Surface-sensitive investigation of electrochemical reactions by combining in operando nuclear magnetic resonance spectroscopy and numerical pulse optimization
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Electrochemical reactions typically undergo complex reaction pathways which are difficult to study and comprehend by using only ex situ analytics. The use of in operando nuclear magnetic resonance (NMR) offers unique and non-invasive insights by compromising between spectroscopical sensitivity and electrochemical efficiency to examine intermediary reaction species and conditions. However by default, NMR is a method used to investigate bulk solutions, i.e. properties like bulk diffusion or concentration.
To achieve spatial sensitivity in NMR experiments, magnetic field gradients can be exploited for magnetic resonance imaging (MRI). The spatial resolution is proportional to the number of gradient steps, i.e. the experiment repetitions at varying gradient strengths. However with this method, a compromise between temporal and spatial resolution is required to remain on a timescale relevant for electrochemical reactions.
Alternatively, custom NMR pulses obtained by numerical pulse optimization can be used to provide surface sensitivity and thus spatial selectivity for NMR experiments without this compromise. The pulses are optimized by determining magnetic field distortions at the surface of individual conductive materials through Finite element method (FEM) simulations and successive integration into a numerical optimization workflow based on Optimal Control [1]. The functionality of the pulses was experimentally confirmed on a model setup for which a volume between two conductive coins was selectively excited while a volume between two non-conductive coins remained unaffected [2]. 
In this work, the custom NMR pulses were applied in operando on an electrochemical cell that fits into a 5 mm NMR tube. This enabled the selective excitation at micrometer and shorter distances from the working electrode, yielding spectroscopic access to chemical species that only exist on the electrode surface during electrochemical operation. The method was additionally exploited to evaluate concentration equilibria of electrolyte buffers at the electrode surface, facilitating the indirect determination of local pH by applying the Hendersson-Hasselbalch equation and a chemical shift dependency of the buffer species concentration on pH [3].  
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