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Lithium-ion batteries (LiBs) are the key power source for electric vehicles (EVs). Battery thermal management system (BTMS) is essential to ensure safety and extend service life of LIBs. This paper reviews the various refrigeration materials used in the BTMS in EVs, including liquid coolant, phase change material (PCM). The thermal properties of these refrigerant materials are summarized and the innovative ways to improve the cooling efficiency of the BTMS are analyzed. The various ways to enhance the battery’s thermal performance by modifying the materials of the electrode, separator, and electrolyte are also reviewed. Finally, the research prospect in area of BTMS is summarized. This review will inspire new BTMS design and further improvement in battery safety and performance with the aid of advanced intelligent technologies.
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1 INTRODUCTION
Due to depletion of fossil fuels and climate crisis, the development of new and renewable energy sources has attracted more and more attention in recent years (Li et al., 2018b; Jilte et al., 2019). Electric vehicles (EVs) play a key role in decarbonizing the transport sector (Zhou et al., 2021; Zhu et al., 2022). In addition, battery energy storage is essential to promote the integration of renewable generation in the power grid. Many countries have proposed EV roadmaps. For example, Chile promised to convert all public transport vehicles to EVs in 2040, while China proposed to electrify all passenger vehicles (95% of those will be battery-powered EVs) by 2035. Colombia plans to reach 6,00,000 EV stock by 2030 (International Energy Agency, 2021).
Battery reliability is vital to the development of EVs. Lithium ion batteries (LiBs) are widely used in EVs due to their many advantageous characteristics, such as high energy/power density and long life cycle (Yang et al., 2014; Ji et al., 2020; Feng et al., 2021; Kang et al., 2021; You et al., 2022). However, the thermal safety issue of LiBs is still a barrier to EV rollout (Chen et al., 2021; Gao et al., 2021; Wang et al., 2021). As an example, on 8 May 2020, an EV caught fire in Tangxia Town, Dongguan City, China, caused by simultaneous combustion of LiBs. On 16 August 2020, there is another battery thermal runaway (TR) incident in an EV in Taiyuan City (Liu et al., 2020). Compare to the internal combustion engine vehicle, spontaneous combustion of electric vehicles is due to the thermal runaway of the lithium battery, instead of the aging of the circuit. LIB thermal runaway is a chain of vigorous exothermic reactions (Chen et al., 2021). Thus, the threshold of the reaction is hard to predict, and the reaction process is difficult to control. And the potential damage of battery TR could be disastrous.
An efficient battery thermal management system (BTMS) is critical to improve the safe and reliability and to prevent TR of the battery system in EVs (Yang et al., 2020; Yang et al., 2021). Additionally, thermal barrier material should be applied to suppress battery TR after it occurs (Zhang et al., 2022). In general, the commonly used cooling methods in BTMS include air based, liquid based and phase change material (PCM) cooling (Saw et al., 2015; Wu et al., 2022). These cooling strategies have their advantages and disadvantages (Shen et al., 2021). Firstly, air cooling is the simplest method. Forced-air cooling can limit the temperature rise of the batteries, but it causes a uneven temperature distribution among cells during intense driving and high ambient temperatures (Rao and Wang, 2011). The liquid cooling strategy is more effective than air cooling in heat dissipation, but the cost and complexity of liquid-cooling system are noticeably increased due to the pumps, pipes and exchanger. Inserting PCM into the battery pack could effectively limit the maximum temperature, but it also increases the weight and volume of battery pack. Heat pipe cooling strategy offers high cooling performance, but it is limited by weight, gravity and passive control (Zhang et al., 2015). Therefore, when choosing a cooling strategy, it is necessary to consider many aspects, such as system complexity, cost, cool efficiency and power consumption.
In addition to battery thermal management under normal operating conditions, thermal barrier materials are effective methods to suppress TR after it occurs in the battery. The various thermal barrier materials used as additives in the cathode, anode and electrolyte of the battery to improve the no-flammable performance (Li et al., 2011; Zeng et al., 2018; Yuan et al., 2019) are reviewed in this paper.
As reported in (Wang et al., 2017b) the air based cooling based BTMS could limit the maximum temperature of the battery module below 55°C and the temperature difference between cells within 5°C during standard drive cycles of the hybrid electric vehicles (HEVs). However, air cooling is generally considered insufficient for battery thermal management in EVs, especially under high power charging and discharging (Choi and Kang, 2014), and the system structure of air cooling BTMS is much simpler compared with liquid cooling and PCM. Therefore, air cooling is not elaborated in this paper, while a comprehensive review of the liquid and PCM cooling system is presented in this work.
The rest of the paper is structured as follows. The liquid-cooling materials used in BTMS is first reviewed in Section 1; next the various PCMs, including solid-liquid and solid-gas, are discussed in Section 2; then, the thermal barrier materials used as battery additives are analyzed in Section 3; finally, Section 4 provides a summary of the future development of BTMS.
2 BTMS MATERIALS BASED ON LIQUID COOLING SYSTEM
The liquid medium in BTMS should have high thermal conductivity and heat capacity, which is essential to achieve a homogeneous temperature distribution inside the battery pack. Other favorable characteristic include low toxicity, low flammability, and low environmental impact (Li et al., 2015).
Generally, the liquid media can be divided into the conventional liquid coolant and the nanofluids coolant. In this section, these two parts are analyzed and summarized. The specific classification as depict in Figure 1.
[image: Figure 1]FIGURE 1 | Classification of liquid medium.
2.1 The Conventional Liquid Cooling Media
In liquid based BTMS, the coolant can pass through battery with direct or indirect contact. When the coolant passes over the surface of battery cells, it is direct contact. In contrast, when coolant passed by the tubes, channels and cold plates, it is the indirect contact (Barsotti and Boetcher, 2014). At present, the direct contact method has no application, because using the direct contact method will increase the coolant sealing requirements and high-voltage insulation requirements. At the same time, in order to prevent the coolant from corroding the battery, the type of coolant that can be selected is also greatly limited.
The conventional liquid cooling media include water, ethylene, silicone oil, mineral oil, and antifreeze solutions etc. Water is a popular coolant since it is accessible in operation and has high thermal conductivity. A novel BTMS using water as coolant and thermal silica plate was studied in (Wang et al., 2017a). An efficient mini-channel liquid cooling system for batteries in EV also adopted water as the coolant (Li et al., 2019). Because water freezes at sub-zero temperature, ethylene can be added in water to improve the low temperature performance. The low temperature limit of water/glycol mixtures is around −40°C. Meanwhile, the mixture has relatively high viscosity at low temperature that will reduce thermal conductivity and increase energy consumption (Li et al., 2015). Compared with water/glycol mixtures, silicone oil and mineral oil have a few advantages in terms of thermal conductivity and low temperature performance. A two-dimensional and transient model was used to study the influences of ambient temperature, Reynolds number, and discharge rate on the temperature distribution in the battery stack with air, liquid (silicone oil), and PCM cooling systems. The results show that silicone oil offers the most effective cooling under normal ambient temperature (Liu et al., 2014). Furthermore, the use of dielectric mineral oil in a channel with two Conducting-Lubricating (CO-LUB) surface walls for forced convective cooling of batteries was invested in [23]. In this work, the CO-LUB surface is a hydrophilic surface formed on solid copper. The experiment found that the water on the CO-LUB surface is equivalent to lubricating layer with high thermal conductivity, which helps to improve the heat transfer coefficient (Reyes and Kota, 2017). The disadvantage of the mineral oil coolant is that it needs a high flow rate to achieve the ideal cooling effect, which increases energy consumption. Moreover, silicone oils and mineral oils are typically flammable, hence a coolant leakage will significantly increase the risk of combustion and explosion of the module (Ulrych et al., 2014; Kalaf et al., 2021). Combining the above factors, the antifreeze-cooled battery system shows advantages from the perspective of low temperature and thermal conductivity. The cooling performance of the antifreeze-based BTMS mainly depends on the properties of antifreeze (Kwon and Park, 2016).
2.2 The Nanofluids Liquid Cooling Media
Nanofluid has been developed to further improve the thermal conductivity of liquid coolant. Nanofluid was made by dispersing nano-size materials in the base fluid to form nanotubes, nanoparticles, and nanosheets that can enhance thermo-physical properties, such as thermal conductivity and thermal diffusivity. Nanofluids have been considered as the most appropriate material for improving heat transfer characteristic of liquid coolant (Ali et al., 2018). There are two methods (Mukherjee et al., 2018) to prepare nanoliquids, i.e., one-step method and two-step method as shown in Figure 2. The based fluids of nanofluids include water, engine oil and ethylene glycol (EG) (Shdaifat et al., 2020). In Figures 3A–D, experimental data shows that, the thermal conductivity of nanofluid increases with viscosity and volume concentration. As it is shown in Figure 3E, the thermal conductivity of nanofluids is linearly proportional to the volume fraction (Liu et al., 2006). However, increasing viscosity could lead to excessive power consumption of the pump, which is not advisable in engineering. Additionally, the aggregation degree of nanofluids also influences the thermal conductivity, as depict in Figure 3F. There is an optimal aggregation degree of nanofluids that shows the highest thermal conductivity (Mukherjee et al., 2018).
[image: Figure 2]FIGURE 2 | Preparation method of nanofluids, structure, and morphology of nanoparticles. (A) One-step method, (B) Two-step method, and (C) One-step method. Reproduced with permission (Mukherjee et al., 2018). Copyright 2018, Wiley Online Library. (D) Single-wall CNT and Multi-wall CNT. Reproduced with permission (Yazid et al., 2016). Copyright 2016, Elsevier. (E) Graphene nanoplatelets. Reproduced with permission (Madhad et al., 2021). Copyright 2021, SAGE Journals. (F) SEM CuO nanoparticles Reproduced with permission (Liu et al., 2006). Copyright 2006, Wiley Online Library.
[image: Figure 3]FIGURE 3 | Physical properties of nanofluids. (A–D) effect of the stability on the viscosity of Al2O3 nanofluids at different concentrations, (A) viscosity as function of the shear rate 2 weeks after preparation, (B) viscosity as a function of the shear stress after re-sonication, (C) relative viscosity 2 weeks after preparation, (D) relative viscosity after re-sonication. (E) Effect of aggregation on the thermal conductivity enhancement of nanofluids. (F) The thermal conductivity of CuO nanofluids as a function of volume fraction. Reproduced with permission (Mukherjee et al., 2018; Liu et al., 2006). Copyright 2018 and 2006, Wiley Online Library.
At present, nanofluids have been widely studied in BTMS due to its good thermo-physical properties such as high thermal conductivity and high heat transfer rate. Table 1 shows the thermal conductivity of different nanofluids. The commonly used nanofluids in BTMS include Fe3O4/Carbon nanotubes (CNT)-water, Al2O3/AgO/CuO, Boehmite (AlOOH.xH2O), graphene nanoplatelets and TiO2 etc.
TABLE 1 | The thermal conductivity of nanofluids (Munyalo and Zhang, 2018).
[image: Table 1]In general, CNT has the highest thermal conductivity among the known nanoparticles (Yazid et al., 2016), as shown in Figure 2, which include single wall carbon nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT). In addition, metal oxide nanoparticles are an important class of nanofluids that have found several applications in BTMS (Nikam et al., 2018). The BTMSs based on the alumina (Al2O3), copper oxide (CuO), and silver oxide (AgO) nanofluids show high cooling efficiency, because the suspended metallic oxide nanoparticles dispersed in the base fluid enhance the heat transfer coefficient. According to study in (Shdaifat et al., 2020), the CuO nanoparticles have higher relative thermal conductivity coefficient than Al2O3 nanoparticles due to the higher density. CuO nanoparticles has great potential in BTMS applications because of the thermal conductivity of CuO nanoparticles (Ashraf et al., 2019) with a volume fraction of 0.05 (5 vol%) by 22.4%. In contrast, the Al2O3 nanofluids have lower thermal resistance that CuO nanoparticles. As shown in Figure 3, by characterizing the effect of alumina particle concentration on viscosity, it can be concluded that the stability of nanofluids aggregation has impact on their rheological behavior (Mukherjee et al., 2018). In addition, it is worth noting that TiO2-water nanofluid has a higher thermal conductivity than Al2O3 nanofluid under certain conditions. Numerical simulation analysis of an EV battery cooling module using TiO2 nanofluid as a refrigerant shows that the battery with higher nanofluid concentration has a lower maximum temperature (Wiriyasart et al., 2020), as the movement of nanoparticles suspending in the base fluid enhances the cooling capacity of system.
In addition to Boehmite, graphene nanoplatelets nanofluids (GNPs) also show favorable physical properties such as high aspect ratio, electrical, mechanical, and thermal conductivity owing to its atomic structure. A comparison between GNPs and distilled water shows that the convective heat transfer coefficients for distilled water and GNPs both increase as the Reynolds number increases. Meanwhile, at lower heat flux GNPs nanofluid have better thermal performance as compared to higher heat flux. And it can provide a high pump power even at lower heat flux (Arshad and Ali, 2017). Lastly, according to the study (Moldoveanu et al., 2019), the thermal conductivity of hybrid nanofluids is higher than single nanoparticle. However, the thermal conductivity and heat transfer rate of hybrid nanofluid has rarely been studied. More future work is needed for in-depth study of the hybrid nanofluids.
In summary, the nanofluid-based liquid cooling BTMS has higher cooling efficacy. However, their engineering application is still limited by the complex preparation process and the high cost of nanoparticles.
Liquid cooling BTMS is the most popular cooling methods in the EVs due to the high heat conductivity and high flexibility in integration (Wang et al., 2018). The challenges facing the liquid cooling BTMS are briefly summarized as follows. When the EV is climbing or accelerating, the battery heat generation increases significantly, which usually leads to non-uniform temperature distribution in battery. In addition, BTMS with liquid circulation loop has a complex structure due to the accessories (pipes, pump, etc.). Meanwhile, it has a potential hazard of coolant leakage.
3 BTMS MATERIALS BASED ON PCMS
PCMs include solid-liquid PCMs, liquid-gas PCMs, and solid-gas PCMs. Because solid-gas PCMs is rarely used in practice, solid-liquid and liquid-gas PCMs are mainly discussed in this section. As shown in Figure 4, the solid-gas PCMs can be categorized as organic, inorganics and eutectic materials, wherein the inorganic PCMs include water, salt hydrate, and molten salt. The organic PCMs include paraffin, organic acid and alcohol (Rathod, 2018). Additionally, the liquid-gas can be divided into organic and inorganic, the organic includes Freon, Hydrofluoroolefin, and Hydrocarbon etc. the inorganic includes Carbon dioxide, Ammonia and other small molecular inorganic compounds. This section focus on summarizing the study process in the PCM materials thermal management from two aspects of solid-liquid and liquid-gas phase transition.
[image: Figure 4]FIGURE 4 | Classification of PCM. Reproduced with permission (Rathod, 2018). Copyright 2018, IntechOpen.
3.1 Solid-Liquid Phase Change System
The solid-liquid PCMs system is widely used because its volume change rate is low and easy to control (Jaguemont et al., 2018). Table 2 summarizes the physical parameters of solid-liquid PCMs. Under different ambient temperatures, the PCM shows similar temperature plateau, however it has different duration when the same heating power is applied. Under low ambient temperature, the initial melting of PCMs is delayed and the overall melting time is prolonged (Wang et al., 2017c). The BTMS performance can be enhanced by using proper materials, and the phase changes latent heat, thermal conductivity and melting point are vital parameters for PCMs. The high latent heat PCM can greatly decrease the temperature rise and the temperature difference among cells (Moraga et al., 2016). The commonly used solid-liquid PCMs include paraffin, Paraffinic hydrocarbons and composite phase change material (CPCM). As depict in Figure 5, the CPCM can be divided into zero-dimensions encapsulation, one-dimensional carbon nanotubes, two-dimensional graphene and three-dimensional metal foam according to the dimension.
TABLE 2 | Thermo-physical properties of solid-liquid PCMs.
[image: Table 2][image: Figure 5]FIGURE 5 | Solid-liquid composite phase change materials. (A) Encapsulation. Reproduced with permission (Li et al., 2018a). Copyright 2018, Elsevier. (B) Carbon Nanotubes. Reproduced with permission (Aftab et al., 2018). Copyright 2018, RSC. (C) Graphene. Reproduced with permission (Mantilla Gilart et al., 2012; Al-Shannaq and Farid, 2018). Copyright 2012 and 2018, Elsevier. (D) Metal Foam. Reproduced with permission (Abishek et al., 2018). Copyright 2018, Elsevier.
BTMS using solid-liquid PCMs has a favorable effect in solving the safety problem of LiBs (Lazrak et al., 2018). In order to enhance the heat transfer rate of paraffin, a computational model of paraffin melting in the cavity is established to study the solid-liquid phase change process. Experimental results show that the position of heating wall has great influence on the melting process. When the heating wall is located at the bottom, the paraffin melts fastest in the furnace cavity (Zhang et al., 2016). Materials with alike latent heat and density (heneicosane, tetracosane, and heptacosane) were compared, and the effect of the melting temperatures of the PCMs on the BTMS performance during battery overcharge process were studied. Therein, adiabatic overcharge tests at 0.1, 0.2, 0.5, 1, and 2 current rates (C-rate) were conducted. This work found that the cooling performance of heneicosane with low melting temperature is better than tetracosane and heptacosane with high melting temperature (Huang et al., 2018).
It is easy for pure PCMs to reach thermal saturation due to the low thermal conductivity. So BTMS based on pure PCMs cannot effectively control the pack temperature under long-term and high-power operations of LiBs (Wei et al., 2019). Therefore, it is vital to enhance the thermo-physical properties of pure PCM. Current research to improve the thermal conductivity of polymers is focused on adding materials with high thermal conductivity into PCM to form a composite PCM (CPCM). The common additives are metal foam, carbon-based materials, metallic (Ag, Al, and Cu) and metal oxide (Al2O3, CuO, MgO, and TiO2) nanoparticles (Zou et al., 2018). The study in (Abishek et al., 2018) revealed that the thermal conductivity of CPCM is related to the macroscopic properties (porosity and isotropy) of the metal foam. Several recent studies focused on the effect of metal foam materials (e.g., nickel, aluminum, copper) on the performance of CPCM. For instant, the BTMS based on Graphene coated nickel (GcN) foam shows outstanding performance. The thermal conductivity of pure paraffin wax was enhanced by 23 times after infiltrating it into the GcN foam. Meanwhile, the latent heat and specific heat of the GcN foam saturated with paraffin is decreased by 30 and 34%, respectively comparing to pure paraffin (Hussain et al., 2018). Wang et al. (2015) studied the influence of aluminum foam on the thermal conductivity of paraffin. Wherein, the theoretical thermal conductivity of CPCM is about 218 times higher than pure paraffin. The experiment indicated that the use of aluminum foam can accelerate the melting process and enhance the temperature consistency of the PCM. The research showed that adding CPCM can reduce the temperature rise of the heat sink, and the base temperature decreases with the increase of the volume fraction of PCM (Rehman et al., 2018). In addition to the above, numerical methods employed PCM and CNT-saturated carbon foam matrices as thermal management systems to investigate the effects of RT65 and CNTs embedded in carbon foam matrices with different porosity. The results indicated that insertion of RT65/MWCNT in CF-20 led to 11.5% decrease in the module surface temperature when the carbon foam porosity was below 75% (Alshaer et al., 2015). Another work also studied the influence of nanoparticles (TiO2, CuO, and GO) additives on the thermal properties of PCM, and the results show that the thermal conductivity of base material (paraffin) was increased by 25.0, 28.8, and 101%, respectively through the TiO2, CuO, and GO nanoparticles additives (Rufuss et al., 2018). As shown in Figure 6, Peng et al. (2022) developed and validated a three-dimensional numerical model against experimental data for a cylindrical lithium-ion battery module with a compact hybrid cooling system of phase change material (PCM) and heat pipes. More attractively, Wan et al. (2017) proposed a simple method to manufacture PCM microcapsules, wherein, copolymerzing styrene, acrylic acid, n-butyl acrylate, and pentaerythritol triacrylate were utilized as crosslinking agents to prepare the hybrid microcapsules’ shell. The experimental results show that the PCM microcapsules show high heat storage capacity and thermal conductivity. The performance of BTMS can be improved by optimizing the thermal conductivity of solid-liquid phase transition.
[image: Figure 6]FIGURE 6 | Contours of temperature at the end discharge process: (A) plot with all the parts included; (B) top view with heat pipes and fins not included; (C) section planes. Reproduced with permission (Peng et al., 2022). Copyright 2018, Elsevier.
3.2 Liquid-Gas Phase Change System
In addition to solid-liquid PCMs, liquid-gas PCMs (Xu et al., 2014) have gradually attracted more attention due to many advantages, such as excellent heat transfer and ease of addition and removal.
Liquid-gas PCMs have also been utilized in the BTMS of EVs (Ren et al., 2017). The conventional liquid-gas PCMs can be divided into boiling system and evaporation system. In addition, heat pipe (HP) is an efficient heat transfer equipment by using the phase change of internal working fluid to conduct abundant heat from one side to the other. It has found applications in electronics cooling, power generation, chemical engineering and spacecraft cooling (di Francescantonio et al., 2008).
For the boiling system, a dielectric fluid can be adopted as the coolant to eliminate the risk of short circuiting, which is essential for LiBs. Moreover it can effectively decrease the internal temperature heterogeneity of the batteries during the boiling process (van Gils et al., 2014). In boiling-liquid BTMS, the batteries are immersed in hydrofluoroether liquid. The liquid should have high electric resistance, non-inflammability, environmental friendliness, and the boiling temperature close to the working temperature of the battery. In the boiling system developed in [65], the battery temperature is maintained below 36°C during cyclic charging and discharging, even under high rate discharging and charging (around 20°C) (Hirano et al., 2014). As shown in Figure 7A, integrating flow boiling in mini-channel into BTMS could effectively decrease the battery’s maximum temperature and the maximum temperature difference at battery surface (An et al., 2017). In the ammonia boiling system, the cells are partly submerged in a liquid ammonia pool that boils through absorbing the heat generated by the battery. The ammonia vapor then passes to the electricity generator to produce electrical energy for driving the vehicle or charging the batteries (Al-zareer et al., 2018).
[image: Figure 7]FIGURE 7 | Liquid-gas cooling system. (A) Boiling cooling based mini-channel. Reproduced with permission (Zou et al., 2018). Copyright 2017, Elsevier. (B) Liquid-vapor phase-change cooling. Reproduced with permission (Al-Zareer et al., 2020). Copyright 2020, Elsevier. (C) Liquid-vapor BTMS based on microchannels. Reproduced with permission (Bandhauer and Garimella, 2013). Copyright 2013, Elsevier. (D) BTMS combined HP. Reproduced with permission (Wang et al., 2014). Copyright 2014, Elsevier.
Al-Zareer et al. (2019) proposed a new cooling system, which adopted liquid-vapor PCM to decrease the temperature rise and temperature gradient of LiBs. The liquid-vapor cooling system has high latent heat, which can remove vast amount of heat generated by the battery while maintaining a constant PCM temperature. Further, as depict in Figure 7B, they also studied (Al-Zareer et al., 2020) the influence of R134a vapor pool on the battery lifetime. In the system, the battery was immersed in the saturated R134a solution pool, and the refrigerant R134a evaporates and cools the battery. Under the Artemis realistic motorway cycle, the maximum battery temperature is limited to below 31.5°C.
In addition, there is a new type of BTMS employing water evaporation. The thin sodium alginate film (SA-1 film) with water content of 99 wt% is prepared by spraying method, which is affixed on the pack surface to suppress heat accumulation. The study revealed that under constant current charge/discharge larger than 1°C, the battery’s temperature rise rate is decreased by half using the developed BTMS in comparison with conventional BTMS. Even under the New Europe Drive Cycle that causes higher heat generation, the BTMS can still maintain the battery temperature from evident rise (Ren et al., 2017). Another study investigated the cooling efficiency of BTMS using R134a and microchannels, as shown in Figure 7C. The heat generation of battery is transferred to the microchannel evaporator placed inside the collector, where the working fluid R134a is turned into vapor phase. Due to the density difference, the vaporized fluid then flows to the condenser and is condensed there. This method can effectively manage the battery’s temperature rise (Bandhauer and Garimella, 2013).
HP is a novel strategy for the temperature control of battery (Zou et al., 2016). Many works have shown the HP can efficiently limit the peak temperature of LiBs. For example, the study in ref (Zou et al., 2016) shows that, if the battery generates less than 10 W/cell, the heat pipe using water glycol as the coolant can maintain the battery’s surface temperature below 40°C, as shown in Figure 7D. Meanwhile, the HP can keep the battery’s peak temperature below 70°C under thermal abuse conditions (e.g., 20e40 W/cell) (Wang et al., 2014). Rao et al. (2013) studied the performance of HP for battery thermal management in EVs. In the experiment the heat pipes are installed between two prismatic heaters and the condenser is cooled by a water bath. The results indicated that the maximum temperature could be limited below 50°C when the heat generation rate was lower than 50 W. Additionally, when the maximum heat generation rate is below 30 W, the temperature difference among cells can be kept less than 5°C.
Due to the latent heat effect, the liquid-vapor cooling can achieve higher heat dissipation rate compared to the single phase liquid convection cooling. As for heat pipe based BTMS, future development is needed to enhance the heat transfer rate and to demonstrate the system in real battery modules. Moreover, it is also very important to develop a numerical model of the liquid-gas phase change refrigeration system for vehicular applications (Liu et al., 2017a).
4 THERMAL BARRIER MANAGEMENT MATERIALS
Battery TR is a very complex process involving electrochemistry, material science and engineering, and thermal dynamics. The TR process depends on multiple factors, from electrode and electrolyte materials to cell and module design (Wang et al., 2012), as shown in Figure 8. At high temperatures, excessive oxygen will be generated from the cathode decomposition, which is one of the key causes of TR of LiBs. Therefore, improving the thermal stability of the cathode can effectively prevent TR (Belharouak et al., 2003). Cathode modification by coating is important method to increase thermal stability. Typical protective coatings can be divided into inorganic films (such as ZnO, Al2O3, AlF3, etc.), organic films (such as poly diallyldimethylammonium chloride), and the protective films formed by additives [such as a γ-Butyrolactone, multi-component additive (composed of vinylene car-bonate, 1,3-propylene sulfite, and dimethylacetamide)] (Liao et al., 2019). When the surface of the cathode materials (such as LiCoO2, LiNiO2, and LiMn2O4) is coated with oxides (MgO, Al2O3, SiO2, TiO2, ZnO, SnO2, and ZrO2) and other materials, the coatings can isolate the cathode from the electrolyte solution, restrain the phase transition, enhance the structural stability, and reduce the disorder of cations in crystal sites (Li et al., 2006). Simultaneously the internal side reaction and heat generation of the battery are reduced during cycling.
[image: Figure 8]FIGURE 8 | Application of thermal barrier material additives in battery thermal runaway. Reproduced with permission (Yang et al., 2019). Copyright 2019, Elsevier. (A) NiS2@rGO electrode additives. Reproduced with permission(Mishra et al., 2018). Copyright 2018, KeAi. (B) Bisfluoroacetamide (BFA) electrolyte additives. Reproduced with permission (Li et al., 2021). Copyright 2020, GDCh. (C) Thermoresponsive Polymer switch materials. Reproduced with permission (Liu et al., 2017b). Copyright 2017, Europe PMC.
In addition to cathode coating, thermoresponsive polymer switching material can be placed in the separator to suppress TR. The study in (Chen et al., 2016) indicates that batteries with thermoresponsive polymer switching (TRPS) material showed outstanding characteristic at normal temperature and shut down quickly under abnormal conditions, such as overheating and shorting (Chen et al., 2016).
Many side reactions will occur in the anode under low temperature or fast charging, such as the growth of lithium dendrite and SEI growth. Many materials have been developed, including graphite carbon and silicion-based material, or cover coatings on the anode surface, to suppress the formation lithium dendrites (Zheng et al., 2014; Liu et al., 2017c). In additional, the SEI film at the anode surface can be modified by silicon dioxide coating, which can improve the cycling stability of the batteries (Yang et al., 2007).
Besides electrode modification, electrolyte additive is another vital factor to inhibit TR. Lithium ions migrate between the cathode and the anode through the electrolyte inside the LIBs. The common electrolytes materials include LiPF6, LiClO4, LiAsF6, and LiCF3SO3 (Han et al., 2019). Nevertheless, the conventional carbonate electrolyte is flammable, which could cause fire and explosion under abusive conditions. Consequently, improving the thermal stability of the electrolyte is an effective strategy to suppress TR. Adding 5% ethoxy (pentafluoro) cyclotriphosphazene (EFPN) to the electrolyte can make the carbonate based electrolyte flame inhibiting and increase its stability under abuse-testing conditions (Feng et al., 2015). Furthermore, Ma et al. developed bisfluoroacetamide (BFA) as the electrolyte additive to induce a gradient SEI structure. BFA molecules change the solvation structure of Li+ by reducing the free solvent in the electrolyte, preventing the overall degradation of the electrolyte on the cathode surface, thereby forming an excellent cathode-electrolyte interface (CEI). This method can inhibit lithium plating and enhance the cycling stability of electrolyte, which effectively prevents TR (Li et al., 2021).
The separator plays a crucial role in ensuring the safety of LiBs, because it prevents direct contact between the cathode and anode, while allowing lithium ions to migrate (Jiang et al., 2017). At present, the separator utilized in LIB is mainly based on microporous polyolefin membranes, such as polypropylene (PP) and polyethylene (PE), because of their eximious mechanical strength and chemical stability. But the polyolefin membranes present high thermal shrinkage under high temperatures, which could bring about an internal short circuit and consequently cause fire or even explosion (Dai et al., 2016). Therefore, it is crucial to improve the thermal properties of the separator to avoid TR. To alleviate the issue, a new “smart” nonwoven electrospun separator with heat-triggered flame-retardant characteristics is used to prevent TR. The separator encapsulates the flame retardant in a protective polymer shell, and during TR of the LiBs, the protective polymer shell will melt due to temperature increase, releasing the flame retardants, thereby effectively inhibiting the burning of the highly flammable electrolytes (Liu et al., 2017b).
These modifications of the battery’s electrode, electrolyte and separator to enhance the BTMS performance to inhibit TR has a promising future.
5 CONCLUSION AND FUTURE TASK
This paper mainly summarizes the applications of liquid cooling, PCM cooling and emergency battery thermal barrier (EBTB) materials in thermal management. The research prospects are summarized as follows. Firstly, one direction of future development is to improve the thermal conductivity, latent heat and no-flammable performance through changing the thermo-physical properties of the refrigeration materials. Next, for the liquid medium, hybrid nanofluids have great application prospect, and it is necessary to study the behavior of hybrid nanofluids in laminar flow and the physical properties of different combinations of hybrid nanoparticles (Moldoveanu et al., 2019). In terms of PCM, on the one hand, for the metal foam structure, the influence of the specific surface area of mental foam, pore size and filling rate of PCM on thermal conductivity should be further studied in the future (Abishek et al., 2018). On the other hand, the shape, size and aspect ratio of nanoparticles have a pivotal role in the thermal conductivity of PCM (Qureshi et al., 2018). The dispersion uniformity and aggregation of nanoparticles could be the next research hotspot. Finally, a promising solution to alleviate the TR issue is to use additives to improve the material properties of the battery.
In the future, we hope to use the numerical simulation model to assist the design and optimization of BTMS, reduce its design cost and cycle, and improve the comprehensive performance of BTMS. At the same time, we also expect artificial intelligence (AI) networks and digital twins to be used not only for information exchange functions, but also to guide the design and production of new phase change materials, and to define structural properties through material functions.
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