In situ investigation of pH-dependent structural stability in transition metal oxide electrocatalysts
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The oxygen evolution reaction (OER) remains one of the major limitations for efficient water electrolysis due to its sluggish kinetics and the poor stability of most electrocatalysts under anodic potentials.[1] While proton exchange membrane water electrolysis (PEMWE) offers some operational advantages (e.g. high current densities and ionic conductivity)[2], the highly oxidative environment restricts the number of stable catalyst materials, and  iridium oxides (IrOx) are widely regarded as benchmark catalysts due to their high activity and durability.[3] In contrast, anion exchange membrane water electrolysis (AEMWE) enables the use of catalysts based on earth-abundant transition metals (such as Co, Ni, Fe), although catalyst activity and long-term stability remain critical challenges.[2] One promising approach is the incorporation of low Ir loadings into transition-metal oxides, combining the favorable properties of both components.[4] Such composite materials may reduce Ir consumption in PEMWE systems while simultaneously improving catalytic activity in alkaline media. However, the influence of pH on structural stability remains poorly understood, particularly regarding how low Ir loadings influence the active site phase formation and metal dissolution processes.
In this work, we investigate the structural evolution and degradation behavior of Co3O4, IrOx, and IrOx-Co3O4 composite catalysts under acidic and alkaline conditions by combining in situ Raman spectroscopy with online electrochemical ICP-MS dissolution analysis. The catalysts were synthesized via a hydrothermal route and characterized by XRD, TEM, XPS, and BET measurements. Structural characterization revealed that IrOx is incorporated into Co3O4 without disrupting the spinel structure. Electrochemical measurements demonstrated that Ir incorporation improves the OER activity, particularly in acidic electrolyte, shifting the OER onset potential and indicating that the OER kinetics of the composites become dominated by Ir active sites even at low Ir loadings.  In situ Raman spectroscopy showed that pristine Co3O4 undergoes structural reconstruction in both conditions, with progressive attenuation of spinel Raman modes and formation of highly oxidized cobalt species prior to OER. Under acid conditions, the activity of IrOx-Co3O4 is dictated by Ir activity sites, and the Raman spectra confirms the vibrational modes associated with Ir-O bonds and with the formation of high-valence Ir species prior OER. Online ICP-MS measurements directly correlated these structural transformations with metal dissolution processes, showing that Ir incorporation alters the dissolution pathways and promotes further Ir instability. In the other hand, under alkaline conditions, the formation of CoO(OH)x becomes kinetically relevant, leading to a mixed catalytic behavior involving both Ir- and Co- active sites. In this case, Co remained stable and Ir dissolution was driven by the OER process. Overall, our results highlight the pH-dependence of catalyst structural evolution, suggesting distinct active phases and degradation pathways under acidic and alkaline conditions. These findings provide an understanding of the relationship between in situ active phase formation and dissolution processes, offering guidelines for the rational design of low-Ir OER electrocatalysts across different pH environments.
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