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Summary:
The need to prevent lithium plating makes battery recharging a slow process. Three pathways are established to facilitate eXtreme Fast Charging (XFC): new electrodes and electrolytes, charging protocol optimisation, and thermal management intervention. In a recent issue of Nature Communications, Zeng et al. pioneered a thermal management approach for XFC.  
Main:
Compared to the mere minutes for internal combustion engine vehicles to refuel, battery recharging in electric vehicles (EVs) is considerably slower, often exceeding the 30-minute mark. This is because excessive charging current can easily trigger lithium plating (Li-plating)1 (Li-plating), a phenomenon leading to safety and lifespan concerns. Challenges intensify when during fast charging at low temperatures, as reduced liquid diffusion coefficients and slower solid-phase interfacial kinetics further aggravate Li-plating, which heightens the risk of short circuits and promotes mossy growth, diminishing negative electrode porosity and depleting cell electrolyte2. The essential task of enhancing battery charging speed while ensuring thermal safety and minimising battery degradation remains a pressing challenge, especially at low temperatures.
The requirements for XFC established by the U.S. Department of Energy are a charging time of less than 15 minutes for a depleted battery to reach 80% State-of-Charge (SoOC) and a capacity loss of less than 20% over 500 XFC cycles. Three pathways to achieve XFC have been established: material science, electrical engineering, and thermal engineering, as shown in Figure 1. The material science pathway focuses on developing electrodes with higher porosity and lower tortuosity and electrolytes with higher ionic conductivity and lower viscosity3. Strategies include using sSilicon composite anodes, increasing the amount of nNickel in cathodes, changing the particle size, selective doping, and surface coating4. For the electrolyte, solvent compositions and additives can be employed to modify conductivity and viscosity5. The material sScience pPathway is a long-term solution to address XFC issues at their root. However, the research and development cycle can be lengthy, and the transition from lab samples to commercial products is fraught with uncertainties, including stability, scalability, ease of manufacture, and cost considerations. The electrical engineering pathway focuses on optimising fast charging currents at different SoOCs and/or voltages through experimentation, modelling or a combination of both6. Typical fast charging protocols include multi-step constant current, variable current profile, pulse charging, constant power charging, and boost charging7. We view the advantages of this pathway as its cost-effectiveness and adaptability, as the optimisation process is software-based and requires minimal additional hardware. However, the disadvantage is that the charging protocol calibrated for one type of battery may not be applicable to other battery chemistries and form factors.
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Figure. 1   Three pathways to enable extreme fast charging and their pros and cons. 
The thermal management pathway is a mitigating solution aimed to keep battery's temperature moderately high (above 40℃) during the XFC process8. Common thermal management systems (TMSs) can use air, liquid, phase change materials, heat pipes, or a combination of these as cooling mediums2. We recognise the most significant advantage of this pathway as its ability to maximise XFC for commercial batteries under existing electrochemical technologies. This is achieved by avoiding the occurrence of Li-plating at lower temperatures (even at 25 ℃, significant Li-plating can occur) through temperature control. However, it is not a fundamental solutionresolution, and the arrangement of TMSs can add extra weight, take up extra space, and lead to higher costs and energy consumption.
Through the thermal management pathway, a recent study9 by Zeng et al. enabled XFC for energy-dense pouch cells using a cold plate-based system (as shown in the bottom left of Figure 1), particularly at low ambient temperatures (<10℃). They found that the XFC process exhibits a preference for an elevated temperature (~45℃). Such a temperature can enhance battery kinetics, effectively preventing the negative electrode potential from dropping below 0V, thereby thwarting the occurrence of Li-plating – the dominant degradation mechanism for XFC. To maintain an elevated battery temperature, the TMS must possess high insulation capability, meaning the heat transfer coefficient (HTC) during XFC must be adequately low (<10W/K). Unlike the XFC stage, the discharge stage prefers lower temperatures (<35℃), and such temperatures can reduce the rate of detrimental side reactions - the primary degradation mechanism during discharge. In this case, it becomes essential for the TMS to have a sufficiently high HTC (>100W/K). During the XFC stage, they manipulated a low HTC to avoid heat loss, ensuring optimal temperature maintenance. In contrast, they set a high HTC for the subsequent discharge stage to enable swift cooling of the battery. Their efforts culminated in a remarkable outcome: under the conditions of 6C-1C XFC-discharge cycles, they achieved a battery capacity retention comparable to the standard 1C-1C charge-discharge level. 
The key inspiration from Zeng’s study is that the perspective on thermal management should extend from the XFC stage to the subsequent discharge stage, rather than solely focusing on XFC itself. ‘Fast charging' implies that the battery will likely be discharged soon after charging. This signifies that the thermal inertia created during XFC will be immediately carried over to the following discharge stage. Consequently, a challenging issue arises: the battery's initial temperature at the onset of the discharge stage is elevated. This demands a prompt reaction from the TMS, rapidly adjusting the HTC to enhance the system's heat dissipation capacity. To facilitate rapid changes in HTC, a most direct solution involves actuation mechanisms that swiftly transition between thermal insulation and thermal contact between the batteries and the cooling medium. 
While Zeng’s study adopts an indirect thermal management approach (cold plate-based), we believe it also provides inspiration for direct thermal management approaches, such as immersion thermal management. As highlighted by Zeng, owing to the high thermal mass of batteries, even if the liquid flow rate within the cold plate is reduced to zero, approximately 40% of the battery heat still dissipates to the environment through the cold plates. This circumstance poses challenges for maintaining battery temperature, and Zeng’s solution is to create a thermal-insulating air layer between the batteries and cold plates, effectively curbing heat transfer. This phenomenon could similarly apply to battery immersion systems, where substantial battery heat might be lost to the environment through direct contact with the dielectric liquid. If this deduction holds true, for the purpose of mitigating heat loss during XFC process, it would be beneficial if the dielectric liquid in an immersion system can be predominantly directed into the tank/reservoir rather than staying in the battery modules. 
An underreported advantage of the thermal management pathway over the other pathways is its potential to alleviate cell-to-cell (C2C) variations during XFC. The causes of C2C variation can be broadly classifiedfall into three groups: inherent variations, series-parallel connection induced variations, and thermally induced variations. Cell inherent variations stem from intrinsic discrepancies right from the manufacturing stage, such as subtle differences in impedance and open-circuit-voltage (OCV). The series-parallel connection induced variations arise due to inconsistencies in individual cell operating currents resulting from their series and parallel circuits, leading to differences in SOC and consequent inconsistencies among cells. The thermally induced variations reflect a scenario where the cells inevitably exhibit a certain degree of temperature gradient during the XFC process. Under the cumulative effects of these C2C variations, especially during repeated XFC cycles, the inconsistency between cells can rapidly increase, leading to long-term deviations in capacity and impedance. This can result in some cells being overcharged while others remain undercharged, thereby compromising the overall lifespan and energy efficiency of the entire battery module or pack. One potential solution through via the thermal pathway is adopting a modular thermal management architecture, providing poorer thermal insulation for hotter cells (or better thermal insulation for cooler cells), then the thermally induced variations can be more effectively mitigated. Building upon this, the TMS could even intentionally create thermally induced variations to counteract the effects of inherent variations and series-parallel connection induced variations, thus minimising the C2C inconsistency resulting from the combined mechanisms.
In practical XFC applications, both thermal management and electrical engineering pathways face challenges due to their reliance on an implicit and overly idealised assumption. The assumption is that every cell in a battery pack or module is identical at the beginning of its life, with no inherent variations. Based on this premise, optimal cell-level thermal management and charging strategies are derived from experiments and/or modelling and then extrapolated to the pack or module level. However, due to the presence of inherent variations in the real world, strategies derived from cell-level studies will inevitably deviate from the omniscient viewpoint. This deviation tends to grow as the battery ages, and the cumulative effect can render the prescribed strategies increasingly ineffective over extended XFC operations10, posing a long-term challenge. Future work can pursue two avenues to address this issue. The first approach involves periodically conducting experiments to ascertain the changes in C2C variations, thereby recalibrating the strategies accordingly. The second approach involves leveraging predictive algorithms to anticipate the long-term progression of C2C variations, and to formulate corrective algorithms to fine-tune the strategies. These would ensure the long-term effectiveness of XFC strategiesefficacy of the strategies for XFC, aligning with the evolving cell parameters and variations over time.
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