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Abstract

Zinc-based flow batteries (ZFBs) are considered a promising energy storage technology
because of their high safety, low cost, and high energy density. However, during charging,
zinc metal tends to deposit unevenly on the negative electrode, leading to the formation of
undesirable dendrites. The growth of these dendrites may pierce the separator, causing
internal short circuits or, ultimately, resulting in battery failure. This review explains the
mechanisms of zinc dendrite formation and summarizes their adverse effects on battery
performance and stability. It then reviews the main strategies currently being explored to
suppress dendrite growth, including electrolyte optimization and modifications to
electrodes and separators. Finally, the review provides an outlook on the future of dendrite
suppression strategies for ZFBs.
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INTRODUCTION

Today, the world is undergoing an accelerated transition toward carbon neutrality, accompanied by a steady
rise in renewable power generation"!. By 2025, the global installed capacity of solar power had surpassed that
of coal-fired power, while wind power had exceeded that of hydropower and other renewable sources®. It is
projected that, by 2050, wind and solar energy will dominate global electricity generation"*.. However, the
intermittent and variable nature of wind and solar power impedes their large-scale integration into the grid,
posing a major engineering challenge™*. Fortunately, various energy storage technologies have emerged,
including pumped hydro storage”, compressed air energy storage'®, and electrochemical energy storage'”’.
Among these, pumped hydro storage is currently the most widely deployed and has the largest installed
capacity"’’. However, its strong dependence on geographical conditions and water resources limits its
broader application'”’. Similarly, compressed air energy storage is constrained by its large land
requirements. In contrast, electrochemical energy storage has developed rapidly owing to its high
efficiency, flexibility, and scalability""). Major electrochemical energy storage technologies include lithium-
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ion batteries">", sodium-ion batteries'"*'”, and flow batteries"*'”, etc. Among them, flow battery technology

has attracted significant attention due to its flexible design, long cycle life, and inherent safety!**".

Among various flow battery technologies, zinc-based flow batteries (ZFBs), particularly zinc-bromine and
zinc-iron flow batteries, have attracted considerable attention because of their low cost and high energy
density. Zinc is abundant and inexpensive, whereas vanadium is relatively scarce, costly, and vulnerable to
supply-chain volatility?*?l. Accordingly, zinc-based electrolytes are generally more economical than
vanadium electrolytes, offering a potential cost advantage for large-scale energy storage. In addition, zinc
undergoes a two-electron plating/stripping reaction, whereas vanadium redox couples typically involve
single-electron transfer®’. This reaction mechanism enables zinc-bromine flow batteries to achieve a
theoretical specific energy of up to 435 Wh kg and practical volumetric energy densities several times higher
than those of vanadium redox flow batteries'***”. Their higher energy density reduces electrolyte volume and
system footprint, making them attractive for distributed, user-side, and residential energy-storage
applications. Moreover, in representative zinc-bromine systems, both half-cells initially contain zinc bromide
electrolyte®. Electrolyte crossover therefore causes less irreversible cross-contamination than in flow
batteries employing chemically distinct anolytes and catholytes””, facilitating electrolyte rebalancing,
capacity recovery, and long-term maintenance. The recyclability of zinc-based electrolytes further supports
their potential for sustainable energy-storage applications®*.

Despite these advantages, the practical deployment of ZFBs remains severely constrained by zinc dendrite
growth®*" [Figure 1]. During charging, nonuniform Zn** transport, nucleation, and deposition on the zinc
anode can produce protruding deposits that progressively develop into dendrites”?. These dendrites may
penetrate the separator, resulting in internal short circuits and eventual cell failure***). Dendritic and
nonuniform zinc deposition also increases the electrochemically active surface area and can intensify
parasitic hydrogen evolution”¥, thereby reducing coulombic efficiency, accelerating capacity decay®, and
shortening system lifetime". Zinc dendrites therefore represent a major barrier to the large-scale
commercialization of ZFBs"**. In response, a multiscale framework for dendrite suppression has emerged,
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encompassing electrolyte regulation>**!, anode modification'>*"**, and separator design'***!. However,
substantial inconsistencies remain in the proposed suppression mechanisms”*, applicable operating
conditions"*, and performance-evaluation criteria*”. These discrepancies hinder direct comparison among
reported strategies and complicate the identification of technically and economically viable engineering
solutions"®. Accordingly, this review elucidates the mechanisms underlying zinc dendrite formation,
critically compares the benefits and trade-offs of major suppression strategies, and proposes a more

reproducible and comparable evaluation framework together with future research directions.
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Figure 1. Dendrite growth in a two-dimensional plane.

DENDRITE FORMATION: MECHANISM AND DETRIMENTAL CONSEQUENCES

During charging of ZFBs, Zn*" ions are reduced to metallic zinc on the three-dimensional conductive
substrate of the negative electrode**. Microscale surface roughness, residual oxides, and exposed carbon-
fiber tips can geometrically intensify the local electric field, producing a pronounced tip effect*. At high
current density, the rapid depletion of Zn*" near the electrode surface induces concentration polarization,
causing the deposition process to shift from kinetic to mixed electrochemical-mass-transport control™’. The
resulting increase in overpotential accelerates nucleation kinetics exponentially®**", favoring instantaneous
nucleation”” and promoting zinc deposition at surface protrusions with lower nucleation barriers®>*!.
Subsequently, zinc atoms deposit epitaxially along the <1010> crystallographic direction of hexagonal close-
packed zinc", while being continuously driven toward the membrane direction by local pH increase and
electric-field gradient”. As a result, needle-like or pine tree-like dendrites, typically 50-200 nm in diameter
and tens of micrometers in length, are gradually formed"® [Figure 2]. Meanwhile, parasitic water-reduction
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Figure 2. Schematic illustration of zinc aggregation and subsequent nonuniform zinc growth on the non-defective 3-dimensional carbon
felt (CF). Reprinted with permission from®3, Copyright 2020, Royal Society of Chemistry.

reactions generate OH', inducing the ZnO-based passivation layers””). These heterogeneous deposits
exacerbate local electric-field distortion and ultimately establish a self-amplifying growth loop!”**.

Although the above framework emphasizes electric-field heterogeneity, concentration polarization, and
nucleation behavior, the fundamental mechanisms governing zinc dendrite formation remain the subject of
debate"™. Recent studies have increasingly highlighted the roles of ion desolvation and surface diffusion as
additional interfacial factors'®). In aqueous electrolytes, Zn** ions are typically surrounded by a strongly
bound hydration shell, and sluggish desolvation can hinder interfacial charge transfer and produce spatially
nonuniform deposition kinetics'®'!. After charge transfer, insufficient surface diffusion of adsorbed zinc
species may further prevent their redistribution from high-energy protrusions to more stable surface sites,
thereby amplifying morphological instability. These findings suggest that dendrite suppression should not
rely solely on improving macroscopic ion transport. Regulating interfacial desolvation barriers and surface
diffusion pathways may be more effective for suppressing dendrite formation and promoting compact zinc
deposition!””.

The formation and continued growth of zinc dendrites have severe consequences for battery performance
and safety. Once dendrites penetrate the membrane and come into direct contact with bromine or iron
complexes in the positive electrolyte, an internal short circuit can occur, resulting in a sudden drop in cell
voltage and a coulombic efficiency approaching zero". In addition, dendrite fracture can generate "dead
zinc" particles suspended in the electrolyte, reducing zinc utilization and increasing capacity losses!*\.
Moreover, dendrite growth progressively destroys the surface flatness of the negative electrode substrate,
rendering subsequent zinc deposition increasingly disordered'**..

Furthermore, dendrite growth and parasitic side reactions mutually reinforce each other. From a
thermodynamic standpoint, the spontaneous reaction between zinc and the electrolyte, along with hydrogen
evolution during charging, is inherently unavoidable!®. These parasitic side reactions generate hydrogen gas
and deplete the electrolyte, leading not only to capacity fading and reduced energy efficiency but also to
increased internal pressure in sealed cells, ultimately shortening cycle life>*.. The core approach to inhibiting
the hydrogen evolution reaction (HER) involves reducing the activity of water molecules at the anode surface
while promoting preferential and homogeneous zinc-ion deposition'*”.

As a consequence, due to the growth of dendrites, the cycle life of the system may decrease dramatically,
while maintenance costs may increase significantly, thereby severely hindering the large-scale commercial
application of ZFBs for energy storage!*®.
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DENDRITE SUPPRESSION STRATEGIES

To suppress dendrite growth and improve the energy efficiency of ZFBs""", researchers have developed a
variety of strategies targeting different battery components'®’. Current approaches mainly include electrolyte
regulation”, electrode modification'”"), and separator optimization!””, etc. These strategies can enhance
energy efficiency and provide valuable directions for future research”.

Electrolyte engineering

The electrolyte serves as the ion-conducting medium in ZFBs"* and provides the active species required for
battery operation!””. A large body of prior research has demonstrated that electrolyte regulation is an
effective strategy for suppressing dendrite growth!**7®771. By tailoring electrolyte properties, the
electrochemical reaction environment can be controlled, thereby suppressing dendrite formation"'. This
approach generally involves either introducing functional additives or directly modifying the electrolyte
composition””). Reported strategies for electrolyte modification include the addition of hydrophilic
solubilizers™, the use of phosphate salts'*”, and the development of liquid metal electrolytes'™.

Hydrophilic solubilizers

Hydrophilic solubilizers are electrolyte additives and are highly effective in zinc acetate electrolytes. Zinc
acetate is low-cost and environmentally benign'®?!, but its poor water solubility limits its practical
application™ . To address this issue, a hydrophilic solubilizer composed of potassium acetate, urea, and
acetamide at a molar ratio of 10M:10M:8M can replace the hydrophobic solvation sheath with hydrophilic
functional groups, thereby converting zinc acetate into a hydrophilic coordination structure. In addition, the
extra acetate ions introduced by the hydrophilic solubilizer can partially replace water molecules in the
original solvent sheath around zinc ions, changing the coordination mode from bidentate to monodentate,
thereby significantly increasing zinc acetate concentration from 1.6 to 23 M"*. As the zinc ion concentration
increases, the electrolyte exhibits higher Zn’* transference numbers and longer Sand's time, which, in turn,
enable a higher areal capacity. Sand's time is the time at which the Zn** concentration at the electrode surface
decreases to zero during constant-current deposition"®”. A higher Zn** concentration also promotes more
uniform zinc deposition and lowers the overpotential. Moreover, the hydrophilic solubilizer expands the
cathodic and anodic limits, achieving a stable window of approximately 2.5 V. With hydrophilic solubilizers,
the deposited zinc maintains a dense and smooth morphology after 400 cycles, owing to high zinc salt
concentration and a high Zn** transference number in the electrolyte, which improve the uniformity of zinc
deposition/stripping and effectively suppress dendrite growth. Even after 4,000 cycles, 70% of the initial
capacity can still be maintained"'.

Zinc-pyrophosphate complex

In a traditional zinc bromide electrolyte, each zinc ion is coordinated by 6 water molecules [Figure 3A], with
the main Zn-O bond peak appearing at 1.99 A [Figure 3B], readily producing zinc dendrites. The optimized
structure of hydrated zinc ion is shown in Figure 3C. In this study, to create a strong coordination
environment that promotes uniform zinc deposition and effectively suppresses dendrite growth, zinc
chloride was chelated with potassium pyrophosphate to form a zinc-pyrophosphate complex anolyte
[Figure 3D]. Under these conditions, a new peak appears at 1.7 A from the zinc ion [Figure 3E]. The Zn-O
coordination number decreases to 4. The optimized structure of zinc pyrophosphate is shown in Figure 3F.
In addition, the large anion size and high negative charge can effectively hinder the transport of zinc ions
through the cation-exchange membrane, thereby fundamentally preventing zinc-ion migration.
Simultaneously, this complex anolyte regulates the thermodynamics of zinc nucleation, thereby enabling
dendrite-free dense deposition. The interfacial water activity of Zn(PPi),” ions is effectively reduced,

allowing the subsequently dissociated Zn** ions to plate on the zinc surface in an orderly manner with the
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Figure 3. Theoretical calculation results for Zn(H,0)2* and Zn(PPi),*. Reprinted from Ref.1%). 3D snapshot of (A) 0.2 M ZnBr, system and
(D) 0.2 M ZnCl,-K,PPi (1:3) system obtained from molecular dynamics (MD) simulations. RDFs for (B) ZnBr, and (E) ZnCl,-K,PPi system
collected from MD simulations. The optimized molecular structures and corresponding binding energies of (C) Zn(H,0).2* and (F)
Zn(PPi),5.

assistance of the PPi* ion. Hence, the Zn(PP1i),* electrolyte can alleviate the undesired HER and facilitate
smooth zinc plating. As a result, the zinc deposition/stripping potential dropped to -1.08 V, while battery
voltage increased from 1.29 to 1.61 V, corresponding to a 24% improvement. Even at a high current density
of 200 mA cm?, the battery maintains a capacity retention of over 97% after 250 cycles, and the peak power
density reaches 606.5 mW cm?, far exceeding traditional performance limits of conventional ZFBs*’..

Liquid metal electrolyte

Liquid metals, with low melting points and remaining liquid at or near room temperature, exhibit high
fluidity and metallic conductivity"**. Among them, gallium-based liquid metals (Ga-LMs) are particularly
promising due to their low toxicity, intrinsic safety, self-healing properties, and good compatibility with
other metallic elements"*. Furthermore, alloying gallium with tin can further decrease the melting point
while reducing costs'*. The eutectic Ga-In-Sn liquid metal systems can dissolve zinc, transforming from a
solid deposited state into a fluid metallic form and eventually forming a eutectic Ga-In-Sn-Zn liquid metal
[Figure 4A and B]. The corresponding battery performance is illustrated in Figure 4C. In this system, the
conventional solid-liquid zinc deposition/stripping process is effectively converted into a liquid-liquid
electrochemical reaction, thereby increasing the areal capacity of the zinc anode and alleviating the
limitations associated with solid zinc accumulation. Compared with the porous CF electrode, the LM-based
ZFB achieved an ultrahigh areal capacity of up to 640 mAh cm™ (i.e., 16 h of charging and approximately
16 h of discharging), with a high average coulombic efficiency (CE) of 98.4%. Moreover, ZFBs with an LM
anode have an extended cycle life exceeding 180 days (4,400 h) at an areal capacity of 120 mAh cm™*".

In summary, electrolyte regulation represents a highly effective strategy for suppressing zinc dendrite growth
in ZFBs by tailoring the Zn** solvation structure, ion transport behavior, and zinc deposition
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Figure 4. Characteristics of zinc in liquid metal (LM). Reprinted with permission from 3 ,Copyright 2025, The American Association for
the Advancement of Science. (A) Schematic of zinc dissolved in LM to form a eutectic alloy at room temperature. (B) Phase diagram of a
Zn-LM system. The fixed weight ratios of LM are as follows: 68.5% for Ga, 21.5% for In, and 10.0% for Sn. (C) Schematic of a ZFB
assembled with LM. C/C, catholyte in oxidized/reduced state.

thermodynamics. Approaches such as hydrophilic solubilizers, zinc-pyrophosphate complex electrolytes, and
liquid-metal electrolytes can improve zinc-ion transference, prolong Sand's time, promote dense and
uniform zinc deposition, and mitigate local concentration polarization. In particular, these strategies either
stabilize the coordination environment of Zn** to guide dendrite-free electrodeposition or fundamentally
alter the zinc deposition pathway, thereby reducing dendrite formation and enhancing cycling stability.
Therefore, electrolyte engineering not only provides an effective means to inhibit zinc dendrites but also
offers significant potential to improve the capacity, durability, and practical viability of high-performance
ZFBs.

Electrode modification

The electrode provides both electrochemically active sites and mass-transport pathways for the
electrochemical reaction”"*?), and is therefore a crucial component of the system'*. With the ongoing
development of materials science and engineering'*”, electrode modification has become an effective strategy
for improving battery performance®. In ZFBs, dendrites tend to form readily on the anode during
charging”®, making anode optimization particularly important””. Current electrode modification strategies
mainly include bonding metal species to the substrate®, constructing oriented graphene structures via
electrospray”, and related approaches.

Carbon materials, including graphene, carbon nanotubes, carbon fibers/carbon cloth, and porous carbon, are
widely employed to modify and protect zinc metal anodes owing to their high electrical conductivity,
abundant porosity, outstanding mechanical properties, and low cost. The high specific surface area of certain
three-dimensional conductive substrates, such as carbon cloth, carbon felt, and graphene aerogels,
substantially reduces the local current density, thereby delaying or suppressing the nucleation of zinc
dendrites. Widely used as conductive current collectors and zinc storage hosts, these 3D carbon materials
possess extensive internal pores that can accommodate the volume changes of zinc during repeated zinc
deposition/dissolution cycles, thus mitigating macroscopic electrode deformation"*’. Moreover, some
carbon materials have been doped with heteroatoms such as nitrogen, oxygen, sulfur, and phosphorus. These
non-carbon atoms effectively induce local electronic rearrangement, creating strong "zincophilic active sites"
that facilitate uniform nucleation of zinc ions, thereby avoiding the tip effect and guiding the oriented,
smooth growth of zinc crystals along energetically stable crystallographic planes"".

Finite element simulation shows that the in-plane pores of graphene can alleviate structural stress and inhibit
dendrite growth by uniformly distributing zinc-ion flux across the material’*?!. The formation of metal-
substrate bonding at the electrode interface can increase the chemical potential for zinc nucleation, thereby
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Figure 5. Scanning electron microscopy (SEM) of zinc deposits on graphene-coated stainless steel. Reprinted with permission fromt#,
Copyright 2019, The American Association for the Advancement of Science. SEM deposition times: (A and B) 40 s, (C and D) 2 min, and
(E and F) 12 min. Current density: 4 mA cm™.

lowering the nucleation overpotential and promoting uniform zinc deposition"*”. During charging, forming
an electrochemically inert interface with appropriate metal symmetry and lattice parameters can effectively
facilitate heteroepitaxial nucleation of zinc in a nearly strain-free state, thereby suppressing disordered
dendrite growth [Figure 5A-D]. Once the deposited zinc fully covers the three-dimensional carbon felt
substrate, the subsequent deposition process gradually shifts from heteroepitaxy to homoepitaxy, leading to
the formation of a uniform metal coating [Figure 5E and F]. Such an ordered interfacial structure provides
an ideal epitaxial growth template for zinc deposition and enables highly reversible deposition/stripping
behavior during cycling. At the anode, graphene-based electrodes can form Zn-graphene bonds, thereby
precisely controlling the morphology of zinc deposition and suppressing parasitic side reactions. Epitaxial
deposition of zinc yields substantial noticeable improvements in reversibility (CE > 99% over 1,000 cycles).
The improvement could stem from the suppression of hydrogen evolution and other side reactions. In
addition, constructing macro-textured substrates and preferentially exposing crystal planes with low lattice
mismatch are beneficial for achieving large-area uniform epitaxial deposition. These strategies provide
important guidance for the development of high-energy-density, long-lifespan ZFBs"**.

Another case of electrode modification for dendrite suppression involves leveraging electrostatic forces"**.
Given its large-scale applicability and cost, electrospray, a mature industrial technology, is singled out as a
good candidate for 3D electrode interfacial engineering'”. The electrostatic spraying deposition (ESD)
technique can be used to construct a 3D porous reduced graphene oxide (rGO) coating on the surface of the
zinc anode. The 3D porous rGO layer not only provides abundant channels for zinc-ion transport but also
homogenizes the interfacial electric-field distribution, thereby effectively inhibiting dendrite growth and side
reactions!"*”. The deposition amount of graphene can be precisely controlled by adjusting the electrostatic
spraying time and flow rate!"”, thereby enabling the formation of thin-layer, highly aligned graphene
structures"””). Key steps include: (1) constructing a graphene-textured layer with consistent orientation on
the macroscopic 3D structure surface via electrostatic spraying [Figure 6A], and (2) regulating interfacial Zn-
C bonding, which stabilizes the electrode/electrolyte interface, effectively suppresses zinc dendrite growth
and concurrently mitigates hydrogen evolution side reactions. This approach allows for long-term stability
even under high areal capacity (25 mAh cm™?) and high-power density (115 mW cm™) conditions. Compared
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Figure 6. Interfacial designing for anode substrates. Reprinted with permission from®®, Copyright 2022, The American Association for the
Advancement of Science. (A) Schematic illustrating the electrospray process used to manufacture textured graphene coatings, enabling
reversible zinc electrodeposition. (B) X-ray diffraction (XRD) pattern of graphene coatings prepared via the standard doctor-blade (DG)
method and the electrospray (EG) methodology. Inset: magnification of the (101) and (004) planes, highlighting the selectivity for
crystallinity achieved by electrospray coatings. (C) Raman spectrum for graphene coatings fabricated by the doctor-blade and
electrospray methods. Inset: D/G band intensity ratio. (D) Current density-potential curves illustrating variations in the HER current for
blank carbon (CF), DG@CF, and EG@CF substrates. (E) XRD analysis of zinc deposits after cycling on blank CF and EG@CF. (F) CE of
blank CF, DG@CF, and EG@CF. (G) Zinc deposition morphology on blank CF and EG@CF after 10 cycles at 40 mA cm?, 20 mAh cm™2. a. u.:
arbitrary units.

with graphene prepared via the doctor-blade shear method (DG), electrospray graphene (EG) exhibits
superior performance. X-ray diffraction analysis shows that the EG layer primarily exposes the (002) plane
[Figure 6B]. Raman spectroscopy indicates a reduced D/G band ratio, demonstrating improved alignment of
the graphene layers under the electrostatic forces [Figure 6C]. Significantly, graphene aligned by electrostatic
force can not only regulate the zinc electrodeposition but also lower the HER catalytic activity, which may
result from less edge exposure since edge sites are generally regarded as catalytically active sites. The current
density distribution of EG@CF is more uniform and orderly [Figure 6D]. After 20 cycles, the EG@CF surface
exhibits less ZnO byproduct [Figure 6E], indicating suppressed hydrogen evolution. During discharge, zinc is
stripped while the substrate remains intact, achieving a coulombic efficiency above 99.5% and stable cycling
over 300 cycles, compared with the blank CF (98%, 150 cycles) and DG@CF (98.5%, 120 cycles) [Figure 6F].
Even at a larger scale, the EG@CF surface remains uniform and smooth [Figure 6G]"".

In summary, electrode modification plays a critical role in improving the performance and stability of ZFBs
by regulating zinc nucleation, deposition morphology, and interfacial reactions. Strategies such as forming
metal-substrate bonding and constructing epitaxially matched interfaces enhance the chemical potential for
zinc nucleation, lower overpotentials, and promote uniform zinc deposition, effectively suppressing dendrite
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growth. Graphene-based electrodes, whether integrated via lattice-matched interfaces or fabricated through
electrostatic spraying, provide ordered epitaxial templates that stabilize the electrode-electrolyte interface,
reduce parasitic side reactions, and enable highly reversible zinc deposition/stripping. Notably, electrospray
graphene allows precise control over layer thickness and alignment, resulting in uniform current density
distribution, suppressed HER, minimal ZnO byproduct formation, and exceptional cycling stability even
under high areal capacity and power density conditions. Together, these approaches highlight the
importance of tailored electrode design for achieving high-energy-density and long-lasting ZFBs and provide
valuable guidance for future research on advanced zinc electrode architectures.

Separator design
In ZFBs, the function of the separator is to selectively allow the passage of specific ions!

43]

while maintaining
electrical neutrality during operation"**!. However, the separators are prone to being pierced by zinc
dendrites™. Current strategies for separator modification focus on simultaneously improving selectivity and
conductivity by tuning pore structures”?, surface coating treatments'*, and chemical functionalization of
the membrane surfaces''*.. Only a few researchers have attempted to design high-performance separators
with dendrite-suppressing properties*®. The structural and surface properties of the separator play a critical
role in influencing zinc dendrite formation. The use of high-strength, microporous separators, such as
modified cellulose or inorganic composite membranes, enables their robust frameworks to physically block
dendrite penetration, effectively preventing internal short circuits within the battery"'*"'?. In addition,
coating or in situ growth of functional layers (e.g., metal oxides or carbon-based materials) on the separator
surface introduces abundant zincophilic nucleation sites'"*. This not only reduces the local electric field
intensity and mitigates the tip effect but also promotes uniform and smooth zinc deposition on the anode"*.
Furthermore, fine-tuning the surface chemistry of the separator to coordinate with Zn** preferentially can
effectively repel or restrict water molecules from participating in electrode reactions, thereby suppressing
hydrogen evolution and byproduct formation at their source!'”’.

Among the above-mentioned approaches, one effective method involves introducing negatively charged
nanoporous membranes, such as PES/SPEEK membranes'*. The sulfonic acid groups (-SO,’) on the
membrane surface and pore walls generate strong electrostatic repulsion with zincate ions (Zn(OH),”) in the
electrolyte [Figure 7]. This repulsion directs zincate ions away from the membrane interface during
electrodeposition, promoting deposition toward the 3D carbon felt framework. Such a "reverse deposition"
mechanism significantly reduces the risk of zinc dendrite penetration through the membrane. Even if
dendrites form, they grow in the direction opposite to the membrane, preventing membrane damage and
avoiding short circuits. Based on the above considerations, an alkaline zinc-iron flow battery with the
membrane affords stable performance for about 240 cycles, free of zinc dendrite accumulation, at current
densities ranging from 80 to 160 mA cm™. Furthermore, zinc deposited within the internal carbon felt
structure forms a tightly integrated composite with the conductive framework, creating an effective carbon
felt/metallic zinc composite electrode. This design enhances zinc utilization and cycle stability, mitigates
polarization and capacity decay, and provides critical support for long-term operation of alkaline ZFBs!!.

In summary, separator modification is an effective strategy for suppressing zinc dendrite growth in ZFBs by
regulating ion transport and deposition behavior. Conventional approaches, including pore structure tuning,
surface coating, and chemical functionalization, can improve ion selectivity and mitigate active-species
crossover. In particular, negatively charged nanoporous membranes such as PES/SPEEK membranes can
electrostatically repel zincate ions, thereby inducing a "reverse deposition” mechanism in which zinc
preferentially deposits within the 3D carbon felt framework rather than near the membrane surface. This not
only reduces the risk of dendrite penetration and membrane damage, but also promotes the formation of a
stable carbon felt/metallic zinc composite electrode, thereby enhancing zinc utilization, improving cycling

stability, and reducing polarization and capacity decay.



Jiang et al. Energy Mater. 2026, 6, 600082 Page 11 of 18

P15-2

|P20-2

Figure 7. Cross-section morphologies of the PES/SPEEK membranes. Reprinted from Ref.72, In PX, X denotes the content of sulfonated
poly(ether ether ketone) (SPEEK) in the polymer matrix; for instance, the P20 contains 20 wt% SPEEK. PX-1and PX-2 show PX at different
magnifications. The scale bars for PX, PX-1, and PX-2 are 10 um, 1 um, and 100 nm, respectively.

Operation regulation

In addition to the design strategies discussed above, critical operating parameters, including current density
and flow rate, significantly influence zinc dendrite formation. Under real flow conditions, dendritic growth
becomes more complex. Researchers have used multi-scale phase-field methods to study the formation,
growth, and delamination of dendrites in ZFBs, systematically quantifying the conditions that trigger
dendrite formation at low temperatures, low concentrations, low flow rates, and high current densities"'*.
Research has shown that flowing electrolytes not only enhance ion convective transport but also suppress
surface dendrite branching, thereby achieving a uniform distribution of concentration gradients and dense
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deposition. Meanwhile, the flow of the electrolyte significantly suppressed the concentration overpotential,
and charging under no-flow conditions will fail outright, demonstrating the differences between ZFBs and
static aqueous zinc-ion batteries”.

Theoretically, a sufficiently fast electrolyte flow can regulate the concentration distribution, thereby
achieving uniform Zn deposition. Nevertheless, Ito et al. found that dendrite formation is not suppressed
even at a high flow velocity of 15 cm s during a 1 C charge, with the growth trajectory curving in the
direction of the electrolyte stream"'*\. Later studies reveal that Zn deposit morphology in flowing electrolyte
is controlled by the ratio of applied current density to the diffusion-limited current density, which itself
varies with flow rate and zinc salt concentration"!. Xiao et al. employed a 3D model to simulate mass
transport behavior in the flowing electrolyte. The results indicate that the near-electrode-surface flow
velocity was close to zero, suggesting that concentration polarization cannot be eliminated in flow
batteries"*". From this perspective, increasing the flow rate improves Zn deposition uniformity, but it cannot
fully eliminate dendrites, as dendrite growth also depends on current density and other operating conditions.
Overall, a low current density, a low deposition capacity, and a high flow rate promote uniform zinc
distribution, thereby reducing the formation of zinc dendrites. The current low zinc deposition area capacity
is generally 20 mAh cm?, and the relatively low current density is 50 mA cm™"').

At present, ZFBs have progressed from laboratory research to demonstration and pilot deployment.
According to published reports, the U.S. Department of Energy has established a capital cost target of
approximately $150 kWh' for long-duration energy storage systems, along with a levelized cost of energy
below $0.10 kWh™, a round-trip efficiency exceeding 80%, and a cycle life greater than 5,000 cycles'*. Since
commercially available lithium iron phosphate batteries already meet these performance targets, ZFBs must
achieve comparable metrics to demonstrate competitive engineering and economic viability""**. Specifically,
increasing the operating current density can enhance battery power density, thereby reducing stack size and
associated capital costs!?*). Meanwhile, increasing the deposition areal capacity improves electrolyte
utilization, thereby reducing electrolyte-related costs!'**). However, battery cost evaluation requires
consideration of multiple factors, including the cathode material, battery chemistry, system configuration,
charge-discharge power, and energy efficiency.

CONCLUSION AND OUTLOOK

In conclusion, zinc dendrite growth remains a major obstacle to the practical deployment of ZFBs because it
undermines cycling stability, coulombic efficiency, and operational safety. Dendrite formation results from
the combined effects of nonuniform electric fields, uneven ion transport, interfacial reaction heterogeneity,
and parasitic side reactions, which promote localized zinc nucleation and self-amplifying growth.
Considerable progress has been made through electrolyte engineering, anode modification, separator design,
and operating-condition regulation. Although these strategies act through different mechanisms, they
generally seek to homogenize zinc-ion transport and interfacial reactions while regulating zinc nucleation
and growth. However, most approaches involve unavoidable trade-offs. Higher electrolyte flow rates reduce
concentration polarization but increase pumping losses; thinner separators lower ohmic resistance but
intensify active-species crossover; and protective additives can suppress dendrite growth and corrosion while
increasing charge-transfer resistance. Therefore, dendrite-control strategies should be evaluated at the full-
cell level, with balanced consideration of electrochemical performance, energy efficiency, durability, safety,
and system cost.

Further progress requires a deeper understanding of dendrite evolution and greater emphasis on practical
operating conditions. In particular, the effects of dendrite morphology, dead-zinc accumulation, and coupled
side reactions on long-term battery performance remain insufficiently understood. Future research should
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clarify the dynamic processes of zinc nucleation, growth, and dissolution under realistic electrolyte flow,
current-density, and areal-capacity conditions; develop integrated strategies combining electrolyte, anode,
separator, and operational regulation; establish standardized and reproducible testing protocols; and assess
long-term stability, scalability, cost, and component compatibility. Addressing the interactions and trade-offs
among different regulation methods will be essential for translating laboratory-scale improvements into
reliable ZFB systems. With advances in mechanistic understanding, standardized evaluation, and
application-oriented design, ZFBs could become a competitive technology for safe, low-cost, and large-scale
energy storage.
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