Understanding individual contributions in bimetallic spinel nanoparticles for the oxygen evolution reaction using operando Raman spectroelectrochemistry
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The rational design of efficient electrocatalysts for the oxygen evolution reaction (OER) requires a detailed understanding of how the local chemical environment governs catalytic activity and surface reactivity. Transition metal oxides have emerged as promising alternatives to noble-metal-based catalysts due to their low cost, earth abundance, and compositional versatility. Among them, spinel-type oxides provide an ideal platform to systematically investigate composition-property relationships because their structural framework can accommodate a wide variety of cations while maintaining a common structural framework.[1]
Despite the extensive interest in multi-metallic oxides for the OER, disentangling the individual contribution of each metal center remains particularly challenging due to the strong interplay between composition, electronic structure, and surface reconstruction under operando conditions. In mixed-metal systems, catalytic behaviour is often influenced by complex interactions between cations, which can alter the local electronic environment and promote synergistic effects that are absent in the corresponding monometallic oxides.[2,3] Consequently, simplified model systems are required to establish composition-activity relationships and to identify the role of individual metallic species in the catalytic process.
In this work, we present a systematic investigation of mono- and bimetallic spinel nanoparticles with the aim of identifying the individual and cooperative roles of transition metal cations as catalysts for the OER. By progressively increasing the compositional complexity from single-metal to mixed-metal systems, we evaluate the individual contribution of different transition metal cations and the emergence of cooperative effects between metallic cations. Particular attention is devoted to the evolution of the catalyst surface under reaction conditions and to the identification of reaction intermediates involved in oxygen evolution. To this end, operando Raman spectroelectrochemistry is employed to monitor structural and surface changes during OER and to investigate how cation mixing influences the formation of catalytically relevant species.
The comparison between mono- and bimetallic systems provides valuable insight into how cation mixing influences the activity and surface reactivity of spinel electrocatalysts. Beyond their relevance for conventional spinel catalysts, the present study establishes a conceptual framework for understanding increasingly complex oxide systems, including high-entropy oxides, where the large configurational diversity makes the identification of active motifs particularly challenging. The knowledge gained from simplified model systems offers useful guidelines for the rational design of next-generation multicomponent electrocatalysts for sustainable energy conversion technologies.
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