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Extended Abstract

The widespread adoption of electric vehicles and increased usage of portable electronic devices have created an urgent need for
lithium-ion batteries to simultaneously enhance both energy density and power density. As one of the most important electrochemical
energy storage technologies in modern society, lithium-ion batteries have had a profound impact on numerous sectors, including
portable electronic devices, power tools, and transportation. With the global energy mix undergoing an accelerated shift toward
renewable energy and the electric vehicle market expanding rapidly, higher demands are being placed on the performance of
lithium-ion batteries. These batteries must not only offer high energy density to extend operating range but also possess high power
density to enable fast charging and discharging. A thick electrode design can significantly increase the mass fraction of active material
in the battery, thereby improving energy density.

Thick electrode designs effectively increase the proportion of active material, representing a key pathway to achieving high
energy density. However, the elongated electron and ion transport paths within thick electrodes lead to severe polarization, making it
difficult to sustain high power output. Recent advancements in nanoscale building blocks (nanoparticles, nanosheets, nanowires, etc.)
offer new solutions to this challenge. During battery assembly, severe agglomeration and interfacial side reactions prevent these
building blocks from delivering their full potential, resulting in performance significantly below theoretical expectations at thick
electrode scales. Advances in nanotechnology have provided a solution. By constructing active materials into nanoscale building
blocks and forming them into engineered thick electrode structures, it is possible to significantly reduce the diffusion distance of
lithium ions within the electrode, increase the number of electrochemical active sites, and mitigate the volume expansion of electrode
materials during cycling. Although thin electrodes have demonstrated advantages, the use of thick electrodes still poses a risk of
agglomeration. Consequently, research on thick electrodes has long focused on the design of the building blocks themselves.

Therefore, in response to the urgent needs of lithium-ion battery research, this paper shifts the focus from individual material
design to the co-design of ‘nanomaterials and electrode stacking configurations’. By treating the elementary structure of electrode
materials as a design unit and regulating its assembly within thick electrodes, the study aims to construct a multiscale transport
network capable of simultaneously achieving efficient electron transport and rapid ion migration. This paper organically integrates
elementary structures with thick electrode design and systematically reviews the latest advancements in this emerging research field.
This approach provides new insights and a theoretical foundation for the assembly of elementary structures and the design of thick
electrodes in next-generation high-energy and high-power lithium-ion batteries.

Summary and Prospects Although the aforementioned technologies continue to be optimized along their respective development
paths, there remain insurmountable bottlenecks. There is an inherent trade-off between consistency, control precision, and production
efficiency. When pursuing high precision and high consistency, production efficiency is often compromised (e.g., by using slower
scanning speeds or finer layer-by-layer stacking), whereas pursuing high-speed production tends to result in reduced structural
controllability (e.g., excessively fast laser scanning leading to uneven pore morphology, or excessively fast template-based molding
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causing disordered pore orientation). This ‘engineering trilemma’ represents the core contradiction that thick electrode manufacturing
technologies must address as they transition from the laboratory to large-scale production. Overall, there is currently no single
technology capable of simultaneously achieving high precision, high consistency, and high production efficiency. Future
breakthroughs may lie in: 1) the integration of multiple technologies, such as combining rapid laser processing with the template
method—first using a template to construct a macro-porous framework, then employing lasers for localized fine-tuning. 2) Process
innovation, including the development of continuous ice-templating or roll-to-roll compatible guided forming processes. 3)
Equipment upgrades, such as the development of new equipment for multi-beam parallel laser processing and high-speed multi-nozzle
3D printing. Therefore, identifying a scalable manufacturing technology that integrates all three elements is key to transitioning thick
electrodes from laboratory research to large-scale application.

Research on thick lithium-ion battery electrodes is currently at a critical stage of development. As a bridge linking intrinsic
properties at the atomic scale to macroscopic performance at the electrode scale, the rational assembly of unit cell structures will
become a core technological pathway for next-generation high-energy/high-power batteries. Achieving this goal requires addressing
numerous challenges, including gaining a deep understanding of transport mechanisms, enabling the controlled synthesis of electrode
structures, and ensuring compatibility with existing battery manufacturing systems. The engineering of unit cell structures offers us a
new research direction and a broader perspective.
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