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Abstract: lon-conducting membranes perform the dual functions of blocking cross-membrane
permeation of active species between the positive and negative electrodes and selectively
conducting charge-carrying ions, and are a core component determining the energy efficiency,
capacity retention, and service life of redox flow batteries. This review focuses on all-
vanadium, iron-chromium, zinc-based, aqueous organic, and non-aqueous organic redox flow
battery systems, and reviews the differentiated requirements for membrane materials in terms
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of ionic conductivity, ion selectivity, chemical stability, mechanical strength, and dimensional
stability. It introduces major membrane materials, including cationic membranes, anionic
membranes, amphoteric membranes, porous membranes, and composite membranes. It
reviews two mechanisms, ion-exchange conduction and ion-sieving conduction, and their
coupled synergistic modes, including fixed-charge conduction, Grotthuss hopping, sub-
nanometer pore size exclusion, and Donnan exclusion. It provides a detailed analysis of the
ion exchange conduction, ion sieving conduction, and their coupled and cooperative mass
transfer mechanisms. It analyzes the effects of strategies such as molecular structure design,
microphase separation and crosslinking, construction of surface and interface functional
layers, and casting solvent and annealing treatments on ion channels, selectivity, and stability.
Key issues are pointed out, including the intrinsic trade-off between ionic conductivity and
active-species selectivity, insufficient chemical stability of non-fluorinated membranes in
strongly acidic, alkaline, and oxidizing environments, membrane swelling and water migration,
and difficulties in scalable fabrication and stack-level validation of novel membranes. This
review makes a crucial point that targeted molecular and pore co-design for specific systems,
development of coupled ion-exchange and ion-sieving transport mechanisms, introduction of
antioxidant groups and crosslinked networks to improve the stability of non-fluorinated
membranes, optimization of membrane fabrication, and establishment of quantitative process-
structure-performance relationships are effective paths to break through existing bottlenecks.
Future directions are envisioned for ion-conducting membranes in multi-system flow batteries
in terms of precise design, multi-property synergistic optimization, scalable manufacturing,
and artificial intelligence-assisted development, so as to promote the industrialization of redox
flow battery technology.

Keywords: redox flow battery; ion-conducting membrane; high-performance membrane;
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Fig. 1 Schematic illustration of (a) cross-section of PEI-(PI/SL) membrane and proton conduction and
vanadium ion blocking®”; (b) VO* concentration variation of SPEEK-PBI blend membranes with different PBI
contents®; (c) fabrication of iCOP-x membrane, proton conductivity, and energy-dispersive X-ray spectroscopy
(EDS) analysis™; (d) comparison of Fe** and Cr** permeability between Nafion 212 and SNPBI-x*7; (e) long-term
stability test of ICFB assembled with S-PBI-100 membrane at a current density of 80 mA/cm?**!
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Table 2 Comparison of different membrane properties
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