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ABSTRACT
Electrolysis is a cornerstone technology for green hydrogen production, yet large-scale adoption remains limited by high energy requirements and expensive electrolyzers reliant on scarce elements. Recent efforts have focused on narrowing the performance gap between transition-metal oxides and noble-metal-based systems, to develop cost-effective devices through precise structural and electronic tuning1. Operando X-ray Absorption Spectroscopy (XAS) has become a key technique for probing the dynamics of catalyst active sites during water reduction (HER) and oxidation (OER). We will explore the capability of operando XAS with the setup developed at the SAMBA beamline through two specific case studies: MoO₂/Ni cathodes and Ni-doped maghemite photoanodes.  

After introducing the sample environments developed to perform operando XAS2, we investigate MoO₂ electronic reconfiguration upon Ni interface formation. Compared with previous works3, the combination of operando XAS and Raman spectroscopy allows us to follow the dynamics of the active sites, revealing that Ni enhances conductivity and the binding energy of reactants by forming O vacancies that activate MoO₂. The second case study focuses on the structural and electronic effects of Ni doping in ultra-thin γ-Fe₂O₃ films for solar-driven OER. By varying Ni concentrations and employing operando XAS, the study reveals an optimal low-Ni doping (Ni/Fe≈0.04) that significantly improves photoelectrochemical activity and lowers the OER overpotential compared to undoped samples and even hematite analogs. The improvement arises from balancing improved surface activity via oxygen-vacancy formation, band-gap narrowing, and OH- binding-energy optimization. Using a novel operando pump-and-probe X-ray absorption method, we reveal the rapid formation of metastable surface superoxo species at Fe octahedral sites during illumination.

Our findings underline the critical role of operando XAS for rational defect engineering, offering pathways to design cost-effective catalysts that can be extended to a wide range of functional materials.  
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