Unraveling Active Interface Dynamics by Multimodal Operando Measurements during Oxygen Evolution
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Understanding the formation of active electrified interfaces under operating conditions is essential for the rational design of efficient oxygen evolution electrocatalysts. Although Ir-based oxides represent benchmark catalysts for acidic oxygen evolution, the relationship between electronic-state evolution, surface intermediates, and local structural dynamics at the catalyst/electrolyte interface remains poorly understood. In particular, identifying how active interfaces emerge under anodic polarization requires operando methodologies capable of simultaneously probing multiple aspects of the reaction environment.
In this work, we employ a multimodal operando approach combining operando X-ray absorption spectroscopy (XAS), operando surface-enhanced infrared absorption spectroscopy (SEIRAS), in-situ total X-ray scattering/pair distribution function (PDF) analysis, and density functional theory (DFT) calculations to investigate the dynamic evolution of Ir-based oxide interfaces during the oxygen evolution reaction (OER).
Operando XAS measurements revealed pronounced potential-dependent changes in both the electronic structure and local coordination environment of Ir species. Under OER conditions, continuous contraction of Ir–O bonds was observed together with oxidation-state evolution, indicating the formation of highly reactive interfacial Ir–O motifs. Simultaneously, operando O K-edge spectroscopy identified the emergence of electrophilic oxygen species associated with oxygen-hole formation. These electronic-state changes became increasingly prominent as the catalyst approached the active OER regime.
To directly probe the chemical processes occurring at the electrified interface, operando SEIRAS measurements were performed under identical reaction conditions. The results revealed the formation of oxygenated surface intermediates associated with O–O bond formation, including *OOH-like species. The evolution of these intermediates strongly correlated with the appearance of electrophilic oxygen species detected by operando spectroscopy, providing direct evidence that dynamic electronic reconstruction of the interface promotes the generation and stabilization of key reaction intermediates.
To further investigate the structural origin of active-interface formation, complementary in-situ total X-ray scattering and PDF analyses were conducted. These measurements revealed dynamic structural reconstruction involving the formation of a disordered amorphous interfacial layer. The observed Ir–O bond contraction was found to be closely associated with this reconstructed interfacial region, linking local structural evolution with the spectroscopically observed electronic-state changes.
By correlating operando spectroscopic and structural information, we demonstrate that active OER interfaces emerge through coupled electronic, chemical, and structural evolution under reaction conditions. The present work establishes a multimodal operando framework for monitoring electrified interfaces and provides new mechanistic insights into active-interface formation in electrochemical energy-conversion systems.
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