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Abstract: One of the grand challenges of energy materials is idenƟfying the acƟve sites and capturing real-Ɵme 
“movies” of catalyƟc processes, i.e., watching catalysis in acƟon.1 It is increasingly evident that prisƟne and post-
mortem electrocatalysts, characterized ex situ, most likely do not maintain the same acƟve structures under 
electrochemical condiƟons. The need to establish structure-(re)acƟvity correlaƟons in electrocatalysis moƟvates 
the development of operando (operaƟng) methods. The molecular and structural pictures of electrocatalysts 
have a delicate interplay in which catalysts are designed to effecƟvely turn over molecules into desirable 
products, while molecules oŌen drive the dynamic catalyst evoluƟon. 

I will first present our recent progress in probing dynamic structural evolution of energy materials by developing 
multimodal operando electrochemical liquid-cell scanning transmission electron microscopy (EC-STEM) and 
synchrotron-based high-energy-resolution X-ray spectroscopy to across multiple spatiotemporal scales.[1-2] 
Operando electrochemical 4D-STEM in liquid, assisted by machine learning, has shown great potenƟal to 
interrogate complex structures of acƟve sites of energy materials at solid-liquid interfaces. My group recently 
employed operando electrochemical 4D-STEM to provide direct nanoscale movies visualizing evoluƟon from 
single-atom catalysts to acƟve Cu nanostructures for CO2 reducƟon to liquid fuels.[3] I will then introduce our 
instrument development on the first-of-its-kind operando heaƟng and cooling EC-STEM to diagnose baƩery 
failure mechanisms below freezing temperatures and catalyst degradaƟon mechanisms at elevated 
temperatures.[4] 

I will then present our research on fundamental single-crystal electrochemistry to elucidate molecular pictures 
of proton-coupled electron transfer mechanisms. I will highlight high-quality single-crystal electrodes and 
ultrapure heavy water are necessary to enable reliable kineƟc isotope effect (KIE) measurements. We report, for 
the first Ɵme, inverse KIEs in which Pt single crystals exhibit significantly higher ORR acƟvity in D2O than in 
H2O.[5] Such counterintuiƟve inverse KIEs are closely correlated to the lower *OD coverage and weakened *OD 
binding strength, relaƟve to *OH. I will also discuss the strong facet- and potenƟal-dependent KIEs for alkaline 
HER at Pt single-crystal surfaces and caƟon-dependent phosphate adsorpƟon at Au single-crystal surfaces 
(Unpublished).  1.Yang, Nature 2023, 614, 262; 2.Yang, Nature Catalysis 2025, 8, 579; 3. Choi, Yang*, J. Am. Chem. Soc. 

2025, 147, 37808; 4. Kim, Yang*. J. Am. Chem. Soc. 2025, 147, 23654; 5. Yang, Nature Chemistry 2023, 15, 271  
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