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In this growing age of clean energy and the use of power storage to circumvent the use of traditional fossil fuel technologies, batteries of greater capacity, storage, and power are increasingly becoming indispensable. New chemistries are being developed to increase the capacity of traditional lithium ion batteries and to develop batteries beyond Lithium ion. Promising high capacity cathodes and anodes are developed however their large-scale deployment is hindered due to safety concerns. In this review, we summarize recent progress of lithium ion batteries safety, highlight current challenges, and outline the most advanced safety features that may be incorporated to improve battery safety for both lithium ion and batteries beyond lithium ion. Of particular interest is the issue of thermal runaway mitigation by incorporation of novel nano-materials and advanced technologies.
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HIGHLIGHTS

This review provides a bird's-eye view of most recent LiB batteries failure mechanisms and classifies them by their relevance to each battery component. The review highlights critical challenges associated with each failure mitigation approach and discusses them with regard of recent literature in a short, concise and critical manner. The review also highlights the two most promising future research directions in the field of battery safety: (1) aqueous batteries with expanded electrochemical window of stability, (2) all solid state batteries with low interfacial impedances. These two research areas guided by recent advanced diagnostic tools and computational predictive models will enable safer future high capacity storage systems.

INTRODUCTION

Lithium ion batteries are composed of an anode that is typically graphite and a cathode that is typically an intercalated lithiated oxide, submerged in a liquid electrolyte, and separated by a polymer separator [polypropylene (PP) or polyethylene (PE)]. The active electrode materials (anode/cathode) are usually coated on a current collector (Cu, Al foil). Most batteries have some additional components such as battery management systems, safety devices, tabs and a cover as described Figure 1.
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FIGURE 1. (A) Schematic of the principle of insertion and disinsertion in the electrode materials. (B). Structure of lithium ion batteries. Reproduced with permission from Nishi (2001).



The discovery of lithium insertion in graphite can be traced back to the work of Herold (1955), 10 years later (1965) LiC6 is synthesized using non-electrochemical processes (Juza and Wehle, 1965). The concept of rocking chair battery where lithium shuttles (rocks) between two electrodes is formulated by Armand in the late seventies (Armand, 1980) and proven experimentally using lithiated tungsten dioxide and titanium disulfide as an electrode (Besenhard and Eichinger, 1976; Eichinger and Besenhard, 1976; Lazzari and Scrosati, 1980). The outstanding work of Yazami and Touzain (1983) led to the first practical use of graphite as an anode for secondary lithium ion batteries (LiB). While, the work of Mizushima et al. (1980) led to positive 4 V intercalation lithiated cathode oxides. The work of Yazami and Goodenough was instrumental in enabling Yoshino to invent and formulate the structure of lithium ion battery as we know it today (Yoshino, 2012). Yoshino solved some major technical challenges such as lowering the internal resistance of the battery and enabling efficient use of liquid electrolytes. SONY developed Yoshino's cell further and commercialized it in the early 1991. A historical account of major breakthroughs that led to the discovery of lithium ion batteries is provided in Table 1.


Table 1. Historical account of the major breakthroughs in lithium ion batteries discovery.
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Nowadays, lithium ion batteries dominate the market of portable electronics and count for almost one quarter of all batteries produced worldwide. In Japan alone, rechargeable batteries represent 39% of the total battery production with high capacity lithium ion representing more than 50% of rechargeable batteries (Figures 2A,B). The production of lithium ion batteries is forecasted to increase exponentially in the upcoming decade due to their large-scale integration in public transportation, autonomous vehicle, drones, aerospace, military, and medical sectors (Figure 2C).
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FIGURE 2. (A) Battery production in Japan for the year 2013. Secondary batteries (rechargeable) represent 39% while primary batteries (including lithium metal, zinc silver oxide and Zn-MnO2) represent 61%. Adapted from Julien et al. (2016). (B) The worldwide rechargeable battery market, in volume, MWh, 1995–2015, reproduced with permission from Pillot4. (C) Forecasts for automobile rechargeable battery market, M$ for x-EV 2000–2025, reproduced with permission from Pillot3.



Extensive adoption of LiB in transportation is still hindered by their short range, high cost, and poor safety.

To overcome these challenges, LiB pack system should be defect free, have an energy density of 235 Wh kg−1 or 500 Wh L−1, and should be dischargeable within 3 h. In addition, the LiB battery pack should have a cyclability of more than 1,000 cycles with a calendar life of up to 15 years. However, most lithium ion batteries available on the market today do not satisfy these requirements, in particular safety concerns are still one of the main hurdles facing large scale adoption of lithium ion batteries in public transportation.

In the civil aviation transportation sector alone more than 225 incidents involving LiB are reported (FAA Office of Security Hazardous Materials B. B.-P. D, 1991).

One of the most notable aviation safety incidents happened on the 16th of January 2013 when the entire fleet of Boeing 787, the much touted “Dream Liner” was grounded by the US Federal Aviation Administration (FAA). As was revealed by the NTSB investigation, the fault lays in the Lithium Ion Batteries (LIB) used to power the onboard apparatus of the plane1 (Mark, 2014). An internal short circuit instigated fire and smoke in a single cell of the Auxiliary Power Unit (APU) Lithium ion Battery LiB and cascaded to the adjacent cells. The root cause of this internal short circuiting is unknown, however the presence of wrinkles and mechanical abnormalities in the windings processes could have resulted in uneven charging of the anode causing lithium deposition and subsequent thermal runaway.

Lithium ion battery safety concerns affects other transportation sectors; the US government's auto safety watchdog has opened several investigations into battery fires in electric vehicles (Klayman and Bernie, 2013). External mechanical abuse (such as nail penetration and mechanical deformation as a result of electric vehicle collusion) compromise LiB cell safety and lead to fire and explosion. Similarly, electrical abuse as a result of overcharge/overdischarge can compromise batteries safety (Feng et al., 2018).

In terms of portable electronic devices, countless incidents are reported, and the most notable being the failure of Samsung Galaxy 7 in 2017, and the subsequent financial loss of 17 billion dollars (Loveridge et al., 2018). As we will discuss in more detail in the separator safety section, manufacturing defect of the separator is the primary factor behind thermal runaway and failure of Samsung Galaxy 7.

Furthermore, between 2009 and 2016 at least 195 fires and explosion linked to LiB in electronic cigarettes2, and 60 fires related hoverboards are reported. These incidents and many more triggered intense interest in batteries safety research3. The focus of this research is primarily on improving the stability of the electrode, the electrolyte and the separator materials.

In this review, we discuss lithium ion batteries safety: state of the art and current challenges. The review is divided into eight main sections. After a general introduction in the first section, we address, in the second section, the concept of thermal runaway and its triggering factors. In the third section, we address thermal runaway in multicell pack. Beside electrode degradation the root cause of most thermal runaway phenomena is dendrite formation, thus section four addresses advanced strategies to mitigate dendritic growth of lithium. The challenges facing the development of safe electrode materials will be discussed in the fifth section, while those facing the electrolytes safety and the separators will be presented in the sixth and seventh sections, respectively. In the eighth section, we review the role of current collectors in battery safety and thermal runaway mitigation. We conclude each section by a foray into novel materials and chemistries and their potential uses to mitigate thermal runaway.

THERMAL RUNAWAY?

Thermal runaway is a phenomenon that occur in batteries as a result of heat generating exothermic reactions inside the battery, raising the temperature further and potentially causing more failure or explosion.

The temperature at which thermal runaway is likely to occur varies from 130°C to well over 250°C depending on the cell configuration (i.e., size, design, and electrode materials). Most safety problems can be mitigated prior to thermal runaway onset temperatures. However, once thermal runaway starts the cell temperature increases irreversibly causing further degradation of the cell components (cathode breakdown, electrolyte breakdown, and separator meltdown). Under these conditions, the rate of heat generating reactions exceeds the cell capacity of heat dissipation (Wang et al., 2010, 2012), causing the battery to heat up, catch fire and explode.

The causes of thermal runaway vary depending on the cell chemistry involved. It turned out that internal short can trigger thermal runaway but is only responsible for a small fraction of the heat generating processes. In cells where the cathode is Li(NixCoyMnz)O2, the main causes of heat generation are the redox reactions between the anode and the cathode (Feng et al., 2019). Thus, from safety perspective, it would be advantageous to develop a chemistry that minimizes the exothermicity of contact redox reactions between the anode and the cathode.

Oxygen resulting from the cathode degradation react exothermically with both the anode and the electrolyte accelerating further degradation. To mitigate oxygen release, several new strategies are suggested and reviewed elsewhere (Sharifi-Asl et al., 2019). Among these strategies, doping is widely investigated as it improves structural stability of the cathode. Inactive dopants remain in Li slabs of lithiated cathode acting as pillars that improve the overall structural stability of the cathode. Furthermore, large size dopants increase the spacing between the layers and provide Li ion with fast diffusion pathways with low activation energy. Other strategies to mitigate oxygen release and cathode degradation upon cycling include chemical gradient design and core-shell coating (Sharifi-Asl et al., 2019).

Most batteries operate safely in a window from 0 to 60°C. At low temperatures (< −10°C) there is low charge transfer due to high electrolyte viscosity and increased risk of Lithium plating. For temperatures between 60 and 120°C, the main risk is a breakdown of the SEI layer. These risks may be mitigated by BMS/current shut off. At high temperatures of around 120°C, the separator starts to degrade and melt. This leads to internal short circuits and gas emissions from the electrolyte. However, the risk may still be contained and mitigated by using cell vents to release the pressure buildup and shut off the current. At even higher temperatures over 180°C there is permanent damage to cell components including the cathode, anode or electrolyte leading to thermal runaway. At this point it is too late to prevent cell degradation and destruction.

Besides physical abuse of the cell, thermal runaway can be triggered by electrical abuse such as over-charge/over-discharge (i.e., charge/discharge above/below the manufacturer's high/low voltage specification). Under electrical abuse the cell experiences rapid heating due to abnormal current flow and leading to thermal runaway.

Safety measures such as PTC devices, fuses and BMS detect external shorts, turn-off the current and disable the cell. Polyethylene blended with a conductive filler (typically carbon black) is typically used for PTC applications. This composite changes its resistance with heat and is often placed in the cap. Once activated, the battery remains in a tripped state until the source of external short is cleared (Pesaran et al., 2008). Furthermore, separators composed of multilayer with variable phase transition temperatures can shut down the cell and prevent excessive internal heat. As the temperature increases, the layer with low phase transition temperature melts and shuts down the pores of the solid layers, stopping ion transport and current flow disabling the battery (Li et al., 2018).

In addition to PTC, separator and BMS component, commercial LiB are equipped with Charge Interrupt Devices (CID) and safety vents that open in response to an increase in the internal battery pressure. These safety devices are usually placed in the cell cap (see Figure 3A).
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FIGURE 3. (A) Greyscale XZ orthoslices from X-ray CT reconstructions of (a) LG-S3 and (b) Panasonic cells. Exploded 3D reconstructions of (c) LG-S3 and (d) Panasonic cells, showing the placement of the integrated safety devices. Greyscale XZ orthoslices from (e) Sanyo and (f) Samsung cells. Exploded 3D reconstructions of (g) Sanyo and (h) Samsung cells, showing the placement of the integrated safety devices. Reproduced with permission from Finegan et al. (2018). (B) Structure and component of a battery pack. (C) Multicell pack for Tesla Model S. is composed of 7,104 cells arranged in 16 modules drawing 3C. Reproduced with permission from5. BMW's i3 electric uses a 96 battery arranged in eight modules, while the Leaf uses about 200 thin laminated film batteries arranged into 48 modules. A large number of small cells is advantageous in terms of cost (well-established manufacturing infrastructures) and safety (thermal management).



CID is a pressure valve that acts as an overcharge protection device and disables the cell permanently if its internal pressure is too high (>145 psi). CID activation can be triggered by electrolyte breakdown and/or significant battery over-discharge/overcharge incidents (Celina et al., 2011).

THERMAL RUNAWAY FROM CELL TO PACK

Single cell batteries are usually packed into a multi-cell pack organized in a module and connected to a pack protection and controls system (Figure 3B). The number of cells varies depending on the pack voltage and capacity requirements. Battery packs for electric vehicles are usually composed of thousands of single cells (Figure 3C). Numerous safety incidents show that a thermal runaway initiates in a single cell and propagates to other cells in the pack. A thermal runaway is an extremely fast process that occurs at a time scale <2 s, leading in most cases to battery rupture in less <0.01 s. Ultra-high-speed synchrotron X-ray imaging elucidated the failure processes of most common 18,650 commercial cells undergoing thermal runaway. The failure mechanism is mostly due to a poor venting process that leads to an extreme internal pressure, causing the electrode assembly to shift and further clog the vent opening, causing the cell rupture. To mitigate this problem, the incorporation of an additional vent at the base of the cell alongside with robust casing are recommended (Finegan et al., 2015, 2018).

Thus, one dysfunctional cell can cause damage to the entire pack, and therefore, it is important to isolate the damaged cell and create pathways for heat dissipation. External lateral heat transfer is the primary mechanism of thermal runaway migration to the adjacent cells (Spotnitz et al., 2007; Feng et al., 2015). Enlarging the space between cells (Lopez et al., 2015; Zhong et al., 2018) and creating thermal conducting pathways to dissipate heat are the most effective strategies to isolate the dysfunctional cell. Heat dissipation can be performed using either active air cooling with finned heat spreader, passive air cooling, liquid cooling conduits, refrigerant cooling with cold plate, or liquid cooling with heat exchange plate (which is mostly employed in EV batteries). The weight, volume and cost of these strategies led to the development of light weight, low cost, and graphite-based heat spreaders that are 28% lighter than aluminum (Beyerle et al., 2013).

Furthermore, aluminum foam with small porosity is found to be an excellent heat sink, to lower surface temperature of the battery module and improves its friction factor (Figure 4) (Saw et al., 2017).
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FIGURE 4. (A) Schematic design of lithium ion battery pack with aluminum foam between heat spreader and the battery. Adapted from Saw et al. (2017). (B) Remote battery monitoring centers linking BMS to big data facilities. Adapted from Xiong et al. (2018).



The voltage of lithium-ion batteries is commonly managed by an external electronic circuit with the sensors connected to each individual cell of the battery pack. The battery management system (BMS) is required to prevent state-of-charge (SOC) and capacity/energy (C/E) mismatch. The BMS is usually designed to keep the battery in a safe voltage range, prevent thermal runaway cascading, release overpressure and dissipate heat. The vast majority of commercial LiB can be operated safely between 3.0 and 4.2 V, with a “nominal” voltage around 3.6–3.7 V. Discharge below this nominal voltage can damage the electrodes while charging above 4.2 can lead to rapid exothermic degradation followed by thermal runaway and explosion. It is, therefore, advisable to charge the cells within the limits that are usually specified by the manufacturer. Some specialty batteries enable safe discharge to zero Volts without causing permanent damage to the cell (Tsukamoto et al., 2015).

Physical deformation of a single cell in a pack can be a precursor of short-circuiting as have recently been suggested by computational modeling (Wang et al., 2019).

The advent of machine learning and big data centers is expected to improve batteries management systems and safety. Remote battery monitoring centers linking BMS with big data facilities is already suggested (Figure 4B) (Xiong et al., 2018).

THE CHALLENGE OF LITHIUM DENDRITES

Dendritic growth of lithium is one of the main internal mechanisms by which LiB cells fail. Lithium dendrite induce an internal short and impede large scale adoption of Li-air and Li-sulfur batteries. Dendrites grow from the anode and penetrate the polymer separator which consequently leads to short-circuiting when it reaches the cathode (Aurbach et al., 2000; Mark, 2014). Short-circuiting, accelerates exothermic reactions between the electrodes and the flammable organic electrolytes leading to fire and explosions. An understanding of dendritic pattern formation at the nanoscale may enable prevention of lithium dendrite growth.

Recent work using TEM liquid cells reveals that dendritic growth of metal oxides proceeds by crystal splitting mechanism (Hauwiller et al., 2018). The latter is promoted by stacking fault and dislocations (Kelly et al., 2007) that are produced by inhomogeneities or impurities in the growth medium. The facets of the growing crystal split along the stacking fault and dislocations lines (Ould-Ely et al., 2006; Rusakova et al., 2007) and compete for the solute. These observations are in agreement with dendritic crystal growth theories (Mullins and Sekerka, 1963) and the ligand capping theory (Liao et al., 2014).

Experimental studies show that lithium dendrites can be suppressed by four main mechanisms: (1) additive with strong capping abilities (Li et al., 2015; Zhang et al., 2019), (2) lithiophobic coating (Kozen et al., 2015; Lee et al., 2017; Zhang et al., 2017a) that can redirect the growth away from the separator, and (3) confinement and encapsulation in pre-patterned or porous structures (Yan et al., 2016; Chi et al., 2017), and (4) the use of solid state electrolytes.

Dendrites Suppression by Additives

Development of an electrolyte or solvent system that strongly bind on the facets of lithium growing crystals is a viable strategy to interdict dendritic growth (Li et al., 2015). It was discovered that the addition of organic and inorganic substances into an electrolyte solvent can positively affect the stability of the SEI layer and suppress dendrite growth.

Cui and co-workers manipulated the concentrations of Li2S8 and LiNO3 additive to prevent lithium dendrites and achieve Coulombic efficiency of ~99% over 300 cycles (Li et al., 2015) at a practical current density of 2 mA cm−2 and areal capacity of 6 mAh cm−2.

Researchers from Tsinghua University reported that fluoroethylene carbonate (FEC) additives retard dendrite growth on Li anode side (Zhang et al., 2017b). According to this work, FEC reacts spontaneously with lithium and produces LiF that contributes to the growth of a stable LiF-rich SEI layer.

Furthermore, LiF is an electrical insulator that prevents electrons from crossing the SEI layer at the same time, it promotes ionic conductivity of lithium ions reducing the chances of polarization and lithium dendrite formation. The net result of these attributes is an improved coulombic efficiency with excellent cyclability (CE: 98% within 100 cycles) (Kozen et al., 2015).

Another smart solution is the use of non-Li cations as an electrolyte additive. Increasing concentrations of these cations' additives lead to the formation of a positively charged electrostatic region. This effectively creates a cation shield that reduces the formation of dendrites in cells (Ding et al., 2013). Cations possessing effective reduction potential lower than Li standard reduction potential (e.g., cesium, rubidium) are deposited selectively on the surface of a growing dendrite, and electrostatically shield it from additional Li+ ions; hence lithium starts to accumulate on the neighboring regions resulting in suppression of dendrite growth. However, the adsorbed additive cations should remain oxidized to prevent their incorporation in the SEI layer. In addition to forming stable and regular SEI layer that suppress dendrite growth the solvation sheath of lithium ions need to be carefully controlled (Zhang et al., 2019).

One main disadvantage of additives is their potential interference with ionic conductivities of electrolytes since considerable amount of additive is usually required to ensure optimal SEI layer.

Dendrites Suppression by Lithiophobic/Lithiophilic Coating

Lithium dendrite growth can be manipulated by lithium metal surface coating and modification (Kozen et al., 2015; Lee et al., 2017; Zhang et al., 2017a). Lithium fluoride (Xie et al., 2017), lithium nitride (Li et al., 2015), polymers (Liang et al., 2015; Liu et al., 2016), and carbon-based coating (Huang et al., 2017) have been used to regulate SEI layer and suppress dendritic growth.

Lithium wettability of various substrates proved that some lithiophobic substrates are efficient in inhibiting dendritic growth (Yan et al., 2016; Chi et al., 2017). One such substrate is silver (20 nm thick) coated carbon cloth that is shown to redirect lithium dendritic needles away from the separator and reduces the risk of short-circuiting (Tian et al., 2018). The main drawback of silver coating beside its cost is its possible corrosion upon contact with various electrolytes.

Another strategy consists of coating lithium metal with lithiophilic–lithiophobic gradient interfacial bilayer composed of zinc oxides and carbon nanotubes (CNT). The lithiophilic zinc oxide sublayer bind to lithium foil while the lithiophobic CNT sublayer prevents dendrite formation. The “anchoring” provided by the zinc oxide sublayer promotes and stabilizes SEI layer while preventing the formation of a corrosion layer. The top CNT layer effectively suppresses dendrite growth and enables lithium striping (Zhang H. et al., 2018) removed.

Dendrites Suppression by Confinement

The encapsulation of lithium metal in a 3D scaffold is found to reduce the risk of thermal runaway and eliminate the risk of dendritic growth (Yan et al., 2016; Chi et al., 2017). As we will discuss in detail in section Separator Degradation and Safety, increasing the porosity of ceramic separators prevents lithium dendrite growth and penetration. This is due to the competition between the SEI layer formation within the pores and the dendritic growth, the latter ends up unfavorable due to the shape and cavities of the pores, leading to the formation of lithium whiskers (Bai et al., 2018).

Recently, perpendicular growth of Li-dendrites has effectively been suppressed upon using macroporous dendritic copper current collector (Umh et al., 2019).

Dendrites Suppression Using Solid State Electrolytes

Solid electrolytes are efficient in suppressing dendritic growth of lithium. Dendrite growth in solid-state cells occurs as a result of a defect along the grain boundaries (Yu and Siegel, 2018) and surface cracks that create high local current density, leading to lithium electrodeposition and permeation through low shear modulus ceramic solid electrolytes.

To further shed light on the mechanism of the growth of dendrites on solid electrolyte surfaces, lithium electroplating on glassy LPS, β-Li3PS4, poly-,and single-crystal LLZTO, is investigated using galvanostatic electrodeposition (Porz et al., 2017; Swamy et al., 2018). Lithium infiltration resulting in short circuits occurred at a relatively slow time scale (minute time scale), current density relatively high (10 mA/cm2) and initiated in the perimeter of the working electrode. See Figure 5.
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FIGURE 5. (a–c) “Lithium metal deposition at high current density (≈50 mA cm−2) propagates into densely pressed polycrystalline β-Li3PS4 from a brass tip electrode. (d) Viewed in transmission optical microscopy, the lithium metal network shows a branching pattern. (e) The starting as-pressed surface of the β-Li3PS4 polycrystal exhibits sub-micrometer (≈200 nm length scale) cracks or pores.” Both figure and caption are reproduced with permission from Porz et al. (2017).



Electric field amplification in the cracks and defects of the electrode drives lithium penetration from the perimeter of the working electrode to the solid electrolyte surface with supercritical surface flaws.

The high local current densities promote dendrites growth. The magnitude of these current varies as a function of the thickness-to-width aspect ratio of the cell and the size of the electrode. A large cathode with a smaller thickness to width ratio compared to the anode promotes stronger lithium metal penetration (Swamy et al., 2018).

Furthermore, dendritic growth can be prevented using a solid electrolyte with a shear modulus 1.8 higher than lithium metal (Monroe and Newman, 2005). We will review solid electrolyte advantages in more detail in section Electrolyte Safety.

SAFETY OF LIB ELECTRODE MATERIALS

Current State of the Art
 Anode Degradation and Safety Profile

One of the limiting factors of Li-ion batteries is the low capacity of their most common anode—the graphite. This led to the development of a new generation of higher capacity anodes based on metallic lithium, silicon, aluminum, germanium, and tin among others (Figure 6A). However, many of these high capacity anodes failed to replace the graphite due to pulverization and safety concerns.
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FIGURE 6. (A) Schematic illustration of the potential vs. Li/Li+ and the corresponding capacity density of active present anode materials for lithium ion batteries. Reproduced with permission from Goriparti et al. (2014). (B) Safety tests on a full cell using nail penetration (a) Carbon/LMO and (b) MSNP-LTO/LMO cells. (c,d) Overcharge tests displaying Tsurface and V of Carbon/LMO (c) and MSNP-LTO/LMO (d). Reproduced with permission from Amine et al. (2010).



The first successful graphite anode replacement was lithium-tin battery that was developed and marketed by SONY in 2005. This anode is based on the composite Sn/Co/C where Sn is the electro-active element. Incorporation of novel materials such as silicon nanomaterials and nanostructured graphene are also being actively considered (Guo et al., 2017; Mukanova et al., 2018).

Owing to its high capacity, silicon is progressively replacing carbon based anodes. Novel graphite anode boosted with silicon coupled with a layered nickel (Ni)-rich lithium nickel manganese cobalt oxide cathode is already commercialized (~270 Wh/kg) (Li et al., 2019). However, these silicon boosted cells suffer from Li+ loss into the thickened SEI layer, particle pulverization, and impedance rise (Li et al., 2019). Several start-up companies claim development of reliable silicon anode that can be integrated in EV batteries by 2023. The delay in commercializing these cells is due either to high cost, low performances and/or safety concerns.

Among the safest non-metallic anode reported so far, Li4Ti5O12 (LTO) displayed high resistance to pulverization as upon charging it expands only up to 16 vol% (Amine et al., 2010). LTO anodes have high operating voltage that excludes the growth of lithium dendrites and can intercalate up to three lithium ions in its spinel structure. Amine et al. (2010) successfully synthesized mesoporous LTO anode that displayed an excellent safety profile and passed both nail penetration and overcharge tests (Figure 6B).

Upon pairing LiFePO4 and Li4Ti5O12, the cells displayed low specific energy of—only 50–60 Wh/kg. This energy level in LTO based anode is within the range of NiMH (45–75 Wh/kg) (Doughty and Roth, 2012).

In spite of its high cost and low natural abundance, Germanium (and its alloys) has been investigated as an anode for LiB. owing to its high storage capacity of 1,384 mA h g−1, excellent lithium-ion diffusivity that is 400 times faster than silicon, and high electrical conductivity that is 104 times higher than silicon (Hu et al., 2016). Furthermore, Germanium has high rate capability as it can be cycled at a very high rate; up to 1,000 C (Graetz et al., 2004). Unfortunately, Germanium electrodes are known for poor cyclability due to their volume expansion and contraction that leads to electrode pulverization and detachment from the current collectors (Hu et al., 2016).

Anode materials based on metal oxides exhibit low capacities compared to metals and large potential hysteresis between the charge and discharge reactions and thus are unlikely to dominate the market of high capacity anode.

A comparative study of safety properties of most common anode materials is presented in Table 2.


Table 2. Safety and capacity of the common anodic materials used in LiB. Reproduced with minor changes with permission from Goriparti et al. (2014).
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Cathode Safety and Degradation

The cathode end of lithium ion battery typically contains lithium ions that flow to the anode during the charging process. This positive electrode is usually made up of a transition metal oxide such as LiCoO2, LiMn2O4, LiFePO4, LiNiO2, and others. At elevated temperatures, these lithiated transition metal oxides are thermally unstable and release oxygen. The decomposition processes of lithiated cobalt oxide cathode materials are illustrated below

[image: image]

The oxygen generated can further react with non-aqueous solvents to produce more exothermic reactions. Extended periods of oxygen release may lead to fire hazards (Yazami and Touzain, 1983). LiCoO2 presents a risk of thermal runaway beyond 155°C, while batteries of LiMn2O4 are stable up to 180°C. LiNiO2 is also unstable at high temperature (>150°C) and often Jahn-Teller distorted and contaminated with excessive nickel ions. The most important advantage of LiNiO2 is its high voltage compared to LiCoO2 (Kraytsberg and Ein-Eli, 2012).

In terms of cost and safety, LiFePO4, is the best cathode material and have been optimized and commercialized by A123 among others. However, its low specific capacity, poor conductivity (10−9 S/cm) and low lithium ion diffusion coefficient 10−14 cm2/s are still major challenges. LiMnPO4 has low specific discharge capacities and rather poor rate capabilities due to its low electronic (<10−10 S cm−1) and ionic conductivity (<10−16 cm2 s−1). In addition, LiMnPO4 is structurally unstable and displays poor capacity retention, for these reasons it is not yet commercialized (Deng et al., 2017).

Thermal stability of most common cathode materials is given in (Figure 7):
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FIGURE 7. (A) Thermal stability of the common lithium ion batteries cathode materials6. (B) Accelerated Rate Calorimetry data of a 18,650 full cell displaying normalized self-heating rate. Improving cathode stability results in a higher thermal runaway temperature (increased stability) and a slow heating rate. Printed with permission from Roth and Doughty (2006).



Cathodes based on LiMn2O4 (LMO: specific capacity of 130 mAh/g) and LiFePO4 (LFPO; specific capacity of 140 mAh/g) are characterized by low energy density and good safety and rate capability. While cathode based on LiNi0.33Mn0.33Co0.33 (LNMC: specific capacity of 180 mAh/g) and LiNi0.80Co0.15Al0.05 (LNCA: 185 mAh/g) display high energy density and better safety profile than conventional LiCoO2 (LCO: 160 mAh/g).

Novel Electrode Chemistries and Future Challenges

The most advanced and promising anode and cathode combination are highlighted in Figure 8.
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FIGURE 8. Energy densities and energy efficiencies of the most promising electrode materials Reproduced with permission from Schmuch et al. (2018).



As stated earlier, in spite of its high safety Lithium Titanate (LTO) anode materials are not expected to dominate the EV market due to their low voltage. In contrast, an anode based on metallic silicon and lithium alongside with layered LNMC and sulfur for the cathode are expected to be part of future high capacity electrode materials. Panasonic and Hitachi Maxell–Kopin are already integrating small amounts of silicon (mostly as SiOx) to boost the capacity of graphite in their commercial LiB cells. However, these cells are not full proof against thermal runaway. Their anode tends to suffer from particle cracking, loss of Li+ into the thickened SEI layer and poor contact between the anode and the other component of the cell as it shrinks upon cycling (Li et al., 2019). The net result of these degradations is an increase of interfacial impedances and failure of the cell.

In terms of new cathodes, LNMC 333 (LiNi0.33Co0.33Mn0.33O2) coupled with Si/graphite is already commercialized (Dixit et al., 2017). However, their high capacity compromises their cyclabitlity. Nickel rich NMC cathodes such as LiNi0.6Co0.2Mn0.2 O2 and LiNi0.8 Co0.1Mn 0.1O2 tend to display poor cycling due to a gradual increase of higher oxidation states ions (Ni3+ and Ni4+ ions). Reactivity of these ions with electrolytes accelerate cathode degradation (Dixit et al., 2017).

Due to their high capacities and low cost rechargeable, lithium-sulfur batteries are the next most anticipated beyond Si/G||LNMC lithium ion cells (Ould Ely et al., 2018). Significant efforts are undertaken by the scientific community to pair the Li metal (3,860 mA h/g) anode, with high capacity sulfur cathode (1,675 mAhg−1). This combination is expected to lead to a 500 Wh kg−1 cell doubling the gravimetric energy of commercial Li ion batteries (~243 Wh kg−1) (Wei et al., 2015; Moreno et al., 2016). However, lithium metal anode needs to be shielded from conventional electrolytes and polysulfides shuttling.

Anodes based on lithium metal are still problematic due to lithium reactivity and propensity to deplete liquid electrolytes. Huang et al. (2014) reported a hybrid anode (graphite/lithium) that prevents electrolyte depletion and enables high capacity Li-S cell.

This cell is made by inserting a lithiated graphite layer between lithium metal and the electrolyte. In this hybrid anode, lithium metal serves as a reservoir for lithium ions and is completely shielded from direct contact with the electrolytes. Furthermore, the graphite layer limited the risk of dendritic growth and penetration and shielded lithium from reacting with the polysulfides.

This hybrid anodes enable Li-S to operate using conventional electrolyte at a capacity of more than 800 mAh g−1 for 400 cycles at a high rate of 1,737 mA g−1, with excellent Coulombic efficiency >99%. However, the risk of thermal runaway as a result of dendritic growth remains undefeated.

Solid-state electrolytes are viewed as an enabling technology for lithium metal based batteries, as they can suppress both flammable electrolytes and dendrites growth as we will discuss in the next section (Yang et al., 2017a).

ELECTROLYTE SAFETY

State of the Art

An electrolyte is a medium which consists of salts and solvents and enables ions transfer between a cathode and an anode. Progress in electrolyte safety is well-reviewed elsewhere (Kalhoff et al., 2015; Wang et al., 2019). We will restrict our review to the most promising electrolyte systems.

Electrolytic solutions can be divided into three categories: (1) aqueous, (2) nonaqueous (organic electrolytes), and (3) solid electrolytes. An ideal electrolyte should have high dielectric constant, low viscosity, high stability during the cell operation, low melting point, and high boiling point of electrolytic solutions, low cost, and high safety. However, it is impossible to find all these attributes in one single electrolyte.

Furthermore, electrolytes should be able to form stable SEI layers (Kalhoff et al., 2015). An SEI layer is a passivation layer that forms on the surface of the electrode and results from the interaction between the electrolyte and the active electrode materials. The SEI layer grows when the potential of either the anode or the cathode exceeds the boundary of the electrochemical window of stability of the electrolytic solution. Electrolytes are expected to be stable when their lowest unoccupied molecular orbital (LUMO) is higher than the Fermi energy of the anode, otherwise, they will be reduced. Similarly, electrolytes are expected to be stable if their highest occupied molecular orbital (HOMO) is lower than the cathode's Fermi energy level. Most electrolytes tend to be particularly unstable at the anode side of the battery as their LUMO is higher than the reduction potentials of most common anodes (lithiated graphite (0.1 eV), Li metal (0 eV). The SEI layer in most organic electrolytes leads to an optimal thickness, porosity, and ion conductivity. In contrast, interfacing aqueous electrolytes with metallic anodes leads to a thick and irregular SEI layer that pulverizes upon cycling, leading to poor coulombic efficiency.

Recent research in the field of aqueous electrolytes led successfully to a series of high voltage and energy density cells (Suo et al., 2017; Wang et al., 2018). We will discuss these findings in more detail in the next section.

Aqueous Electrolytes

In terms of safety, aqueous electrolytes are advantageous over organic electrolytes due to their availability, environmental friendliness, non-flammability, and low cost. However, their narrow electrochemical stability window and low energy density compared to conventional non-aqueous electrolytes are disadvantageous (Kim et al., 2014; Alias and Mohamad, 2015).

The electrochemical window of pure water is around 1.23 V ([image: image]) at 25°C at pH 0 ([H+] = 1.0 M). Depending on the pH, water dissociates within the operating voltage of LiB and forms hydrogen bubbles at the anode between 2.21 and 3.04 V vs. Li.

Suo et al. developed a water in salt concept that favored the formation of stable electrolyte-electrode interphase and expanded the window of aqueous batteries to ~3 volts (Figures 9A,B). The cell obtained operates at 2.3 volts and cycles up to 1,000 times with 100% coulombic efficiency (Suo et al., 2015). Another milestone in aqueous Li-ion battery is reported recently (Yang et al., 2019) by the reversible Bromine/Chlorine conversion–intercalation chemistry in graphite (L-BCG) (Figure 9C). This approach led to a 4.2 V LiB aqueous cell with an estimated energy density of 460 Wh/kg and about 100% Coulombic efficiency. These discoveries may lead to aqueous batteries that are far safer than current state of the art of liquid batteries as reviewed elsewhere (Eftekhari, 2018).
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FIGURE 9. (A) Voltage output vs. capacity of common aqueous LiB systems. Color coded cyclability performances for each anode/cathode pairs used in aqueous batteries: red, <100 cycles; blue, 100–200 cycles; green, >1,000 cycles. (B) Gradual increase of the electrochemical window of stability of aqueous batteries from pure water to high concentration water in salt electrolytes. The redox couples of LiMn2O4 cathode and Mo6S8 anode achieve more electrochemical stability upon employing water in salt electrolyte. Reproduced with permission from Suo et al. (2015). (C) –i-ii: Graphic display of the mechanism of LBC-G intercalation/conversion concept in the presence of water–in-bisalt (WiBS) electrolyte. The conversion/intercalation occurs in two steps: oxidation of Br− to near-zero-state Br0 at about 4.0 V followed by the oxidation of Cl− at about 4.2 V leading to BrCl. These oxidation species intercalate into the graphitic structure. The process is completely reversible. (C) –iii: Discharge capacities of full cells using anhydrous and hydrous bisalts. (C)–iv: Practical gravimetric energy density of the LBC-G cathode compared with common cathodes. Reproduced with permission from Yang et al. (2019).



Aqueous batteries still need further improvement in terms of expanding their potential window further and preventing the corrosion of their metallic current collectors (Church et al., 2014; Li and Church, 2017). Furthermore, long-term stability, shelf-life performances and scalability remain to be reported. The available current collectors on the market can be subjected to surface treatment to improve their resistance (Gheytani et al., 2016).

Organic Electrolytes

Organic carbonates such as ethylene carbonate (EC) or diethyl carbonate (DEC) are the most common solvent used in organic electrolytes. This is primarily due to their high thermal stability, electrochemical stability and ability to dissolves common inorganic salts such as LiBF4, LiPF6, LiClO4, etc. (see Table 3).


Table 3. Thermodynamic characteristics of common solvents in which inorganic salts are dissolved to form organic electrolytes.
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LiPF6 in particular is still one of the best salts in organic electrolytes on the market. However, this salt is thermally unstable and prone to hydrolysis (Celina et al., 2011).

The P-F bond in LiPF6 display strong reactivity toward hydrolysis. This reactivity can be minimized by substituting some of the fluorine atoms by bulky functional groups such as perfluorinated alkyl groups that can sterically shield phosphorus against hydrolysis (Ignat'ev et al., 2003).

In order to optimize the formation of SEI layer in organic electrolytes numerous alternative salts and additives have been investigated. Among these Lithium Difluoro bis(OxalatoBorate) (LiFOB) salt which in spite of its lower conductivity favors a more sturdy and flexible SEI layer and reduces dendrite formation. LiPF3(C2F5)3 (LiFAP) is another salt that is more stable toward hydrolysis and less prone to flammability compared to LiPF6.

Comparative studies of thermal stabilities of LiPF6 using accelerating rate calorimetry (ARC) shows its decomposition below 200 °C while LiFAP degradation occurs above 200°C (Gnanaraj et al., 2003). Furthermore, LiClO4, LiBF4, LiAsF6, and LiSO3CF3 have been investigated as an electrolytic salt and are found to be less competitive with phosphorous based salts. For example, LiClO4 is super-reactive in contact with organics while LiBF4 tend to decompose at the anode side, in spite of being thermally stable and less prone to hydrolysis compared with LiPF6. On the other hand, LiAsF6 is toxic, while solutions of LiSO3CF3 have low conductivities.

Ionic Liquids

Low melting points (usually, below 100°C), non-flammable and thermally stable Ionic Liquids (ILs), are extensively investigated as potential replacement for organic electrolyte. These liquids have low vapor pressure, high specific conductivity, and wide electrochemical potential window of stability (up to 5.7 V) (Le Bideau et al., 2011; Wongittharom et al., 2013). These attributes are desirable for batteries safety (Roth and Orendorff, 2012).

Furthermore, some ionic liquids such as Butylmethylpyrrolidiniumebis(trifluoromethylsulfonyl)imide (BMP-TFSI) have high electrochemical stability, beyond Li plating reaction and are stable at high temperature and high potentials (Wongittharom et al., 2013) as confirmed by thermogravimetric analyses.

Similarly, piperidinium based ionic liquid electrolyte (Mun et al., 2010), in particular 1-allyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide (AMPip-TFSI) displays high thermal stability than organic electrolytes (Mun et al., 2014).

One of the main dis-advantage of ionic liquids is their high cost and high viscosity that ultimately lead to low conductivities. Mixing organic solvent with ionic liquid leads to electrolytes that retain safety properties of ILs and high conductivities of organic solutions. A content of more than 40% (Il:organic solvent) is found to improve thermal stability (Taggougui et al., 2008; Quinzeni et al., 2013).

Beside ionic liquids, an extensive list of flame retardant compounds such as alkyl phosphate, alkyl phosphonate (Yao et al., 2005; Zeng et al., 2014), and tetrabromobisphenol A (TBBA) are found (Nagasubramanian and Fenton, 2013) to improve the stability (Bae et al., 2013; Belov and Shieh, 2014) by scavenging and reacting with hydrogen radicals, thereby terminating the free radical reaction that leads to fire. Complete elimination of fire in Li-ion cells using ionic liquids and flame- retardant additives has yet to be achieved (Nagasubramanian and Fenton, 2013).

Solid State Electrolytes

Due to their outstanding mechanical rigidity and ionic conductivities, lithium ion superconductor ceramics such as Li7La3Zr2O12 (LLZO), Li1+x AlxTi2−x(PO4)3 (LATP), and Li2S–P2S5 glasses (LPS), present the most promising and novel strategy to improve battery safety and suppress Li metal dendrite formation. However, numerous challenges need to be solved before an all solid-state battery can be commercialized. These challenges will be discussed in the next section.

Novel Electrolytes and Future Challenges

Standard electrolytes are reactive with lithium, have low flash point of their solvents (FP) (<38.7°C) (Nagasubramanian and Fenton, 2013) and are prone to ignition and fire while ionic liquid and electrolytes with flame retardant additives have high viscosity and poor wettability. The development of a low-cost non-flammable electrolytes based on hydrolfluoro electrolytes as co-solvent (Figure 10A) (Nagasubramanian and Fenton, 2013) greatly improved the safety and reliability of lithium ion batteries (Nagasubramanian and Orendorff, 2011). This is primarily due to their thermal stability and extremely high flash point. Furthermore, the recent development of a dual-electrolyte (or hybrid-electrolyte) opens new possibilities for mitigating dendrites' growth while maintaining the advantages of conventional organic liquid electrolytes (Wang et al., 2015). A dual-phase-non-aqueous electrolyte is composed of two types of electrolytes separated by lithium super ionic conductor membrane (LISICON) of Li1+x+yAlxTi2−xSiyP3−yO12 (LTAP) that transports lithium ion while blocking polysulfide-anions (Figure 10B).
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FIGURE 10. (A) Structure of hydrofluoroelectrolyte, adapted from Nagasubramanian and Fenton (2013). (B) Dual electrolyte concept scheme adapted from Wang et al. (2015). (C) Lithium ionic conductivities of most common solid-state electrolytes. The highlighted zone represents the thermal stability domain of liquid electrolytes. Printed with permission from Park et al. (2018).



Solid-state electrolytes are viewed as the ultimate solution to eradicate both dendritic growth and polysulphides shuttling (Yang et al., 2017a). Solid state electrolytes and can be divided into two categories: inorganic solid electrolytes, and (2) organic solid polymer electrolytes.

In spite of their low cost, ease of processability organic solid polymer electrolytes have low room temperature conductivities and will not be reviewed here. On the other hand, inorganic solid-state electrolytes can be divided into two main categories: (1) sulfide solid state electrolytes and (2) oxide solid state electrolytes. Sulfide solid state electrolytes have high ionic conductivities comparable to liquid electrolyte at room temperature (Figure 10C). They can be cold pressed and yield good interfacial contact.

However, there are four requirements before an All-Solid-State Battery can be commercialized: (1) the reduction of interfacial impedances between these solid state ceramic and the electrode (both the anode and the cathode), (2) Reduction of the thickness and cost of the ion conducting ceramic separator (<100 μm and cost no more than $10/m2) (McCloskey, 2015). (3) Long-term cycle stability and high coulombic efficiency, (4) the stability of sulfide based Li+ conductors ceramic electrolyte in ambient atmosphere.

To achieve these requirements, various coating methods have been investigated to reduce interfacial impedances and suppress Li dendrite growth (Cheng et al., 2014; Zheng et al., 2014; Jing et al., 2015; Bucur et al., 2016; Zhu et al., 2017). Thin coating of the lithium anode by Li-Al alloy is found to improve the cycling performances by shielding lithium metal from polysulfides deposition, slowing down dendrites growth and reinforcing the SEI layer (Kim et al., 2013). The alloy layer must be in good contact with lithium metal to eliminate the interfacial resistances (Choudhury et al., 2017).

Using a trilayer Li-garnet-electrolyte architecture Hitz et al. (2019) developed an all-solid-state Li-S battery with an area specific resistances of ~7 Ωcm2, and current densities higher (10 mA/cm2). This promising work represents a first step toward safe full-scale solid-state batteries.

There are several strategies to optimize interfacial impedances of solid state electrolytes (Hood and Chi, 2019):

1. Domain structures optimization: in solid state electrolytes the SEI layer is primarily made of self-formed grain boundary interfacial domains with distinct phase structure and orientation. These domains are often characterized by high impedances and sluggish ion transport. Studies show that the smaller the size of these domains, the better the interfacial impedances. Furthermore, the domain sizes can be reduced by post annealing.

2. Composite interface optimization: organic/solid state ceramic interface has a conductivity that depends on each component. For example, the interface of PEO-LLZO display a barrier in front of lithium ion transport stronger than that of each component. In effect, lithium ion percolate either along PEO or LLZO, therefore by tuning the composite interface, the interface impedances can be optimized (Zheng et al., 2016).

3. Thermal treatment can reduce interfacial impedances as demonstrated by Sharafi et al. (2016) who demonstrated 10-fold decrease in interfacial resistance upon interfacial thermal treatment.

4. Insertion of a third conducting layer at the interface can reduce the resistance. This is commonly carried out by sputtering, passivation, or lithium wetting of a third layer at the interface between solid state electrolytes and electrode material.

SEPARATOR DEGRADATION AND SAFETY

Current State of the Art

Separators are one of the most effective safety measures against the internal short circuit. They are located between the positive electrode and the negative electrode to prevent electric short-circuiting and serve as an ion reservoir to enable free transport of lithium ions. Separators employed in Li-ion batteries are divided into two main classes: polymer based separators and ceramic based separators. Polymer-based separators are the most common separators and can be categorized into four main classes; microporous separators, non-woven mat separators, polymer electrolyte membranes, and composite membrane separators. Their characteristics and manufacturing are well-reviewed in recent literature (Zhang, 2007; Deimede and Elmasides, 2015; Jana et al., 2018). Typical parameters for LiB separators are summarized in Table 4.


Table 4. General criteria for separators used in lithium-ion batteries.
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Organic separators must be chemically inert, physically robust and satisfy all the requirement listed in Table 4.

Polymer Based Separators

Due to their convenient chemical stability, mechanical strength and thickness, polymer separators based on polyolefin (mainly Polyethylene (PE) and Polypropylene (PP) are widely adopted in most commercial LiB (Table 5). They are used as single layer or multilayers. The multilayer separator are mechanically more robust and thermally more stable than single layer separators. Trilayer ceramic separator displays the highest wettability, thermal stability and porosity among trilayer separators (>220°C, and porosity >40) (Abraham et al., 1995; Lee et al., 2005; Cho et al., 2007; Zhang, 2007; Ryou et al., 2011). Non-woven mats separators are by far the most promising separators due to their high porosity, small pore size, and large surface area. These attributes enable efficient wettability and good ionic conductivity although their mechanical robustness needs improvement.


Table 5. Commercial separators properties* reproduced with permission from Orendorff (2012).
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Polymer separators typically have a porous structure, if the battery temperature increases to near the separator melting point, the separator pores will close and block the pathway between the positive and negative electrodes and terminate the electrochemical processes. This phenomenon is called “separator shutdown” and occurs around the melting point of the polymer separator; 140°C (for PE) and 160°C (for PP) (Kong et al., 2018a).

For high energy and power densities, separators should be very thin, have high wettability, high ionic conductivity, and high porosity. Furthermore, they should be mechanically robust and able to shut the battery down when overheating occurs to prevent thermal runaway. Properties of most common polymer separators are displayed on Table 5.

Ceramic Based Separators

Next generation separator will inevitably have a composite structure to enable optimal thermal stability, mechanical strength, and conductivity. Ceramic coating of mono and multilayer separators increases mechanical resistance to thermal shrinkage and wettability (Roth et al., 2007; Shi et al., 2017). Alumina (Choi et al., 2010), BaTiO3 (Nunes-Pereira et al., 2014), and silicon oxides (Kang et al., 2012) among others have been reported. However, coating uniformity and processing should be controlled carefully to avoid defects during manufacturing and cell assembly. Defects in an Al2O3 coated thin monolayer separator (1/5/1 microns: Al2O3/polymer membrane/Al2O3) are among the factors behind thermal runaway and failure of Samsung Galaxy 7 in 2017 (Loveridge et al., 2018). Typical thickness for commercial separators is from 12 to 25 μm (Orendorff, 2012).

Novel Separators Concept, Materials, and Chemistries

Next generation safe separators are expected to be fire resistant, have high mechanical strength, good thermomechanical stability, high ion-transport, and good wettability. However, achieving all these properties in one separator is a major challenge.

Polyimide (PI) nanofiber-based non-woven mats are among the safest separator materials reported so far. This is primarily due to their thermal stability up to 500°C whereas typical conventional polyolefin separators shrink at nearly 150°C. Moreover, PI nanofibers-based non-wovens have better electrolyte uptake of ions. A new hybrid PI based separator blended with nanostructured core-shell silica fillers SiO2@(PI/SiO2) is recently developed (see synthetic scheme in Figure 11) and showed high tensile strength, excellent wettability and good thermomechanical stability and fire resistance (Kong et al., 2018b).
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FIGURE 11. (A) The composition of SiO2@(PI/SiO2) hybrid separator. (B) Performances of SiO2@(PI/SiO2) vs. conventional polyolefin separators. (C) Synthetic steps of SiO2@(PI/SiO2). Reproduced with permission from Kong et al. (2018b).



A LiFePO4 half-cell assembled using SiO2@(PI/SiO2) hybrid separator displayed excellent rate capability at 5 C and high capacity of 139 mAh·g−1, compared to bare PI separator (126.2 mAh·g−1) and Celgard-2400 separator (95.1 mAh·g−1) (Figure 12). Furthermore, the half-cell showed an outstanding performance at high temperature (120°C) as confirmed by 100% columbic efficiency retention over 100 cycles.
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FIGURE 12. (A) Voltage profile at 0.1C at 25°C, (B) Rate capability at 25°C, (C) Room temperature cyclability at 1C. (D) Cyclability at 120°C. (E,F) Schematic representation of the separator/electrode contact and its mechanism of lithium ion transport for pristine PI separator and in situ SiO2@(PI/SiO2) hybrid separator, respectively. Reproduced with permission from Kong et al. (2018b).



Neither organic separators nor non-wovens nanofibers and PI based separators can detect and interdict the growth of dendrites. To achieve this objective, a new generation of smart separators that detect and interdict lithium dendrite growth is needed.

Wu et al. innovated a new type of bifunctional separators that detect the early growth of dendrites by monitoring voltage change on the walls of separator. This bifunctional separator can sense, predict and interdict thermal runaway (Wu et al., 2014). The bifunctional separator is prepared by stacking two conventional porous polymer separators and applying a copper layer onto one side of the polymer separator so that there is a third electrode between the cathode and anode. When the dendrite touches the copper layer of the separator, the voltage suddenly drops to zero and the battery may be disabled before the dendrite reaches the cathode (Figure 13A).
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FIGURE 13. (A) (a) Conventional development of an internal short circuit due to dendrites penetration (VLi−Li drops to zero). (b) A conducting coating placed between two layers of polymer separators. Once lithium dendrites penetrates the separator and touches the conducting copper layer, the VCu−Li will drop and signal an internal short circuit is imminent, the battery remains operational with non-zero potential. (c) SEM of commercial polymer separator coated with a thin 50-nm copper layer. Scale bar on image C (left image, 1 μm) and (right image, 200 nm). (d) The resistance of copper coated separator vs. time of deposition. Reproduced with permission from Wu et al. (2014). (B) (a) Cycles performances and coulombic efficiency of LMO/ and LMO/GO/Li cell at 2C. (b) Illustration of short-circuiting induced by intentional piercing (LMO/Li battery). (c–e) SEM of LMO/Li cell after internal shorting. Li dendrites are observed at the pinhole location on the separator. Reproduced with permission of Ye et al. (2018).



Ye et al. (2018) reported a smart separator composed of two conventional microporous polymer membranes sandwiching a conducting graphene oxide layer (30 μm thick). This trilayer separator efficiently prevented internal shorts upon subjecting the cell (LMO||Polypropylene/GO/ Polypropylene||Li) to intentional piercing. It is worth mentioning that the GO interlayer did not affect the battery capacity and rate capability performances as the cell can reversibly be charged/discharged for 6,000 cycles while retaining high coulombic efficiency of 93%. In the absence of this separator, the cell short-circuited after 125 cycles Figure 13B.

Furthermore, a novel self-extinguishing separator is synthesized by coating conventional PE separators with microcapsules filled with a fire-extinguishing agent (Yim et al., 2015). The fire extinguishing agent used is [1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl)-pentane) (DMTP)] with an endothermic enthalpy (ΔH) of +102.1 J g−1. The DMTP is encapsulated in a cross-linked PMMA shell to avoid any reactivity or contact with the electrolyte and its release is thermally triggered.

A DMTP loaded inside PMMA microcapsule coated on PE separator (mass loading of microcapsules = 0.636 g g−1 of PE) and blended with the electrolyte at 10 wt% ratio suppressed thermal runaway in a full-cell composed of LiNi 0.5Co0.2Mn0.3O2 cathode and a graphite anode. These microcapsules neither induced any capacity fading nor interfered with electrochemical performances of the cell.

CURRENT COLLECTOR ROLE IN BATTERIES SAFETY

State of the Art

The main safety hazard related to current collectors stems from their corrosion upon reacting with the electrolytes. It is crucial to select current collectors that are cheap, light weight, self-supporting, mechanically robust, and electrochemically inert within the voltage window of the battery. Current collectors of most commercial lithium ion batteries use copper for the anode side and aluminum for the cathode side.

Copper is selected due to its electrochemical stabilities at low potentials (0.01–0.25 V vs. Li/Li+ voltage), while aluminum has a reduction potential of 1.334 V vs. Li/Li+ and thus stable at high potentials. Nickel, brass, superalloys as well as nickel-aluminum superalloys are particularly promising due to their light weight, thermoresistive and anticorrosive properties (Bonnemann et al., 2002; Filippin et al., 2018).

Novel Current Collector Concept, Materials, and Chemistries

Current collectors can be coated, patterned, or structured to suppress dendritic growth. Numerous approaches are investigated among these; nanowires based current collectors (Lu et al., 2016), 3D patterned current collectors (Umh et al., 2019), foam-like current collectors (Mukanova et al., 2017, 2018; Lu et al., 2019), porous reduced graphene oxide/poly(acrylic acid) (rGO-PAA) aerogels based current collectors (Pender et al., 2019). These approaches revolve around the idea of changing the planar architecture of conventional current collectors to confine dendritic growth or redirect it away from the separator. We will discuss the most successful strategies to suppress dendritic growth using architectured current collectors. These strategies can be grouped into three classes: (1) Control of nucleation over-potential. (2) Redirection of dendritic growth, (3) Containment of dendritic growth.

• Control of lithium nucleation over-potential: this concept relies on providing a large number of nucleation sites to prevent dendritic growth from penetrating separators (Yang et al., 2017b; Yue and Liang, 2018; Zhang C. et al., 2018; Huang et al., 2019; Umh et al., 2019). For example, a novel current collector made of carbon nitride coated on 3D Ni foam (g-C3N4@Ni foam) led to dendrite-free Li metal cells with CE of 98% after 300 cycles (Lu et al., 2019). The suppression of dendritic growth is due to the presence of large number of microelectric field and nucleation sites available for lithium nucleation. Lithiophilic coating of these nickel foam with graphitic carbon nitride g-C3N4 leads to low Li nucleation overpotential that suppresses dendritic growth (Lu et al., 2019).

The advantage of structured current collectors is overshadowed by their expensive synthesis and inconvenient large surface area that usually produces high electrode/electrolyte interface area and causes significant consumption of electrolyte and Li species and consequently low Coulombic efficiency due to an excessive growth of SEI layer.

• Dendritic growth diversion: the idea here is to provide a superstructure network that confines lithium dendrites growth within the current collector rather than toward the separator. For example; macroporous dendritic copper current collector was found to decrease the ion flux density and enhance the homogeneity of Li-ion flux distribution providing homogenous growth that precludes the formation of dendrites. This current collector outperforms conventional planar copper current collectors in terms of coulombic efficiency, as can be seen on the Figure 14A.

• Dendritic growth containment: this concept relies on containing dendritic growth in a special compartment of the current collector, enabling the battery to operate in spite of the presence of dendritic lithium. The electric field in this type of current collectors is localized laterally and thus guides dendritic growth laterally within the interior of the copper scaffold compartment. This compartmented current collector (Figures 14Ba–c,C) was tested in full cell against LiFePO4 as a cathode. The cell Cu@Li//LiFePO4 was cycled for 250 cycles at 1 C rate and showed remarkable coulombic efficiency compared to the planar copper current collector (Figure 14C).
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FIGURE 14. (A) Coulombic efficiency comparison of a Li anode on planar Cu and hierarchical Cu porous structures accompanied by the cycling number. (b,c) Voltage profiles of Li-metal plating/stripping at 0.5 mA cm−2 in a hierarchical Cu structure with (b) large pores and (c) small pores. (d) Voltage profiles of Li-plating/stripping on planar Cu as a control experiment. Reproduced with permission from Umh et al. (2019). (B) -a The electric field distribution in P-Cu (planar current collector) and E-Cu (compartmented current collector). (B) -b Simulated electric field distribution the compartment current collector (E-Cu). (B) -c Evolution of different Li deposition on P-Cu and E-Cu during Li plating/stripping. (C) Comparison of cycling performances (Coulombic efficiency) of the P-Cu- and E-Cu-based Li metal anodes at 0.5 mA cm−2 with varied amounts of plating/stripping Li metal. Reproduced with permission from Zou et al. (2018).



Finally, dendritic growth can be affected by pressure. Recent theoretical calculations provide a predictive model for dendritic growth and protrusion suppression based on the impact of external pressure and electrolyte transport properties. It was observed that large magnitudes of externally applied pressure cause plastic deformation of lithium metal, which helps in preventing the growth of dendritic protrusions (Barai et al., 2018).

CONCLUSION AND FUTURE OUTLOOK

Battery manufacturers and governments around the world are seeking ways to reduce greenhouse gases by integrating high capacity batteries into public transportation and storing renewable energies for intermittent use.

Due to their high power and high capacity characteristics, LiB are relevant to many applications and are expected, as we highlighted in this review, to continue improving in all their aspects (improved electrode materials, robust separators, non-flammable electrolytes, structured current collectors, improved cell and multicell pack design).

As we have seen throughout this review, the safety features currently employed are either too expensive which preclude their commercialization or ineffective in predicting and eliminating internally triggered thermal runaway.

The complexity arises from the fact that lithium dendrites growth can originate from many interrelated factors that act separately or simultaneously to trigger thermal runaway. Nevertheless, thermal runaway occurrence is rare but can cause huge financial loss. The recall of Samsung Galaxy 7 in 2017, led to an estimated loss of 17 billion USD, while the grounding of the Boeing 787 Dreamliner in 2013 due to lithium ion battery problems costed the company and estimated loss of 1.1 million USD a day.

The growth of lithium dendrites is one of the main trigger of thermal runaway and has been mitigated by four main approaches: (1) capping using either additive molecules or ions, (2) redirection of dendritic growth away from separators using lithiophilic/lithiophobic coating, (3) containment in a compartment/structured current collector, (4) suppression using solid state electrolyte.

Beside dendrites elimination, minimization of exothermic redox reactions between the anode, and the cathode should be taken into consideration upon designing safer batteries. Comprehensive thermal analysis showed that heat generated during thermal runaway mostly comes from these redox reactions (Feng et al., 2019).

Recent progress in solid state electrolytes is the most promising technology to provide radical solution to thermal runaway and enable batteries beyond current lithium ion. In an all-solid state-battery the active components that are prone to degradation upon aging can be limited to both electrodes since it excludes the use of binders, separators, and liquid electrolytes, thus reduce the risk of thermal runaway considerably. Furthermore, controlling dendritic growth of lithium is easier in an all-solid-state battery compared to liquid batteries since it depends primarily on our ability to master structural defects (crack along the grain boundaries and stacking faults among others). These defects originate from materials synthesis and processing and create high local current densities that promote an uneven lithium plating. The recent use of high temperature superalloys that have limited stacking fault and surface defects as current collectors combined with 3D lithiophilic nano-coating may reduce further the risk of dendritic growth in an all solid-state batteries.

For future commercialization of an all solid-state battery the scientific community still needs to address the four following requirements:

(1) The reduction of interfacial impedances between solid state ceramic electrolyte and the electrode (both the anode and especially the cathode) to an area specific resistance (ASR) <25 Ω-cm2 (currently total cell resistance of commercial Li-ion battery is ~22 Ω-cm2 for the liquid cells). Most solid-state ceramic electrolytes have an ASR for ceramic-Li metal interfaces ranging from 37 to ~20,000 Ω-cm2. The cathode is even higher. The recent work on trilayer Li-garnet-electrolyte architecture by Hitz et al. (2019) led to low interfacial impedances (~7 Ωcm2) and high current densities (10 mA/cm2). However, the cost of manufacturing remain to be compared with current state of the art.

(2) Reduction of the thickness and cost of the ion conducting ceramic separator (<40–100 μm and cost no more than $10/m2) (McCloskey, 2015).

(3) Long-term cycle stability and high coulombic efficiency.

(4) The stability of sulfide-based Li+ conductors ceramic electrolyte in ambient atmosphere.

We are optimistic that most of these requirements will be met in the next few years. The advance of computational predictive model for materials selection coupled with density functional theory molecular dynamics (DFT-MD) calculations will provide precise identification of the next most promising class of superionic Li ion conductors (≥10−4 S/cm) at room temperature. Materials Synthetic Chemists will have the task to synthesize and scale up these materials. A number of promising candidates have already been identified by machine learning computational methods among these; Li5B7S13, Li2B2S5, Li3ErCl6, LiSO3F, Li3InCl6, Li2HIO, LiMgB3(H9N)2, and CsLi2BS3. Based on DFT-MD Li5B7S13, is predicted to have a Li conductivity (74 mS/cm) many times larger than the fastest known Li ion conductors today (Sendek et al., 2018).

Furthermore, advances in big data and machine learning combined with remote battery management systems (BMS) need further attention as it may help in mapping out the conditions that are likely to trigger thermal runaway events. This alongside with advances in new safe materials and chemistries (Yang et al., 2019) will enable safer batteries and accelerate large scale adoption of LiB and batteries beyond lithium ion in public transportation and other technological sectors.
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AMPip-TFSI, 1-allyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide; APU, Auxiliary Power Unit; ARC, Accelerating Rate Calorimetry; BMP-TFSI, Butylmethylpyrrolidiniumebis (trifluoromethylsulfonyl)imide; BMS, Battery Management System; C/E, Capacity/Energy; CID, Charge Interrupt Devices; DMTP, 1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl)-pentane; DSC, Differential Scanning Calorimetry; DVD, Digital Versatile Disc; EV, Electric Vehicle; FAA, Federal Aviation Administration; FEC, Fluoroethylene Carbonate; FP, Flash Point; GO, Graphene-Oxide; LATP, Li1+x AlxTi2−x(PO4)3; LiB, Lithium Ion Batteries; LLZO, Li7La3Zr2O12; LMO, Lithium-Manganite; LPS, Li2S–P2S5; LTAP, Li1+x+yAlxTi2−xSiyP3−yO12; LTO, Lithium Titanate Li4Ti5O12; PE, Polyethylene; PI, Polyimide; PMMA, Poly(methyl methacrylate); PP, Polypropylene; PTC, Positive Temperature Coefficient; SE, Solid Electrolyte; SEI, Solid Electrolyte Interphase; SEM, Scanning Electron Microscopy; SOC, State-of-Charge; TBBA, Tetrabromobisphenol A; TEM, Transmission Electron Microscopy; CNT, Carbon Nanotubes; NTSB, National Transportation Safety Board; CE, Coulombic Efficiency; LiFOB, Lithium Difluoro bis(OxalatoBorate).

FOOTNOTES

1https://www.ntsb.gov/investigations/AccidentReports/Reports/DCA13IA037-interim-factual-report.pdf

2https://www.usfa.fema.gov/downloads/pdf/publications/electronic_cigarettes.pdf

3https://www.cnn.com/2016/07/06/health/hoverboard-recall-fire-hazard/

4http://www.avicenne.com/pdf/Fort_Lauderdale_Tutorial_C_Pillot_March2015.pdf

5https://www.mpoweruk.com/lithium_failures.htm (accessed July, 3, 2019).

6https://www.bloomberg.com/graphics/2017-lithium-battery-future/
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Breakthroughs

First report of the lithium insertion in graphite by non-electrochernical processes
First synthesis of LiCg by electrochemical processes

First formulation of the idea of the rocking chair battery, where lithium shuttles between the two electrodes

First experimental implementation of the idea of rocking chair battery using lthiated tungsten dioxide and titanium disulfide as
an electrode.

First discovery of ithiated transition metal oxides that reversibly deintercalate/reintercalate lthium.

One of these oxides (LiCoOg) was commercialized by Sony's in 1991

First discovery of MnOj (x-form), with a spinel structure, that can reversibly be reduced and oxidized in organic electrolytes at
ahigh potential similar to that of LiCoO, with a similar capacity. The MnOg (w-form) was commercialized later

The world first demonstration of lithium insertion and release from graphite leading to practical use of graphite as an anode for
secondary thium fon battery. Yazami's celldisplayed high internal resistance due to the use of polymer electrolyte and was
destined to fail with some liquid electrolytes.

Investigation and description of the benefits of low temperature carbons such as petroleum coke. The use of practical iquid
electrolytes and the construction of the first operational high capacity LIB at Asahi Kasei. The LiB battery was ultimately
developed (Nishi, 2001) and commercialized by SONY in 1991.
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Electrolyte component CAS registry molecular  Melting Vapor pressure  Flash point  Auto-ignition  Heat of combustion

number formula point  point  (torr) temperature

Propylene carbonate (PC) 108-32-7 C4HgO3 ~ —49°C  242°C  0.43at20°C 185°C 455°C ~20.1 kJ/ml —4.8 kealiml
Ethylene carbonate (EC) 96-49-1 C3HyO3 36°C 248°C  0.02at36°C 145°C 465°C ~17.2 kJ/ml —4.1 kealiml
Di-methyl carbonate (DMC) 616-38-6 CgHgOg 2°C 91°C 18at21°C 18°C 458°C —16.9 kJ/ml —3.8 keal/ml
Diethyl carbonate (DEC) 105-58-8 CsHigOz  —43°C  126°C  10at24°C 25°C 445°C ~20.9 kJ/ml 5.0 kealiml
Ethyl methyl carbonate (EMC) ~ 623-53-0 C4HgOz ~ —14°C 107°C  27at25°C 25°C 440°C None avaiable

Reproduced with permission from Celina et al. (2011).
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Active anode material Theoretical capacity (mAh g=) Advantages

Common issues

Low coulombic efficiency
High voltage hysteresis
High ireversible capacity

Very low capacity
Low energy density

Large irreversible capacity
Huge capacity fading
Poor cycling

a. Hard carbons 200-600 Good working potentials
b.ONTS 1116 Low cost
c. Graphene® 780/1116 Good safety
B. Titanium oxides
a. LiTiO05 175 Extreme safety
b.TiOp 330 Good cycle lfe
Low cost
High power capabilty
a. Siicon 4212 High specific capacities
b. Germanium 1624 High energy density
c.Tin 939 Good safety
d. Antimony 660
e Tin oxide 790
.50 1600
Metal Oxides 500-1,200 High capacity
(Fe203, Fe304, CoO, CogOs, High energy
MnxOy, Cup0/CuO, NiO, Low cost
Cr203, RuOz, MoO2/MoO3 etc) Environmentally compatibilty
B. Metal phosphides/sulfides/ 500-1800 High specific capacity
P Low operation potential and low
nitrides ope: _
polarization than counter oxides

(MXy; M = Fe, Mn, Ni, Cu, Co
otc.andX =P, S, N)

Low coulombic efficiency
Unstable SEI formation
Large potential hysteresis
Poor cycle lfe

poor capacty retention
Short cycle life

High cost of production

*Significant interest in recent times due to high power density, long cycling life, and short charging time (Guo et al., 2017).
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Product Entek Exxon Degussa  Celgrad

(Teklon) (Tonen) separion)  (2325)
Thickness (um) 25 25 25 25
Single/multiayer ~ Single layer  Single layer  Trilayer Trilayer
Composition PE PE Ceramic-PET- PP-PE-PP

Ceramic

Process Wet extruded Wt extruded  Wait-laid mat  Dry extruded
Porosity (%) 38 36 >40 4
Melt temperature 135 135 220 134/166

*Separator specifications are found on data sheets for each product.





OPS/images/fenrg-07-00071-t004.jpg
Parameters

Chemical and
electrochemical stabilties
Wettability
Mechanical property
Thickness.

Pore size

Porosity
Permeabilty
Dimensional stabilty
Thermal stability
Shutdown

Requirement

Stable in contact with the cell components for a
long period of time

Wet out quickly and completely

>1,000kg cm~" (98.06 MPa)

20-25 micron

<1 micron

40-60%

<0.025 s/micron

No curl up and lay flat

<5% shrinkage after 60 min at 90

Effectively shut down the battery at elevated temp.

Reproduced with permission from Deimede and Elmasides (2015).





