In-situ and operando monitoring of electrocatalytic heterogeneity at polycrystalline films and surface immobilized nanoparticles
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The development of efficient, durable, and cost-effective electrocatalysts requires a detailed understanding of the relationship between catalyst structure and performance. However, two key challenges arise in electrocatalytic investigations, which apply to both macroscopic, catalytically active electrodes and catalyst nanoparticle (NP)-modified electrodes. First, catalytic activity is often spatially heterogeneous, due to differences in morphology, crystallographic orientation, composition, or local reaction environment. Second, electrocatalysts rarely remain structurally unchanged during operation. Surface reconstruction, dissolution, redeposition, and changes in electrical connectivity can continuously alter the catalyst performance. Addressing these challenges requires analytical approaches capable of probing electrified interfaces under realistic operating conditions.[1]
Scanning electrochemical cell microscopy (SECCM) enables localized electrochemical measurements by confining the reaction environment to a micro- or nanoscale droplet cell formed between a scanned pipet and the working electrode surface. This approach allows spatially resolved activity mapping and direct correlation of position and reactivity. Additionally, SECCM can be combined with other (co-located) analysis tools, to gain structural insights into the material. Employing SECCM together with electron backscatter diffraction (EBSD), one can identify how the crystallographic surface orientation influences the catalytic activity of  polycrystalline electrocatalysts [2] or how particle heterogeneities and catalytic activities develop during post synthetic modification of surface immobilized nanoparticles.[3] 
As a complementary approach, dark-field microscopy (DFM) enables highly sensitive operando monitoring of plasmonically active nanoparticles. Because the optical scattering response is strongly influenced by changes in composition, morphology, and local environment, DFM enables real-time tracking of catalyst transformations at the single-particle level, such as dissolution, oxidation, restructuring, and loss of electrical contact. Using operando DFM, we can directly observe potential-dependent oxidation product formation on individual silver nanoparticles [4] and observe the catalytic activity of individual nanocatalyst particles as well as its intra-batch heterogeneity. 
Together, these examples illustrate how in-situ and operando methods provide unique insights into both local activity variations and catalyst dynamics that govern electrocatalytic performance. Such approaches are broadly applicable to macroscopic electrodes as well as nanoparticle-based catalyst systems and are expected to play an increasingly important role in the rational design of next-generation electrocatalytic materials.
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