Operando Electrochemical Interrogation of Dynamic Chemical Interfaces
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Chemical interfaces govern the performance, stability, and functionality of a wide range of electrochemical and biomedical systems, including biosensors, bioelectronic devices, tissue-engineering scaffolds, and surface-engineered implants [1, 2]. However, the investigation of interfacial processes remains challenging because conventional characterization methods are predominantly based on ex situ and discontinuous analyses, which are often time-consuming, labor-intensive, and incapable of resolving transient interfacial evolution under realistic operating conditions. These limitations become particularly critical for dynamic and stimuli-responsive interfaces whose physicochemical properties continuously evolve in response to environmental factors such as pH, temperature, ionic strength, hydration state, and electrochemical polarization [3].
In many functional systems, including self-assembled monolayers (SAMs), polymer brushes, aptamer-functionalized electrodes, and soft biointerfaces, subtle interfacial rearrangements, degradation, swelling, conformational changes, or desorption processes can significantly alter charge-transfer characteristics and ultimately lead to device drift, instability, or malfunction [4]. Therefore, the development of operando methodologies capable of continuously interrogating evolving chemical interfaces with high sensitivity and minimal perturbation is of considerable importance [5].
In this work, we demonstrate the capability of Dynamic Electrochemical Impedance Spectroscopy (DEIS) as an advanced operando electrochemical tool for monitoring the formation, evolution, and degradation of complex chemical interfaces [6]. Using representative systems including pyrene adsorption on carbon surfaces, thiol-based self-assembly on gold electrodes, and stimuli-responsive polymer brushes such as poly(N-isopropylacrylamide) (pNIPAM) and poly(dimethylaminoethyl methacrylate) (PDMAEMA), we show how DEIS enables real-time tracking of interfacial kinetics and physicochemical transformations during both surface functionalization and external stimulation.
Furthermore, we demonstrate how dynamic electrochemical interrogation under controlled stressors including temperature and pH variations provides mechanistic insight into interfacial restructuring, transport modulation, and charge-transfer evolution. The obtained results highlight the potential of operando DEIS for establishing direct relationships between molecular-scale interfacial dynamics and macroscopic electrochemical behavior. This approach provides a versatile platform for the rational design, optimization, and reliability assessment of advanced electrochemical and bioelectronic interfaces.
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