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The large-scale deployment of proton exchange membrane (PEM) electrolyzers for green hydrogen production critically depends on the development of highly active, durable, and economically viable electrocatalysts for the oxygen evolution reaction (OER) in acidic media. In this work, we present a unified strategy to design and investigate Iridium (Ir)- and Ruthenium (Ru)-based catalysts using scalable solid-state and molten-salt synthesis approaches, coupled with state-of-the-art characterization and density functional theory (DFT) modeling.

We first explored supported Ir nanoparticles (NPs) synthesized via solvent-free solid-state methods on both conductive carbon and antimony-doped tin oxide (ATO) supports. These catalysts exhibit exceptional OER activities, with carbon-supported Ir achieving up to 1209 A gIr-1 at 1.65 V and notable durability under accelerated stress conditions. ATO-supported Ir (50 wt%) also surpassed commercial IrO2 benchmarks, benefitting from high dispersion and strong metal-support interactions, as confirmed by XPS (refer to Figure 1) and electron microscopy [1-2].

In parallel, we synthesized IrRu semi-alloys on porous carbon, achieving fine control over nanoparticle size and composition. Ir0.25Ru0.75/C delivered a remarkable OER activity of 2494 A gmetal-1, while Ir0.5Ru0.5/C offered superior stability (70% retention), outperforming both commercial and as-prepared analogues. DFT calculations revealed that *OOH formation is the rate-determining step (RDS) in both systems, with Ir0.25Ru0.75/C exhibiting a lower energy barrier (3.94 eV vs. 4.46 eV), consistent with its higher experimental activity.

To understand amorphous and disordered systems beyond the reach of conventional diffraction, we synthesized IrRuOx catalysts via molten-salt routes and analyzed them using synchrotron-based total scattering and Pair Distribution Function (PDF) analysis at PETRA III (beamline P02.1). PDF refinements unveiled short-range structural motifs and nanoscale disorder correlating with enhanced catalytic performance. The best-performing sample, Ir0.25Ru0.75Ox-500, exhibited 480 A gmetal-1 at 1.65 V—substantially outperforming commercial IrRuOx.

This work bridges solid-state chemistry, nanoscale structural analysis, and theoretical modeling to elucidate the active states of Ir- and Ru-based OER catalysts. It offers a general and scalable platform for developing next-generation acid-stable electrocatalysts, supported by a deep understanding of structure–property relationships from the atomic to the mesoscale.
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Figure 1. Post-stability characterization of Ir/ATO-NE electrode. (a) High-resolution XPS spectra of Ir 4f before and after 20 CV cycles and AST, (b) high-resolution XPS spectra of O 1s before and after 20 CV cycles and AST, and (c) schematic representation of catalyst–support interaction under OER.

