High-Entropy Nanoalloys: Insight Into Formation And Structural Transformation By Electron Microscopy and X-ray Absorption Spectroscopy
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ABSTRACT 
[bookmark: _GoBack]High-Entropy Alloys (HEAs) represent an emerging class of multimetallic materials with strong potential for catalysis and energy-related applications. Composed of at least five elements in near-equiatomic proportions, they enable fine tuning of their electronic and structural properties [1, 2]. However, their chemical complexity and the richness of their transformations under operating conditions make their characterization particularly challenging, limiting the understanding of structure-property relationships.
 
In this context, we propose a correlative approach combining transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS), including in situ experiments, to investigate the formation of porous HEA-based nanocrystalline particles. These materials are synthetized through polymer templated spray-drying, a protocol that allows to easily tune the chemical composition [3]. We studied three systems: RuRhPdIrPt (S6), NiRuRhIrPt (S7) and NiRuRhPdIr (S16), with the objective of understanding the effect of replacing noble metals with non-noble metals on morphology and chemical segregation. 
Ex situ XAS and TEM analyses revealed that the first two systems exhibit structurally and chemically homogeneous nanocrystals with narrow size distribution. However, replacing Pt by Ni leads to pronounced phase segregation into Pd-rich domains and NiRhIr ternary alloy identified by TEM and confirmed by XAS. In order to understand the origin of this segregation, we carried out in situ XAS and TEM characterization. 
For in situ XAS, we took advantage of the edge jumping capability of the ROCK-SOLEIL Quick-EXAFS beamline, which permits the monitoring of XAS at different chemical element edges during the same reaction, to record sequentially and cyclically time-resolved XAS datesets over three energy ranges - 3d-XAS for Ni (8.3 keV), 5d-XAS covering L3-edges of Ir (11.2 keV), Pt (11.6 keV) and 4d-XAS for Ru (22.1 keV), Rh (23.2 keV), Pd (24.4 keV) - along the heating ramp (1°C/min from 25 to 500°C) of the various polymer-metal precursors leading to the HEAs. Multivariate analysis of the in situ Quick-XAS data for NiRuRhPdIr (S16) demonstrated that the first nucleation event coincides with the reduction of approximately half of the PdCl2 to metallic Pd, which occurs approximately 100°C earlier than the reduction of the other metallic precursors. The second occurs when the remaining elements reach approximately 50% reduction. 
In situ TEM monitoring of calcination of NiruRhPdIr (S16) composition revealed distinct two nanoparticle nucleation events well separated in temperature, whereas NiRuRhIrPt (S07) forms in a single event occurring in a narrower temperature range. These results indicate that the early reduction of Pd triggers the phase segregation observed in the final material, a phenomenon already observed in similar system [4].

This correlative study combining in situ TEM and XAS provides a multiscale understanding of the formation and structural evolution of high-entropy nanoalloys. Our results demonstrate that differences in reduction kinetics of the precursors can strongly influence the final chemical distribution, giving either homogeneous alloys or phase segregation.
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