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Abstract

:

Due to the advantages of rich resources, low cost, high energy conversion efficiency, long cycle life, and low maintenance fee, sodium–ion batteries have been regarded as a promising energy storage technology. However, their relatively low energy density compared with the commercialized lithium–ion batteries still impedes their application for power systems. Anode–free rechargeable sodium–metal batteries (AFSMBs) pose a solution to boost energy density and tackle the safety problems of metal batteries. At present, researchers still lack a comprehensive understanding of the anode-free cells in terms of electrolytes, solid–electrolyte interphase (SEI), and current collectors. This review is devoted to the field of AFSMBs, and outlines the breakthroughs that have been accomplished along with our perspective on the direction of future development for AFSMBs and the areas that warrant further investigation.
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1. Introduction


The switch to clean energy has emerged as a global objective in the energy sector. The accumulation of technology, market, and experience in solar, wind power, and other new energy fields during the past few years has sped up the replacement of conventional fossil fuels [1,2]. Renewable energy, on the other hand, is characterized by imbalance and instability, which increases the demand for energy storage technologies. In recent years, there has been an urgent demand for high-performance rechargeable battery technologies, particularly the beyond lithium–ion batteries (LIBs), due to the constantly expanding renewable energy storage and the exponential development in the number of electric vehicles [3]. The physical and chemical characteristics of sodium and lithium are comparable and they belong to the same major group [4,5]. In addition, sodium salts are widely available, making sodium-ion batteries (SIBs) far more affordable to produce than LIBs [6,7,8]. In terms of raw material extraction, lithium salts generally use lithium carbonate, whereas sodium salts use more selective raw materials such as sodium carbonate, sodium bicarbonate, sodium acetate, sodium oxalate, sodium citrate, sodium nitrate, and sodium hydroxide. Because of the cost of mass production and safety and environmental concerns, sodium carbonate remains the preferred choice among them. It should be noted that the widely used salts, LiPF6 and NaPF6, have the potential to pollute the environment. However, no literature on its recycling or pollution–free disposal methods has been found.



The latest market prices show that the precursor salt of Li2CO3 is about 189-fold higher than that of Na2CO3 ($74 kg−1 vs. $0.39 kg−1). Nevertheless, sodium has a larger relative atomic mass and a higher reduction potential than that of lithium. That leaves the SIBs comprising an oxide cathode and hard carbon anode with an energy density of only 90–150 Wh kg−1, far less than the commercialized LIBs. For example, the present lithium iron phosphate battery system has an average energy density between 150 and 180 Wh kg−1, and the ternary battery system has an average energy density even higher than 200 Wh kg−1. Considering that the metallic sodium renders a theoretical specific capacity of 1165 mA h g−1, much higher than the hard carbon anode (~300 mA h g−1) and other anodes, it is anticipated that SIBs with sodium metal anodes could boost energy densities comparable to those of commercialized LIBs [9].



In recent years, with the development and progress of electrolytes and their additives, interface modification technologies, etc., the dendrite problem caused by uneven Na deposition has been significantly alleviated [10,11]. This makes the high energy density sodium-metal batteries (SMBs) possible. To further achieve higher cell energy density, anode-free rechargeable sodium metal batteries (AFSMBs) have also been proposed. Figure 1a,b compares the traditional SIBs and AFSMBs; the difference between these two systems is that there is no additional anode in AFSMBs, whereas the sodium derived from the cathode part deposits on the current collector and acts as the anode. As a result, those conversion-type cathodes are ineligible for AFSMBs. In terms of cell assembly, all the steps are the same for both SIBs and AFSMBs, except that the anode side for the AFSMBs only uses the current collector. During cell operation, the AFSMB cell should be charged first to allow the Na+ deposition on the current collector. In this way, the energy density of the AFSMBs can even be over 200 Wh kg−1. Furthermore, the cell’s total weight can significantly decrease and its portability and safety during transportation are enhanced (Figure 1c). Figure 1d summarizes the cost of each component in SIBs, indicating that sodium-free construction could further lower the price of SIBs by roughly 16%. However, the design of an anode–free electrode leads to a higher overpotential for the deposition of sodium metal on the current collector, which aggravates the uneven metal deposition and the side reactions of the electrolytes. Thus, the active sodium metal is gradually depleted during cycling, which eventually leads to a short circuit of the cell. Since there is no excess sodium in the anode–free cell that can be utilized to compensate for dead sodium, the Coulombic efficiency (CE) of the plating/stripping process is particularly vital, which directly determines the cycle stability of the cell. Despite some advancements over the past several years in the engineering of electrolytes, solid–electrolyte interphase (SEI) layers, and current collectors for AFSMBs, the field has yet to witness a comprehensive review of the developments and cutting-edge technologies of AFSMBs [12].



Future research should focus on developing the electrolyte matching with the AFSMBs, stabilizing the electrochemical interfaces, and developing the appropriate sodium metal deposition current collectors to improve the performance of AFSMBs. However, there is still a lack of understanding and recognition of these aspects. In this review, we revisited the milestone achievements of AFSMBs, including: (i) the optimization of the electrolytes; (ii) the construction of an efficient SEI layer; and (iii) the modification of the current collectors to regulate sodium deposition. In the end, we put forward the challenges and future perspectives regarding the fabrication of AFSMBs.




2. State-of-the-Art Anode-Free Rechargeable Sodium Metal Batteries


2.1. The Optimization of Electrolytes


Electrolytes are carriers that transport charge carrier ions between two electrodes and affect the overall electrochemical reaction during the cycle, which is closely related to battery performance indicators such as cycling life, voltage, and power performances [13]. A good electrolyte for AFSMBs should have the following characteristics: (1) excellent chemical-electrical stability. The optimization of the electrolyte should first consider the corrosion reaction between the sodium metal/current collector with the electrolyte. If high-voltage cathode materials are applied, the electrochemical potential window of the electrolyte, especially the oxidation window, must be taken into account. Other necessary characteristics include: (2) high ionic conductivity and low electronic conductivity; (3) high average sodium plating/stripping CE; (4) good thermal stability; and (5) availability of a salt or solvent to form the SEI.



The commonly used electrolytes for SMBs are ester-based or ether-based. Common ester-based solvents include ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) [14]. Among them, EC and PC solvents are attractive organic solvents for SMBs due to their wide electrochemical potential window, large dielectric constant, and good chemical stability. Therefore, binary or ternary carbonate solvents containing EC or PC have attracted the attention of researchers in the application of electrolytes for SMBs. As shown in Figure 2a, EC: PC with Na+ presents the highest binding energy, enthalpy of solvation, and free energy of solvation compared with those of EC: DMC, EC: EMC, and EC: DEC, which demonstrates the suitable choice of binary solvents for SMBs [12]. Furthermore, NaPF6–based electrolytes have the merits of high thermal stability and low cost among various sodium salts. They can form an AlF3 passivation layer on the surface of Al foil to prevent current collector corrosion in electrolytes [15]. Therefore, NaPF6 salt may become the most suitable sodium salt for practical application in AFSMBs.



With the exception of pure solvents, additives have also been proven to affect the formation of the SEI layer, which is connected to the stability of the cell. Shenoy et al. first applied theoretical simulation to study the degradation mechanisms of ethylene carbonate (VC) and fluoroethylene carbonate (FEC) additives in EC solvent and the effect of FEC additives on SEI on the anode surface. Kumar et al. reported that the easy ring opening of the EC molecule will result in continuous SEI growth due to its high reduction potential [16]. The additive of FEC has significantly low barriers compared with EC, therefore, it decomposes prior to the EC. Additionally, the additive molecule increases the energy barrier of EC reduction, thus inhibiting the decomposition of EC. In addition, an additive molecule can regulate SEI components by affecting the reduction path of electrolytes and the preferential reduction state of electrolyte components, which contributes to the formation of a more stable SEI. Unfortunately, the metallic sodium anodes gradually corrode in the carbonate-based electrolytes, resulting in the inferior cycling performances of the AFSMBs [17]. Once the carbonate solvent is complexed with sodium ions, the solvent molecules exhibit a reduced LUMO value, thereby speeding up electrolyte decomposition and gas formation [18,19].



Ether-based electrolytes and ionic liquid electrolytes were suggested as solutions to the aforementioned issues. Ether–based electrolytes have a low viscosity and freezing point when compared with carbonate solvents [20]. Seh et al. first reported an electrolyte compromising NaPF6 and glymes (mono–, di–, and tetraglyme), which delivers highly reversible Na metal plating and stripping; there was an average CE up to 99.9% in a Na-Cu asymmetric cell after 300 cycles. Among the common ether-based solvents, such as 1,2-dimethoxyethane (DME), diethylene glycol dimethyl ether (DEGDME), and triethylene glycol dimethyl ether (TEGDME), the DME presents a relatively low viscosity and volatility. Another study that investigated the transport capabilities of DME and DEGDME solvent–based electrolytes similarly found that the DME–based electrolyte exhibits considerably higher ionic conductivity [21]. Furthermore, a low–impedance SEI could stabilize the metallic sodium when 1 M NaPF6 in diglyme electrolyte was applied, which indicates that the NaPF6 in diglyme electrolytes could be a potential electrolyte for AFSMBs. However, the failure of the cell is typically accelerated by extreme conditions, such as anode-less or anode-free operation, poor cathode material, electrolyte compatibility, and so on [22]. Very recently, Li et al. introduced a second salt of the 0.1 M NaBF4 into the 0.9 M NaPF6 in a diglyme electrolyte [23]. The novel electrolyte with B-containing species enables the formation of both robust SEI and cathode–electrolyte interphase (CEI). The DFT calculation results show that NaPF6 will decompose before NaBF4 at the anode side and NaBF4 will decompose before the NaPF6 at the cathode side due to the higher lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) energy levels of NaBF4 than those of NaPF6. The robust SEI can simplify the Na plating and stripping processes, inhibit the dead Na or Na dendrite accumulation, and prevent the side reactions between the electrolyte and metallic sodium. As shown by the initial charge/discharge profiles in Figure 2d, the AFSMB cell based on the bi-salts electrolyte exhibits the lowest nucleation overpotential and the highest discharge capacity compared with traditional SIBs, SMBs, and amorphous carbon–coated current collector-based anode–free cells. Furthermore, a 200 Wh kg−1 AFSMB was successfully launched with a layered oxide cathode and lean electrolyte. Moreover, the 260 stable cycles were achieved without the extra stack pressure under room temperature.
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Figure 2. Strategies for the optimization of electrolytes. (a) Comparison of the differences in the solvation energies of Na+ with commonly used pure and mixture solvents; [12] copyright 2015 American Chemical Society. (b) A representative AFSMB cell with the layered metal oxide serving as the cathode and the graphitic carbon–coated Al foil acting as the current collector with no Na content at the anode side. The 0.9 M NaPF6 and 0.1 M NaBF4 in diglyme is used as the electrolyte; (c) the calculated LUMO and HOMO values of the diglyme, NaPF6, and NaBF4 salts; (d) The initial discharge/charge profiles of Na-ion battery, Na metal battery, amorphous and graphitic carbon–coated current collector based anode–free cells at a current rate of 0.5 C [23]. Reproduced with the permission of ref. [23], copyright 2022 Springer Nature. 
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Despite the excellent reversibility for sodium plating/stripping enabled by ether-based electrolytes, the majority of ether-based solvents are unable to support the high-voltage charging process due to their inferior antioxidation properties [24]. To expand the potential window of ether–based electrolytes, strategies such as increasing the concentration of sodium salts [25], or using the zeolite molecular sieve film to regulate the solvation structure have been proven to be viable [26]. The concentration electrolyte has been widely regarded as an appropriate technique to solve the dendrite problem for Li/Na–metal batteries due to their distinctive solvation structures [27,28]. To reduce the cost from the salts, researchers induced an “inert” diluent into the highly concentrated electrolyte (denoted as localized high-concentrated electrolyte), which maintains the original solvation structure of cation–anion aggregates [29]. Such a method also works for sodium–metal batteries. For instance, a localized high–concentrated electrolyte, i.e., 2.1 M NaFSI with DME and bis(2,2,2–trifluoroethyl) ether (BTFE) (the molar ratio is 1:2) could enable a dendrite-free Na plating/stripping CE as high as 99% in the Na/Cu cell [25]. To further reach the high reversibility of Na plating/stripping processes while expanding the oxidative stability, Lu et al. rationally designed a beyond–concentrated electrolyte by a 3A zeolite molecular sieve film [26]. As shown in Figure 3a, a high-voltage AFSMB is built by coating a zeolite film on the Al current collector, where the free solvent in the pure diglyme-based electrolyte will be optimized through the zeolite channels. In this way, the electrolyte in the zeolite reaches a limited state where almost no free solvent exists in the electrolyte. As a result, the electrolyte enables an oxidative stability potential as high as 4.5 V (vs. Na/Na+) identified by the linear sweep cyclic voltammetry (LSV) test (Figure 3b). An extremely high average Na plating-stripping CE of 99.91 % is obtained after 320 cycles (current density: 1 mA cm−2, areal capacity of 1 mAh cm−2). In particular, a 73.1% capacity is still present after 250 cycles in an anode–free cell made up of a NaCu1/9Ni2/9Fe1/3Mn1/3O2 cathode and the zeolite-modified electrolyte (Figure 3c). The specific energy density of the 1 Ah level anode–free cylindrical cell with Na[Cu1/9Ni2/9Fe1/3Mn1/3]O2 as the cathode is up to 205 Wh kg−1, which is even higher than that of the commercialized LiFePO4-graphite LIBs (~180 Wh kg−1) and up to 60% higher than the cell with the hard carbon anodes (Figure 3d).



Ionic liquid has the characteristics of high conductivity, non-volatilization, non-flammability, and wide electrochemical potential window compared with other liquid electrolytes [30]. Ionic liquid electrolytes are therefore frequently employed as electrolytes in high-performance batteries [31]. Rahmat et al. first investigated the electrochemistry behaviors between sodium metal and ionic liquids, revealing that lithium and sodium have comparable thermodynamic electrochemical potentials [32]. This demonstrates that the SMBs could potentially reach a similar high voltage to that of LMBs when a suitable cathode is applied. Based on the above understanding, Sun et al. found that a chloroaluminate-based ionic liquid electrolyte (NaCl-buffered AlCl3/[EMIm]Cl) enables a full cell outputting a high voltage up to ~4 V, which comprises a sodium vanadium phosphate fluoride (NVPF) cathode and sodium metal anode [33]. Furthermore, this optimized electrolyte is non–flammable and highly conductive, delivering the full cell with a high CE of up to 99.9%. Although the authors did not apply it in an anode–free cell, the high CE also indicates that the electrolyte is a good candidate for AFSMBs. However, ionic liquid electrolytes do have certain drawbacks, including a high viscosity at room temperature, a high degree of hygroscopicity, and a somewhat costly price at the moment [34]. All of these pose significant obstacles to the industrialization of the use of ionic liquids [35].




2.2. The Construction of an Efficient SEI Layer


According to the previous discussion, low CE value and dendrite Na deposition are the two critical challenges faced by AFSMBs. These two problems are the results of the interface chemistries between electrolyte-sodium or metal-current collectors. Therefore, optimizing the interfacial chemistry plays a decisive role in solving the dendrite problem and improving CE [36,37]. The fabrication of a stable SEI for AFSMBs can be classified into in situ formed SEI and artificial SEI methods [38,39]. The in situ method is realized by controlling the electrolyte salts, additives, or solvents. In contrast, the artificial approach typically uses an artificial layer with strong mechanical strength and flexibility to prevent contact between the sodium metal and electrolyte. Additionally, the artificial SEI’s composition and structure can be regulated to meet specific needs. In the electrochemical reaction, the redox reactions are usually carried out within the electrochemical stability potential window (ESW) of the electrolyte. According to the frontier molecular orbital theory, the stability window is controlled by the LUMO and the HOMO [40,41]. Most electrolyte components, including solvents, salts, and additives, have a tendency to be reduced on the anode part during the Na plating process and create an SEI layer due to the low standard potential of the Na/Na+ (−2.76 V). Such a passivation film can block the continuous electrolyte reaction and increase the overpotential of electrolyte decomposition, leading to the expansion of the ESW of the electrolytes. Therefore, an understanding of the SEI composition and protection mechanism can help us to design a robust SEI layer for the AFSMBs.



The use of some additives, such as FEC, has been reported to enhance the cycling stability of the SMBs for a long time [42,43]. However, the chemical and morphological behavior of the SEI layer with the electrolyte was still unknown until the employment of cryogenic transmission electron microscopy (cryo–TEM) [44]. Cryo–TEM has been reported to be an inevitable tool to preserve the native state of sensitive materials and interphases while performing high-resolution imaging [45,46]. Han et al. reported via the cryo-TEM that in NaPF6 FEC–free EC: DMC-based electrolyte, the electrolyte tends to react with the Na metal due to the higher electron affinity of EC than DMC [44]. The compositions of formed SEI are rich in Na2CO3 and Na3PO4. During the following cycles, the Na2CO3 will decompose to CO2 and further damage the SEI layer. As a result, the deposited Na metal will be exposed to the electrolyte and further react with the electrolyte (Figure 4a–c). As a contract, the added FEC solvent will react with the sodium metal to form a thin layer of amorphous NaF in the NaPF6 FEC–free EC: DMC-based electrolyte system, which can anchor on the top of the initially formed Na3PO4 layer to a NaF-Na3PO4 multi–layer (Figure 4d–f). The Na/Na symmetric cell shows that the cell with the FEC additive maintains a 500 to 800 h cycling performance at the current density from 0.5 to 2 mA cm−2, whereas the cell without the FEC additive shows an instant increase of the overpotential only after 50 cycles at 0.5 mA cm−2 and a catastrophic cell failure at 2 mA cm−2.



Artificial SEI is an attractive solution to overcome the inherent shortcomings of the SEI layer [48]. Since the artificial SEI is constructed outside the battery, the composition, thickness, and mechanical properties of the interphase can be precisely designed. Furthermore, the morphology of the deposited sodium metal can be precisely controlled due to the tunable SEI layer [49,50]. According to the previous studies, the design of a stable artificial SEI should follow three principles: (i) it can effectively block the reaction between the electrolyte and sodium metal; (ii) it has good ionic conductivity, allowing smooth ion transportation including single ions; and (iii) it has good mechanical stability and can withstand repeated deposition and stripping processes of the sodium metal. At present, various inorganic– or organic–based artificial SEI have been reported for sodium metal batteries, including graphene [51], polyvinylidene fluoride (PVdF) [52], metal–organic framework materials [53], carbon nanotube paper [54], metal oxide layer, and some alloy-based artificial layers [55,56].



Unlike the SMBs with excess sodium metal, the artificial SEI for AFSMBs should be fabricated on the current collector. Therefore, an additional sodiophilic media is typically included in the protective layer. For instance, Zhang et al. reported that a composite SEI layer compromising the PVdF and Bi powder (referred to PB@Cu) can serve as an effective artificial protective layer for the AFSMBs [47]. The authors also demonstrated that Bi in the artificial SEI can alloy with the sodium to form Na3Bi during the first deposition process. Along with directing the sodium ion flux, the Na3Bi can help strengthen the mechanical properties of the film. In addition, the flexible PVdF can sustain the volume expansion during the sodium plating/stripping cycles as well as promote the formation of NaF–rich SEI. The following Na plating/stripping CE test shows that the cell with the PB@Cu optimized current collector outputs a high average CE of 99.92% after 2500 cycles. The cell with a bare Cu current collector, in contrast, is only capable of providing cycling performance for about 400 h. Moreover, the AFSMB cell with the Na3V2(PO4)3 cathode/PB@Cu exhibits 150 stable cycles.



Although numerous intriguing approaches such as artificial and in situ SEI have been proposed and show promising results, these methods still lack competitive results when a full cell is fabricated. In addition, the current work tends to apply ether–based electrolytes rather than ester–based electrolytes to build the in situ SEI layer, which inevitably sacrifices the electrochemical potential window of the electrolytes. Furthermore, researchers still lack a thorough understanding of the active components of the SEI for SMBs, and they take it for granted that the introduction of F into the electrolyte is indispensable. However, there have been several studies indicating that the development of fluorine–free electrolytes is beneficial for stable sodium metal deposition and stripping, as well as the subsequent formation of a stable SEI layer [57,58].




2.3. Modification of the Current Collectors to Regulate Sodium Deposition


As discussed in the electrolyte section, certain strategies for resolving the problems of continuous SEI growth have been developed, such as the introduction of ether-based electrolytes or concentrated electrolytes [59]. However, the issues concerning the interface between the sodium metal and the current collector, as well as the volume expansion of the deposited sodium metal still necessitate attention for the AFSMBs. During the sodium plating process, the current collector influences the initial nucleation conditions and the subsequent sodium deposition growth [60,61]. Therefore, the modification of the interface of the current collector helps to improve the morphology of metallic sodium deposition, while a 3D hierarchical host can alleviate metal volume expansion and allow rapid Na-ion flux [62]. The current collector engineering strategies can be divided into three categories, including: (i) constructing a sodiophilic interface on the current collector; (ii) designing a 3D hierarchical host; and (iii) fabricating a sodiophilic multi-alloy to guide Na deposition. In contrast to an insertion anode, an energetic sodium nucleation layer can minimize sodium loss and maximize cycle life [63]. It is critical to remember when designing the nucleation layer that the mass loading of the nucleation layer should not limit the battery’s capacity. In other words, the addition of the nucleation layer has no significant effect on the cell’s voltage and energy density.



To understand how the nucleation layer impacts sodium plating–stripping, Cohn et al. investigated four different nucleation layers for sodium plating, including non-graphitized carbons such as carbon black and hard carbon, and sodium–alloying metals such as bismuth and tin to guide the sodium metal deposition [63]. According to their sodium-ion storage properties (Figure 5a–d), the carbon black and the bismuth electrodes exhibited significantly lower capacities than those of hard carbon and tin. Figure 5e–h showed the plating–stripping profiles during 50 cycles performed on the corresponding four electrodes, where the differences in the starting and ending point after 50 cycles indicate the cumulative loss of charge. The findings show that for carbon black and bismuth electrodes, the predicted sodium plating-stripping CE can reach 99.9% and 99.85%, respectively. The authors demonstrate that the deposition of sodium metal in a high surface area/volume ratio nucleation layer, corresponding to a lower nucleation overpotential and a smaller nucleation size, leads to more serious electrolyte side reactions with deposited sodium metal. Subsequently, an anode-free cell was also evaluated by selecting carbon black on Al foil as the anode, 1 M NaPF6 in diglyme as the electrolyte, and Na3V2(PO4)3 as the cathode. The cell showed a capacity retention of 82.5% after 100 cycles and an average roundtrip energy efficiency above 98%.



Based on a comprehensive understanding of the relationship between the properties of the sodium nucleation layer and the plating–striping CE, researchers tend to explore various nucleation layers such as the nanocarbon nucleation layer formed on Al current collectors [64], metal–organic frameworks (MOF)-derived copper-carbon (Cu@C) composite [65], or graphitic carbon–coated current collectors [23]. For instance, a nanocarbon nucleation layer (conductive carbon black, TIMCAL Super C45)–coated Al current collector could simplify the sodium seeding process with a lower nucleation energy barrier (Figure 6a) [64]. Electrochemical analyses revealed that at a current density of 0.5 mA/cm−2 with loading up to 0.25 mAh/cm−2, a sodium plating/stripping CE of 99.8% on average over 1000 cycles was accomplished. Such a remarkable performance should be attributed to the high surface area of the porous carbon black, the oxygen-containing functional groups with active sp3 carbon sites. In terms of the nucleation layer affecting the morphology of sodium depositions, Li et al. argued that the initial Na nucleation on the current collector dictates the subsequent deposition processes [23]. They selected two distinct current collectors, respectively made of amorphous and graphitic carbon–coated aluminum foil (Figure 6b,c). While the Na‖GC cell displays both sloping and plateau areas with minimal initial capacity loss, the Na‖AC cell exhibits a sloping characteristic with a substantial initial capacity loss. Moreover, it can be shown from the over-discharge profiles that the Na‖GC cell undergoes a smaller sodium metal nucleation overpotential than that of the Na‖GC cell, which could be advantageous for the Na deposition on the sodiophilic and ordered carbon surface. In addition to the carbon-based nucleation layer, the MOF-derived nanocomposites also showed effectiveness in guiding sodium deposition. Very recently, Li et al. reported that a novel metal-organic frameworks–derived Cu@C composite can be a reliable sodiophilic layer for sodium metal deposition [65]. The findings showed that the carbon structure with a large surface area could accommodate the sodium’s overall volumetric expansion during repeated plating/stripping procedures. Compared with the bare Cu or Al current collector, such a modified sodiophilic current collector effectively decreases the nucleation barrier, thus leading to excellent performances (Figure 6d). In the Na‖Cu–Cu@C asymmetric cell at 0.5 mA cm−2 and 1 mA h cm−2, nearly 1600 h (average CE of 99.9%) and 1200 h (average CE of 99.8%) cycling life was achieved, significantly superior to that of the bare Na‖Cu cell.



Another strategy to optimize the current collector is to construct a 3D hierarchical host for the sodium metal anode. In order to address the dendritic concerns in metal batteries, 3D current collectors have been widely used. The porous structure and sodiophilicity are two key parameters that affect the performances of the 3D current collectors. The sand’s time τ describes the time when sodium dendrite begins to grow, which can be expressed by sand’s equation [66]:


  τ = π D    (    e    C 0    2 J    )   2     (     μ a  +  μ c     μ a     )   2   








where D is the ambipolar diffusion coefficient, e is 1.60217662 × 10−19 C, J is the Faradaic current density, C0 is the initial sodium-ion concentration, and μa and μc represent the anion and cation mobility, respectively. According to sand’s equation, the local Faradaic current density decreases because the high porosity current collectors disperse the charge due to their large surface areas. As a result, the formation rate of the sodium dendrites will be slowed down. In addition, the 3D porous structure also reduces the volume expansion of the plated sodium metal [67]. Considering the energy density and mechanical properties of the battery, the density of the current collectors should be light and should have excellent mechanical properties [68]. In terms of the constructing methods for 3D current collectors, many similar methods have been reported on LMBs, including template methods, electrostatic spinning, dealloying methods, and 3D printing. There are different kinds of structures that have been reported, such as gradient structure, Janus structure, foam, interweaved structure, and array structure [69,70,71,72,73].



Wang et al. reported a lightweight 3D carbon current collector derived from a fungi–assisted biosynthetic approach [74]. One advantage of carbon–based current collectors compared with metallic current collectors is their light weight. As illustrated in Figure 7a, the authors first inoculated basswood with fungi and selectively etched large lignin skeletons through the oxidation reaction of hydroxyl radicals produced by fungi using the Fenton chemistry reaction [75]. This fungus–treated basswood (FBW) can be converted into a self-supporting carbon electrode (FBWC) with a short–range ordered graphite structure after thermal treatment. More importantly, the prepared carbon current collector has vertically aligned channels and high porosity, leading to a decreased local density and uniform sodium deposition. The sodium/FBWC asymmetric cell exhibits a stable sodium plating/stripping for more than 4500 h at a high area capacity up to 10 mAh cm−2 and a high average CE of 99.5%. Although the authors did not show the full cell performance, this work shed light on the interesting idea of biomass–derived carbon materials as 3D current collectors for AFSMBs.



Except for constructing a pure 3D current collector, some sodiophilic metal nanoparticles such as Au, Ag, and Sn have also been introduced to guide the initial sodium nucleation [77,78,79,80,81]. For instance, the 3D PC–CFe nanoparticles were selected as a highly reversible host for AFMBs [76]. As shown in Figure 7b, the PC–CFe host is fabricated by the carbonization of super–cross-linked colloidal particles of nanostructured block copolymers (BCPs), during which Fe-metal precursors are reduced to ultra-thin carbon-coated Fe nanoparticles (NPs). The synthesized PC–CFe host presents ordered open channels with a diameter of ~23 nm. Such a unique 3D hierarchical structure is beneficial for the initial Na nucleation within the open channels, leading to an even Na+ flux and the final smooth Na deposition. Na plating/stripping cycle tests showcased that the Na plating/striping was able to last for 1500 cycles (6000 h, 2 mAh cm−2) with a CE of 99.9% and 1200 cycles (4800 h, 8 mAh cm−2) with a CE of 99.8%, respectively. The anode–free full cells with a high mass loading of Na3V2(PO4)3 cathode (~10 mg cm−2) maintain a 97% capacity retention after 100 cycles.



Regarding the method of fabricating a sodiophilic multi-alloy to guide Na deposition, it has been widely accepted that alloying strategies enable the homogenous distribution of sodiophilic sites. Various alloying strategies have been employed, such as Na–Sn, Na–Au, Na–In, and Na–Sb [47,77,82,83]. Liu et al. proposed that zinc (Zn) foil could be directly used as the current collector to load deposited sodium metal [84]. As illustrated in Figure 8a, a sodiophilic alloy of NaZn13 formed on the top of the zinc foil after the initial Na deposition. The results show that the nanoscale NaZn13 interface can significantly reduce the deposition overpotential of sodium metal and induce uniform and dense deposition of Na, thus improving the cycling stability and average CE of the Na metal anode. Furthermore, the nucleation overpotential profiles show that Zn foil stands out in Al, Fe, Mg, Ti, and Cu foils, indicating excellent sodiophilicity with sodium (Figure 8b). Although this work constructs a promising sodiophilic alloy, their following cycling performance is still unsatisfactory. There are two unresolved issues. One is the initially formed sodiophilic alloy cannot maintain its structure upon cycling; the volume expansion would result in the detachment from the current collector [85]. In addition, the exposure of the alloy in the electrolyte does not solve the problem of the side reaction between the electrolyte and anode [86]. Guided by theoretical simulations and real-time phase evolution, Bai et al. designed a series of mechanically flexible and ultralight medium/high–entropy alloys within the carbon nanotubes framework, i.e., Cu2NiZn@CNT, FeCoNiZn@CNT, and FeCoNiAlZn@CNT, acting as the sodium deposition current collectors (Figure 8c) [87]. Among them, the Cu2NiZn@CNT current collector shows the lowest sodium deposition overpotential. As illustrated in Figure 6c, during the sodiumization process, the sodiophilic Zn atoms are extracted from the cubic Cu2NiZn and anchored on Na+ to form the NaZn13 alloy. The NaZn13 alloy migrates according to the concentration gradient. The uniform distribution and diffusion of sodiophilic sites inside CNTs can theoretically maximize the Na affinity of CNT scaffolds while avoiding particle agglomeration, volume expansion, and direct contact corrosion with electrolytes.





3. Summary and Perspective


In this review, we summarized the signs of progress of AFSMBs, focusing on the optimization strategies of the electrolytes, interfaces, and current collectors. Figure 9 summarizes the objectives of this review article, which also presents the current strategies concerning electrolyte chemistry, SEI, and current collectors. In the electrolyte section, we comprehensively compared the development of ester–based or ether-based electrolytes. It is important to note that pure carbonate solvents tend to react with sodium metal. As a result, when using ester–based electrolytes in AFSMBs, film-forming chemicals are required to stabilize the pure carbonate solvents. In particular, the sodium-based electrolytes can benefit from the PC’s high permittivity and reduced melting and higher boiling points, while boosting SEI growth with minimal amounts of cosolvents or additives. This is beneficial to the development of electrolytes with comprehensive performances. In addition, the corrosion reaction of the fluorinated solvents, salts, and additive electrolytes with sodium metal anodes has sparked renewed interest in non–corrosive electrolytes for AFSMBs. An alternative option is to utilize an ether–based electrolyte or an ionic liquid electrolyte. We also emphasized that the ether-based electrolyte design should consider the electrolyte potential window, especially for those high-voltage cathodes. Strategies such as concentrated electrolytes or localized concentrated electrolytes are options for addressing this concern. Ionic liquid electrolytes have also been widely used for SMBs. However, there are currently few relevant references reported for AFSMBs. In the future, strategies on the electrolytes for AFSMBs may be divided into three major categories: (i) the development of novel ether–based electrolytes; (ii) quantifying the capacity loss mechanism of the inactive sodium metal; and (iii) paying special attention to the electrolyte operating temperature.



The nature of SEIs in AFSMBs were also introduced in terms of the in situ formed SEI and the artificial SEI. We mentioned that the SEI layer can be designed by regulating the sodium salts, additives, solvents, and concentration of the electrolytes. The carbonate electrolyte tends to react with the sodium metal, so we should particularly pay attention to this when selecting the carbonate solvents. Some additives are strongly recommended for the formation of a passivation film to protect the deposited sodium metal. Because of their adjustable physical and chemical components, artificial SEI layers are also of great concern. Given the lack of sodium metal on the anode side, sodiophilic sites should be incorporated into the design of the artificial SEI layer. Other fundamental principles in designing the artificial SEI for AFSMBs are likewise summarized into three points in our context. An important point that has not yet been addressed is that researchers need to reconsider the fundamental differences between constructing artificial SEI layers on a current collector and on a sodium metal anode or hard carbon anode. In particular, SEI stability in the AFSMBs necessitates special consideration. It should be noted that ongoing research on the SEI layer is still relevant. There is still a long way to go in understanding the formation mechanism, structure, and composition of SEIs in AFSMBs. To trace the SEI in their native states to overcome the limitations of the ex situ techniques, more in situ characterization methods, particularly for electron microscopy and spectroscopy, are highly suggested to investigate the formation mechanism during cell operation. In addition, some nondestructive technologies could be powerful tools for operando dynamic visualizations, including cryo–TEM, differential electrochemical mass spectrometry (DEMS), electrochemical quartz crystal microbalance (EQCM), and in situ Raman spectroscopy.



Finally, we reviewed the state-of-the-art current collectors for AFSMBs, which were summarized in three directions, including introducing a sodiophilic interface on the current collector, designing a 3D current collector, and constructing a sodiophilic multi-alloy as a novel current collector. In this section, we emphasized the crucial role of initial nucleation on the morphology and plating/stripping stability of the sodium metal deposition. By comparing the several carbon–based layers and the sodiophilic layers, we demonstrated the merits of the non–graphite carbon and sodiophilic metal for optimizing the current collectors. Furthermore, the light weight of the carbon-based current collectors can significantly decrease the overall weight of the cell, thus maximizing the energy density. Further work related to the current collector is highly suggested to elucidate the relationship between the physical/chemical properties of the nucleation layer and Na deposition behaviors. For instance, how might surface chemistry, pore size, and defects influence nucleation and subsequent plating/stripping behaviors?



Although the anode-free design can significantly reduce the side reactions or safety risks associated with transportation and corrosion of sodium metal anodes during calendar aging, it does not completely eliminate the safety considerations during Na transport through separators and deposition onto collectors. As we all know, the dendrite growth inevitably leads to the destruction of the separators and ultimately results in the short circuit of the cell. Therefore, some factors should be considered, including: (1) the mechanical strength of the separators. For instance, a flexible film can withstand the attack of sodium dendrites. Another factor is to (2) regulate the ideal state for storage/shipping of AFSMBs. It has been reported that the ultimate safety condition for a rechargeable sodium battery system is at 0 V or zero energy. The third factor is (3) the choice of a fire-extinguishing current collector.



We believe that combining electrolyte, interface, and current collector strategies will eventually bring us closer to high energy and long–life AFSMBs for energy storage systems or power batteries. The strategies proposed in the present work, such as electrolyte optimization, interfacial chemistry engineering, and current collector modification, are also expected to be referenced by other anode-free rechargeable batteries such as Li, Mg, and Al batteries.
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Figure 1. Schematic diagram of the structure of the two batteries: (a) Traditional sodium–ion batteries; (b) Anode–free Sodium-metal Batteries (AFSMBs); (c) Multi–angle comparison of the SIBs and AFSMBs with crucial indicators of energy density, weight, safety, cycling life, and price; (d) Percentages of the cost of each component in SIBs, which indicates that the 16% from the anode parts can be saved in AFSMBs. 
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Figure 3. The high-voltage AFSMBs and the corresponding performances. (a) The high-voltage AFSMBs constructed by the high-voltage cathode and the zeolite-optimized electrolyte; (b) the oxidative stability test by the LSV with a generally used cut–off voltage at 4.5 V. The compared electrolytes are pristine 1 M NaPF6–G2 electrolytes and 3A zeolite–modified electrolyte; (c) the cycling performances of the Na3V2(PO4)2F3/Al and NNCFM/Al cells; (d) the comparison of the energy density with different Na excessive cells, traditional LIBs, and the AFSMBs [26]. Reproduced with the permission of ref. [26], copyright 2022 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 4. Initial SEI formation and the models after 10 cycles in the electrolyte of (a–c) NaPF6 FEC–free EC: DMC–based electrolyte, (d–f) NaPF6 EC: DMC–based electrolyte with FEC additive [44]; with permission from Springer Nature, copyright 2021. (g) PVdF and Bi powder (named PB@Cu)–coated Cu foil and the repeated Na plating/stripping processes; (h) the following Na plating/stripping test at a current density of 1 mA cm−2 and area capacity of 2 mAh cm−2 [47]. Reproduced with the permission of ref. [47] Elsevier, copyright 2022. 
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Figure 5. Electrochemical charge/discharge profiles of the (a) carbon black, (b) hard carbon, (c) bismuth (Bi), and (d) tin (Sn) electrodes with a current rate of 0.1 A g−1. Slippage profiles of the Na plating/stripping on the four different nucleation layers over 50 cycles at a current density of 0.5 mA cm−2: (e) carbon black, (f) hard carbon, (g) Bi, (h) Sn [63]. Reproduced with the permission of ref. [63] Royal Society of Chemistry, copyright 2018. 
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Figure 6. Schematic illustrations of the (a) anode–free cell compromising carbon-coated Al current collector loading with in situ plated Na metal as the anode and Pyrite cathode [64]; copyright 2017 American Chemical Society. The Na deposition on (b) amorphous carbon (AC) and (c) graphitic carbon (GC): the grey strips stand for the deposited sodium on the carbon, where uneven and large cracks of Na layers formed on the AC, whereas uniform, small cracks of Na layer formed on the GC [23]; with permission from Springer Nature, copyright 2022. (d) Na deposition on bare Cu or Al foils and MOF–derived copper-carbon (Cu@C) composite [65]. Reproduced with the permission of ref. [66], copyright 2022 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 7. Schematic illustration of the fabrication processes of the (a) 3D carbon current collector [74]; copyright 2021 American Chemical Society; (b) 3D nanostructured porous carbon particle containing carbon–shell-coated Fe nanoparticles (PC–CFe) and the following nucleation and Na growth process [76]. Reproduced with the permission of ref. [77], copyright 2022 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 8. Illustration of the strategies for constructing sodiophilic alloys. (a) Schematic diagram of the Na deposition behavior at first and the subsequent cycles on the bare Cu foil and Zn foil; (b) the sodium deposition voltage profiles on the different current collectors at current density of 1.0 mA cm−2 [84]; copyright 2022, IOP Publishing. (c) Illustration of the Na deposition mechanism within the Cu2NiZn@CNT substrate [87]. Reproduced with the permission of ref. [87], Royal Society of Chemistry, copyright 2022. 
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Figure 9. Summary of the current strategies concerning electrolyte chemistry, SEI, and current collectors. 
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