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Heterogeneous catalysis occurs at the interface between a solid and a gas or liquid reactant phase.
However, uncovering the underlying mechanisms requires addressing several complex and non-
trivial questions: Are chemical transformations uniformly distributed across the catalyst surface, or
are they localized at specific regions known as active sites? Are these active sites well-defined atomic
ensembles, or do they emerge from local disorder, defects, or dynamic surface restructuring? To
what extent do subsurface layers contribute to catalytic activity? Adding to this complexity is the
fact that the real structure of the catalyst—reactant interface under realistic operando conditions—
such as temperature, pressure, and chemical environment—can differ significantly from that
observed under idealized, static conditions.

Recent evidence suggests that dynamics are intrinsic to catalytic processes and must be considered
to achieve a mechanistic understanding of reactivity. Catalysis cannot be fully explained in terms of
static, well-defined active sites, especially under realistic operating conditions. To capture this
inherently dynamic behavior, we employ molecular dynamics simulations accelerated by machine
learning-based interatomic potentials. These simulations reveal a more nuanced and complex
picture of catalysis, one that involves the interplay of many atomic degrees of freedom. In this talk,
| present simulation results that support a dynamic view of catalytic activity, where the surface,
subsurface, and transient structures all contribute to reactivity. In particular, the case of synthesis of
ammonia on BaH2 and the electrochemical reduction of CO2 on Ag are examined.



