THz-TDS for in-situ and operando study of the carrier dynamics of electrochemical reactions
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Hydrogen (H₂) is a key component for the transition toward sustainable energy supply, especially for large-scale storage of wind and solar energy. Hydrogen is produced through the electrolysis of water, an electrochemical process that splits water into hydrogen and oxygen. Spectroelectrochemistry (SEC) combines the field of electrochemistry and spectroscopic techniques to enable operando investigation of such processes. A spectroscopic technique that is hardly being investigated in SEC is terahertz time-domain spectroscopy (THz-TDS) [1], despite its extended use as a non-contact probe to study the carrier dynamics in thin films. THz-TDS is a measuring technique that utilizes THz pulses to detect its interactions with samples in both amplitude and phase [2]. The absence of THz-TDS in SEC can be explained by the difficulty of designing a THz-transparent electrochemical cell, as THz radiation gets absorbed by water and conductive materials. In their pioneering work on THz SEC, C.T. Nemes et al. designed a THz-transparent cell and showed the first results of measuring the THz transmission through this cell during an electrochemical process [3].
In this work, THz-TDS is investigated as a tool for monitoring carrier dynamics during water electrolysis. An electrochemical cell was designed to allow simultaneous THz-TDS and cyclic voltammetry (CV) measurements. This cell is designed to measure the reflected pulse from the electrolyte-working electrode interface. As THz radiation is absorbed by water (the main component of the electrolyte), the cell is designed such that thickness of the electrolyte layer is kept at about 100 micron. The working electrode of this cell is a fluorine tin oxide (FTO) substrate coated with a thin nickel oxide (NiO) electrocatalyst layer deposited by plasma-assisted atomic layer deposition [4]. The CV measurements revealed activation of the NiO electrocatalyst through the appearance of characteristic non-catalytic waves. By calculating the area under this non-catalytic wave, the overall dynamics of the oxidation and reduction can be studied. Simultaneously, the reflected THz pulses from the electrochemical cell are measured with the THz-TDS setup. From the reflected THz pulses, the THz reflection spectra are obtained. These spectra can be fitted with the transfer matrix method and Drude model in order to obtain the carrier mobility of the working electrode. Comparing the mobility of the working electrode to the dynamics of the oxidation and reduction of the NiO electrocatalyst shows an inverse relation between the oxidation and reduction of NiO and the mobility of the FTO working electrode. Furthermore, both electrochemical activity and mobility show a change in rate after approximately 100 minutes, suggesting that a decrease in carrier mobility contributes to the slowing electrochemical dynamics.
These results demonstrate that THz-TDS can provide valuable in-operando insight into charge carrier dynamics during electrochemical reactions. Changes in the mobility of the working electrode can be measured with THz radiation during CV measurements are correlated to the area under the non-catalytic wave.  



[1] B. J. Heijnen, S. H. Khamene, M. Creatore and J. Gómez Rivas, "Real-time monitoring of electrochemical reactions by THz-TDS," 2025 50th International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), Helsinki, Finland, 2025, pp. 1-2, doi: 10.1109/IRMMW-THz61557.2025.11319674.
[2] P. U. Jepsen, D. G. Cooke, and M. Koch, “Terahertz spectroscopy and imaging – Modern techniques and applications,” Laser & Photonics Review, vol. 5, no. 1, pp. 124–166, Oct. 2010
[3] C. T. Nemes, J. R. Swierk, and C. A. Schmuttenmaer, “A terahertz transparent electrochemical cell for in situ terahertz spectroelectrochemistry,” Analytical Chemistry, vol. 90, no. 7, pp. 4389–4396, Mar. 2018
[4] S. H. Khamene, C. Van Helvoirt, M. N. Tsampas, and M. Creatore, “Electrochemical activation of Atomic-Layer-Deposited nickel oxide for water oxidation,” The Journal of Physical Chemistry C, vol. 127, no. 46, pp. 22570– 22582, Nov. 2023
