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Extended Abstract

The rapid increase in demand for lithium-ion batteries (LIBs), driven by their widespread use in electric vehicles, consumer
electronics, and energy storage systems, has led to a significant rise in the generation of waste LIBs. These batteries contain valuable
metals such as lithium, cobalt, nickel, and manganese, which are essential for the production of new batteries. However, the disposal
of these batteries, especially after their life cycle ends, poses substantial environmental and economic challenges. Traditional
recycling methods, such as hydrometallurgy and pyrometallurgy, are effective in recovering metals from spent batteries, but they are
hindered by high energy consumption, environmental pollution, and complex processing techniques. Consequently, more sustainable
and efficient recycling technologies have become the focus of research, with direct regeneration techniques emerging as a promising
solution to overcome the limitations of conventional methods.

This review discusses the recent advancements in direct regeneration technologies for recycling the cathode materials of waste
LIBs. Direct regeneration refers to methods that restore the electrochemical properties and structural integrity of degraded cathode
materials, making them suitable for reuse in new batteries. These techniques are designed to enhance the resource recovery process by
efficiently restoring the performance of the cathode materials while reducing environmental impact. Key methods under direct
regeneration include electrochemical recovery, solid-state sintering, and hydrothermal regeneration. These methods have shown
significant promise in improving material recovery rates and enhancing the economic feasibility of the recycling process.

Electrochemical recovery methods involve using electrochemical reactions to selectively recover valuable metals from spent
cathode materials while restoring their electrochemical performance. This process can be performed under relatively mild conditions,
which significantly reduces the environmental impact compared to traditional methods. Solid-state sintering techniques, on the other
hand, involve high-temperature processes that repair the crystal structure of the cathode materials, restoring their electrochemical
stability and performance. Hydrothermal regeneration, a more environmentally friendly approach, uses aqueous solutions under high
temperature and pressure to regenerate the cathode materials, making it a promising method for green recycling. All these techniques
offer substantial advantages, such as reducing material loss, minimizing harmful byproducts, and enhancing the overall efficiency of
the recycling process.

While these methods have demonstrated considerable potential in laboratory settings, there are several challenges that must be
overcome to scale these technologies for industrial applications. One of the primary barriers to the widespread adoption of direct
regeneration methods is the high cost of reagents and the energy requirements of some techniques, which make them less
economically competitive with traditional recycling methods. In addition, the complexity of controlling reaction conditions and
maintaining consistent material quality during large-scale regeneration processes poses significant challenges. Furthermore, ensuring
that the regenerated materials meet the stringent performance standards required for new, high-performance batteries is a critical issue
that needs to be addressed.

Despite these challenges, direct regeneration technologies offer a viable alternative to conventional recycling methods, with the
potential to significantly reduce reliance on raw material extraction and minimize the environmental footprint of LIBs. The main
advantage of these technologies lies in their ability to restore cathode materials to their original or near-original performance levels,
thus extending the lifecycle of valuable materials. This ability not only helps conserve resources but also reduces the environmental
damage associated with the mining and processing of raw materials.

Summary and prospects Direct regeneration technologies for LIB cathode materials have shown significant promise in recent
years, offering an environmentally friendly and resource-efficient alternative to traditional recycling methods. However, for these
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technologies to be successfully implemented on a large scale, several challenges need to be addressed. High processing costs and
energy consumption, the need for better control over reaction parameters, and the integration of regeneration techniques into existing
recycling infrastructures are the key hurdles that need to be overcome. Additionally, ensuring that regenerated cathode materials
maintain their long-term stability and performance is crucial for their commercial viability.

The future of LIB recycling will likely focus on optimizing these direct regeneration methods to improve their scalability, reduce
costs, and enhance their overall efficiency. Research should prioritize the development of more cost-effective reagents,
energy-efficient processes, and technologies that can be easily integrated into current recycling systems. Additionally, innovations in
material science, particularly in the design of more durable and stable cathode materials, will play an important role in enhancing the
regeneration process. As these technologies continue to mature, they will contribute to a more sustainable and circular economy for
LIBs, reducing the need for new mining activities and minimizing the environmental impact of battery disposal.

Ultimately, the successful development of direct regeneration technologies will help bridge the gap between the growing demand
for LIBs and the need for sustainable resource management. By improving the efficiency and reducing the environmental impact of
recycling, these technologies have the potential to make a significant contribution to the sustainable development of the battery
industry, supporting the long-term goals of reducing carbon emissions and conserving valuable resources.

Keywords carbon neutrality; battery recycle; lithium-ion battery; cathode material





