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ABSTRACT

Aqueous zinc-ion batteries (ZIBs) have garnered extensive attention due to their advantages of high energy density, low cost, and
high safety. However, the practical applications of ZIBs face several crucial challenges, including the uncontrolled growth of zinc
dendrites, the parasitic hydrogen evolution reaction, and anode corrosion. These detrimental effects compromise the electrochem-
ical performance of ZIBs, leading to low Coulombic efficiency, short cycle life, and even short-circuit failure. Separator
engineering is one of the key approaches to addressing these issues. In this review, we systematically discuss the regulation
of zinc anodes through separator engineering. Firstly, we introduce the composition and basic principles of ZIBs. Secondly, effec-
tive strategies for regulating zinc anodes through separator engineering are discussed in terms of the modification of commonly
used glass fiber (GF) separators and the development of novel separators. Finally, conclusions and an outlook are provided,
offering valuable guidance for developing high-performance separator materials of ZIBs. Overall, this review summarizes the
current development status of separators, offers perspectives on future development directions, and provides guidance for
the advancement of ZIBs.

1 | Introduction and cost-effectiveness is the core direction to break through

With the rapid consumption of fossil fuels, the exploitation of these bottlenecks [11].

renewable clean energy has attracted growing attention. Aqueous zinc-ion batteries (ZIBs) are regarded as one of the most

Therefore, exploring new technical approaches to develop
advanced energy storage systems has become a key focus of
contemporary research [1-3]. Lithium-ion batteries(LIBs)
possess characteristics, such as high energy density
(100-300Wh kg™"), long cycle life, and low self-discharge rate,
which have been widely used in electronics, new energy
vehicles, and energy storage systems [4-9]. However, lith-
ium-ion batteries currently face challenges, such as approach-
ing the theoretical limit of energy density, resource dependence,
high costs, safety risks, and poor adaptability to extreme envi-
ronments [10]. Developing new battery systems with high safety

promising alternatives for beyond lithium-ion battery systems.
Zinc anodes have a high theoretical capacity of about
820 mAh g™ and low electrochemical potential (—0.762V vs.
SHE), allowing ZIBs to achieve high energy density [12-14].
Due to their inherent advantages, ZIBs have emerged as promis-
ing candidates for next-generation energy storage devices. They
feature high safety, low cost, abundant zinc resources, environ-
mental friendliness, and good rate performance. Benefiting from
these merits, ZIBs show great potential in large-scale energy stor-
age systems, smart grids, wearable electronics, and low-power
portable devices, especially under wide-temperature conditions
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[15]. In comparison to LIBs, which currently dominate the con-
sumer electronics and electric vehicle markets, ZIBs offer distinct
advantages in terms of safety (being inherently nonflammable),
cost (owing to the abundant and inexpensive zinc resources), and
environmental friendliness. They are particularly suitable for
applications highly sensitive to safety and cost, such as large-
scale energy storage, short-distance transportation, and wearable
devices. While LIBs target the high-energy-density market, aque-
ous ZIBs offer a highly attractive solution for building a safer,
more sustainable, and lower-cost energy storage future [16-18].

However, ZIBs inevitably face significant challenges during
cycling, which severely hinder their practical applications. A
critical challenge facing ZIBs is the detrimental growth of zinc
dendrites [19, 20]. The essence is that the zinc deposition on
the surface of the zinc anode is uneven and forms needle-like
crystals, which pierce the separator, consume the electrolyte
and negative electrode, and shorten the battery life [21].
Another critical issue is the hydrogen evolution reaction
(HER) on zinc anodes. The generation of hydrogen increases
the internal pressure of ZIBs, causing battery swelling and
hindering ion transport [22, 23]. Moreover, HER reduces the
concentration of the electrolyte, which may lead to electrolyte
precipitation in severe cases, deteriorating the battery’s cycling
performance [24]. In addition, the corrosion of zinc anodes in
Z1Bs refers to the oxidation/dissolution reaction of zinc anodes
in the electrolyte, which will seriously affect the stability and
cycle-life of ZIBs. It will also lead to the appearance of holes
and powdering on the surface of the zinc anode, leading to
the collapse of the anode structure [25].

The above-mentioned challenges pose significant obstacles to the
development and practical application of ZIBs. Therefore,
numerous efforts have been made to tackle these problems from
the perspectives of cathode, anodes, separators, and electrolytes,
and so on [26-28]. For instance, Fang et al. proposed a kinetic
modulation strategy leveraging a spatial electrostatic field layer,
which constructed the conjugated system of tetrasulfonated
cobalt phthalocyanine (CoPcS;) to boost the preferential Zn
(002)-oriented deposition [29]. Both experimental characteriza-
tions and theoretical computations verified that CoPcS, can
selectively adsorb onto the electrode surface and form a stable
solid electrolyte interphase (SEI), thereby isolating the zinc
anode from direct contact with the aqueous electrolyte. The
DSFF electrolyte developed by Heo et al.—incorporating
dimethyl sulfoxide (DMSO) as the cosolvent and trifluoroethyl
formate (FF) as the additive—enabled the formation of a SEI
enriched with ZnF, and ZnS [30]. This SEI effectively inhibited
HER and zinc dendrite growth, endowing the zinc electrode with
an ultra-long cycle life of 5500 hr and a CE as high as 99.8%. Both
Zn//PANTI full cells and pouch cells compatible with this electro-
lyte demonstrated exceptional cycling stability, rate capability,
and energy density under diverse temperature and mass loading
conditions. This study offers a novel insight and universal frame-
work for the electrolyte design of high-performance aqueous zinc
batteries.

In recent years, research on ZIBs has intensified significantly
with respect to electrolytes, Zn anodes, and cathodes, establish-
ing it as a highly active and rapidly evolving field within
battery research. Regarding electrolytes, Liu et al. developed
a ‘polymer-encapsulated water’ gel electrolyte with only
20% water content through weak-solvation-monomer-guided

polymerization, which maintains a high ionic conductivity of
0.36mScm™' even at -70°C [31]. Meanwhile, inspired by
food-grade gelatin, Yang et al. designed a thermoreversible
sol-gel gelatin-based hydrogel electrolyte that forms a confor-
mal interface on the electrode surface and constructs uniform
Zn** transport channels via SO,*-bridged helical gelatin chains
[32]. This not only guides uniform zinc deposition but also
dynamically repairs interfacial gaps generated during cycling.

In terms of zinc anode protective layers, Guo et al. proposed a
high-strength biomimetic interfacial layer inspired by the
‘brick-mortar’ structure of shells. Combining a high Young’s
modulus of up to 9.8 GPa with an ionic conductivity of 2.1 mS
cm™, it effectively suppresses zinc dendrite growth and promotes
uniform deposition [33]. Zhao et al., inspired by the tolerance
mechanisms of extremophyte cell membranes, introduced a tol-
erance-based interfacial engineering strategy using Pyrostatin B
(PyrB) molecules to enhance the cycling stability of zinc anodes
under high rates [34]. Through strong electrostatic interactions, a
stable molecular layer self-assembles on the zinc anode surface,
which not only facilitates Zn>* desolvation and transport and
suppresses dendrite growth but also effectively isolates water
molecules and reduces side reactions [35].

On the cathode side, Liu et al. proposed the dipeptide molecule
aspartame (APM) as an additive to regulate the stripping process
of zinc anodes [36]. APM forms an adsorption layer on the zinc
surface via its negatively charged centers, increasing the stripping
overpotential and promoting uniform zinc dissolution, while its
hydrophobic groups repel water molecules and suppress side
reactions. Yang et al. proposed a novel cation-screening strategy
by intercalating strontium ions (Sr**) into layered 8-MnO, [37].
During charging, partially released Sr** reacts in situ with sulfate
ions in the electrolyte to form an SrSO, interfacial layer. This
interphase combines electronic insulation with ionic conduction,
effectively inhibiting manganese dissolution, promoting zinc-ion
desolvation, and stabilizing the electrode structure.

Separator engineering is one of the key approaches to addressing
these issues facing ZIBs. The separator is a crucial component of
ZIBs. Although it does not participate in the reaction, its perfor-
mance directly affects the battery’s service life, performance,
safety, and other aspects [38]. In ideal conditions, a separator
should exhibit infinitely high electronic resistance and ion
resistance approaching zero. The resistivity of polymer separators
typically ranges from 10** to 10'* Q cm. However, ion resistivity
is affected by the tortuosity of limited porosity and open porous
structures, which elongates the average path of ion current.
Therefore, designing separators with high porosity and uniform
pore diameters while ensuring mechanical strength has become a
critical research direction [39].

Among them, glass fiber (GF) separators are widely used in ZIBs
due to their excellent hydrophilicity, porosity, and ion transport
capability [40, 41]. However, the poor ionic conductivity of GF
affects the reaction rate and reversibility of ZIBs [42].
Additionally, the large pores of GF lead to uneven deposition
of zinc ions, causing the formation of zinc dendrites.
Moreover, the insufficient mechanical properties of GF separa-
tors allow zinc dendrites to pierce through the separator, posing
hazards to the battery [43]. In addition, some novel separators
have been used in ZIBs, such as cellulose separators, which
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exhibit high mechanical strength, excellent hydrophilicity, and
good insulating properties [44-46].

Previous reviews primarily focus on material summaries. For
instance, Li et al. introduced two optimization strategies:
one involves material modifications to commonly used GF sep-
arators, and the other focuses on developing novel separators
[47]. Zong et al. analyzed the key roles of functionalized
separators in homogenizing zinc ion transport, suppressing
dendrite growth, preventing cathode dissolution, and blocking
shuttling dissolved ions, providing a detailed introduction to
various preparation techniques [48]. Additionally, Li et al.
reviewed improvement strategies for zinc-ion battery separa-
tors, analyzed their key performance requirements, and
discussed in detail optimization methods and their impact
on battery performance for different types of separators such
as GF, cellulose, and polymers [49]. In contrast, this review
breaks through the traditional perception of separators merely
as physical barriers and focuses on “separator engineering” for
actively regulating performance of Zn anodes. We systemati-
cally categorize separator strategies for stable zinc anodes into
two main pathways: surface functionalization of commercial
GF separators and the development of novel separators such
as cellulose-based, biomass-derived, and Janus-structured
materials. Furthermore, this review delves into the mecha-
nisms by which these materials stabilize zinc anodes—by
regulating ion transport, guiding uniform deposition, and
suppressing side reactions. Finally, we propose practical and
promising research directions for separator engineering, which
provide useful insights into developing high-performance and
stable ZIBs.

In this review, we systematically summarize the latest advances
of separator engineering for addressing the critical challenges
facing zinc anodes in ZIBs. Firstly, the configurations and
reaction principles of ZIBs are presented. Then, we summarize
strategies for regulating zinc anodes through separator engineer-
ing, which is divided into two aspects: modification of commonly
used GF separators and development of novel separators
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(Figure 1). Based on material types and modification methods,
their enhancement effects on zinc anodes are analyzed. The
mechanisms of separator engineering on the uniform migration
and deposition of Zn>*, suppressing dendrite growth, and inhib-
iting side reactions are discussed. Finally, conclusions and an
outlook are provided, offering valuable guidance for developing
high-performance separator materials of ZIBs.

2 | Reaction Principle and Interaction
Mechanism

2.1 | Basic Principles

Figure 2 presents the basic configurations of ZIBs. Typically,
ZIBs employ metallic zinc as the anode, a zinc-ion-rich aqueous
solution (such as ZnSO,) as the electrolyte, and materials capable
of reversibly hosting zinc ions (such as manganese dioxide or
vanadium-based oxides) as the cathode [50]. The essence of
the charging and discharging of ZIBs lies in the reversible
intercalation/deintercalation of Zn®* between the cathode and
anode. During discharging, the zinc anode undergoes oxidative
dissolution, and Zn** migrates to the cathode and intercalates
into the host materials. During charging, the reaction proceeds
in the reverse direction, where Zn** deintercalates from the cath-
ode and is reduced to metallic zinc through deposition on the
anode [51].

Numerous types of cathode materials have been developed in
ZIBs. Taking the most typical manganese dioxide (MnO,) cath-
ode as an example, the underlying reaction mechanism of the
MnO, cathode in Zn-MnO, batteries remains intricate, which
can be concisely summarized as [52]

Anode: Zn — 2e~ « Zn?* €))
Cathode:Zn?* +2e~ +2MnO, < ZnMn,0, )
Full battery reaction:Zn + MnO, < ZnMn,0, 3)

During battery cycling, a series of parasitic reactions occur, such
as HER, which spoil the zinc anode. HER alters the internal
pressure of ZIBs, which in turn causes electrolyte leakage and
consumption, ultimately leading to severe safety hazards. This
issue is particularly prominent in sealed battery systems.
During the progression of HER, the consumption of H* results
in an increased concentration of OH'in the region adjacent to the
anode surface. Subsequently, metallic zinc reacts with OH ions
to form Zn(OH),*. When Zn(OH),> reaches a supersaturated
state, it precipitates and transforms into Zn(OH),. The generated
Zn(OH), then undergoes a dehydration reaction, eventually
forming solid ZnO. The aforementioned reaction processes are
described in Equations (4) - (6), while the reaction corresponding
to the scenario where ZnSO, is present in the electrolyte is spec-
ified in Equation (7).

Zn(s) +40H~ « Zn(OH);™ +2e~ 4)
Zn(OH)?~ < Zn(OH),(s) +20H" 5)
FIGURE 1 | Schematic diagram of separator engineering for ZIBs. Zn(OH),(s) < ZnO - (s) + H,0 (6)
Batteries & Supercaps, 2026 3 of 27
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Zn2+

FIGURE 2 | Schematic diagram of basic configurations of ZIBs.

4Zn?* +S0,%~ + 60H~ +nH,0 < Zn,SO,(0H), - nH,0 (7)

This series of reactions involves multiple interfacial transforma-
tion and mass transfer processes, and the core issues that may
arise include: local electrolyte pH fluctuations caused by the
mismatch between the consumption and regeneration rates of
OH’ ions during the reaction, increased mass transfer resistance
induced by the uneven deposition and agglomeration of
Zn(OH),/ZnO products on the electrode surface, and intensified
reaction polarization resulting from the kinetic differences
among the multistep transformation reactions. All these issues
may affect the cycle stability, rate performance, and energy effi-
ciency of the battery [53].

2.2 | Interaction Mechanism

The molecular-level interaction mechanism at the functional
groups on the separator surface fundamentally relies on precisely
designed coordination or electrostatic interactions between
chemical groups and Zn>* to regulate the solvation structure
and transport behavior of zinc ions at the interface. For instance,
electron-rich functional groups such as carbonyl groups can par-
tially replace water molecules in the original hydration shell of
Zn**, weakening the solvation effect and reducing the desolva-
tion energy barrier. Simultaneously, these functional groups
form dynamic ion adsorption/release sites on the separator sur-
face, which homogenize the interfacial electric field distribution
and guide Zn*" to preferentially nucleate and undergo epitaxial
growth along low-energy crystal planes, such as the (002) plane.
This molecular-level interfacial engineering not only accelerates
ion transport kinetics but, more importantly, fundamentally sup-
presses the random growth of dendrites by inducing uniform ion
flux and nucleation site distribution. As a result, it achieves sig-
nificant improvements in the controllability of zinc deposition
morphology and cycling stability [54].

In addition, physical loading is also a core mechanism for regu-
lating zinc-ion deposition behavior. Its essence lies in introducing
nanomaterials with specific physical structures and surface prop-
erties to directly alter the microscopic morphology and interfacial
characteristics of the separator. These materials do not rely on
chemical bonding; instead, they leverage their lattice-matching

75 E

[Zn(H,0)]**

relationship with zinc metal, abundant surface functional
groups, and unique two-dimensional layered structure to con-
struct ordered ion transport channels and nucleation guidance
sites on the separator surface. For example, graphene oxide
(GO) not only absorbs and uniformly distributes Zn** through
its surface oxygen-containing functional groups but also utilizes
its small lattice mismatch with the zinc (002) crystal plane to
induce epitaxial deposition of Zn**. This physically constrains
the deposition direction and suppresses the vertical growth of
dendrites, ultimately significantly enhancing the cycling stability
and deposition reversibility of the battery under high current
densities [55].

The foregoing discussion outlines the basic configuration and
charge-discharge reaction mechanism of ZIBs, clarifying that
the intercalation/deintercalation of Zn** between the cathode
and anode constitutes the core process of battery charging and
discharging. Meanwhile, it reveals the molecular-level interac-
tion mechanism of functional groups on the separator surface,
specifically the regulation of the solvation structure and transport
behavior of zinc ions through coordination or electrostatic inter-
actions, as well as the approach of constructing ordered ion trans-
port channels via physical loading of nanomaterials. These two
aspects work synergistically to achieve uniform Zn** deposition,
suppress dendrite growth and side reactions, and thus enhance
the cycling stability of ZIBs.

3 | Critical Challenges Facing Stable Zn Anodes

3.1 | Uncontrolled Growth of Zinc Dendrites

ZIBs encounter various difficulties and challenges during cycling
(Figure 3), which is similar to Li ion/metal batteries [56-60]. The
growth of zinc dendrites in ZIBs leads to uneven deposition on
the zinc anode, separator piercing, and eventually battery failure
[61]. As a core component of the battery, the separator can inhibit
dendrite growth through multidimensional regulation: optimiz-
ing the pore structure of separators (e.g., constructing uniform
microporous channels suitable for zinc ion transport), introduc-
ing zinc-philic functional groups (such as hydroxyl and amino
groups) or ion-selective functional groups (such as sulfonic acid
and carboxyl groups) to improve zinc ion adsorption and uniform
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FIGURE 3 | Schematic diagram of challenges facing stable Zn anodes.

distribution, thereby reducing local ion concentration gradients;
adopting composite modification strategies (e.g., compounding
conductive nanoparticles, inorganic ceramic fillers, or polymer
coatings) to enhance the mechanical strength and interfacial
compatibility of separators, thus suppressing dendrite piercing;
designing functional separators to regulate zinc ion transport
kinetics and guide uniform zinc ion deposition. These
approaches synergistically inhibit zinc dendrite growth and
improve the long-term cycle stability of batteries [62].

3.2 | HER on Zn anodes

HER on Zn anodes leads to electrolyte consumption, decreased
battery CE, and potential safety hazards [63]. As a key regulatory
carrier, the separator can inhibit HER through multifunctional
design: introducing proton-selective barrier functional groups,
such as quaternary ammonium salts and -SOs;H or constructing
densified interfacial layers to reduce the adsorption and transport
efficiency of hydrogen ions on the electrode surface [64], thereby
weakening the thermodynamic driving force of HER; adopting
hydrophilic/ion-conductive composite modification (e.g., com-
pounding metal-organic frameworks (MOFs), ceramic nanopar-
ticles, or ion-exchange resins) to optimize electrolyte wettability
and zinc ion transference number, alleviating local hydrogen ion
enrichment; designing separators with electrocatalytic inhibition
functions, such as loading HER-inert catalysts or modifying
conductive components to increase the HER reaction energy
barrier, accelerate uniform zinc ion deposition, and enhance
the mechanical stability of the separator to avoid aggravated
HER caused by interfacial damage. These strategies synergisti-
cally suppress the hydrogen evolution side reaction and ensure
the electrochemical performance of the battery [65].

3.3 | Anode corrosion

Anode corrosion in ZIBs causes loss of zinc electrode materials,
electrolyte deterioration, and shortened cycle life,[28, 66-68]
which can be synergistically inhibited by the targeted design
of separators: introducing corrosion-inhibiting functional groups
to form a protective adsorption layer on the zinc electrode
surface; performing zinc-philic/ion-selective composite modifica-
tion to reduce the enrichment of corrosive media on the anode
surface; and adopting barrier-type functional separators to
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physically isolate corrosive factors while optimizing interfacial
stability, thereby ensuring the long-term electrochemical perfor-
mance of the battery [69].

In summary, the three primary challenges that restrict the stable
cycling of zinc anodes, namely the uncontrolled growth of zinc
dendrites, the hydrogen evolution side reaction, and anode cor-
rosion. Zinc dendrites can pierce the separator and cause internal
short circuits of the battery; HER consumes the electrolyte and
leads to battery swelling, thus reducing the Coulombic efficiency
(CE); anode corrosion results in structural pulverization and
failure of the zinc electrode. Separator engineering can address
problems in a targeted manner through approaches such as pore
structure optimization, introduction of functional groups and
composite modification, which act by regulating ion transport
and enhancing mechanical strength.

4 | Separator Engineering for Improving Zn
Anodes

Traditional ZIB separators (such as GF separators) primarily
serve the simple function of physically isolating the positive
and negative electrodes to prevent short circuits [70]. In con-
trast, separator engineering is a key approach to regulating
the performance of ZIBs, which involves the design and modi-
fication of separators through physical and chemical methods,
enabling them to actively regulate zinc deposition behavior,
inhibit zinc dendrite growth, suppress side reactions, and
enhance the overall battery performance. The mechanism
achieves precise regulation of ion migration and electrode inter-
face reactions through separator structural design, interface
modification, and functionalization. Designing separators with
confinement effects can prevent the growth of zinc dendrites,
avoiding battery short-circuit failure. By regulating the pore
size, porosity, and hydrophilic-hydrophobic properties of the
separator, the Zn** ion conductivity can be improved, thus
enhancing the reaction kinetics. Furthermore, separator engi-
neering can block excessive contact between electrodes and
electrolytes, reducing side reactions, zinc anode passivation,
and cathode dissolution, thereby improving battery CE and
cycle stability [71]. The specific strategies for separator engi-
neering mainly include: (1) surface modification of separators
(e.g., coating nanomaterials or MOFs) to optimize the wettabil-
ity and chemical interactions at the electrode-separator
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interface, guide uniform Zn*" deposition, and reduce interface
side reactions and impedance and (2) developing novel separa-
tor structures to construct ordered pore structures, enhance
electrolyte wettability, and regulate zinc ion flux for uniform
deposition [72].

4.1 | Surface modification of GF separators

GF separators are one of the most commonly used separators in
ZIBs due to their high porosity, favorable hydrophilicity, excel-
lent chemical stability, and low cost [68, 73]. However, they also
possess several defects, which limit cycling stability and the
safety of ZIBs. The most critical drawback of GF separators is
the poor mechanical strength. GF separators with less flexibility
are inherently brittle and prone to tearing or pulverization under
pressure during battery assembly or cycling. More importantly,
their low puncture resistance fails to effectively block the growth
of zinc dendrites, rendering internal short circuits in batteries. In
addition, the ionic conductivity of GF separators is lower than
that of polymer composite separators, resulting in a low Zn**
transference number. Furthermore, the pore structure of GF
separators is disordered, and the size distribution is wide (mostly
micron-scale), thus failing to effectively guide uniform zinc ion
flux. This exacerbates uneven Zn** deposition and promotes zinc
dendrite growth. Therefore, rational surface modification of GF
separators can significantly overcome these issues [74].

4.1.1 | MOF modified GF separators

In situ modification of MOFs on GF separators is able to effec-
tively regulate the distribution of zinc ions through zinc affinity,
thereby effectively inhibiting the growth of dendrites [75-77].
Zeolitic imidazolate framework (ZIF) as functional modification
materials for ZIBs possess regular, ordered, size-tunable nano-
channels and strong chemical stability. These advantages allow
them to guide uniform deposition of Zn?t, improve ion sieving,
and block excessive contact between electrodes and electrolytes,
which effectively inhibit zinc dendrites, optimize ion transport,
and suppress side reactions. For instance, ZIF-8 has been coated
on the GF separator to improve the performance of ZIBs. The
insulating property of ZIF-8 can reduce HER, the hydrophobicity
can prevent the occurrence of side reactions, and the ordered
nanochannels can promote the uniform deposition of Zn**
[78, 79]. Zhang et al. in situ synthesized ZIF-8 on GF via a hydro-
thermal method [80]. The high nitrogen content of ZIF-8
effectively regulated [Zn(H,0)s]** to reduce hydrogen produc-
tion. Its abundant nanochannels enabled localized effects that
promoted uniform Zn>* deposition, thereby inhibiting dendrite
formation. Moreover, scanning electron microscopy (SEM)
images reveal that the synthesized ZIF-8-GF is denser, which
promotes more uniform deposition of Zn>* (Figure 4a,b).
Furthermore, ZIF-8 contains elements such as C, O, and Zn
(Figure 4c). At 1.2 A g™', the Zn//MnO, battery assembled with
ZIF-8-GF exhibited higher capacity retention and discharge
capacity, which confirmed its better cycle performance.

Beyond ZIF-8, other ZIF variants have been investigated for
separator modification in ZIBs. Hao et al. coated a three-
dimensional hexapod fluorinated zeolite imidazolium
framework (H-F-ZIF) scaffold onto GF and applied it in ZIBs
[81]. The strong electrostatic interaction between fluorine

functional groups (-CF5) and 15" effectively anchored polyiodides.
SEM observation in Figure 4d reveals an orthogonal structure of
the H-F-ZIF, while high-magnification SEM shows a more
detailed morphology: a cross-shaped prism (Figure 4e). This
structure significantly increased the specific surface area in con-
tact with the electrolyte. Additionally, the elemental distribution
of C, Zn, N, and F was highly uniform, confirming successful
fluorine incorporation (Figure 4f). Density functional theory
(DFT) calculations were performed to investigate the adsorption
properties of I3” on H-F-ZIF and ZIF-8. First, the binding
free energy of I;” with the Zn**-imidazole (Melm) unit in ZIF-
8 was —0.47¢eV, while that of I;7 with the Zn>**-imidazole-
trifluoroacetate (Melm-TFA) unit in H-F-ZIF was —0.64¢eV.
This result indicated that the -CF; group can enhance the adsorp-
tion of Iy’ (Figure 4g). The adsorption energy of I;” on ZIF-8 was
—0.56 eV, and that on H-F-ZIF was —0.95 eV, confirming that the
electron-withdrawing -CF; group can effectively strengthen the
adsorption capacity for I (Figure 4h).

Ui0-66, a Zr-based MOF, when modified on separators, can
effectively enhance carrier transport capacity, exhibit corrosion
resistance, and suppress dendrite formation [82]. The large spe-
cific surface area can promote redox kinetics. Additionally,
UiO-66 exhibits more stable chemical properties in weakly acidic
electrolytes [83]. For example, Song et al. developed high-
performance ZIBs by modifying UiO-66 on the GF separator,
resulting in the UiO-66-GF composite material [84]. UiO-66-
GF promoted zinc ion growth on the (002) plane, ultimately
forming dendrite-free zinc deposits (Figure 5a-b). Results show
that at 2.0 mA cm™>, the ZnlUiO-66-GF-2.2IZn symmetric cell
exhibited good plating/stripping reversibility and a cycle life over
1650 h. The ZnlUiO-66-GF-2.2IMnO, full cell achieved 85%
capacity retention after 1000 cycles with excellent long-term
stability. Rational design and application of multifunctional
MOF-modified separators offer valuable guidance for high-
performance and long-cycle-life ZIBs.

In addition to pristine UiO-66, sulfonated derivatives such as
UiO-S2 have demonstrated enhanced functionality in separator
modification. Chen et al. developed a novel stabilization strategy
for zinc anodes in ZIBs by modifying GF separators with -SO;H
functionalized UiO-66 [85]. Bis-sulfonate UiO-66 (UiO-S2) was
prepared via the postsynthetic oxidation of dithiol-functionalized
Ui0-66 (denoted as UiO-SH). Specifically, the reaction between
2,5-dimercapto-1,4-benzenedicarboxylic acid and ZrCl, resulted
in the precipitation of UiO-SH. For comparison, UiO-S1 and
UiO-66 were synthesized by a one-step solvothermal method
(Figure 5c). The sulfonate-functionalized UiO-66 GF separator
(GF@UiO-S2) leveraged strong zinc-affinity interactions
between -SO;H groups and Zn** ions, achieving both uniform
ion flux distribution and accelerated ion migration kinetics.
During Zn** deposition, -SOsH provided effective protection
for the zinc anode, while bis-sulfonic acid groups demonstrated
superior affinity for promoting rapid desolvation of zinc, thereby
reducing corrosion (Figure 5d).

4.1.2 | Polymer Modified GF Separators

Polymers can effectively optimize ion transport, suppress den-
drite growth and side reactions, and enhance the mechanical
properties of batteries [86-89]. Commonly used polymers include
polyimide (PI), polyacrylonitrile (PAN), and polyvinylidene
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FIGURE 4 | (a)SEM image of GF [80]. (b and c) SEM image of ZIF-8-GF and element mapping for C, O, Al, and Zn. Reproduced with permission
[80]. Copyright 2024, Elsevier. (d) FESEM image of H-F-ZIF [81]. (¢) FESEM and TEM images of H-F-ZIF particles in different orientations with the
insets showing the schematic models [81]. (f) Elemental mapping images of H-F-ZIF [81]. (g) Calculation models of the interaction between the I;~ ion
and Zn**-4Melm unit (left), and the I;~ ion and Zn**-3Melm-TFA unit (right) [81]. (h) DFT calculated absorption models of I;~ on the surface of ZIF
and H-F-ZIF. Reproduced with permission [81]. Copyright 2025, Wiley-VCH.

fluoride (PVDF). These polymers possess excellent properties.
For example, the carbonyl groups in the imide groups
(-CO-N-CO-) of PI can effectively adsorb Zn>*, facilitating
the rapid transport of Zn>*, reducing the nucleation overpoten-
tial, and accelerating the redox kinetics. In addition, the
-CN bonds in PAN can promote uniform distribution of the
electric field, enabling uniform deposition of Zn** and avoiding
the formation of zinc dendrites. PVDF has high mechanical
strength and excellent electrochemical stability. However, the
high crystallinity of PVDF separators leads to poor ionic conduc-
tivity. Therefore, the modification of PVDF with functional
groups or coordination bonds to improve ionic conductivity
has become a research focus [90].

In Z1Bs, PI-modified GF offers key advantages via structural com-
pounding and performance complementarity: enhanced
mechanical stability/anti-dendrite penetration, optimized elec-
trolyte wettability/ion transport, improved acid resistance/chem-
ical stability, and promoted uniform zinc deposition. They
balance mechanical support, ion transport, and interfacial stabil-
ity, boosting battery rate performance, cycle life, and safety.
Farva et al. developed a PI-functionalized GF separator (PI-
GF) via a simplified dip-coating method [91]. The imide groups

(-CO-N-CO-) in PI molecules exhibited strong zinc adsorption via
the carbonyl groups, which enhanced Zn** conduction, reduced
nucleation overpotential, and enabled rapid reaction kinetics.
This composite separator effectively mitigated concentration
polarization promoted uniform Zn** deposition to suppress den-
drite growth, and consequently significantly improved the stabil-
ity of zinc anodes. The results show that at 0.5mA cm™2, the
composite separator can ensure the battery stably cycles for
4000 h with stable cycling performance (Figure 6a). Under the
flame, the GF separator shrinks and deforms, while the compos-
ite separator only has a little carbonization, confirming that the
PI composite separator has high thermal stability (Figure 6b,c).
Furthermore, the highest occupied molecular orbital/lowest
unoccupied molecular orbital (HOMO/LUMO) energy level dia-
gram reveals that the PI molecule exhibits a narrow HOMO-
LUMO gap, which enhances the polymer monomer’s electrical
conductivity. This characteristic indicates that the modified PI
demonstrates superior electron transfer capability compared to
conventional PI (Figure 6d).

To further verify the universality of the modification effect of PI
on GF separators and optimize the preparation process for
broader applicability. Liu et al. fabricated a PI-functionalized
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FIGURE 5 | (a) GF and (b) UiO-66-GF-2.2. Reproduced with permission [84]. Copyright 2022, Springer Nature. (c) Illustration of the synthesis of
Ui0-S2 [85]. (d) GF@Ui0-66, GF@UiO-S1, and GF@UiO-S2 separators. Reproduced with permission [85]. Copyright 2025, Elsevier.

GF separator (PI-GF) via a simple drop-coating method [92].
Leveraging the strong adsorption of carbonyl groups in PI’s imide
moieties (-CO-N-CO-) toward zinc (Zn), they optimized Zn**
conduction efficiency, reduced nucleation overpotential, and
achieved rapid reaction kinetics. For the Cu//Zn battery system,
the cells equipped with the PI-GF separator exhibited excellent
overlap of charge-discharge voltage profiles at the 100th, 500th,
and even 1700 cycles, fully demonstrating outstanding electro-
chemical reversibility (Figure 6¢). Additionally, rate performance
tests of full cells with V,Os as the cathode and Zn as the anode
revealed that PI-GF delivered a higher discharge capacity of 235.5
mAh g~' (Figure 6f). This composite separator effectively miti-
gates concentration polarization, suppresses dendrite growth,
and significantly enhances the operational stability of zinc ano-
des (Figure 6g).

The porous structure of PAN can effectively regulate uneven
zinc ion deposition, and their rich nitrogen-containing groups
can fully absorb water to inhibit the occurrence of HER. Li
et al. mixed PAN and zinc bis(trifluoromethanesulfonyl)
imide (ZnTFSI) in a certain ratio in N, N-dimethylformamide
(DMF), and then in situ synthesized the mixture on GF via elec-
trospinning to prepare the PAN-ZnTFSI (PZ) fibrous separator
(Figure 7a) [93]. The denser pores of PZ enabled better deposition
of Zn**. Meanwhile, the electrospinning process caused the rear-
rangement and recombination of electric dipoles, endowing PZ
with lower crystallinity. The reduced crystalline further gave PZ
higher mechanical properties and a more uniform surface com-
pared with GF. Moreover, PZ possessed excellent wettability,
which facilitated the desolvation process and thereby reduced
the occurrence of side reactions. The results show that even at
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FIGURE 6 | (a) Voltage profiles of Zn//Zn symmetric cells with PI@GF at 0.5 mA cm™%/2.5 mAh cm™2 [91]; Flammability tests on (b) bare-GF
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2024, Elsevier. (e) Voltage profiles of the Zn//Cu battery with the PI-GF separator [92]. (f) Rate performances of full batteries based on GF and
PI-GF separators [92]; (g) Schematic illustration for the Zn deposition mechanism with GF and PI-GF separators. Reproduced with permission

[92]. Copyright 2024, Elsevier.

0.5A g‘l, the Zn//VO, full cell assembled with the PZ-GF com-
posite film exhibited exceptional long-cycle stability, achieving
1200 cycles with a capacity retention rate of 75%.

Building upon the modification effect of PAN-based composite
separators on regulating Zn>* deposition, a more elaborate
design of PAN separators was subsequently proposed. Fang
et al. designed a 3D long-range ordered PAN nanofiber separator
[94]. The N atoms on the surface of this separator can achieve
uniform distribution of ion flux and guide cation transport
through the formation of N-Zn coordination bonds, thereby
homogenizing the electric field distribution on the anode surface
and providing ordered guidance for the nucleation, growth, and
deposition of Zn>*. Benefiting from this functional group
regulation effect, the Zn symmetric cell equipped with the
PAN separator not only exhibited excellent long-term cycling

stability but also obtained a dendrite-free Zn deposition layer
with a preferred (101) crystallographic orientation. In addition,
the electric field distribution of the GF separator is nonuniform
(Figure 7b,c), whereas the electrostatic interaction between PAN
and Zn®*' enables uniform electric field distribution, which
promotes the uniform deposition of Zn** (Figure 7d,e).

PVDF modification of ZIBs separators can enhance the mechan-
ical properties of separators and inhibit the occurrence of side
reactions, but it suffers from poor ionic conductivity and strong
hydrophobicity. Wu et al. modified GF with a dispersion of
graphite fluoride nanosheets (GFN) and PVDF via vacuum filtra-
tion, successfully fabricating the GFNs-PVDF@GF composite
separator [95]. This modification strategy not only enhances
the ionic conductivity of the separator but also effectively
suppresses the occurrence of side reactions. Meanwhile, the
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composite separator significantly reduced =zinc dendrite
formation by blocking the migration flux of SO,*~. Benefiting
from its lower charge transfer resistance, the GFNs-PVDF@GF
composite separator exhibited superior redox kinetics. In addi-
tion, GFN possessed strong zinc philicity and high electronega-
tivity, a feature that inhibited the passivation of the zinc anode
while improving the reversibility of its deposition/dissolution
processes. In the model structure, Zn>* and SO,*~ are attracted
by fluorine atoms (Figure 7f,g), and the higher binding energy
between fluorine and Zn>* confirms its preferential adsorption
toward Zn>*(Figure 7h), accelerating the desolvation of Zn*'.
Results show that the Zn//MnO, full cell assembled with this
composite separator retained 92% of its initial capacity after
200 cycles at a current density of 1A g™

In addition to the composite modification strategy combining
PVDF with GFN, grafting modification of PVDF on GF separa-
tors has also been explored. Shen et al. modified the surface of GF
with PVDF via a grafting method, successfully fabricating the
PVDF@GF composite separator [96]. This modification strategy
can effectively achieve the uniform redistribution of Zn’t,
enhance the transport efficiency of Zn**, and suppress the occur-
rence of side reactions. After cycling tests, a large amount of
aggregated “dead zinc” and numerous by-products appeared
on the surface of the pristine GF separator, leading to the
irreversible loss of Zn?*. In contrast, the PVDF@GF composite
separator still maintained a relatively smooth surface morphol-
ogy, its original porous structure was well preserved, and the
reversibility of Zn deposition/dissolution was significantly
improved (Figure 7i). The results show that the Zn//Zn symmet-
ric cell with the PVDF@GF composite separator achieved
long-term cycling of 500h at a capacity density of 10 mAh
cm™?, demonstrating outstanding stability.

4.1.3 | Biomass Modified GF Separators

The recyclability of biomass materials confirms that they are
clean energy sources, meeting the needs of the current industry
[97]. Carbon-rich biomass-derived nanomaterials can still main-
tain their nanostructural properties, featuring advantages such as
self-assembly, abundant functional groups, and good stability
[98]. In addition, various elements such as Fe, N, and S can
be doped into biomass. This doping strategy not only produces
a synergistic effect—where the porous structure of the separator,
hydrophilic groups, and mechanical strength cooperate with
each other to both accelerate the desolvation of Zn>* and block
dendrite growth—but also enhances the redox kinetics of Zn**
[99]. More importantly, multielement doping induces the rear-
rangement of Zn>" at the interface, thereby enhancing the cata-
lytic efficiency [100]. Finally, the low cost and large-scale
preparability of biomass are its advantages and also what future
commercial batteries need [101].

By coating and gelifying natural chitosan (CS) on traditional GF
separators, Guo et al. prepared a zinc affinity CS-GF separator,
which can regulate the performance of zinc anodes [102]. The
uniformly distributed CS hydrogel layer on the GF surface
anchored a substantial amount of water molecules and hydrogen
ions in the electrolyte, reducing their reactivity and suppressing
side reactions. The functional groups of the CS-GF separator
interacted with zinc ions, accelerating their diffusion and migra-
tion kinetics while mitigating the zinc dendrite growth during

deposition. Additionally, the CS hydrogel layer enhanced the flat-
ness of the GF separator, optimized its pore size distribution, and
facilitated uniform zinc ion transport and deposition. The Zn//Zn
symmetric battery employing this CS-GF separator demonstrated
exceptional long-cycle stability and achieved a CE of 99.6%.

In addition to modifying GF separators with CS, Gou et al. inves-
tigated the ion enrichment phenomenon of algae plants, finding
that the abundant functional groups in sodium alginate (SA)
have high affinity for metal cations, which can enable the uni-
form deposition of Zn** [103]. The flux inhomogeneity will
aggravate the concentration polarization and induce the protru-
sion, which will lead to the uneven electric field and the growth
of zinc dendrite. Meanwhile, the residual active species in the
solvation sheath will cause the side reaction. In the SA@GF sep-
arator, the zinc affinity groups (—OH, —COO™) derived from SA
facilitated the desolvation of hydrated Zn** and enhanced its
migration capability. The hydrogel formed by SA cross-linking
strengthened the separator’s mechanical integrity to resist den-
drite damage. The introduced Na* preferentially adsorbed onto
the zinc anode, eliminating the tip effect and guiding Zn** to
deposit uniformly (Figure 8a). Furthermore, the binding energy
(BE) of [Zn(SA)s]*" cluster compounds reached —54.05 eV, dem-
onstrating that salicylate species exhibited stronger nucleophilic-
ity than water molecules and were more readily coordinated with
Zn**. This property typically optimized the solvation structure of
hydrated zinc ions, thereby facilitating the desolvation process to
some extent (Figure 8b).

In addition to simple biomass-modified GF separators, there are
also cases of compounding them with carbon-based materials.
Chen et al. synthesized nitrogen-phosphorus codoped porous
carbon nanosheets (NP-PC) through in situ carbonation using
chitin and phytic acid as raw materials [105]. The resulting
NP-PC@GF modified separator was coated onto GF separators
to address critical challenges in ZIBs, including polyiodide diffu-
sion and dendrite growth, thereby enhancing rapid discharge
capability and iodine utilization efficiency. The battery
demonstrated an initial capacity of 7.8mAh cm™ at 20 mA
cm ™2, reaching 8.9mAh cm™ under high iodine loading, with
56% capacity retention after 174 cycles. This provides an effective
solution for developing high-performance ZIBs.

4.1.4 | Carbon Materials Modified GF Separators

Carbon materials, specifically graphene, exhibit high mechanical
strength and excellent electrical conductivity, which lay a foun-
dation for application in zinc anodes [106, 107]. Moreover, gra-
phene features stable structures, which can be attributed to the
tight bonding between carbon atoms [108-111]. Graphene also
has a wide variety of types, such as Graphene oxide (GO),
reduced graphene oxide, graphene quantum dots, vertical
graphene, and so on. These materials can not only improve
ionic conductivity but also produce synergistic effects with other
materials to accelerate ion transfer and enhance electrical
conductivity [112].

Huang et al. designed and fabricated a multifunctional Janus
separator composed of a covalent organic framework (COF)
layer, a commercial GF substrate, and a graphene (Gr) layer,
enabling high-stability zinc-iodine batteries [104]. The COF
layer, featuring abundant polar groups, and a homogeneous
open-channel mesoporous structure, ensured uniform Zn** flux
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while inhibiting iodide migration. The highly conductive Gr layer
not only supported iodide loading but also effectively activated
the redox kinetics of iodine species. The GF separator exhibits
excellent uniformity as shown in Figure 8c, while cross-sectional
SEM images clearly demonstrate the thickness distribution of
modified materials, further confirming the uniform dispersion
of COF and Gr (Figure 8d). Materials with ordered porous
structures can physically block polyiodides, while chemical
adsorption inhibits the shuttle effect through the chemical
interaction between triazine groups and hydroxyl groups. The
synergistic effects of these multifunctional properties enabled
TTA-DHTPA-COF to demonstrate outstanding electrochemical
performance as a modified separator material for zinc-iodine
batteries. This breakthrough not only provides innovative
approaches for separator design but also enhances our under-
standing of the relationship between COFs and high-energy-
density batteries (Figure 8e).

GO is rich in oxygen-containing functional groups [113]. In addi-

tion, its good hydrophilicity, large specific surface area, and excel-
lent adsorption performance make it stand out among many

materials [114]. Chen et al. developed a multifunctional Janus
separator combining organic and inorganic materials using
commercial GF as the separator, which effectively inhibited zinc
dendrite growth and enhanced the reversibility of zinc anodes
[115]. The functional layer of this separator featured a dense micro-
porous structure that restricts ion diffusion, while the graphene
oxide-titanium dioxide (GO-TiO,) filler promotes epitaxial deposi-
tion of Zn**. Deng et al. embedded conductive PANI as a support
matrix into vanadium pentoxide hydrate (PAVO) to stabilize the
cathode structure [116]. Simultaneously, GO was modified onto
the GF separator surface via electrospinning and laser reduction,
effectively suppressing zinc dendrite growth. The resulting battery
demonstrated outstanding electrochemical performance: a specific
capacity of 362 mAh g™' at 0.1 A g !, maintaining high-rate
capability of 280 mAh g™ at 10 A g™, and achieving 74% capacity
retention after 4800 cycles at 5A g™*

4.1.5 | Polar Materials Modified GF Separators

Modified GF separators with polar materials combines structural
optimization and synergistic performance advantages: polar
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groups can reconstruct the hydrogen bond network of the
electrolyte and suppress HER while constructing ordered ion
transport channels to accelerate Zn** migration efficiency and
significantly reduce charge transfer resistance; its strong polarity
enables specific interactions with Zn**, guiding uniform ion dis-
tribution and directional deposition, effectively inhibiting zinc
dendrite growth and “dead zinc” formation, and improving
the reversibility of Zn anode deposition/dissolution; targeting
the shuttle effect caused by polysulfides, polyiodides, and so
on, polar materials can block the loss of active materials through
strong adsorption while optimizing the separator’s surface wet-
tability and mechanical stability to ensure structural integrity
during long-term battery cycling [117]. This modification strategy
achieves the integration of multiple functions (e.g., ion regula-
tion, side reaction suppression, and structural stability) through
a single material, providing an efficient and feasible solution for
the design of high-performance separators for ZIBs [118].

Lv et al. designed a TiO,-coated separator to mitigate interfacial
corrosion and passivation reactions, thereby enabling the devel-
opment of high-performance ZIBs [119]. TiO, was modified on
the surface of GF via a sol-gel method, followed by heat treat-
ment and drop-casting onto the GF substrate (Figure 9a).
Furthermore, the influence of the loading amount and crystal
phase of the TiO, coating on the separator modification effect
was thoroughly investigated. The results demonstrated that Zn
symmetric cells employing the anatase TiO,-modified GF
separator (A-TiO,@GF) exhibited superior Zn** ion transport
kinetics in a mild ZnSO, electrolyte, ensuring long-term cycling
stability and promoting uniform Zn deposition. In addition, the
anatase TiO, coating showed significantly reduced HER activity,
which can effectively inhibit H* ion migration, thereby minimiz-
ing interfacial corrosion and HER side reactions.

In addition to using simple polar materials, combining polar and
nonpolar materials has provided a new idea for material explo-
ration. Zhu et al. used ZIF-8 as the precursor to obtain polar ZnO
by pyrolysis in a muffle furnace at 400°C [120]. This approach not
only addressed the issue of slow redox kinetics but also sup-
pressed the shuttle effect of polyiodides. The cyclic voltammetry
(CV) curve of the modified separator exhibits narrower and more
distinct peaks, which reflects its higher reversibility and lower
polarization behavior (Figure 9b-c). This confirms that the polar
material accelerates the conversion of iodine species and enhan-
ces the rate of redox kinetics.

4.1.6 | Modification of GF Separators with Other
Materials

Reports on organic materials modified GF separators are rela-
tively limited, so a brief example is provided here. Li et al. devel-
oped L-Alanine composite GF(LA@GF) through thermal
treatment of GF with L-alanine and sodium hydroxide solution
[122]. The synergistic interaction between introduced -NH, and -
COOH functional groups of L-alanine facilitated uniform zinc
ion deposition. Specifically, the -NH, group acted as an “ion
pump” for zinc ion transport, enhancing migration kinetics
and significantly improving both zinc ion migration numbers
and exchanging current density in the modified separators.
Meanwhile, the -COOH group formed hydrogen bonds with
water molecules, accelerating the desolvation process of zinc
hexahydrate ions.

Liu et al. successfully developed a functionalized Janus separator
by coating GF with elosite nanotubes (HNTs) (Figure 9d) [121].
The electronegativity difference between the inner and outer sur-
faces of HNTs endowed the HNT-GF separator with ion screen-
ing properties, significantly enhancing zinc ion migration (tz,**
= 0.71). This HNT-GF separator functions as an interfacial
“ion comb,” regulating zinc ion flux and enabling multisite
progressive nucleation, ultimately reducing nucleation overpo-
tential and promoting uniform zinc ion deposition. Notably,
the adsorption energy of SO,> on the inner surface of HNTs
(-1.125eV) was higher than that on the outer surface
(—0.391 eV), while the outer surface exhibited stronger adsorp-
tion capacity for Zn** and H* compared to the inner surface.
Computational results indicated that the inner surface of
HNTs effectively captured SO,*, whereas the outer surface’s
favorable affinity for cations created an “ion comb” effect,
homogenizing ion flux to facilitate Zn>* desolvation and uniform
nucleation (Figure 9e,f).

4.2 | Novel Separators
4.2.1 | Cellulose Separators

GF exhibits excellent compatibility with aqueous electrolytes, but
its poor mechanical properties and large pore sizes lead to severe
zinc dendrite growth, which can cause short circuits in batteries
[123]. Cellulose-based separators (CF), as natural organic poly-
mers, offer several advantages, including high mechanical
strength, hydrophilicity, insulation properties, and cost-effective-
ness. Compared to GF separators, CF separators have a denser
pore structure, abundant functional groups, and excellent ionic
conductivity, along with higher tensile strength and modulus.
Moreover, CF separators not only reduce the nucleation potential
but also suppress unwanted side reactions [124]. Thus, cellulose-
based separators have become a promising separator material
for ZIBs.

Li et al. proposed optimizing molecular aggregation states by reg-
ulating the loosening effect of intermolecular hydrogen bonds,
thereby preparing high-performance robust cellulose separators
[125]. The preparation process used wood pulp as raw materials,
followed by being dissolved in 1-allyl-3-methylimidazolium chlo-
ride. After completing cellulose dissolution, DMSO was intro-
duced as a cosolvent to promote molecular uniform dispersion
and reduced the system viscosity, ensuring uniformity during
casting. Subsequently, anhydrous ethanol was used as a regener-
ation agent to suppress excessive rearrangement and reconstruc-
tion of hydrogen bonds between cellulose chains during
regeneration. In contrast, when deionized water was used as
the regeneration agent under the same synthesis conditions, a
mildly disordered regenerated cellulose separator (LDCS) was
obtained, exhibiting stronger hydrogen bond interactions
between cellulose chains (Figure 10a). DFT calculations showed
that the dissociation energies of Zn** on the-OH groups at C6,
C4, and C2 positions of cellulose were —34.1, —13.9, and —18.2
kcal mol™", respectively (Figure 10b), reflecting the differences in
interaction strength between Zn>* and hydroxyl groups at differ-
ent carbon positions. Molecular dynamics (MD) simulations
demonstrated Zn** chain transport within 15ns in both
HDCS and LDCS (Figure 10c). In LDCS, Zn** transport was
unevenly hindered by strong hydrogen bond stacking in the
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FIGURE 9 | (a) Schematic of the preparation of the A-TiO,@GF Separator [119]. Copyright 2024, Wiley-VCH. Contour maps of CV curves for
batteries with (b) GF and (c) ZnO@GF modified separators at different scan rates. Reproduced with permission [120]. Copyright 2025, Wiley-
VCH. (d)Schematic diagram describing the preparation process of the HNT-GF separator and ion-sieving mechanism of HNT [121]. (e) Structural
models for calculating the adsorption energies of Zn**, SO,>~, and H* on the inner/outer surfaces of HNTs [121]. (f) Charge density differences triggered
by SO,> adsorption on the inner surface and Zn** adsorption on the outer surface (cyan stands for charge depletion, yellow for charge accumulation).
Reproduced with permission [121]. Copyright 2024, American Chemical Society.

molecular chains; in HDCS, the loosening effect of hydrogen = On the basis of optimizing cellulose separators by regulating
bonds reduced Zn** diffusion resistance, facilitating uniform  hydrogen bonds, Wang et al. proposed an interface strategy
transport and suppressing zinc dendrite formation. for all-cellulose separators, utilizing the synergistic chemical
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FIGURE10 | (a)Schematic diagram of the preparation processes [125]. (b) Dissociation energies of Zn*" de-coordinating at different positions of the
glucose molecular chain [125]. (c) Structural snapshots from MD simulations of a fast-moving Zn** transporting in HDCS and LDCS separator within
15 ns. Reproduced with permission [125]. Copyright 2025, Wiley-VCH. (d) electric field and (e) Zn** concentration field during the Zn deposition process
coupled with the GF separator [126]; (f) electric field and (g) Zn>* concentration field during the Zn deposition process coupled with the CTNF separator
[126]. (h) 3D view (within a thickness of 50 A) of Zn** distribution evolution at the electrolyte/CTNF interface [126]. (i) the interaction between the
electrolyte and the CNF chains; (j) the interaction between the electrolyte and the CTNF chains [126]. (k) The relative energy and computational models
(insets) of Zn** migrating along the CNF chain (above) and CTNF chain (below). Reproduced with permission [126]. Copyright 2025, Elsevier.

regulation of hydroxyl and carboxyl groups to control zinc depo-
sition interfaces, achieving highly stable zinc anodes [126]. For
the designed cellulose separator, carboxyl groups interacted elec-
trostatically with zinc ions while the hydroxyl network captured
water molecules through hydrogen bonding. The synergistic net-
work combining electrostatic interactions and hydrogen bonding
effectively promoted zinc ion generation, transport, and dissolu-
tion, leading to dendrite-free zinc deposition. Through COMSOL
Multiphysics (COMSOL) simulations, the electric field distribu-
tion and Zn** flux characteristics during zinc deposition were
investigated, comparing the performance of GF separators with
cellulose separators (CTNF). The GF separator exhibited
disordered internal electric field distribution and uneven Zn**
flux, which promoted zinc dendrite formation and growth
(Figure 10d,e). In contrast, the uniform nanoporous structure
of the CTNF separator achieved even distribution of both electric
field and ion flux, effectively suppressing zinc dendrite growth
(Figure 10f,g). Observations of hydrated zinc ions within
CTNF molecular chains revealed desolvated Zn>" at the interface

(Figure 10h). The abundant hydroxyl groups in CNF chains
formed strong hydrogen bonds with water molecules, affecting
the solvation structure [Zn(H,O)s]*" (Figure 10i). The introduc-
tion of carboxyl groups enhanced CTNF chain affinity for Zn**
partially disrupting its solvation sheath and promoting interface
desolvation (Figure 10j). The results of the migration energy bar-
rier of Zn?* in cellulose chains showed that the energy required
for Zn*" to overcome the migration steps in CNF chains was
0.075, 0.069, 0.082, and 0.082 Hartree, respectively, while the
strong interaction between the carboxyl group and Zn*' in
hydrated Zn®* can accelerate the desolvation process of hydrated
Zn** in CTNF chains (Figure 10Kk).

4.2.2 | Polyolefin Separators

As a traditional separator material of ZIBs, polyolefin separators,
such as polypropylene (PP) and polyethylene (PE), integrate
structural characteristics and practical advantages: Their regular
porous structure can construct efficient ion transport channels,
facilitating the rapid migration of Zn®* and reducing battery
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internal resistance [127, 128]; they exhibit excellent chemical sta-
bility, resisting electrolyte corrosion and effectively suppressing
the occurrence of side reactions such as HER to ensure battery
cycling safety; with outstanding mechanical strength, they can
withstand the puncture risk caused by zinc dendrite growth
and maintain structural integrity during long-term battery
cycling; meanwhile, they possess the characteristics of low cost,
large-scale manufacturability, and good processing compatibility,
meeting the requirements of commercial production. In addition,
the surface of PP separators can be easily modified via grafting,
coating, or other methods to introduce polar groups or functional
fillers, which further optimizes ion selectivity and interfacial
compatibility, thereby expanding their application potential in
high-performance ZIBs.

Zhu et al. developed a PP-g-AA separator featuring hydrophobic/
hydrophilic domains [129]. The PP matrix partially blocked
water molecules to minimize side reactions, while the carboxyl
functional groups in the grafted acrylic acid (AA) effectively
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regulated the interfacial electric field and Zn*" concentration
field, significantly enhancing zinc ion flux homogenization for
dendrite-free deposition. In Zn//Zn symmetric cells, GF separa-
tors showed no significant fluctuations in charge transfer imped-
ance during discharge, with only a slight post-charging decline
(Figure 11a) matching the overall resistance trend. In contrast,
PP-g-AA separators demonstrated substantial resistance reduc-
tion after cycling (Figure 11b), confirming their role in facilitat-
ing zinc ion interfacial transport. DFT analyses revealed that
carboxyl groups form hydrogen bonds with water molecules,
effectively reducing the free water content and minimizing
Zn**-water contact in the electrolyte to suppress side reactions
(Figure 11c,d).

Beyond the functional modification of polypropylene separators
via acrylic acid grafting, titanium dioxide grafting on polyethyl-
ene separators has also emerged as an effective strategy for
regulating zinc deposition behavior and optimizing separator
performance in ZIBs. Yu et al. developed a composite film
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FIGURE 11 | The DRT plots correspond to the Zn//Zn symmetric cells with GF (a) and PP-g-AA separator (b), respectively [129]. (c-d) MESP
isosurface plots between a PP-g-AA chain and different species of Zn** and H,0. Reproduced with permission [129]. Copyright 2024, Wiley-VCH.
(e-h) In situ XRD patterns of the deposited Zn with the (e and f) TiO,-PE and (g and h) GF/A separator [130], (i) The variation of (002) peak intensity
and iggy/i100 ratio of the deposited Zn in the initial 11cycles with the TiO,-PE and GF/A separators. Reproduced with permission [130]. Copyright 2024,

Elsevier. (j,k) The transmission-mode Operando XRD pattern of the V,0s cathode with GF or PEIBPDA separators as reference to the pristine Zn foil
[131]. (1) OCV profiles of the Zn//V,05 cell model with GF, GFIBPDA, and PEIBPDA separators at the oxidized charged state, and corresponding XRD
patterns of the V,05 cathode before and after 200 hr static idling process [131]. (m) The real-time evolution of the crystallographic orientation of Zn
deposits during the continuous plating process till 10 mAh cm™2. Reproduced with permission [131]. Copyright 2024, Wiley-VCH.
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(TiO,-PE) by grafting TiO, onto PE separators [130]. This
separator exhibited excellent hydrophilicity, with its small pore
size promoting uniform zinc deposition. XRD analyses of the
crystal structures revealed consistent peak intensity trends across
different separators, though absolute intensity variations sug-
gested that separator properties influence zinc deposition yield
and crystal growth density. The TiO,-PE system demonstrated
higher zinc peak intensity, indicating superior uniformity in zinc
deposition (Figure 11e-h). During cycling, the sustained strength-
ening of (002) orientation in the TiO,-PE system resulted in a
progressively planarized and dense zinc deposit, effectively sup-
pressing dendrite growth. In contrast, the GF/A system exhibited
disordered orientation, leading to dendrite accumulation and
battery failure (Figure 11i).

In addition to the strategy of titanium dioxide grafting modifica-
tion, researchers have further improved the comprehensive
performance and service stability of ZIB separators by fabricating
ultra-thin functionalized separators via molecular design. Xue and
coworkers developed a 9 pm-thick molecularly designed thin-layer
separator that simultaneously achieved long storage lifespan,
excellent cycling stability, and high actual energy density for
ZIBs [131]. Specifically, a mechanical-arm-controlled spraying
technique was employed to anchor biphthalic anhydride on the
cathode surface of PE. This modification significantly suppressed
vanadium’s spontaneous dissolution and shuttle behavior during
both dynamic cycling and static high-temperature storage. After
charge-discharge cycles with the GF separator model, the slight
reduction in crystal intensity indicated irreversible structural dam-
age. In stark contrast, the cathode’s characteristic peak intensity of
the modified separator showed almost no significant change dur-
ing cell operation (Figure 11j-k). The self-discharge tracking shows
that the structure of GF and cathode collapse, while the modified
PE maintains stable crystal structure (Figure 111). The real-time
monitoring of crystal evolution in the continuous deposition
process shows that the peak intensity gradually increases, which
confirms that the zinc deposit has the characteristics of preferen-
tial horizontal structure and dendrite protrusion inhibition
(Figure 11m).

4.2.3 | Biomass-Based Separators

Biomass has gained favor in ZIBs due to its advantages, such
as low cost, abundant sources, and good compatibility [132].
Additionally, their physicochemical properties are highly com-
patible with ZIBs. The unique polar functional groups in biomass
can provide binding sites, and the hydrophilicity of these func-
tional groups allows for regulation of water activity. Biomass
materials can not only be easily converted into carbon nanoma-
terials, but also the enriched molecular structures endow them
with inherent advantages such as flexibility and self-healing
properties [133].

These excellent properties render biomass materials ideal
candidates for ZIBs, and researchers have accordingly devel-
oped a variety of high-performance biomass-based separators
and verified their modification effects. Wang and coworkers
developed a chitin nanofiber separator via a simple, low-cost,
and scalable strategy [134]. As shown in Figure 12a, the chitin
extracted from shrimp and crab shells was oxidized to obtain the
2,2,6,6-tetramethyl-piperidin-1-oxyl (TEMPO)-oxidized chitin
(TCh) nanofiber suspension. The TCh nanofiber suspension

was then processed through a wet flat-bottom milling process
for mass production. This separator featured abundant zinc-
friendly functional groups and uniform nanopores, facilitating
the desolvation of Zn**. The zinc anode with GF exhibited a
Zn** tip effect, accelerating dendrite growth. In contrast,
TCh’s smaller pores and denser microstructure promoted
uniform Zn** deposition (Figure 12b). Ma et al. developed a
novel oxygen-functionalized biomass bamboo separator (BM)
designed to suppress water molecule activity [135]. The separa-
tor featured a unique multilayered two-dimensional sandwich
structure that facilitated rapid ion diffusion. Its oxygen-func-
tional groups formed hydrogen bonds with water molecules,
effectively converting free water into bound states. Both the
density and energy of hydrogen bonds between BM and water
molecules surpass those observed in GF systems, demonstrating
BM'’s superior interfacial affinity for water (Figure 12c-d).
DFT calculations confirm stronger interactions between BM
and water molecules, resulting in higher binding energy
(Figure 12e). Unlike GF’s uneven electric field distribution,
BM exhibits uniform electric field and current density
(Figure 12f-i). These findings indicate that BM separators cap-
ture water molecules through hydrogen bonding, transforming
them from free to bound states—a clear advantage over conven-
tional separators.

Beyond the BM separator, researchers have also applied car-
bonyl-functionalized biosynthetic cellulose separators to ZIBs,
which further enables uniform Zn deposition/stripping on the
zinc anode and efficient suppression of zinc dendrites. Zhang
et al. enhanced the uniform deposition/stripping of zinc anodes
in ZIBs and effectively suppressed zinc dendrite growth by mod-
ifying biosynthetic cellulose separators with carbonyl functional
groups (CCM) [136]. This modification weakens the interaction
between the polymer framework and zinc ions, thereby improv-
ing zinc-ion migration efficiency. The modified separator has a
thickness of only 21 ym. The assembled zinc symmetric cells
achieved a cycle life exceeding 2800h under conditions of
1mA cm™ and 1 mAhcm™ and maintained stable cycling for
300h even under high-load conditions of 5mAcm™ and
3 mAh cm™2. Furthermore, full cells paired with sodium vana-
date cathodes retained stable performance over 2000 cycles at
a current density of 3 A g~*. This work provides new insights into
the molecular design of separators for ZIBs.

In addition to optimizing separator performance through chemi-
cal group modification, Luo et al. adopted a different approach by
loading functional nanomaterials onto substrate surfaces [137].
Using a simple and low-cost filtration method, they loaded
ultralight graphene oxide (GO) nanosheets onto a cellulose ace-
tate (CA) separator to construct a GO/CA composite separator.
Leveraging the small lattice mismatch between GO and zinc
metal, along with the abundant hydrophilic oxygen-containing
functional groups of GO, the separator guides the epitaxial elec-
trodeposition of zinc ions along the (002) crystal plane, enabling
uniform and dendrite-free zinc deposition. Zinc symmetric cells
assembled with this composite separator achieved a cycle life of
500 h under high current density conditions of 10 and 1 mAh
cm™?, while also exhibiting a low nucleation overpotential of
89mV and a CE exceeding 96%.

Taking the research a step further, Ma et al. drew inspiration
from the anisotropic structure of natural wood to innovatively
develop a biomimetic separator that combines high modulus
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FIGURE 12 |

(a) Schematic illustration of the preparation strategy for the TCh separator. (b) Ionic field simulation of GF and TCh systems.

Reproduced with permission [134]. Copyright 2024, Wiley-VCH. (c) 3D snapshot of MD calculation for the interaction between GF and 1M
Zn(OTf), solution [135]. (d) 3D snapshot of MD calculation for the interaction between BM and 1M Zn (OTf), solution (H, white; C, gray; O,
red; F, cyan; S, yellow; Si, orange) [135]. (e) Binding energy comparison between GF-H,O and BM-H,O. The electrical field models are based on
(f) GF and (g) BM [135]. The zinc ion concentration field models are based on (h) GF and (i) BM. Reproduced with permission [135]. Copyright

2024, Wiley-VCH.

and high ionic conductivity [138]. Using a directional freezing
method, they fabricated a biomimetic anisotropic and degradable
separator (V-NFC-CS) composed of nanocellulose and chitosan.
With a thickness of only 23 um, this separator achieves both a
high modulus of 7.3GPa and a high ionic conductivity of
20.5mS cm™ along the oriented direction. This design resolves
the trade-off between separator thickness and dendrite resistance
while overcoming the challenge of simultaneously achieving
high modulus and high ionic conductivity. The vertically aligned

channels within the separator help to evenly distribute current
density and zinc ions, guiding zinc to deposit horizontally along
the (002) crystal plane, thereby effectively suppressing dendrite
growth and side reactions. As a result, zinc symmetric cells
achieved stable cycling for over 1000 h under conditions of 10
mA cm? and 2 mAh cm ™2, while full cells paired with MnO,
cathodes retained 96.2% capacity after 1000 cycles at 1A g™
Moreover, the separator exhibits excellent biodegradability, offer-
ing a new solution for high-performance ZIBs.
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4.2.4 | Janus Separator

Janus materials typically exhibit dual-functional properties due
to the different materials on their two sides, featuring not only
high mechanical strength but also excellent chemical stability
[139]. Even though the two materials are interrelated and exhibit
a synergistic effect, which is where their advantage lies [140, 141].

Such Janus materials with synergistic structural and perfor-
mance advantages have also been widely applied in the design
and modification of separators for ZIBs. Zheng et al. developed
a Janus-type CF/PVA/ZrO, separator via vacuum filtration [142].
The interwoven cellulose fibers provided robust mechanical sup-
port to prevent dendrite penetration, while ZrO, nanoparticles
regulated electric field distribution through the Maxwell-
Wagner effect, effectively promoting homogeneous nucleation.
The Young’s modulus revealed that the CF/PVA/ZrO, separator
demonstrated significantly higher mechanical properties com-
pared to GF and CF, ensuring battery safety (Figure 13a).
Furthermore, in localized electric field simulations, CF exhibited
marked increases in localized electric field intensity, whereas the
modified separator eliminated such increases, guaranteeing
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uniform zinc ion deposit (Figure 13b-c). Similarly, Wu et al.
extracted wheat straw cellulose using UV-assisted degreasing,
then processed it into lignin-containing NFC via ultrasonic treat-
ment [145]. The Ti;C,T, layer was fabricated through conven-
tional etching processes (Figure 13d). Sequential vacuum
filtration of both components yielded a bidirectional heteroge-
neous Janus MN separator with a 32 pm thickness, exhibiting
215.3 MPa strength and 8.8 GPa modulus. The Ti;C,T, layer’s
Maxwell-Wagner effect and low lattice mismatch properties
facilitated Zn** migration, accelerated desolvation, enhanced
interfacial charge transport, reduced nucleation overpotential,
promoted uniform =zinc deposition, and suppressed side
reactions.

4.2.5 | Nafion-Assembled Separators

Nafion, a perfluorosulfonic acid (PFSA) polymer separator,
boasts unique advantages in ZIBs while facing unresolved con-
tradictions, all rooted in its distinctive molecular structure
[146, 147]. Its phase-separated architecture—comprising a
hydrophobic polytetrafluoroethylene (PTFE) backbone and
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FIGURE 13 | (a) GF separator, CF separator, CF side, and ZrO, side of CF/PVA/ZrO, separator. Simulated electric field distribution near the Zn
anode in contact with (b) a CF separator and (c) a CF/PVA/ZrO, separator [142]. (d) Schematic diagram of the preparation and benefits of MN separator.

Reproduced with permission [142]. Copyright 2024, Wiley-VCH. (e) Schematic illustration of preparing the functional separators [143]. (f) Contact angle

measurements of three separators. Reproduced with permission [143]. Copyright 2023, Elsevier. The electrical field models based on the GF separator

(g) and (h) Zn-Nafion separator [144]. The zinc ion concentration field models based on the GF separator and (i and j) Zn-Nafion separator. Reproduced

with permission [144]. Copyright 2021, Royal Society of Chemistry.
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TABLE 1 | Performance Comparison and Summary of Metal-Organic Frameworks and Polymer-Modified GF Separators.
Separator Average CE Cycling lifespan
Materials Main function [mA cm™2, mAh cm™?] [mA cm™2, mAh cm™?] References
ZIF-8@GF Inhibit dendrite formation 300 cycles, 100% (2,1) 2300h (0.5,0.25) [80]
H-F-ZIF@GF Rapid reaction kinetics 300 cycles, 99.5% (10,2) 300h (10,2) [81]
UiO-66@GF Corrosion preventive 350 cycles, (2,1) 1650h (2,1) [84]
UiO-S2@GF Inhibit of hydrogen evolution 1000 cycles, (2,1) 3450h (3,1) [85]
reaction
PI@GF (Dip Inhibit dendrite formation 1000 cycles, 99.79% 6000h (1,1) [91]
coating)
PI@GF (Drop Inhibit of hydrogen evolution 1700 cycles, 99% (1,0.5) 1280h (1,1) [92]
casting) reaction
PZ@GF Inhibit dendrite formation 100 cycles, 99% (1,1) 2000 h (0.5,0.5) [93]
PAN@GF Inhibit dendrite formation 80 cycles, 99% (10, /) 800 h (0.283, /) [94]
GFNs- Inhibit dendrite formation 650 cycles, 100% (1, 0.5) 1800 h (1,1) [95]
PVDF@GF
PVDF@GF Corrosion preventive 400 cycles, 99.7% (5,1) 500h (10,1) [96]
TABLE 2 | Performance comparison and summary of GF separators modified by biomass, polar materials, and carbon materials, and so on.
Separator Average CE Cycling lifespan
materials Main function [mA cm™2, mAh cm™?] [mA cm™2, mAh cm™2]  References
SA@GF Fast desolvation 600 cycles, 99.5% (2,1) 1230h (1,1) [103]
TTA-DHTPA- Rapid reaction kinetics 270 cycles, 98% (5, /) 600h (10, /) [104]
COF@GF@Gr
A-TiO,@GF Inhibit of hydrogen evolution 880 cycles, 98.9% (2,1) 1400 h (1,1) [119]
reaction
ZnO@GF Rapid reaction kinetics 2600 cycles, 100% (5, /) / [120]
HNTs@GF Rapid reaction kinetics 950 cycles, 99.7% (1,1) 3000h (1,1) [121]
TABLE 3 | Performance and summary comparison of novel separator materials.
Average CE Cycling lifespan
Separator Materials Main function [mA cm™2, mAh cm™?] [mA cm™2, mAh cm™]  References
HDCS Fast desolvation 400 cycles, 99.03% (2,0.5) 1000 h (1,1) [125]
CTNF Inhibit dendrite formation 300 cycles, 99% (1,1) 1800 h (0.5,0.5) [126]
TCh Rapid reaction kinetics 600 cycles, 98.9% (1,1) 2500h (1,1) [134]
BM Fast desolvation 300 cycles, 99% (1,1) 1000h (1,1) [135]
CCM Rapid reaction kinetics 700 cycles, 100% (1,1) 2800h (1,1) [136]
GO/CA Inhibit dendrite formation / 300h (5,1) [137]
V-NFC-CS Inhibit dendrite formation 600 cycles, 99% (1,1) 1000 h (10,2) [138]
CF/PVA/ZrO, Inhibit dendrite formation 150 cycles, 99.18% (/,0.6) 400h (6,3) [142]
CT@NZF@N Inhibit dendrite formation 650 cycles, 99.1% (0.5,0.5) 300h (0.5,0.5) [143]
Zn-Nafion Rapid reaction kinetics 130 cycles 97.8% (5,0.5) 553h (0.5,5) [144]

hydrophilic side chains bearing -SO;H—endows it with dual
functionalities. First, the -SO;H enables ion exchange with
Zn**, which reduces the desolvation energy barrier of Zn**
and guides its uniform deposition, thereby promoting the forma-
tion of a smooth zinc deposition layer. Second, the hydrophobic

PTFE backbone inhibits excessive penetration of water
molecules, mitigating water-induced side reactions. However,
a critical contradiction persists: the approximately 4nm ion
channels within Nafion, while facilitating selective cation trans-
port, still permit partial passage of small molecules such as H,O
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and SO,*. This leakage triggered interfacial side reactions at the
zinc anode: water molecules penetrating through the channels
induce HER, and migrating SO, can react with Zn®* and
OH  to form by-products like Zn,(OH)SO,4-5H,0. These side
reactions not only lower the CE but also accelerate the growth
of zinc dendrites, posing challenges to the long-term stability of
ZIBs.

To address this inherent structural contradiction of pure Nafion
and leverage its superior ion regulation performance, researchers
have proposed a modified Nafion-based composite separator
strategy by combining it with inorganic fluoride-modified bio-
mass substrates. Guo et al. pretreated cotton fabric with 2 mol
Lt hydrochloric acid to remove all impurities, which fabricated
fluorine-decorated cotton textiles (CT) separators for stabilizing
Zn metal anodes [143]. The CT separator was then immersed in
ZnSO, and NaF solutions to facilitate the growth of inorganic
fluorides on the separator, yielding the CT@NZF intermediate.
Subsequently, the CT@NZF was immersed in Nafion solution
and dried to successfully prepare the organic-inorganic compos-
ite-layer-modified CT@NZF@N separator (Figure 13e). The
CT@NZF@N exhibits a larger hydrophilic angle, demonstrating
its high hydrophobicity (Figure 13f). Additionally, Nafion effec-
tively regulated zinc deposition, reducing dendrite formation
while promoting the desolvation of Zn>*. The results indicate
that the zinc symmetric battery achieved a lifespan of 300 hr,
offering cost-effectiveness and scalability for other battery types.

Similarly, Wu et al. developed a Zn-Nafion separator [144]. On
the anode side, the Zn-Nafion separator created a uniform elec-
tric field and Zn®* concentration field, suppressing zinc den-
drites and enabling lower polarization and longer cycling life for
Zn//Zn symmetric batteries. On the cathode side, it enhanced
H*/Zn** coembedding with H' reactions, converting the
byproduct ZnSO4(OH)s-nH,O0 into a dense SEI layer to protect
the cathode from dissolution. When using GF separators,
uneven electric field distribution leads to nonuniform Zn>* dis-
tribution (Figure 13g-h). However, Zn-Nafion not only achieves
uniform electric field distribution but also reduces the battery’s
concentration gradient (Figure 13i-j). Additionally, the superior
mechanical properties of Zn-Nafion separators enable better
recycling and cost savings.

This section systematically introduces the two core strategies of
separator engineering. The first is the surface modification of com-
mercial GF separators: by loading functional materials such as
MOFs, polymers, biomass, and carbon materials, the ion selectiv-
ity, mechanical strength, and interfacial compatibility of the sep-
arators are optimized, thereby suppressing dendrite growth and
side reactions. The second is the development of novel separators
including cellulose-based, polyolefin-based, biomass-derived, and
Janus-structured ones. Leveraging their inherent structural advan-
tages and functional properties, these novel separators construct
efficient transport channels and achieve long-cycle stable opera-
tion of zinc anodes. Both strategies provide critical support for
high-performance ZIBs through the precise regulation of the phys-
ical structures and chemical properties of separators.

5 | Conclusions and Prospects

As a critical component, separators not only physically isolate
electrodes but also enable active control of zinc deposition

and inhibition of side reactions through engineering design, serv-
ing as a key solution to these bottlenecks. In this review, we criti-
cally summarize recent advances in separator engineering for
addressing the critical challenges facing zinc anodes in ZIBs.
Two core strategies for separator optimization in ZIBs have been
discussed in detail: (1) modification of commonly used GF sep-
arators by incorporating functional materials like MOFs, poly-
mers, biomass, and carbon materials to enhance mechanical
strength, ion selectivity, and interfacial compatibility. (2) devel-
opment of cellulose-based, biomass-based, and Janus-type sepa-
rators that leverage their inherent structural advantages and
functional properties to fundamentally improve ion transport
efficiency and electrode stability. These strategies achieve
long-term anode stability through precise control of pore
structures, surface functional groups, and interfacial interactions,
providing essential support for performance enhancement in
ZIBs. In addition, we conducted a comparative study on the per-
formance and functional characteristics of GF separators made
from different materials and novel separators (Tables 1-3).

A crucial aspect of separator engineering involves balancing
manufacturing cost with battery performance. The separator
design schemes of ZIBs directly affect energy density by regulat-
ing ion transport efficiency, suppressing zinc dendrites and side
reactions, and optimizing electrode-electrolyte interface stabil-
ity: functionalized modified separators leverage ion sieving, cat-
alytic conversion, or oriented deposition induction effects to
reduce capacity fading and polarization loss, improve the revers-
ible capacity and cycling stability of batteries, and indirectly
raise the upper limit of energy density; in contrast, traditional
GF separators, due to uneven pores and insufficient mechanical
strength, are prone to causing dendrite penetration and side reac-
tions, thereby limiting the exertion of energy density. In terms of
cost, natural biomass-based separators, low-cost mineral coat-
ings, and simple preparation processes (vacuum filtration, solu-
tion impregnation) can reduce material and production costs,
making them suitable for large-scale applications; while modi-
fiers such as GO and MOFs or complex synthesis processes will
increase the preparation cost of separators, but this disadvantage
can be partially offset by improving battery cycle life and reduc-
ing replacement frequency.

Significant research effort has been directed toward separator
engineering to address the key issues of zinc dendrite growth,
HER, and anode corrosion in ZIBs. However, due to the complex-
ity of zinc anode reactions, both challenges and opportunities
will be present in future research on zinc anodes. First, rational
design and fabrication of functional separators with uniformly
and vertically aligned nanochannels to guide the directional
and uniform flux of Zn**. These advanced separators with spe-
cific sites are expected to reduce nucleation overpotential of
Zn**, guide uniform nucleation, suppress dendrite growth,
and inhibit anode corrosion. Second, development of evaluation
systems combining in situ interface characterization with perfor-
mance testing to reveal the evolution mechanisms of zinc anodes
during cycling. Due to the integrated properties of separators in
ZIBs, conventional ex situ characterization is not sufficient to
reflect the real structural changes and effects on zinc anodes.
It is essential to combine in situ characterization to achieve
real-time monitoring of the zinc deposition evolution, which pro-
vides direct evidence on the critical roles of functional separators
for improving zinc anodes [73, 148].
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Future practical and promising research directions for separators
in ZIBs can focus on low-cost and scalable systems. Commercial
substrates such as cellulose, nonwoven fabrics, and GF should be
prioritized, with simple modification strategies adopted. By
introducing polar functional groups, inorganic nanocoatings, or
ion-regulating layers, the separators can effectively suppress zinc
dendrites, reduce side reactions, and stabilize the electrode-elec-
trolyte interface. Low cost is the core prerequisite for ZIBs to
achieve market-oriented applications, focusing on replacing
high-priced components with low-cost raw materials, simplifying
modification processes, and reducing preparation energy con-
sumption. It can be promoted specifically from two aspects: first,
prioritize the selection of low-cost, abundant commercial sub-
strates and modification materials and abandon high-priced rare
raw materials. For example, use industrial-grade cellulose, ordi-
nary nonwoven fabrics, and low-cost GF as substrates to replace
high-purity special fibers and achieve modification through simple
physical mixing, dip-coating, and other methods, which not only
reduces raw material costs but also simplifies the modification pro-
cess. Second, optimize the preparation process to reduce high-
energy-consuming and high-cost steps. For instance, replace tra-
ditional high-temperature calcination and vacuum coating pro-
cesses with low-cost processes such as room-temperature dip-
coating and roll-coating to reduce equipment investment and pro-
duction energy consumption. Meanwhile, reducing the loading
amount of modifiers by regulating the dispersibility of modifiers
and optimizing the interface bonding method will further decrease
the raw material cost per unit product.

Large-scale preparation is the key for ZIBs separators to move
from laboratory to industrial application. It can be broken
through specifically from two aspects: first, develop continuous
preparation processes to meet the needs of industrial production
lines, such as designing integrated production lines for continu-
ous dip-coating, continuous drying, and roll-to-roll cutting to
replace the laboratory batch preparation mode. Second, optimize
the stability and repeatability of the preparation process and
establish a standardized production parameter system, for
example, clarify the optimal range of key parameters such as
modifier concentration, coating thickness, drying temperature,
and time to solve the bottleneck of poor performance consistency
of separators in large-scale production.

Besides, theoretical calculations are effective and facile
approaches to simulate Zn** flux distribution and deposition
behavior, which provide theoretical support for function-
oriented separator design. In the research on separators for
Z1Bs, theoretical calculation and characterization techniques
such as DFT, MD, and HOMO/LUMO analysis have become core
tools for deciphering interfacial mechanisms and optimizing sep-
arator performance. DFT calculations reveal the intrinsic inter-
action mechanisms among modified components through
simulations of adsorption energy, charge density distribution,
surface energy, and other parameters. For example, Zhu et al.
introduced ZSM-5 zeolite into a GF separator to promote the des-
olvation of Zn®*, enhance its binding with water, and effectively
suppress the HER [149]. DFT calculations showed that ZSM-5
exhibits strong adsorption toward VO,* and H,0, thereby signif-
icantly inhibiting vanadium decomposition. MD simulations
focus on dynamic processes and intuitively present the migration
trajectories of Zn>* in the nanochannels of separators, the wet-
ting kinetics between electrolytes and separators, and the

evolution of zinc dendrites during cycling, which helps optimize
the pore structure and interfacial compatibility of separators.
For instance, Wang et al. modified a GF separator with oxy-
gen-deficient ultrathin zirconium phosphate (D-ZrP) nanosheets
to prepare a functional separator (GFZP) with ion-releasing capa-
bility [150]. MD simulations confirmed that the GFZP separator
can rapidly and directionally release adsorbed anions and cations
under a weak electric field. This not only accelerates the fast
migration of Zn** but also replenishes SO,> via reverse diffu-
sion, thus alleviating the salt depletion issue at the zinc anode
interface, stabilizing the electric field distribution, and inducing
dendrite-free zinc deposition.

HOMO/LUMO energy level analysis is mostly used for the screen-
ing of organic modifiers or electrolyte additives. Charge transfer
efficiency is evaluated via energy level matching to assist in the
design of separator systems with high conductivity and low inter-
facial impedance. For example, Han et al. established a predictive
framework that correlates the highest occupied molecular orbital
energy level with the adsorption and reduction behavior of Zn**.
Guided by this model, 4-dimethylaminopyridine was identified as
a high-performance additive [151]. By achieving kinetic matching
between mass transport and deposition processes, this additive
slows down interfacial charge transfer, mitigates local ion deple-
tion, and thus inhibits zinc dendrite formation. Furthermore, it
can effectively repel interfacial water molecules and significantly
suppress side reactions. The combined application of these tech-
niques provides comprehensive support for the structural and
functional optimization of separators from microscopic mecha-
nisms to macroscopic performance, accelerating the research
and development of high-performance ZIBs [111, 152]. Overall,
these approaches will facilitate more precise design of advanced
separators via separator engineering for high-stability zinc anodes,
thus accelerating the practical applications of ZIBs.
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