
Abstract: Electrochemical systems play a vital role in diverse applications, including energy storage and
advanced manufacturing. A deep physical understanding of thermodynamics, kinetics, and transport
phenomena in these systems is essential for rational design and engineering—both to enhance
performance and reduce cost in electrochemical technologies, and to improve efficiency and scalability
in electrochemical processes.
In the first part of this talk, I will discuss the electrochemical reduction of transition metal cations (M²⁺) in
aqueous electrolytes—an area with significant implications for low-cost battery technologies and
sustainable ironmaking. A long-standing observation in the field is that electrolyte composition has a
strong influence on the Faradaic efficiency of these reactions. Our recent studies reveal that this
enhancement is not only due to the commonly cited suppression of water reduction reactivity (H₂O/H₂),
but also stems from changes in the intrinsic reactivity of the metal cation redox couple (M²⁺/M), driven by
strong ion–ion interactions. We derived a chemistry-agnostic physical model that captures this behavior
and quantitatively predicts the thermodynamic shifts of transition metal redox potential across a wide
range of electrolyte compositions and for various transition metals.
In the second part of the talk, I will turn to lithium plating—a critical phenomenon that dictates the cycle
life, safety, fast-charging capability, and low-temperature performance of lithium-based batteries. I will
first address long-standing ambiguities surrounding the onset mechanism of lithium plating in
conventional lithium-ion batteries, examine the physical principles that govern lithium morphology in
lithium metal batteries.
Together, these two case studies highlight how mechanistic and physical-model-based approaches can
guide new pathways for electrolyte design and performance optimization in electrochemical systems.
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