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Abstract: Aqueous zinc-ion batteries (AZIBs) represent a highly promising candidate for
large-scale energy storage due to their intrinsic safety and cost-effectiveness. However, their
practical application is severely hindered by dendrite growth and parasitic side reactions at the
anode interface. As a critical component separating electrodes and regulating ion transport,
the separator requires delicate structural engineering and interfacial optimization.
Nanocellulose has emerged as an ideal building block for high-performance separators,
thanks to its high specific surface area, abundant active sites, and tailorable network topology.
Addressing the common challenge in current research where diverse separator strategies
exhibit distinct morphological convergence toward integrated hydrogels—frequently leading to
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ambiguous classification—this review moves beyond superficial appearance and establishes
a rigid, mechanism-driven classification framework. We systematically elucidate three core
design dimensions based on their fundamental regulatory principles: surface chemical
modification tailored for molecular/supramolecular chemical bonding, pore structure regulation
dedicated to spatial confinement and physical geometric stability, and electrolyte-polymer
synergistic design aimed at breaking phase boundaries to restrict free water. The distinct
scientific pathways of each strategy in homogenizing Zn* flux, optimizing desolvation kinetics,
and suppressing side reactions are deeply analyzed. Finally, future perspectives and
engineering challenges regarding scalable manufacturing, adaptability under harsh operating
conditions, and life cycle assessment are discussed to provide comprehensive guidelines for
the rational design of stable, long-life AZIBs.

Keywords: nanocellulose; separator; aqueous zinc-ion batteries; design strategies; ion

transport; interfacial regulation
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Fig. 1 (a) Tunable roles of nanocellulose in aqueous zinc-ion batteries; (b) SEM images of uniform/non-uniform
Zn* deposition on the Zn anode surface after 25 cycles; (c) schematic illustration of hydrogen evolution,
corrosion, and passivation on the Zn anode surface; (d) schematic illustration of the desolvation and
dehydration processes of Zn*'.
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Fig.2 (a) Advantages of cellulose-based separators in AZIBs; (b) Schematic illustration of a Janus separator

for suppressing Zn dendrite penetration; (c) Schematic illustration of Zn** desolvation promoted by

nanocellulose grafted with - NH, and - NH - groups; (d) Schematic illustration of enhanced Zn* transference

number by inhibiting anion migration after amination of nanocellulose.
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Fig. 3 Schematic illustration of the three design strategies, working mechanisms, and performance
enhancement pathways of nanocellulose-based separators in aqueous zinc-ion batteries.
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Fig. 4 (a) Importance of maintaining pore structure for preserving a uniform Zn* flux; (b) regulation of ion
migration pathways by carboxylated cellulose; (c) schematic illustration of Zr - O coating-induced fiber network
crosslinking and mechanical stability enhancement; (d) schematic illustration of sulfonic groups suppressing
anion migration and increasing the Zn* transference number.
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Fig. 5 (a) Enhanced anti- swelllng behavior of the separator induced by strong hydrogen bonds in CNC and
ionic bonds with cations; (b) synergistic maintenance of porous ion transport channels by chemical and
physical crosslinking; (c) regulation of the local solvation environment by a zwitterionically crosslinked double-
network hydrogel
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