Operando XAFS Reveals Interfacial Redox Chemistry of Supported Metal Catalysts as the Switch Descriptor Between Base- and Tip-Growth Carbon Filaments During Catalytic Methane Splitting 
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ABSTRACT
Catalytic methane splitting offers a direct route to COx-free hydrogen and valuable solid carbon products, yet catalyst performance is dictated by a nanoscale question that last as difficult to resolve: why do some metal nanoparticles remain anchored and drive carbon base-growth while others detach and ride at the filament tip? Here, operando quick-XAFS at the Ni and Co K-edges coupled with online mass spectrometry identifies the metal-support perimeter as a redox-active switch controlling base- versus tip-growth in metal nanoparticles supported on non-porous Al2O3. The study tracks size-controlled NiO/Al2O3 and Co3O4/Al2O3 catalysts during H2 reduction, He flushing to remove residual H2 and subsequent CH4 splitting at 873 K. 
To resolve evolving chemical states within the operando XAFS datasets, we applied a chemometric workflow combining principal component analysis (PCA), multivariate curve resolution–alternating least squares (MCR-ALS), and linear-combination fitting (LCF). The XAFS-derived speciation reveals two sharply different interfacial redox pathways: under reductive activation at 873 K, NiO nanoparticles reduce directly to a predominantly metallic Ni phase, followed by a minor surface reoxidation during He flushing. This limited interfacial oxygen reservoir is rapidly carboreduced under CH4 exposure, leaving mobile Ni particles that detach to yield tip-grown carbon nanofibers. In sharp contrast, small Co3O4 nanoparticles follow a sequential reduction pathway toward CoO and Co, retaining substantial interfacial CoO- and CoAl2O4-like environments that become enriched during He flushing. Upon CH4 introduction, these oxygen-containing species are only partially carboreduced, leading to persistent Co-O-Al anchoring motifs that stabilize Co at the alumina perimeter and promote base-grown, open-ended carbon nanotubes. The mechanism is size dependent: larger Co nanocrystals lose the CoAl2O4-like signature and switch toward tip-growth like Ni. 
Environmental TEM observations directly capture this divergence as particle rounding and lift-off for Ni, versus carbon-induced flattening and sustained anchoring for Co. DFT further rationalizes this behavior through stronger Co–Al2O3 adhesion and a higher probability of Co substitution into the interfacial oxide. These results establish operando XAFS as a decisive atomic probe of reactive metal-support interfaces and provide actionable descriptors like nanoparticle size, oxophilicity and interfacial oxygen persistence, for designing methane-splitting catalysts that steer carbon morphology while sustaining hydrogen production. 
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