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Abstract

:

With the surge of electric vehicles, fast charging has become one of the major challenges for the development of Li-ion and Li metal batteries. The degradation of battery electrodes at fast charging has been identified as among the gating factors. While there have been extensive studies on anode and cathode degradation modes, not sufficient efforts have been made to dive deep into the kinetics of battery charging and its influence on electrode degradation, especially during fast charging. This review presents a comprehensive yet concentrated perspective into such issues. By tracing back to the kinetic origins of battery charging, it is revealed that the intrinsic properties of electrode active materials and the microstructures of electrode are of great importance in determining electrode kinetics. Most of the electrode degradation modes are closely related to the high overpotentials and the spatial inhomogeneity in Li concentration and pertinent characteristics, which are results of the sluggish electrode kinetics during fast charging. Approaches to mitigate electrode degradation are summarized from the aspect of improving electrode kinetics and circumventing detrimental side reactions.
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1. Introduction


In recent years, the “electrification of everything” has become a heated topic around the world. Lithium-based rechargeable batteries (Li-ion and Li metal batteries) have been extensively studied for their outstanding performance, namely higher energy density, higher power density, higher efficiency, and higher stability [1,2]. However, with the growing market of electric vehicles (EVs), one major obstacle has emerged for the development of lithium-based batteries, that is, whether they can withstand fast charging without sacrificing battery performance. Extreme fast charging (XFC) is defined as charging up to 80% of battery capacity within 15 min or less [3]. Currently, it is reported that Tesla’s V3 supercharger offers a peak rate of 250 kW and can add up to 200 miles of range in 15 min [4,5]. Electrify America claims to offer charging speed as fast as 350 kW [6].



The risks of battery performance deterioration due to fast charging has been under the spotlight in the past few years, especially with the advancement in high-energy-density batteries. Prior work has demonstrated degrading battery performance, including worsening state-of-health (SoH) and coulombic efficiency (CE), as a result of fast charging [7,8]. The ability of Li-based batteries to keep up with fast charging is dependent on active material properties, cell design, and charging protocols. From a materials perspective, heterogeneous Li plating such as dendrite formation on the anode has been confirmed by experiments and simulations. It leads to the loss of Li inventory and destruction of battery structural integrity and hence results in capacity fade, short cycle life, short circuiting, and even thermally induced battery degradation in anodes such as Li metal and graphite [9,10,11,12]. Worse rate capability of Si thin film anode during full cell charging (anode lithiation) has been reported at 100 C charge rate as compared to during full cell discharging (anode delithiation), which is attributed to ohmic resistance and asymmetric voltage-concentration profiles [13]. Structural evolution in layered transition metal oxide cathodes, including lattice distortion, phase transformation, and oxygen loss, along with the formation of cathode electrolyte interphase (CEI), all contribute to worse battery performance at normal rate over cycling [14,15,16]. Cathode degradation under fast charging conditions has not been extensively studied in the past, but the increased overpotential due to slow kinetics at high charge rate is expected to result in inhomogeneous charging and possibly overcharging parts of the active materials, which can worsen the structural integrity. In addition, increased lattice strain, cathode particle cracking, and surface reconstruction have been reported upon long cycling at high rate [17,18,19,20]. Aside from battery electrode materials, electrolyte, separator, and current collector design also play a role in battery fast charging. Temperature accelerates kinetic processes and is also of great importance [21].



Despite the growing attention to battery fast charging, there still remains a noticeable gap between the state-of-the-art technologies and the ultimate goals defined by XFC. This review is aimed to narrow this gap by examining the kinetically limiting processes of electrode reactions and underlying mechanisms of electrode degradation under fast charging, and providing insights into promising mitigation strategies on the cell level. In Section 2, the fundamentals of electrode kinetics and the rate-limiting steps in bulk electrodes and on electrolyte/electrode interfaces are reviewed, with the limitations of the simplified kinetic model addressed. The structural origins of the kinetically limiting processes are also discussed in example systems. In Section 3, a high-level summary of the impacts of fast charging is provided, followed by discussion of detailed electrode degradation mechanisms in anodes and cathodes. Finally, breakthroughs in alleviating electrode degradation under fast charging are highlighted in Section 4. Though not the focus of this review, it is also worth noting that significant efforts have been made beyond materials level and cell level to enable the commercialization of fast charging in Li-based batteries. This includes the optimization of charging protocols and thermal management systems, as well as the addition of safety devices and mechanical strategies to advance the overall performance reliability and longevity of Li-based batteries [22,23].




2. Battery Charging Kinetics


The literary work has unveiled that battery electrodes are in many cases the bottleneck of fast charging. This is because the processes taking place in electrodes are usually complicated in nature and kinetically slow under the operating conditions, while the ion conduction in liquid electrolyte is far more straightforward and orders of magnitude faster [24,25]. In this section, a simplified kinetic model for battery charging is presented, and the potential rate-limiting steps in cathodes and anodes are addressed, respectively.



2.1. A Simplified Kinetic Model of Battery Charging and Its Limitations


Battery charging process is often described in terms of two fluxes in opposite directions as compared to battery discharging process. One is the internal Li ion flux from the positive electrode through electrolyte to the negative electrode; the other is the external electron flux from the positive electrode through external electrical circuit to the negative electrode. When electrons are extracted from the positive electrode under external electric field, Li ions are dissolved in the electrolyte and migrate via ion conduction towards the negative electrode. They are accepted on the surface of the anode, and migrate into the bulk via solid-state diffusion under concentration gradient and electric field. Note that here electrodes are referred to as negative electrode (the electrode with lower potential, corresponding to the anode during full cell discharging) and positive electrode (the electrode with higher potential, corresponding to the cathode during full cell discharging). In all other sections of this review, they are referred to as anode and cathode as defined in full cell discharging, in order to ensure consistency in terminology with most publications in battery fast charging.



While this model incorporates the basic kinetic processes involved in battery charging and is hence informative, it does not sufficiently address some microscopic processes and has several limitations.



Firstly, electrodes are not always good electronic conductors. As shown in Section 2.2.1, most oxide-based cathodes are intrinsically semi-conducting or insulating. Some anode materials, such as non-doped Si, do not have high enough electronic conductivity either. It is therefore difficult to decouple ion transport under electric field from solid-state diffusion under concentration gradient in a simple manner.



Secondly, such a model fails to account for phase transformation in active materials. While many electrode reactions are limited by Li ion diffusion, the underlying mechanisms can be drastically different. Electrode lithiation and delithiation that involve phase transformation are more complex than those in single-phase systems (e.g., solid solution). Some phase-transforming electrode reactions are kinetically gated by the nucleation or growth of the new phase. Examples include the silicon, germanium, and aluminum anodes, in which one or multiple intermetallic phases are formed during lithiation [26,27,28,29,30].



Thirdly, driving forces for lithiation and delithiation in actual electrodes extend beyond the external electric field and the Li concentration gradient in electrodes. Researchers have reported noticeable electro-chemo-mechanical effects that develop large stress during some electrode reactions. The overpotential is controlled by multiple factors, making the kinetic picture of electrode charging less straightforward [31,32].



Fourthly, most electrodes under investigation are composite electrodes. The microstructure, including size and distribution of primary and secondary particles as well as electrode porosity and tortuosity, sometimes plays a more significant role in electrode kinetics. Such an impact should not be overlooked in the discussion of electrode reaction kinetics.



Lastly, the model does not take into consideration any side reaction at the electrode/electrolyte interface. SEI and CEI are observed in all types of Li-based batteries, which are closely related to the consumption of Li inventory and electrolyte and are believed to be major culprits for increased cell impedance. All of these may contribute to electrode degradation and definitely complicate electrode charging processes.




2.2. Rate-Limiting Steps in Electrode Charging from a Materials Perspective


Aside from the endeavors to improve battery protection devices and battery charging protocols, optimization of electrode materials is always among the most crucial solution to fast charging challenges. Due to the length of this review, this section only focuses on two primary sources that affect electrode kinetics: the intrinsic properties of electrode active materials and the electrode microstructures. Other factors, e.g., electrode design on a cell level, are also of great significance but are not covered here.



2.2.1. Intrinsic Properties of Electrode Active Materials


The selection of electrode active materials is the basis for electrode construction. Active materials may gate the charge rate by limiting electronic conduction, impeding mass transport, or by the sluggish phase transition kinetics, which not only affect the energy density and power density of batteries, but also contribute to electrode degradation at fast charging [33].



Electronic Conductivity The electronic conductivity of a material is intrinsically determined by its electronic band structure. Materials with Fermi level in the conduction band have sufficient electrons for transport and therefore high electronic conductivity. Such electrode materials include carbon-based anodes such as graphite, as well as metallic anodes such as Sn, Ge, and Li. On the other hand, some electrodes, such as LiCoO2 (LCO) and LiFePO4 (LFP) as cathode materials and Li4Ti5O12 (LTO) and undoped Si as anode materials, have their Fermi level in the band gap. At room temperature, free charge carrier concentration in such materials is low and their electronic conductivity falls in the 10−4~10−9 S/cm range [34], compared to 104 S/cm for graphite [35]. However, their electronic conductivity can be improved by increasing the operating temperature and by increasing charge carrier density. While the former one is less controllable, it has been reported that the electronic conductivity of LFP is increased by Ru-doping [36], and the electronic conductivity of LTO is also improved by F-doping [37]. Another factor that alters electronic conductivity in electrode is the state-of-charge (SoC). Young et al. reported that the electronic conductivity of LTO is increased by a factor of 106 at a partially lithiated state [38]. Pre-lithiation of LTO and partial cycling are thus recommended approaches to overcome the electronic conductivity barrier.



Li Ion Diffusivity Diffusion is essentially random jumps of the diffusing species to nearby lattice or interstitial sites. When migrating to other sites, Li ions need to overcome the potential posed by neighboring atoms, which are largely governed by the chemical environment and crystallographic characteristics of the electrode active material. Interstitial or lattice sites where lithium is strongly bound by its environment can lead to larger activation barriers for diffusion. The crystal structure of electrodes not only affects the diffusion barrier for Li ions, but also the concentration of available sites for random jumping [39]. In crystalline electrodes, Li diffusivity can differ significantly due to crystallographic anisotropy. For example, graphite is found to have much higher Li ion diffusivity (~10−7–10−6 cm2/s) along the graphene planes with weak interatomic forces, compared to diffusion perpendicular to the graphene planes (~10−11 cm2/s) [40]. In the case of LCO, Li ions prefer to occupy octahedral interstitial sites formed by close-packed oxygen. Experimental data show low diffusivity ranging from 10−11 to 10−12 cm2/s when the (003) plane of LCO is perpendicular to Li flux [41,42]. In LFP, bulk Li diffusivity is very low (~10−14–10−16 cm2/s) due to the fact that Li ions migrate via one-dimensional channel aligned with the [010] direction in the olivine structure [43]. Point defects along this migration path are likely to impede Li diffusion, unless nanosized LFP is used [44]. Examples of Li diffusion anisotropy are presented in Figure 1.



It is noteworthy that Li diffusivity is sensitive to lattice distortion caused by local Li concentration and the valence states of cations in the lattice (e.g., in transition metal oxide cathodes) [45]. There also exists strain-diffusion coupling in electrode materials (e.g., Si and Ge) that undergo large volumetric changes during cycling [46]. In addition, Li diffusion can occur via multiple pathways. Details are discussed in Section 2.2.2.



Phase Transition Kinetics As briefly addressed in Section 2.1, electrodes that are single-phase solid solution systems behave very differently compared to those with coexisting phases. When phase transitions in the electrodes are sluggish, mass transport may no longer be the rate-limiting factor for charging. Phase transitions have been extensively studied in cathode materials [47,48,49] in the past. Recently, there have also been emerging interest in phase transitions in anode materials. Below, Figure 2 illustrates the correlations among phase transition, Gibbs free energy, and electrochemical potential during the lithiation of an example electrode (denoted as M).



Figure 2 depicts an example binary system between pure Li and an electrode material. With more Li inserted into the electrode, multiple phases are formed at T0. The equilibrium phases are determined by the local minima of Gibbs free energy curve, subject to imposed constraints (e.g., temperature, pressure, etc.) The system remains a single phase in stoichiometric regimes corresponding to M->LiAM, LiBM->LiCM, and LiDM->Li. Two phases coexist in stoichiometric regimes where Gibbs free energy evolves along the common tangent line of two stable phases, corresponding to LiAM->LiBM and LiCM->LiDM.



According to the Gibbs phase rule (Equation (1)):


  F = C − P + 2  



(1)




where C is the number of components, P is the number of coexisting phases, and F is the number of degrees of freedom. In a binary system where two phases coexist (C = 2, P = 2), the number of degrees of freedom equals to two, meaning there is no additional degree of freedom at fixed pressure and temperature. Therefore, potential (Figure 2c) remains constant when composition varies along the tangent line. In the single-phase regimes where solid solution composition varies with the degree of lithiation, there is an additional degree of freedom, leading to the negative slope in the potential vs. capacity plot.



Note that Figure 2 only applies to the systems that have first-order phase transitions (also referred to as discontinuous phase transitions). Such systems start with a metastable state and proceed with abrupt changes in order parameters, e.g., composition. Nucleation and growth of a new phase with a different structure or composition from the parent phase is a distinct feature of this type of phase transitions. Electrochemical evidence of first-order phase transitions includes a flat voltage plateau in the potential vs. capacity curve (as shown in Figure 2c), as well as a peak in the current transient under potentiostatic conditions [51,52]. Cathode materials such as LFP and LiMn2O4 (LMO) and anode materials such as Si and Ge fall into this category [30,51,52,53]. There are also systems where the phase transition proceeds by uphill diffusion from a thermodynamically unstable system without nucleation [54]. Such phase transitions are named spinodal decomposition or continuous phase transitions. Not many reports have focused on such systems, but Bai et al. proposed that LFP phase transition may also occur via spinodal decomposition based on simulation results [55].



Since nucleation and growth is a common pathway for phase transition in electrode materials, the nucleation barrier becomes a concern for fast charging. Recommendations to prevent the sluggish kinetics associated with nucleation and growth include (1) cycling electrode only in the solid solution regime [56], (2) circumventing nucleation by tuning the size of active materials and by optimizing charging protocols [55], and (3) minimizing nucleation barriers by minimizing the lattice misfits [52].




2.2.2. Microstructures of Electrodes


While the intrinsic characteristics of active materials provide sound explanations to some electrochemical behaviors, single-phase materials are rarely used as actual electrodes. This means that electrode kinetics, to a large extent, is affected or controlled by the microstructures of electrodes. A wide range of factors, including the crystallographic orientation of grains, the size distribution of grains or particles, and the porosity and tortuosity of particles, all need to be considered.



Grain Size and Crystallographic Orientation Grain size and crystallographic orientation in thin films and primary particles are closely related to electrode kinetics. When it comes to Li diffusivity, electrodes with smaller grains favor grain-boundary diffusion over in-grain diffusion as a result of smaller diffusion barrier [41,57,58]. In contrast, when average grain size is large and diffusion is dominantly in the bulk grains, there tends to be more variations in effective Li diffusivity due to crystallographic anisotropy. Numerical and experimental studies indicate that there is wide distribution of Li diffusivity in LCO cathodes with different grain sizes and orientations [41,57]. Experimental study indicates that single crystal LFP nanosheets with highly oriented (010) facets are promising high-rate cathode material [59]. Similarly, LiNi0.8Co0.1Mn0.1O2 (NCM811) also indicates that single-phase NCM811 outperforms small-grain NCM811 in terms of rate capability and capacity retention [60]. It is also found that single-crystal layered cathodes have better structural integrity and are less prone to cracking during battery cycling [61,62]. This gives them many advantages over small-grain polycrystalline electrode particles, including better rate capability. Note that the opposite may be true when there is large volumetric change in electrode during cycling, e.g., in single-crystal Si anodes [63].



While such impacts are most obvious in all-solid-state battery applications where thin film electrodes are most widely used [62], they have also been adopted in grain orientation and grain boundary engineering for electrode secondary particles to effectively improve electrode performance [64,65].



Particles Size, Electrode Porosity and Tortuosity Smaller particles are in general preferred for faster electrode kinetics. Larger and coarser particles are more prone to cracking and inhomogeneous lithiation, which is detrimental not only for fast charging but also for the overall lifespan of batteries [66]. Such a phenomenon is more notable in Si anodes, where the susceptibility of large particles to cracking is attributed to two major mechanisms: one is the larger concentration gradient during lithiation which is a result of low Li diffusivity, and the other is the larger strain energy due to volumetric change [67]. Layered transition metal oxide cathodes have also been reported to have superior performance with smaller particles [68]. According to the percolation theory, larger spherical particles have relatively fewer contact points, resulting in fewer channels for electron conduction and ion diffusion [69]. In composite batteries, however, such disadvantage may be alleviated by independently manipulating the size of conductive additives. The worsened kinetic performance of electrodes with larger particles of active materials can also be explained by the accompanied longer transport ionic and electronic transport paths. In contrast, electrodes with smaller primary particles benefit from the large surface area and exhibit larger capacity at high charge rate [70]. For a solid electrolyte, active material particles with smaller grains can also better fill up the space and increase the volume utilization in electrodes [71]. However, when particles are very small, more SEI and CEI tend to form as a result of high surface area [66,72]. This introduces additional battery impedance which leads to battery degradation. A case-by-case analysis is often needed in composite electrodes, as the interplays between primary particles and secondary particles can be complicated in various electrode systems [72,73].



In addition to the average of particle size, particle size distribution in composite electrodes also plays an important role in determining electrode kinetics. Bläubaum et al. reported that graphite electrodes with a narrower distribution of particle size show better electrochemical performance [66]. Electrodes with wider distribution of particle size tend to behave like the larger particles, despite that the average particle size is smaller. At the same time, they are affected by multiple degradation mechanisms from smaller particles and from larger particles. Taleghani et al. developed a pseudo two-dimensional model and found that electrodes with mono-modal distribution of particle size have the most uniform local current density and thus the smallest polarization [74].



Electrode porosity and tortuosity are another two crucial parameters to describe the microstructure in composite electrodes. Composite electrodes are porous solid systems that consist of active material particles, additives, binders, and interconnected void space which is filled with liquid electrolyte. By definition, porosity is the percentage of the total volume of voids in the electrode. Tortuosity can be defined using the following equations:


   D  e f f   =  ϵ τ  D ,  



(2)






   k  e f f   =  ϵ τ   k  i n t   ,  



(3)




where ϵ is the porosity and τ is the tortuosity. Deff and D are the effective and intrinsic diffusivities, and keff and kint represent the effective and intrinsic conductivities. In other words, tortuosity measures the effective diffusion distance. Given a fixed porosity, structures with lower tortuosity have accelerated migration-related kinetics. Studies on LFP and graphite composite electrodes indicate that higher porosity leads to lower transport resistance, which in turn results in more homogeneous lithiation and better utilization of active electrode materials at higher charge rates [75,76]. It is further unveiled that pores small in size and isotropic in morphology contribute to lower tortuosity [76]. Controlling porosity and tortuosity by electrode engineering has become a heated topic under the development of fast charging. More examples are discussed in Section 4.






3. Electrode Degradation Mechanisms under Fast Charging


3.1. Effects of Fast Charging


Fast charging of EV batteries is achieved by specialized off-board chargers that can supply high currents. A conventional constant-current constant-voltage (CC-CV) charging scheme works by charging batteries first with a constant current until a preset voltage is reached and then maintaining a constant voltage until current drops below a threshold [77]. In order to charge faster, a higher current is used in the constant-current (CC) step of the protocol, which introduces additional risks to electrodes.



3.1.1. Overpotentials


When a battery is at its equilibrium potential, no flux flows in the system. Overpotential is indispensable in driving Li ion migration and subsequent reactions in a dynamic battery system. Below is a decomposition of electrode overpotential in a solid solution system [78]:


  Δ φ = Δ  φ  A M   + Δ  φ  C T   + Δ  φ  E L   ,    



(4)







The total overpotential at each electrode (  Δ φ  ) is the sum of the overpotential for solid-state diffusion in the active material (  Δ  φ  A M    ), the overpotential for electrode/electrolyte interface charge transfer (  Δ  φ  C T    ), and the overpotential for ionic transport in electrolyte (  Δ  φ  E L    ). The overpotentials associated with electrodes (  Δ  φ  A M     and   Δ  φ  C T    ) can be derived from the chemical potentials of Li ion at each electrode and are expressed as functions of charge current [78]:


  Δ  φ  A M   ∝ I ·  L  A ·   D ˜   L  i +      ,  



(5)






  Δ  φ  C T   ∝ I ·  1  A ·  j 0    ,  



(6)




where  I  is the charge current,  A  is the electrode surface area,  L  is the radius of active material particle,     D ˜   L  i +      is the effective Li ion diffusivity, and    j 0    is the exchange current density at the given electrolyte–electrode interface. It is obvious from Equations (5) and (6) that both overpotentials increase when charge current increases. Unfavorable parasitic reactions are therefore expected to occur at anode and/or cathode at elevated overpotentials. Two most widely studied examples are Li plating at the anode surface and transition metal oxide cathode decomposition (discussed in Section 3.2 and Section 3.3).



In the case of phase-transforming electrodes (including intercalation-, alloying-, and conversion-type electrodes), it is believed that lithiation and delithiation proceed by phase boundary movement, rather than by a filling-up-the-tank model in single phase systems [26,28]. Chemical potentials across the phase boundaries are considered to be constant, and therefore there is no distinct current dependence of overpotentials in phase-transforming regimes. However, it is expected that concentration gradient exists within each phase and on the electrode level (see Section 3.1.2).




3.1.2. Spatial Inhomogeneity on the Electrode Level


In practice, high charge rate, coupled with sluggish Li ion diffusion in electrodes, often contributes to spatial inhomogeneity in Li concentration across electrodes.



On the anode side, operando energy dispersive X-ray diffraction (EDXRD) reveals that large Li concentration gradients exist from anode surface to bulk both in the Li-rich phase LiC6 and Li-deficient phase LiCl12 at 1 C charge rate in NCM/graphite coin cells [79]. A similar result is reported by Finegan et al. using high-speed depth-profiling synchrotron XRD that the average Li concentration in graphite anode drops significantly from anode surface to anode bulk close to the current collector at 6 C [80]. These all point to spatial variation of SoC during fast charging.



For cathodes, although little prior research has been conducted about the effect of fast charging on the spatial distribution of Li ions, significant degradation at 6 C charge rate has been observed in NCM/graphite batteries with higher cathode loading (2.5 mAh/cm2 vs. 1.5 mAh/cm2) [81], suggesting degradation mechanism(s) specific to thicker cathodes. In addition, Mistry et al. reported the effect of upstream perturbance from cathode on the spatial inhomogeneity in anodes. Localized Li ion flux from cathode may foster coincidental non-uniformity in Li intercalation and plating on the anode side [82].



To sum up, spatial inhomogeneity of Li concentration on the electrode level is a phenomenon closely related to fast charging, and hence is an important factor to consider when discussing electrode degradation mechanisms under fast charging. Such a spatial variation in concentration potentially results in spatial variation in overpotential (and therefore the propensity to unfavored reactions), stress, and temperature. These are addressed in more detail in Section 3.2.2 and Section 3.3.2.





3.2. Anode Degradation at Fast Charging


Fast charging has been believed by many to be an anode-centric issue. This is primarily because of the difficulty in ensuring uniform and reversible Li intercalation, reaction, and/or plating on the anode side.



3.2.1. Li Plating in Li-Ion Batteries and Li Metal Batteries


Li plating occurs in the fast charging of both Li-ion batteries and Li metal batteries. Its origin and effect on battery performance, however, differ in these two types of batteries.



In Li-ion batteries, reversible Li intercalation into the anode material is the dominant reaction and Li plating rarely occurs at low or moderate charge rate in the normal operating window. However, electrode polarization is increased at high charge rate due to relatively slow intercalation or electrode reaction, and results in larger overpotentials, making the anode (graphite in most cases) more prone to Li plating in parallel with intercalation [83]. From this perspective, the utilization of high-voltage anodes such as LTO and niobium-based oxide anodes (Nb2O5, TiNb2O7, etc.) can effectively prevent Li plating [84]. These anodes, however, suffer from other disadvantages such as low intrinsic electronic conductivity and hydrogen outgassing, which are also unfavorable for fast charging applications [85,86]. Figure 3 summarizes a few practical factors to consider for Li plating on graphite. Aside from the thermodynamic driving force from large electrode polarization (Figure 3a), Li plating could also be triggered if Li is saturated on the surface of anode due to slow solid-state diffusion versus intercalation. (Figure 3b). Once Li plating overcomes the nucleation barrier on graphite, the subsequent Li growth proceeds in a kinetically more favorable fashion.



In Li metal batteries, however, Li plating is a normal process occurring during charging. It is worth noting that Li plating itself is not necessarily detrimental to battery performance, but the heterogeneously plated Li in Li-ion batteries and Li metal batteries does introduce extra risks regarding battery performance and safety. Various morphologies of plated Li has been reported over the years, including dendrites [88], whiskers [89], and agglomerations [90] (Figure 4). Density functional theory (DFT) study substantiates the tendency of Li to form low-dimensional morphologies [91]. Sand’s time has been adopted to estimate when uniform electrodeposition would transition into dendrite growth as a result of depleted cation concentration at electrode surface [92]. However, experimental evidence suggests much earlier commencement of Li dendrite growth than predicted by Equation (7). It is proposed that Li ion transport through SEI should be counted in a modified Sand’s equation to better capture the onset of Li dendrite formation. It is also noteworthy that the abovementioned model is based on a flat substrate. In reality, non-ideal anode surface characteristics also play a significant role in determining the onset of Li dendrite formation [93,94]. Surface modification and passivation layer have both been utilized for electrode engineering (see Section 4).



In addition, the applied current density, anode microstructure, and electrolyte composition are all among the factors that affect the morphology of plated Li [95]. The poorly controlled Li microstructures then function as hotspots for preferential Li plating as a result of concentrated local current density, heat, and stress [96,97]. Heterogeneous Li plating is notorious for three main reasons. Firstly, continued Li plating and stripping inevitably consumes the Li inventory by creating “dead” Li and by side reactions with liquid electrolyte which consumes electrolyte as well [98]. Secondly, when dendritic structures are formed, the separator or the solid electrolyte layer may get damaged or even penetrated, increasing the risk of internal short circuiting and thermal runaway [99]. Thirdly, non-uniform and dynamic Li plating destroys the integrity of anode/electrolyte interface [100]. The growing SEI greatly increases interfacial resistance over cycling and thus further promotes heterogeneous Li plating.




3.2.2. Anode Degradation Modes Aggravated by Fast Charging


Different from Li plating, which rarely occurs at slow charge rate, there are some other anode degradation modes which exist at all charge rates. It is still worthwhile to briefly review their origins and adverse impacts on electrodes because the spatial inhomogeneity in Li concentration (discussed in Section 3.1.2) tends to aggravate such degradation modes at fast charge rate. This section covers two most common anode degradation mechanisms: unstable SEI formation and mechanical degradation.



SEI is the product of electrode–electrolyte side reactions and exists in liquid-electrolyte-based batteries and solid-state batteries. Figure 5a explains the origin for SEI formation and Figure 5b is an image showing SEI on active material surface. ΦC and ΦA stand for work functions for cathode and anode, the difference of which is the battery voltage, Vcell. The electrolyte is stable when the chemical potentials of anode and cathode (μA and μC, respectively) fall between its lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO). Beyond the scope, SEI is formed to passivate the electrodes. In most of the literature, only the passivation layer at anode/electrolyte interface is named SEI, while the passivation layer at cathode/electrolyte interface is called CEI (cathode electrolyte interphase). They are essentially layers of electrolyte decomposition products, obtained either by electrolyte reduction at the anode material surface or by electrolyte oxidation at the cathode material surface.



SEI growth is self-limiting and can form a passivation layer which stops electrolyte consumption and Li inventory loss [102]. In addition, SEI helps to reduce interfacial resistance in solid state batteries where the contact between solid electrolyte and solid electrodes is poor [103]. However, SEI failure can happen thermally, chemically, and mechanically. Thermal decomposition of SEI occurs at elevated temperature. In the case of fast charging, there is a risk of temperature increase when the generated heat cannot be timely dissipated [104]. Chemical failure involves the continuing reaction between SEI and electrolyte over elongated cycling [105]. Mechanical failure refers to the destruction of a continuous SEI layer when anode is under cyclic tensile and compressive stress during cycling. This is most commonly seen in Si-based anodes [106] and Li metal anodes [107]. When fresh anode surfaces are exposed, more side reactions ensue, which further consumes active material and electrolyte and acts as an additional kinetic barrier in fast charging.



Mechanical degradation is also common in anode active materials, as they suffer from cyclic stress during cycling. The mechanical failure mechanism for Li metal anodes is closely related to the non-uniform Li plating, which has been discussed in Section 3.2.1. Another example is Si-based anodes. As Si forms a series of Li-rich alloy phases during lithiation, its structure is altered significantly to accommodate the large amounts of Li. As a result, strain energy accumulates and eventually strain energy is released in the form of mechanical failure. Figure 6 illustrates some characteristic cracking patterns observed in Si-based anodes. In single crystal Si wafers, variations in crack orientation suggest the strong anisotropy in Li diffusion and elastic moduli (Figure 6a) [108]. In amorphous Si thin film anodes, crack formation is usually randomly oriented (Figure 6b) [109]. Figure 6c exhibits the morphological evolution of a patterned film, where a dome-shaped feature is formed as there is less constraint near the top of the film [110]. The morphological changes in Si nanoparticles and Si nanowires are more isotropic (Figure 6d,e) [111,112]. Despite the difference in structures, all Si-based anodes exhibit size-dependent crack/facture characteristics. Si active materials remain intact below a critical size [112,113,114], which is sensitive to factors such as electrode structure, fabrication method, and cycling protocol.



There have been inconsistent conclusions about the sensitivity of mechanical degradation to charge rate in alloying anodes. Liu et al. claimed that lithiation-induced stress in Si particles dominantly occurs at the phase boundary and is independent of charge rate as in single-phase regimes [112]. In contrary, Barai et al. reported enhanced mechanical degradation at higher lithiation rates in Sn particles, as strain energy relaxation by creeping is not dominating at high rate [115]. These conflicting observations point to the complex and multi-scale nature of mechanical degradation processes. It is also worth noting that fast charging induces a Li concentration gradient on the electrode level, which further induces spatial inhomogeneity in stress distribution even in materials that undergo phase transitions. While a sharp interface is observed in Si anodes in the initial lithiation, no such interface is observable in subsequent cycles. However, nuclear magnetic resonance (NMR) and pair distribution function (PDF) analysis have reported the existence and evolution of short- and medium-range orders in the lithiation of Si and Ge beyond the first cycle [116,117,118,119,120,121], suggesting such anodes experience reversible phase transitions between metastable phases. Potentiostatic experiments have also revealed non-monotonical current transients, which are indicative of the nucleation and growth processes in such systems, even when a sharp phase boundary is absent [30,51]. Though there has not been systematic study on the effect of charge rate on phase-transition induced stress where no sharp phase boundary is observed, distinction should be made considering the drastically different characteristics of phases transitions, and the charge-rate dependence should be discussed separately.





3.3. Cathode Degradation at Fast Charging


Compared to anode materials, cathode materials have lower specific capacity and in general slower electrode kinetics, rendering them more and more of a bottleneck for battery performance improvement [122]. Although most research has focused on anode degradation mechanisms under fast charging, cathode material is indeed of great importance in ensuring reasonable battery performance. For example, Chinnam et al. unveiled that cathode degradation due to loss of active material is the leading cause of aging in low-loading graphite/NMC532 single-layer pouch cells, while anode degradation due to Li plating is the dominant mechanism in moderate-loading cells [123]. In high loading cells, it has also been reported that cathode material properties play a crucial role in battery capacity retention at high charge rate [8].



3.3.1. Cathode Instability and Decomposition at High Overpotential


Despite limited research on fast charging kinetics on cathode materials, it is not hard to deduce that cathode materials are more susceptible to intrinsic structural instabilities at high charge rate due to elevated overpotential [16]. In this section, the focus will be on structure-specific degradation mechanisms at high overpotentials. The example systems covered are LCO, LiNixCoyMn1−x−yO2 (NCM or NMC), LiNixCoyAl1−x−yO2 (NCA), LFP, and LMO.



LCO LCO has been the most widely used commercial battery cathode for more than two decades [124]. While it has a theoretical capacity of 274 mAh/g, only about 140 mAh/g can be utilized in commercial batteries due to constraint of the operating voltage [125]. When charged over 4.35 V, a large amount of Li is extracted, and the layered structure undergoes irreversible transition from the hexagonal phase H3 to the hybridized H1–3 phase and the O1 phase [126]. TEM study has suggested that HT-LCO transforms to a spinel structure upon cycling [127]. The instability of these transitions and the resulting phases lead to tremendous deterioration in battery performance. On the other hand, LCO performance also degrades with cycling. The side reactions at the LCO/electrolyte interface are the major culprits of cell impedance rise and battery aging [128].



Moving Towards Co-free Cathodes There has been increasing concern about the economic, security, and societal impacts of LCO on EV applications, which would require massive amounts of Co [129]. As a result, the focus of cathode material research has been shifting to developing cathodes that have less Co content or completely Co-free while still possessing high capacity.



One type of such cathodes is layered transition metal oxide cathodes, in which Co is partially substituted with other metallic elements (e.g., Ni, Mn, and Al). Examples of this family include cathodes with lower Ni content such as LiNi1/3Co1/3Mn1/3O2 (NCM111), and Ni-rich cathodes such as LiNi0.8Co0.1Mn0.1O2 (NCM811) and LiNi0.85Co0.1Al0.05O2 (NCA8515). Ni-rich layered transition oxide cathodes have some shared challenges. Firstly, while the specific capacity of cathode increases with higher Ni content, the crystal structural instability and the extent of cation mixing is also increased at deep delithiation, which is a concern for fast charging applications. Ni cations tend to migrate to octahedral site in the Li layer and lead to undesirable layered-spinel-rock salt phase transitions when delithiated [130,131,132]. Secondly, the reduction of Ni4+ to Ni2+ is accompanied by the release of oxygen and heat. The generated oxygen vacancies accelerate Ni migration and facilitate more oxygen release, which significantly increases the likelihood of side reactions with electrolyte and catastrophic thermal runaway [133]. Thirdly, the excess Li ions on the surface of Ni-rich cathodes tend to react with air and accelerate metal dissolution, which both lead to capacity decay [134]. Released oxygen can continue to form surface layers on the cathode which impede charge transfer [135]. It is reported that NCA8515 has better capacity retention and cycling stability over NCM811 in spite of higher Ni content. The reason is that Mn dissolution results in Ni dissolution, which also exacerbates cation mixing between Li and Ni [136]. It is also worth noting that although higher Al content in NCA helps with structural stabilization, it is harmful for cell impedance [137]. In contrast, NCM111 has relatively lower capacity, but much better structural stability compared to Ni-rich counterparts [138]. Figure 7 is a schematic visualization of the abovementioned cathode crystal structures and the Ni/Li cation mixing process. For NCM cathodes, Yang et al. reported significant impact of fast charging at 6 C on overpotential, SOC, and capacity retention over cycling, especially on high loading cathodes where capacity is reduced by more than 20% in less than five cycles [8].



Another promising cathode, LMO, adopts a spinel structure. LMO degradation has been attributed primarily to structural instability at deep delithiated state, which is again a concern for fast charging applications. LMO undergoes the Mn3.5+/Mn4+ redox reaction at approximately 4 V, and then transforms into the over-delithiated phase Li2MnO4 at 3 V. Accompanying this phase transition is an anisotropic volume change (Jan–Teller distortion) and the resulting local mechanical strain [140]. Although delithiation to Li2MnO4 contributes to a high capacity of around 285 mAh/g, acceleration of capacity decay has been observed simultaneously [141].




3.3.2. Cathode Degradation Modes Aggravated by Fast Charging


Some types of cathode degradation, such as mechanical failure, CEI formation, and metal dissolution, are not unique to fast charging scenarios rate [142,143,144]. Not enough research has been conducted and their dependence on charge rate remains elusive. Woodford et al. simulated stress distribution in LMO particles and discovered that coherency stress is dominant in phase-transition regimes, which is independent of charge rate [145,146]. However, Xu et al. demonstrated that mechanical degradation in NMC composite cathodes is a function of lithiation state and that the microscopic heterogeneity in composite electrodes may render different behaviors [147]. As discussed in Section 2.2.2, fast charging may accelerate undesirable processes in cathodes depending on the microstructure of electrodes. In some cases, electrode engineering aimed to improve the rate capability of cathodes can introduce additional degradation pathways. One example is the adoption of carbon black (CB) in LFP, which has low electronic conductivity and Li ion diffusivity [148]. LFP composite electrodes can degrade by CB agglomeration and loss of crystallinity [149] over elongated cycling. NMC particles have also been found to detach from carbon/binder domain more seriously under higher charge rate, again alluding to the fact that fast charging has adverse effects on various electrode components [150].






4. Solutions to Electrode Degradation for Fast Charging Applications


There are two categories of mitigation strategies to confront battery failure. The first is to reduce the risk of various failure modes during normal operation, and the other is to evade or contain disasters in the event of failure [151]. This section focuses on the first category, which emphasizes on improving the intrinsic performance of batteries via electrode engineering. It should be noted that there are always tradeoffs between battery characteristics, e.g., improving rate capability at the expense of lowering specific capacity and energy density. Often times, multiple approaches are required to reach optimal battery performance.



4.1. Composition Optimization


Composition optimization can be achieved by tuning existing chemistry of electrode active materials, or by changing the component phases in composite electrodes.



On the anode side, doping and alloying have been proved effective to improve higher capacity and rate capability. To utilize the high capacity of Si anodes, boron doping is implemented, which increases the electronic conductivity and Li diffusivity in Si films [152]. Ge has also been used as dopant in LTO, leading to reduced particle size and increased electronic conductivity that contribute to much-improved capacity, rate capability, and cycling stability [153]. A hybrid anode synthesized by uniformly implanted amorphous Si nanolayer and graphite is reported with exceptional fast-charging behavior [154]. On the cathode side, composition tuning has achieved impressive progress in layered transition metal oxide cathodes. As is covered in Section 3.3.1., higher Ni content leads to higher capacity and energy density, but increases the risk of cathode collapse and oxygen release [132]. Mn and Al are relatively stable and thus used as structure stabilizer, while Co is reportedly beneficial in postponing Ni-dominated cathode degradation [155]. To avoid mechanical degradation induced by phase transition in spinel structures, Fe-doping is proposed to extend the solubility of Li over the composition window of cathode lithiation and delithiation [145]. Such an approach mitigates the risk of charge rate dependent fracture even at large particle size.



A common and feasible approach to speed up electrode kinetics is by forming composite electrodes with conductive additives. Carbon black has been used for a long time to improve the electronic conductivity in composite electrodes. There has been progress both in using conductive matrix including carbon fibers and carbon nanotubes [156,157] and in adding conductive materials to the matrix of active materials (e.g., LTO) [158] for better electron conduction and Li diffusion. Binder optimization is also of great importance to ensure robust, low-resistance, and continuous internal pathways in composite electrodes. For conventional nonconductive binders, polymers containing carboxylic groups such as alginate have been used to protect electrodes with substantial volume change by forming a passivation layer [159]. Conductive binders, on the other hand, are multifunctioning in that they provide structural support along with electron transport pathways. Efforts have been made to tailor the molecular structure as well as 3D microstructures [160].




4.2. Surface Modification


Surface modification is one of the most widely adopted approaches for electrode engineering. It can benefit fast charging and circumvent electrode degradation by passivating electrode surface, improving homogeneity of surface reactions, and increasing interfacial contact for faster kinetics. Some examples are illustrated in Figure 8.



Artificial passivation layers are usually electronic insulators and ionic conductors. They are resistant to electrolyte corrosion and are mechanically robust. For instance, a ZrO2 coating has been applied to Ni-rich cathodes to suppress metal dissolution and improve electrode kinetics [163]. Surface alloying by laminating Si with Li metal creates a rigid Li–Si alloy, and surface passivation by a thin SiO2 layer both prevent non-uniform Li plating during fast charging [161,164]. Li3PO4 and LiPON have also been reported as a protective layer to stabilize Si anodes from cracking and pulverization and to stop further reaction with electrolyte during cycling [162,165,166].



Surface modifications also help by mitigating non-uniform surface reactions on electrodes. Different coatings, including Au [167,168], ZnO/carbon nanotube [169], and Li-Sn alloy [170], have been utilized to guide Li plating and prevent detrimental dendrite growth.



Poor interfacial contact and high interfacial impedance have been primary challenges for fast charging using solid state Li metal batteries. Efforts have been made to improve the wettability of Li by coating garnet-type solid electrolyte with SnS2 nanosheet [171] and AlN layer [172], which either has high affinity to Li or forms intermetallic compounds with Li.




4.3. Microstructure Control


Electrode microstructure is key to conduction and diffusion kinetics, as well as to structural and mechanical stability. A good balance is needed between achieving good electrode kinetics and maintaining high enough capacity.



In composite electrodes, it is known that higher porosity combined with lower tortuosity is beneficial for faster kinetics, especially for thick electrodes. KOH-etched graphite anode is a good example which shows improved rate capability and cyclability as a result of increased porosity [173]. With a fixed porosity, aligned structures tend to have lower tortuosity as Li diffusion distance is shortened [174]. Chen et al. fabricated a highly ordered laser-patterned graphite electrode. With the highly aligned holes connecting electrolyte and the current collector, the high-rate performance is significantly improved [175]. Zhao et al. constructed a vertically channeled sandwich structure, with LFP nanoparticles entrapped in the graphene wall [176]. Such a structure not only exhibits impressive rate capability but also great structural integrity. Moreover, Yang et al. designed a porosity gradient graphite anode, with the largest porosity near anode surface and the smallest porosity near the current collector [177]. Compared with graphite anode with uniform bulk porosity, the new design effectively increases the transport rate near anode surface and alleviates Li plating on the anode surface. Scaffold structures are another scheme to guide Li plating inside the porous anode, which prevents surface plating and potential dendrite growth [178].



For Si-based and Ge-based anodes, their microstructure also plays a crucial role in retaining cycling performance. As discussed in Section 3.2.2, the colossal volume change of alloying anodes is a bottleneck in many applications. Nanostructured anodes, including nanowires [179], nanotubes [180], and nanoparticles [181], have been used to accommodate the volume expansion during lithiation. More complicated 3D architectures, such as honeycomb-like structures [182], core-shell structures [183,184], and multilayers [185], have also been designed to further buffer the volume expansion. Figure 9 summarizes some progress in microstructure control for better electrode kinetics.



Processing technique is key when it comes to microstructure control. In the mass production of composite electrodes, slurring mixing, coating, drying, and calendaring are among the most important steps. Homogeneous distribution of active material from the surface to the bulk of the electrode and microstructure control for optimal porosity, tortuosity, and surface area are achieved by appropriate material selection and manipulation of process knobs such as solvent percentage, drying temperature, compaction pressure, and duration [186]. Novel techniques, including coextrusion, freeze casting, laser patterning, and electric-field or magnetic-field assisted fabrication, have proved effective in reducing electrode tortuosity and improving charging kinetics [175,187,188,189,190]. However, challenges such as cost reduction exist before the scaling-up of these approaches.





5. Conclusions and Outlook


Fast charging is currently one of the bottlenecks that limit EV development. Electrode characteristics and electrode engineering are among the most relevant and essential factors of enabling fast charging using Li ion and Li metal batteries.



By reviewing the kinetic processes involved in battery charging, it is found that the intrinsic properties of electrode active materials, as well as the microstructures of electrodes, are both playing a crucial role in determining electrode kinetics. Conduction and mass transport, along with phase transition kinetics, are the three key properties that determine the rate capability of electrode active materials. Microstructures, on the other hand, offer more tunability in electrode properties. For dense structures, grain size and crystallographic orientation should be considered when estimating the effective conductivity and diffusivity. For composite structures, particle size, porosity, and tortuosity are the most important characteristics that govern electrode kinetics. Under some circumstances, e.g., when particles are small enough, the impacts of microstructure can outweigh those of intrinsic material properties.



A major hurdle to fast charging is the degradation of electrodes. When it comes to this topic, it is noteworthy that there are two main categories of fast-charging-related degradation mechanisms. The first category is a direct consequence of the elevated overpotential caused by fast charging, including degradation mechanisms such as Li dendrite growth on anodes and cathode structural instabilities. The second category is composed of degradation mechanisms that exist at all charge rates but are aggravated by the spatial inhomogeneities in Li concentration induced by fast charging. Examples are the growth of unstable SEI and CEI, mechanical degradation, and unfavorable processes related to electrode microstructures.



Given the abovementioned degradation mechanisms, solutions are needed to address the challenges of fast charging both on the material and on the electrode level. Composition optimization serves different purposes for anodes and cathodes. For anodes, the objective is to improve electrode kinetics related to conduction and diffusion. For cathodes, however, the objective is to stabilize the pristine structure during charging. Surface modification and microstructure control are significant to both electrodes, with the top goals being to speed up the kinetics and suppress unfavorable side reactions. Future electrode engineering should focus not only on reducing fast-charging-related overpotentials, but also on alleviating inhomogeneities in Li concentration, stress distribution, and heat distribution during fast charging, all of which requires an in-depth understanding of kinetic limitations on electrode-related reactions. Other than electrode engineering, attention should also be paid to the optimization of battery electrolytes. Improving Li ion conductivity and the compatibility between electrolyte and electrodes are essential in enabling fast charging in Li-based batteries. Manipulation of co-solvent, salt concentration, and composition, as well as new electrolyte additives are promising paths forwards.
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Figure 1. Anisotropy of Li ion diffusivity in crystalline electrodes: (a) graphite, reprinted with permission from [40], Copyright ©2010 American Chemical Society; (b) LCO, reprinted with permission from [41]; (c) LFP, reprinted with permission from [44], Copyright ©2010 American Chemical Society. 
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Figure 2. Schematics showing (a) the Li-M binary phase diagram, (b) Gibbs free energy as a function of Li composition at T0, and (c) potential at T0 as a function of Li composition. The stable intermediate phases are labelled as α, β, and γ, while unstable phases are labelled as ε and δ at T0. Adapted with permission from [50]. 
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Figure 3. Mechanisms for Li plating on graphite, adapted with permission from [87]. Li plating can occur when (a) intercalation overpotential (   η  i n t    ) is large enough to meet the thermodynamic criterion for Li plating (V < 0 versus Li/Li+), or when (b) solid diffusion in the electrode is sluggish so that Li concentration is saturated at electrode surface. 
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Figure 4. Typical morphologies of plated Li on anode surface: (a) dendrites, reprinted with permission from [88], © 2019 Elsevier; (b) whiskers, reprinted with permission from [89]; (c) agglomerations, reprinted with permission from [90]. 
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Figure 5. (a) Schematic of the stable voltage window of a liquid electrolyte; (b) Transmission electron microscopic (TEM) image showing SEI layer on the surface of Si nanoparticles (NP), reprinted with permission [101], Copyright © 2013 American Chemical Society. 
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Figure 6. Scanning electron microscopy (SEM) and TEM images showing structural changes in lithiated Si anodes: (a) single crystal Si wafer, reprinted with permission from [108], Copyright © 2014 Elsevier; (b) thin film Si, reprinted with permission from [109]; (c) patterned Si film, adapted with permission from [110], Copyright © 2013 American Chemical Society; (d) Si nanoparticle (NP), adapted with permission from [111], Copyright © 2013 American Chemical Society; (e) Si nanowire (NW), adapted with permission from [113]. 
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Figure 7. Schematics of crystal structures of (a) layered, spinel, and olivine structured cathodes, adapted with permission from [139]; (b) cation mixing of Ni and Li in Ni-rich transition metal oxide cathodes, reprinted with permission from [130], Copyright © 2019 American Chemical Society. 
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Figure 8. Schematics showing two types of surface modification techniques: (a) by surface alloying, reprinted with permission from [161]; (b) by artificial SEI layer, reprinted with permission from [162]. 
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Figure 9. SEM and TEM images of (a) highly aligned holes in graphite anode, reprinted with permission from [175], © 2020 Elsevier; (b) porosity gradient graphite anode, adapted with permission from [177]; (c) 3D CNT/Si core-shell structure, reprinted with permission from [183], Copyright © 2009 American Chemical Society. 
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