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Fig. 1 Structure and working mechanism of redox-flow batteries (a); correlation between material structure,

membrane properties, and battery performance (b)
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Fig. 2 Multiscale synergistic design principles of membranes for redox-flow batteries
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Table 1 Basic parameters of membranes and their performance in VFBs
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Multiscale synergistic design of high-performance membranes for flow batteries

ZHAQO Peihong » GUO Sheng

(School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China)

Abstract: As a key component of future green energy systems, energy storage plays a critical role in
achieving the strategic goals of carbon peaking and carbon neutrality. Among various energy storage
technologies, flow batteries stand out for their intrinsic safety, long cycle life, and independent tuning of
power and energy capacities, making them particularly promising for long-duration energy storage. The
overall performance of flow batteries is largely governed by membrane properties, including ionic
conductivity, chemical stability, and the ability to suppress active species crossover. Among these, the
intrinsic trade-off between achieving high ionic conductivity and effectively inhibiting the crossover of
redox-active species remains one of the most critical bottlenecks hindering large-scale deployment. This
review provides a comprehensive analysis of the correlations between membrane properties and battery
performance, systematically summarizes multiscale optimization strategies ranging from molecular
structure design to macroscopic architectural engineering, and highlights the current challenges associated
with scale-up and industrial implementation. We further propose that multiscale synergistic design should
serve as a central guiding principle for developing next-generation, low-cost, high-performance membranes
for flow batteries, offering both theoretical insights and technological pathways to accelerate the
commercialization of flow battery technologies.

Key words: flow-battery membrane; multiscale synergistic design; conductivity; selectivity; scale-up
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