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Identifying the oxidation state and local coordination environment of catalytically relevant species remains a major challenge in electrocatalysis. In cobalt-based oxygen evolution catalysts, the role of highly oxidized Co(IV) species has been debated for more than a decade, illustrating the broader difficulty of assigning catalytic function to spectroscopically observed states. X-ray absorption spectroscopy (XAS) is ideally suited to probe oxidation states and local coordination environments under reaction conditions. However, because oxygen production is rarely quantified simultaneously during spectroelectrochemical measurements, most studies remain limited to in situ observations rather than operando characterization. As a result, identifying catalytically relevant states remains challenging despite the wealth of spectroscopic information available [1].
This contribution traces our efforts to address this challenge using complementary spectroscopic approaches. Early in situ XAS studies revealed the dynamic evolution of cobalt oxide catalysts during the oxygen evolution reaction (OER), while product formation was assessed in separate, correlative experiments [2]. More recently, in situ UV–Vis spectroelectrochemistry enabled the tracking of highly oxidized cobalt species during OER and revealed the accumulation of Co(IV) under increasingly alkaline and oxidative conditions [3]. Interestingly, the relationship between Co(IV) population and OER activity depends on the operating regime, with a stronger correlation observed at elevated potentials and current densities [3]. Taken together, these studies leave an unresolved question: when oxygen is actually produced, which cobalt oxidation states are present and how do they evolve during catalysis?
To address these questions, our electrochemical XAS cell combines X-ray absorption spectroscopy with simultaneous quantitative oxygen detection by fluorescence quenching [4]. By correlating catalyst oxidation state and oxygen evolution rate under identical conditions, this approach enables a transition from in situ observation to operando characterization. Combined with insights from in situ UV–Vis spectroelectrochemistry, the results reveal a close correlation between the onset of oxygen evolution and the appearance of Co(IV) species in both neutral and alkaline media. Beyond establishing such correlations, recent advances in XAS instrumentation enable the observation of sub-second redox-state dynamics during oxygen evolution. These measurements may reveal dynamic equilibria between catalyst states that remain hidden in conventional steady-state experiments and provide new opportunities to investigate the kinetics of active-state formation.
A key conclusion is that identifying active states requires not only spectroscopic sensitivity but also direct information about catalytic turnover. Complementary spectroscopy, quantitative product detection, and emerging time-resolved methodologies together provide a framework for linking catalyst oxidation state, catalytic activity, and catalyst-state dynamics during oxygen evolution.
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