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This mini review article summarizes the recent progress of the all-solid-state lithium ion batteries (LIBs) with high-capacity anodes. Although the theoretical capacity of silicon (Si) is exceptionally high, the large volume change during cycling is a severe drawback for practical applications. The volume change of the active materials leads to mechanical degradation and electrical contact loss, resulting in a poor cycling performance. Recently, the number of reports about Si anodes in liquid electrolytes has significantly increased, leading to the better understanding of the electrochemical performances of Si. For the realization of the LIBs with a high capacity and safety, high-capacity alloy anodes are highly required to be used in all-solid-state batteries. However, at the present stage, research studies of high-capacity anodes with solid electrolytes are scarce compared to the vast amount of reports using liquid electrolyte. The selection of solid electrolytes is also a key factor for the stable performance of high-capacity anodes in the all-solid-state batteries, while previous studies on Si anodes have mainly focused on the fabrication of the hollow structured anodes for reducing their volume expansion. This review will provide some reports about the cycling properties of high-capacity anodes in the all-solid-state batteries and the solid electrolyte interface (SEI) formation at the anode interface of solid electrolytes. The potential of the high-capacity anodes for practical applications in all-solid-state batteries will be discussed.
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INTRODUCTION

Lithium ion batteries (LIBs) have been widely used as the power source of portable devices such as laptop personal computers (PCs) and smartphones. The lowest electrode potential of Li/Li+ makes it possible to construct a high-voltage battery, which is the reason why LIBs are dominating the battery market. For the conventional LIBs, there are two major issues to overcome. One is the safety problem of the LIBs, which is frequently reported as the ignition of portable devices such as laptop PCs, smartphones, etc. These accidental fires of the LIBs originate from the flammable organic liquid used as the electrolyte. Because the anode potential of the LIBs is much lower than the reductive decomposition voltage of aqueous electrolytes, organic liquids are used as the electrolytes. The replacement of the organic liquid by a ceramic solid electrolyte is one of the solutions for the realization of safe LIBs. For this reason, all-solid-state batteries have attracted much attention as the next-generation LIBs. The other issue of the LIBs is the demand for a higher capacity because LIBs have started to be used for large-scale applications such as electric vehicles (EVs) and smart grids. In order to realize the cruising distance of EVs comparable to that of gasoline-fueled vehicles, the capacity of the LIBs should be four to five times higher than the current LIBs. It is easily predicted that LIB fires will be much more severe for the larger batteries compared to the batteries for portable use. Therefore, all-solid-state LIBs having an exceptionally high capacity and high safety are strongly required for the future.

Group IV elements, such as silicon (Si), germanium (Ge), and tin (Sn), can store 4.4 mol of Li per unit molar (for example, Li4.4Si for Si) (John et al., 1982; Huggins, 1999; Park et al., 2010). These Li storage capacities correspond to 4,200, 1,600, and 990 mAh g–1 for the Si, Ge, and Sn, respectively. Despite the high capacity, practical examples of applications are scarce due to the following drawbacks. One of the issues of high-capacity anodes is their large volume expansion (∼300%) during operation. The repetition of the large volume change results in the pulverization and disintegration of the active materials, leading to the low reversibility during cycling (Kim et al., 2005). The second problem is the repeated formation of solid electrolyte interface (SEI) layers at fresh cracks in the electrodes, which yields to the continuous growth of the electrode impedance (Inaba et al., 2005). In order to achieve stable charge–discharge cycling, the common strategies are to allow for accommodation of the volume expansions by the introduction of void spaces in the active materials (Feng et al., 2018; Shen et al., 2018). For example, an interconnected Si hollow nanosphere is capable of accommodating volume changes without pulverization and delivering an initial discharge capacity of 2,800 mAh g–1 with less than 0.08% capacity fading rate per cycle (Yao et al., 2011). A discharge capacity of 600 mAh g–1 can be obtained for over 100 cycles from a porous Si composite coated by a nitrogen-doped amorphous carbon (Zhang et al., 2018). Mesoporous Si with the pore size diameter of 20–35 nm exhibits an excellent cycling stability for 500 cycles (Kim et al., 2018). Because the void spaces included in these materials never contribute to the charge–discharge capacity, the anode materials with the hollow structures inevitably meet the trade-off between the net capacity and cycling stability. Although there have been vast amounts of research studies about high-capacity anodes in a liquid electrolyte, reports about the all-solid-state LIBs are less common. In a solid electrolyte, the dendrite growth of Li along the grain boundaries is a severe problem particularly under high-rate cycling (Nagao et al., 2013). The use of alloy anodes is one of the solutions for avoiding the Li dendrites because of the faster kinetics of the alloying reaction over the dendrite formation. Therefore, the practical use of high-capacity anodes is highly required in all-solid-state LIBs because of not only their high capacity but also avoiding the internal short circuit due to the Li dendrites.

In this review, the electrode properties of high-capacity anodes in the all-solid-state LIBs are briefly reviewed. The solid electrolytes referenced in this review will focus exclusively on the sulfide-based materials. First, the reports about the Si-based thin film anodes in the all-solid-state LIBs are provided. Subsequently, the recent progress regarding the use of Si and Sn in a bulky form will be highlighted. Finally, the electrochemical and mechanical properties of the solid electrolytes will also be considered with cycling properties.



SILICON-BASED THIN-FILM ANODES IN THE ALL-SOLID-STATE LITHIUM ION BATTERIES


Silicon Thin-Film Anodes in the All-Solid-State Lithium Ion Batteries

For the all-solid-state LIBs with the sulfide solid electrolyte, the anode properties of Si have been initially reported and investigated in a thin film (Cervera et al., 2014; Miyazaki et al., 2014, 2016b; Sakabe et al., 2018). Because the net volume expansion is less than the bulk form, thin-film electrodes usually show better cycling properties compared to the bulky form (Takamura et al., 2004). In addition, the rate performance can be quantitatively investigated due to the easy determination of the electrode surface area. A Si thin film with FeS was fabricated by the pulsed laser deposition (PLD) method, and the charge–discharge properties were evaluated using a 70Li2S⋅30P2S5 glass ceramic as the solid electrolyte (Mizuno et al., 2005), which revealed a stable cycling performance (Cervera et al., 2014). The most significant result is the discharge rate capability of the Si-FeS thin film; the capacity of 2,500 mAh g–1 was still maintained at the discharge rate of 10 C (Cervera et al., 2014). For this report, FeS was included as a conductive additive, while these excellent anode properties were also exhibited for sputtered a-Si films without additives (300 nm in thickness), in which the discharge capacity of 2,500 mAh g–1 was still maintained under 10 mA cm–2 and the charge transfer resistance between Si and 70Li2S⋅30P2S5 was negligibly low (Miyazaki et al., 2014). These excellent properties originated from the use of solid electrolytes because the capacity fading was observed for the same a-Si film in a liquid electrolyte (Miyazaki et al., 2014). However, the active material loading in the 300-nm-thick film was only 70 μg cm–2 and provided an areal capacity of 0.21 mAh cm–2, which is much lower than the typical values for commercial LIBs. Therefore, from an application point of view, thicker films are highly required. The excellent rate performances of Si films mean that Si-based anodes and the solid electrolytes can produce an intrinsically favorable interface and strongly indicate that the application of thicker films is possible if the interface is mechanically maintained during operation. In general, all-solid-state LIBs are fixed by screws and operating under a certain loading on the electrode and solid electrolyte layer. Therefore, it can be expected that the delamination of the Si film from the solid electrolyte and/or current collector would not be likely for the all-solid-state LIBs. However, the stable cycles of the thicker films are rather challenging for the dense Si film. The nonporous Si film of 3-μm thickness (0.70 mg cm–2) gradually deteriorated and delivered only 47% of its 10th cycle’s capacity (Sakabe et al., 2018). The nonporous Si film with its theoretical density was obtained by sputtering under Ar gas, while the pores of the size of 10–50 nm can be homogeneously introduced in Si film by using He as the sputtering gas (Sakabe et al., 2018). The nano porous Si film (0.74 mg cm–2) exhibits stable cycling performances with the combination of 80Li2S⋅20P2S5 glass; the nano porous Si film delivered the high capacities of ∼3,000 mAh g–1 and showed more than a 93% retention for 100 cycles compared to the capacity of 10 cycles, and the Coulombic efficiencies exceeded 99.8% (Sakabe et al., 2018). The areal capacity after 100 cycles was estimated to be 2.19 mAh cm–2, which is a sufficiently high loading for practical use. Although it was suggested that the nano pores in the a-Si film can accommodate the volume expansion of Si, the pore volume was insufficient for covering all of the Si volume changes. Not only the void space in the Si film but also the favorable mechanical properties of the sulfide solid electrolyte will explain the stable cycling performance of the porous Si films in the all-solid-state LIBs. Li2S-P2S5 glass systems exhibit a relatively low elastic modulus and thus might deform along with the Si volume change (Sakuda et al., 2013). At the present stage, there are few reports about Sn and Ge thin-film anodes for use in all-solid-state LIBs.



Anode Properties of Partially Oxidized and Nitrated Silicon Films

The low doping of oxygen leads to further enhancement of the discharge rate properties and cycling stability of the Si film (Miyazaki et al., 2016b). Generally, the doping of oxygen into the Si films stabilizes the cycling performance as the solid lithia matrix such that the reduction product during the initial charging process is believed to mechanically fix the active materials and prevent delamination (Courtney and Dahn, 1997). However, an excess amount of oxygen doping leads to an increased initial capacity loss, which means that there is a trade-off between the cycling stability and obtained capacity (Nguyen et al., 2013; Takezawa et al., 2013). The same trend was also found in the all-solid-state LIBs; however, the minimum amounts of oxygen required for the stable cycling are quite low in the solid electrolytes (SiO0.4 film with the thickness of 300 nm); a discharge capacity of 2,800 mAh g–1 is still obtained after 100 cycles (Miyazaki et al., 2016b). Stable cycling was also attained for the SiN0.92 film, although the capacity decreased to 700 mAh g–1 for the 500-nm-thick film (Suzuki et al., 2013).



HIGH-CAPACITY ANODES WITH POWDER MORPHOLOGY IN THE ALL-SOLID-STATE LITHIUM ION BATTERIES

Not only the thin film, but Si powder has also been started to be used in the all-solid-state LIBs (Arthur et al., 2018; Kato et al., 2018; Okuno et al., 2019). A slurry mixture consisting of Si, solid electrolytes, and acetylene black was shaken in a centrifuge tube with ZrO2 balls and coated onto a carbon-coated copper foil electrode (Yamamoto et al., 2018). As shown in Figure 1A, the sheet Si electrode exhibited 3,100 mAh g–1 for the initial discharge with the Coulombic efficiency of 85%, which retained 2,300 mAh g–1 after 100 cycles (Yamamoto et al., 2018). Because the all-solid-state LIBs were fabricated by pressing at 75 MPa, the peel-off of Si can be avoided, which would partially explain the stable cycling performance of the Si sheet. Furthermore, the charge–discharge performances of the Si were evaluated using the solid electrolytes with different Young’s moduli (Kato et al., 2018). By doping with LiI, Young’s modulus of the 75Li2S⋅25P2S5 glass decreased from 23 to 19 GPa and the cycling stability was enhanced, although the conductivity of the solid electrolyte was not significantly changed (Kato et al., 2018). These results suggest that the applied pressure and the mechanical properties of the solid electrolytes should also be considered for the stable charge–discharge performances of the Si in the all-solid-state LIBs. A full cell composed of Si | 75Li2S⋅25P2S5 glass | LiNbO3-coated-LiNi1/3Co1/3Mn1/3O2 (NCM) and Si | Li3PS4 | LiCoO2 was constructed and demonstrated stable charge–discharge cycling (Figures 1B,C) (Yamamoto et al., 2018; Hyeon et al., 2019). These results strongly indicated that Si is not prototype electrodes but have the potential to be actually incorporated in a practical cell. In a solid-state cell, the volume expansion of Si can be used to stabilize the cycle and rate performances while it should be avoided in the conventional LIBs with a liquid electrolyte. As shown in Figure 2, Si nano particles fabricated by spray deposition come into a continuous film after full charging, which resulted in the excellent rate performances comparable to the sputter-deposited Si film electrode (Ohta et al., 2019).
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FIGURE 1. (A) Rate and cycling performance of the cell composed of binder-free Si sheet electrode | 75Li2S⋅25P2S5 glass | Li–In. The cell was charge–discharged at 0.25 mA cm–2 (0.08 C) for the first three cycles. Subsequently, the cell was cycled at several current densities ranging from 0.30 mA cm–2 (0.1 C) to 10 mA cm–2 (3 C) between 0.88 and −0.62 V (vs Li–In) at 30°C. For each charging process, constant current/constant-voltage (CC/CV) mode was used while the cell was discharged under CC conditions. The numbers in the figure denote the tested current densities in mA cm–2. Reproduced with permission from Yamamoto et al. (2018). (B) Initial charge–discharge curves of the cell composed of Si | 75Li2S⋅25P2S5 glass | LiNbO3-coated-NCM at a current density of 0.064 mA cm–2 (0.03 C) under CC charge and CC discharge (Left). Rate and cycling performance of the same solid-state cell. Tested current density was changed from 0.15 mA cm–2 (0.07 C) to 6.0 mA cm–2 (3 C) under CC/CV charge and CC discharge between 4.2 and 2.5 V at 30°C (Right). Reproduced with permission from Yamamoto et al. (2018). (C) Charge–discharge properties of Si | Li3PS4 | LiCoO2 all-solid-state full cells at 30°C: The first charge–discharge curves at 0.1 C (0.14 mA cm–2) (Upper) and cycling performance (Lower). The inset shows the cell configuration of Si | Li3PS4 | LiCoO2. In this cell, Li6PS5Cl was infiltrated both in Si and LiCoO2 composite electrodes. Reproduced with permission from Hyeon et al. (2019).



[image: image]

FIGURE 2. (A) Cross-sectional field emission (FE)-scanning electron microscope (SEM) images of the as-prepared Si particulate anode (Left) and the particulate anode in the fully charged state (Right). Si particulate anodes were fabricated by the spray deposition using Si nanoparticles dispersed in ethanol. (B) Results for the discharge rate tests of Si particulate anode under several current densities (Left). Comparison of the discharge rate capability of the spray-deposited Si particulate anode (red filled circles) with that of the sputter-deposited Si continuous film (gray filled circles) as a function of current density (Right). Reprinted (adapted) with permission from ACS Applied Energy Materials [2(10), pp. 7005–7008]. Copyright (2019) American Chemical Society.


Some research studies of the Sn anodes in a bulky form have also been reported. Polyacrylonitrile (PAN) was mixed with Sn nanoparticles as a conducting binder (Dunlap et al., 2019). The loading amount of the PAN binder was optimized (5 wt.%), the discharge capacity of 900 mAh g–1 was obtained for the first cycle, and 643 mAh g–1 was still maintained after 100 cycles at 0.1 C (Dunlap et al., 2019). It can be considered that Sn particles were electrochemically linked to the solid electrolyte particles and the current collector during cycling, whose rigid matrix contributed to the stable cycling (Dunlap et al., 2019). The use of the sheet style Sn anodes would be a significant step for the mass production of high-capacity all-solid-state LIBs. The commercially available Sn powder also works as an anode in the all-solid-state LIBs (Miyazaki and Hihara, 2019). A homogeneous composite electrode was obtained by the mechanical milling of Sn powder and 80Li2S⋅20P2S5 glass, which resulted in excellent charge–discharge properties; the discharge capacity of 600 mAh g–1 was maintained for over 100 cycles (Miyazaki and Hihara, 2019). The conversion type electrode shows better cycling performances in a solid-state cell than in liquid electrolytes. SnS nanoparticles were fabricated by heating an oleylamine solution with sulfur and SnCl2 at 230°C for 2 h, and the charge–discharge properties of the SnS were tested both in liquid and solid electrolytes (77.5Li2S⋅22.5P2S5 glass) (Kim et al., 2019a). Although the first discharge capacity in the liquid electrolyte (1,123 mAh g–1) was higher than that in the solid electrolyte (802 mAh g–1), the capacity decayed to 148 mAh g–1 after 50 cycles, while 85.6% of the discharge capacity at the second cycle was maintained for 100 cycles using the solid electrolyte (Kim et al., 2019a). The origin of the better properties in the solid-state cell can be explained by the reversibility of the conversion reaction. The discharge reaction of SnS consists of the conversion reaction of SnS + 2Li+ + 2e– → Li2S + Sn followed by the alloying reaction of Sn. In the solid-state cell, the products of the conversion reaction (Li2S) would reversely react with the Sn during the subsequent reconversion reaction while Li2S was dissolved in the carbonate-based liquid electrolytes (Kim et al., 2019a). Hence, it is expected that the use of the solid electrolytes leads to a wider material selectivity of the anode materials. Li2S was still found when the SnS-free cell was discharged to 1.0 V vs Li+/Li. This Li2S is believed to be the decomposition product of the sulfide-based solid electrolyte. The results of first-principles calculations indicated that the sulfide-based materials are not thermodynamically stable against Li, and the stability of the Li2S–P2S5 systems is considered to be due to the sluggish kinetics of the decomposition reactions (Zhu et al., 2015). The decomposition products prevent further decomposition of the solid electrolytes, which is similar to the SEI layer formed at the anode interphase in the conventional LIBs. The decomposition products of the solid electrolytes were also experimentally observed in several research studies. For example, the SEI phase was formed between a Li-Al anode and the thio-LISICON (Li3.25Ge0.25P0.75S4) by applying a DC current to the symmetrical cell of Li-Al | thio-LISICON | Li-Al (Kanno et al., 2004). This SEI phase guaranteed an intimate contact between the Li-Al/solid electrolyte and thus contributed to the stable charge–discharge cycling, while the formation of the SEI at the Li interface was continuous, thus the interfacial resistance continuously increased (Kanno et al., 2004). The SEI phases depend on the solid electrolytes; the SEI phase formed at the interphase of the Li–Al and Li3PO4–Li2S–SiS2 glass resulted in a high interfacial resistance (Kobayashi et al., 2008). Therefore, it can be said that not only the synthesis of anode materials but the selection of the solid electrolytes should also be considered for stable charge–discharge cycling.



SUMMARY AND PROSPECTS

In this mini review, the recent progresses of all-solid-state LIBs with high-capacity anodes were briefly reviewed. For the sulfide-based solid electrolytes, the stable cycling performances of Si and Sn have been shown in the bulky form. Although the material developments of high-capacity anodes have also been actively studied in liquid electrolytes, the material selectivity of the solid electrolytes will also be the key for the construction of the all-solid-state LIBs with Si and Sn. Although the Li2S-P2S5 systems are not thermodynamically stable with Li-Sn, the stable SEI formation would result in the excellent cycling properties of SnS with 77.5Li2S⋅22.5P2S5 glass (Kim et al., 2019a). It seems that the solid electrolytes with their favorable mechanical properties are required for the stable cycling of anodes by buffering the volume change of the active materials in a solid electrolyte layer. The external pressure of the cell should also be considered because the contact between the anodes and electrolytes would not be maintained during cycling without a certain degree of loading while an excessive applied pressure results in a limited capacity (Piper et al., 2013). Not only the sulfide materials but also hydride- and halide-based solid electrolytes have been developed and the conductivities of some materials have reached practical values (Miyazaki et al., 2016a; Kim et al., 2019b). The application of high-capacity anodes should not be restricted to only the sulfides, but other types of solid electrolytes have the potential to be used for the all-solid-state LIBs with high-capacity anodes. It should be noted that the conditions of the cell construction would depend on the types of solid electrolytes and should be optimized by considering both the mechanical properties and electrochemical stability of the solid electrolytes. It can be expected that the use of high-capacity alloy anodes will have a great contribution for increasing the energy density of the all-solid-state LIBs compatible with the safety of batteries.
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