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Over the years, material innovations combined with multifunctional properties have gained great relevance in energy conversion and energy storage systems.[1-2] In this context, the complexity at the interface between the material electrode and electrolyte has significantly increased on various length and time scales. This invited talk presents various operando and in-situ dynamic methods to provide insights into the electrochemical processes for bifunctional electrocatalyst materials in PEM fuel cell and electrolysis applications.

First, the combination of in-situ electrochemical Raman spectroscopy with DFT calculations is powerful way to study the catalytically active platinum-iridium species during oxygen reduction/evolution reactions. [3] As a model system, sputtered thin Pt-Ir films were prepared by layer-by-layer magnetron sputtering process. The differences in their reactivity towards ORR and OER could be correlated with potential-induced oxide formation and electronic interactions. The as-prepared thin Pt-Ir films exhibit a rough, oxidised surface consisting mostly of disordered amorphous Pt and Ir oxides. All of the iridium-containing films also exhibit the rutile (IrO₂) structure. During the ORR, the Pt-Ir surface shows the appearance of highly stable Ir3+‑OH at potentials below 0.8 VRHE, while the platinum mainly appears in the metallic state. Only at 1.0 VRHE a broad band at ~554 cm-1 appears, indicating the initial formation of an amorphous Pt-Ir oxide phase. During the OER, the formed oxide species on the Pt-Ir surface differ from those for monometallic Pt and Ir films. For instance, the symmetric stretching mode of Ir-O-Pt (657 cm-1) is shifted by 38 cm-1 compared to Ir-O-Ir (695 cm-1), indicating a weakening of the Ir-O-Pt bond by 13 % (≈ 0.48 kJ mol-1) under OER conditions. Tuning the µ-oxo bond linkages of the metal centers plays a key role in accelerating the OER kinetics and boosting the material design for efficient unitized regenerative fuel cell technology.

Secondly, bifunctional Pt-Ir alloy nanoparticles (NPs) were prepared by colloidal route. All Pt-Ir catalysts show HOR activities close the diffusion-limiting current, indicating fast kinetics in acidic media. The nano-sizing of the Pt-Ir leads to an improvement in OER activity. Operando Quick-XANES experiments were performed by jumping between HER and OER within a few seconds. Very remarkably, these experiments demonstrate the bifunctionality and reversibility of these bimtallic Pt-Ir NPs for several minutes. However, the oxidation state of iridium during the OER is strongly influenced by the Pt:Ir ratio. More precisely, the iridium is oxidized from 3+ to 4+ by jumping the potential between HER and OER, while the chemical state of Pt species only alter from metallic to 2+. The formation of Pt4+ species is kinetically hindered during the OER. For the first time, we provide novel insights into the dynamic behavior of bifunctional cell-reversal tolerant Pt-Ir NPs within a few seconds to improve the long-term durability of PEM fuel cells.
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