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Identifying the surface species that govern the oxygen evolution reaction (OER) remains a central challenge in electrocatalysis, particularly for iridium-based catalysts operating under acidic proton exchange membrane water electrolysis conditions. Although IrOx is among the few catalyst materials combining high OER activity with sufficient stability in acid, its active state is not static. Instead, the catalyst surface continuously evolves through potential-dependent oxidation, hydration, deprotonation, condensation, and partial dissolution. 

Here, we combine operando surface-enhanced Raman spectroscopy (SERS), quick-scanning X-ray absorption spectroscopy (QEXAFS), UV–vis spectroscopy, electrochemical quartz crystal microbalance measurements, and online ICP-OES/ICP-MS with electrochemical half-cell and PEM single-cell testing to identify reactive oxygen motifs on Ir-based OER catalysts. Operando SERS reveals the potential-dependent evolution of Ir–O vibrational fingerprints, including bridge-rich μ₂-type Ir–O–Ir motifs around 550 cm⁻¹ and highly oxidized Ir–O environments in the 710–820 cm⁻¹ region. Complementary UV–vis spectroscopy resolves successive Ir-centered and oxygen-centered redox regimes, showing that highly oxidized oxygen character emerges in the OER potential region. QEXAFS further correlates these spectroscopic fingerprints with changes in the local Ir–O coordination shell, linking vibrational signatures to geometric restructuring of the catalyst surface.

By using controlled cathodic/anodic perturbations as a mechanistic probe, we show that prolonged OER promotes the accumulation of condensed bridge-rich oxygen environments, whereas low-potential polarization partially rehydrates and reprotonates the oxide surface. These dynamic transformations demonstrate that OER activity on IrOx is governed by a changing population of surface oxygen motifs rather than by a single fixed active site. 
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Figure 1. Operando identification of reactive oxygen motifs on Ir-based OER catalysts:(a) electrochemical protocol used to induce potential-dependent surface transformations, (b) UV–vis spectra resolving Ir-centered and oxygen-centered redox regimes, and (c) SERS-derived evolution of Ir–O vibrational fingerprints as a function of potential.
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