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Sodium-ion batteries (SIBs) are attracting increasing interest as cost-effective and scalable 

alternatives to lithium-ion batteries. Here, we introduce a structurally constrained Na 1s X-ray 

photoelectron spectroscopy (XPS) framework capable of resolving site-specific Na+ 

environments in alluaudite-type Na2.5-xFe1.75(SO4)3 cathodes. Rather than treating the Na 1s 

response as a chemically averaged feature, the model resolves distinct crystallographic Na 

environments through fixed site-dependent spectral components governed by local 

electrostatic stabilization and core-hole screening. This approach enables direct spectroscopic 

tracking of Na depletion pathways within the XPS probing depth and reveals a hierarchical 

extraction sequence (Na3 → Na2 → Na1) during electrochemical charging. The evolution of 

the Na 1s components is correlated with Fe2+→ Fe3+ oxidation through complementary Fe 2p 

XPS analysis, linking site-selective Na deintercalation to charge compensation. At advanced 

states of charge, the framework additionally captures the influence of cathode–electrolyte 

interphase (CEI) formation, Fe migration, and near-surface cation redistribution on the 

surface-visible Na signal. The resulting site-resolved deintercalation pathway is consistent 

with prior electrochemical, structural, and first-principles studies, demonstrating that Na 1s 

XPS can directly probe alkali-ion dynamics in structurally complex polyanionic cathodes. 
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