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Understanding the nature of heterogenous catalysis is a non—trivial task especially when the catalyst is
sensitively affected by the operating conditions. The challenge lies in the complex non—equilibrium states
that are intractable in experiments as they occur in atomic size and timescale. A notable problem is the struggle
in the identification of the active sites of Cu—based catalyst for methanol synthesis. By applying multi-scale
simulations, this study aims to elucidate the non—equilibrium states of the Cu surface that are relevant to
the development of catalyst for methanol synthesis. These include: (i) the step edge fluctuations, (ii) the
surface alloying with Zn, and (iii) the surface transformation induced by CO molecules. The overview of these
three works is provided as follows.

Graph Theoretical Kinetic Monte Carlo (GTKMC) simulation has been conducted to investigate the microscopic
mechanism of surface diffusions of Cu with defects such as steps and kinks. Various diffusion events during
the step fluctuations are discussed in detail. The diffusion along the step edge was found to be the dominant
mass transport mechanism, indicated by the lowest energy barrier. The time correlation functions at 300 K,
400 K, and 500 K have been calculated and compared with experiments and theoretical studies.

The multi-scale simulation in the form of Machine Learning Molecular Dynamics (MLMD) has been conducted
to investigate the structure and the formation process of Cu=Zn surface alloy on Cu(997). The simulation reveals
atomistic details of the alloying process, i.e., the incorporation of deposited Zn adatoms to the Cu substrate.
The surface alloying is found to start at upper and lower terraces near the step edge, which emphasize the
role of steps and kinks in the alloying. The incorporation of Zn at the middle terrace was found at the later
stage. The rationalization of alloying behavior and the connection to the STM experiment were performed based
on statistics and barriers of various elementary events observed during simulation.

By applying the similar framework, the influence of CO adsorption upon the formation of Cu clusters on
the Cu(111) has been elucidated. The simulations at 450 K to 550 K show Cu clusters are formed within a hundred
of ns when the Cu surface is exposed with CO. On the other hand, no cluster is formed on the clean Cu surface
even at 550 K. The clusters can be formed directly through instantaneous detachment of a group of step—atoms
or indirectly by aggregation of wandering Cu—CO monomers and smaller CO-decorated clusters on the surface
terrace. The preference to the indirect mechanism is indicated by the higher frequency of its occurrence
The DFT calculations also confirmed the promotion of CO adsorptions to the detachment of Cu step—atoms by

lowering their detachment barriers.
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