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In recent years, we have developed methods to fabricate materials with complex chemical 
and structural properties. Successfully synthesizing functional materials relies on 
controlling chemical reactions across various length scales, yet the classical nucleation and 
growth model falls short in providing adequate information. In this talk, I will present how 
multimodal X-ray methodology, rather than simply offering new tools, is expanding our 
ability to study, understand, and design complex structures. A combination of in situ X-ray 
spectroscopic (XAS/XES), scattering techniques (PDF/PXRD/SAXS), and microscopic 
methods (ptychography), along with rapid data acquisition, helps uncover the intricate 
chemical processes involved in synthesizing functional materials. These techniques 
provide complementary insights into chemical reactions in solution, as well as the 
nucleation, growth, and crystal phase transitions of nanoparticles and their assemblies. 

We will focus on materials exhibiting varying degrees of chemical, structural, and 
morphological complexity, such as hollow Cu cubes, CuPd icosahedral nanoparticle 
assemblies, and CoO assemblies. Using the example of ZnS nanorods, we will demonstrate 
how combination of in situ XAS and XES allows for the monitoring of the emergence of the 
electronic and atomic structures of ZnS nanorods. To illustrate the advantages of 
operando high-energy X-ray scattering measurements, we will discuss the 
photodegradation of CuBi2O4 photoanodes. Finally, I will address the strengths and 
limitations of using synchrotron methods for in situ and operando studies in solution. 
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