Hydrophobic Film Formation at Electrified Interfaces and Their Impact on Hydrogen Evolution Reaction Studied by THz Spectroscopy
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Understanding the molecular structure of aqueous interfaces at electrified metal surfaces is central to electrochemical reactivity, in particular for processes such as the hydrogen evolution reaction (HER). However, aqueous interfaces under applied potential remain challenging to describe, as classical continuum and mean-field models typically treat water as a homogeneous dielectric medium. Such descriptions neglect the directional nature of hydrogen bonding, molecular orientations, density fluctuations and ion-specific interactions, all of which can strongly influence the structure and dynamics of the electric double layer. A molecular-level description is therefore required to understand how interfacial water, ions and local hydrophobicity govern electrochemical reactions.

Molecular dynamics simulations at constant applied potential provide such a description and reveal pronounced interfacial structuring at the gold-water interface. These simulations show that the first water layer forms a highly ordered, quasi-two-dimensional hydrogen-bond network at the metal surface. As many hydrogen-bonding sites are already saturated within this first layer, the adjacent water layer is forced into a less connected arrangement with reduced hydrogen-bond connectivity to the first layer. [1] This gives rise to local water-density depletion and the formation of hydrophobic interfacial cavities. Such cavities can provide energetically favorable environments for small hydrophobic molecules and may alter reactant accessibility, solvation and transport close to the electrode surface. [2]

To experimentally probe these interfacial water structures and their dynamics, we employ terahertz (THz) spectroscopy under externally controlled electric fields. THz spectroscopy provides direct access to collective intermolecular vibrations of the hydrogen-bond network, in our case in the spectral range of approximately 50 - 600 cm-1. As an initial application, our spectroelectrochemical approach enabled the direct observation of a hydrophobic, cation-rich interfacial film, which profoundly reshapes the electric double layer. [3]

In the present study, we extend this approach by systematically varying tetraalkylammonium-based cations with different sizes. This allows us to investigate how ion-specific interactions control the formation, composition and stability of hydrophobic interfacial films. By combining THz spectroscopy with molecular dynamics simulations, we rationalize the molecular mechanisms that drive film formation and determine how these films restructure at the interface.

These findings highlight that hydrophobic interfacial films can strongly influence water structure, proton availability and interfacial transport processes, thereby modulating HER activity. Depending on their composition and stability, such films may enhance the HER by creating favorable local reaction environments, stabilizing hydrophobic intermediates or facilitating interfacial organization. Conversely, dense or persistent films may inhibit the HER by blocking water and proton access to active sites or by slowing interfacial transport. Hydrophobic film formation at electrified interfaces therefore provides a molecular handle to tune electrocatalytic performance.
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