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Figure 1 (Color online) The development history and current status of copper batteries. (a) Timeline of significant publications on copper batteries
over the past decade, with the upper part of the arrow representing copper cathode batteries, and the lower part representing copper anode batteries; (b)

main types of copper batteries and their characteristics
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Figure 2 (Color online) Schematic diagram of the rechargeable zinc-copper battery (Daniell cell). (a) Daniell cell using an anion exchange membrane;
(b) Daniell cell usin? a bipolar membranem]; (c) Daniell cell without an organic interface; (d) Daniell cell with an organic interface; (e) Daniell cell with
biphasic electrolyte . (f) from left to right, the cells are with acidic electrolytes, with a salt bridge irreversible Daniell cell, and with an alkaline

electrolyte reversible Daniell cell
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Figure 3 (Color online) Copper anode batteries with copper ion redox activity. (a) Schematic diagram of the structural transformation process of Se
during copper storage; (b) schematic diagram of a Cu-Se battery coupled with a Zn anode™”; (c) comparative overview of copper storage performances
of three typical chalcogen electrode materials: S, Se, and CuS
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Figure 4 (Color online) Other types of copper cathode batteries. (a) Schematic diagram of a button-type lithium-copper battery; (b) principle diagram

of a lithium-copper battery[so]
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; (c) lithium-copper battery using LATP separator[SI]; (d) principle diagram of an aluminum-copper battery using PP
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In the realm of energy storage technologies, organic-based batteries, with lithium-ion variants in particular, have emerged
as some of the most widely adopted solutions in the current market. These batteries have played a pivotal role in powering a
vast array of applications, from mobile devices to electric vehicles, thereby marking a significant milestone in the evolution
of energy storage technologies. Despite their widespread adoption and maturity, the advancement of lithium-ion and other
organic-based batteries faces considerable challenges. These challenges include, but are not limited to, the scarcity of
resources required for their production, significant environmental pollution concerns associated with their lifecycle, and
notable safety risks stemming from their chemical and physical properties. The landscape of large-scale energy storage
technologies is diverse, encompassing traditional methods like pumped hydro storage and newer technologies including
flywheels, compressed air, and electrochemical storage solutions. Among these, electrochemical storage, predominantly
non-aqueous lithium-ion batteries, has dominated over 95% of new energy storage installations. These batteries are
celebrated for their efficiency, longevity, high energy density, and low maintenance costs, all of which contribute to their
rapid market growth. However, the environmental and safety challenges they pose necessitate the exploration of alternative
solutions, such as aqueous batteries.

In response to these challenges, aqueous batteries have come to the forefront of scientific inquiry in recent years. Their
rising prominence can be attributed to several intrinsic advantages they offer over their non-aqueous counterparts. These
advantages include inherent safety features, environmental compatibility, abundance of resources, and cost-effectiveness.
Specifically, aqueous batteries leverage water-based electrolytes as opposed to the organic electrolytes used in traditional
lithium-ion batteries. This fundamental difference significantly reduces the risks of flammability and, consequently, the
incidents of fires, explosions, and burns often associated with organic electrolytes, thus addressing one of the critical safety
concerns. Aqueous electrolytes within batteries offer higher ionic conductivity and enhanced safety. Furthermore, the
production and technical costs associated with aqueous batteries are typically lower, as they do not require anhydrous or
oxygen-free conditions for the battery’s manufacture, assembly, and sealing processes. These attributes make aqueous
batteries an attractive option for extensive energy storage applications, supporting the energy transition and contributing to
the achievement of carbon neutrality goals.

Since the 1980s, research and development in aqueous batteries have led to the creation of various types, including zinc,
copper, aluminum, and iron-based batteries. Among these, aqueous copper batteries have garnered significant interest due
to their excellent electrochemical reversibility and the unique redox reactions of copper ions. This paper aims to
systematically review the research progress on aqueous copper batteries, focusing on the exceptional electrochemical
properties of metallic copper and the impact of its unique redox activity on battery performance. Copper, as an electrode
material, offers high electrical conductivity and chemical stability. Additionally, the redox reactions of copper ions
contribute to extra charge storage capacity, thereby laying a foundation for long-lasting and efficient aqueous copper
batteries. Previous research efforts have extensively explored various electrode materials and have made significant strides
in electrode structures and performance optimization. Through innovative strategies such as membrane design, element
substitution, and surface modification, researchers have significantly enhanced electrode stability, thereby improving
overall battery performance. These advancements have established a robust research foundation for the application of
aqueous copper batteries in renewable energy storage systems and beyond, marking a critical step toward addressing the
limitations of current energy storage technologies and paving the way for a more sustainable and safe energy future.

energy storage, copper batteries, aqueous electrolytes, renewable energy
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