generation of point/edge defects can effectively 
enhance the zincophilicity of graphene. Benefiting from 
the zincophilic heteroatom dopants, O-/N-doped graphene 
nanosheets significantly enhance Zn affinity at specific 
active sites, including ether oxygen (e1O), carboxylic 
oxygen (cO), and pyrrolic nitrogen sites (Fig. 4f) [68]. 
Furthermore, the introduction of a quadruple-defect con-
figuration further increases the total Zn adsorption energy 
to −4.41 eV, which markedly enhances the zincophilic-
ity compared to pristine Gr (Fig. 4g) [84]. Collectively, 
these chemical and structural modifications by defect and 
heteroatom doping substantially reduce the Zn nucleation 
barrier, thereby endowing the graphene substrate with the 
ability to induce uniform Zn nucleation.

Notably, the reversibility of Zn anodes depends on the 
coupled, countervailing electrochemical processes of 
deposition and stripping [87, 88]. A strong zincophilic 
nature implies strong bonding between Zn atoms and the 
substrate, which induces homogeneous nucleation and uni-
form Zn plating. However, for the stripping process, an 
excessively strong interaction between the substrate and 
the deposited Zn inhibits the removal of Zn atoms. There-
fore, an appropriate level of zincophilicity is crucial for 



	 Nano-Micro Lett. (2027) 19:39   39   Page 8 of 27

https://doi.org/10.1007/s40820-026-02350-1© The authors

achieving highly reversible deposition/stripping processes. 
Otherwise, incomplete stripping will lead to irreversible 
Zn accumulation, dead Zn formation, and even electrode 
pulverization, ultimately deteriorating the electrodepo-
sition reversibility. Inspired by the Sabatier principle in 
chemical catalysis, a Cu@Zn anode is designed [15]. The 

moderate interaction between Cu and Zn facilitates uni-
form Zn stripping throughout discharge and dendrite-free 
Zn plating throughout charge. Even under a high depth of 
discharge (DOD) of 80%, this anode delivers prolonged 
cycling stability exceeding 250 h.

Fig. 4   Modulation of zincophilicity to facilitate uniform Zn nucleation. a Calculated binding energies between Zn and representative substrate 
materials. b Adsorption energy (Ea) and corresponding adsorption configurations of a Zn atom onto different crystal facets. c Polarization curves 
of Zn deposition at 5 mA  cm−2 with an areal capacity of 1 mAh cm−2. Reproduced with permission [58].  Copyright 2023, Wiley–VCH. d 
Schematic illustration of the working mechanism of the PDMS@Zn anodes. e Calculated adsorption energy of Zn2+ on bare Zn and PDMS@
Zn surfaces. Reproduced with permission [83]. Copyright 2025, Wiley–VCH. f Computational models of O-doped and N-doped graphene, along 
with a summary of calculated binding energies between Zn atoms and all possible configurations of pristine, O-doped, and N-doped graphene. 
Reproduced with permission [68]. Copyright 2022, American Chemical Society. g Binding energy comparison of pristine and defect-modified 
graphene (Gr) configurations. Reproduced with permission [84]. Copyright 2019, American Chemical Society
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4 � Lattice‑Matched Design 
for Crystallographically Oriented 
Deposition

As elucidated in the previous chapter, zincophilicity mod-
ulation enables uniform initial Zn nucleation, which is the 
prerequisite for dendrite-free deposition. The subsequent 
growth stage determines the final morphology and crys-
tallographic texture of the Zn deposit. Lattice matching 
engineering, the second core strategy of the multiscale 
regulation framework established in this review, achieves 
targeted regulation of the Zn growth stage via imposing 
geometric constraints through crystallographic coher-
ence between the substrate and the growing Zn layer. This 
strategy induces ordered epitaxial deposition of Zn and 
fundamentally suppresses random dendrite formation dur-
ing electrochemical plating. This chapter elucidates the 
mechanisms of lattice mismatch in regulating Zn epitaxial 
deposition, reviews recent lattice matching strategies for 
Zn anode stabilization, and analyzes their relationships.

4.1 � Effects of Lattice Mismatch on Zn Growth 
Behavior

The lattice mismatch (δ) between the Zn epilayer and the 
substrate is a critical parameter that determines the inter-
facial structure, the resultant Zn deposition morphology, as 
well as the microstructure and properties of the epilayer. 
This mismatch can be quantified and characterized by the 
difference in lattice constants, as described by Eq. (5) [48]:

where depi and dsub are the lattice parameters of Zn and 
substrate, respectively. As illustrated in Fig. 5a, based on 
the anticipated δ between the substrate and the epilayer, 
the contact interfaces can be categorized into three types: 
coherent, semi-coherent, and incoherent interfaces. At 
coherent interfaces (δ < 5%, e.g., commercial Zn foils), Zn 
nucleation tends to yield well-ordered crystalline deposits 
with relatively smooth interfaces [89]. For semi-coherent 
interfaces (5% ≤ δ ≤ 25%, e.g., graphene), the partial lat-
tice matching creates crystallographic orientation locking, 
which strongly impacts the stability of the Zn deposition 
layer [90]. In contrast, at incoherent interfaces (δ > 25%, 
e.g., titanium foils), the large crystallographic disparity 

(5)� =
|depi−dsub|

dsub

prevents effective epitaxial coupling [91]. The resulting high 
nucleation energy barrier favors preferential Zn2+ deposi-
tion on protruding nuclei, eventually causing uneven growth 
and zinc dendrite formation. Theoretically, the growth of 
deposit thin films generally follows three classical modes 
(Fig. 5b): Frank–Vander Merwe (layer-by-layer growth), 
Volmer–Weber (island growth), and Stranski–Krastanow 
(layer-plus-island growth) [52, 92]. These growth behav-
iors are principally governed by the δ between the deposits 
and the substrate. Ideally, to achieve the continuous, smooth 
Zn deposition layer dictated by the Frank–Vander Merwe 
growth model, the δ between the epilayer and the substrate 
must be minimized (see the area outlined by the dashed box 
in Fig. 5b). Practically, a sufficiently small δ enables the 
interface to maintain coherence; however, the accumulation 
of strain energy with increasing deposit thickness will even-
tually induce the formation of defects such as dislocations. 
Once δ exceeds a critical threshold, the strain energy sur-
passes the coherency limit of the interface, resulting in a loss 
of epitaxial registry. In this context, the critical thickness (tc) 
is defined as the maximum thickness at which defect-free 
epitaxial growth can be sustained, and it is intrinsically gov-
erned by the magnitude of lattice mismatch, as quantitatively 
described by Eq. (6) [93]:

where b is the magnitude of the Burgers vector and �
s
 repre-

sents the stability threshold parameter in one-dimensional 
epitaxial interface models. When the thickness of the epi-
taxial layer remains below this critical value, lattice mis-
match can be accommodated elastically, allowing defect-free 
epitaxial growth. Conversely, once the thickness exceeds the 
critical threshold, stress relaxation becomes thermodynami-
cally unavoidable, resulting in the generation of interfacial 
defects and disordered structures. Therefore, the funda-
mental elimination of lattice mismatch is critical to achiev-
ing ultra-stable, highly regular, and flat Zn epilayers. The 
structural characteristics of Zn epilayers are fundamentally 
governed by the substrate crystallographic anisotropy [94, 
95]. As illustrated in Fig. 5c, systematic investigations have 
quantified the δ between Zn and various substrate materials, 
primarily encompassing metallic substrates (e.g., Pb, Cu, 
Co, Al, Ni, Au, Ag, Ti, and In) [52, 96], alloy materials (e.g., 
AgZn3, CuZn5, SbZn, FeZn, ZnSe, CoZn, and NiZn) [41, 97, 
98], and two-dimensional materials (e.g., graphene, MXene, 
and MoS2) [90, 99, 100]. These comprehensive studies have 
established a fundamental database for the rational design 
of substrates that promote stabilized epitaxial deposition.

(6)tc = b
(

�s

�

)2
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4.2 � Strategies for Interfacial Design with Low Lattice 
Mismatch

4.2.1 � Single‑crystal Zn Substrate Engineering

Precise lattice matching between the substrate and the 
Zn deposit ensures a uniform crystal orientation, thereby 
facilitating the fusion of individual electroplating islands 
into larger single crystals. However, the inherent polycrys-
talline and multi-oriented characteristics of commercial Zn 
substrates often result in random distribution of electro-
deposition directions [101, 102]. Preferential growth of a 

single crystal plane is superior to the uncontrolled growth 
of multiple planes. Thus, constructing single-textured sub-
strates enables lattice locking to steer the growth of spe-
cific favorable crystal planes, which is critical for regulating 
ordered Zn electrodeposition and enhancing anode stability. 
Metallic Zn crystallizes in a hexagonal close-packed (HCP) 
structure (space group P63/mmc), and its electrochemical 
deposition behavior is primarily governed by four low-index 
crystal planes: (002), (100), (110), and (101) [103–105]. 
These facets exhibit distinct atomic arrangements, surface 
energies, and electrochemical activities, which lead to dif-
ferent Zn deposition behaviors and capabilities in mitigating 

Fig. 5   Influence of lattice mismatch on interfacial Zn growth. a Schematic illustrations of Zn epitaxial growth formed on substrates with coher-
ent interfaces (δ < 5%), semi-coherent interfaces (5% ≤ δ ≤ 25%), and incoherent interfaces (δ > 25%). b Theoretical map delineating three nuclea-
tion regimes as a function of lattice mismatch (x-axis) and surface energy difference (y-axis), where γs and γf represent the surface energies of 
the substrate and the deposited film, respectively. Reproduced with permission [52].  Copyright 2024, Royal Society of Chemistry. c Lattice 
misfits between Zn and the common substrates. Reproduced with permission [41]. Copyright 2024, Wiley–VCH
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parasitic side reactions [106, 107]. The (002)-textured Zn 
anodes exhibit low surface energy and weak electrochemi-
cal activity, which simultaneously suppress side reactions 
and promote horizontal hexagonal platelet growth (Fig. 6a, 
b) [108]. However, the inherent lattice mismatch at the epi-
taxial interface causes random and disordered growth of Zn 
when the deposition thickness exceeds the critical limit, ulti-
mately leading to dendrite formation. To address this issue, 
the construction of [0001] uniaxially oriented Zn metal 
anodes with a single (002) texture enables layer-by-layer 
growth of Zn atoms following the “ ~ ABABAB ~ ” stacking 
sequence of closely packed (002) planes. This design funda-
mentally eliminates lattice mismatch at the epitaxial inter-
face, achieves ultra-sustainable Zn homoepitaxial growth, 
and effectively suppress dendrite initiation and growth even 
under long-term cycling (Fig. 6c) [93]. The (100)-faceted 

Zn electrode enables vertically aligned deposit growth, 
which significantly suppresses corrosion and enhances 
deposition reversibility. The exceptional performance of 
(100) facet originates from its low electrochemical surface 
area, which is governed by surface diffusion barriers and 
deposition orientation [111]. Consequently, the (100)-ori-
ented Zn electrodes develop thick, vertically aligned plates 
with minimal aspect ratios, uniformly oriented toward the 
separator, thereby effectively mitigating short-circuit risks. 
The highly (101) textured Zn anode sustains steady vertical 
epitaxial growth with improved mass transport, enabling 
persistent regulated deposition (Fig. 6d, e). Benefiting from 
directional lattice templating and strong interfacial adhesion, 
the anode facilitates sustained electroepitaxial growth, while 
the reduced grain boundary area effectively suppresses side 
reactions even under high areal capacity conditions (Fig. 6f). 

Fig. 6   Epitaxial growth behavior on single-crystal Zn substrates with different crystallographic orientations. a Schematic illustration of the 
(002) lattice planes and b corresponding oriented deposition mode. c SEM image of the Zn(002) electrode surface after plating 0.67 mAh cm−2 
in a symmetric Zn||Zn cell. Reproduced with permission [93].  Copyright 2024, Nature Publishing Group. d Schematic illustration of the (101) 
lattice planes and e corresponding oriented deposition mode. f SEM image of 3 mAh cm−2 Zn deposited on a (101)-textured Zn electrode. 
Reproduced with permission [109]. Copyright 2024, Wiley–VCH. g Schematic illustration of the (110) lattice planes and h corresponding ori-
ented deposition mode. i SEM image of a Zn(110) electrode after 100 cycles in a symmetric Zn||Zn cell at a current density of 5.0 mA cm−2 with 
an areal capacity of 2.0 mAh cm−2. Reproduced with permission [110]. Copyright 2024, Nature Publishing Group
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The (101)-textured Zn symmetric cells exhibited remark-
able stability across current densities from 1 to 40 mA cm−2, 
achieving an ultrahigh cumulative plating capacity of 10.7 
Ah cm−2 [109]. The (110)-textured Zn electrode also exhib-
its vertically aligned deposits. In contrast to the (100) facet, 
the Zn platelets grown on the (110) crystal facet possess a 
larger lateral size (Fig. 6g, h). A coherent interface is formed 
between the Zn(110) substrate and the later deposited Zn, 
where epitaxial Zn tightly adheres to the substrate without 
observable lattice distortions or dislocations. Consequently, 
the uniaxially oriented Zn(110) anode enables spontane-
ous intrinsic, dislocation-free epitaxial growth, resulting in 
highly uniform Zn deposition (Fig. 6i) [110].

Nevertheless, single-crystal Zn anodes have inherent 
drawbacks. Repeated Zn plating/stripping induces large 
volume change and stress, causing recrystallization, grain 
boundary formation, and crystal plane transformation. The 
single-crystal structure gradually degrades into polycrystal-
line, losing its original orientation advantages. Meanwhile, 
aqueous corrosion generates by-products that passivate the 
interface and disturb uniform Zn deposition. In addition, the 
stringent preparation conditions and high production cost 
also hinder the large-scale fabrication of defect-free single-
crystal Zn foils for practical industrial applications.

4.2.2 � Low Lattice Mismatch Substrate Engineering

Constructing low-lattice-mismatch heteroepitaxial interfaces 
is another effective strategy to regulate Zn deposition behav-
ior. A minimal lattice mismatch between the anode substrate 
and the Zn(002) plane lowers the interfacial energy, thereby 
thermodynamically favoring the nucleation and growth of 
highly (002)-textured Zn [112, 113]. Since Archer’s team 
pioneered oriented Zn(002) deposition via a graphene inter-
face in 2019, epitaxial Zn deposition strategies based on 
low lattice mismatch substrate engineering have advanced 
considerably [90]. Two-dimensional crystalline materials 
with long-range ordered lattice structures have been widely 
explored for Zn anode modification, because of their adjust-
able lattice parameters and minimal lattice mismatch with 
Zn. A highly oriented graphene coating was fabricated on 
the stainless steel surface via a fluid-mediated shear align-
ment technique, forming an intrinsic semi-coherent interface 
with a 7% lattice mismatch between the graphene(0002) and 
Zn(002) planes. This interface facilitates strain relaxation 

and promotes epitaxial growth (Fig. 7a). The subsequent Zn 
deposition proceeds from heteroepitaxial nucleation to lat-
eral homoepitaxial expansion, forming uniform textured Zn 
layers (Fig. 7b). This interfacial oriented deposition behavior 
remarkably optimizes the electrochemical performance and 
cycling durability of the Zn anode, further uncovering the 
critical mechanism by which graphene modification regu-
lates the electrochemical behavior of AZIBs. Metallic and 
alloy substrates featuring low lattice mismatch with Zn and 
excellent electrical conductivity have also been extensively 
investigated for Zn anode design. Copper (Cu), with its face-
centered cubic (fcc) close-packed structure, has been widely 
studied as a template for orienting Zn(002) deposition due 
to its excellent lattice matching [118, 119]. Xiao et al. fur-
ther validated the epitaxial relationship between Cu(111) 
and Zn(002) through pole figure analysis, revealing a 60° 
in-plane orientation alignment and a minimal facet misfit 
of 2.3%. This near-ideal lattice coherence enabled highly 
ordered Zn deposition, delivering a Coulombic efficiency 
of 99.93%, an areal capacity of 20 mAh cm−2, with den-
drite-free morphology over extended areas (Fig. 7c) [114]. 
Ultralow lattice mismatch at the Zn/substrate interface 
enables precise crystallographic modulation of oriented 
Zn deposition, which drastically mitigates intergranular 
strain and enables long-term cycling of AZIBs [120]. An 
Al-Si alloy substrate with an ultralow lattice mismatch of 
0.51% was developed to enable sustained (002)-plane epi-
taxial Zn growth [115]. Quantification of lattice distortion 
revealed a much lower stress value for the electrodeposited 
Zn layer on this alloy (0.22 MPa) than for that on pristine 
Zn (7.29 MPa), indicating a compact lattice arrangement 
under oriented growth (Fig. 7d). The corresponding strain 
map further revealed a significantly lower and more uniform 
stress field (−0.3 to 0.3 MPa) in comparison with pristine 
Zn substrates (Fig. 7e), demonstrating that the Al-0.1wt% 
Si substrate effectively mitigates stress concentration and 
diminishes the driving force for dendrite formation. The 
Al-Si-Zn||Cu half cells achieve a Coulombic efficiency of 
99.83%, whereas the symmetric Al-Si-Zn cells cycle stably 
for 8000 h at 5 mA cm−2. This superior performance stems 
from the negligible lattice spacing discrepancy between Al-
0.1wt% Si(111) and Zn(002), which facilitates atomically 
flat Zn nucleation and suppresses hierarchical twin forma-
tion, thereby realizing a near-zero-strain Zn anode [115]. 
In situ construction of intrinsic crystalline interlayers with 
low lattice mismatch on the Zn matrix surface is another 
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emerging strategy to regulate Zn epitaxial growth [121, 
122]. A weakly conductive, oriented ZnCO3 layer can be 
generated directly on the Zn matrix surface through a fac-
ile autogenous reaction, which features an extremely small 
lattice mismatch of only 9.72% between its (1121) crystal 
plane and Zn(002). Leveraging this structural advantage, 
the autogenous ZnCO3 layer enables a Volmer–Weber Zn 
deposition mechanism, ultimately yielding a dense and den-
drite-free morphology (Fig. 7f) [116]. Traditional substrate 
screening relies on the 1:1 lattice parameter matching crite-
rion (dsubstrate: dZn(002) = 1:1), under which coherent interfaces 
can only be formed by single-crystal Zn(002) anodes and a 
few Zn-based alloys [123]. To break this limitation, Zheng 

et al. proposed the extended substrate screening strategy, 
selecting vermiculite (lowest lattice mismatch of 0.38%, 
dsubstrate ≈ 2dZn(002)) as the model and fabricating a large-
scale, green monolayer porous vermiculite (MPVMT) as a 
Zn electrode functional coating (Fig. 7g) [117]. The unique 
“planting Zn(002) seeds” mechanism drives Zn adatoms to 
preferentially occupy the vermiculite lattice’s hollow sites, 
which guides the subsequent horizontal growth of Zn and 
achieves a dendrite-free Zn electrode (Fig. 7h). Moreo-
ver, the surface hydrophilic groups on the non-conductive 
MPVMT effectively suppresses the HER and by-product for-
mation, thereby enabling excellent cycling stability at high 
current densities.

Fig. 7   Interfacial Zn growth behavior on substrates with low lattice mismatch. a Schematic illustration of the lattice mismatch between gra-
phene(0002) and the Zn(002) plane. b Design principle for epitaxial Zn electrodeposition. Reproduced with permission [90].  Copyright 2019, 
American Association for the Advancement of Science. c SEM image of electrodeposited Zn on Cu(111) at 10 mA cm−2 with an areal capacity 
of 1 mAh cm−2. Reproduced with permission [114]. Copyright 2025, American Chemical Society. d Analysis of lattice strain accumulation dur-
ing Zn deposition. e Strain measurements of the deposited Zn layer on an Al-0.1wt%Si substrate. Reproduced with permission [115]. Copyright 
2025, Wiley–VCH. f Schematic illustration of Zn nucleation and growth on the ZnCO3 autogenous regulating layer. Reproduced with permission 
[116]. Copyright 2025, Wiley–VCH. g Schematic illustration of design of MPVMT layers based on the extended substrate screening strategy 
for stabilizing Zn anodes. h Schematic illustration of nucleation behavior on the MPVMT layer. Reproduced with permission [117]. Copyright 
2024, Nature Publishing Group
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However, even low-mismatch substrates (e.g., graphene, 
Cu(111)) present inherent lattice differences with Zn. Long-
term cycling induces interfacial stress, dislocations, and 
stacking faults, which weaken the epitaxial effect and disrupt 
oriented deposition, eventually triggering dendrite growth 
and side reactions. Furthermore, the epitaxial effect is usu-
ally effective for thin-layer Zn deposition. Under high Zn 
loading conditions required for practical applications, severe 
strain accumulation and defect proliferation will occur, lead-
ing to the rapid failure of epitaxial growth control.

5 � 3D Structural Engineering 
for Homogenized Zn Deposition

As established in the previous chapters, zincophilicity reg-
ulation lowers the nucleation barrier and lattice matching 
achieves interfacial control of Zn epitaxial deposition, the 
spatial evolution of Zn deposits during growth is also gov-
erned by electric field distribution and ion flux. 3D struc-
tural engineering realizes microscale spatial confinement of 
the full Zn deposition process via tailoring the topological 
structure of Zn anode matrix. This strategy homogenizes 
local current density, regulates ion transport pathways, and 
provides physical confinement for deposited Zn, thereby 
preventing uncontrolled dendritic propagation. This chap-
ter will elucidate the functional mechanisms, summarize the 
structural optimization strategies for 3D Zn anode matrices, 
and analyze their structure-property relationships in practi-
cal electrochemical operation.

5.1 � Functional Roles of 3D Architectures

At the microscopic scale, the transition from planar to 3D 
geometries represents a pivotal shift in managing the spati-
otemporal evolution of Zn deposition. Various 3D substrates, 
including porous structures (Fig. 8a), arrayed architectures 
(Fig. 8b), and textile configurations (Fig. 8c), have been 
successfully applied to Zn anodes [124–126]. The topo-
logical structure directly regulates the electric field and/or 
ion concentration distribution, which in turn governs the 
nucleation and growth behavior during Zn electrodeposition 
[127]. In conventional 2D metal anodes (e.g., Zn foil), even 
negligible surface protrusions trigger a self-amplifying “tip 
effect” by localizing the electric field, which accelerates Zn 

accumulation at these sites and ultimately leads to dendrite 
formation and separator penetration. In contrast, the large 
specific surface area of 3D substrates intrinsically lowers 
the local current density across the electrode scaffold and 
facilitates a uniform electric field distribution within the 
internal space of the framework [128]. As a result, metal-
lic Zn preferentially nucleates and grows within the inter-
nal space of the framework instead of the external surface, 
which effectively suppresses dendrite generation (Fig. 8d). 
The interconnected internal pores of the 3D architecture also 
provide sufficient diffusion pathways for Zn2+ ions, which 
optimizes ion transport kinetics, reduces interfacial concen-
tration gradients, and thus achieves uniform ion flux across 
the entire electrode (Fig. 8e) [129–131]. Meanwhile, the 3D 
substrate provides a large electrochemically active surface 
area, enabling high areal capacity operation without induc-
ing localized deposition (Fig. 8f) [132–134].

The 3D architecture also addresses the volume varia-
tion issue that plagues 2D planar Zn anodes. Uneven Zn 
deposition on 2D electrodes forms dendritic, mossy, or 
rod-like morphologies. Such undesirable deposition pat-
terns remarkably increase volume variation, induce the 
formation of dead Zn, and even cause separator piercing 
and internal short circuits. The sufficient internal void 
space of the 3D matrix accommodates the volume change 
of deposited Zn, effectively relieves internal stress induced 
by metal deposition, and keeps the electrode structurally 
stable during long-term cycling (Fig. 8g) [135–137]. Fur-
thermore, 3D substrates with precisely tunable nanopores 
enable the formation of concentrated electrolytes localized 
at the interface [138]. Nanopore space-charge effects tailor 
ion distribution in the electric double layer (EDL), forming 
concentrated interfacial electrolyte with no impact on the 
bulk [52, 139]. Owing to their unique EDL characteristics 
(fewer free water molecules and abundant available Zn2+), 
concentrated electrolytes are recognized as highly capable 
of protecting Zn anodes. Additionally, 3D electrodes can 
mitigate loss of capacity during the calendar aging of Zn 
anodes (Fig. 8h) [140]. A possible explanation for this 
performance improvement is the enlarged specific sur-
face area of 3D substrates. The 3D structure can provide 
continuous mass transfer pathways and maintain favora-
ble interfacial reaction kinetics, which helps suppress the 
generation of inactive byproducts and improve long-term 
electrochemical stability.
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5.2 � Strategies for 3D Structural Construction

5.2.1 � Structural Optimization of 3D Substrates

The structural characteristics of 3D Zn anode matrices 
fundamentally dictate their Zn deposition regulation via 
homogenizing the electric and/or ionic concentration distri-
butions around the substrates. A highly precise honeycomb-
patterned Cu substrate with controllable pore dimensions is 
engineered to facilitate uniform Zn electrodeposition and 
effectively suppress Zn dendrite growth (Fig. 9a). Compared 

with planar 2D Cu current collectors, the 3D honeycomb Cu 
substrate reduces the local current density and optimizes 
the electric field distribution across the electrode, enabling 
homogeneous Zn deposition (Fig. 9b) [141]. Despite the 
performance improvements brought by conventional 3D 
frameworks, Zn deposition still tends to occur preferentially 
on the upper surface of the architecture rather than in the 
internal voids, especially under high current densities and 
large areal capacities. This uncontrolled top-growth behavior 
causes insufficient utilization of internal space and eventu-
ally leads to dendrite formation on the electrode surface. 

Fig. 8   Functional roles of 3D substrates in regulating Zn deposition. Schematic illustrations of electrodes with a a 3D porous structure, b a 3D 
array structure, and c a textile structure. d Simulated electric field distribution on planar and 3D substrates during Zn deposition. Reproduced 
with permission [52].  Copyright 2024, Royal Society of Chemistry. e Schematic depiction of uniform ion flux distribution enabled by a 3D 
array electrode during Zn deposition. f Correlation between the volume accommodation percentage and the electroactive area ratio in 3D sub-
strates. Reproduced with permission [132]. Copyright 2015, Nature Publishing Group. g Schematic illustration of volumetric stress mitigation 
in 3D Zn electrodes. Reproduced with permission [138]. Copyright 2021, Elsevier. h Influence of calendar aging on the Coulombic efficiency of 
Zn metal anodes with different substrate architectures. Reproduced with permission [140]. Copyright 2023, American Chemical Society
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Targeted structural optimization strategies have been devel-
oped to address this critical issue, realizing confined and 
uniform Zn deposition within the 3D framework. A core-
shell nanorod array with a hierarchical topology consisting 
of N-doped carbon layers embedded with the zincophilic 
Cu5Zn8 alloy is fabricated to stabilize Zn anodes (Fig. 9c). 
The hierarchical nanorod arrays guide inward Zn2+ flux 
through confined transport channels, and the interior Cu5Zn8 
zincophilic sites induce preferential inside-out nucleation. 
This design homogenizes local ion flux and effectively 

suppresses top-preferred deposition and tip-induced den-
drite growth (Fig. 9d). Thus, the optimized electrode shows 
a Coulombic efficiency of 99.83% throughout 5000 plating/
stripping cycles, and the symmetric cell enables an ultra-
durable dendrite-free cycling of 7000 h, accompanied by a 
low overpotential of 16.5 mV at 1 mA cm−2/1 mAh cm−2 
[142]. A localized-activation design principle has also been 
proposed for 3D Zn anodes to overcome the uncontrolled 
“top-growth” dendrite issue. Based on this principle, a 
spatially confined 3D Zn@CuSnAg/SiOC anode has been 

Fig. 9   Design of 3D substrates for regulating Zn deposition behavior. a Schematic illustration depicting the morphological evolution of Zn 
anodes employing different substrate architectures after plating and prolonged cycling. b Simulated relative intensity distribution of the local 
electric field for Zn@2D Cu and Zn@3D Cu electrodes. Reproduced with permission [141].  Copyright 2026, Wiley–VCH. c SEM image 
showing the synthesis of Cu5Zn8@NC nanorod arrays. d Schematic illustration of the trapping-and-leveling mechanism for Zn deposition on 
Cu5Zn8@NC nanorod arrays. Reproduced with permission [142]. Copyright 2024, Wiley–VCH. e Schematic of Zn deposition behavior on 
CuSnAg/SiOC electrodes. f Zn deposition state of P-G Zn@CuSnAg/SiOC-SR electrode. Reproduced with permission [143]. Copyright 2024, 
Elsevier. g Schematic illustration of the gradient architecture design of DG-Zn electrodes. Reproduced with permission [144]. Copyright 2025, 
Wiley–VCH
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constructed, where the top surface adjacent to the separator 
is modified with an insulating SiOC layer, and the internal 
surfaces are functionalized with highly reactive Zn@CuS-
nAg composite (Fig. 9e) [143]. This unique spatial design 
inhibits Zn plating/stripping at the upper side, and enables 
localized Zn deposition inside the 3D framework, which 
eliminates top-growth Zn dendrites and maximizes the utili-
zation of the internal void space (Fig. 9f). Gradient structural 
design is an alternative approach for regulating the spatial 
distribution of Zn deposition. Li et al. successfully fabri-
cated a flexible 3D nanofibrous Zn anode combining dual 
gradients of electrical conductivity and pore size [144]. The 
nanofibrous membrane displays a continuous gradient distri-
bution along the thickness direction, with pore size gradually 
decreasing and electrical conductivity progressively increas-
ing from the top down. The vertical conductivity gradient 
drives preferential Zn plating at the anode base, whereas the 
porosity gradient ensures rapid Zn2+ transport and maintains 
sufficient ion supply in the internal space. The dual-gradient 
and 3D structural synergy induces a Zn plating regime from 
the bottom upward, providing effective dendrite mitigation. 
In addition, the 3D structure relieves the internal volume 
expansion of the anode, significantly mitigating structural 
deformation during Zn electrodeposition and ensuring neg-
ligible variation in anode thickness before and after plating.

5.2.2 � Functional Modulation of 3D Substrates

While 3D substrate engineering effectively mitigates den-
drite growth by modulating the electric field and/or ion con-
centration distribution, it fails to fundamentally eliminate 
the parasitic side reactions induced by the weakly acidic 
aqueous electrolyte (e.g., HER and corrosion). Critically, 
the high specific surface area introduced by 3D architectures 
exposes more electrochemically active sites, which in turn 
accelerates these detrimental interfacial side reactions. To 
address this limitation, functional modulation of 3D sub-
strates, which is realized by in-situ constructing 3D inter-
connected networks via chemical or physical routes with 
intimate bonding and no external prefabricated materials, 
offers a solution to interfacial challenges. Unlike conven-
tional ex-situ coatings that suffer from weak physical adhe-
sion and inevitable inactive components, these in situ formed 
interconnected networks benefit from intrinsic integration 
with the Zn matrix, effectively isolating active Zn from 

corrosive electrolytes while avoiding interfacial adhesion 
failure and additional inactive phases [86, 145, 146]. The 
wettability regulation of 3D micro/nanostructures presents 
an inherent trade-off. Enhanced hydrophilicity improves 
electrolyte wettability, promotes Zn2+ migration and sup-
presses dendrite formation, but it significantly increases the 
solid-liquid reaction interface area, inevitably exacerbating 
HER and corrosion. Conversely, excessive hydrophobic-
ity impedes adequate electrolyte access to the Zn anode, 
resulting in sluggish ion transport kinetics and drastically 
increased interfacial polarization, which ultimately degrades 
electrochemical performance. Accordingly, achieving a syn-
ergistic balance between wettability and electric field dis-
tribution is essential in 3D micro/nanostructure design. A 
micro-hydrophobic array with a contact angle of 100° was 
constructed by adjusting the geometric parameters of the 
microarray, thereby balancing ion transport kinetics and side 
reaction suppression (Fig. 10a) [147]. The moderate micro-
hydrophobicity effectively reduces the exposure of active 
Zn to free water molecules, significantly lowering HER and 
corrosion rates. Thus, Zn deposition occurs homogeneously 
over the entire electrode surface, forming a flat and dense 
deposit. After 2000 full-cell cycles, the micropillars retain 
their structural integrity (Fig. 10b, c).

Although hydrophobic interphases effectively suppress 
water-induced parasitic reactions, they inevitably lead to 
deteriorated ionic conductivity and sluggish Zn deposition 
kinetics. To overcome this inherent bottleneck, the rational 
integration of 3D architecture with tailored interfacial chem-
istry represents a viable strategy. A 3D fish-scale-like lamel-
lar architecture with zincophilic and hydrophobic proper-
ties was fabricated in-situ via etching and complexation to 
mitigate parasitic side reactions [148]. This architecture sup-
presses water-induced side reactions by repelling free water 
molecules, and simultaneously enhances Zn deposition 
kinetics, thereby enabling uniform Zn deposition (Fig. 10d). 
Furthermore, a periodic micro/nanostructure consisting of 
a surface oxide layer and a subsurface dislocation layer was 
fabricated by laser processing (Fig. 10e, g). This 3D archi-
tecture promotes a uniform Zn2+ flux. Meanwhile, the ZnO 
layer inhibits parasitic reactions and promotes Zn2+ trans-
port, while the underlying dislocation layer provides electron 
pathways and mechanical buffering [149]. Consequently, the 
anode maintains stable and smooth Zn deposition (Fig. 10h). 
Alloying modification improves the anti-corrosion perfor-
mance of 3D micro/nanostructures by forming a stable alloy 
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phase that isolates the substrate from corrosive species. A 
laser-assisted alloying technique was employed to in situ 
generate CuZn5 alloy phases on 3D microstructured Zn sur-
faces (Fig. 10i) [150]. The as-optimized electrode features 
a geometrically ordered surface topology that homogenizes 
the local electric field, while the in-situ-formed CuZn5 alloy 
layer effectively suppresses hydrogen evolution. Given these 
synergistic effects, the electrode shows markedly enhanced 

electrochemical reversibility during Zn plating/stripping. It 
delivers stable cycling for over 3000 h at 3 mA cm−2 and 1 
mAh cm⁻2, whereas pristine Zn short circuits after only 33 h.

3D structured electrodes homogenize local current den-
sity and buffer volume fluctuations over repeated Zn plat-
ing-stripping cycles. However, they inevitably introduce a 
high proportion of inactive scaffold materials and increased 
internal porosity, drastically reducing the full cell’s energy 

Fig. 10   Intrinsic 3D substrate interface engineering for inhibiting side reactions. a Schematic illustration of the micro-hydrophobic micro/nano-
structure. b COMSOL simulation of Zn2+ deposition on the Zn100° electrode surface in a Zn||Zn symmetric cell at 40 s. c 3D morphology after 
cycling at 2 A g−1 of 2000 cycles. Reproduced with permission [147].  Copyright 2026, Wiley–VCH. d Schematic illustration of Zn deposition 
on the LZ@Zn anodes. Reproduced with permission [148]. Copyright 2025, Wiley–VCH. e Schematic of the femtosecond laser processing strat-
egy for fabricating LIPSS on Zn metal. f SEM image of LIPSS (yellow rectangle and red circle highlight the micro grooves and nanoparticles, 
respectively). g HRTEM image of LZ@Zn anodes. h 3D image of Zn-LIPSS anode deposited at 5 mA cm−2/9 mAh cm−2. Reproduced with per-
mission [149]. Copyright 2025, Wiley–VCH. i Schematic illustrating the function of LTZn@CuZn5 in regulating Zn electrodeposition. Repro-
duced with permission [150]. Copyright 2026, American Chemical Society
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density. Additionally, the complex fabrication also increases 
manufacturing difficulty and cost. More importantly, these 
macroscopic structural designs alone provide insufficient 
control over the microscopic nucleation and crystallographic 
growth of Zn. Most scaffold materials exhibit intrinsically 
weak zincophilicity, leading to sparse nucleation sites with 
high nucleation overpotentials. Meanwhile, the lack of lat-
tice matching between the scaffold and Zn results in ran-
domly oriented crystal growth, which readily evolves into 
dendrites during long-term cycling. Therefore, a multiscale 
synergistic design strategy is required to achieve an elec-
trode that simultaneously integrates interfacial chemistry 
regulation, crystallographic orientation control, and macro-
scopic current/ion distribution.

6 � Conclusion and Perspective

6.1 � Conclusions

In summary, the large-scale commercialization of AZIBs is 
severely impeded by uncontrollable dendrite growth and par-
asitic interfacial reactions at the Zn metal anode, which criti-
cally deteriorate Coulombic efficiency and cycle life. Tar-
geted modulation of the nucleation and growth stages across 
the entire Zn deposition process can effectively guide uni-
form nucleation and compact growth, offering a fundamental 
solution to Zn anode instability. This review systematically 
deconstructs the five sequential stages of Zn electrochemi-
cal deposition, clarifies the origins of deposition inhomo-
geneity and anode failure, and defines the core regulatory 
targets for Zn anode design. Building on this mechanistic 
foundation, we propose a full-chain multiscale regulatory 
framework from the atomic, interfacial and microscale struc-
tural characteristics of the Zn matrix for Zn anode modifica-
tion, which integrates three core complementary strategies: 
zincophilicity regulation, lattice matching engineering, and 
3D structural engineering. For each strategy, we provide a 
detailed analysis of the underlying mechanisms, design prin-
ciples, and structure-property relationships, coupled with 
the latest advancements in the field. This approach clarifies 
the cross-scale design principles and emphasizes the shift 
from trial-and-error methods to rational material design. In 
conclusion, this review emphasizes the synergistic regula-
tion of the entire Zn nucleation-growth process, establishing 
key structure-property relationships and design criteria for 

high-stability, dendrite-free Zn metal anodes. These insights 
offer invaluable guidance for advancing AZIB performance 
and its commercial feasibility.

6.2 � Perspectives

Zn anode design has emerged as a transformative approach 
to stabilizing Zn anodes in AZIBs, thereby effectively sup-
pressing dendrite growth and enhancing electrochemical 
reversibility. Notwithstanding substantial progress in this 
field, numerous challenges persist that impede the practi-
cal implementation. Addressing these critical bottlenecks 
necessitates a deeper, multiscale understanding of Zn depo-
sition mechanisms and their direct correlation with battery 
performance. Future research should prioritize the following 
interconnected directions (Fig. 11):

	 i.	 Machine learning-assisted rational design of Zn 
anodes: Machine learning (ML) and high-throughput 
computations open new avenues for the multiscale 
synergistic design of Zn anodes (Fig. 11a). By estab-
lishing quantitative correlations between key param-
eters including zincophilicity, surface energy, lattice 
mismatch, structural topology and electrochemi-
cal stability, high-efficiency screening of candidate 
materials can be realized, which transcends the limi-
tations of traditional trial-and-error approaches [78, 
151, 152]. Relevant descriptor systems are classified 
according to different design strategies: zincophilicity 
regulation relies on binding energy, nucleation energy 
barrier and nucleation overpotential; lattice match-
ing design adopts lattice mismatch, interfacial strain, 
critical thickness and preferred orientation consist-
ency as evaluation indicators; 3D structural engineer-
ing employs quantifiable metrics including specific 
surface area, electroactive area ratio, pore size and 
porosity, local current density distribution, Zn2+ flux 
homogeneity and volume accommodation capability. 
This synergistic integration of ML-guided discovery 
with rational design principles for Zn anodes will 
establish a complete rational design system for Zn 
anodes toward achieving highly reversible, dendrite-
free Zn metal anodes.

	 ii.	 Regulation of coupled stripping-plating dynamics 
processes: Zn stripping is far from a simple rever-
sal of deposition. A perfectly uniform deposit can-
not ensure complete reversibility of stripping, as 
non-uniform dissolution disrupts crystallographic 
continuity, generates surface defects, and ultimately 
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promotes random nucleation in subsequent cycles. 
Therefore, future research should move past the sole 
pursuit of dendrite‑free deposition and instead aim for 
topological stability, in which the Zn anode retains 
its structural and morphological integrity through-
out repeated plating and stripping. For example, the 
construction of dynamically adaptive interphases can 
maintain conformal protection during the volumetric 
contraction inherent to the stripping phase. Zn anode 
design should simultaneously regulate the symmetry 
of Zn plating and stripping processes, realizing fully 
reversible electrochemical cycling (Fig. 11b).

	 iii.	 Multiscale operando characterization for mechanistic 
elucidation: Under complex electrochemical environ-
ments, the underlying mechanisms of existing regula-
tion strategies remain incompletely elucidated, under-
scoring the necessity for in-depth investigation using 
multiscale in situ characterization techniques [153]. 
In situ microscopy and synchrotron-based methods 
can directly track morphology changes throughout 
cycling. Meanwhile, operando spectroscopy elucidates 
the interfacial chemistry and ion-transport dynamics 
during repeated charge and discharge [154, 155]. 
These theoretical insights guide the rational design 
of high-performance Zn anodes. Future research 
could combine specific in-situ techniques with elec-
trochemical phenomena. For example, integrating 

in situ AFM with Cryo-TEM can reveal the nano-
mechanical properties of the protective interface and 
the atomic arrangement of nucleation seeds, without 
beam-induced artifacts. Additionally, coupling EQCM 
with in situ MRI can separate parasitic reaction mass 
from active Zn deposition and visualize concentration 
gradients within the porous structure. These advances 
in operando techniques will connect local interfacial 
interactions to overall battery degradation (Fig. 11c).

	 iv.	 Multiscale Zn anode design for stable cycling: Under 
high current densities and DOD, accelerated den-
drite growth and side reactions, along with volu-
metric changes and repeated Zn stripping/plating, 
severely compromise electrode structural integrity. 
The resulting cracks and voids disrupt charge trans-
fer uniformity, drastically reducing Zn deposition/
stripping reversibility (Fig. 11d). Conventional sin-
gle-scale designs (e.g., solely optimizing zincophilic-
ity or 3D structures) cannot simultaneously ensure 
uniform deposition, suppress side reactions, and 
maintain structural stability [156]. Notably, zinco-
philicity regulation, lattice matching design and 3D 
structural engineering are not completely independ-
ent. In most functional modification strategies, these 
effects often interact and overlap with one another. For 
example, many zincophilic substrates can simultane-
ously expose well-matched crystal facets to achieve 

Fig. 11   Prospects for AZIBs based on Zn anode design. a Schematic illustration of machine learning-assisted rational design for Zn anodes. b 
Regulation of coupled Zn stripping–plating dynamics processes. c Multiscale operando characterization toward mechanistic understanding. d 
Multiscale Zn anode engineering for long-term stable cycling. e Synergistic integration of Zn anodes with other battery components. f Scalable 
fabrication of Zn anodes for high Zn utilization
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lattice coherence with Zn deposits; 3D gradient zin-
cophilic structures can achieve bottom-to-top homo-
geneous and compact Zn deposition even under high 
DOD conditions. Therefore, a multiscale synergistic 
strategy integrating zincophilicity regulation, lattice 
matching, and 3D engineering is essential to construct 
a dynamically stable, highly reversible, and structur-
ally robust electrode system for long-term operation 
under extreme conditions.

	 v.	 Synergistic matching of Zn anode with other battery 
components: Apart from Zn anode design, achieving 
high-performance AZIBs requires synergistic coordi-
nation with electrolytes and separators. Most current 
research focuses on the separate modification of indi-
vidual battery components, while the synergistic opti-
mization among the electrolyte solvation structure, the 
physicochemical properties of the Zn anode, and the 
separator functional design is often overlooked. For 
instance, the future strategy can integrate single-ion 
conducting separators with 3D hierarchically porous 
Zn anodes to enable the spatiotemporal synchroni-
zation of ion flux. Meanwhile, pairing specific alloy 
anodes with tailored electrolyte additives facilitates 
the synergistic construction of dynamic interphases. 
Through this holistic integration, the distinct func-
tional advantages of individual components are syn-
ergistically amplified. Future research should estab-
lish a full-cell synergistic design system, where the 
intrinsic characteristics of each component are mutu-
ally matched, to realize comprehensive performance 
improvement of AZIBs (Fig. 11e).

	 vi.	 Engineering fabrication of Zn anodes for high Zn 
utilization: Practical commercial AZIBs require high 
areal capacity, a low negative-to-positive (N/P) capac-
ity ratio, and high Zn utilization to achieve competi-
tive energy density and cost efficiency. However, to 
increase the energy density of AZIBs, an unbalanced 
configuration is usually adopted, where the anode’s 
active mass is roughly 100 times that of the cathode, 
thereby limiting the practical Zn utilization below 1%. 
Future efforts should be directed toward the engineer-
ing fabrication of Zn anodes, developing low-cost, 
large-scale preparation methods that can maintain the 
anode’s structural stability and electrochemical perfor-
mance under high Zn utilization conditions. This will 
accelerate the transition of Zn anodes from laboratory 
research to industrial practice (Fig. 11f).

Acknowledgements  This work was supported by National Natural 
Science Foundation of China (52022037, 52025133, 52302257), 

Taishan Scholar Project of Shandong Province (tstp20240515, 
tspd20240813, tsqnz20221145), Natural Science Founda-
tion of Shandong Province (ZR2025ZD16, 2023HWYQ-083, 
ZR2023QE019), Jinan University New Talent Research Project 
(XRC 2402).

Author Contributions  Peng Zhang carried out the investigation, 
original draft writing, and visualization. Min Wang, Yang Yang, 
and Juan Tian participated in the manuscript review. Man Huang, 
Lili Chen, Jingang Wang, and Caixia Xu contributed to review and 
supervision. Dedong Jia, Hong Liu, and Dongliang Chao contrib-
uted to manuscript review, editing, and supervision. Hua Tan was 
involved in investigation, review, and funding acquisition. Weijia 
Zhou was responsible for the conceptualization, review, editing, 
and funding acquisition of this work.

Declarations 

Conflict of interest  The authors declare no conflict of interest. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 W. Lv, J. Liu, Z. Shen, X. Li, C. Xu, Novel approaches to 
aqueous zinc-ion batteries: challenges, strategies, and pros-
pects. eScience 5(6), 100410 (2025). https://​doi.​org/​10.​
1016/j.​esci.​2025.​100410

	 2.	 Y. Dai, R. Lu, C. Zhang, J. Li, Y. Yuan et al., Zn2+-mediated 
catalysis for fast-charging aqueous Zn-ion batteries. Nat. 
Catal. 7(7), 776–784 (2024). https://​doi.​org/​10.​1038/​
s41929-​024-​01169-6

	 3.	 S. Liu, R. Zhang, C. Wang, J. Mao, D. Chao et al., Zinc ion 
batteries: bridging the gap from academia to industry for 
grid-scale energy storage. Angew. Chem. Int. Ed. 63(17), 
e202400045 (2024). https://​doi.​org/​10.​1002/​ange.​20240​0045

	 4.	 A. Mahmood, Z. Bai, T. Wang, Y. Lei, S. Wang et al., Ena-
bling high-performance multivalent metal-ion batteries: cur-
rent advances and future prospects. Chem. Soc. Rev. 54(5), 
2369–2435 (2025). https://​doi.​org/​10.​1039/​d4cs0​0929k

	 5.	 X.-Y. Wang, Q.-H. Yang, X.-Y. Meng, M.-M. Zhen, 
Z.-Z. Hu et  al., Research status and perspectives of 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.esci.2025.100410
https://doi.org/10.1016/j.esci.2025.100410
https://doi.org/10.1038/s41929-024-01169-6
https://doi.org/10.1038/s41929-024-01169-6
https://doi.org/10.1002/ange.202400045
https://doi.org/10.1039/d4cs00929k


	 Nano-Micro Lett. (2027) 19:39   39   Page 22 of 27

https://doi.org/10.1007/s40820-026-02350-1© The authors

MXene-based materials for aqueous zinc-ion batteries. Rare 
Met. 43(5), 1867–1885 (2024). https://​doi.​org/​10.​1007/​
s12598-​023-​02596-3

	 6.	 X. Zheng, Z. Liu, J. Sun, R. Luo, K. Xu et al., Constructing 
robust heterostructured interface for anode-free zinc batter-
ies with ultrahigh capacities. Nat. Commun. 14, 76 (2023). 
https://​doi.​org/​10.​1038/​s41467-​022-​35630-6

	 7.	 G. Zhu, H. Zhang, J. Lu, Y. Hou, P. Liu et al., 3D printing of 
MXene-enhanced ferroelectric polymer for ultrastable zinc 
anodes. Adv. Funct. Mater. 34(1), 2305550 (2024). https://​
doi.​org/​10.​1002/​adfm.​20230​5550

	 8.	 T. Wang, Q. Xi, K. Yao, Y. Liu, H. Fu et al., Surface pat-
terning of metal zinc electrode with an in-region zincophilic 
interface for high-rate and long-cycle-life zinc metal anode. 
Nano-Micro Lett. 16(1), 112 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01327-2

	 9.	 H. Tian, J.-N. Yang, S.-Q. Li, K.-X. Wang, J.-S. Chen, Hydro-
phobic interface engineering for highly reversible and stable 
Zn anodes. Adv. Funct. Mater. 35(2), 2412715 (2025). https://​
doi.​org/​10.​1002/​adfm.​20241​2715

	 10.	 F. Tian, F. Wang, W. Nie, X. Zhang, X. Xia et al., Tailor-
ing oxygen-depleted and unitary Ti3C2Tx surface terminals 
by molten salt electrochemical etching enables dendrite-
free stable Zn metal anode. Angew. Chem. Int. Ed. 63(36), 
e202408996 (2024). https://​doi.​org/​10.​1002/​anie.​20240​8996

	 11.	 X. Jin, G. Lai, X. Xiu, L. Song, X. Li et al., Solvent polarity-
induced regulation of cation solvation sheaths for high-volt-
age zinc-based batteries with a 1.94 V discharge platform. 
Angew. Chem. Int. Ed. 64(6), e202418682 (2025). https://​
doi.​org/​10.​1002/​anie.​20241​8682

	 12.	 F. Chen, Y. Gao, Q. Hao, X. Chen, X. Sun et al., A 2.4 V 
aqueous zinc-ion battery enabled by the photoelectrochemi-
cal effect of a modified BiOI photocathode: shattering the 
shackle of the electrochemical window of an aqueous elec-
trolyte. ACS Nano 18(8), 6413–6423 (2024). https://​doi.​org/​
10.​1021/​acsna​no.​3c118​51

	 13.	 A.K. Kakarla, Z. Akhtar, J. Kim, M. Yoon, D. Lee et al., 
Beyond the limits of lithium iron phosphate: cutting-edge 
innovations toward high performance and sustainability for 
next-generation batteries. Interdiscip. Mater. 4(6), 812–849 
(2025). https://​doi.​org/​10.​1002/​idm2.​70024

	 14.	 Q. Cao, H. Gao, Y. Gao, J. Yang, C. Li et al., Regulating 
dendrite-free zinc deposition by 3D zincopilic nitrogen-doped 
vertical graphene for high-performance flexible Zn-ion bat-
teries. Adv. Funct. Mater. 31(37), 2103922 (2021). https://​
doi.​org/​10.​1002/​adfm.​20210​3922

	 15.	 J. Yu, Z. Song, Q. Qi, X. Hui, Y. Ma et al., Sabatier princi-
ple inspired bifunctional alloy interface for stable and high-
depth discharging zinc metal anodes. Angew. Chem. Int. Ed. 
64(15), e202423236 (2025). https://​doi.​org/​10.​1002/​anie.​
20242​3236

	 16.	 Y. Li, J.-Y. Wang, J.-W. Yin, P.-F. Wang, Z.-L. Liu et al., 
Unveiling the mysteries of anode-free Zn metal batteries: 
From key challenges to viable solutions. Energy Storage 
Mater. 75, 104056 (2025). https://​doi.​org/​10.​1016/j.​ensm.​
2025.​104056

	 17.	 J. Ma, C. Li, Q. Ji, C. Liu, B. Tang et al., V-induced low-
spin state Mn3+ suppresses jahn–teller distortion for high-
performance aqueous zinc ion batteries. Angew. Chem. Int. 
Ed. 64(44), e202513148 (2025). https://​doi.​org/​10.​1002/​ange.​
20251​3148

	 18.	 Y. Gong, B. Wang, H. Ren, D. Li, D. Wang et al., Recent 
advances in structural optimization and surface modification 
on current collectors for high-performance zinc anode: prin-
ciples, strategies, and challenges. Nano-Micro Lett. 15(1), 
208 (2023). https://​doi.​org/​10.​1007/​s40820-​023-​01177-4

	 19.	 J. Feng, X. Li, Y. Dong, Y. Wang, W. Zhao et al., Ion-frame-
work electrolyte featured zinc-ion transport for solvent and 
interphasial co-passivation. Adv. Mater. 37(37), 2503765 
(2025). https://​doi.​org/​10.​1002/​adma.​20250​3765

	 20.	 A. Ali, J. Mohammadi Moradian, A. Naveed, S. Zhang, 
M.H. Tahir et  al., Progress in cathode materials for 
rechargeable Zinc-Ion batteries: from inorganic and organic 
systems to hybrid frameworks and biomass-derived innova-
tions. Prog. Mater. Sci. 156, 101543 (2026)

	 21.	 Z. Zhao, Q. Ye, Y. Liu, B. Lu, S. Liang et al., Advanced 
Ah-level zinc metal batteries. Chem. Soc. Rev. 55(3), 
1271–1292 (2026). https://​doi.​org/​10.​1039/​d5cs0​0371g

	 22.	 Z. Feng, Y. Feng, F. Fan, D. Deng, H. Dong et al., Func-
tionalization design of zinc anode for advanced aqueous 
zinc-ion batteries. SusMat 4(2), e184 (2024). https://​doi.​
org/​10.​1002/​sus2.​184

	 23.	 L. Qin, J. Zhou, M. Sun, X. Yang, X. Shen et al., Com-
prehensive review for zinc powder anodes: significance, 
optimizing design, and industrial feasibility in zinc-ion bat-
teries. Energy Storage Mater. 74, 103917 (2025). https://​
doi.​org/​10.​1016/j.​ensm.​2024.​103917

	 24.	 P. Cai, X. He, K. Wang, Z. Zhang, Q. Wang et al., Built-in 
electric field effects tailoring solvation sheath and desol-
vation processes of solvated Zn2+ toward stable aqueous 
rocking-chair zinc-ion batteries. Carbon Energy 7(5), e691 
(2025). https://​doi.​org/​10.​1002/​cey2.​691

	 25.	 Y. Wang, T. Pan, S. Zhang, Q. Li, H. Pang, MOF-based 
electrode materials for aqueous zinc-ion batteries: design 
strategy and future challenges. Inorg. Chem. Front. 12(8), 
2988–3017 (2025). https://​doi.​org/​10.​1039/​d5qi0​0159e

	 26.	 J. Lin, Y. Wang, M. Chen, J. Lu, H. Mi et al., Regulating 
the Gibbs free energy to design aqueous battery-compatible 
robust host. Adv. Energy Mater. 14(31), 2401275 (2024). 
https://​doi.​org/​10.​1002/​aenm.​20240​1275

	 27.	 L. Wu, Y. Zhu, J. Sun, Y. Liu, L. Yang et al., Bidirectional 
interface regulation strategies toward highly efficient aque-
ous zinc-ion batteries. Mater. Today Energy 54, 102068 
(2025). https://​doi.​org/​10.​1016/j.​mtener.​2025.​102068

	 28.	 Y. Shen, Y. Jiao, C. Wang, J. Zou, P. Li et al., Homogenized 
current collector surface for high reversibility anode-free 
zinc metal batteries. Adv. Funct. Mater. 35(35), 2504042 
(2025). https://​doi.​org/​10.​1002/​adfm.​20250​4042

	 29.	 C. Wang, D. Wang, D. Lv, H. Peng, X. Song et al., Inter-
face engineering by hydrophilic and zincophilic aluminum 
hydroxide fluoride for anode-free zinc metal batteries at 

https://doi.org/10.1007/s12598-023-02596-3
https://doi.org/10.1007/s12598-023-02596-3
https://doi.org/10.1038/s41467-022-35630-6
https://doi.org/10.1002/adfm.202305550
https://doi.org/10.1002/adfm.202305550
https://doi.org/10.1007/s40820-024-01327-2
https://doi.org/10.1007/s40820-024-01327-2
https://doi.org/10.1002/adfm.202412715
https://doi.org/10.1002/adfm.202412715
https://doi.org/10.1002/anie.202408996
https://doi.org/10.1002/anie.202418682
https://doi.org/10.1002/anie.202418682
https://doi.org/10.1021/acsnano.3c11851
https://doi.org/10.1021/acsnano.3c11851
https://doi.org/10.1002/idm2.70024
https://doi.org/10.1002/adfm.202103922
https://doi.org/10.1002/adfm.202103922
https://doi.org/10.1002/anie.202423236
https://doi.org/10.1002/anie.202423236
https://doi.org/10.1016/j.ensm.2025.104056
https://doi.org/10.1016/j.ensm.2025.104056
https://doi.org/10.1002/ange.202513148
https://doi.org/10.1002/ange.202513148
https://doi.org/10.1007/s40820-023-01177-4
https://doi.org/10.1002/adma.202503765
https://doi.org/10.1039/d5cs00371g
https://doi.org/10.1002/sus2.184
https://doi.org/10.1002/sus2.184
https://doi.org/10.1016/j.ensm.2024.103917
https://doi.org/10.1016/j.ensm.2024.103917
https://doi.org/10.1002/cey2.691
https://doi.org/10.1039/d5qi00159e
https://doi.org/10.1002/aenm.202401275
https://doi.org/10.1016/j.mtener.2025.102068
https://doi.org/10.1002/adfm.202504042


Nano-Micro Lett. (2027) 19:39 	 Page 23 of 27     39 

low temperature. Adv. Energy Mater. 13(20), 2204388 
(2023). https://​doi.​org/​10.​1002/​aenm.​20220​4388

	 30.	 M. Zhu, Q. Gao, S. Shi, X. Cheng, M. Zheng et al., π-π 
conjugated MOF/nano-carbon complexes: synergistic ion 
transport and redox pathways for fast zinc-ion storage. 
Mater. Today Energy 53, 102041 (2025). https://​doi.​org/​
10.​1016/j.​mtener.​2025.​102041

	 31.	 S.D. Pu, B. Hu, Z. Li, Y. Yuan, C. Gong et al., Decoupling, 
quantifying, and restoring aging-induced Zn-anode losses 
in rechargeable aqueous zinc batteries. Joule 7(2), 366–379 
(2023). https://​doi.​org/​10.​1016/j.​joule.​2023.​01.​010

	 32.	 C. Wang, B. Chen, T. Wang, G.V. De Oliveira Silva, Z. Xu 
et al., Sustainable interface regulation enabled by a bismuth 
solid-state surfactant effect for Zn-free anodes. Energy 
Environ. Sci. 17(15), 5429–5439 (2024). https://​doi.​org/​
10.​1039/​d4ee0​1644k

	 33.	 G. Weng, Z. Dong, P. Xiang, Y. Zhu, C. Wu et al., Critical 
criteria depicting the rational design of Zn anode current col-
lector. Adv. Funct. Mater. 34(34), 2400839 (2024). https://​
doi.​org/​10.​1002/​adfm.​20240​0839

	 34.	 M. Zhang, C. Sun, G. Chen, Y. Kang, Z. Lv et al., Synergetic 
bifunctional Cu-In alloy interface enables Ah-level Zn metal 
pouch cells. Nat. Commun. 15, 9455 (2024). https://​doi.​org/​
10.​1038/​s41467-​024-​53831-z

	 35.	 H. Yu, Y. Zeng, N.W. Li, D. Luan, L. Yu et al., Confining 
Sn nanoparticles in interconnected N-doped hollow carbon 
spheres as hierarchical zincophilic fibers for dendrite-free Zn 
metal anodes. Sci. Adv. 8(10), eabm5766 (2022). https://​doi.​
org/​10.​1126/​sciadv.​abm57​66

	 36.	 R. Li, Y. Du, Y. Li, Z. He, L. Dai et al., Alloying strategy for 
high-performance zinc metal anodes. ACS Energy Lett. 8(1), 
457–476 (2023). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​2c019​
60

	 37.	 X. Yan, W. Zhang, Y. Zhang, T. Xiong, Recent advances in 
material regulation and structure design for high-performance 
aqueous anode-free zinc batteries. J. Mater. Chem. A 13(27), 
21233–21244 (2025). https://​doi.​org/​10.​1039/​d5ta0​2463c

	 38.	 T. Wei, H. Zhang, Y. Ren, L.-E. Mo, Y. He et al., Building 
near-unity stacked (002) texture for high-stable zinc anode. 
Adv. Funct. Mater. 34(14), 2312506 (2024). https://​doi.​org/​
10.​1002/​adfm.​20231​2506

	 39.	 L. Chang, J. Li, Q. Sun, X. Lu, H. Cheng, Advanced high-
entropy halogenated electrolyte enabling ultralow-overpoten-
tial and long-cycling aqueous zinc batteries. Mater. Today 
Energy 53, 102024 (2025). https://​doi.​org/​10.​1016/j.​mtener.​
2025.​102024

	 40.	 Z. Wu, Y. Wang, C. Zhi, Zinc-anode reversibility and capacity 
inflection as an evaluation criterion. Joule 8(9), 2442–2448 
(2024). https://​doi.​org/​10.​1016/j.​joule.​2024.​07.​023

	 41.	 M. Liu, K. Yang, Q. Xie, N. Hu, M. Zhang et al., Operando 
evolution of a hybrid metallic alloy interphase for revers-
ible aqueous zinc batteries. Angew. Chem. Int. Ed. 64(5), 
e202416047 (2025). https://​doi.​org/​10.​1002/​anie.​20241​6047

	 42.	 Y. Guo, Y. Xu, Y. Jia, X. Zhu, T. Zhang et al., Zincophilic–
hydrophobic interface design for dendrite-free aqueous 

zinc-ion batteries. Nano-Micro Lett. 18(1), 324 (2026). 
https://​doi.​org/​10.​1007/​s40820-​026-​02153-4

	 43.	 X. Yang, Z. Dong, G. Weng, Y. Su, J. Huang et al., Crystal-
lographic manipulation strategies toward reversible Zn anode 
with orientational deposition. Adv. Energy Mater. 14(25), 
2401293 (2024). https://​doi.​org/​10.​1002/​aenm.​20240​1293

	 44.	 J. Wang, B. Zhang, Z. Cai, R. Zhan, W. Wang et al., Stable 
interphase chemistry of textured Zn anode for rechargeable 
aqueous batteries. Sci. Bull. 67(7), 716–724 (2022). https://​
doi.​org/​10.​1016/j.​scib.​2022.​01.​010

	 45.	 Y. Lu, T. Wang, Z. Li, H. Cheng, K. Peng et al., Epitaxial 
deposition of Zn (002) for stable zinc metal anodes. Chem. 
Eng. J. 458, 141509 (2023). https://​doi.​org/​10.​1016/j.​cej.​
2023.​141509

	 46.	 S. Nandi, M. Pumera, Anode free zinc-metal batteries 
(AFZMBs): a new paradigm in energy storage. Small 21(14), 
2412161 (2025). https://​doi.​org/​10.​1002/​smll.​20241​2161

	 47.	 Y. Huang, L. Chang, X. Peng, L. Zhang, Q. Sun et al., Ter-
minal active oxygen enriched LDHs with zincophilic sites 
as a versatile interface layer for highly reversible zinc metal 
anodes. Mater. Today Energy 51, 101889 (2025). https://​doi.​
org/​10.​1016/j.​mtener.​2025.​101889

	 48.	 J. Mao, J. Iocozzia, J. Huang, K. Meng, Y. Lai et al., Gra-
phene aerogels for efficient energy storage and conversion. 
Energy Environ. Sci. 11(4), 772–799 (2018). https://​doi.​org/​
10.​1039/​c7ee0​3031b

	 49.	 M. Yu, J. Mu, L. Wang, Y. Niu, W. Si et al., In situ construc-
tion of a hydrophobic channel interconnecting zincophilic 
planes on the Zn surface for enhanced stability of Zn metal 
anodes. Energy Environ. Sci. 18(3), 1502–1513 (2025). 
https://​doi.​org/​10.​1039/​d4ee0​3945a

	 50.	 X. Zhang, L. Zhang, X. Jia, W. Song, Y. Liu, Design strate-
gies for aqueous zinc metal batteries with high zinc utili-
zation: from metal anodes to anode-free structures. Nano-
Micro Lett. 16(1), 75 (2024). https://​doi.​org/​10.​1007/​
s40820-​023-​01304-1

	 51.	 Y. Zhang, X. Zheng, N. Wang, W.-H. Lai, Y. Liu et al., Anode 
optimization strategies for aqueous zinc-ion batteries. Chem. 
Sci. 13(48), 14246–14263 (2022). https://​doi.​org/​10.​1039/​
d2sc0​4945g

	 52.	 Y. Zhu, G. Liang, X. Cui, X. Liu, H. Zhong et al., Engineer-
ing hosts for Zn anodes in aqueous Zn-ion batteries. Energy 
Environ. Sci. 17(2), 369–385 (2024). https://​doi.​org/​10.​1039/​
d3ee0​3584k

	 53.	 Z. Xing, C. Huang, Z. Hu, Advances and strategies in elec-
trolyte regulation for aqueous zinc-based batteries. Coord. 
Chem. Rev. 452, 214299 (2022). https://​doi.​org/​10.​1016/j.​
ccr.​2021.​214299

	 54.	 X. Fan, Z. Song, Y. Liu, Protective mass-charge transfer regu-
lation layer via magnetron co-sputtering towards stable Zn 
anodes. Acta Mater. 302, 121641 (2026). https://​doi.​org/​10.​
1016/j.​actam​at.​2025.​121641

	 55.	 Y. Xia, Z. Luo, S. Chen, Y. Xiang, G. Weng et al., Multiscale 
theoretical calculations empower robust electric double layer 
toward highly reversible zinc anode. Nano-Micro Lett. 18(1), 
90 (2025). https://​doi.​org/​10.​1007/​s40820-​025-​01915-w

https://doi.org/10.1002/aenm.202204388
https://doi.org/10.1016/j.mtener.2025.102041
https://doi.org/10.1016/j.mtener.2025.102041
https://doi.org/10.1016/j.joule.2023.01.010
https://doi.org/10.1039/d4ee01644k
https://doi.org/10.1039/d4ee01644k
https://doi.org/10.1002/adfm.202400839
https://doi.org/10.1002/adfm.202400839
https://doi.org/10.1038/s41467-024-53831-z
https://doi.org/10.1038/s41467-024-53831-z
https://doi.org/10.1126/sciadv.abm5766
https://doi.org/10.1126/sciadv.abm5766
https://doi.org/10.1021/acsenergylett.2c01960
https://doi.org/10.1021/acsenergylett.2c01960
https://doi.org/10.1039/d5ta02463c
https://doi.org/10.1002/adfm.202312506
https://doi.org/10.1002/adfm.202312506
https://doi.org/10.1016/j.mtener.2025.102024
https://doi.org/10.1016/j.mtener.2025.102024
https://doi.org/10.1016/j.joule.2024.07.023
https://doi.org/10.1002/anie.202416047
https://doi.org/10.1007/s40820-026-02153-4
https://doi.org/10.1002/aenm.202401293
https://doi.org/10.1016/j.scib.2022.01.010
https://doi.org/10.1016/j.scib.2022.01.010
https://doi.org/10.1016/j.cej.2023.141509
https://doi.org/10.1016/j.cej.2023.141509
https://doi.org/10.1002/smll.202412161
https://doi.org/10.1016/j.mtener.2025.101889
https://doi.org/10.1016/j.mtener.2025.101889
https://doi.org/10.1039/c7ee03031b
https://doi.org/10.1039/c7ee03031b
https://doi.org/10.1039/d4ee03945a
https://doi.org/10.1007/s40820-023-01304-1
https://doi.org/10.1007/s40820-023-01304-1
https://doi.org/10.1039/d2sc04945g
https://doi.org/10.1039/d2sc04945g
https://doi.org/10.1039/d3ee03584k
https://doi.org/10.1039/d3ee03584k
https://doi.org/10.1016/j.ccr.2021.214299
https://doi.org/10.1016/j.ccr.2021.214299
https://doi.org/10.1016/j.actamat.2025.121641
https://doi.org/10.1016/j.actamat.2025.121641
https://doi.org/10.1007/s40820-025-01915-w


	 Nano-Micro Lett. (2027) 19:39   39   Page 24 of 27

https://doi.org/10.1007/s40820-026-02350-1© The authors

	 56.	 P. Xue, C. Guo, L. Li, H. Li, D. Luo et al., A MOF-derivative 
decorated hierarchical porous host enabling ultrahigh rates 
and superior long-term cycling of dendrite-free Zn metal 
anodes. Adv. Mater. 34(14), 2270109 (2022). https://​doi.​org/​
10.​1002/​adma.​20227​0109

	 57.	 J. Tao, X. Cai, Y. Li, L. Huang, X. Zhang et al., A synergistic 
zincophilic and hydrophobic supramolecule shielding layer 
for actualizing long-term zinc-ion batteries. Adv. Energy 
Mater. 15(11), 2403662 (2025). https://​doi.​org/​10.​1002/​
aenm.​20240​3662

	 58.	 R. Zhao, X. Dong, P. Liang, H. Li, T. Zhang et al., Prioritiz-
ing hetero-metallic interfaces via thermodynamics inertia and 
kinetics zincophilia metrics for tough Zn-based aqueous bat-
teries. Adv. Mater. 35(17), 2209288 (2023). https://​doi.​org/​
10.​1002/​adma.​20220​9288

	 59.	 Y. Wang, W. Yan, X. Zhu, J. Li, Z. Li et al., Boosting perfor-
mance of quasi-solid-state zinc ion batteries via zincophilic 
solubilization. Angew. Chem. Int. Ed. 64(35), e202508556 
(2025). https://​doi.​org/​10.​1002/​anie.​20250​8556

	 60.	 L. Kuang, B. Xu, L. Zhang, Z. Lin, X. Gu et al., Zincophilic 
and hydrophobic bifunctional PFA-COOH-CNT artificial SEI 
film for highly stable Zn anode. Nano Res. 18(2), 94907156 
(2025). https://​doi.​org/​10.​26599/​nr.​2025.​94907​156

	 61.	 H. Li, R. Zhao, W. Zhou, L. Wang, W. Li et al., Trade-off 
between zincophilicity and zincophobicity: toward stable Zn-
based aqueous batteries. JACS Au 3(8), 2107–2116 (2023). 
https://​doi.​org/​10.​1021/​jacsau.​3c002​92

	 62.	 Z. Xu, Z. Zhang, X. Li, Q. Dong, Y. Qian et al., Fluoride-
based stable quasi-solid-state zinc metal battery with superior 
rate capability. ACS Appl. Mater. Interfaces 15(12), 15574–
15584 (2023). https://​doi.​org/​10.​1021/​acsami.​3c007​47

	 63.	 Q. Yang, Q. Li, Z. Liu, D. Wang, Y. Guo et al., Dendrites 
in Zn-based batteries. Adv. Mater. 32(48), 2001854 (2020). 
https://​doi.​org/​10.​1002/​adma.​20200​1854

	 64.	 S. Wang, D. Yang, P. Zhang, Y. Guo, X. Liu et al., Liquid 
metal anode enables zinc-based flow batteries with ultra-
high areal capacity and ultralong duration. Sci. Adv. 11(18), 
eads3919 (2025). https://​doi.​org/​10.​1126/​sciadv.​ads39​19

	 65.	 C. Xie, Y. Li, Q. Wang, D. Sun, Y. Tang et al., Issues and 
solutions toward zinc anode in aqueous zinc-ion batteries: a 
mini review. Carbon Energy 2(4), 540–560 (2020). https://​
doi.​org/​10.​1002/​cey2.​67

	 66.	 Q. Zhang, J. Luan, Y. Tang, X. Ji, H. Wang, Interfacial design 
of dendrite-free zinc anodes for aqueous zinc-ion batteries. 
Angew. Chem. Int. Ed. 132(32), 13280–13291 (2020). https://​
doi.​org/​10.​1002/​ange.​20200​0162

	 67.	 R. Qin, Y. Wang, L. Yao, L. Yang, Q. Zhao et al., Progress in 
interface structure and modification of zinc anode for aqueous 
batteries. Nano Energy 98, 107333 (2022). https://​doi.​org/​10.​
1016/j.​nanoen.​2022.​107333

	 68.	 Z. Xu, S. Jin, N. Zhang, W. Deng, M.H. Seo et al., Efficient 
Zn metal anode enabled by O, N-codoped carbon microflow-
ers. Nano Lett. 22(3), 1350–1357 (2022). https://​doi.​org/​10.​
1021/​acs.​nanol​ett.​1c047​09

	 69.	 C. Zhao, J. University, J. Sun, J. University, W. Lu et al., 
Microscopic insights into Zn (002) epitaxial electrodeposition 

in aqueous zinc metal batteries. Nano Lett. 24(51), 16408–
16416 (2024). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​4c052​78

	 70.	 A. Pei, G. Zheng, F. Shi, Y. Li, Y. Cui, Nanoscale nuclea-
tion and growth of electrodeposited lithium metal. Nano Lett. 
17(2), 1132–1139 (2017). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​6b047​55

	 71.	 X. Zhou, B. Wen, Y. Cai, X. Chen, L. Li et al., Interfacial 
engineering for oriented crystal growth toward dendrite-free 
Zn anode for aqueous zinc metal battery. Angew. Chem. Int. 
Ed. 63(21), e202402342 (2024). https://​doi.​org/​10.​1002/​anie.​
20240​2342

	 72.	 P. Zou, Y. Sui, H. Zhan, C. Wang, H.L. Xin et al., Polymorph 
evolution mechanisms and regulation strategies of lithium 
metal anode under multiphysical fields. Chem. Rev. 121(10), 
5986–6056 (2021). https://​doi.​org/​10.​1021/​acs.​chemr​ev.​
0c011​00

	 73.	 X. Zhou, Q. Zhang, Z. Hao, Y. Ma, O.A. Drozhzhin et al., 
Unlocking the allometric growth and dissolution of Zn 
anodes at initial nucleation and an early stage with atomic 
force microscopy. ACS Appl. Mater. Interfaces 13(44), 
53227–53234 (2021). https://​doi.​org/​10.​1021/​acsami.​1c162​
63

	 74.	 Y. Liu, T. Zhang, Z. Li, Z. Ma, Y. Hu, Multiscale interfacial 
regulation for stable zinc anodes: from fundamental mecha-
nisms to practical applications. Adv. Energy Mater. 16(15), 
e70704 (2026). https://​doi.​org/​10.​1002/​aenm.​70704

	 75.	 H. Wang, G. Li, J. Fu, Y. Yang, C. Zhang et al., Regulat-
ing zinc nucleation and growth with low-surface-tension 
electrolytes for practical aqueous zinc metal batteries. 
Nat. Commun. 17, 1690 (2026). https://​doi.​org/​10.​1038/​
s41467-​026-​68393-5

	 76.	 R. Wang, S. Luo, Y. Guo, B. Yuan, L. Xu et al., Synergistic 
modulation of Zn anode via ferroelectric and zincophilic Cr-
doped ZnO interface. Adv. Funct. Mater. 35(42), 2503892 
(2025). https://​doi.​org/​10.​1002/​adfm.​20250​3892

	 77.	 Z. Zhang, Y. Kang, Z. Shan, Q. Zhang, Y. Wang et al., Nickel-
doped zinc oxide as a zincophilic three-dimensional host for 
aqueous zinc batteries. Chem. Eng. J. 530, 173142 (2026). 
https://​doi.​org/​10.​1016/j.​cej.​2026.​173142

	 78.	 L. Wang, S. Zhou, K. Yang, W. Huang, S. Ogata et  al., 
Screening selection of hydrogen evolution-inhibiting and 
zincphilic alloy anode for aqueous Zn battery. Adv. Sci. 
11(12), 2307667 (2024). https://​doi.​org/​10.​1002/​advs.​20230​
7667

	 79.	 F. Yang, L. Zhou, T. Zhang, H. Wang, C. Xia et al., A zin-
cophilic and negatively-charged self-reconstructed strati-
fied interface for regulating Zn2+ conduction and nucleation 
toward conformal dendrite-free deposition. Angew. Chem. 
Int. Ed. 65(13), e23653 (2026). https://​doi.​org/​10.​1002/​anie.​
20252​3653

	 80.	 Q. Zhang, J. Luan, X. Huang, Q. Wang, D. Sun et al., Reveal-
ing the role of crystal orientation of protective layers for sta-
ble zinc anode. Nat. Commun. 11, 3961 (2020). https://​doi.​
org/​10.​1038/​s41467-​020-​17752-x

	 81.	 Z. Yang, Z. Wang, J. Cao, H. Wang, W. Lei et al., Encap-
sulating zinc powder in MXene/silk scaffolds with 

https://doi.org/10.1002/adma.202270109
https://doi.org/10.1002/adma.202270109
https://doi.org/10.1002/aenm.202403662
https://doi.org/10.1002/aenm.202403662
https://doi.org/10.1002/adma.202209288
https://doi.org/10.1002/adma.202209288
https://doi.org/10.1002/anie.202508556
https://doi.org/10.26599/nr.2025.94907156
https://doi.org/10.1021/jacsau.3c00292
https://doi.org/10.1021/acsami.3c00747
https://doi.org/10.1002/adma.202001854
https://doi.org/10.1126/sciadv.ads3919
https://doi.org/10.1002/cey2.67
https://doi.org/10.1002/cey2.67
https://doi.org/10.1002/ange.202000162
https://doi.org/10.1002/ange.202000162
https://doi.org/10.1016/j.nanoen.2022.107333
https://doi.org/10.1016/j.nanoen.2022.107333
https://doi.org/10.1021/acs.nanolett.1c04709
https://doi.org/10.1021/acs.nanolett.1c04709
https://doi.org/10.1021/acs.nanolett.4c05278
https://doi.org/10.1021/acs.nanolett.6b04755
https://doi.org/10.1021/acs.nanolett.6b04755
https://doi.org/10.1002/anie.202402342
https://doi.org/10.1002/anie.202402342
https://doi.org/10.1021/acs.chemrev.0c01100
https://doi.org/10.1021/acs.chemrev.0c01100
https://doi.org/10.1021/acsami.1c16263
https://doi.org/10.1021/acsami.1c16263
https://doi.org/10.1002/aenm.70704
https://doi.org/10.1038/s41467-026-68393-5
https://doi.org/10.1038/s41467-026-68393-5
https://doi.org/10.1002/adfm.202503892
https://doi.org/10.1016/j.cej.2026.173142
https://doi.org/10.1002/advs.202307667
https://doi.org/10.1002/advs.202307667
https://doi.org/10.1002/anie.202523653
https://doi.org/10.1002/anie.202523653
https://doi.org/10.1038/s41467-020-17752-x
https://doi.org/10.1038/s41467-020-17752-x


Nano-Micro Lett. (2027) 19:39 	 Page 25 of 27     39 

zincophilic-hydrophobic polymer for flexible zinc-ion bat-
teries. Adv. Funct. Mater. 36(10), e12458 (2026). https://​doi.​
org/​10.​1002/​adfm.​20251​2458

	 82.	 B. Ma, Y. Gao, L. Miao, H. Xuan, X. Tao et al., Unraveling 
the ultrafast deposition kinetics within zincphilic and hydro-
phobic organic interphases for dendrite-free and long lifespan 
zinc anodes. Adv. Funct. Mater. 36(1), e13183 (2026). https://​
doi.​org/​10.​1002/​adfm.​20251​3183

	 83.	 P. Ji, X. Tan, S.-M. Chai, X.-C. Yu, Y.-F. Peng et  al., 
In situ engineering of a hydrophobic–zincophilic inter-
face toward long-cycle stability of Zn metal anodes. Rare 
Met. 44(10), 7195–7208 (2025). https://​doi.​org/​10.​1007/​
s12598-​025-​03423-7

	 84.	 T. Foroozan, V. Yurkiv, S. Sharifi-Asl, R. Rojaee, F. Mash-
ayek et al., Non-dendritic Zn electrodeposition enabled by 
zincophilic graphene substrates. ACS Appl. Mater. Interfaces 
11(47), 44077–44089 (2019). https://​doi.​org/​10.​1021/​acsami.​
9b131​74

	 85.	 Y. Zou, Y. Wu, W. Wei, C. Qiao, M. Lu et al., Establishing 
pinhole deposition mode of Zn via scalable monolayer gra-
phene film. Adv. Mater. 36(19), 2313775 (2024). https://​doi.​
org/​10.​1002/​adma.​20231​3775

	 86.	 J. Zhou, M. Xie, F. Wu, Y. Mei, Y. Hao et al., Ultrathin sur-
face coating of nitrogen-doped graphene enables stable zinc 
anodes for aqueous zinc-ion batteries. Adv. Mater. 33(33), 
2101649 (2021). https://​doi.​org/​10.​1002/​adma.​20210​1649

	 87.	 Y. Guo, B. Lin, Q. Zhang, W. Zhang, C. Zhan et al., From 
plating-centric to full-cycle design: a perspective on the criti-
cal role of zinc anode stripping. Adv. Mater. 38(18), e22939 
(2026). https://​doi.​org/​10.​1002/​adma.​20252​2939

	 88.	 D. Li, Y. Zhong, X. Xu, D. Zhou, Y. Tang et al., Reinforcing 
the symmetry of stripping/plating behaviorvia in situ inter-
face construction for long-lasting zinc metal batteries. Energy 
Environ. Sci. 17(22), 8855–8865 (2024). https://​doi.​org/​10.​
1039/​d4ee0​3102d

	 89.	 J. Zheng, L.A. Archer, Crystallographically textured elec-
trodes for rechargeable batteries: symmetry, fabrication, and 
characterization. Chem. Rev. 122(18), 14440–14470 (2022). 
https://​doi.​org/​10.​1021/​acs.​chemr​ev.​2c000​22

	 90.	 J. Zheng, Q. Zhao, T. Tang, J. Yin, C.D. Quilty et al., Revers-
ible epitaxial electrodeposition of metals in battery anodes. 
Science 366(6465), 645–648 (2019). https://​doi.​org/​10.​1126/​
scien​ce.​aax68​73

	 91.	 M. Li, C.S. University, Z. Liu, S. Liang et al., Electrodepos-
ited zinc alloy anodes for aqueous zinc metal batteries. ACS 
Energy Lett. 10(10), 4805–4822 (2025). https://​doi.​org/​10.​
1021/​acsen​ergyl​ett.​5c018​18

	 92.	 D. Wang, W. Zhang, W. Zheng, X. Cui, T. Rojo et  al., 
Towards high-safe lithium metal anodes: suppressing lithium 
dendrites via tuning surface energy. Adv. Sci. 4(1), 1600168 
(2017). https://​doi.​org/​10.​1002/​advs.​20160​0168

	 93.	 X. Zhang, J. Li, Y. Liu, B. Lu, S. Liang et  al., Single 
[0001]-oriented zinc metal anode enables sustainable zinc 
batteries. Nat. Commun. 15, 2735 (2024). https://​doi.​org/​10.​
1038/​s41467-​024-​47101-1

	 94.	 Z. Cai, Y. Ou, J. Wang, R. Xiao, L. Fu et al., Chemically 
resistant Cu–Zn/Zn composite anode for long cycling aque-
ous batteries. Energy Storage Mater. 27, 205–211 (2020). 
https://​doi.​org/​10.​1016/j.​ensm.​2020.​01.​032

	 95.	 Z. Cai, J. Wang, Z. Lu, R. Zhan, Y. Ou et al., Ultrafast metal 
electrodeposition revealed by in situ optical imaging and the-
oretical modeling towards fast-charging Zn battery chemistry. 
Angew. Chem. Int. Ed. 61(14), e202116560 (2022). https://​
doi.​org/​10.​1002/​anie.​20211​6560

	 96.	 Z. Yi, J. Liu, S. Tan, Z. Sang, J. Mao et al., An ultrahigh rate 
and stable zinc anode by facet-matching-induced dendrite 
regulation. Adv. Mater. 34(37), 2270259 (2022). https://​doi.​
org/​10.​1002/​adma.​20227​0259

	 97.	 X. Yang, C. Li, Z. Sun, S. Yang, Z. Shi et al., Interfacial 
manipulation via in situ grown ZnSe cultivator toward highly 
reversible Zn metal anodes. Adv. Mater. 33(52), 2105951 
(2021). https://​doi.​org/​10.​1002/​adma.​20210​5951

	 98.	 J. Ji, Z. Zhu, H. Du, X. Qi, J. Yao et al., Zinc-contained 
alloy as a robustly adhered interfacial lattice locking layer 
for planar and stable zinc electrodeposition. Adv. Mater. 
35(20), 2211961 (2023). https://​doi.​org/​10.​1002/​adma.​
20221​1961

	 99.	 X. Li, Q. Li, Y. Hou, Q. Yang, Z. Chen et al., Toward a prac-
tical Zn powder anode: Ti3C2Tx MXene as a lattice-match 
electrons/ions redistributor. ACS Nano 15(9), 14631–14642 
(2021). https://​doi.​org/​10.​1021/​acsna​no.​1c043​54

	100.	 Y. Wang, X. Xu, J. Yin, G. Huang, T. Guo et  al., 
MoS2-mediated epitaxial plating of Zn metal anodes. Adv. 
Mater. 35(6), 2208171 (2023). https://​doi.​org/​10.​1002/​adma.​
20220​8171

	101.	 S. Wang, Z. Wang, Y. Yin, T. Li, N. Chang et al., A highly 
reversible zinc deposition for flow batteries regulated by 
critical concentration induced nucleation. Energy Environ. 
Sci. 14(7), 4077–4084 (2021). https://​doi.​org/​10.​1039/​d1ee0​
0783a

	102.	 S.D. Pu, C. Gong, Y.T. Tang, Z. Ning, J. Liu et al., Achieving 
ultrahigh-rate planar and dendrite-free zinc electroplating for 
aqueous zinc battery anodes. Adv. Mater. 34(28), 2202552 
(2022). https://​doi.​org/​10.​1002/​adma.​20220​2552

	103.	 G. Zeng, S. Horta, Q. Sun, M.D. Khan, M. Ibáñez et al., Crys-
tal growth engineering for dendrite-free zinc metal plating. 
Adv. Mater. (2025). https://​doi.​org/​10.​1002/​adma.​20251​0906

	104.	 Z. Chen, Y. Wang, Q. Wu, C. Wang, Q. He et al., Grain 
boundary filling empowers (002)-textured Zn metal anodes 
with superior stability. Adv. Mater. 36(46), 2411004 (2024). 
https://​doi.​org/​10.​1002/​adma.​20241​1004

	105.	 D. Zhang, Z. Song, L. Miao, Y. Lv, H. Duan et al., Single 
exposed Zn (0002) plane and sustainable Zn-oriented growth 
achieving highly reversible zinc metal batteries. Angew. 
Chem. Int. Ed. 64(2), e202414116 (2025). https://​doi.​org/​
10.​1002/​anie.​20241​4116

	106.	 Y. Li, Y. Liu, K.-P. Wang, Z. Xiao, Q. Zhang et al., Epitaxial 
growth of the (101) plane: high stability and dendrite-free Zn 
anode achieved by “one stone, two birds” strategy. Energy 
Storage Mater. 77, 104204 (2025). https://​doi.​org/​10.​1016/j.​
ensm.​2025.​104204

https://doi.org/10.1002/adfm.202512458
https://doi.org/10.1002/adfm.202512458
https://doi.org/10.1002/adfm.202513183
https://doi.org/10.1002/adfm.202513183
https://doi.org/10.1007/s12598-025-03423-7
https://doi.org/10.1007/s12598-025-03423-7
https://doi.org/10.1021/acsami.9b13174
https://doi.org/10.1021/acsami.9b13174
https://doi.org/10.1002/adma.202313775
https://doi.org/10.1002/adma.202313775
https://doi.org/10.1002/adma.202101649
https://doi.org/10.1002/adma.202522939
https://doi.org/10.1039/d4ee03102d
https://doi.org/10.1039/d4ee03102d
https://doi.org/10.1021/acs.chemrev.2c00022
https://doi.org/10.1126/science.aax6873
https://doi.org/10.1126/science.aax6873
https://doi.org/10.1021/acsenergylett.5c01818
https://doi.org/10.1021/acsenergylett.5c01818
https://doi.org/10.1002/advs.201600168
https://doi.org/10.1038/s41467-024-47101-1
https://doi.org/10.1038/s41467-024-47101-1
https://doi.org/10.1016/j.ensm.2020.01.032
https://doi.org/10.1002/anie.202116560
https://doi.org/10.1002/anie.202116560
https://doi.org/10.1002/adma.202270259
https://doi.org/10.1002/adma.202270259
https://doi.org/10.1002/adma.202105951
https://doi.org/10.1002/adma.202211961
https://doi.org/10.1002/adma.202211961
https://doi.org/10.1021/acsnano.1c04354
https://doi.org/10.1002/adma.202208171
https://doi.org/10.1002/adma.202208171
https://doi.org/10.1039/d1ee00783a
https://doi.org/10.1039/d1ee00783a
https://doi.org/10.1002/adma.202202552
https://doi.org/10.1002/adma.202510906
https://doi.org/10.1002/adma.202411004
https://doi.org/10.1002/anie.202414116
https://doi.org/10.1002/anie.202414116
https://doi.org/10.1016/j.ensm.2025.104204
https://doi.org/10.1016/j.ensm.2025.104204


	 Nano-Micro Lett. (2027) 19:39   39   Page 26 of 27

https://doi.org/10.1007/s40820-026-02350-1© The authors

	107.	 H. Yang, K. Fang, J. Duan, J. Dong, Y. Li et al., Selective 
facet shielding induced epitaxial deposition along the Zn 
(101) plane for highly reversible Zn-Ion batteries. Energy 
Storage Mater. 75, 103995 (2025). https://​doi.​org/​10.​1016/j.​
ensm.​2024.​103995

	108.	 Z. Chen, Q. Wu, X. Han, C. Wang, J. Chen et al., Converting 
commercial Zn foils into single (002)-textured Zn with mil-
limeter-sized grains for highly reversible aqueous zinc batter-
ies. Angew. Chem. Int. Ed. Engl. 63(17), e202401507 (2024). 
https://​doi.​org/​10.​1002/​anie.​20240​1507

	109.	 Z. Liu, Z. Guo, L. Fan, C. Zhao, A. Chen et al., Construct robust 
epitaxial growth of (101) textured zinc metal anode for long 
life and high capacity in mild aqueous zinc-ion batteries. Adv. 
Mater. 36(5), 2305988 (2024). https://​doi.​org/​10.​1002/​adma.​
20230​5988

	110.	 X. Zhang, J. Li, T. Wang, Y. Gong, J. Zhou, Uniaxially oriented 
zinc metal negative electrodes toward spontaneous dislocation-
free homoepitaxy. Nat. Commun. 16, 5781 (2025). https://​doi.​
org/​10.​1038/​s41467-​025-​60797-z

	111.	 L. Ren, Z. Hu, C. Peng, L. Zhang, N. Wang et al., Suppress-
ing metal corrosion through identification of optimal crystal-
lographic plane for Zn batteries. Proc. Natl. Acad. Sci. U. S. 
A. 121(5), e2309981121 (2024). https://​doi.​org/​10.​1073/​pnas.​
23099​81121

	112.	 Y. Li, X. Ren, D. Zhang, S. Ju, W. Hu et al., Dendrites-free Zn 
anode enabled by dense Zn deposition and spontaneous texture 
reconstruction on (110)-oriented nanotwinned Cu. Adv. Funct. 
Mater. 36(6), e14665 (2026). https://​doi.​org/​10.​1002/​adfm.​
20251​4665

	113.	 C. Shuang, L. Zhen, Y. Xia, X. Wu, K. Wang et al., Step-edge 
guided homoepitaxy enables highly reversible Zn plating/
stripping. Angew. Chem. Int. Ed. 64(16), e202501176 (2025). 
https://​doi.​org/​10.​1002/​anie.​20250​1176

	114.	 X. Xiao, L.C. Greenburg, Y. Li, M. Yang, Y.-K. Tzeng et al., 
Epitaxial electrodeposition of zinc on different single crystal 
copper substrates for high performance aqueous batteries. Nano 
Lett. 25(4), 1305–1313 (2025). https://​doi.​org/​10.​1021/​acs.​
nanol​ett.​4c045​35

	115.	 D. Zhang, Z. Song, Y. Chen, P. Liu, R. Gu et al., Ultralow-
lattice-mismatched near-zero-strain Zn (0002) anodes for stable 
zinc metal batteries. Angew. Chem. Int. Ed. 64(52), e21269 
(2025). https://​doi.​org/​10.​1002/​ange.​20252​1269

	116.	 M. Ji, X. Jiang, J. Kim, S. Deng, G. Gao et al., Supercritical 
CO2-induced surface autogenous mineralization enabling epi-
taxial Zn electrodeposition on weakly conductive crystalline 
coating. Adv. Mater. 37(47), e09177 (2025). https://​doi.​org/​10.​
1002/​adma.​20250​9177

	117.	 Z. Zheng, X. Zhong, Q. Zhang, M. Zhang, L. Dai et al., An 
extended substrate screening strategy enabling a low lattice 
mismatch for highly reversible zinc anodes. Nat. Commun. 15, 
753 (2024). https://​doi.​org/​10.​1038/​s41467-​024-​44893-0

	118.	 Z. Hao, Y. Zhang, Z. Hao, G. Li, Y. Lu et al., Metal anodes with 
ultrahigh reversibility enabled by the closest packing crystal-
lography for sustainable batteries. Adv. Mater. 35(9), 2209985 
(2023). https://​doi.​org/​10.​1002/​adma.​20220​9985

	119.	 Y. Yan, C. Shu, T. Zeng, X. Wen, S. Liu et al., Surface-pre-
ferred crystal plane growth enabled by underpotential deposited 
monolayer toward dendrite-free zinc anode. ACS Nano 16(6), 
9150–9162 (2022). https://​doi.​org/​10.​1021/​acsna​no.​2c013​80

	120.	 D. Zhang, Y. Chen, X. Zheng, P. Liu, L. Miao et al., Low strain 
mediated Zn (0002) plane epitaxial plating for highly stable zinc 
metal batteries. Angew. Chem. Int. Ed. 64(22), e202500380 
(2025). https://​doi.​org/​10.​1002/​ange.​20250​0380

	121.	 J. Shin, J. Lee, Y. Kim, Y. Park, M. Kim et al., Highly revers-
ible, grain-directed zinc deposition in aqueous zinc ion batter-
ies. Adv. Energy Mater. 11(39), 2100676 (2021). https://​doi.​
org/​10.​1002/​aenm.​20210​0676

	122.	 M. Li, Z. Liu, Y. Zhang, S. Liang, X. Wang et al., Anchored 
Zn(002) orientation with rapid interfacial response guiding 
high-utilization alloy anode and ah-scale aqueous zinc metal 
batteries. Angew. Chem. Int. Ed. 65(2), e17845 (2026). https://​
doi.​org/​10.​1002/​anie.​20251​7845

	123.	 J. Cao, H. Wu, Y. Yue, D. Zhang, B. Li et al., Facilely con-
structing ultrahigh lattice-matched CuZn5 epitaxial interface for 
dendrite-free Zn metal anode. J. Energy Chem. 99, 671–680 
(2024). https://​doi.​org/​10.​1016/j.​jechem.​2024.​08.​023

	124.	 Y. Liu, Y. Ding, Z. Liu, X. Li, S. Tian et al., Ultrafast laser 
one-step construction of 3D micro-/nanostructures achieving 
high-performance zinc metal anodes. PhotoniX 5(1), 6 (2024). 
https://​doi.​org/​10.​1186/​s43074-​024-​00122-x

	125.	 R. Zhu, X. Ren, L. Wu, L. Tian, H. Zhang et al., Enabling tar-
geted zinc growth via interface regulation toward binder free 
and high areal capacity zinc metal anode. Adv. Mater. 37(28), 
2503516 (2025). https://​doi.​org/​10.​1002/​adma.​20250​3516

	126.	 Q. Li, G. Liu, S. Zhou, S. Tang, R. Luo et al., Fast ion transport 
network enhanced 3D Zn anode for ultra-stable zinc ion bat-
teries. Chem. Eng. J. 506, 159895 (2025). https://​doi.​org/​10.​
1016/j.​cej.​2025.​159895

	127.	 R. Zhao, J. Yang, X. Han, Y. Wang, Q. Ni et al., Stabilizing Zn 
metal anodes via cation/anion regulation toward high energy 
density Zn-ion batteries. Adv. Energy Mater. 13(8), 2203542 
(2023). https://​doi.​org/​10.​1002/​aenm.​20220​3542

	128.	 Y. Gao, Q. Cao, J. Pu, X. Zhao, G. Fu et al., Stable Zn anodes 
with triple gradients. Adv. Mater. 35(6), 2207573 (2023). 
https://​doi.​org/​10.​1002/​adma.​20220​7573

	129.	 Y. Ding, B. Ling, X. Zhao, X. Yang, Y. Wang et al., Porous 
zinc metal anodes for aqueous zinc-ion batteries: advances and 
prospectives. Energy Mater. Dev. 2(3), 9370040 (2024). https://​
doi.​org/​10.​26599/​emd.​2024.​93700​40

	130.	 Y. Mu, Z. Li, B.-K. Wu, H. Huang, F. Wu et al., 3D hierarchical 
graphene matrices enable stable Zn anodes for aqueous Zn bat-
teries. Nat. Commun. 14, 4205 (2023). https://​doi.​org/​10.​1038/​
s41467-​023-​39947-8

	131.	 Z. Shi, M. Yang, Y. Ren, Y. Wang, J. Guo et al., Highly revers-
ible Zn anodes achieved by enhancing ion-transport kinetics and 
modulating Zn (002) deposition. ACS Nano 17(21), 21893–
21904 (2023). https://​doi.​org/​10.​1021/​acsna​no.​3c081​97

	132.	 C.-P. Yang, Y.-X. Yin, S.-F. Zhang, N.-W. Li, Y.-G. Guo, 
Accommodating lithium into 3D current collectors with a sub-
micron skeleton towards long-life lithium metal anodes. Nat. 
Commun. 6, 8058 (2015). https://​doi.​org/​10.​1038/​ncomm​s9058

https://doi.org/10.1016/j.ensm.2024.103995
https://doi.org/10.1016/j.ensm.2024.103995
https://doi.org/10.1002/anie.202401507
https://doi.org/10.1002/adma.202305988
https://doi.org/10.1002/adma.202305988
https://doi.org/10.1038/s41467-025-60797-z
https://doi.org/10.1038/s41467-025-60797-z
https://doi.org/10.1073/pnas.2309981121
https://doi.org/10.1073/pnas.2309981121
https://doi.org/10.1002/adfm.202514665
https://doi.org/10.1002/adfm.202514665
https://doi.org/10.1002/anie.202501176
https://doi.org/10.1021/acs.nanolett.4c04535
https://doi.org/10.1021/acs.nanolett.4c04535
https://doi.org/10.1002/ange.202521269
https://doi.org/10.1002/adma.202509177
https://doi.org/10.1002/adma.202509177
https://doi.org/10.1038/s41467-024-44893-0
https://doi.org/10.1002/adma.202209985
https://doi.org/10.1021/acsnano.2c01380
https://doi.org/10.1002/ange.202500380
https://doi.org/10.1002/aenm.202100676
https://doi.org/10.1002/aenm.202100676
https://doi.org/10.1002/anie.202517845
https://doi.org/10.1002/anie.202517845
https://doi.org/10.1016/j.jechem.2024.08.023
https://doi.org/10.1186/s43074-024-00122-x
https://doi.org/10.1002/adma.202503516
https://doi.org/10.1016/j.cej.2025.159895
https://doi.org/10.1016/j.cej.2025.159895
https://doi.org/10.1002/aenm.202203542
https://doi.org/10.1002/adma.202207573
https://doi.org/10.26599/emd.2024.9370040
https://doi.org/10.26599/emd.2024.9370040
https://doi.org/10.1038/s41467-023-39947-8
https://doi.org/10.1038/s41467-023-39947-8
https://doi.org/10.1021/acsnano.3c08197
https://doi.org/10.1038/ncomms9058


Nano-Micro Lett. (2027) 19:39 	 Page 27 of 27     39 

	133.	 X. Liu, R. Wu, X. Hu, A.M. Ganose, J. Luo et al., 3D porous 
zinc scaffold anodes for enhanced stability and performance in 
zinc-ion energy storage systems. ACS Nano 19(28), 26147–
26160 (2025). https://​doi.​org/​10.​1021/​acsna​no.​5c077​29

	134.	 Y. Zeng, Z. Pei, D. Luan, X.W.D. Lou, Atomically dispersed 
zincophilic sites in N, P-codoped carbon macroporous fibers 
enable efficient Zn metal anodes. J. Am. Chem. Soc. 145(22), 
12333–12341 (2023). https://​doi.​org/​10.​1021/​jacs.​3c030​30

	135.	 J. Ruan, D. Ma, K. Ouyang, S. Shen, M. Yang et al., 3D arti-
ficial array interface engineering enabling dendrite-free stable 
Zn metal anode. Nano-Micro Lett. 15(1), 37 (2023). https://​doi.​
org/​10.​1007/​s40820-​022-​01007-z

	136.	 J. Wang, J. Peng, W. Huang, H. Liang, Y. Hao et al., Enabling 
stable Zn anode with PVDF/CNTs nanocomposites protective 
layer toward high-performance aqueous zinc-ion batteries. Adv. 
Funct. Mater. 34(26), 2316083 (2024). https://​doi.​org/​10.​1002/​
adfm.​20231​6083

	137.	 H. Yu, H. Yao, Y. Zheng, D. Liu, J.S. Chen et al., Formation 
of hierarchical Zn/N-doped carbon hollow nanofibers towards 
dendrite-free Zn metal anodes. Adv. Funct. Mater. 34(10), 
2311038 (2024). https://​doi.​org/​10.​1002/​adfm.​20231​1038

	138.	 R. Xiao, Z. Cai, R. Zhan, J. Wang, Y. Ou et al., Localizing 
concentrated electrolyte in pore geometry for highly reversible 
aqueous Zn metal batteries. Chem. Eng. J. 420, 129642 (2021). 
https://​doi.​org/​10.​1016/j.​cej.​2021.​129642

	139.	 Z. Liu, B. Fu, X. Xie, M. Li, L. Li et al., Bimetallic cladding-
constructed interfacial microenvironment enabled highly revers-
ible powder anode for Zn metal batteries. Adv. Mater. 38(12), 
e18003 (2026). https://​doi.​org/​10.​1002/​adma.​20251​8003

	140.	 B. Liu, X. Yuan, Y. Li, Colossal capacity loss during calen-
dar aging of Zn battery chemistries. ACS Energy Lett. 8(9), 
3820–3828 (2023). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​3c012​
82

	141.	 X. Ma, B. Zhang, T. Wang, Y. Wang, M. Zhang et al., High-
precision 3D copper substrate with tunable pore sizes for zinc 
dendrite suppression. Adv. Funct. Mater. 36(2), e09648 (2026). 
https://​doi.​org/​10.​1002/​adfm.​20250​9648

	142.	 C. Tian, H. Wang, L. Xie, Y. Zhong, Y. Hu, Arrays of hierarchi-
cal zincophilic nanorods with trapping-and-leveling deposition 
for ultrastable Zn metal anodes. Adv. Energy Mater. 14(21), 
2400276 (2024). https://​doi.​org/​10.​1002/​aenm.​20240​0276

	143.	 M. Zhang, Y. Deng, Y. Yan, H. Mei, L. Cheng et al., Spatially 
restricted deposition of Zn metal in localized-activation 3D 
electrode enables long-term stable zinc ion batteries. Energy 
Storage Mater. 65, 103156 (2024). https://​doi.​org/​10.​1016/j.​
ensm.​2023.​103156

	144.	 X. Li, H. Zhao, X. Zhang, C. Ge, Z. Qu et al., Porosity and 
conductivity dual-gradient design on ultrathin 3D nanofibrous 
anode for flexible Zn-ion batteries. Adv. Funct. Mater. 35(33), 
2503944 (2025). https://​doi.​org/​10.​1002/​adfm.​20250​3944

	145.	 Y. Song, Y. Liu, S. Luo, Y. Yang, F. Chen et al., Blocking the 
dendrite-growth of Zn anode by constructing Ti4O7 interfacial 

layer in aqueous zinc-ion batteries. Adv. Funct. Mater. 34(25), 
2316070 (2024). https://​doi.​org/​10.​1002/​adfm.​20231​6070

	146.	 W. Li, J. Zhang, Y. Wang, X. Gu, G. Duan et al., Interfacial 
space confinement engineering toward ultrastable all-climate 
aqueous zinc ion batteries. Energy Storage Mater. 73, 103853 
(2024). https://​doi.​org/​10.​1016/j.​ensm.​2024.​103853

	147.	 B. Xu, Y. Liao, S. To, J. Lin, Y. Wang et al., Micro-hydrophobic 
microstructure balance electric field distribution and wettability 
for ultra-stable zinc anodes. Adv. Energy Mater. 16(25), e71039 
(2026). https://​doi.​org/​10.​1002/​aenm.​71039

	148.	 Y. Pu, W. Yang, Y. Yang, T. Qin, Q. Zhang et al., 3D surface 
architecture and zincophilic–hydrophobic interface for promot-
ing stability of Zn anode. Adv. Funct. Mater. 36(46), e75397 
(2026). https://​doi.​org/​10.​1002/​adfm.​75397

	149.	 Y. Liu, J. Xie, Y. Ding, J. Xu, D. Huang et al., Dual-functional 
layer engineering unlocking dendrite-free and high-perfor-
mance zinc metal anodes. Adv. Funct. Mater. 35(32), 2424526 
(2025). https://​doi.​org/​10.​1002/​adfm.​20242​4526

	150.	 P. Kang, Y. Yuan, F. Mo, H. Hu, Surface laser texturing and 
alloying: front-end design optimization of zinc metal anode 
for dendrite-free deposition. ACS Nano 19(16), 15994–16010 
(2025). https://​doi.​org/​10.​1021/​acsna​no.​5c024​50

	151.	 S. Han, Y. Zheng, X. Zhang, S. Alshammari, W. Fan et al., 
Data-driven additive discovery with HOMO-descriptor enables 
durable aqueous zinc batteries via interfacial kinetics engineer-
ing. Adv. Mater. 37(45), e11814 (2025). https://​doi.​org/​10.​
1002/​adma.​20251​1814

	152.	 Q. Xie, Y. You, D. Qiao, H. Xia, H. Zhang et al., Machine 
learning-assisted kinetic matching model for rational electrode 
design in aqueous zinc-ion batteries. Nat. Commun. 17, 1233 
(2026). https://​doi.​org/​10.​1038/​s41467-​025-​67996-8

	153.	 Z. Zhao, Y. Chen, Y. Liu, J. Huang, J. Lian et al., Three-dimen-
sional visualization of chemical stratification and pathologi-
cal redistribution in aqueous zinc batteries. ACS Energy Lett. 
11(5), 3861–3871 (2026). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​
6c001​71

	154.	 X. Wang, W. Zhou, L. Wang, Y. Zhang, S. Li et al., Benchmark-
ing corrosion with anionic polarity index for stable and fast 
aqueous batteries even in low-concentration electrolyte. Adv. 
Mater. 37(14), 2501049 (2025). https://​doi.​org/​10.​1002/​adma.​
20250​1049

	155.	 W. Zhang, Y. Song, J. Zhao, P.C.D. Mendes, J. Ontaneda et al., 
Optical nanoscopy of spatiotemporal metal stripping coopera-
tivity at single-ion and subparticle resolution. Nat. Mater. 25(5), 
782–790 (2026). https://​doi.​org/​10.​1038/​s41563-​026-​02567-w

	156.	 Q. Zhang, Y. Duan, F. Teng, X. Guo, Y. Pan et al., A bottom-up 
zincophilic gradient design enabling long-cycle-life Zn metal 
anodes under high currents and capacities. Adv. Mater. 38(32), 
e73294 (2026). https://​doi.​org/​10.​1002/​adma.​73294

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/acsnano.5c07729
https://doi.org/10.1021/jacs.3c03030
https://doi.org/10.1007/s40820-022-01007-z
https://doi.org/10.1007/s40820-022-01007-z
https://doi.org/10.1002/adfm.202316083
https://doi.org/10.1002/adfm.202316083
https://doi.org/10.1002/adfm.202311038
https://doi.org/10.1016/j.cej.2021.129642
https://doi.org/10.1002/adma.202518003
https://doi.org/10.1021/acsenergylett.3c01282
https://doi.org/10.1021/acsenergylett.3c01282
https://doi.org/10.1002/adfm.202509648
https://doi.org/10.1002/aenm.202400276
https://doi.org/10.1016/j.ensm.2023.103156
https://doi.org/10.1016/j.ensm.2023.103156
https://doi.org/10.1002/adfm.202503944
https://doi.org/10.1002/adfm.202316070
https://doi.org/10.1016/j.ensm.2024.103853
https://doi.org/10.1002/aenm.71039
https://doi.org/10.1002/adfm.75397
https://doi.org/10.1002/adfm.202424526
https://doi.org/10.1021/acsnano.5c02450
https://doi.org/10.1002/adma.202511814
https://doi.org/10.1002/adma.202511814
https://doi.org/10.1038/s41467-025-67996-8
https://doi.org/10.1021/acsenergylett.6c00171
https://doi.org/10.1021/acsenergylett.6c00171
https://doi.org/10.1002/adma.202501049
https://doi.org/10.1002/adma.202501049
https://doi.org/10.1038/s41563-026-02567-w
https://doi.org/10.1002/adma.73294

	Targeted Modulation of Zn Deposition Behavior toward High-Performance Stable Zn Anodes
	Highlights
	Abstract 
	1 Introduction
	2 Fundamental Mechanisms of Zn Deposition and Targeted Regulation of Zn Anodes
	3 Zincophilicity Regulation for Uniform Zn Nucleation
	3.1 Fundamentals of Zincophilicity
	3.2 Strategies for Surface Zincophilicity Optimization

	4 Lattice-Matched Design for Crystallographically Oriented Deposition
	4.1 Effects of Lattice Mismatch on Zn Growth Behavior
	4.2 Strategies for Interfacial Design with Low Lattice Mismatch
	4.2.1 Single-crystal Zn Substrate Engineering
	4.2.2 Low Lattice Mismatch Substrate Engineering


	5 3D Structural Engineering for Homogenized Zn Deposition
	5.1 Functional Roles of 3D Architectures
	5.2 Strategies for 3D Structural Construction
	5.2.1 Structural Optimization of 3D Substrates
	5.2.2 Functional Modulation of 3D Substrates


	6 Conclusion and Perspective
	6.1 Conclusions
	6.2 Perspectives

	Acknowledgements 
	References


