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Bridging Materials Physicochemical Properties 
and Electrochemical Behaviors 
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p-Type redox-active organics
• High voltage comparable to TM-based cathodes
• Anion involvement in the redox reaction
• Bulky anions in conventional battery electrolytes
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Real-time optical observation of charge and discharge mechanism

Identification of the solvated intermediate

Proposed p-type redox mechanism of DMPZ
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 Eco-friendliness

 Chemical tunability

 Sustainability

Organic rechargeable batteries 

A Promising Next-Generation 
Energy Storage System

MitochondriaChloroplast
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NADP+ (R=OPO3H2)

Redox-active center

Positive charge

+

Expanding the chemical space of organic redox materials through molecular design

Mechanistic understanding of organic electrode reactions

Designing bipolar materials through molecular fusion

Exploring bio-inspired redox chemistry for energy storage
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Structural evolution during the charge/discharge

→ QuesƟoning the convenƟonal inserƟon 
reaction mechanism
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Completely different structures

• Two-phase reaction rather than solid-solution mechanism, confirmed by in situ XRD.
• SC-XRD reveals completely distinct frameworks for DMPZ and its charged phase.
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• Reversible morphological reconstruction occurs throughout the composite electrode.

• A solvated DMPZ+ intermediate is identified during the redox reaction by RRDE.
• Low ring current suggest a short-lived solvated intermediate.

Quantitative correlations between physicochemical properties and Li metal anode reversibility

• Exceptional rate capability and long-term cycle stability via solution-mediated redox

• Discovery of a previously unrecognized anion-involved charge-
storage mechanism in p-type organic electrodes

• Mechanistic understanding linking structural evolution with 
electrochemical reactions

• Fundamental insights enabling new design strategies for high-
performance organic batteries
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Conventional cathode materials

(1- inefficiency)n

What causes the inefficiency?
• Li+ SEI: Growth and reconstruction of solid electrolyte interphase (SEI)

(direct inefficiency, unavoidable)
• Dead Li0: Electronically isolated metallic lithium 

(indirect inefficiency)

Li-metal with Ni-rich cathode

Potential and challenge of lithium metal anodes
“What is ‘good’ SEI/Electrolyte?”

“By how much do they improve CE?”

• Too many “descriptors” to establish quantitative 
relationships with CE

• Evaluated across inconsistent electrolyte sets
• Rank-based comparisons rather than 

quantitative relationships

<Reported descriptors>
Li electrode potential

Pseudo exchange current
Donatable F concentration in elec.

SEI compositions
SEI swelling ratio

⋮

Independent phenomena
or a common underlying mechanism?

Molecular Design & Mechanistic Understanding
Organic electrode materials

Quantitative Electrochemistry 
Lithium metal batteries

Quantitative framework

Mechanism-Guided Electrochemical Materials Design

Molecular engineering

Bio-inspired redox motif discovery

Fundamental charge-storage mechanism

Generate standardized datasets

Electro-
chemistry

Materials
engineering

Connecting thermodynamics, chemistry, 
and kinetics on Li metal anode

Sustainable
Electrochemical

Technology

Energy storage CO2 reduction

Electrometallurgy

Research Interests and Achievements Long-Term Research VisionFuture Research Plan and Vision

Understanding SEI and electrolytes for achieving high CE

• Qualitative insights have driven substantial improvements in CE
 Yet, translating empirical insights into quantitative understanding 
remains challenging

Need for quantitative understanding of SEI and electrolyte

→ Challenges in establishing a unified understanding of CE

J. Kim et al., Nat. Rev. Mater. 8, 54–70 (2023) J. Kim et al., Angew. Chem. Int. Ed. 58, 16764 (2019) J. Kim et al., J. Mater. Chem. A 9 (25), 14485–14494, (2021) 

J. Kim et al., Joule Online published (2026) 
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• Real-time observation reveals nucleation and growth 
of charged phase on the DMPZ surface.

• Inspired by biological energy transduction, we tailored the molecular structure of 
NAD+ for use as a battery-active material

• This work opens new opportunities for utilizing bio-derived molecules as redox-
active materials for energy storage.

• π-Extended fusion of EW and ED motifs tunes their redox potentials through mutual 
electronic perturbation.

• This strategy enables the development of a broad range of bipolar organic materials 
through diverse combinations of redox motifs.

Adv. Mater. 33, 2003955 (2021)

Nat. Energy 5, 561–568 (2020)
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• Quantitatively connect materials properties with electrochemical 
behaviors to uncover fundamental design principles.

• Establish an automated research platform to generate standardized 
datasets and enable mechanism-guided materials design.

• Extend this framework beyond batteries to CO₂ reduction and 
electrometallurgy for sustainable electrochemical technologies.

Postdoctoral Associate

Jihyeon Kim Department of Mechanical Engineering
Massachusetts Institute of Technology
jkim1006@mit.edu, kjhyeon6648@gmail.com

How can we connect material structure and chemistry to electrochemical behavior – and turn that understanding into rational design rules?
RESEARCH VISION

Nat. Energy 6, 951–960 (2021)

CO2 footprint↓

• Li metal enables exceptionally high energy-density batteries
• Commercialization remains limited by insufficient Coulombic efficiency
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• Systematic evaluation of key descriptors across a consistent electrolyte set
• Identifying common factors governing CE across different descriptors Descriptor 3


