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Abstract

Aqueous zinc-ion batteries are promising candidates for large-scale energy storage as
high-safety, low-cost, and abundant zinc resources. Compared with conventional zinc
foil, zinc powder (Zn-P) anodes display controllable capacity by regulating zinc powder
loading, electrode thickness and pore structure, providing opportunities to improve zinc
utilization, reduce costs and enhance manufacturing compatibility. However, Zn-P anodes
are dynamic particle-composite electrodes in which reaction interfaces, pore channels,
particle contacts, and electronic networks continuously evolve during cycling and storage.
Their electrochemical behavior therefore reflects coupled effects of Zn2+ plating/stripping,
hydrogen evolution, corrosion, by-product-induced pore blockage, stress evolution, contact
loss, and calendar aging. This review focuses on the structural characteristics, failure mecha-
nisms, interfacial reaction regulation, electrode engineering, and practical evaluation of zinc
powder anodes. It subsequently analyzes the application boundaries of zincophilic met-
als, carbon materials, MXene, Meta–Organic Frameworks/Covalent Organic Frameworks
(MOFs/COFs), artificial interphases, electrolyte additives, slurry engineering, current col-
lectors, and manufacturing strategies. Then, it points out their mechanisms for regulating
reaction selectivity, ion/electron transport, and structural stability. Further, the practical
evaluation criteria are given, including Zn loading, the negative/positive capacity ratio
(N/P ratio), Zn utilization, electrolyte dosage, calendar life and pouches/large-scale cells
under limited zinc conditions. Overall, Zn-P anode development should focus on interfacial
reaction selectivity, powder structure, electrode manufacturing and limited-zinc evaluation.

Keywords: aqueous zinc-ion batteries; zinc powder anodes; interfacial reaction regulation;
hydrogen evolution and corrosion; electrode manufacturing; zinc utilization

1. Introduction
Growing demand for safe, low-cost, and long-life energy-storage technologies has ac-

celerated the development of aqueous batteries. Aqueous zinc-ion batteries (AZIBs) use
nonflammable electrolytes and offer a high theoretical specific capacity (820 mAh g−1), a
redox potential of −0.76 V (vs. SHE), abundant Zn resources, and a relatively mature zinc

Catalysts 2026, 16, 815 https://doi.org/10.3390/catal16090815

https://crossmark.crossref.org/dialog?doi=10.3390/catal16090815&domain=pdf&date_stamp=2026-09-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-8911-5573
https://doi.org/10.3390/catal16090815


Catalysts 2026, 16, 815 2 of 31

industrial base. They have broad application prospects in scenarios such as large-scale energy
storage, home energy storage, and high-security backup power [1–4]. However, repeated
deposition/stripping of Zn2+ is jointly affected by the solvation structure, interfacial energy,
local electric field, ion transport and reaction kinetics, which can lead to uneven deposition,
hydrogen evolution, corrosion and the generation of by-products such as ZnO and basic zinc
sulfate, ultimately increasing interfacial impedance, consuming active Zn, and causing cell
failure [5–11]. Many current studies still rely on thick Zn foil (Zn-F) and excess electrolytes
to obtain longer cycle life. For example, 100 µm-thick Zn-F has a theoretical areal capacity
of approximately 58.5 mAh cm−2, while the areal capacity of commonly used cathodes in
experiments is mostly 1–5 mAh cm−2, and the corresponding zinc utilization rate is usually
less than 10%. Excess zinc can temporarily compensate for irreversible losses, but it also results
in an excessively high N/P ratio, which may not reflect practically relevant cell conditions.
Therefore, research on zinc anodes should not only focus on the cycling lifetime of sym-
metric cells, but should also report Coulombic efficiency (CE), zinc utilization rate, capacity
matching between cathodes and anodes, electrolyte dosage, depth of discharge (DoD), and
calendar-aging conditions [12–27].

In this context, Zn powder (Zn-P) anodes have attracted much attention due to their
designable capacity and process adaptability. Zn-P can be produced as a composite elec-
trode by combining it with conductive additives and binders and depositing it on a current
collector. The corresponding anode capacity can be directly adjusted by the Zn-P loading,
active-Zn fraction and electrode thickness. At the same time, electrode preparation is com-
patible with manufacturing routes such as wet coating, semi-solid molding, 3D printing,
and powder metallurgy [28–38]. However, Zn-P is not simply a granular form of Zn-F;
its particulate nature introduces additional challenges. Although a high specific surface
area will increase the number of reactive sites, it will also intensify corrosion and hydrogen
evolution. The porous particle-packed structure can retain bubbles and by-products, and
interparticle electronic transport relies on limited contact points and external conductive
networks, thereby readily causing nonuniform reactions within the electrode and the for-
mation of dead zinc [31–35,39–54]. In recent years, numerous studies and reviews have
examined modification strategies for Zn-F anodes or Zn-P anodes based on morphology
control, surface coating, construction of zincophilic sites, and the classification of electrolyte
additives [5,6,28–30,55–67]. These contributions provide an important basis for interfa-
cial chemistry, material design and electrochemical behavior [28], structure and process
engineering [29] and broader optimization and industrial feasibility [30]. But they are
largely organized around modification strategies, material classes, electrode architectures,
or manufacturing routes. Comparatively less emphasis has been placed on how interfacial
reactions couple with pore transport, contact-network evolution, manufacturing history,
and practical evaluation in a particulate composite electrode. Therefore, this review re-
gards the Zn-P anode as a dynamic particle-composite electrode composed of active Zn
particles, a conductive network, a binder, a pore-filling electrolyte, and a current collec-
tor, and the analytical framework follows the sequence “structure and transport–coupled
failure–multiparticle regulation–manufacturing–practical evaluation” (Figure 1). First, this
review re-examines the differences in reaction interfaces and failure modes between Zn-P
anodes and continuous Zn-F anodes from the perspective of particle composite electrodes,
emphasizing the importance of multi-particle, multi-channel and multi-interface coupling
behaviors for Zn deposition/stripping, hydrogen evolution, corrosion, pore blockage, par-
ticle rearrangement, and electronic isolation in the Zn-P system. It then discusses how
different material strategies can cooperatively regulate reaction selectivity, transport uni-
formity and structural stability in a multi-particle, multi-channel environment, thereby
affecting actual battery performance. Furthermore, powder engineering, current collector
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design, advanced electrode-manufacturing methods, and evaluation indicators such as
zinc utilization rate, N/P ratio, electrolyte dosage, large-format cell and calendar life are
incorporated into the discussion of practical zinc-ion batteries. This review aims to expand
Zn-P anode research from traditional “material modification” to “particle composite elec-
trode engineering” for practical battery design and to provide a new analytical perspective
for developing aqueous zinc batteries with high Zn utilization and long cycle life.

Figure 1. Detailed summary diagram of structure, challenges, key issues, mechanisms, modification
strategies, manufacturing and particalization of Zn-P anode.

2. Structural Basis and Reaction Characteristics
2.1. Composition, Transport Pathways and Effective Reaction Interface

As a continuous metal, Zn-F allows electrons to be transported rapidly through the
metallic phase. The electrochemical reaction is mainly concentrated on the outer surface in
contact with the electrolyte. The Zn-P composite anode has a multi-component structure,
including Zn-P particles to provide electrode capacity, conductive additives that connect
particles into a percolating network, a binder to maintain electrode integrity, a current
collector for macroscopic current collection, and electrolyte to transport Zn2+ in the tortuous
channels. Therefore, whether a Zn-P electrode can work well depends not only on whether
the surface of a single particle is zincophilic but also on whether the electronic network
is connected, whether the pores are unobstructed, and whether low-resistance contact
is maintained between the particles and the current collector [31–35,43–45,68]. These
structural differences lead to distinct ion-transport and reaction environments in Zn-F
and Zn-P electrodes (Figure 2a). These architectural differences are also reflected in the
post-cycling electrode morphology: Zn foil exhibits a relatively dense and coarse surface
morphology, whereas the ZCN721 Zn-P electrode retains a particulate composite structure
with distinct surface and cross-sectional features after cycling (Figure 2b–g) [38]. The first
change brought about by this structure is that the effective reaction area is dynamic. In the
initial state, many particle surfaces can participate in the reaction, but an electrochemically
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active area must have simultaneous access to electrons and Zn2+. In Zn-F, the reaction is
primarily dominated by the outer Zn/electrolyte interface, whereas Zn-P contains multiple
particle/electrolyte interfaces connected through conductive contacts and electrolyte-filled
pores. Particles close to the separator, with large pores and good conductive connections,
are often activated first; particles located inside the electrode, covered by a binder, or with
high contact resistance may be in a low utilization state for a long time. Accordingly, Zn2+

transport in Zn-F is mainly directed toward the external surface, while Zn2+ in Zn-P must
pass through tortuous pores to reach particles at different depths. As Zn deposits fill pores,
particle size changes, and contact points migrate, the effective reaction interface will continue
to shift in the thickness direction. This migration of the reaction front is an important feature
that distinguishes Zn-P electrodes from Zn-F (Figure 2a) [7,28,32,36,37,41,42,45,53,69].

Figure 2. Structural, interfacial, and morphological comparison of Zn-F and Zn-P anodes.
(a) Schematic comparison of the reaction evolution of Zn-F and Zn-P from the pristine state to
Zn plating and subsequent cycling, highlighting Zn2+ transport to the outer surface of Zn-F, pore-
mediated Zn2+ transport and multiple particle interfaces in Zn-P, as well as their distinct deposition
and side-reaction behaviors. (b–g) Representative post-cycling scanning electron microscope (SEM)
images of Zn foil and the ZCN721 Zn-powder composite electrode, including top-view (b,c,e,f) and
cross-sectional morphologies (d,g), reproduced/adapted from Ref. [38] under the CC BY 4.0 license.

The distinct reaction environments also lead to different deposition and side-reaction
behaviors. In Zn-F, localized deposition at the external surface can promote dendrite growth
and facilitate hydrogen evolution and by-product accumulation during cycling. In Zn-P,
the presence of multiple particle interfaces and pore-mediated Zn2+ transport can distribute
Zn deposition across different particles, although the actual reaction distribution remains
dependent on local electronic connectivity, pore accessibility, and particle–collector contact.
From the perspective of porous electrode theory, the Zn-P electrode can be regarded as a
bicontinuous system in which the electronic phase, ionic phase and reaction interface coexist.
The electronic pathway is formed by the current collector, conductive additives, and particle
contacts, whereas Zn2+ transport proceeds through electrolyte-filled pores. These pathways
respond to the structure of the electrode. The increase in electrode thickness could lengthen
ionic transport distances and amplify through-thickness polarization; greater compaction
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generally improves particle contact while reducing oppositely effective ionic diffusivity
and impeding gas removal. Therefore, electrode optimization should balance electronic
connectivity and ionic transport rather than maximizing either property independently, so
as to avoid simply shifting the dominant limitation from one transport process to another.

2.2. Mutual Constraints Between Particles, Pores and Conductive Network

The high surface area of Zn-P is beneficial for homogenizing current density, but this
advantage only holds true when the ion flux and electron flux are distributed simultane-
ously. Decreasing particle size or increasing compaction generally increases the number
of particle contacts, but it can also increase the tortuosity, the reactive surface area, and
the susceptibility to side reactions. Conversely, coarse particles or low compaction may
preserve larger pores but reduce interparticle contact density and increase local stripping
heterogeneity. Therefore, particle size, gradation, porosity and compaction density are not
independent parameters, but jointly determine the electronic percolation threshold, ion
transport distance and local reaction current per unit active area [28–30,33–35,44–47,70–73].
Li et al. used Ti3C2Tx MXene to connect Zn-P particles and redistribute electronic and
ionic fluxes simultaneously. The approximately 10% lattice mismatch between deposited
Zn and MXene is conducive to the formation of a low-barrier heterointerface. As a result,
the cycle life of bare Zn-P exhibited rapidly increasing polarization and failed within less
than 10 h at 1 mAh cm−2, whereas MXene@Zn maintained stable Zn stripping/plating
for approximately 200 h with a low overpotential of about 30 mV at 1 mA cm−2. In the
FeHCF full cell, the Zn-P anode led to rapid degradation and failure after approximately
120 cycles, whereas the FeHCF//MXene@Zn cell operated for more than 1000 cycles with
approximately 77% capacity retention and ~99% CE [32]. MXene bridges the Zn particles
and improves both electronic and ionic transport, thereby promoting more homogeneous
Zn deposition. The resulting stable interparticle network suppresses dendritic growth
and contact degradation, leading to lower polarization and improved cycling stability,
which shows that a conductive additive can influence not only ohmic resistance but also
which particles become electrochemically active and where Zn nucleates. And Wang et al.
synthesized a flexible and self-standing composite film anode (denoted ZCN) by combining
Zn powder, nanocellulose, and carbon fiber to serve as a high-performance alternative to
conventional Zn foil. These three constituents play the roles of enhancing the active area,
improving mechanical properties and electrolyte affinity, and establishing a conductive
network, respectively. The Zn foil displays a rough surface adorned with large and irregular
zinc protuberances indicative of severe dendrite growth after 1000 cycles (Figure 2b–d). On the
contrary, the ZCN721 electrode retains a significantly flatter surface after prolonged cycling,
and only minor surface roughness is observed, with no apparent dendritic structures, which
suggests uniform and horizontal zinc deposition (Figure 2e–g). And the Zn//Zn cell with
ZCN electrodes exhibits ultralong cycling durability, maintaining stable voltage profiles for
2000 h. When paired with a MnO2 cathode, the ZCN-based battery achieves 139.1 mAh g−1 af-
ter 1000 cycles at 1 A g−1 [38]. Moreover, the self-supporting Zn–graphene electrode achieved
symmetric-cell cycling for more than 550 h at 1 mA cm−2, and still maintained a capacity
retention rate of 74.5% after 1000 cycles in a full cell with an N/P ratio of 3, indicating that a
combination of framework and appropriate capacity matching can simultaneously enhance
zinc utilization and electrode structural stability (Figure 2c) [43].

In addition, particle contacts also exhibit a network-level source of heterogeneity.
Electronic current is unlikely to be distributed uniformly through a disordered particle
network; highly coordinated particles and low-resistance contact chains may carry a dispro-
portionate fraction of the current. After cycling, the stripping-induced morphology change,
corrosion, and binder fatigue progressively cause local regions to fall below the electronic
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percolation threshold. And the electrochemical islands have already formed within it even
though the macroscopic electrode remains visually intact. This is followed by a failure
mode gradually produced by the resulting electronically isolated domains, which cannot be
confirmed reliably by top-view SEM alone. Therefore, cross-sectional imaging, impedance
analysis, spatially resolved potential measurements, and three-dimensional reconstruction
are needed to determine whether electrochemically active regions contract toward selected
pathways or electrode surfaces during the cycle processes.

2.3. Boundaries Between Zn-P, Zinc Foam and Monolithic Three-Dimensional Zinc

Three-dimensional zinc foam and monolithic porous zinc strategies are often used to
reduce local current density and provide space for zinc deposition [33–35,39,74]. These
electrodes possess a continuous metallic framework similar to Zn-F, and electronic trans-
port mainly proceeds through the continuous Zn framework. For the slurry-type Zn-P
anode, the electron pathway is established through contacts among particles, conductive
additives, and the current collector, and contact breakage could occur more easily during
cycling. Therefore, both types of electrodes involve pore structures and multi-interface
reactions, but the key issues are different. Monolithic three-dimensional Zn focuses more
on the deposition position and pore utilization inside the skeleton, while the Zn-P com-
posite electrode must also consider binder effects, slurry rheology, particle rearrangement
and current collector corrosion. Thus, treating research on monolithic three-dimensional
Zn as equivalent to Zn-P research may underestimate the manufacturing and contact is-
sues in composite electrodes (Figure 3) [9–11,43,52–54,68,75–79]. Specifically, Chen et al.
constructed a Zn@Sn-P electrode by in situ anchoring Sn nanoparticles onto Zn powder
through a spontaneous displacement reaction. Structural characterization in the original
study showed metallic Zn and Sn diffraction peaks without detectable impurity phases,
while SEM/EDS confirmed the distribution of discrete Sn nanoparticles on the Zn-particle
surfaces [74]. The anchored Sn provides zincophilic nucleation sites that reduce the Zn
nucleation barrier and promote more homogeneous deposition, while the Zn–Sn heteroge-
neous interface reduces direct Zn/water contact and suppresses HER and corrosion. And
the Zn@Sn-P symmetric cell operated stably for over 300 h at 1 mA cm−2 and exhibited
a voltage hysteresis of approximately 16 mV, whereas bare Zn-P failed earlier with pro-
nounced voltage fluctuations. In the Zn–I2 full cell, the Zn@Sn-P-based cell maintained
approximately 150 mAh g−1 for more than 350 cycles at 0.2 A g−1 and remained stable for
more than 400 cycles at 1 A g−1 [74].

Taken together, the value of Zn-P lies in its tunable Zn inventory and manufacturing
flexibility, whereas its central vulnerability is the co-evolution of reaction interfaces, pore
pathways, and electronic contacts. The Subsequent mechanistic analysis should focus on:
which particles participate in the reaction, how the reaction front migrates during the early
stages, and why particles become inactive, rather than relying solely on failure characteriza-
tion based on surface dendrites (Table 1). Table 1 compares the fundamental structural and
failure characteristics of continuous Zn-F and particulate Zn-P electrodes. Where quantita-
tive transport descriptors are available, representative values are included to complement
the qualitative comparison. It should be noted that electronic and ionic transport in Zn-P
electrodes has been characterized using different parameters and measurement configu-
rations across the literature; therefore, these values should not be interpreted as directly
equivalent metrics. The lack of standardized quantitative transport characterization itself
remains an important limitation in the current evaluation of Zn-P electrodes.
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(b) 

(c) (d) 

(a) 

Figure 3. Three-dimensional zinc foam and monolithic porous zinc strategies of (a) schematic illustra-
tion of the structural evolution of the EGaIn-skinned Zn (LSZ) powders electrode and comparison
of the relative X-Ray Diffraction (XRD) peak intensities of Zn(002), Zn(100), and Zn(101) for Zn foil
and LSZ powder anodes after Zn deposition at 0.2 mA cm−2 −2 mAh cm−2 [39], (b) zinc powders
mixed in with CNT (ZCN) film anode [68], (c) schematic illustration of the synthesis of Zn@Sn-P [74],
(d) schematic diagram of the fabrication processes of 3D-Zn@C Matrix of Zn powder wrapped
with amorphous carbon after pyrolysis [79]. These images are schematics redrawn based on the
mechanisms and structures reported in Refs. [39,68,74,79].

Table 1. Structure and failure differences between continuous Zn-F and Zn-P composite anodes.

Comparison Point Zn-F Anode Zn-P Composite Anode Main Engineering Implication

Electronic transport

Continuous metallic Zn provides a
direct electronic pathway without

dependence on interparticle contacts. A
representative Zn-foil cell exhibited Rct

= 750 Ω under the measurement
conditions of Ref. [32].

Electronic transport depends on
particle–particle and particle–collector

contacts. In a representative
MXene@Zn-P electrode, RΩ decreased
from 4.5 to 1.0 Ω, Rct from 110 to 32 Ω,

and DC resistance from 6.8 to 1.5 Ω after
MXene incorporation [32].

Quantitative resistance strongly
depends on electrode architecture and

measurement configuration;
maintaining particle–particle/collector

contact is essential for avoiding
electronic isolation.

Ion transport

Zn2+ mainly migrates from the bulk
electrolyte toward the exposed Zn

surface, with concentration
polarization primarily developing
along the surface-normal direction.

Zn2+ must penetrate electrolyte-filled
pores and reach particles at different
depths. The transport environment is

governed by pore connectivity,
wettability, binder swelling, and

electrolyte properties. The associated gel
electrolyte showed an ionic conductivity

of approximately 6 S m−1 [80].

Ionic transport should be evaluated
using electrolyte conductivity together

with pore accessibility, electrode
thickness, current density, and cycled

areal capacity; electrolyte conductivity
alone does not represent the effective

ionic transport of a Zn-P electrode.

Reaction interface Mainly the outer Zn-F surface; the
interfacial area changes relatively little

A large number of particle surfaces and
contact areas constitute multiple

dynamic interfaces.

The effective reaction area continuously
changes during deposition/stripping

and pore blockage.

Main side reaction sites
Dendrites, corrosion and by-products

are mostly concentrated on the
outer surface.

Side reactions can occur at the outer layer,
pores, and the interface between particles

and the current collector.

Gas bubbles and by-products may
accumulate inside the electrode and

cause mass transfer failure.

Sources of dead Zn Dendrite fracture, incomplete local
detachment or perforation.

Isolated particles, breakdown of
conductive network and local

excessive detachment.

Distinguish between irreversible Zn
loss and inactivation caused by loss of

electronic contact.

CE

Strongly dependent on cell
configuration, DoD, current density,

areal capacity, and electrolyte
conditions; therefore, no universal Zn-F

value is assigned.

Engineered Zn-P systems can achieve
high CE; e.g., FeHCF//MXene@Zn

maintained CE approaching 100% for
>1000 cycles [32].

CE should be evaluated together with
Zn utilization/DoD, N/P ratio, and Zn

inventory rather than
considered independently.

Manufacturing method Rolling or direct use, capacity depends
mainly on foil thickness.

Coating, printing, semi-solid, powder
metallurgy, etc., capacity can be adjusted

by Zn loading.

Material formulation and
manufacturing process directly

determine electrode structure and
electrochemical performance.

Evaluation focus Surface morphology, CE and
symmetric-cell cycling life.

Zinc utilization rate, N/P ratio, pore
channels and contact stability,

calendar life.

Three-level evaluation at the material,
electrode, and cell levels is required.
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3. Coupled Interfacial Reactions and Failure Mechanisms Under
Practical Conditions
3.1. Spatially Nonuniform Deposition/Stripping

Zn deposition usually involves Zn2+ transport, desolvation, electron transfer, nu-
cleation, and crystal growth, whereas stripping requires the deposited Zn to redissolve
while maintaining electronic connectivity [7,21,81–89]. In Zn-P electrodes, these steps
occur across tens of thousands of particle surfaces and particle contact areas. If Zn2+

is preferentially supplied to the outer pores, or a few particles have a lower nucleation
energy barrier, zinc deposition will be concentrated on the electrode surface and local
zincophilic sites, forming particle bridging and pore constriction; during the stripping
process, excessive dissolution in a localized area will weaken the contact between the
particles and expose new active surfaces. These coupled processes imply that simply
increasing the number of nucleation sites is not necessarily sufficient for a powder electrode.
The more relevant design objective is to coordinate nucleation propensity with ionic and
electronic access through the electrode thickness so that no single region is persistently
overactivated [32,36,37,44,45,53,69,81,87,88,90–94]. The morphological evolution of bare
Zn powder provides direct evidence for such nonuniform reaction behavior. As shown in
Figure 4, the bare Zn powder electrode (P_Zn) develops visible dendritic deposits and zinc
hydroxysulfate (ZHS) after only five cycles, followed by more pronounced dendrite growth
after 20 cycles. In contrast, the graphene-coated Zn powder electrode (Gr_Zn) maintains
a much more stable particle morphology, with no obvious dendrites or ZHS even after
20 cycles (Figure 4a) [81]. This comparison demonstrates that uncontrolled local interfa-
cial reactions on Zn-P can rapidly evolve into heterogeneous deposition and by-product
accumulation, whereas appropriate interfacial regulation can substantially homogenize the
deposition behavior. And P_Zn exhibited cell degradation before 44 h at 1 mA cm−2 and
1 mAh cm−2, whereas Gr_Zn maintained stable cycling for more than 640 h with a lower
voltage hysteresis of 16.1 mV (Figure 4b) [81].

The above morphological evolution also highlights that controlling deposition at the
surface of individual Zn particles is important but is not sufficient to guarantee spatially
uniform reaction throughout a thick Zn-P electrode. Crystal-facet engineering strategies can
change the deposition orientation on individual particles but cannot independently resolve
flux gradients in thick electrodes. Xu et al. improved the reversibility of deposition by
regulating the crystallographic facet of Zn-P [36]; Qiu et al. and Chen et al. used coordina-
tion effects and a PVA layer, respectively, to induce preferential Zn(002) orientation [82,83].
In addition, other studies have used facet-selective adsorption, dispersed Bi sites and
artificial protruding structures to adjust the nucleation position of powder or metallic
zinc [84–86,89–94]. These studies collectively show that for Zn-P, the effectiveness of crys-
tallographic control and zincophilic sites must be evaluated in the context of their spatial
distribution within the electrode. If the functional sites are mainly located in the outer layer,
even if the local nucleation overpotential is reduced, the preferential deposition of the sur-
face layer may be further enhanced. Under high areal capacity or high current density, the
supply rate of Zn2+ in the pores may be slower than the consumption rate at the interface,
and thus a concentration gradient is established in the electrode thickness direction. For
Zn-F, concentration polarization mainly develops along the normal direction. For Zn-P
electrodes, differences in local pore size, particle packing and nonuniform wettability will
result in pronounced lateral heterogeneity in the concentration gradient. As a result, the
open channels sustain continuously high ionic flux, while adjacent blocked areas gradually
deactivate. And the Zn deposits grow along the high-flux pathways, which can further alter
the electric field distribution and pore structure, and forming a reaction hotspot controlled
by both geometry and mass transfer.
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(a) 

(b) 

Figure 4. (a) Representative ex situ SEM images of Zn−foil (top), bare Zn powder (middle) and
graphene-coated Zn powder (Gr_Zn, bottom) before and after cycling, showing the evolution
from severe dendritic/by−product−covered morphology in P_Zn to a more stable particulate
morphology after interfacial regulation, (b) the electrochemical performances of them at 1 mA cm−2

−1 mAh cm−2, reproduced from Ref. [81] under the CC BY license.

3.2. Positive Feedback Among Hydrogen Evolution, Corrosion, and Pore-Blocking By-Products

There is always a competitive relationship between the reduction in Zn2+ and hy-
drogen evolution in the aqueous environment, and this competition becomes particularly
consequential in the high-surface-area environment of Zn-P electrodes. Hydrogen evolution
also simultaneously increases the local pH, promoting the generation of by-products such
as ZnO and basic zinc sulfate. Corrosion and by-product layers can alter the surface energy
and increase charge-transfer resistance, thereby concentrating the current in locally unpassi-
vated regions [8–11,39,55,56,74,95–97]. In Zn-F electrodes, these products mainly cover the
outer surface of the Zn-F; in Zn-P electrodes, bubbles and solid products can remain in the
pores between particles, reducing the wetted area and increasing the tortuosity of the pore
channels, ultimately converting interfacial side reactions into a mass-transport limitation.
This process exhibits obvious self-reinforcing behavior. After the outer particles react
preferentially, Zn2+ supply to the electrode interior becomes insufficient; after hydrogen
evolution bubbles occupy the pores, the electrolyte infiltration and heat transfer gradually
deteriorate; after the by-products fill the pores, local concentration polarization and current
concentration continue to intensify. Therefore, these coupled effects should be evaluated
by gas evolution, pH changes, impedance growth, and three-dimensional pore-structure
evolution (Figure 5a) [8–11,31,39,46–49,74,95–97]. Kang et al. used a liquid metal skin
layer to coat Zn-P with a nanoscale EGaIn liquid-metal skin and reported 2000 full-cell
cycles at 1 A g−1 with a per-cycle capacity retention of 99.99% [39]. Sun et al. designed a
thin (20 nm), dense, conformal and robust passivation layer on the surface of Zn-P via the
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strong oxidative chemicals method to enhance the stability and reversibility by suppressing
the HER and mitigating corrosion (Figure 4b) [40]. Other than corrosion suppression,
this result also indicates the potential value of a remaining conformal interface in particle
deformation processes, although the relative contributions of chemical passivation and
mechanical adaptability require evaluation separately.

Figure 5. (a) Coupled evolution of hydrogen evolution, corrosion, pore blockage, contact loss and
mechanical reconstruction in Zn powder composite anodes; (b) SEM of cycled untreated Zn powder
anode and treated Zn powder anode, reproduced from Ref. [40] under the CC BY license.

At the same time, the impact of by-products should not be attributed simply to surface
passivation. In powder electrodes, solid products may appear on the particle surface,
contact necks or pore throats. Surface products can increase charge transfer impedance,
products at contact necks can weaken electronic connectivity, and pore throat products
directly reduce the effective diffusion coefficient. The three positions correspond to different
macroscopic manifestations, but they may show the same crystal phase in the conventional
XRD test of the cycled electrodes. Therefore, it is necessary for future research to combine
phase identification with spatial positioning, using in situ gas quantification, X-ray CT,
FIB-SEM and synchrotron radiation imaging to distinguish between how much product
forms and where it forms, and establish a direct correlation between hydrogen evolution,
channel blockage and deposition failure.

3.3. Contact Loss, Dead Zn and Mechanical Reconstruction

Dead Zn is an important source of irreversible capacity loss in zinc anodes, but its
formation mechanism in Zn-P anodes is different from that of Zn-F anodes. In Zn-F, inactive
Zn is commonly associated with dendritic or mossy deposits that lose contact during
stripping. Zn-P introduces an additional pathway: metallic particles or particle fragments
may remain physically present yet become electrochemically inaccessible after losing
contact with the conductive network or current collector. Local inactivation will reduce
the effective reaction area, causing subsequent current to concentrate on the remaining
pathways, further inducing uneven deposition, stress concentration and more isolated
particles [31,32,41–43,45,50–54,68,98–100]. Contact loss arises from the combined effect of
electrochemistry and mechanics, and continuous deposition/stripping leads to changes in
particle size and morphology. The binder undergoes periodic deformation, the conductive-
additive network continuously rearranges, and by-products and bubbles form insulating
or low-wetting areas at the contact interface. Cao et al. used an oligomer network to
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construct a soft-solid-like viscoelastic Zn-P anode, and the resulting NH4V4O10||ss-ZnP
full cell delivered 510 and 300 mAh g−1 at 0.1 and 1 A g−1, respectively, and cycled stably
for 500 cycles at 1 A g−1 [41]. Liu et al. developed a semi-liquid electrode that enables
plating/stripping to proceed within the electrode through a bicontinuous ionic/electronic
medium, and the full cell paired with a vanadium-based cathode cycled for more than
5000 cycles [42]. These results indicate that the mechanical adaptability and transport
continuity of powder anodes are often more crucial than a single hard protective layer.

Mechanical stability in Zn-P electrodes is governed by more than the volume change
associated with Zn deposition/stripping. Capillary forces, residual drying stress, com-
paction stress, gas pressure, and repeated contact rearrangement can all contribute to local
mechanical loading. The binder with excessively high modulus is beneficial to restrict
the adaptive rearrangement of particles and induce interface debonding, while an exces-
sively low modulus may fail to maintain conductive contact after compaction. Thus, the
binder design strategy should balance stiffness, adhesion, and energy dissipation under the
relevant electrolyte and cycling conditions instead of optimizing a single modulus value.
Measurements such as compression recovery, peel strength, and dynamic mechanical re-
sponse before and after cycling may consequently be more informative for diagnosing
contact-related Zn loss than initial tensile strength alone.

3.4. Calendar Aging and Current Collector-Induced Failure

Failure risks in Zn-P anodes are not confined to charge–discharge cycling. During
open-circuit storage, the larger solid–liquid interfacial area, heterogeneous metal current
collectors and residual moisture will spontaneously drive side reactions such as corrosion
and hydrogen evolution. Li et al. investigated Zn-P anodes coated on Cu-foil current
collectors and found that the hydrogen evolution reaction (HER), zinc powder dissolution
and battery expansion on the surface of the copper current collector during the aging
process were directly related to the Cu/Zn galvanic corrosion; after depositing Sn on the
surface of the copper current collector, the hydrogen evolution phenomenon was alleviated,
and better storage and cycling performance were achieved at an anode/cathode mass ratio
of 10:7 [31]. These observations highlight that current-collector chemistry can strongly
influence the chemical stability of Zn-P electrodes during storage. More generally, the
evaluation of Zn-P electrodes should correlate structural evolution with electrochemical
response rather than relying on cycling time alone. As illustrated in Figure 6, changes
in electrode morphology and interfacial impedance can be accompanied by changes in
polarization and cycling stability, providing complementary indicators for identifying
progressive degradation [40].

3.5. Failure Diagnosis Across Spatial and Temporal Scales

Many critical failure processes in Zn-P electrodes develop below the external surface,
so post-mortem top-view SEM can conflate mechanistically distinct phenomena, such
as localized deposition, pore blockage, and contact-network failure, under the generic
description of “dendrites”. Therefore, failure analysis should not only compare the surface
morphology changes before and after cycling but should also consider several other issues:
where the failure first occurs, at which cycling stage it starts, and how failure correlates with
changes in electrochemical performance. Spatially, the separator-facing region, electrode
interior, and current-collector interface should be examined separately to identify surface-
biased deposition, underutilized internal Zn, or collector-side corrosion. Temporally,
characterization should distinguish between initial wetting and interphase formation,
quasi-steady cycling, and the period preceding rapid capacity decay. These observations
should then be correlated with CE, impedance, gas generation, and electrode-thickness
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evolution rather than interpreted in isolation [13,15,25,31,32]. Among them, the Zn-P
dissolution, hydrogen evolution, and cell swelling observed in the study of Zn-P electrodes
coated on Cu-foil current collectors indicate that failure during calendar aging may first
occur at the current collector interface, rather than necessarily being reflected at the outer
surface of the electrode [31].

(a) (b) (c) 

(d) (e) (f) 

Figure 6. Representative electrochemical and morphological evidence for diagnosing the evolution
and stability of zinc−powder−based anodes. (a) Voltage profiles of untreated Zn powder, untreated
Zn foil, and treated Zn powder for 5 days and then cycled; (b,c) representative morphological ob-
servations of the corresponding electrodes after resting for 5 days and cycling; (d) electrochemical
response as a function of areal capacity on Ti foil under 0.1 mA cm−2; (e) electrochemical impedance
spectroscopy (EIS) plots of three type anodes at the initial state and the 20th cycle; and (f) quantifi-
cation of hydrogen from HER by immersing un−/treated Zn powders. Reproduced from Ref. [40]
under the CC BY license.

Multiple characterization methods should be employed simultaneously for the anal-
ysis and evaluation of ZIBs. X-ray CT can be applied to confirm the overall changes in
pores, cracks and electrode density. FIB-SEM is more suitable for analyzing particle contact
positions and the distribution of by-products in pore throats. In situ optical observation
and pressure monitoring can help assess gas-bubble generation and pole piece expansion.
Spatially resolved XRD or synchrotron-based techniques can help identify crystal orien-
tation and reaction fronts in different areas. For electrically isolated dead Zn, a capacity
recovery experiment after controlled re-compaction or restoration of a conductive pathway
can also be designed: if the capacity is partially restored, this would suggest that some
metallic zinc may still exist, although it has become inactive due to being electronically
isolated; if the capacity cannot be restored and the residual metallic zinc content decreases
significantly, it is more likely to reflect corrosion-induced Zn loss or irreversible stripping.
Previous studies on Zn-P electrodes have shown that nonuniform electronic/ionic fluxes,
particle rearrangement, and conductive network changes will jointly affect the utilization of
active zinc. Therefore, three-dimensional structural characterization should be interpreted
alongside the cycling stage and electrochemical data rather than used only as an isolated
endpoint observation [32,41–45,53,100].

Therefore, the failure of Zn-P can be conceptualized as a coupled feedback network
rather than a sequence of independent events: uneven spatial reactions cause local deposi-
tion and peeling; hydrogen evolution, corrosion and by-products alter the pore channels
and interfaces; particle rearrangement and bonding network fatigue weaken electronic
contact; deactivated particles and blocked pore channels in turn exacerbate current local-
ization. Therefore, when evaluating or designing any individual material strategy, it is
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necessary to demonstrate which link in the failure chain it primarily interrupts and whether
it introduces new mass-transport limitations or manufacturing penalties.

4. Coordinated Regulation Across Particle, Interfaces and
Electrode Scales
4.1. From Nucleation Energetics to Spatial Reaction Control

Zincophilic metals, alloy phases and crystal plane control are common methods to
improve zinc deposition. Components such as Sn, Bi, In, Ag and Cu can provide low-
barrier nucleation sites, and coordination molecules and polymer layers can regulate Zn2+

desolvation and crystal-growth orientation [21,37,66,69,82–94,101–105]. For Zn-P, the key
issue is whether the functional sites are evenly distributed throughout the electrode, and
whether they are connected to the conductive network and accessible ionic pathways. Yang
et al. dispersed Sn particles in a semi-solid conductive electrorheological network, allowing
Zn to be deposited on dispersed sites rather than concentrated on a few zinc particles [37];
while Zn@Sn, Zn–In, Cu-Zn and in situ Bi-based studies have been respectively associated
with higher hydrogen evolution overpotential, lower local corrosion, and increased nu-
cleation density [48,49,69,74,90,101–104]. Beyond the intrinsic nucleation activity of these
zincophilic components, their spatial distribution within the Zn-P electrode is also critical
because localized functional sites may preferentially activate specific regions rather than
redistribute the reaction throughout the electrode. Recent simulations of dynamically mod-
ified Zn-powder electrodes showed that the spatially adaptive conductive structure can
redistribute the local electric field and current density, thereby promoting a more distributed
Zn deposition behavior (Figure 7a1–c1,a2–c2) [70]. A complementary surface-engineering
example is provided by Cu-coated Zn powder. SEM and EDS mapping confirmed the
formation and distribution of Cu on the Zn-particle surface, while the Cu-coated electrode
exhibited reduced polarization and improved cycling stability compared with uncoated
Zn powder (Figure 7d) [67]. This example illustrates that the spatial distribution of a
metallic modifier can simultaneously affect the local reaction environment and the interfa-
cial stability of Zn-P. Meanwhile, zincophilic components also introduce some problems.
These non-Zn components reduce the Zn content, heterogeneous metals introduce new
galvanic couples, and excessive functional-site loading can alter slurry rheology or pore
structure. Consequently, nucleation overpotential should be treated as one parameter; the
mass fraction and spatial distribution of the modifier, whole-electrode Zn utilization, and
static corrosion behavior are equally important for judging whether a zincophilic strategy
remains advantageous at practical loading.

To determine the effectiveness of zincophilic sites, the analysis can be conducted
at three scales. At the molecular scale, relevant descriptors include Zn2+ adsorption
and desolvation energetics; at the particle scale, nucleation density and crystallographic
orientation become important; and at the electrode scale, the key question is whether those
sites remain accessible throughout the thickness. Many studies have only demonstrated
that the materials exhibit a lower nucleation overpotential on a flat substrate, while the
sites may be masked by the binder, agglomerated, or concentrated in the outer layer
when dispersed into high-solids Zn-P slurries. Thus, the relevant question is not simply
whether a modifier lowers the local nucleation barrier but whether its spatial distribution
enables that benefit to be translated into a more uniform reaction field at the electrode
scale. Therefore, the evaluations of powder systems should include the three-dimensional
elemental distribution, the retention of functional sites after cycling, and the performance
gain per unit mass of non-Zn components.
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Figure 7. Spatial reaction regulation and conductive-network engineering in Zn−P electrodes.
Simulated electric−field of (a1) bare Zn−powder electrodes, (b1) Zn−powder electrodes with Ag and
(c1) a dynamically shape−variant liquid metal network into the flexible Zn-P film electrode (Zn film
with LM), the current−density distributions of (a2) bare Zn−powder electrodes, (b2) Zn−powder
electrodes with Ag and (c2) Zn film with LM, illustrating the effect of spatially adaptive conductive
networks on Zn deposition, reproduced from Ref. [70] under the CC BY 4.0 license. (d) SEM and EDS
mapping of Cu−coated Zn powder, demonstrating the spatial distribution of the Cu coating on Zn
particles, reproduced from Ref. [67] under the CC BY 4.0 license. (e–h) SEM and X−ray tomography
images showing the spatial distribution of Zn particles and carbon black in a three−dimensional
Zn−P composite electrode, and the comparison of the electrical conductivity of zinc structures at
different concentrations of carbon black before (left column chart of each carbon content) and after
acid treatment (right column chart of each carbon content), showing the formation of a percolating
conductive network, reproduced from Ref. [80] under the CC BY 4.0 license.

4.2. Conductive Frameworks and Electron/Ion Flux Redistribution

The value of carbon nanotubes, graphene and MXene in the Zn-P system is primarily
manifested in enhanced interparticle connectivity. High-aspect-ratio CNTs can bridge parti-
cles at relatively low loading, graphene sheets can form overlapping conductive networks,
and MXene possesses high conductivity, hydrophilic terminal groups and Zn2+ adsorption
capacity [32,43–45,47,50,51,54,68,75–77,84]. The functions of these materials should be ex-
panded from “conductive additive” to “reaction-distribution regulator”, mainly because
they not only determine which particles can obtain electrons but also affect electrolyte
penetration and the local migration of Zn2+. The conductive-network design also presents
a clear trade-off: insufficient connectivity could promote particle isolation, whereas ex-
cessive additive loading or sheet stacking lowers the active-Zn fraction, increases slurry
viscosity, and constricts ionic pathways. A representative 3D-printed Zn-P/carbon-black
electrode provides direct experimental evidence for the coupling between conductive-
network morphology and electronic transport. SEM observations showed the evolution
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of the Zn-particle/carbon-black architecture with increasing carbon-black content, while
X-ray tomography revealed the spatial distribution of the particles and conductive phase
within the three-dimensional electrode (Figure 7e–g) [80]. With increasing carbon-black
content, a continuous percolating conductive network was established, and the optimized
electrode reached an electrical conductivity of approximately 23 S m−1 (Figure 7h) [80].
The improved electronic connectivity was accompanied by lower Zn deposition overpo-
tential, demonstrating that the spatial organization and connectivity of the conductive
phase directly influence electron transport and electrochemical kinetics. Moreover, Lin et al.
applied commercial Zn-P and graphene oxide to construct a binder-free three-dimensional
Zn–graphene skeleton, which could cycle stably for more than 550 h at 1 mA cm−2 and a
depth of discharge of 7.4%, with a voltage hysteresis of about 20 mV; the Zn||MnO2 full
cell with an N/P ratio reduced to 3 still delivered 126 mAh g−1 after 1000 cycles with 74.5%
capacity retention [43]. Unlike conductivity measurements of isolated films, this result
further demonstrates the practical importance of maintaining a continuous conductive
framework inside the Zn-P electrode during repeated deposition/stripping and under
reduced Zn inventory. This example shows that the continuous graphene framework can
not only maintain the electronic connections between particles but also retain the necessary
channel space under high zinc utilization, which is more practically significant than simply
pursuing a lower initial sheet resistance.

In addition, the long-term aqueous stability of MXene, surface side reactions of car-
bon materials, and their dispersion in high-solids slurries should also be included in the
corresponding evaluation. Morphological characterization should therefore be coupled
with conductivity or resistance measurements because particle bridging, sheet overlap,
pore blockage, and network discontinuity can determine whether the nominal conductivity
of a conductive additive is effectively translated into electronic connectivity throughout
a Zn-P electrode. Rather than striving for the lowest initial resistance, a more reasonable
goal would be to maintain electron percolation after cycling while retaining open pores
and a high proportion of active zinc. The modification strategies of the surface chem-
istry in carbon materials should also be carefully controlled. Oxygen-containing groups
could improve electrolyte wetting but can also increase water accumulation near Zn; the
heteroatom sites can promote Zn2+ adsorption yet alter local hydrogen evolution reac-
tion (HER) kinetics. For MXene, the proportion of -O, -OH, and -F surface terminations,
interlayer spacing and oxidation degree will simultaneously change the conductivity, wet-
tability and ion adsorption. As a result, nominally similar carbon or MXene additives
may produce different outcomes depending on synthesis, storage, and slurry-processing
history. Relevant studies should not only report the initial resistance but also describe
the conductive-additive content, surface composition, dispersion state, electronic network
integrity after cycling and storage stability in an aqueous environment.

4.3. Artificial Interfaces and Electrolytes: Regulating Reaction Selectivity

Artificial interfaces and electrolyte formulation regulate the same competitive chem-
istry from opposite sides of the Zn/electrolyte boundary. Inorganic layers can reduce
direct contact with water and provide ion-transport channels; polymer layers can im-
prove adhesion and stress buffering; and the ordered channels and coordination sites
of MOF/COF are expected to regulate desolvation, ion screening, and nucleation simul-
taneously (Figure 8a) [18,23,27,57–59,89,93,95–97,106–112]. For Zn-P, the interface layer
must conform to particle surfaces of varying curvature and withstand continuous recon-
struction; an excessively thick or brittle surface layer will increase the particle contact
resistance, and an excessively swollen layer may lose ion selectivity. Electrolyte additives
can change the solvation structure, water activity, and interfacial adsorption from the
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solution side [18,23,27,60–63,96,97,113–116]. However, the high surface area of powder
electrodes means that additives may be adsorbed or consumed in large quantities in the
early stages, and thick electrodes may also form concentration gradients. Consequently,
cycle life alone is insufficient to establish the mechanism or scalability of an additive.
Concentration changes, gas evolution, and depth-resolved interfacial chemistry should be
measured where possible. The gel and high-viscosity electrolyte systems can inhibit water
activity but could also reduce the Zn2+ diffusion rate in thick electrodes; such trade-offs are
often not noticeable in thin-layer Zn-F tests.

(a) 

(c) 

(b) 

(d) 

Figure 8. (a) Mechanism comparison of the Zn deposition processes on bare 3D Zn and 3D Zn@ZAP
anodes [52], (b) the poly(ethylene glycol) diacrylate (PEGDA) modified Zn powder (Zn-PD) anode
regulates Zn2+ solvation through hydrogen bonding, suppressing interfacial water activity, Zn
corrosion, and hydrogen evolution [48], (c) schematic illustrations of morphology evolution of SLA
and Zn foil/Zn powder anodes [42], and (d) schematic illustration of the electrochemistry process
of Zn plating/stripping with a conventional binder and current collector [117]. These images are
schematics redrawn based on the mechanisms and structures reported in Refs. [42,48,52,117].

In addition, the artificial interface layer must also be able to withstand multiple pro-
cesses such as mixing, shearing, drying and compaction in the scale-up manufacture. The
uniform thin layer formed by soaking or in situ reaction in the laboratory may cause uneven
coating thickness distribution, particle agglomeration and dust problems when processing
large quantities of powder. The ideal process should achieve continuous uniform coverage
at low addition levels and preserve powder redispersibility in the slurry while avoiding
the dissolution of the interface layer or adverse reactions with the binder. Therefore, the
evaluation of interface materials should include yield, powder flowability, slurry stability
and integrity after compaction.

4.4. Adaptive Interfaces and Multiscale Coupling

Zn-P anodes undergo deposition, peeling, slipping and contact reconstruction, so
the ideal interface should simultaneously provide ionic conduction, maintenance of elec-
tronic contact, selective wetting, and deformation adaptability. Liquid metal skin layers,
viscoelastic networks, semi-liquid electrodes, and multifunctional binders exemplify this
direction (Figure 8b–d) [39,41,42,46–52,117,118]. These systems successfully adjust ionic
transport, electronic contact retention, controlled wetting, and mechanical accommodation
to different degrees. Their broader significance is transforming from static passivation to
adaptive interfacial architectures, which can redistribute stress or re-establish contact as the
particulate electrode evolves. Whether such adaptability is essential, however, should be
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tested under matched Zn loading and cycling conditions, because improved performance
may also arise from changes in porosity, electrolyte distribution, or active-material fraction.

The quantitative results from representative studies also demonstrate that Zn-P strate-
gies must be interpreted in conjunction with test conditions. The 3D-printed Ag-anchored
porous Zn-P electrode cycled for more than 330 h at 1 mA cm−2, 1 mAh cm−2, with
a polarization of about 35 mV [78]; the Zn-P electrode with a MOF/MXene functional
layer fabricated by microfluidic printing delivered stable cycling for 1800 h at 2 mA cm−2,
1 mAh cm−2 [75]. These results demonstrate that multiple architectures can achieve long
cycling, but they do not establish a direct performance hierarchy because current density,
cycled areal capacity, electrode thickness, DoD, electrolyte amount, and even cell chemistry
differ among the studies. For the practicality comparison, these boundary conditions are as
important as the reported lifetime itself.

4.5. Match Regulation Strategies to the Dominant Limiting Process

The apparent effectiveness of a regulation strategy is determined by the main limitation
of the electrode. Zincophilic sites could reduce initial nucleation heterogeneity; a conductive
framework mitigates electronic-percolation loss and particle isolation; artificial interfaces
directly influence water contact and side reactions; and rheological networks accommodate
particle rearrangement during cycling. In practical Zn-P electrodes, these limitations always
coexist and shift with loading, current density, electrolyte amount, and storage time. The
high-current test focuses on ion supply and nucleation, while long-term storage conditions
emphasize corrosion, galvanic coupling, and additive consumption. It is therefore more
meaningful to distinguish which process limits performance under a defined operating
window rather than to report which material class is universally “best”. Comparisons
in both primary studies and reviews should identify the relevant limiting process before
attributing performance gains to a particular modification (Tables 2 and 3).

Table 2. The role, advantages and applicable boundaries of typical regulatory strategies.

Strategy Type Primary Target/Function Typical Advantages Disadvantages or Risks Additional Verification

Zincophilic metals/alloys
Nucleation energy barrier,

deposition location, hydrogen
evolution overpotential

Low loadings can increase
nucleation-site density and

can be integrated with current
collectors or powder surfaces

Increased inactive mass,
galvanic corrosion, and

concentration of active sites
near the outer layer

Spatial distribution of
functional components, static

corrosion, proportion of
active zinc

Carbon materials/MXene
Interparticle electronic
connectivity, Zn2+ flux

and wettability

Construct interparticle
networks and alleviate local

current concentration

Increased slurry viscosity,
layer stacking,

MXene oxidation

Dispersion at high solids
content, resistance after

cycling, pore channel retention

Artificial inorganic/organic
interfacial layers

Contact with water,
desolvation, side reactions

and stress

Directly alter the selectivity of
interface reactions

Excessive thickness will
increase impedance, brittle
layer may crack, soft layer

may swell

Thickness distribution of
coating, integrity after

compaction, composition
after cycling

Electrolyte additive/gel Solvation, water activity,
adsorption and ionic flux

No complex powder
processing, flexible

formulation adjustment

High surface area leads to
rapid consumption, increased

viscosity and
concentration gradient

Changes in additive
concentration, interfaces at
different electrode depths,

energy/ capacity (E/C) ratio

Viscoelastic/dynamic
structures

Particle rearrangement,
contact recovery and

stress dissipation

Maintain bicontinuous
ionic/electronic transport

throughout the electrode and
accommodate volume changes

Complex packaging, flow
stability and self-

discharge risk

Long-term storage,
inclination/vibration, pouch

pressure and leakage

Advanced manufacturing/
three-dimensional structure

Macropores, loading,
stress space and

electronic framework

Geometry, pore structure, and
loading can be

designed simultaneously

Challenges in equipment,
yield and size consistency

Large-area manufacturing
yield, thickness uniformity,

batch statistics

Based on this, a more appropriate design framework for Zn-P anodes can be proposed:
an interfacial strategy should satisfy at least four criteria simultaneously. Including these:
improve the selectivity of Zn deposition relative to HER, enable particles at different
electrode depths to participate uniformly, maintain electronic contact after volume changes,
and remain compatible with the manufacture of high-loading electrodes. These criteria are
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not independent. A strategy that improves one dimension while degrading another may
simply shift the dominant limitation—for example, from nucleation to ion transport, or
from corrosion to contact loss. The most useful design framework is, therefore, one that
evaluates interfacial chemistry, transport, mechanics, and manufacturability within the
same electrode and under the same Zn-inventory constraint.

Table 3. Quantitative results of some representative studies on Zn-P composite anodes.

Representative
Work Electrode Design Full Cell System Electrolyte Cycle Stability N/P Ratio DoD Conclusion Reference

Calendar life of
Zn-P@Cu

Zinc powder coated
on Cu current
collector and

compared with
Sn-modified Cu

Zn-P// MnO2 2 M ZnSO4

Symmetric cell: Not
reported (N. R.)

Full cell: Stability life for
1000 cycles with a CE of

about 99%, with the
negative/positive electrode

mass ratio was 10:7

10:7 (mass ratio; not
a capacity-based

N/P ratio)
N.R.

Static-corrosion
evaluation of

Zn-P/current-collector
assemblies is necessary;

short-term cycling
cannot replace
calendar life

[31]

MXene electron/ion-
flux redistributor

Ti3C2Tx layered
structure bridges
zinc powder and
constructs a low-
lattice-mismatch

interface

FeHCF//MXene@Zn 2 M ZnSO4

Symmetric cell: N. R.
Full cell: 1000 cycles with a

CE of about 99%
N.R. N.R.

The conductive
framework

simultaneously
determines the electron

pathways and the
activation sequence of

the particles

[32]

Zn-P with liquid
metal layer

nanoscale EGaIn
layer and capillary

suspension structure
V2O5 ∥LSZ powder 4 m Zn(OTf)2

Symmetric cell: 2000 h at

1 mA cm−2

−0.5 mAh cm−2;
full cell: 2000 cycles with a

CE of about 99%

N.R. N.R.

The flexible interface
can simultaneously
achieve corrosion

inhibition, directional
deposition and

deformation adaptation

[39]

Soft solid viscoelastic
zinc powder

Oligomer network
connects particles

and dissipates
volume changes

NH4V4O10∥ss-ZnP 2 M ZnSO4

Symmetric cell: 400 h at

1 mA cm−2

−1 mAh cm−2;
full cell: 500 cycles at

1 A g−1 with a CE of
about 99%

N.R.
mass loading of Zn is

≈8.5 mg
0.5−16.2%

Rheology and
mechanical design can

directly affect electronic
contact and the cycling

life of the full-cell

[41]

Semi-liquid zinc
powder electrode

Ion/electron dual
continuous medium
and fluidic structure

SLA//CuxV2O5
nH2O 2 M Zn(ClO4)2

Symmetric cell: 450 h at

5 mA cm−2

−5 mAh cm−2;
full cell: 500 cycles at

1 A g−1 with a CE of
about 99%

5:1 N.R.

Maintaining reactions
throughout the electrode

at high areal capacity
requires a bicontinuous

ionic/electronic
transport network

[42]

Self-supporting
Zn-graphene

Commercial zinc
powder reacts in situ

with GO to form a
binder-free

three-dimensional
framework

Zn//MnO2 2 M ZnSO4

Symmetric cell: 550 h at

1 mA cm−2

−1 mAh cm−2;
full cell: 1000 cycles at

0.5 A g−1 with a CE of
about 99%

3:1
DoD = 7.4%

(symmetric-cell
condition)

Continuous framework
can simultaneously

improve utilization and
contact stability

[43]

Regulating the local
chemical

environment of Zn
powder surface

PEGDA-modified
freestanding Zn-PD

electrode
Zn//NH4V4O10 2 M ZnSO4

Symmetric cell: 200 h at

1 mA cm−2

−1 mAh cm−2;
full cell: 400 cycles at

2 A g−1 with a CE of
about 99%

13.6:1 N.R.

Bulk conductive
network plus scalable

powder metallurgy
improves contact

and utilization

[48]

Self-mixing
anti-corrosive Zn-In
powder composite

anode

In-modified Zn
powder + carbon

nanofiber conductive
matrix

(Zn–In@CNFs)

V2O5 ∥Zn-P 3 M Zn(OTf)2

Symmetric cell: 6300 h at

1 mA cm−2 −1 mAh cm−2;
full cell: 20,000 cycles at 10 C

with a CE of about 100%

N.R.
DoD = 31.1% at

5 mA cm−2/
5 mAh cm−2

Self-mixing in
distribution and CNF
network suppresses
HER/corrosion and

promotes 3D
Zn deposition

[49]

A High-Capacity
Gradient Zn Powder
Anode for Flexible

Zn-Ion Batteries

Freestanding Zn
powder anode with

gradient particle size
and porosity

Zn-P
//Na2V6O16 ·nH2O

polyvinyl alcohol
(PVA)/Zn(CF3SO3)2

hydrogel

Symmetric cell: 1250 h at

1 mA cm−2 −1 mAh cm−2;
full cell: 650 cycles at

3 A g−1 with a CE of
about 100%

N.R.
DoD = 17.2% at

5 mA cm−2/
5 mAh cm−2

Gradient structure
regulates electric field
and Zn-ion flux and
promotes bottom-up

plating/top-
down stripping

[64]

3D-printed
MOF/MXene Zn-P

Microfluidic printing
to construct

Cu-THBQ/MXene
functional layer

M3DP-MXene/Cu-
THBQ/Zn-P//

G-TEMPO
3 M Zn(OTf)2

Symmetric cell: 1800 h at

2 mA cm−2 −1 mAh cm−2;
Full cell: 1200 cycles at

4 A g−1 with a CE of
about 100%

N.R. N.R.

Macropore structure,
interface chemistry and
slurry printability can be
designed collaboratively

[75]

Powder metallurgy
Zn@C with a 3D
carbon network

In situ implantation
of three-dimensional

carbon network in
the zinc matrix

Zn//MnO2 2 M ZnSO4

Symmetric cell: 800 h at

1 mA cm−2 −1 mAh cm−2;
full cell: 880 cycles at

0.5 A g−1 with a CE of
about 100%

N.R. Zn utilization = 84.9%
(Zn-air battery)

Macropore structure,
interface chemistry and
slurry printability can be
designed collaboratively

[79]

Zn Powder Anodes
With Stabilized

Interfacial Chemistry
via Facet-Selective

ZnTCPP Adsorption

Zn powder with in
situ ZnTCPP

interfacial layer

Zn-P//
(NH4)2V6O16 ·1.5H2O 2 M ZnSO4

Symmetric cell: 500 h at

30 mA cm−2

−15 mAh cm−2;
full cell: 1000 cycles at

1 A g−1 with a CE of
about 99.7%

3.8:1 N.R.

Facet-selective
adsorption redirects
nucleation toward

low-energy Zn(002),
while the ZnTCPP layer

regulates desolvation
and side reactions

[92]

A Multifunctional
Binder for Current-
Collector-Free Zn
Powder Anodes

Free-standing Zn
powder anode using
DDP multifunctional

binder

Zn-P//I2 2 M ZnSO4

Symmetric cell: 700 h at

2 mA cm−2 −2 mAh cm−2;
full cell: 10,000 cycles at

1.7 A g−1 with a CE of
about 100%

N.R. N.R.

Directly addresses
current-collector-free

fabrication, high

cathode loading, Zn2+

flux regulation and
mechanical robustness

[117]
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5. Electrode Engineering, Manufacturing and Practical Evaluation
5.1. Particle Engineering: Particle-Size Grading, Loading, and Pore Structure

Zn-P particles are both active materials and structural units that constitute pore
channels and contact networks. Reducing the particle size increases nucleation sites and
contact sites, but the corrosion-active surface area will also increase; increasing particle size
is beneficial for reducing side reactions and improving storage stability but may lead to
insufficient utilization. Therefore, the actual design should not merely rely on the simple
judgment of “micron-scale particles are better than nanoscale particles” or “spherical
particles are better than irregular particles”, but rather should determine the particle-size
grading, tap density and connected pores after compaction based on the target areal capacity
(Figure 9a,b) [28–30,44–49,64,66,70–73]. Coarse particles can provide a mechanically stable
framework, while finer particles can improve packing and contact, but an excessive fine-
particle fraction may obstruct ionic pathways. Similarly, stronger compaction can reduce
electronic contact resistance, while it may increase pore tortuosity and impede gas release.
The optimum distribution is therefore application-dependent rather than universal. A
representative gradient Zn-P electrode provides a direct example of how spatial particle-
size and porosity distributions can be used to regulate Zn2+ transport and deposition
behavior. The gradient electrode contains deliberately varied particle sizes and pore
structures across the electrode thickness, producing different local transport environments
between the upper and lower regions. The reported morphological characterization showed
distinct structural features across these regions, while the accompanying Zn2+ concentration
analysis indicated that the gradient architecture altered the temporal evolution of Zn2+

distribution and deposition locations compared with electrodes composed of a single
particle-size population [64]. This result highlights that particle-size engineering should be
considered together with the resulting pore connectivity and spatial ion-flux distribution
rather than particle size alone.

Figure 9. Representative structural and fabrication strategies for Zn-P composite anodes.
(a) Schematic illustration of multifunctional pristine graphene (PG) to construct a zinc powder
anode and (b) schematic illustration of the deposition process of zinc ions on Zn powder/PG [44],
(c) schematic illustration of the fabrication process of the gradient electrode [64], (d) Schematic di-
agram for the preparation process of the NDs-SA@ZnP anode [118]. These images are schematics
redrawn based on the mechanisms and structures reported in Refs. [44,64,118].
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In addition, the native oxide layer outside of Zn-P also introduce a further coupled
variable. A thin and uniform ZnO layer may reduce the direct contact between fresh metal
and water, while an excessively thick or uneven insulating layer will increase the contact
resistance between particles and cause different particles to display different nucleation
barriers. For large-scale production, particle size distribution, oxygen content, specific
surface area, tap density and storage time should be regarded as raw material quality
indicators rather than merely reporting the average particle size. Different particle-size
distributions will also affect the gas evolution and transport within the electrode. After
fine particles fill the small gaps, the generated H2 escapes less readily, and local bubbles
may promote delamination of the coating from the current collector; although excessively
large connected macropores facilitate gas release, they will reduce the volumetric energy
density and increase the local deposition space. Therefore, a reasonable design of particle-
size grading should distinguish the main pores responsible for electrolyte transport and
interparticle micropores and report the pore-size distribution using mercury intrusion
porosimetry, gas adsorption, or three-dimensional imaging, rather than simply reporting
total porosity alone.

5.2. Slurries, Binders and Rheological Windows

Among the current preparation routes, the wet coating process remains the most com-
monly used manufacturing method for battery electrodes, but Zn-P slurries need unusual
rheological demands because of the high density of metallic Zn. A practical high-solids
slurry should resist sedimentation during storage, shear-thin during doctor-blade or roll
coating and recover sufficient structure after coating to prevent component segregation.
The solid content, mixing sequence, shear history and drying rate will influence binder mi-
gration, conductive-additive agglomeration, and pore shrinkage, thus affecting the contact
stability after cycling [37,41,42,117–122]. For this reason, a single viscosity value is not an
adequate descriptor; flow curves, yield stress, solid content, and storage stability should be
reported together. Moreover, binders are not merely inert film-forming agents. Aqueous
binders such as carboxymethyl cellulose (CMC), polyacrylic acid (PAA) and sodium algi-
nate can improve dispersion and adhesion through carboxyl or hydroxyl groups, and the
ionically cross-linked network can also provide stress buffering; however, excessive binders
will coat the zinc surface and increase transport resistance (Figure 9c) [117–121]. A reported
current-collector-free Zn-P anode used a multifunctional binder to simultaneously maintain
mechanical integrity and interfacial stability, demonstrating that the binder can further
facilitate ion transport, inhibit side reactions, and reconnect particles [117]. Therefore,
future binder studies should, therefore, couple electrochemical data with binder fraction,
swelling, adhesion, and post-cycling mechanical integrity. A representative NDs-SA@ZnP
system further illustrates how a composite binder/interfacial structure can regulate both
mechanical stability and interfacial electrochemistry. In this system, nanodiamonds were
incorporated into a sodium-alginate matrix and applied to Zn powder to form a compos-
ite interfacial structure (Figure 9d) [118]. The reported characterization showed that the
nanodiamonds were incorporated within the sodium-alginate framework, providing a
reinforced composite network around the Zn-P surface. This architecture was designed to
improve coating integrity while regulating interfacial water and Zn2+ transport, thereby
reducing the susceptibility of the Zn-P electrode to parasitic reactions during repeated
deposition/stripping. The electrochemical results further demonstrate the benefit of this
composite structure under demanding current conditions. The NDs-SA@ZnP electrode
maintained stable Zn plating/stripping for approximately 3780 h at 5 mA cm−2, while
the corresponding ZnP||Cu asymmetric cell achieved an average Coulombic efficiency
of approximately 99.8% over 1200 cycles at 5 mA cm−2 [118]. These results suggest that
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maintaining the integrity and transport functionality of the composite interfacial structure
becomes particularly important under high-current operation.

Additionally, scaling up slurry processing can introduce problems that are not ap-
parent in small-scale laboratory experiments. For example, high-density Zn-P is prone
to sedimentation during long-term storage and transportation; high shear can improve
dispersion, but it may damage high-aspect-ratio conductive additives or degrade the binder
chain; during continuous drying, the solvent evaporation rates on the upper and lower
surfaces are different, which may cause the binder to migrate to the surface. Therefore,
achieving reproducibility requires not only the composition of the electrodes but also the
equipment type, mixing energy, slurry pot life, coating residence time, and drying window.
These parameters are necessary to determine whether a reported electrode structure is
transferable beyond a small batch.

5.3. Current Collector and Manufacturing Route

The current collector selection should be combined simultaneously with a consid-
eration of conductivity, zincophilicity, corrosion resistance, and mechanical anchoring.
Commercial Cu-foil current collectors are the most commonly used as have high conductiv-
ity and low cost, but Cu/Zn galvanic corrosion can reduce calendar life; Ni foam and metal
mesh can provide three-dimensional space, but preferential deposition may occur near the
separator-facing side; stainless steel exhibits a low cost and good corrosion resistance, but it
requires zincophilic surface modification; carbon cloth and CNT films are lightweight and
corrosion-resistant, while their pristine surface exhibits insufficient wettability and poor
Zn nucleation (Figure 10) [31,76,77,123–130]. Therefore, an evaluation of current collectors
should not rely solely on Zn||current-collector half-cells but should also take into account
the Zn-P coating, calendar aging and gas evolution.

Figure 10. (a) Homogeneous deposition of zinc on three-dimensional porous copper foam and (b) the
schematic illustration of Zn@Cu foam vs. β−MnO2 full cells [125], (c) schematic diagram for Zn
deposition on triple-gradient electrodes [127], (d) the schematic diagram of Zn electrode synthesis in
the seawater-based electrolyte via in-system method [129]. These images are schematics redrawn
based on the mechanisms and structures reported in Refs. [125,127,129].
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Different manufacturing routes correspond to different structural designs. Wet coating
offers continuity and scalability but requires control of sedimentation, drying shrinkage,
and pore retention after compaction; semi-solid and semi-liquid approaches use rheologi-
cal networks to accommodate particle rearrangement [37,41,42]; 3D printing can directly
design macropores and stress relief spaces [52,75,78,131]; freeze-casting is suitable for
constructing directional channels [132,133]; powder metallurgy can strengthen the inter-
particle connectivity and overall conductivity [79]; dry electrodes may reduce solvent and
drying energy consumption, but current formulations and systematic studies of dry Zn-P
electrodes remain limited [134–136]. Therefore, the suitability of a manufacturing route
should not be judged solely by small-area cell cycling but should also be evaluated using
areal loading, yield, thickness consistency, bendability, and storage stability. For roll-to-roll
scale-up manufacturing, compaction must balance thickness consistency with pore-channel
retention. Lower rolling pressure will cause high contact resistance and electrode cracking
or pulverization, while excessive rolling pressure may crush the surface coating, extrude
the binder, and block ionic pathways. To address this problem, it is recommended to deter-
mine the process window through the correlation among compaction density, area-specific
resistance, and electrolyte uptake, rather than using a single pressure parameter.

5.4. Moving from Material Properties to Comparable Practical Indicators

The practical rationale for Zn-P is its ability to reduce excess Zn; evaluation should
therefore quantify the Zn inventory rather than rely primarily on symmetric-cell operating
time. However, long cycling stability and high Zn utilization should not be considered
equivalent performance criteria. A Zn-P electrode may exhibit an extended symmetric-
cell lifetime when the total Zn inventory is much larger than the amount of Zn cycled in
each cycle. Under such conditions, a low depth of discharge (DoD) can mask the gradual
accumulation of irreversible Zn loss, and the reported lifetime mainly reflects interfacial
stability under a large Zn reservoir rather than efficient utilization of the available Zn.
Therefore, cycling time alone should not be regarded as a sufficient indicator of practical Zn-
P performance. At minimum, studies should report Zn-P mass, non-Zn component fraction,
theoretical anode areal capacity, cathode areal capacity, N/P ratio, Zn utilization or DoD,
electrolyte/capacity ratio, current-collector areal mass, electrode thickness, and compaction
density (Figure 11) [12–27,65,137]. If only the operating time of a symmetric cell is reported,
it is impossible to determine whether the battery relies on a very low depth of discharge to
maintain stability. For Zn-limited cells, CE becomes increasingly important because even a
small irreversible Zn loss per cycle can accumulate over prolonged cycling. The cumulative
irreversible Zn loss may arise from incomplete Zn plating/stripping, corrosion, hydrogen-
evolution-related side reactions, electronically isolated Zn, and inactive Zn-containing
by-products. Consequently, a nominally high CE does not by itself guarantee long practical
lifetime when the available Zn inventory is limited. The practical lifetime should, therefore,
be interpreted by considering CE together with the initial Zn inventory, Zn utilization/DoD,
and the amount of Zn cycled per cycle.

When designing full cells, priority should be given to higher-areal-capacity cathodes
and limited electrolyte, with test protocols alternating storage periods and cycling. In
addition to recording the capacity retention rate and CE in detail, the internal resistance,
thickness expansion, gas volume and morphology changes after storage should also be
recorded. Therefore, the evaluation of Zn-P anodes for practical use can be organized at
three scales: material-level descriptors such as particle size, Zn loading, active-Zn fraction,
and modifier content; electrode-level descriptors such as thickness, compaction density,
porosity, collector type, and electrolyte uptake; and cell-level descriptors such as cathode
areal capacity, N/P, E/C, DoD, storage time, calendar life, and gas or swelling behavior.
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Only when these levels are reported together can material-level improvements be assessed
for translation into cell-level advantage.

Figure 11. Equi−energy curves of a ZIB as a function of the specific charge capacity of a generic
cathode. Each graph represents a different extent of utilization of a metallic zinc anode, namely: 100%,
50%, 25%, and 12.5%. Shaded in red is the region in which water splitting occurs, an inaccessible
operating regime for ZIBs, reproduced from Ref. [13] under the CC BY 4.0 license.

In addition, the edge areas, electrode alignment, and stacking pressure also change
local current distribution when scaling up to pouch or stacked cells. The uniform spring
pressure in coin cells may mask contact instability in Zn-P electrodes, whereas pouch cells,
along with pressure redistribution after gas generation. Therefore, engineering verification
should record the applied pressure, packaging method and gas headspace, and set up
multiple replicate cells to assess reproducibility and consistency (Table 4).

Table 4. Recommended reporting parameters for practical Zn-P anodes.

Evaluation Level Recommended Reporting Parameters Common Omissions Recommended Purpose

Zn-P raw materials
Particle size distribution, specific
surface area, oxygen content, tap

density, storage conditions

Only average particle size or the
supplier model is reported

Determine batch differences and side
reaction risks

Interface modification
Non-zinc component mass fraction,

coating uniformity, retention of
functional sites after cycling

Only nucleation overpotential and
surface SEM images

Evaluate whether functional
components reduce the active-Zn

fraction or lose functionality

Slurry and electrodes
Solids content, rheology curve, yield

stress, loading, thickness, compaction
density, porosity

No reporting of mixing and
drying conditions

Assess manufacturing reproducibility
and transport in thick electrodes

Electronic network Conductive agent type/content, sheet
resistance, contact change after cycling Only initial EIS Identify electrically isolated dead Zn

Electrolyte
Salt concentration, additive

concentration, E/C ratio,
infiltration time

Excess electrolyte use or additive
consumption is not specified

Enable comparison of practical mass
transport and side reactions of

different systems

Full battery matching
Cathode areal capacity, N/P ratio, zinc

utilization rate or DOD,
current-collector areal density

Only the cathode specific capacity
is reported Evaluate cell-level energy density

Cycle life
Cycling current density/areal capacity,

rest time, intermittent cycle,
temperature, pressure

Only report continuous cycle hours Distinguish between cycle life and
calendar life

Safety and amplification
Gas volume, thickness expansion,

pouch-cell area, number of replicate
cells, disassembly after failure

Only coin-cell results are reported Assess scale-up consistency and
failure traceability
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5.5. Scale-Up Manufacturing and Quality Control

From gram-scale powder studies to batch-produced electrodes, it is also necessary to
establish quantifiable quality control. Particle-size distribution, surface composition, and
free-metal impurities should be characterized for each powder batch; for the slurry, the
density, viscosity drift and sedimentation height should be monitored; for the coatings,
the areal density, thickness, pinholes, edge stacking and peel strength should also be
tested; and the porosity, surface resistance and liquid absorption should be checked after
compaction. For the systems containing Cu, Sn, In or other heterogeneous metals, storage
corrosion tests at different temperatures and humidity levels should also be carried out.
Only by establishing statistical correlations between these manufacturing parameters and
cycling life can it be determined whether performance fluctuations result from material
mechanisms or process deviations.

Several studies have reported encouraging performance under conditions approaching
practical operation. For example, the sustainable electrolyte and superacid interfacial
chemistry achieved an average CE of nearly 100% at 4 mA cm−2 and 4 mAh cm−2, and
maintained approximately 83% capacity after 1000 cycles in a full cell with N/P = 2.5 [27];
the powder-metallurgy Zn composite achieved a utilization rate of 84.9% in a zinc–air
system [79]. Together, these examples indicate that high Zn utilization and long lifetime are
not necessarily mutually exclusive. They also show why apparently similar claims cannot
be compared without disclosing the full boundary conditions, including Zn inventory,
cycled areal capacity, electrolyte amount, pressure, and cell configuration.

6. Conclusions and Outlook
Zn-P composite anodes provide a feasible solution for aqueous zinc batteries to move

beyond thick Zn-F and excess-Zn anodes. Their advantages, including designable capacity,
low material cost, and diverse manufacturing methods, have clear engineering significance.
However, the characteristics of Zn-P anodes, such as a highly specific surface area and a
porous composite structure, also introduce challenges, such as unstable particle contacts,
electronic-transport limitations, pore evolution, slurry rheology, and calendar corrosion
that are absent or less prominent in continuous Zn-F. Therefore, the stabilization of Zn-P
anodes cannot rely solely on protection strategies such as dendrite suppression, lowering
nucleation barriers, or building a single protective layer. Nor is it appropriate to simply list
the control strategies according to material categories. Instead, it is necessary to reconsider
the coupling among interfacial reactions, transport through pores, particle rearrangement,
conductive network evolution, and manufacturing processes from the perspective of par-
ticle composite electrodes. In the future, the development of Zn-P composite anodes can
focus on the following aspects. First, a raw material and structural parameter system for
high-load composite electrodes should be established to systematically clarify the effects of
particle size, particle-size grading, morphology, surface oxidation state, compaction density,
porosity and pore size distribution on electrolyte infiltration, electronic transport and zinc
utilization, and establish standardized parameters for cross-study comparisons. Second,
multi-particle interfaces that take into account reaction selectivity, transport continuity and
deformation adaptability should be developed. The interface material should not only
reduce the Zn2+ nucleation energy barrier, but also be evenly distributed throughout the
electrode thickness, inhibit hydrogen evolution and corrosion, and maintain electronic and
ionic pathways after particle size changes and contact point migration. Third, manufac-
turing factors such as slurry dispersion, binder selection, drying shrinkage, compaction
pressure, current collector matching and large-scale coating should be considered simulta-
neously during the early stages of material design. In terms of performance evaluation,
future studies should gradually reduce the reliance on long cycle results under conditions of
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low areal capacity, excess electrolyte, and thick Zn anodes, and adopt testing conditions that
are closer to practical applications such as limited zinc, a low N/P ratio, limited electrolyte,
high-areal-capacity cathodes, and open-circuit storage. In addition to symmetric-cell cy-
cling life, zinc utilization, CE, electrolyte/capacity ratio, electrode-thickness changes, gas
generation, capacity retention after storage, and failure locations should also be reported
together. In particular, it is necessary to distinguish between two different sources of
capacity loss: corrosion/dissolution of metallic Zn and electronic isolation of particles that
remain physically present. To this end, X-ray CT, FIB-SEM, in situ optical imaging, gas and
pressure monitoring, spatially resolved phase analysis and other methods can be combined
with electrochemical testing to establish a multiscale failure-diagnosis framework spanning
interfacial reactions and three-dimensional structural evolution.

In the future, the development of Zn-P anodes is more likely to depend on demonstrat-
ing that a given strategy remains effective throughout a high-loading composite electrode,
preserves contact during both cycling and storage, and can be manufactured reproducibly
at practical Zn and electrolyte inventories rather than identifying an isolated best modifier.
The most convincing future studies should connect molecular or interfacial descriptors
to particle-scale deposition, electrode-scale transport and contact evolution, and finally to
cell-level metrics within the same system. Establishing this continuity across scales would
turn Zn-P from a promising laboratory alternative to thick Zn foil into a quantitatively
testable platform for high-utilization, long-calendar-life aqueous Zn batteries.
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