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Electric double-layer capacitors (EDLCs) are promising energy-storage devices for applications requiring fast charge and discharge. Their performance is governed not only by electrolyte composition and pore geometry, but also by the intrinsic nature of the electrode material. Here, we present atomistic molecular dynamics simulations under constant-potential conditions to investigate how chemically and structurally different electrode materials control the microscopic charging mechanism of ionic liquid-based supercapacitors.

The model systems are based on slit-pore electrodes filled with 1-ethyl-3-methylimidazolium hexafluorophosphate. Carbon slit pores are used as reference electrodes.[1] They are compared with representative non-carbon electrode platforms: hexagonal boron nitride as a polar graphene analogue,[2] black phosphorene as an anisotropic puckered 2D material,[3] a TTF-based donor-acceptor covalent organic framework as an ordered organic porous electrode and, finally, the conductive metal-organic framework Ni3(HITP)2 as a crystalline porous electrode with intrinsic electronic conductivity.[4] By keeping the ionic liquid composition and general confinement geometry comparable, we isolate the role of electrode chemistry and pore topology in the structure and dynamics of the liquid under confinement. For each material, we analyzed ion density profiles, interfacial ion layering and orientation, as well as ion mobility and capacitance-potential behavior.

The simulations reveal distinct material-dependent charging regimes: reference carbon shows a dominated by ion packing and interfacial layering. In contrast, boron nitride induces more site-specific ion organization due to the polar B–N surface, while phosphorene promotes anisotropic lateral ordering and mobility. Organic framework-based systems introduce ordered ion-accessible channels where charge storage depends on the balance between selective adsorption and transport.

Our results support the idea that rational supercapacitor design should treat the electrode material and electrolyte as a coupled system. Instead of optimizing pore geometry alone, the chemical nature, surface polarity, anisotropy and structural regularity of the electrode should be considered central design descriptors for next-generation EDLCs.
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