Operando Elucidation of Mg-Migration-Mediated Oxygen Redox in P2-Type Sodium-Ion Cathodes
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Every additional electron stored in a battery cathode must be balanced by a structural and electronic response. For sodium-ion layered oxides, oxygen redox is one of the most promising routes to move beyond the capacity limit of transition-metal redox, yet it is also one of the most delicate. When the lattice oxygen participates in charge compensation, the cathode can gain high-voltage capacity; when this process is not controlled, the same oxygen activity may lead to voltage decay, oxygen loss, phase instability, and progressive structural degradation.1 The central challenge is therefore to understand oxygen redox while it is happening and to identify which structural motions make it reversible rather than destructive.2
P2-type layered transition-metal oxides are particularly attractive for this purpose because their open Na+ diffusion pathways, compositional flexibility, and high-rate capability make them promising cathodes for low-cost and sustainable sodium-ion batteries. Among different modification strategies, Mg doping is especially intriguing. Mg is electrochemically inactive, but it can reshape the local oxygen environment, influence transition-metal ordering and promote anionic redox at high voltage. Instead of treating Mg only as a stabilizing dopant, this study uses Mg-doped Ni-Mn-based P2 oxides as a platform to follow how cation migration, phase evolution, and oxygen redox are coupled during electrochemical cycling.3
In our previous study, a controlled composition series, P2-Na0.67Ni0.33-xMgxMn0.67O2, was investigated to tune the balance between Ni-based cationic redox and Mg-associated oxygen-redox activation. All compositions delivered high initial discharge capacities exceeding 160 mA h g-1, confirming that additional charge compensation beyond conventional Ni redox is involved. However, high capacity alone is not a sufficient design criterion. Among all our investigated compositions, Na0.67Ni0.11Mg0.22Mn0.67O2 shows the most balanced behavior, combining large reversible capacity, improved cycling stability and strong rate performance, indicating that the Ni/Mg ratio controls not only the amount of oxygen redox but also the ability of the framework to tolerate it.
To connect the electrochemical response with dynamic structural changes, operando X-ray diffraction and operando Ni/Mn K-edge X-ray absorption spectroscopy (XAS) were used as central diagnostic tools. Operando diffraction follows the high-voltage evolution of the P2 framework and reveals a reversible P2-OP4-type structural transformation during deep desodiation. At the same time, transition-metal K-edge XAS separates the cationic redox contribution from the additional high-voltage charge compensation, showing that the observed capacity cannot be explained by transition-metal oxidation alone. These operando measurements directly align the electrochemical signature with the structural motion of the cathode under working conditions.
Element-specific synchrotron spectroscopy further clarifies why the oxygen-redox process becomes active. Mg K-edge XANES/EXAFS (X-ray absorption near edge spectroscopy/ Extended X-ray Absorption Fine Structure) indicates that Mg2+ migrates from the transition-metal layer toward the alkali-metal layer at high voltage and partially returns during discharge. This reversible out-of-plane migration creates local vacancy environments in the transition-metal layer, which can promote the formation of oxidized oxygen species. O K-edge resonant inelastic X-ray scattering (RIXS) and O K-edge soft XAS provide direct evidence for this oxygen-redox activity and track its evolution during cycling, showing that the oxygen-redox fingerprint strengthens during the early cycles before weakening after prolonged operation.
The emerging picture is that oxygen redox in Mg-doped P2 cathodes is not an isolated capacity contribution, but a dynamic electrochemical-structural process governed by cation migration, phase transformation, and local oxygen chemistry. By combining operando structural monitoring with element-selective redox probes, this contribution highlights a route to convert oxygen redox from a degradation-prone reaction into a controllable design principle for durable, high-energy sodium-ion cathodes.
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