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Abstract

:

As an essential component of the lithium-ion battery system, electrolyte plays a crucial role in ion transport between the electrodes. In the event of thermal runaway, commercial organic electrolytes are prone to internal disturbances and fires; hence, research on safe electrolytes has gradually become a hot topic during recent years. Shear thickening electrolyte, as a new type of smart electrolyte, can exhibit a liquid state in the absence of external force and rapidly converts to a quasi-solid state once the battery is subjected to drastic impact loading. In this paper, the recent progress of shear thickening electrolytes with liquid–solid switching performance is presented, including its working principles, synthesis and preparation procedure, and battery performance. Additionally, the perspective and challenges for practical application are discussed.
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1. Introduction


Lithium-ion batteries (LIBs) are playing an important role in the fields of cell phones and computers, new energy vehicles, and aerospace and have attracted extensive research and application worldwide. For example, it was recently reported that globally the number of new plug-in electric vehicles will be nearly 14 million by 2023, about 35% higher than in 2022. However, with the largescale popularization and application of electric vehicles, the collision safety performance (mechanical abuse) gradually captured the attention of researchers around the world [1,2].



Commercial lithium-ion batteries are generally composed of a porous polymer separator, an electrolyte, and positive and negative electrodes [3]. In recent years, there have been numerous reports of explosion and fire accidents in new energy vehicles. These accidents are typically caused by internal thermal runaway caused by mechanical abuse. When a battery is subjected to an external shock, the interaction of oxygen, heat, and fuel is likely to trigger a fire or explosion, which poses a threat to human life safety. The thermal runaway process of the battery is shown in Figure 1 [4]. When the battery is subjected to external high-speed impact, the internal short circuit is triggered due to the rise in temperature and the thermal contraction of the separator, which eventually leads to thermal runaway of the battery [5]. To solve the problem of explosion and/or fire caused by mechanical abuse in battery systems, flame retardant additives, physical protection packages, and stable electrolytes (mainly including solid-state electrolytes and ionic liquid) have commonly been used to improve its safety performance [6]. Organic phosphate compounds are the most commonly used flame retardant additives, including phosphate ester, phosphite ester, and cyclophosphonitrile, among which phosphate ester flame retardants include trimethyl phosphate (TMP), triethyl phosphate (TEP), tributyl phosphate (TBP), and triphenyl phosphate (TPP) [7]. The addition of flame retardant additives is beneficial to the flame-resistant properties of electrolytes; however, this also leads to an increase in the viscosity of the electrolytes and a decrease in electrochemical performance [8,9]. Xiang et al. [10] found that good electrochemical compatibility between DMMP flame retardant additive and graphite anode can be achieved by adding film-forming additive VEC or surface modification. However, with continuous cycling, electrochemical impedance becomes larger, eventually leading to continuous attenuation of battery capacity. Another method is to add physical protection packs, which increase the weight and additional burden on the battery [11,12]. The advantage of ionic liquids is attributed to their nonflammability. However, the disadvantages include low multiplicative performance, low lithium transfer numbers, and high costs, problems which need to be solved [13,14]. Traditional protection methods are usually at the cost of partial electrochemical performance and unnecessary waste. Therefore, exploring new electrolytes to build safer and more sustainable Li-ion battery systems has become a primary challenge for future development.



Shear thickening electrolytes are prepared by dispersing inorganic uniform and solid fillers into the liquid electrolyte, which behaves like a liquid under normal operating conditions and performs nonlinear shear thickening performance upon external rapid shear rate [15]. The electrolyte exhibits quasi-solid behavior when the shear thickening performance is triggered, showing the high safety property of the battery [15]. Through the liquid–solid switching performance of this type of intelligent electrolyte, the battery avoids the risk of short circuit and thermal runaway under mechanical abuse conditions. In 2006, Zhang et al. [16] and Haregewoin et al. [17] reviewed the performance improvements of electrolyte additives for lithium-ion batteries over the past 20 years and provided an outlook on how to enhance battery safety. Kalhoff et al. [1] studied the additives used in electrolytes, and the results show that the additives are effective in preventing the overcharging of the thermal abuse of batteries. Shu et al. [14] recently described the development of shear thickening electrolytes (STE), and the results show that STE plays a key role in enduring mechanical abuse. Designing and developing this type of electrolyte can provide an effective approach to achieving high performance and safe lithium batteries.




2. Shear Thickening Mechanism


Shear thickening is a type of non-Newtonian behavior in which shear stress increases remarkably with increasing shear rate [18,19,20]. In Figure 2, the whole process of shear thickening is clearly shown. In the first stage, the system stays in the steady state; in the second stage, as the shear stress increases, the solid particles develop a layered structure and gradually lead to the shear thickening phenomenon. Finally, when the external shear rate exceeds the critical shear rate, the aggregation of solid particles leads to the shear thickening phenomenon; when the external shear stress is removed, the system shifts back to the steady state [21,22,23]. The most common shear thickening system consists of silica particles and a solvent with a hydroxyl group (-OH) [24]. Raghavan et al. [25] found that the expanded silica particles were able to dissolve uniformly and undergo a shear thickening effect by adding the silica particles to a solvent with a hydroxyl group (-OH). The rheological behavior of the gaseous silica dispersed in different solvents was systematically investigated, and it was concluded that solvents containing methyl end groups (-methyl) lead to worse solubility and shear thinning behavior.



Therefore, shear thickening fluid (STF) provides a unique material property to meet the needs of practical applications, including liquid body armor [26] and shock absorbers [27,28]. For example, Zhang et al. [29]. developed a type of C-STF-based yarn using carbon nanotube CNTs, hollow silicone rubber tubes, polydimethylsiloxane (PDMS) layers, and STF, which is a multifunctional smart yarn with excellent energy dissipation properties, responding to a wide range of mechanical stimuli such as bending, compression, and tensile, and possessing excellent impact resistance and impact detection. Liu et al. [30] used mesoporous silica (M-SiO2) as the dispersed phase and ionic liquid as the solvent to prepare CNTs/STF/Kevlar smart materials with anti-impact, nonflammable, and sensing performance. Mesoporous silica is nanostructured with low thermal conductivity, and ionic liquids are green solvents with noncombustibility, impregnating fabrics in shear thickening solutions prepared from M-SiO2. Ionic liquids can improve the high-speed impact resistance and flame-retardant properties of fabrics and significantly improve safety issues. Zheng et al. [31] fabricated MXene/cotton fabric (MCF)-based pressure sensors by means of which a variety of human health signals can be detected and differentiated, such as wrist pulses, early Parkinson’s static tremors, and finger movements. Recent studies have pointed out that ballistic testing was performed to initially assess the effectiveness of shear thickening fluids in mitigating the effects of ballistic impact [24]. As shown in Figure 3a,b, the impact depths of the Class II and Class III armors with shear thickening behavior are shallow, at 6.1 mm and 18.55 mm, respectively, which are significantly lower than the other two types of armors. The same difference can be seen in the pressure film test results, indicating that the shear thickening fluid provides protection to the body. STF has unique physicochemical properties that provide significant possibilities for a broad range of applications in science and engineering [32], such as damper systems, medical equipment, and liquid body armor [26,33,34,35]. For example, Wu et al. [36] dissolved poly (vinyl alcohol) (PVA) in ethylene glycol (EG) and mixed it with STF to obtain a high-performance organogel electrolyte (PVA/STF), as shown in Figure 3c. This organogel electrolyte was applied to supercapacitors (SSCs), and the results showed that the highest ionic conductivity occurred at 80 °C. As the temperature continues to rise, the IR drops from 0.21 V to 0.075 V, which is a 2.8-fold decrease (Figure 3d). In Figure 3e, we can see that under external conditions such as bending, stretching, compression, and a high temperature of 80 °C, higher capacitance retention is shown only at a high temperature 80 °C; this indicates that ion mobility can improve and electrochemical performance can be enhanced under these conditions, resulting in better capacitance performance [37,38]. The energy dissipation capability of the SSC is significantly higher than that of the PSC due to the energy dissipation characteristics of the STF during external impact loading, indicating that the device has good impact resistance to protect the body [39,40].



STF performs conventional performance in static state, and particle agglomeration is quickly converted into a solid-like state under the high-speed impact, which plays an energy dissipation role. When the external force is withdrawn, the liquid performance is again carried out. This ingenious property will have infinite possibilities in the future if it is applied to smart devices.




3. Shear Thickening Electrolyte


Mechanical abuse refers to the occurrence of fire or explosion caused by external physical shock leading to short circuits and electrolyte leakage inside a battery. Research on safe lithium-ion battery electrolytes has focused primarily on solid electrolytes and ionic liquid electrolytes [41]. However, both inorganic solid electrolytes and ionic liquid electrolytes face significant challenges in practical applications [14]. For example, inorganic solid electrolytes are still deficient in terms of electrode interface stability and ionic conductivity [42]. Furthermore, ionic liquid electrolyte faces challenges such as low-rate performance, low lithium-ion migration number, and high cost [13,14]. As a result, to address the mechanical abuse issue, colloidal particles can be added to an inert dielectric solvent to form shear thickening electrolytes (STEs) [21]. The shear thickening effect is applied to the battery system, which can improve the comprehensive performance of the battery. Shear thickening electrolytes combine the strengths of solid and liquid electrolytes with excellent ionic conductivity and electrode compatibility; furthermore, they will be solidified under high shear, which protects against short-circuiting and combustion under physical shock. Upon mechanical pressure or impact, shear thickening electrolytes exhibit a shear thickening effect with an increase in viscosity, thereby dissipating the impact energy to protect separators and demonstrating tolerance to crushing. Thus, well-designed multifunctional electrolytes can significantly protect batteries at the early stage of battery thermal runaway [4].



It has been reported that ceramic particles play a critically vital role in various types of electrolytes [43,44]. In polymer electrolytes, adding ceramic particles such as SiO2 [45,46], Al2O3 [47], TiO2 [48,49], and AlSi [50] can enhance ionic conductivity and prevent crystallization. Here we illustrate this process with plasmonic conductors in a fuel cell. For example, solid polymer ceramic composites used in fuel cells exhibit favorable water retention properties, thermal stability, enhanced electrical conductivity, improved mechanical properties, and intentional molecular permeability [51,52]. Inspired by this, Ding et al. [53] prepared an electrolyte with shear thickening effect firstly by incorporating inert SiO2 nanoparticles into an organic electrolyte in 2013. The experimental conclusions indicate that by comparing the viscosity and ionic conductivity of silica particles with different weight ratios (0, 6.3, 9.1, and 10.7 wt.% SiO2 nanoparticles in 1M LiPF6 + EC/DMC), it was found that the composite electrolyte with 10.7 wt.% silica had the best shear thickening effect, significantly higher than the other three groups of electrolytes. In addition, the ionic conductivity reached 1.93 × 10−3 S cm−1, as shown in Figure 4a,b. When 9.1% fumed silica particles were dispersed into the electrolyte, the cell test results showed that the multiplicative performance was slightly higher than that of the conventional electrolyte. Additionally, there was only a slight change in electrochemical impedance before and after the impact test, which suggests that the shear thickening electrolyte did not negatively affect the electrochemical performance, as shown in Figure 4c,d. This study demonstrates that the electrolyte system under such a liquid–solid conversion mechanism has the capacity not only to preserve the basic electrochemical properties but also to improve the safety of the battery system.



While commercial organic electrolytes exhibit stable electrochemical performance, the safety of the system deserves attention due to the risk of flammability [54]. It has been demonstrated that the addition of inorganic solid fillers to organic electrolytes can improve the safety of the electrolytes, but the electrochemical stability will be affected by the increasing proportion of fillers [24]. Therefore, it has become a hot research topic to appropriately reduce the proportion of filler that achieves shear thickening effect while maintaining the electrochemical stability of the system. Currently, in addition to spherical nanoparticles, it is noted that nanorods as well as fiber-based fillers have larger aspect ratios [55]. With an increasing aspect ratio, the critical volume fraction triggering the shear thickening performance decreases, and the challenge is to maximize the shear thickening effect at the lowest particle loading [56,57]. Ye et al. [24] dispersed silica nanorods with different aspect ratios into 1 mol/L LiTFSI + EC:EMC (1:1) and found that the volume fraction of filler that showed shear thickening behavior for silica nanorods with an aspect ratio of 24 was 0.146, while the critical fraction of silica nanorods with an aspect ratio of 5 was 0.358, which was higher than the former. As shown in Figure 5a,b, the rheological state diagrams indicate that nanorods with higher aspect ratios may provide discontinuous shear thickening at lower volume fractions. The results of the full cell assembled with nanorods with an aspect ratio of 5 show that the capacity of the cell continuously decreases as the cycle number increases at different multipliers, but the Coulombic efficiency remains stable. This may be attributed to the combination of water-etched poles on the silica surface, as shown in Figure 5c,d.



As described by Hamaker’s theory, STF is a stable suspension in which the interaction forces between particles are universally stable [58,59]. Due to the weak interparticle forces ( ≈ 10−10 N) of inorganic solid particles, surface functionalization of filler particles is necessary to support the formation of stable suspensions [23,60]. The complex composition of the electrolyte, which contains lithium salts, solvents, and additives, makes it more challenging to uniformly disperse the solid particles in the electrolyte. Additionally, the ionic conductivity is influenced by the volume fraction and needs to be explored concurrently. Based on the study of material modification and the regulation of an aspect ratio, Liu et al. [23] developed an electrochemically stable shear thickening electrolyte using functionalized glass fibers (mGFs) interacting with the electrolyte to improve the safety of LIBs. Due to a larger aspect ratio, the critical volume fraction ratio of the filler to trigger the shear thickening behavior is 0.286. The glass fiber column was modified with (3-aminopropyl) triethoxysilane, and the material mGFs were synthesized as shown in Figure 6a. The amine end groups of the mGFs are able to interact with solvent molecules in the electrolyte, such as dimethyl carbonate (DMC) and ethylene carbonate (EC), forming a solventized layer around themselves. As shown in Figure 6b, the mGFs were added to the traditional electrolyte to obtain a uniformly dispersed shear thickened electrolyte, which is important for the system. The shear thickening effect was observed when the volume fraction reached 28.6%. High-speed impact tests have shown that the shear thickening electrolyte can withstand external impacts at 1.1–79 m s−1, which proves that the electrolyte concentration increases instantaneously under greater shear forces. The electrochemical performance of the composite electrolyte was well maintained. The capacity retention rate of the LFP-Li half-cell after 500 cycles and the capacity retention rate of the LFP-LTO full-cell after 100 cycles were 95.2% and 94.4%, as shown in Figure 6c,d, respectively. It is worth noting that the application of shear thickening electrolytes is expected to replace commercial electrolytes by maintaining the electrochemical stability of the battery on the one hand and improving its shock resistance on the other hand to protect the battery from the hazards caused by severe shocks.



To further improve the application of shear thickening electrolytes, we gradually extended our study to other types of batteries. By preparing materials with different components, it was demonstrated that shear thickening electrolytes can improve the safety of batteries and avoid the safety hazards such as fire and explosions encountered in commercial electrolytes. For ZIBs, the formation of zinc dendrites are promoted due to uneven electrodeposition on the negative electrode, leading to a short circuit [58,61,62,63]. To alleviate zinc dendrite growth, Dong et al. [58] dispersed 55 wt% cornstarch in a 3 M ZnSO4 and 0.2 M MnSO4 aqueous electrolyte to obtain STE. As shown in Figure 7a,b, cornstarch particles are relatively monodisperse, although irregular in shape. When shear stress is higher than the interparticle repulsive force, the particles agglomerate and viscosity increases. In Figure 7c–e, we can see that after 50 cycles, STE obtains a smoother negative electrode surface, while the negative electrode surface of the aqueous electrolyte shows many flower-like dendrites, indicating that STE can alleviate the generation of dendrites, which plays a positive role in improving the performance of the battery. In Figure 7f,h, it can be seen that the prepared STE has a more constant voltage distribution, smaller overpotential, and better cycling performance than the conventional aqueous electrolytes over a period of 200 h. As shown in Figure 7i, during the charging and discharging process, when external stress is imposed, STE exhibits solid-like properties with increased mechanical strength to avoid short circuits; when the external stress is removed, it reverts to the liquid state to maintain the basic electrochemical properties. All of the above proves that the STE can alleviate zinc dendrite growth, stabilize the electrolyte–electrode interface, and enhance the electrochemical properties as well as provide fine impact resistance. Lithium–oxygen batteries suffer from problems such as deterioration or volatilization of the liquid electrolyte because their open structure allows oxygen to enter and exit. The involvement of oxygen will accelerate the deterioration of the battery performance [64]. Zheng et al. [65] developed NNFQSE, an electrolyte with a shear thickening effect that maintains the ultra-long life of lithium–oxygen batteries. As shown in Figure 7j–l, the ionic dipole interaction between the polar-CFx group of PVDF-HFP and the sulfate group of SiO2 gives NNFQSE a honeycomb morphology and surface channels with a depth of up to 60.7 nm, which allows faster movement of Li+ and accommodates more liquid electrolyte, which can be confirmed by Figure 7o. After 360 h, the electrolyte retention rate remains 90.5%, significantly higher than the other two electrolytes. As shown in Figure 7m,n, the structural morphology and the vertical channels of the STE remain well after 5000 h of cycling. The minimum impedance of EIS curves for the full cells at room temperature also verifies the ability of NNFQSE to improve the ion transfer rate. As can be seen in Figure 7q,r, COMSOL simulations show that under the same external conditions, the dendrites of NNFQSE increase only from 3.5 μm to 3.9 μm within 300 s. However, the dendrites without NNFQSE increase from 3.5 μm to 7.8 μm, showing an increase rate of approximately 220%. This shows that the growth of lithium dendrites can be reduced and thus the life cycle of the battery can be improved. NNFQSE exhibits shear thinning to eliminate the strain under long-term Li plating/stripping and shear thickening to restrain the dendrites’ growth. STEs are widely used in batteries and have a promising future. It is essential to restrain dendrite growth to prolong cell life; however, the stability of cell cycling and flame retardancy are also of concern.




4. Conclusions


This paper presents a review of shear thickening electrolytes based on a liquid–solid conversion mechanism, including a description of the principle, battery performance testing, and practical applications. First, we learned that as a non-Newtonian fluid, the normal state of shear thickening electrolyte is the slightly viscous liquid state. Once the shear thickening electrolyte is subjected to external shock, the shear storage modulus and other rheological properties increased significantly, and once the impact loading of the external force was off, the system reverted to the original liquid state. It has been found that the ST effect is related to the size of the dispersed particles, mass fraction, dispersion medium, ambient temperature, etc. The ST effect in the electrolyte system plays a protective role for the battery system when it subjects it to external mechanical abuse. In addition, electrochemical and ballistic tests show that the shear thickening electrolyte is capable of converting between liquid and solid phases, which is beneficial to the battery system. This makes the shear thickening electrolyte a combination of the advantages of both solid and liquid electrolytes, with a stable electrochemical performance similar to liquid electrolytes and good safety characteristics similar to solid electrolytes, providing a reference for the future development of high-safety performance batteries. The shear thickening electrolyte relies on the interaction between the fillers and solvent molecules, and the formation of nanoparticle clusters under drastic mechanical abuse conditions. In addition to its impact resistance and ionic conductivity, the performance of the shear thickening electrolyte is evaluated by the ability to form the quasi-state electrolyte. Furthermore, this type of rate-sensitive electrolyte is not limited to lithium-ion batteries but is also suitable for usage in sodium-ion and potassium-ion batteries, showing the potential for a wide range of application.




5. Perspectives


The development of shear thickening electrolytes is still in its early stages and faces a range of challenges in the practical application of high-performance lithium-ion batteries. Key criteria to assess the performance of this type of electrolyte include impact resistance, ionic conductivity, and interfacial compatibility with electrodes. In particular, the electrochemical properties of shear thickening electrolytes and the description of the mechanisms involved in the shear thickening process are still unsolved. The filler is added continuously until the shear thickening effect can occur. The specific amount of filler needs to be explored for different systems, where the structure of the filler and the composition of the electrolyte are also among the influencing factors. In addition, after adding the fillers, there is a slight decrease in energy density and specific energy, where the amount of decrease depends on the amount of filler added. Therefore, how to achieve the shear thickening effect with fewer additives while reducing the energy density loss is a direction to be explored in the future. As a new type of smart electrolytes, shear thickening electrolytes are expected to be widely applied in commercial full batteries, flexible wearable devices, etc. As shown in Figure 8, the application of shear thickening electrolytes to battery systems will provide valuable insights for future research on safety batteries. It is expected that future research will explore more effective strategies to improve the performance of shear thickening electrolyte batteries. With the solution of a series of key issues, the industrialization and wide application of shear thickening electrolyte batteries will become a reality.
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Figure 1. Three stages for the thermal runaway process. In the first stage, the battery gradually turns abnormal and the system temperature rises continuously; in the second stage, the battery temperature rises abnormally and an exothermic phenomenon emerges; finally, the flammable and evaporable electrolyte comes into contact with air and the system undergoes thermal runaway at high temperature and triggers a direct fire or even an explosion [4]. Copyright 2018, Science Advances. 
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Figure 2. Schematic diagram of the process of shear thickening electrolyte in three states: steady state, shear thinning, and shear thickening. (a) First of all, under a steady state, the filler is uniformly dispersed in the fluid. (b) Secondly, owing to shear stress, the filler forms a layered structure, and the shear thinning behavior of the fluid is tentatively observed. (c) As the shear stress increases, the filler forms further water clusters, which eventually leads to a sharp increase in viscosity. When the stress is removed, the system shifts back to the steady state [23]. Copyright 2019, Elsevier. 
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Figure 3. Applications of shear thickening effect: ballistic test results of (a) soft armor (Lv II) and (b) hard armor (Lv III) [24]. Copyright 2018, American Chemical Society. (c) Deepening the glass bar into the solution: when the glass bar is pulled out quickly, the solution demonstrates shear thickening behavior and turns to a solid state, which leads to the glass bar and solution sticking together; contrarily, when the glass bar is pulled out slowly from the solution, a shear thinning effect occurs. (d) Plots of ionic conductivity and IR drop at 25, 45, 60, and 80 °C. (e) Capacitance retentions of SSC under various external stimuli [36]. Copyright 2021, Elsevier. 
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Figure 4. Electrochemical performance and viscosity test results: (a) Rheograms of electrolytes without SiO2 and composite electrolytes containing 6.3% SiO2 9.1%, SiO2, and 10.7% SiO2. (b) Plot of ionic conductivity versus mass fraction of fumed silica for composite electrolyte (SiO2/LiPF6/EC/DMC) at room temperature. (c) Under LiFePO4 electrode: comparison of the rate performance of composite electrolyte (9.1% wt. fraction of SiO2) with normal 1M LiPF6 in EC/DMC electrolyte, (d) Electrochemical Impedance Spectroscopy (EIS) of graphite electrodes with STF before and after the impact test [53]. Copyright 2013, Nature. 
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Figure 5. Performance comparison results of fillers with different aspect ratios: (a) rheogram of electrolytes containing silica nanorods with different aspect ratios and volume fractions. (b) Shear viscosity versus reduced volume fraction (  Φ /  Φ  max    ) of nanorod suspensions containing an aspect ratio of 2, 5, 14, and 24 at a shear rate of 1 s−1. (c) Plot of the cyclic discharge capacity and (d) Coulombic efficiency of SiO2 nanorods (33%content) with an aspect ratio of 5 in NMC|Graphite cells at different rates of multiplication [24]. Copyright 2018, American Chemical Society. 
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Figure 6. Synthesis and electrochemical properties of materials: (a) Synthesis process of mGFs (b) Uniformly dispersed shear thickening electrolyte in a clean vial. (c,d) 500 and 100 cycles performance of shear thickening electrolytes in LFP-Li and LFP-LTO cells [23]. Copyright 2019, Elsevier. 
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Figure 7. Performance of shear thickening electrolytes in zinc-ion and lithium–oxygen batteries: (a) SEM image of cornstarch particles. (b) schematic diagram of Hamaker attraction in the suspension. SEM images of (c) bare Zn negative electrode before cycling, (d) Zn negative electrode in aqueous electrolyte after cycling and (e) Zn negative electrode in cornstarch suspension electrolyte after cycling. (f) Zn plating and stripping with aqueous electrolyte and STE at a capacity of 0.5 mA h cm−2 and current density of 0.5 mA cm−2. (g) Enlarged diagram of f. (h) Coulombic efficiency in Cu//Zn at 1 mA cm−2. (i) Galvanostatic cycling test for Zn|STE|MnO2 under sudden impact at 0.5 A g−1 [58]. Copyright 2022, Royal Society of Chemistry. (j–l) SEM images of SiO2-SO3Li/PVDF-HFP quasi-solid electrolyte and TEM image of the SiO2-SO3Li particles. (m,n) cross-section SEM images of NNFQSE SiO2-SO3Li/PVDF-HFP before and after 5000 h cycling. (o) electrolyte retention ratio. (p) EIS curves for the full cells. COMSOL simulations of lithium dendrite growth within 300 s (q) with NNFQSE or (r) without NNFQSE [65]. Copyright 2023, Nature. 
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Figure 8. Summary and outlook chart in liquid–solid reversible shear thickening electrolytes. 
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