Correlating Surface Intermediates and Reaction Products During Electrochemical Nitrate Reduction on Gold Surfaces Using Operando VSFG and OLEMS
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The electrochemical nitrate reduction reaction (NO3RR) has emerged as a promising strategy for both nitrate remediation and sustainable ammonia synthesis under ambient conditions, offering a potentially more energy-efficient alternative to the conventional Haber–Bosch process, which operates under high temperature and pressure.[1] Despite significant advances in catalyst development, the reaction mechanism remains poorly understood due to the complexity of the multi-electron transfer process and the difficulty of identifying reaction intermediates at the electrified interface.[2] In this work, operando vibrational sum-frequency generation (VSFG) spectroscopy was employed to investigate the evolution of interfacial species during nitrate reduction on gold electrodes in alkaline media. Measurements were performed in 1.0 M KOH in the absence and presence of 0.5 M KNO3 over a potential range from 0.6 to −1.0 V versus the reversible hydrogen electrode (RHE). The use of VSFG as an interface-specific vibrational spectroscopy technique enables selective probing of molecular species at the electrode/electrolyte interface[3, 4], providing valuable information on the adsorption and transformation of reaction intermediates as a function of applied potential. Potential-dependent spectral changes reveal modifications in the interfacial environment associated with the progression of the nitrate reduction reaction. Preliminary electrochemical and spectroscopic results reveal clear differences between nitrate-free and nitrate-containing electrolytes. Cyclic voltammograms exhibit distinct potential-dependent features upon nitrate addition, while VSFG spectra show the emergence of a band near 1278 cm⁻¹, absent in the nitrate-free electrolyte, that could be attributed to nitrate-derived NOx surface species. To complement the spectroscopic investigation, online electrochemical mass spectrometry (OLEMS) measurements, accompanied by cyclic voltammetry and chronoamperometry, are being conducted to monitor gaseous reaction products generated under electrochemical conditions[5, 6]. The OLEMS measurements enabled the detection of hydrogen (m/z 2), ammonia (m/z 15), nitric oxide (m/z 30), and nitrous oxide (m/z 44) as a function of the applied potential. These results revealed the interplay between the competing hydrogen evolution reaction (HER) and the nitrate reduction reaction (NO3RR). By combining operando VSFG spectroscopy with OLEMS, it was possible to directly correlate potential-dependent interfacial intermediates with product formation, providing mechanistic insights into the reaction pathways governing NO3RR selectivity on gold in alkaline media. These findings will contribute to a comprehensive understanding of nitrate reduction, helping to identify factors controlling product formation on gold electrodes. More broadly, the combination of these complementary operando techniques represents a powerful strategy for simultaneously tracking adsorbed intermediates and reaction products under electrochemical conditions. This approach can be readily extended to other electrocatalytic reactions of interest, providing a versatile platform for elucidating reaction mechanisms at electrified interfaces.
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