Evolution of Synchrotron XAS for Heterogeneous Catalysis: From early studies to operando strategies and data analysis, at IFPEN
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Over the past twenty years, X-ray absorption spectroscopy (XAS) has progressively evolved from a conventional characterization technique into a powerful tool for understanding heterogeneous catalysts under increasingly realistic conditions. This presentation illustrates this evolution through research carried out at IFPEN on molybdenum disulfide-based catalysts, with a particular focus on CoMo systems used for hydrodesulfurization (HDS). The development of more efficient HDS catalysts requires a detailed understanding of their activation, the formation of the active phase, their behaviour under operating conditions, and their deactivation mechanisms. XAS is particularly well suited to address some of these questions because providing local element-specific electronic and structural information while offering the possibility of in situ and operando measurements.
Early developments focused on monitoring the activation of supported CoMo catalysts during gaseous sulfidation1. Using Quick-XAS and simultaneous measurements at the Mo and Co K-edges, the transformation of oxide precursors into sulfide species was followed in real time. These experiments revealed intermediate Mo oxysulfide species and highlighted the simultaneous sulfidation of cobalt and molybdenum as an important step in the formation of the active CoMoS phase. A high-pressure reactor was subsequently developed to reproduce industrial liquid-phase sulfidation conditions2. Coupled with chemometric approaches such as principal component analysis and multivariate curve resolution (MCR-ALS), XAS enabled the identification of different activation pathways depending on the supply of the sulfiding agent. 
The research then extended beyond the sulfided phase to investigate the origin of catalyst oxide species during the impregnation step. XAS combined with linear combination fitting allowed the quantitative identification of several molybdenum-containing species that form when the precursor solution interacts with the alumina support. More recently, hyperspectral full-field XAS imaging has provided spatially and temporally resolved information on the diffusion and speciation of molybdenum throughout catalyst extrudates3. This approach revealed significant changes in Mo speciation during impregnation, driven in particular by local pH variations and interactions between phosphorus-containing species and the alumina surface.
Finally, new XAS methodologies are being explored for photocatalysis, with the objective of identifying species directly involved in catalytic recations4. Modulation excitation combined with phase-sensitive detection (MES-PSD) was applied to a Mo-based photocatalyst for CO₂ conversion to methane, revealing a photo-induced signal associated with the more active oxysulfide phase. 
Overall, these developments demonstrate the close evolution of XAS and catalyst research from conventional measurements to in situ/operando experiments, spatially resolved imaging, and advanced chemometric analysis.
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