Understanding Microenvironment-Driven Modulation of Nitrate Reduction on Copper via Operando ATR-SEIRAS
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The electrocatalytic nitrate reduction reaction (NO3RR) is a low-emissions alternative to the conventional Haber-Bosch method of ammonia synthesis. Of particular interest is the utilization of distributed nitrate polluted waste-water feedstocks, necessitating a robust understanding of the effect of electrolyte composition on NO3RR.  Furthermore, pH gradients are known to form when protons are consumed at rates exceeding the electrolyte buffering capacity,[1] contributing to a locally distinct microenvironment that may play a further role in controlling the reaction rate and product distribution. Bulk electrolyte composition can affect the microenvironment by modulating water structure, local pH, electric field strength, blocking active sites, or providing intermediate-stabilizing interactions. However, the resulting impact on the overall reaction can be difficult to deconvolute. Considering a Cu electrocatalyst, we observe higher reaction rates and greater selectivity to ammonia in 0.1 M sodium phosphate buffer (surface pH 13, bulk pH 7) compared to a comparable local pH 13 NaOH electrolyte. Additionally, we observe differences in rate and selectivity toward ammonia in bulk pH 7 phosphate electrolytes containing different alkali metal cations (Li+, Na+, K+) despite identical local surface pH (13), where electrolyte containing Li+ increases selectivity to nitrite compared to K+ and Na+. Taken altogether, these findings illustrate that both cations and anions play a crucial role in modulating NO3RR and nuanced understanding of surface and near-surface interactions is required. 
We employed operando attenuated total reflection surface enhanced infrared absorption spectroscopy (ATR-SEIRAS) to directly observe the electrode-electrolyte interface on Cu electrodes under reaction conditions. We monitor the speciation of both adsorbed and solvated phosphate as a function of applied potential during HER and NO3RR in pH 7 phosphate buffer and compare to HER and NO3RR in pH 13 NaOH with 10 mM Na3PO4. In neutral electrolyte adsorbed H2PO4* and HPO4* were observed under mildly reducing conditions, with adsorbed PO4* appearing at higher overpotentials while at high bulk pH only adsorbed PO4* is observed. We find that in circumneutral media HxPO4 species facilitate proton shuttling from bulk electrolyte to the electrode surface, enabling faster reaction kinetics despite low local proton concentration. Additionally, adsorbed PO4* enhances HER kinetics in bulk alkaline electrolyte but inhibits NO3RR via site-blocking in the absence of a bulk proton sink (bulk neutral electrolyte). We further investigate the impact of local electric field on NO3RR via ATR-SEIRAS in the presence of a series of alkali metal cations (Li+, Na+, K+) using adsorbed CO* as a probe for local electric field changes as a function of potential and find that the effective Stark tuning rate of CO is similar across all cations tested at NO3RR potentials. Altogether, we present a unified picture of microenvironment-driven modulation of NO3RR via bulk electrolyte compositional variation.
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