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Accomplishments (2003-2019) 

 

Our work conducted in the 2003-2019 grant periods has yielded several forms of progress. Foremost in 

this regard is the extensive progress that has been made within the collaborative efforts of the PIs to 

establish a validated toolset for the characterization of the nanoscale materials that are found ubiquitously 

in heterogeneous catalytic processes. For our work, the applications of XAS, electron microscopy and 

first principles simulations, as well as the development of operando techniques for studies of catalytic 

materials have been particularly fruitful, and have allowed us to pose and answer important fundamental 

questions in nanoscale materials science of direct relevance in catalysis. We list our main 

accomplishments below, in reverse chronological order, followed by the complete publication list 

acknowledging this award. 

 

1. We have developed, tested, and utilized a new method of correlative multi-modal (spectroscopy 

and imaging) analysis of single atom catalysts, a building block of a multi-component catalytic 

system. This method exploits a combination of XAS (XANES and EXAFS), STEM, AP-XPS and 

Resonant Inelastic X-ray Scattering (RIXS), and enables operando characterizations of catalysts 

as they evolve from single atom to metallic speciations in real working conditions. 

2. We utilized the data science methods to enable quantitative analysis of XANES to reveal 

structural information currently available through the multiple scattering (MS) EXAFS analyses. 

3. We illustrated the utility of the advanced synchrotron spectroscopies (high energy resolution 

fluorescence detection and RIXS) as tools for the structural characterization of catalysts when 

joined with supervised machine learning (SML) -assisted methods of data analysis.   

4. We have developed, tested, and utilized a new method of correlative multi-modal (spectroscopy 

and imaging) analysis of working nanocatalysts that highlighted the complex structural dynamics 

of supported Pt and Pd catalysts. This method exploits a microfabricated catalytic reactor 

compatible with both probes. 

5. We utilized the high-energy resolution absorption (HERFD XANES) and emission (RIXS) 

spectroscopies to highlight the role of intra-catalyst heterogeneity of atoms and charges, and their 

dynamic rearrangements during catalytically relevant conditions. 

6. We highlighted the role of first principle simulations (DFT/MD-based) theory in obtaining the 

links that exist between multiple components of a catalytic system (e.g. the precise atomic 

structure of a catalytic cluster, of a supporting oxide, and the bonding patterns of adsorbates) and 

the properties that are exhibited under reaction conditions.   

7. We have broadly demonstrated the utility of advanced XAS spectroscopies as a means through 

which the complex microscopic attributes of electronic charge distributions in a catalyst, and the 

mechanisms through which environmental conditions (e.g. temperature and pressure) modify 

them, can be understood—and further developing new theoretical frameworks for their analysis. 

These studies established the importance of high-energy resolution in the spectroscopic 

measurements in supporting advances made in theoretical modeling.   

8. We developed quantitative methods of electron microscopy (e.g. QSTEM, for shape 

determination in supported metal catalysts and EELS, for studies of catalyst-support interface) 

that are complementary in nature to XAS-based measurements and provide important single-

cluster-specific constraints to theory. 

9. We have applied XAS spectroscopies (XANES and EXAFS) in operando, to investigate many 

features relevant to catalytic properties, work that includes investigation of temperature and 



pressure dependent bonding dynamics of supported metal-cluster catalysts to adsorbates and an 

extensive preliminary operando investigation of surprising structural complexities and 

reconstructions of the catalysts evidenced in the hydrogenation of ethylene.   

10. We demonstrated that the structural dynamics of small metallic clusters is quite complex. It is 

characterized by multiple length and time scales, heterogeneity of crystalline orders and 

morphologies, and non-bulklike electronic properties. Small clusters also embed significant 

strains in their interatomic bonding that are strongly responsive to the in-operando conditions 

under which the catalytic system operates. 

11. Our experimental efforts have definitively established the essential mesoscopic nature of 

dynamics in such systems, ones that lead to complex impacts on equilibrium structure and its 

composition, temperature, and adsorbate-dependent evolution.  This work has clarified the strong 

size-dependent scaling of equilibrium structure in such systems—a sensitivity that challenges 

long adopted (but inadequate) models of metal cluster structure in supported catalysts—and the 

deterministic role that precise chemical and dynamical details of the metal-support interactions 

play in mediating them. Taken together the work has opened a new window on how non-

equilibrium, e.g.,  fluxional, librational and/or diffusive behaviors contribute critically to 

materials properties in supported catalysts, with suggestions as to how those dynamic properties 

in turn might serve to influence catalytic function (i.e., reactivity). 
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