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Fig. 2. (a) Raman analysis demonstrating the synergistic regulation of the MnO, structure and Mn**-related states via a voltage-

window-driven in situ activation strategy®; (b) in situ Raman spectra revealing the highly reversible co-intercalation/deintercala-
tion behaviors of Zn?+ and H+ 2],
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Fig. 3. (a) Total density of states (TDOS) of the defective pre-intercalated d-ZMO cathode, pristine MO oxide, and pre-intercal-
ated ZMO oxide; (b) energy barriers for the interlayer diffusion of Zn?*P; (c) transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns of the phase boundaries, boundaries, and short-range ordered regions in the low-
crystallinity structure; (d) rate performance of the high-performance manganese-based cathode featuring rapid interfacial intercala-

tion kinetics(29.
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Fig. 4. (a) Schematic illustration of the built-in electric field induced by ferroelectric spontaneous polarization for regulating electro-

lyte ion behaviors; (b) enhancement of the voltage plateau during galvanostatic charge-discharge testing after regulation®”.
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Fig. 5. (a) Cyclic voltammetry (CV) curves demonstrating the regulation of the surface charge distribution and interfacial ion inter-

calation processes of manganese oxide by the redox radical HTEMPOPS); (b) comparison of the galvanostatic charge-discharge cyc-

ling performance illustrating the stabilization of the Zn anode surface in Zn-Mn batteries by a trace glycerol electrolyte additivel*2.
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Fig. 6. (a) Active control of ion pre-intercalation and electrode reconstruction via the regulation of the current pathway in the

MnO, electrode!®®l; (b) variation trend of the Ljs-edge intensity ratio of the MnO, electrode at different cycling stages from the 1st

to the 150th cyclel*!; (c), (d) simulations of the electric field distribution on the electrode surface illustrating the mitigation of “dead

manganese” formation, in which a three-dimensional carbon nanotube network improves the local electric field distribution and fa-

cilitates continuous electrochemical conversion reactions, (c) the ZMOC composite electrode and (d) the bare ZMO electrodel*].
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Fig. 7. (a)—(c) Scanning electron microscopy (SEM) images illustrating the in situ construction of ion diffusion channels within high-

mass-loading MnO, electrodes by gas-assisted electrodeposition!; (d) excellent cycling stability enabled by the combination of in-

tercalation chemistry regulation via cation pre-intercalation and a three-dimensional micrometer-scale current collector structurel?.
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Fig. 8. (a), (b) Regulation of the static aqueous [Fe(CN)g]*/[Fe(CN)g* redox electrolyte to an appropriate ISOC via multi-poten-
tial step measurements™; (c)—(e) characterization of the charge storage kinetics using 3D Bode plots/?®.
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Abstract
Aqueous manganese-based energy storage systems offer high safety, low cost, and relatively high theoretical
capacity, making them promising candidates for large-scale energy storage. However, owing to the strong

hydration of multivalent ions, intense electrostatic interactions, and the multiple accessible valence states of

manganese oxides, their electrochemical storage processes are jointly governed by electron-lattice coupling,
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charge transfer across solid-liquid interfaces, and non-equilibrium transport in porous electrodes. From a physics
perspective, this review focuses on three key issues: the Jahn-Teller distortion associated with the orbital
degeneracy of high-spin Mn?t and its consequences for lattice stability and structural evolution; the regulation
of Zn?* desolvation and charge-transfer barriers by interfacial polarization fields, local charge distributions, and
solvation structures; and the coupled mechanisms of electrochemical activation, dissolution-deposition, phase
reconstruction, and ion-transport limitations in high mass loading electrodes. These processes are integrated into
a multiscale framework linking orbital occupation and local lattice strain to interfacial kinetics and macroscopic
electrode transport. On this basis, the roles of multi-potential-step measurements, in situ spectroscopy,
electrochemical impedance spectroscopy, and physics-based modeling in extracting kinetic parameters and
identifying reaction pathways are summarized. The analysis further indicates that optimizing aqueous
manganese-based energy storage requires coordinated regulation of Mn valence states, lattice stability,
interfacial solvation structures, and coupled electron/ion transport, rather than isolated improvement of a single
performance metric. Finally, future challenges involving correlated multivalent-ion transport, operation over a
wide temperature range, and interfacial stability under practically relevant conditions are discussed, with the
aim of advancing the fundamental understanding and rational design of aqueous manganese-based energy-

storage systems.
Keywords: aqueous zinc-ion batteries, manganese oxides, electron-lattice coupling, interfacial charge transfer
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