Interfacial Softening and Electrolyte Uptake in Co3O4 Oxygen Evolution Catalysts Revealed by Correlative Fast EQCM-D and Raman Spectroscopy
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Understanding how electrocatalysts transform under operating conditions remains a central challenge in oxygen evolution reaction (OER) research. In particular, cobalt spinel (Co3O4) catalysts are known to undergo structural and interfacial transformations under anodic polarization in alkaline electrolytes.1-3 Yet it remains unclear which interfacial transformations are directly linked to the formation of OER intermediates, and which merely accompany catalyst oxidation. Resolving these processes requires operando techniques capable of probing structural, electrochemical, and mechanical changes at the catalyst–electrolyte interface with high temporal resolution.4 Direct access to the mechanical properties of the interface is particularly important, as catalyst materials may evolve significantly under the harsh anodic bias and strongly alkaline conditions encountered during OER. 
Here, we combine a fast electrochemical quartz crystal microbalance with dissipation monitoring (EQCM-D), electrochemical impedance spectroscopy (EIS), and Raman spectroscopy to investigate the evolution of Co3O4 nanoparticle electrodes in alkaline electrolyte under operando conditions. The correlative operando approach enables monitoring of interfacial charge transfer, mass uptake, mechanical properties, and catalyst structure during anodic polarization. Fast EQCM-D provides millisecond-resolved tracking of mass and mechanical compliance (softness) of the catalyst interface with sub-nanogram sensitivity.5,6 Unlike structural techniques that infer interfacial strain indirectly via crystallographic changes, the EQCM-D probes the interfacial mechanics directly by shearing the interface at different frequencies, providing unique insight into changes in softness of the catalyst–electrolyte interface during operation. 
The measurements reveal two distinct transformation regimes prior to the macroscopic onset of OER upon anodic potential sweeps. At lower potentials, oxidation of cobalt sites is accompanied by a reversible uptake of hydroxide and water species while the catalyst interface remains mechanically rigid. At higher potentials, fast EQCM-D reveals significant softening of the interface together with additional electrolyte incorporation, indicating amorphization and swelling of a hydrous surface (‘skin’) layer beyond simple adsorption processes. Operando Raman spectroscopy further reveals a decrease in Co3O4 vibrational band intensities, consistent with progressive amorphization of the catalyst surface.7 
Electrochemical conditioning by applying a potentiostatic hold in the OER regime for one hour suppresses the mass and compliance hysteresis observed during cyclic voltammetry without affecting OER activity. This indicates that electrolyte uptake in the pre-OER region and OER activity are largely decoupled, suggesting that a substantial fraction of the incorporated electrolyte species does not directly participate in the OER.7 
These findings provide new insight into the dynamic transformation of cobalt-based OER catalysts and demonstrate how correlative operando measurements can disentangle structural, mechanical, and electrochemical contributions during electrocatalysis.
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