Disentangling Multi-Scale Interfacial Phenomena in CO2 Electroreduction on Copper
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Electrochemical processes are fundamental to emerging cleaner energy conversion and storage technologies, such as the CO2 reduction reaction (CO2RR). At the core of these processes is the electric double layer (EDL); a dynamically structured interfacial region formed at the electrode-electrolyte interface. The properties of this region, which plays a critical role in determining catalytic selectivity, are strongly influenced by the local electric field and chemical composition. Yet, the EDL remains poorly understood, limiting insights into the complex, dynamic, nature of this highly important region.

In this seminar, we will discuss the development an advanced operando spectro-electrochemical approach, which combines (i) high time resolution operando perturbation-based spectroscopy, (ii) novel experimental design for quasi-high throughput experimentation, and (iii) advanced data mining approaches, to unravel the complexities of EDL and its interplay with reaction kinetics. This strategy, termed Dynamic Response Spectroscopy (DRS),1 uses eigendecomposition of time-resolved infrared spectral matrices, collected by predominantly infrared spectroscopy. Through this analytical framework, we successfully speciate the interfacial spectroscopic contributions based on their temporal response profiles to an applied stimulus. This approach is used in conjunction with the application of temporally structured electrochemical perturbations, i.e., electrochemical potential pulses, which allow for the deconvolution of overlapping ki-
netic modes of the different interfacial regions of the EDL.2 Through the application of this method,1 we found evidence that increased presence of CO2 in the system leads to less structured EDLs, leading to  intense and sudden reorganization events of the microstructure of the interface. These events are highly correlated with turnover; the adsorption and subsequent reduction of reactant CO2.1 

Building on this foundation, Long Short-Term Memory (LSTM) neural networks were employed to capture complex temporal dependencies of different reaction intermediates from the ensemble of other spectral features. This analysis was performed under varying experimental conditions, where different cations and anions were employed across a wide range of experiments to create a multivariate matrix of datasets, providing mechanistic insights into, e.g., the relevance of the different binding configurations of the key reaction intermediate *CO for the reaction and the roles that different cations play in these observations.3

Overall, the development of these strategies expands our set of experimental tools to dive into the different
processes occurring in our electrochemical system, bridging the gap between experimental and theoretical
research in the search for more efficient reaction catalysts.
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