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Abstract

:

Power sources supported by lithium-ion battery (LIB) technology has been considered to be the most suitable for public and military use. Battery quality is always a critical issue since electric engines and portable devices use power-consuming algorithms for security. For the practical use of LIBs in public applications, low heat generation, and fast charging are essential requirements, but those features are still unsatisfactory so far. In particular, the slow Li+ intercalation kinetics, lithium plating, and self-heat generation of conventional graphite-anode LIBs under fast-charging conditions are impediments to the use of these batteries by the public demands. The use of silicon-based anodes, which are associated with fast reaction kinetics and rapid Li+ diffusion, has great potential to render LIBs suitable for public use in the near future. In this perspective, the challenges in and future directions for developing silicon-based anode materials for realizing LIBs with fast-charging capability are highlighted.
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1. Introduction


Lithium-ion batteries (LIBs) are an established technology for energy-storage and have the potential for small to large-scale applications because of their high energy density, high specific energy, and good recharge capability [1]. Notably, they are currently the best power sources in terms of portability for small consumer electronics such as laptops and smartphones. Battery-powered electric vehicles (EVs) are coming into the limelight and their market share is increasing rapidly [2,3,4]. The International Energy Agency has predicted that the global EV industry will grow rapidly over the next decade and that by 2030, the global EV stock will reach 230 million [5,6,7]. In 2021, the sales of EVs increased by 108% compared with the crisis year of 2020, and it has been predicted that the sales growth will touch 129% at the end of 2022 compared with 2021 based on previous reports [8,9,10] (see the Figure 1).



In addition to public demands, the electrification of military transportation is increasing. In the case of drone systems, a major objective is to develop high-power LIBs to extend the flying range by several hundred percent. Reconnaissance drones, which are among the latest technologies, are being deployed on a regular basis for ensuring safety and monitoring purposes following increased hostilities along some international borders. Importantly, the drones should be sufficiently light to be effective and efficient and to have a long flight time to complete mission objectives, since they cannot carry conventional batteries, which are heavy and offer only short flight capability [11].



However, LIBs have many drawbacks such as a long recharging time, dendrite formation on the anode, mechanical crack formation, and self-heat generation. Therefore, the development of LIBs with fast-charging capability, heat control, and dendrite-free anode is important to promote the commercialization of EVs [9,12,13,14]. On the other hand, in military applications, it is imperative to address the aforementioned drawbacks since the overall battery characteristics, including its lifespan and fast-charging capability, are critical for supporting military missions (Figure 2a). Despite the significant advances in the use of LIBs for small and medium-sized devices and even EVs, therefore, current LIBs are not widely used for military purposes because of their slow charging and safety issues [15]. While high-power batteries that can discharge at even 15 C have been reported [16], the charging rate of most LIBs containing a carbon-based anode is close to 3 C. In fact, the poor kinetics and low operating potential (0.1 V vs. Li/Li+) of graphite-base anodes lead to serious issues during fast charging, such as mechanical cracks [17,18], electrolyte decomposition [19,20], anode polarization that induces dendrite formation [21,22], and self-heat generation [2,23], which drastically degrade the battery performance and give rise to safety issues.



To overcome these drawbacks, new materials have been introduced for developing fast-charging anodes; particularly, nano-scaled silicon has been emerging as a potential candidate [24,25,26]. Silicon-based anodes have an energy capacity that is about 11 times higher than that graphite-based anodes. Moreover, silicon element is not only abundant in the earth’s crust (it is the second most abundant element) (Figure 2b) but also relatively inexpensive and safe. Furthermore, it has a low discharge potential (≈0.37 V vs. Li/Li+) [25]. However, most of the silicon-based anodes have the drawbacks of huge volume expansion (≈400%) [27], poor electronic conductivity (≈10−3 S cm−1) [28], and a low Li+ diffusion rate (≈10−13 cm2 s−1) [29], and it is necessary to overcome these drawbacks if the anodes are to be used in military applications. Numerous strategies have been proposed for buffering the volume expansion (Figure 3a) [30], including thin-film preparation, pore formation, and the use of shape-preserving shell designs that can accommodate volumetric changes. For conductivity enhancement, the addition of carbon materials is a common method (Figure 3b) [31] since carbon nanomaterials have excellent electrical and ionic conductivity apart from useful mechanical properties [32,33] as well various structural designs in anode materials for LIBs [34,35,36]. Additionally, morphological tuning through the use of nanoparticles, nanowires, nanospheres, and/or nanotubes is considered the promising strategy for Si-based anodes for LIBs. Here, we discussed research progress on and the development of fast-charging silicon-based anode materials for rechargeable LIBs.




2. Key Considerations to Achieve Fast Charging


In order to design materials that can quickly charge LIB anodes, we need first to investigate the operating principle of LIBs and carefully identify the stages that are restricting the charging rate in order to optimize the kinetics of the electrochemical process. First, Li+ ions diffuse into the bulk of the layered oxide cathode via the cathode/electrolyte interface (CEI); second, Li+ is solvated by the solvent molecules at the CEI-electrolyte interface; and third, the solvated Li+ ions diffuse into the bulk electrolyte via mesopores and tortuous channels in the cathode and anode; Fourth, Li+ ions in a solvate are desolvated at the anode/electrolyte interface (commonly referred to as the solid electrolyte interphase, SEI); fifth, Li+ ions pass through the SEI and penetrate the graphite lattice; sixth and final, Li+ ions diffuse within the bulk of graphite, and the diffusion is accompanied by the rearrangement of the graphite lattice (Figure 4a). The kinetics of the Li+ ions during this process must be quick enough to maintain a high rate of charge. Materials that can charge quickly and efficiently should have low energetic barriers for Li+ migration into them and low energy barriers for Li+ diffusion inside the bulk of the materials (Figure 4b).



2.1. Conductivity of Materials


For the LIB anode performance to be high, the anode material should have high Li+ storage capacity apart from rapid ionic conductivity and high electronic conductivity. Furthermore, large volumetric changes should not occur during cycling. A number of materials, including carbon, metals, and alloys, show promise as fast-charging anode materials due to their high intrinsic electrical conductivity and small or zero band gaps. External manipulations including heating, conductive doping, coating with conductors, altering the size and shape, and doping with heteroatoms are also crucial. It is known that coating conductive anode materials with conductive agents enhances electron diffusion. Furthermore, tuning the band gap through the incorporation of heteroatoms through functionalization or doping can significantly enhance the electronic conductivity of the anode material [38].



According to energy band theory, for an anode material to act as a conductor, electrons in the valence band of the material should cross the forbidden band and enter the conduction band. The electron conduction property is generally characterized by the electron mobility σ, which is regarded as an important parameter. Since solid anode materials include both holes and free electrons, we can express σ as


σ = nieμe + Pieμh



(1)




where ni and Pi are the concentrations of electrons and holes, respectively, μe is the mobility of electrons, and μh is the mobility of holes.




2.2. Ion Diffusivity of Materials


The fast diffusion rate of Li+ is another critical aspect that affects the fast-charging capability of anode materials. The below mentioned Ar-rhenius equation will be used to describe the diffusion process of Li+, and the diffusion coefficient (Di), represents the diffusion flow per unit.


Di = D0 exp(−ΔG/(KB T))



(2)




where D0 is the maximum value of diffusivity, ΔG is the activation energy of diffusion, KB is the Boltzmann constant, and T is the temperature.



Therefore, to boost the Li+ diffusion kinetics and electron transport, identifying suitable anode materials with high Di, preparing thin electrodes for reducing material loading, and tuning structural features can help develop fast-charging anodes for LIBs (Figure 4).




2.3. Stable SEI Formation


In spite of the merits as a next generation anode due to its high reversible capacity, the large volumetric changes that occur during lithiation and delithiation provide specific hurdles for the formation of stable SEI layers on silicon anodes. The huge volumetric differences not only contribute to severe mechanical challenges, but also lead to poor stability of the SEI. Therefore, the SEI that works best for silicon anodes is not the same as the one that works best for graphite anodes. For SEI on silicon anodes, both good ionic conductivity and great elasticity are requirements [39]. FEC, which creates an SEI with both high concentrations of LiF and an elastic polymer, is one of the electrolyte additives that is utilized for silicon anodes the most frequently. By gaining a deeper understanding of the stability that is provided by this polymer-inorganic composite surface film, we will be able to create superior interfacial polymer-inorganic composite surface films, which will, in turn, improve the cycling performance of silicon anodes. These interface films may have originated either from prefabricated interfaces or from the breakdown reactions of additives to the electrolyte. The formation of a prepared SEI by the interaction of binders with the surface of silicon anodes can result in an improvement in the performance of silicon anodes. Consequently, the research and development of superior binders for silicon anodes is another viable option [40].




2.4. Electrolyte Modification


Electrochemical reactions mainly take place in electrode/electrolyte interface, SEI layer property decides overall LIBs characteristics; power capability, and cyclability. The nature of electrolytes determines interface properties, suitable choice of salt, solvent, and additive are major issues. For example, Zeng et al. [41] introduced solvent modification. Unlike simple carbonates and ether solvents, fluorinate carbon-based concentrate electrolytes significantly improved safety, and initial columbic efficiency. 4.3 M LIFSI/FEC-TFEC deliver 0.064% capacity fading rate per cycle and 1312 mAh g−1 at 8 A g−1. Additive research is conducted by Han et al. [42]. By adding 0.1 M M(TFSI)x (M = Mg, Zn, Al, Ca) as a second salt into the electrolyte, make an in situ formation of Li-M-Si ternary phased during cycling.





3. Graphite Anode


Graphite is a form of intercalation material that could also accept or release Li+ ions from the bulk electrode. Typically, carbon materials exist in either sp3 or sp2 electronic hybridization. In the case of sp2 hybridization of graphene, sp2 hybridized sheets are linked by π–π interactions rather than weak van der Waals forces. It is usually by π–π interactions that connect hybridized graphene, and the weak van der Waals force between graphene layers allows ions to be intercalated [26]. Bulk-layered graphite can be formed by stacking these layers in either an ABAB sequence with hexagonal symmetry or an ABCABC sequence with rhombohedral symmetry. It is the layered structure of graphite that allows for the existence of basal planes and edge planes on graphite particles. Generally, the prismatic plane has higher surface energy than the basal plane, which leads to higher surface reactivity. However, the weak van der Waals forces between the graphene layers facilitate the intercalation of ions. As early as 1840, the notion of such graphite intercalation compounds (GICs) had been established.



Graphite’s application as an active material in the negative electrode of LIBs for the reversible intercalation of Li+ has received a lot of commercial interest since 1983 [43]. Stage 1 (Figure 4c) is the terminal stage of Li+ intercalation and follows the basic mechanism of deintercalation/intercalation. Both the theoretical specific capacity of 372 mA h g-1 and the volumetric capacity of 850 mA h cm−3 are accounted for at this point. It has been shown that at high Li concentrations, graphene layers slightly slide with regard to one another, resulting in a switch in orientation from the original ABABA sequence of pristine graphite to the more complex AIAIA sequence of completely lithiated graphite (LiC6) [44].



Specifically, Heß and Novak [37] looked at the kinetic performance of Li+ diffusion through crystalline graphite particles (1 mm thick electrode). In contrast to the intensively lithiated phases, the liquid-like stages had a significantly different Li+ diffusion coefficient. For instance, during lithiation at high current rates, full capacity may not be attained while passing from Stage 2L to Stage 2. Over potential rises as a result of diffusion limits, and Stage 1 nucleates at the edge planes of the graphite particle. To further understand this behavior, we have color-coded an arbitrary graphite particle (shown in Figure 4d) at three distinct stages: gold for stage 1, red for stage 2, and blue for stage 2L.




4. Titanium-Based Materials: Lithium Titanate (LTO)


Li4Ti5O12 (LTO) anode is a promising material for lithium-ion battery systems. LTO structure is spinel material and undergoes two-phase reaction (LTO-Li7Ti5O12(LI7)) during charge and discharge process. LTO undergoes zero volume change and has a relatively stable charge storage voltage (~1.55 V vs. Li+/Li) during cycling [45,46]. Therefore, The LTO anode material can exhibit high structural stability and power performanceduring. A simple sol-gel technique was used to manufacture core-shell-structured Si-based multi-components, with the Si surface evenly covered with double-shell coating layers of lithium silicate (Li2SiO3 and Li2Si2O5, designated LS) and lithium titanate (Li4Ti5O12, abbreviated LTO). The increased surface area of the Si-multicomponent is due in part to the void areas between the crystalline Layers. Because of this, the surface area of Si-multi-50 is larger than that of pure Si. When LTO capacities grew, the surface area of Si-multi-components expanded to accommodate them. Atom-selective in situ Ti K-edge XAFS characterization can be performed during the first lithiation to directly identify the function of the surface LTO layer in the improved kinetic electrochemical performance of the surface-modified Si anode material. In addition, the LTO-coated Si anode material’s rate capability can be improved by rapid Li-ion conduction at the interface area, as a result of the lithiated Li7Ti5O12 surface layer’s increased electrical conductivity due to the mixed valence state of Ti3+/Ti4+ [47].



Xia et al. [48] introduced Si@LTO@C provides a reversible capacity of 848 mA h g−1 with a current density of 15 A g−1 after 1000 cycles at 80 °C and is used as the anode material in Li-ion batteries (Figure 5). Micro-sized Si@LTO@C is therefore claimed to be a promising electrode material for high-performance LIBs, particularly in a harsh environment.




5. Silicon Anode


Silicon is one of the best alternatives to carbon because of its abundance in nature, low cost, and toxic-free and environmentally friendly nature. Multiple alloying reactions with Li per single atom (Li-Si formation) produce a high specific capacity, which can lead to a reduction in the thickness of the electrode without impacting the overall energy density [49,50]. Moreover, importantly, this unique feature can enhance the fast-charging process by reducing the concentration and potential gradient effects. Concentration and potential gradient effects can impair fast-charging in the intercalation-based graphite anode due to an electric potential gradient between the surface layer and the bulk. The concentration and potential gradient effects are worse in highly charged states when the anode is completely lithiated [51]. Instead of intercalation between layers, lithium ions are alloying elements into the silicon lattice in the silicon anode. This means that lithium-ion buildup does not occur in highly charged states, when the anode is completely lithiated, which reduces electric potential gradient resistance during fast charging. Silicon anodes have a substantially greater Li storage potential than graphite (0.22 V vs. Li+/Li for silicon vs. 0.1 V for graphite), which reduces the possibility of lithium concentration gradient effects during fast charging. This can minimize capacity degradation while cycling [52].



Li ions begin penetrating Si particles (around 0.1 V) to complete the alloy reaction; the penetration continues until the voltage drops to 0.01 V, and the result is per Si-atom consisting of 4.4 Li+ during the lithiation process. This process begins with the formation of a solid-electrolyte interface (SEI) film on the Si surface above 0.5 V. However, the poor intrinsic conductivity of silicon (1.56 × 10−3 S cm−2) and the subsequent fracture and pulverization of Si particles due to the enormous volume change severely restrict the rate performance [43,51]. In conclusion, silicon anodes’ unique alloying method and greater Li storage potential, as well as their inhibition of lithium-ion accumulation at highly charged states, can improve fast-charging and diminish concentration and potential gradient effects that might cause capacity degradation during cycling.



5.1. Use of Silicon Carbon Composite for High-Energy and Fast-Charging LIBs


Since pure graphite anodes have practically attained their optimum performance, there has been much research over the past few decades on the incorporation of silicon in graphite composite electrodes. Increasing the capacity of anode is advantageous, and the impact is enhanced when cathode capacities are increased much beyond what is currently considered to be state-of-the-art. Specifically, the best strategy for preparing next-generation and fast-charging LIB anodes appears to be the incorporation of reasonable amounts of high-capacity anode materials like silicon, which has a theoretical capacity of 4200 mA h g−1. Notably, using the material with the highest capacity known (Figure 6a) and with an average delithiation potential of ca. 0.4 V vs. Li/Li+ in graphite-based composites for preparing next-generation and fast-charging LIB anodes [52]. For example, Jung et al. [53] developed encapsulated 50-nm-sized silicon nanoparticles (NPs) with nanoporous N-doped graphitic carbon along with dopamine polymer through polymerization and the addition of Fe3+ catalyst, followed by carbonization under controlled conditions (Figure 6b). The electrochemical performance of the as-synthesized silicon NPs with a graphitic carbon shell, as a LIB anode, indicated excellent high-rate capability and long-cycle stability. After 800 cycles at 2 A g−1, the provided capacity was 1056 mA h g−1 (Figure 6c), and this excellent performance was attributable to the composite creation with graphene, which prevented significant volume changes during the charge/discharge process. In order to prevent capacity fading and restricted cycle life caused by unstable SEI formation, severe particle pulverization, and loss of electrical contact during charge/discharge, Jin et al. [54] also employed graphene addition with silicon. Ball-milling and subsequent Ag-assisted chemical etching were utilized to create porous silicon in a cost-effective and scalable manner. Upon chemical treatment and the adjustment of the reaction solutions, the morphology of porous silicon changed into a nanowire array (Figure 6d). To provide carbon coating to the porous silicon powder, the authors added graphene oxide solution to a mother solution in the ratio of 1:1 wt% under ultrasonic agitation for 1 h. Electrochemical analysis showed that the porous silicon structures with graphene incorporation could deliver a stable capacity of 1287 mAh g−1 over 100 cycles at a 2 A g−1 rate. Similarly, Yang et al. [55] prepared an anode through carbon coated mesoporous SiO2 onto carbon nanotubes and subsequently converting into a meso-Si layer. The freestanding and highly porous sponge anode were connected through a sandwich-like carbon-Si-CNT structure. Li+ diffusion was aided by the hierarchical sponge structure in the meso-Si layer, while electron transport was made easy by the CNT networks. The carbon coating on meso-Si also reduced the volume growth, which allowed for a high rate capability and a high specific capacity. Examples include the CNT/meso-Si/C composite anode, which demonstrated a discharge capacity of 1700 mAh g−1 at a current density of 4 A g−1, far greater than previous Si-based anodes (Figure 6e).




5.2. Nanosized Silicon Anode


A nano-scaled silicon anode has a low diffusion energy barrier, so lithium-ion has fast ion kinetics [56]. But, volume expansion during cycling and limitation of electrical conductivity is main challenges to commercial use of Silicon anode lithium-ion batteries. 3D Silicon nanowire (Si NWs) was introduced, because of many advantages. (1) lower diameter than bulk silicon, which means that volume expansion is suppressed during repeated charging and discharging process. (2) Each silicon nanowire directly contacts the current collector and shows high specific capacity. (3) Suitable for use with high rate performance due to 1D diffusion path. For example, Chan et al. synthesized Si NWs using the vapour–liquid–solid (VLS) process on stainless steel substrates using Au catalyst [57]. The electrochemical performance of Si NWs showed high cyclability and improved Li-ion kinetics. After 20 cycles, the Si NWs anode has a capacity of over 3500 mAh g−1 under 0.84 A g−1. The Si NWs also demonstrated high capacities (~2100 mAh g−1) at 4.2 A g−1. Despite Si NWs have been a lot of improvement compared to pure silicon, graphene, metal, metal oxide, polymer, and silicon oxide is needed to improve mechanical and electrical property of silicon anode. For example, Ren et al. introduced reduced Si NWs-Au-Reduced Graphene Oxide (Au-rGO). Using solvothermal method and CVD process Si NWs-Au-rGO composite was synthesized. SEM images showed that Si NWs are densely and randomly located on the rGO surface. The flexible Au-rGO with Si NWs maintains the structural integrity and provides a conductive network of the anode. As a result, Si NW-rGO composite electrodes retain a high specific capacity of 2300 mAh g−1 over 100 cycles [58]. And Lotfabad et al. improved Si NWs electrochemical properties via TiO2 coating using atomic layer deposition (ALD). TiO2 effectively suppresses particle pulverization and volume expansion. The capacity retention after 100 cycles for the TiO2 coated Si NWs 60% at 0.42 A g−1 and 34% retention rate at higher current density (21 A g−1). TiO2 coating allows fast Li ion insertion/ extraction during continuous cycling.



In addition, Si nanotubes (NTs) as anodes in LIBs have been shown to increase battery performance, as reported by Cui’s team as shown in Figure 7a [57]. Etching treatment was used after the Si NTs were produced through the reductive breakdown of a Si precursor in an alumina template. For this unique Si NT anode, battery testing revealed a high reversible charge capacity of 3247 mAh g−1 and a high Coulombic efficiency (CE) of 89%. Even at a high current density of 15 A g−1, the synthesized Si CNT anode retained its capacity more effectively than other materials.




5.3. Porous Silicon Anode


The structural stability of Si may be increased in a number of ways, including by the reduction in particle size and the introduction of empty spaces inside reSi particles. Introduced voids are able to support volume expansions of Si particles, resulting to improved structural integrity. It is common practice to classify methods for preparing porous Si into a top-down and a bottom-up category. To begin, micron-sized Si particles are used as a precursor in the top-down approach, and then electroless or electrochemical etching is used to produce empty spaces inside the particles. Additionally, the porous templates are used as a starting point for the bottom-up approach’s templating procedure, which is then followed by Si deposition and the template-etching operations [24]. For instance, Zhou’s team described a low-cost, top-down strategy to synthesis porous Si particles from metallurgical Si microparticles by ball milling and then treating them with an affordable stain-etching procedure (Figure 8A–E) [60]. The porous Si anode demonstrated a high reversible capacity of 2900 mAh g−1 at the current density of 400 mA g−1 and a sustained capacity of 1100 mAh g−1 after 600 cycle tests at 2000 mA g−1. The amorphous silicon inverse opals were created by depositing Si on the porous templates using a chemical vapor deposition (CVD) technique (Figure 8F–H) [61]. It was found that the inverted opal structure amorphous Si anode has good cycling properties. However, because of Si’s poor conductivity, amorphous Si inverse opals don’t work very well at high speeds.




5.4. Silicon-Derivative Materials


5.4.1. SiOx


Silicon oxide (SiOx, 0 < x ≤ 2) has recently been studied as a viable alternative for elemental Si due to its simple production, moderate theoretical volume expansion (118% for SiO compared to Si, ≥300%), and cheap cost [62]. The combination of Si-rich SiOx (x ≤ 1) with Gr has been a trend that has led to its commercialization in LIBs (typically SiOx < 10 wt%) [63]. The SiOx family consists of anode materials composed of silicon monoxide (SiO), silicon dioxide (SiO2), non-stoichiometric SiOx, and silicon oxycarbide (Si–O–C). The O concentration influences the specific capacity, cycle life, and voltage hysteresis (voltage hysteresis is the voltage differential between the charge and discharge profiles) [64]. For example, increased O contents result in longer cycle life and high-voltage hysteresis due to the release of strain and stress during the Li-ion insertion/extraction processes [65], while diminishing the initial Coulombic efficiency (ICE) and rate capability. This is mostly due to the irreversible consumption of Li+ ions (e.g., forming Li2O and Li4SiO4) [66].




5.4.2. SiNx


Silicon nitride (SiNx) is another family of Si derivatives that undergoes a two-stage reaction electrochemically, i.e., a conversion reaction leading to the formation of electrochemically stable and Li-ion conductive Li-Si-N compounds (e.g., Li2SiN2 [67]), followed by an alloying reaction, resulting in Si nanoparticles (SiNPs) [67,68,69]. When the nitrogen concentration of SiNx is increased, the reversible capacity decreases with time, but the material becomes more stable during cycling and can handle higher cycling rates (both according to stoichiometry) [69]. The cycling performance of SiNx electrodes [70] is profoundly influenced by the spatial distribution of Li silicon nitride products (LixSiNy) following lithiation processes. Even if the results achieved in terms of cycle stability and rate capability were encouraging, Li-ion batteries with SiNx anodes are not yet at a point where they can be sold commercially. Using powder-based electrodes and improving its poor first-cycle Coulombic efficiency (through additives, for example) are necessary steps toward incorporating SiNx into functional cells [66].






6. Perspectives


Although LIBs have been improved to have an increased life cycle and to be more suitable for challenging environments, LIBs still lack fast-charging characteristics and safety. It has been shown that the introduction of carbon nanomaterials with silicon in the anode electrode not only maximizes the high capacity and durability by increasing the conductivity and flexibility and reducing the weight but also provides better safety [71]. As a result, LIB technology could be widely used for public and military applications. In fact, it is now apparent that carbon nanomaterial-containing silicon composites are promising materials for state-of-the-art next-generation LIBs for EVs, ESS, and military use, providing substantially enhanced energy densities, long durability, and safety, along with fast-charging properties.



However, there are some critical challenges related to fast-charging anode materials that should be overcome. For example, fast charging is generally impeded by the slow mass and charge transfer (refer to the Li+) in electrode materials through the electrolyte. Important variables in attaining rapid charging include ensuring rapid Li+ diffusion in the anode and decreasing the kinetic barrier between the anode and electrolyte contact. And the rate at which Li+ and electrons are transferred within the solid electrode is affected by the ionic and electronic conductivity of the electrode materials. Therefore, improving conductivity is a fundamental strategy to improve the fast-charging capabilities, since it increases the Li+ and electron mobility and ion diffusivity in the bulk of the materials and interface.



We reviewed the influence of diverse silicon anodes on rapid charging performance by incorporating silicon composite, silicon nanowire, porous silicon, and silicon-derivative materials (SiOx, SiNx). Nanosizing silicon anode reduces volume expansion while charging and increases reaction specific surface. Nanosizing silicon anodes offer stronger structural stability and Li+ ion diffusivity than pure silicon, making them suitable for fast-charging LIBs. On Si-Carbon composite anode, Zhang’s group coated metal oxide and achieved the high surface mechanical property [72]. Plasma treatments or chemical etching can boost the silicon anode’s surface area and lithium-ion diffusion kinetics by creating a porous structure. By carefully tailoring the silicon anode and its surrounding components, next-generation fast-charging batteries may be able to attain high power and energy density. All Li and silicon alloy reactions occur at the interface between the electrolyte and anode. Therefore, improving interface modification is a fundamental strategy to improve fast-charging capabilities.



However, there are some critical challenges related to fast-charging anode materials that must be overcome. Slow mass transfer and charge transfer of Li+ in electrode materials through the electrolyte, high Li+ activation barriers for reaction, and low ion and electronic conductivity are the main problems to address. All Li and silicon alloy reactions occur at the interface between the electrolyte and anode. Therefore, improving interface modification is a fundamental strategy to improve fast-charging capabilities. These challenges can be solved by Size control, Oxygen control, Pre-lithiation, Li trapping control, Nano-porous Si design, Surface modification of nanosized silicon, Nanosized silicon/graphite composite electrode design, advanced binding, and Advanced electrolyte additives. In this paper, we have discussed most of the solutions for silicon future batteries.



To achieve rapid charging, it is also necessary to enhance the SEI layer by making it mechanically stable and allowing for superior ion conductivity. A better fit between electrolyte composition and material structure can also be used to enhance the fundamental features of the SEI layer. Li+ migration to the anode and desolvation and passage via the SEI should both be fast during rapid charging. Thus, materials with huge porosity, high surface area, and flexibility are highly recommended since these characteristics are favorable for stable SEI formation and volume change mitigation. Finally, for achieving fast charging, high density, long-lasting, and safe LIBs, intensive research should be conducted on every component of the batteries since the anode, cathode, and electrolyte materials eventually control the entire battery chemistry. By addressing the challenges associated with fast-charging anode materials, significant progress can be made toward the development of efficient and sustainable energy storage systems.
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Figure 1. Global EV sales and development trends from 2012 to 2021 [Reprinted with permission from Ref. [8]. Copyright, 2022 John Wiley & Son, Inc] and prediction for 2022 from Ref. [10]. 
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Figure 2. (a) Key properties of LIBs that required to make them suitable for military applications and (b) abundance of elements in the earth’s crust (ball area reflectings the relative amount). 
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Figure 3. (a) Recommended strategies for buffering the large volume change in silicon anodes during cycling (Reprinted with permission from Ref. [30]. Copyright, 2015 John Wiley & Sons, Inc, Hoboken, NJ, USA) and (b) suggested approach and representative structures of silicon/carbon composite anodes prepared with various methods for increasing conductivity (Reprinted with permission from Ref. [31]. Copyright, 2019 John Wiley & Sons, Inc). 
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Figure 4. (a) Working principle of LIBs, (b) the energy diagram of their charging process (Reprinted with permission from Ref. [8]. Copyright, 2022 John Wiley & Sons, Inc), (c) illustration of the electrochemical lithiation/delithiation mechanism of Li+ ions into the graphite lattice (inset: the given representative potential profile refers to the second discharge/charge cycle in the half-cell configuration (Reprinted with permission from Ref. [26]. Copyright, 2020 Royal Society of Chemistry, London, UK), (d) a schematic illustration of the “shrinking annuli model” for a single crystal graphite particle (Reprinted with permission from Ref. [37]. Copyright, 2013 Elsevier, Amsterdam, The Netherlands). 
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Figure 5. Schematic illustration showing the synthetic process of the Si-based multi-components. (Reprinted with permission from Ref. [47]. Copyright, 2015 Royal Society of Chemistry). 
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Figure 6. (a) Comparison of the gravimetric and volumetric capacity of some alloying elements along with graphite (Reprinted with permission from Ref. [26]. Copyright, 2020 Royal Society of Chemistry), (b) a schematic illustration of the preparation of nanoporous-graphitic-carbon-coated silicon NPs and amorphous-carbon-coated silicon NPs, (c) cycle stability of both samples, and bare Si electrodes (for comparison) at current densities of 0.2 (1 cycle), 1 (10 cycle), and 2 A g–1 for the rest of the cycles (Reprinted with permission from Ref. [53]. Copyright, 2018 Royal Society of Chemistry), (d) a schematic diagram of the simultaneous perforation and purification processes (Reprinted with permission from Ref. [52]. Copyright, 2015 American Chemical Society, Washington, DC, USA), and (e) comparison of the LIB performance between CNT/meso-Si/C sponge anode and other previously reported Si-based electrodes (Reprinted with permission from Ref. [55]. Copyright, 2017 American Chemical Society). 
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Figure 7. (a) Schematic of morphological changes that occur in Si during electrochemical cycling. (Reprinted with permission from Ref. [57]. Copyright, 2007 Nature Publishing). (b) Schematic diagram of Li-ion pathway in Si nanotubes. (Reprinted (adapted) with permission from Ref. [59]. Copyright, 2009 American Chemical Society). 
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Figure 8. Structural characterization of porous Si anodes as (A) preparation process (B–E) Porous Si is reconstructed from HAADF-STEM tomography shown. (F–H) SEM images of porous Si templated from 890-nm pre-sintered silica microspheres before (F,G) and after (H) the CV test. (Reprinted with permission from Ref. [61]. Copyright, 2007 Elsevier). 
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