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Abstract

:

Electric vehicles (EVs) are being endorsed as the uppermost successor to fuel-powered cars, with timetables for banning the sale of petrol-fueled vehicles announced in many countries. However, the range and charging times of EVs are still considerable concerns. Fast charging could be a solution to consumers’ range anxiety and the acceptance of EVs. Nevertheless, it is a complicated and systematized challenge to realize the fast charging of EVs because it includes the coordinated development of battery cells, including electrode materials, EV battery power systems, charging piles, electric grids, etc. This paper aims to serve as an analysis for the development of fast-charging technology, with a discussion of the current situation, constraints and development direction of EV fast-charging technologies from the macroscale and microscale perspectives of fast-charging challenges. If the problem of fast-charging can be solved, it will satisfy consumers’ demand for 10-min charging and accelerate the development of electric vehicles. This paper summarized the development statuses, issues, and trends of the macro battery technology and micro battery technology. It is emphasized that to essentially solve the problem of fast charging, the development of new battery materials, especially anode materials with improved lithium ion diffusion coefficients, is the key. Finally, it is highlighted that red phosphorus is one of the most promising anodes that can simultaneously satisfy the double standards of high-energy density and fast-charging performance to a maximum degree.
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1. Introduction


Electric vehicles (EVs) are receiving increasing attention because they offer the potential benefits of reducing dependence on fossil fuels and improving urban air quality, thus helping the transition to more sustainable and eco-friendly travel [1,2]. With the continuous progress of batteries, motors, and electrical control technologies; and the increasing development of informationization, network connection, and intellectualization for pure EVs, the cost performance of EVs will reach or exceed that of conventional fuel vehicles by 2025 at the latest. However, for petrol vehicles, filling with fuel only requires 2 to 5 min, whereas for common EVs on the market, general charging requires 6–8 h to achieve fully charged batteries. Such a long charging time is barely acceptable for ordinary consumers with EVs as commuting tools, but it is totally unacceptable when using EVs as operating vehicles, such as taxis and logistics vehicles. Usually, a ’10-min full charge’ is the ideal appeal for users. Fast-charging can be achieved in two typical ways, namely a high voltage or high current mode. However, if the charging voltage is increased greatly, the insulation level of the vehicle must be upgraded, and the requirements on the quality of electronic components for the vehicle should be high, resulting in extra cost. If the current is increased greatly, it will inevitably lead to a heating problem. Whether high voltage or high current, vehicle battery technology not only need to meet the electrochemical and thermal demands of fast-charging but also the battery pack, charging pile, and power grid must be capable of handling the high charging power [3]. Thus, fast-charging is a complicated and systematized technology.



Fast-charging has attracted people’s attention and a series of review articles about enabling fast charging have been reported. They focused on vehicle [4], battery technology gap [5], thermal management [6], and infrastructure/economic considerations [7], respectively. Also, there is some academic review focused on rational material design [8], which presents the state-of-the-art developments in ultrafast charging LIBs by the rational design of materials. It is especially worth mentioning that a recent review study from Professor Cuiyi discussed the challenges and future research directions towards fast charging at the level of battery materials, charge transfer, and characterization techniques for battery designs [9]. Based on current literature, herein, we not only discuss the issue, but also the solution to EV fast-charging. We reorganize the utility-scale battery storage system into three parts: a battery system, a charging pile system, and a power grid, as shown in Figure 1 [10]. For the convenience of the following review, we classified the battery system of the vehicle, charging pile, and power grid as macro battery technology and the battery cell, including the cell materials, as micro battery technology. The development statuses, issues, and trends of the macro battery technology and micro battery technology will be summarized as follows. In particular, the view expressed in this paper is that lithium-ion batteries can be quickly charged to a certain extent through macroscopic charging technology, but it is currently hard to achieve real fast charging, which depends on a breakthrough of battery materials. Moreover, it is highlighted that red phosphorus is a promising anode that can simultaneously satisfy the double standards of high-energy density and fast-charging performance to a maximum degree.




2. Macroscopic Challenges in EV Fast Charging


2.1. Consideration in the Battery Systems of EVs


2.1.1. Battery/Battery Pack Design


To support the fast-charging performance of the cell, considerable effort goes into the design of a single cell battery pack. Generally, the fast-charging performance of a single cell can be improved by adding more conductive agent to the electrode [11], reducing the loading of the electrode material (thinner coating), using a thicker collector, adjusting the suitable tab position, retaining a larger electrode porosity [12,13], ensuring less electrode bending [14], etc. These methods can improve the kinetic and electrical properties and reduce the internal resistance of cells. A study analyzed the internal resistance of electrodes with various thicknesses ranging from 10 μm to 150 μm and revealed that the Rion was proportional to the thickness of the electrode as shown in Figure 2a [15]. Furthermore, it was proved that electrodes with loadings higher than ~3 mAh/cm2 were unable to sustain a charge rate higher than C/1 as shown in Figure 2b. In addition, it was found that an increased graphite loading gave an increased Li deposition after long cycling as shown in Figure 2c; this result was obtained with capacity-matched cells using graphite as negative electrodes and LiNi0.6Mn0.2Co0.2O2 (NMC) as positive electrodes. Moreover, the performances of both center-tab and traditional designs were compared when other components in the cell were fixed [16]. The results showed that when the cells are discharged at a high C-rate, the cells with center tab (B#01) have an obviously higher voltage platform than those of the cells with traditional designs (A#01) at different discharging currents, especially at high C-rates of 15 C and 20 C as shown in Figure 2e. It was proposed that the significantly different results came from reducing the resistance of the electrode because this electrode can be thought of as two segments in parallel with the length of L/2, as shown in Figure 2d. It was also declared that adding additional tabs was not recommended since multi tabs increased the design complexity and resulted in poor reliability [16]. For the sake of safety, battery design was also studied in terms of the effect on the temperature distribution of the tab position/width and the size of the cells [17,18]. As shown in Figure 3, with the same tab width for both designs (44 mm), the nominal tab design (ND cell) had a temperature difference of 4.1 °C across the cell, whereas the counter tab design (CT cell) had a temperature difference of 2.9 °C across the cell. This meant the tab position obviously affected the temperature distribution. For the same tab position and different tab widths of 44 mm (normal tab design-ND) and 20 mm (counter tab design-CT), the values of the temperature differences were 4.1 °C and 4.4 °C, respectively, which was different than before [6]. The temperature differences can be explained by the electrical current in the current collector foils converging to or diverging from the tabs of the cells. Typically, rapid electrostatic potential changes occur in the composite materials near the tabs, leading to a large local deviation from thermodynamic equilibrium. Meanwhile, the wide stacks design (WS) cell is 1.5-times that of ND cell, which means that the WS cell has a smaller electrical resistance, resulting in a smaller temperature difference of 3.6 °C than that of 4.1 °C for the ND cell.



However, the battery pack not only contains single cells but also electronic connection components, battery management systems, etc. Even though the fast-charging performance of a single cell is good and the power density is high, the assembled battery pack does not always have a high power density [20]. In most cases, the designs for fast-charge performance significantly increase the overall cost of the entire battery system. For example, for the pack with 85 kWh energy and 240 cells (pack detail is shown in the caption of Table 1), when the electrode thickness decreases from 103 cm to 14 um, the charging time is greatly reduced from 61 min to 8 min, but the cost increases by 126 USD/kWh. Additionally, the charger power increased by 524 kW, and the heat generated increased by over 60%, concomitantly, as summarized in Table 1 [5]. Thus, cost is definitely an obstacle for fast-charging for EVs. Meanwhile, the higher heat generated and higher charger power should also be considered.




2.1.2. BMS Design


The battery management system (BMS) should be especially considered in fast-charging battery systems because it seems that increasing temperature is the main reason for the accelerated aging of the cell in high-power applications [21]. The total irreversible heating is generated in the electrodes, separators, and current collectors as a result of electrochemical reaction and potential drop [22]. The generated heating inside the cell is not completely uniform because the electronic resistance, ionic resistance, and electrochemical reaction static resistance inside the cell are also unevenly distributed, which is accelerated in a fast-charging state. Further study showed that the heat generation normalized of each cell in the pack is approximately 30% greater than that for a single cell, as shown in Figure 4a [14]. The resistance between conductors and plug-ins is also relatively high in fast-charging battery systems. Thus, even though the design is optimized for high power/current, the interconnections will provide a substantial amount of heat above and beyond the cells [23]. To solve the problem of heat dissipation, BMS typically air, liquid, or refrigerant cooling are used to control the temperature of the cells [24,25,26]. Figure 4b provides some information about air-cooling and liquid-cooling BMS structures as a reference. The drawing illustrates the difference between an air-cooled and a liquid-cooled battery module in the Tesla Model. Compared with the liquid-cooled battery module, the air-cooled module is largely filled with air passages but is much simpler than the liquid cooled modules, since the cooling air can directly contact the cells without separate, electrically isolated cooling ducts or plates. The air-cooling technique circulates ambient or actively cooled air through the battery pack, and the heat is expelled to the surroundings, which requires large surface areas to extract the heat [27]. Liquid cooling is the preferred thermal management strategy for most EV systems on the market today since the liquid cooling systems have higher heat capacity and thermal conductivity compared to air systems [28]. Liquid cooling also reduces the diameter of the cable, making it easier for users to use and is an international solution [29]. Liquid media typically involve a combination of ethylene glycol (EG) and water due to their low cost. In fact, there is a large amount of room for the optimization of liquid media, and studies show that carbon nanotubes or alumina can increase the thermal conductivity of EG-water as a nanofluid [30,31].



However, the liquid flow channels are typically complex and require an extensive number of connections, leading to an increasing potential for failure [33]. Thus, when we design a TMS for a fast-charging battery system, we should balance, from all angles, the charging C-rate, the ohmic heat and the cost of cooling the system [34]. It is necessary to note that an equalization module in a BMS, as shown in Figure 4c, is required for fast charging to ensure that all cells are equally charged or discharged. The equalizing module is essential (i) to improve the consistency between single cells, (ii) to protect the cell from the state of long-term overcharge and over discharge, and (iii) to reduce the maintenance cost of battery packs due to monomer consistency, or even the cost of a battery pack replacement [32]. A direct cell-to-cell battery equalizer including a quasi-resonant LC converter and a boost DC-DC converter was developed in which the quasi-resonant LC converter could induce power losses; meanwhile, the boost DC-DC converter can enhance the equalization voltage difference for a big balancing current and zero-voltage difference between the batteries [35]. An intelligent control model is proposed to activate the bidirectional switches and control direct current (DC-DC) converter switches with pulse width modulation of generation unit. This model was proven suitable for lithium-ion batteries in EVs [36].



To achieve fast-changing performance with less battery life degradation, systems with different combinations of battery packs and BMSs were studied [14]. As illustrated in Table 2, Case 4, if charged at 350 kW, the value of heat generation per cell (W) was the lowest (80.7 W), while the BMS structure had a pack heat removal of 15 kW and low energy density cells of 175 Wh kg−1. The total pack cooling power of 15 kW was substantially larger compared to the cooling systems of most EVs currently on the market.




2.1.3. Charge Protocol


It is a mandatory requirement for LIBs in EV applications to minimize charging time; thus, a fast-charging method must be developed properly [37]. The general charging methods, as shown in Figure 5 [38], mainly include constant current–constant voltage (CC-CV) charging, multistage constant current (MSCC) charging, boost charging (BC) and pulsed charging [39], universal voltage protocol (UVP) [40], etc. Among them, the pulse charging was highly recommended because LIBs can withstand short charging pulses of high current without any deterioration during cycling. Furthermore, the pauses reduced or prevented the formation of metallic lithium dendrites [38,41]. However, a different study showed that pulse charging resulted in bad cycling performance, which was accused to the pulverization of electrode materials resulting from the larger strain during cycling. Furthermore, an updated pulse charging process combined with a galvanostatic charge–discharge (GCD) mode can improve the cycling performance of LIBs [42]. Currently, some fast-charging algorithms are still in development, which could decrease the charging time while protecting the health of the battery [43,44,45]. However, for practical battery systems, it was still suggested that the CC-CV charging protocol with an appropriate charging current and charging voltage was the best choice, since it provided good overall performance. The fast-charging process for the LIBs can be performed by increasing the C-rate of the CC stage. If the cycling performance is affected by lithium plating, the charging current should be reduced to achieve an ideal compromise between fast-charging and long cycling performance [38].





2.2. Consideration in Charging Pile


The DC fast charger requires a 480 V power source, according to the electric vehicle supply equipment (EVSE) charger classifications of the Electric Vehicle Transportation Center of the US [8]. As shown in Table 3, the Tesla supercharger in the fast-charging station is also 480 V DC with 140 kW power. While extreme fast charging (XFC) (>350 kW) needs to achieve a high output voltage of over 800 V. So far, Level 1 and level 2 chargers are sufficient in most cases for daily commuting and short trips, but the XFC is required for the practicality of long range EVs [46,47]. Higher currents (>400 A) would generate more heat, increasing the thermal load on the pack cooling system. Thus, the current is preferably limited to 400 A. For the XFC system, only when the charging voltage is greater than 1000 V does the current not exceed 400 A, as shown in Figure 5a. Therefore, a high voltage not only increases the cost (it is estimated that one XFC system for a 300-mile range vehicle will cost up to $100,000) but also requires special equipment, installation procedures, permits, and costly maintenance warranties. Therefore, the existing charging system at the 1000-V level with industry-standard components and technologies is only owned by commercial customers or EV manufacturers [4]. Furthermore, some examples, as shown in Figure 5b, introduce several possible approaches to manage the high-power, intermittent demand from XFC station. XFC can potentially reduce the battery charging time to make it comparable to the typical refueling time of conventional internal combustion engine vehicles. However, this requires electrical infrastructure adapted for high power, and these chargers are quite expensive. Increased voltage will require additional insulation and creep requirements [48], which may add volume and mass to the electrical components, cables, and connectors of the vehicle. A higher battery voltage will also require a pack with more cells connected in series. This will require additional sensing and balancing circuits to monitor and balance the battery pack, as well as new materials and fuse designs to meet the low resistance requirements for high-accuracy measurements.



In addition to the charging piles themselves, the solutions to determine the location and timing of charging stations and how many chargers to allocate at each station to cope with the changing EV market should be carefully studied [49]. The choice behavior was also studied. Some studies showed that long-distance travelers have tighter charging time limits, because there is less charging activity along the rural highway corridors, while short-distance travelers can tolerate relatively long recharging times by performing other activities [50]. In the future, multiple case studies will be required to assess the scope of equipment, installation, and operating costs under various possible usage patterns.




2.3. Considerations for the Power Grid


When an EV is connected to the power network as a distributed micro energy storage unit, the distribution network will change from a radial network to a complex network with interconnections between distributed controllable micro energy storage units and users [52]. The changes of operating characteristics will affect the safe and economic operation of the power grid [53]. With the rapid increase in the number of EVs and charging stations, EVs will become a new type of important load in the future. Considering the randomness of the EV charging time, the effects on the power grid—such as load balancing, power capacity, power quality, and environmental influence—must be further studied and minimized [54]. The power of one fast-charging pile has exceeded the power consumption of dozens of households. Therefore, each charging station needs to set up a 10-kV transformer separately, while not all distribution networks in a region have room for 10-kV substations. From the perspective of the power grid load, there is a gap between instantaneous power and the total load, and increases in the power grid capacity and corresponding technology with intelligent coordination and matching must be improved [55].



According to the national standard in China, charging stations cannot be directly set up in the original residential power network. To ensure overall security, the maximum power of operating DC charging piles will be limited in some areas to avoid excessive fluctuations in the power grid caused by instantaneous high-power charging. To avoid an increase in the peak load power of the load profile caused by uncontrolled EV charging, load shifting or peak shaving is performed [56]. Other options, such as tariff charging or smart charging and different centrally managed charging strategies, have been researched [57]. For example, a management model of home energy including micro-generators and an energy storage system has been proposed, as shown in Figure 6. The simulation results show that the proposed home energy management model has lower cost and better economy. In addition, this strategy provides a feasible solution for the optimal energy management of residential energy users. In the near future, with the comprehensive development of fast-charging technology for EV batteries, power management technology will have more breakthroughs [50]. In addition, the interdependencies of power and transportation networks should arouse concern and the optimization methods to deal with the computational complexity of them, and their role in future smart cities is well worth developing [58].





3. Microscopic Challenges in EV Fast Charging


3.1. Effect on Battery Cells


3.1.1. Anode


Although we can realize fast charging by improving macro battery technology, such fast charging is not desirable. In terms of battery mechanics, large current charging will lead to lithium plating on the graphite anode, resulting in a quick, irreversible capacity fade [59]. This can be attributed to the fact that traditional graphite anodes can only accept lithium ions at a slow charging rate limited by the low diffusion coefficient of lithium ions. As shown in Figure 7a, it is easy for graphite to produce lithium plating since the insertion of lithium into graphite occurs within a very narrow potential range (65–200 mV vs. Li/Li+) that is close to the thermodynamic potential of the Li/Li+, especially at high insertion levels. Lithium plating occurs in charge conditions. In terms of mechanisms, lithium plating can be subjected to two different processes: charge transfer and lithium solid diffusion [60]. Lithium plating occurs in charge conditions. In terms of mechanism, lithium plating can be subjected to two different limitation: charge transfer limitation and the solid diffusion limitation (Figure 7a insert). Briefly speaking, lithium plating originates from high-charge currents and the large concentration gradients of Li+ [61]. As shown in Figure 7b, the total charging current is divided into an intercalation current and lithium plating current. During charging, due to the decreasing of lithium ions vacancy and the limited solid-state diffusion in graphite, the charging current for Li intercalation is gradually reduced. Simultaneously, as the transport rate of lithium ions from the electrolyte is higher than the intercalation rate of lithium ions, the accumulation of lithium ions on the graphite surface increases, driving the anode potential to below 0 V, resulting in lithium plating. Lithium plating could result in the loss of capacity, an increase in resistance, and a potential short circuit [59].



The effective detection of lithium plating to avoid the thermal runaway of the battery—which is caused by lithium plating—is a necessary measure to ensure the safe operation of batteries, especially for fast-charging batteries. When lithium plating occurred, the surface potential of the graphite was dominated by the deposition of lithium metal and then remained constant [61]. Using that, the battery life could be estimated by measuring the changes in battery voltage [62,63], especially at high charging/discharging current. Figure 7b summarizes the study on in situ detection of lithium plating on the graphite anode. Additionally, for commercial lithium-ion batteries, impedance spectroscopy is an in-operando method for the detection of lithium plating on the surface of graphite anodes [64,65]. The change in cell thickness is also a nondestructive detection indicator of the lithium plating in pouch cells [66]. Recently, Raman spectroscopy was demonstrated as a sensitive method to identify lithium nucleation and map lithium deposition [67].




3.1.2. Cathode, Electrolyte, and Current Collector


It may not seem that the cathode is the limit for fast-charging in a single cell, since it has a higher Li+ diffusion coefficient than that of the anode. When Li+ diffuse into and out of the host lattice of cathode, the stress-associated volume changes and concentration gradients can be induced, but the stress is not the main factor affecting battery performance deterioration when fast-charging, since some special studies showed that a slow charging rate resulted in severe disintegration of the NMC secondary particles while fast charging caused less damage [68]. Thus, whether it is slow charging or fast-charging (4–6 C), the limit from NCM is less than that from graphite due to low ionic conductivity. In fact, the reaction between the electrolyte and cathode is the real culprit during the fast-charging process [69,70]. Further study showed that the cathode still performed well at a low C-rate even after fast-charging [71], which indicated that the cathode is not the limit for fast-charging in a single cell. Developing electrolyte is truly an important direction to realize real fast-charging [9]. Some researchers have also noted that enhancing electrolyte properties is important to enable XFC within high-energy density cells. Methyl acetate (MA) and methyl propionate (MP) have been used as electrolyte additives to support fast-charging without plating [72,73]. To improve the fast-charging performance, developing 3D current collector is also a promising direction, some of the results presented point in this direction already [74,75], since the 3D current collector can increase the contact surface area between the active material and the collector and benefiting more mass loading.





3.2. Potential Solutions for Fast-Charging Battery Cells


3.2.1. Electrode Materials


The lithium ion diffusion coefficient is one of the determining factors for the fast-charging performance of LIBs. In theory, lithium ions go through a multistep process of the intercalation/deintercalation of lithium ions. This process includes the diffusion of Li+ in the electrolyte, the migration of Li+ in the solid electrolyte interphase (SEI) film, and the diffusion of Li+ in the electrode material [76]. The diffusion rate of lithium ions in the solid phase is much lower than that in the liquid phase, so the diffusion rate of lithium ions in the solid phase is the decisive step of high-power charging and discharging of lithium-ion batteries [77]. As shown in Figure 8, ion diffusion impedance and the impedance related to crystal structure change accounts for a large proportion of the total impedance [78].



Fick’s second law of diffusion described the change of the concentration of substance at each point in the medium due to diffusion under unstable diffusion condition [79,80]. For LIBs, the diffusion process of lithium ions in the solid phase is relatively complex. In particular, the chemical diffusion coefficient of lithium ions will decrease sharply during the crystal structure change (phase transformation). For example, in the transition from the amorphous phase to the crystalline phase of graphite, the diffusion coefficient of lithium ions is minimized [81]. Therefore, improving the lithium ion diffusion coefficient, especially during the phase transition of the electrode materials, is of great significance for improving the fast-charging performance of a full battery.



Currently, the mainstream anode material of LIBs in the market is graphite. The graphite anode has excellent electron conductivity but a low diffusion coefficient of lithium ions (10−11–10−10 cm2/s), which seriously limits its fast-charging performance [82]. When it is charged at a high rate, a large number of lithium ions cannot be quickly inserted into the electrode body and instead precipitate on the surface of the graphite electrode, leading to Li plating, thus resulting in capacity decay and causing safety problems. As mentioned earlier, Li plating is the main problem of lithium ion batteries during fast-charging; thus, we will focus the discussion on anode materials.



Research shows that the battery should be capable of a charging speed of 4.6–6 C (as shown in Table 4, in a future supercharging mode [4]. As far as the present situation is concerned, it is difficult for graphite anode materials to adapt to super quick charging. Hard carbon and soft carbon materials have also developed in recent years; hard carbon materials have high lithium insertion potential and good reaction kinetics, while soft carbon materials have good compatibility with electrolytes. However, hard carbon and soft carbon materials have generally low efficiency and high cost; thus, they are not widely used [83]. Li4Ti5O12 is recognized as a rapidly rechargeable anode material [84], but its specific capacity is not high (175 mAh g−1), and its lithium insertion potential is relatively high (1.55 V), so overall, the energy density of the full battery is limited. Other fast-charging anode materials are also developing, such as silicon oxide [85], titanium dioxide [86], nickel dioxide [87], and various transition metal oxides [88,89,90]. In particular, the Ti–Nb–O family, such as Ti2Nb14O39 and TiNb2O7, are promising and possess good fast charging performance while offering 2D pathways for Li+ transfer [91,92,93]. Although the above-mentioned oxide anode materials have a high fast-charging performance due to their high lithium ion diffusion coefficient (~10−8 cm2/s); they have a common defect of low energy density in full cells, which is caused by their high lithiation potential, as shown in Figure 9. Silicon and silicon-based materials, the new generation of anode materials, have a relatively high gram capacity, but their inherently poor conductivity and their volume expansion in the process of charging and discharging lead to a gradual deterioration of the cycle performance, which is difficult to effectively control in a short period of time [94,95,96]. Academically, the volume expansion problem of Si/SiO can be solved by reserving space, for example, designing core–shell structure, porous structure, and so on. Industrially, it is solved by just using Si/SiO as an anode additive for graphite in a certain way compound. In this compound, for one thing, the amount of Si/SiO is very small and the effect of volume change resulted from Si/SiO is small. For another, graphite in the compound plays a role of buffering volume change to a large extent. However, just because the amount of Si/SiO in the compound is very small (about 5–10 wt %), Li plating is unavoidable for the compound, since its platform voltage of discharging is still similar to that of graphite. Compared with Si/SiO related anode, the advantage of red phosphorus related anode is the platform voltage of discharging is higher with less risk of Li plating and more safety [92].



Moreover, red phosphorus can achieve a superior rate performance at 2500 mAh g−1 and high-energy density for its relatively high lithium plating potential 0.8 V (vs Li/Li+) [101,102]. It is proposed that red phosphorus should be the key material for building next-generation fast-charging lithium-ion cells with high safety performance [103]. Although there are some problems, such as large volume expansion and low electric conductivity in the charging and discharging process, red phosphorus as a covalent molecular crystal is easier to modify in structures to overcome the above-mentioned problems in the Si, Ge, and Sn anodes [104,105]. Typically, it has been reported that Li atoms can be bindedto phosphorene with a binding energy of approximately 2.00 eV and can diffuse with high anisotropic character and low energy barriers on a phosphorene monolayer [106]. This means that red phosphorus has potential fast-charging performance resulting from a high Li+ diffusion ability as an electrode material for LIBs. Really, nanosized (from 100 to 200 nm) red phosphorene was synthesized by reacting PI3 with ethylene glycol under the conditions with cetyltrimethylammonium bromide [107]. As shown in Figure 10a, this nanosized red phosphorus displayed specific charge capacities of 200 mA h g−1 at rate 30 C. Even at a much higher charge current density of 120 A g−1 (60 C), this nanosized red phosphorene exhibited a specific capacity of 175 mA h g−1. Furthermore, some solutions to resolve the problem of volume expansion and the consequent sluggish electrode kinetics was performed. For example, as shown in Figure 10c, the P-TiO2@CNT composite present 87% capacity retention in 200 cycles at 0.2 A g−1, and 750 mAh g−1 at 10 A g−1,which can be attribute to the nanosize of red P sheets and the buffer function from carbon nanotube network. This performance makes red P is a promising anode material for high-capacity/high-rate lithium-ion batteries [108]. Other work on red phosphorus modified carbon nanotube composites [109], graphene composites [110], other composite materials [111], and the design of complex novel nanostructures [112,113] have also been reported.




3.2.2. Red Phosphorus Anode


Since researchers have proposed red phosphorus as a promising anode material that accommodates the double need of fast charging and a high-energy density to a maximum degree [108], herein, we focus on the red phosphorus anode. Professor Xiangming He’s group has made great progress on the red phosphorus anode. They were working on essentially improving the fast-charging performance of the red phosphorus anode by the combination of increasing the ion diffusion coefficient and manipulating the dopant along with strategic nanostructuring to improve the fast-charging of red phosphorus [8]. They prepared a composite of porous carbon/red phosphorus, which shows stable cycling, high reversibility and specific capacity of over 1600 mAhg−1 [111], as shown in Figure 11a. Furthermore, they developed a hybrid composite of graphite/phosphorus/carbon material by high-temperature, which shows a high reversible capacity of 500 mAhg−1 and comparable cyclability to graphite anode [113], as shown in Figure 11b. The effect of pore size distribution of the carbon on the performance of phosphorus@carbon material was also studied. It is shown that the first coulombic efficiency of phosphorus@YP-50F can reache 80% and the capacity is still stable at 1370 mAhg−1 after 100 cycles at 300 mAg−1 [114], as shown in Figure 11c. Recently, they developed the red phosphorus-based anode possessed 800 mAhg−1 with a coulombic efficiency of 99.7% [115], as shown in Figure 11d.



They are further developing and optimizing red phosphorus for a more practical application, since it should be clear that in full cell, Li inventory is fixed, even with coulombic efficiencies of the anode below 99.99%, the capacity retention of the cell will decrease extremely quick. The latest study proved that the red P-carbon had fast-charging capability and demonstrated stable cycling with a high (close 100%) coulombic efficiency at a high areal-capacity loading, which meets the standards of industrial applications, as shown in Figure 12 [103]. It is emphasized that the red phosphorus anode can match current cathodes with a very thin thickness [102]. As we know, the thinner an electrode, the shorter total transmission path for the lithium ions, thus, an increase in fast-charging. Therefore, it is proposed that the red phosphorus anode has the potential to give lithium-ion batteries the dual performance effects of a high energy density and fast charging.



Although many studies on red phosphorus anode materials focused on the synthesis methods, few people designed the crystal structure of the red phosphorus from the perspective of regulating the lithium ion diffusion coefficient to improve the fast-charging performance. The relationship between the crystal structure, the diffusion coefficient of lithium ions, and the multiplier of the red phosphorus performance has not been studied in depth. Pessimistically speaking, red phosphorus easily to absorbs water and releases toxic H3P gas, thus it is hard to produce on a large scale. It is highly desirable to develop red phosphorus as a practical anode with fast-charging performance and high power density, while preserving durability and safety.






4. Perspective


This paper describes the current situations, problems, and development directions of fast charging technology for EVs from a macroscopic perspective, including charging piles, power grids, battery systems, and microscopic perspective, mainly referring to battery materials. The challenges faced by fast charging are as follows: ability of the batteries to accept fast charging with safety guarantees, charging efficiency rate, size/weight and cost of charging piles, delivery limitations from the power grid, and total cost. Finally, it is highlighted that the essential way to solve this problem is to develop advanced electrode materials for fast-charging by improving the diffusion coefficient of lithium ions.



For vehicles and infrastructure: It should be mentioned that new insulator materials for the packs to cope with high charging voltages, such as 1000 V, and power semiconductors resistant to high heat for the charging piles should be emphasized and developed as quickly as possible. Furthermore, the charging protocol of the major electric vehicle manufacturers should unify standards as soon as possible worldwide. In addition, a new joint storage and utilization electric model should be developed to reduce the power grid burden from EV charging.



For batteries materials: In the future XFC mode, it is required that the battery cell undergoes a charging speed of 4.6 C–6 C. It is very difficult for graphite anode materials to adapt to super quick charging because of the nature of lithium plating; thus, new anode materials must be developed. Researchers have proposed that red phosphorus is a promising anode and accommodates the double need for fast-charging and high-energy density to a maximum degree.




5. Further Work


More material research and equipment design engineering are needed. For red phosphorus anode materials, we support the view that adjusting the crystal structure of the red phosphorus improves its lithium ion diffusion coefficient, and makes it suitable as a fast-charging anode material. Also, we suggest developing surface-coating processes for red phosphorus to avoid its hygroscopicity, thus accelerating the industrial application as fast-charging anode materials, in the future.
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Figure 1. Overview to functional blocks of a utility-scale battery storage system [4]. 
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Figure 2. The summary of relationship between Rion and electrode thickness (a) [15]. Discharge capacity as a function of electrode loading (mAh/cm2) and charge rate (b) and photos of lithium deposits on representative graphite electrodes (c) [19]. Constructions of the conventional electrode design and center-tab design (The left is named cell A and the right is named cell B) (d); discharge profiles (1 C, 5 A, 10 A, 15 A, and 20 A) of cell #A and #B (e) [16]. Reproduced by permission of Royal Society of Chemistry, Elsevier, and The Electrochemical Society. 
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Figure 3. Design of pouch cell electrode (upper); distribution of temperature at nine cross-sectioned surfaces in cell composite volume at the end of 6 C constant charge: (a) ND cell, (b) CT cell, (c) ST cell, (d) WS cell (bottom) [6]. Reproduced by permission of Elsevier. 
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Figure 4. Heat generation normalized on a cell basis for a single cell and a 10-cell lithium-iron-phosphate module [6] (a); Tesla Model 3 Wins On Innovative Simplicity (htps://seekingalpha.com/article/3975416-tesla-model-3-wins-innovative-simplicity) (b); Block diagram for equalization [32] (c). Reproduced by permission of Elsevier. 
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Figure 5. Charge current with respect to charge power for different battery pack voltages. The 400 V configuration shown in red is representative of a typical EV battery pack today (a) [51]; options for 1000 V BEV architectures (b) [4]. Reproduced by permission of Elsevier. 
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Figure 6. The proposed architecture [49]. Reproduced by permission of Springer. 
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Figure 7. Schematic representation of Li plating occurrence (a); schematic illustration of Li plating occurring at the surface of the negative active particle (an insert) [60]; schematic illustration of the separation of the charging current into plating and intercalation currents during different states of charging. Depending on Li surface concentration and applied current, the charging current splits into different contributions from plating and intercalation (b) [61]. Reproduced by permission of Elsevier. 
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Figure 8. Typical impedance spectra of intercalation material [78]. Reproduced by permission of Wiley. 
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Figure 9. Charge–discharge curves of lithium titanate [84] (a), ferroferric oxide [97] (b), tatanium dioxide [98] (c), nickel oxide [99] (d), cobaltosic oxide [100] (e), and red phosphors [92] (f). Reproduced by permission of Royal Society of Chemistry, Elsevier, The Electrochemical Society, and Wiley. 
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Figure 10. Rate performance of RPNPs electrode at various rates [107] (a). Structure of P-TiO2@CNT [108] (b). Rate performance of P-TiO2@CNT [108] (c). Reproduced by permission of Royal Society of American Chemical Society and Elsevier. 
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Figure 11. Cycle performance of the phosphorus/porous carbon composite in the electrolyte of 1m LiPF6/EC+DMC+EMC [111] (a). Variations of coulombic efficiency and charge/discharge capacity with cycles for the electrochemical performance of graphite/P@C composite [113] (b). Cycling performance of P@YP-50F [114] (c). Cycling performance of the red phosphorus composite electrode in rechargeable lithium batteries. The electrode disk is ϕ7 mm diameter, equal to 0.38 cm2. The loading of the red phosphorus composite is 5.72 mg cm−2 [115] (d). Reproduced by permission of Elsevier, The Electrochemical Society, Wiley and Springer. 
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Figure 12. Schematic of material choice and structure for fast-charging LIBs [103] (a). Comparison of the thicknesses and weights [102] (b); and capacities and volumetric capacities based on the total electrode (active material, binder, and carbon) for P/C, graphite, and Li4Ti5O12 electrodes with the same areal capacity 3.5 mAh cm2 at 0.5 mA cm2) [102] (c). Comparison of capacity retentions for P/C, commercial Li4Ti5O12, and graphite electrodes with the same areal capacity of 3.5 mAh cm2 at 0.5 mA cm2. All the electrodes comprise 90 wt % materials, 5 wt % binder, and 5 wt % carbon black [102] (d). Reproduced by permission of Springer. 
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Table 1. Bat PaC simulation comparing the effects of charging time on the required anode thickness, the heat generation in the pack and the resulting temperature rise, the pack cost, and the incremental cost of charging faster than 1-C (60 min) rate. Cell Chemistry: NMC622-Graphite, Pack Energy: 85 kWh; Rated Power (10 s burst): 300 kW; MACD (Maximum Allowable Current Density): 4 mA cm2; no. of cells per pack: 240 [5]. Reproduced by permission of Elsevier.
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	Charging Time, SOC = 80%, minutes
	8
	10
	23
	47
	53
	61



	Charging Time, SOC = 60%, minutes
	5
	7
	15
	30
	34
	39



	Charger Power, needed, kW
	601
	461
	199
	100
	88
	77



	Anode Thickness, um
	14
	19
	43
	87
	98
	103



	Heat Generated during Charge, kWh, per pack
	2.35
	2.20
	1.89
	1.77
	1.75
	1.45



	Post-Charge Cell, SOC = 80%, Temperature, °C
	22.4
	24.4
	25.9
	26.4
	26.4
	19.4



	Cell Mass, kg
	2.75
	2.40
	1.74
	1.49
	1.46
	1.45



	Cell Cost to Original Equipment Manufacturer, $per kWh
	$229
	$196
	$132
	$107
	$104
	$103



	Cost Difference, $per kWh
	$126
	$93
	$30
	$4
	$1
	$0
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Table 2. Case conditions under a constant 350 kW charge [14]. Reproduced by permission of Elsevier.
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	Case 1
	Case 2
	Case 3
	Case 4





	Energy density (Wh kg−1 )
	175
	300
	300
	175



	Number of cells (cells)
	484
	282
	282
	484



	Cell efficiency (%)
	70
	90
	70
	90



	Pack heat removed (Kw)
	2
	15
	2
	15



	Heat generation per cell (W)
	239.9
	138.3
	411.3
	80.7



	Cooling provider per cell (W)
	4.14
	53.2
	7.1
	31



	Heat transfer coefficient (W m−2k−1)
	10
	100
	10
	100










[image: Table] 





Table 3. Source: McCarthy, Michael. “California ZEV Policy Update.” SAE 2017 Government/Industry Meeting, Society of Automotive Engineers, 25 January 2017, Walter E. Washington Convention Center, Washington, DC. Conference Presentation. [XFC—Extra Fast Charging Li-Ion Battery Market Review 2017].
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	Charging Model
	Level 1 (110 V, 1.4 kW)
	Level 2 (220 V, 7.2 kW)
	DC Fast Charger (480 V, 50 kW)
	Tesla Super Charger (480 V, 140 kW)
	XFC (800 V, 1400 kW)





	Range per minute of charge (miles)
	0.082
	0.42
	2.92
	8.17
	23.3



	Time to charge for 200 miles (minutes)
	2,143
	417
	60
	21
	7.5
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Table 4. Timeline of BEVs and battery C-rate to support XFC. Reproduced with permission from [4].
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Today

	
Future






	
Charge Voltage

	
400 V

	

	
400–1000 V

	




	
Charge Inlet

	
CHAdeMO, SAE J1772 CCS, Tesla

	
XFC Designed Inlet(s) for 1000 V@400 A




	
Vehicle

	
400 V, 125 A, 50 kW

400 V, 350 A, 140 kW

	
400–800 V, 400 A, 240–320 kW

1000 V, 210–280 A, 210–280 kW

	
1000 V, 400 A, 400 kW




	
Battery

	
1.5–2 C

	
2.0–3.3 C

	
3.3–4.6 C

	
4.6–6 C












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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