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Abstract: 

The past decade has witnessed a rapidly growing interest towards sodium ion battery (SIB) 

for large-scale energy storage in view of the abundance and easy accessibility of sodium 

resources. Key to addressing the remaining challenges and setbacks and to translate lab science 

into commercializable products is the development of high-performance anode materials. 

Anode materials featuring combined conversion and alloying mechanisms are one of the most 

attractive candidates, due to their high theoretical capacities and relatively low working 

voltages. In this review, the current understanding of sodium-storage mechanisms in 

conversion-alloying anode materials is presented. The challenges faced by these materials in 

SIBs, and the corresponding improvement strategies, are comprehensively discussed in 

correlation with the resulting electrochemical behavior. Finally, with the guidance and 

perspectives in this review, we create a roadmap towards the development of advanced 

conversion-alloying materials for commercializable SIBs. 
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1. Introduction 

The rapidly growing demand in energy due to modern industrialization and population 

growth is one of the greatest challenges of the 21st century. A global concern over 

environmental pollution and continuous consumption of non-renewable fossil fuels prompts the 

urgent exploitation of green and sustainable alternatives, such as solar, wind, and tidal energy.[1] 

Energy storage through rechargeable batteries has been proven as an efficient way to maximise 

the usage of energy, which are highly versatile, cost-effective and environmentally friendly.[2] 

Lithium-ion batteries (LIBs), commercialized by SONY in 1991, have played critical role to 

popularize the portable electronics and the rise of transport electrification due to their high 

energy density and long cycling lifetime.[3-5] However, the raw ingredient in LIBs, lithium, is 

unevenly distributed in the world (~40% in South America) and naturally insufficient in the 

Earth’s crust (0.0017 wt%), which has led to the price upsurge under the concern that the 

inadequate lithium supply might be unbale to match the ever-increasing demand. Therefore, 

there is a timing request to explore other battery technologies to ease the dependency on lithium.       

Sodium shares similar chemistry to lithium, while it is extremely abundant and widely 

distributed in the earth. Sodium-ion battery (SIB) has been recently identified as an emerging 

technology to supplement, even replace LIBs, especially in the applications of large-scale 

energy storage.[6-8] The price of sodium salt, i.e., the raw materials for electrode fabrication 

(Na2CO3), is much lower compared with that of Li2CO3 (about 0.5 versus $17.0 kg-1 for Na2CO3 

and Li2CO3 respectively).[9] Furthermore, Al foil  can be employed as the current collector at 

the anode side for SIBs instead of Cu foil used in LIBs owing to the lack of sodium-aluminum 

alloy. This will not only further cut down the cost of SIBs but also reduce the weight of the 

complete battery. The large Na+ (102 pm), relative to Li+ (76 pm), is counterbalanced by a lower 

solvation energy in polar solvents, lower diffusion activation energy and increased mobility in 

electrolytes. These properties likely to enhance the SIBs’ rate performance via promoting the 

charge transfer kinetics at the electrolyte interface. [10,11] However, it should be noted that the 
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larger atomic mass and higher standard reduction potential of sodium compared to those of 

lithium result in SIBs intrinsically providing lower energy density. Nonetheless, SIBs still 

exhibit a considerable potential for large-scale energy storage systems, where cost and lifetime 

are crucial considerations. 

At the current stage of development, the storage energy cost-effectiveness remains at the 

favor of LIBs ($0.11 Wh-1), versus $0.14 Wh-1 for SIBs as revealed in a recent cost analysis, 

which might decrease with the develpment of SIB production scale. [12] This is mostly caused 

by the lower energy density in SIBs due to the inferior electrochemical performance of 

electrodes, compared to that in LIBs. Therefore, exploring advanced electrode materials is 

critical to improve the energy density and reduce the cost, which is essential to render SIB 

competitive on the global battery market. A substantial effort has enabled advancing the 

properties of the cathode side for sodium storage. Layered metal oxides, Prussian blue 

analogues, and poly-anionic compounds were identified as high performers in this context.[13-

15] The limiting factor for an eventual breakthrough is the performance of anode materials. This 

should include a high and reversible capacity, low operating potential, and excellent structural 

stability. Sodiation/de-sodiation of conventional carbonaceous anodes relies heavily on the 

intercalation/de-intercalation process, in which Na+ occupies interstitial sites of the host lattice. 

Intercalation mechanism has the advantage of preserving the host structure; however, the 

allowed number of stored Na+ limits the capacity.[16-18] Promising candidates providing high 

electrochemical performance in terms of delivered capacity belong to the family of materials 

employing a beyond-intercalation storage mechanism, such as a conversion-alloying (CA) 

reaction, which undergoes phase transition accompanied multiple electron redox processes.[19-

21] Over the years, growing research efforts have been devoted to developing and designing 

advanced CA anode materials for sodium storage, yielding significant fruits in improving 

sodium storage performance. 
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In this review, we comprehensively summarize the state-of-the-art of CA anode materials for 

SIBs (Figure 1), by generating a complete structure-property framework for the CA anodes. 

We also share some perspectives on bringing the in-lab CA anode technologies to 

commercializable SIBs: What are the challenges ahead for this type of anode and what are the 

routes to follow to achieve their full potential? This review attempts to give the responses to 

these questions by (i) elaborating the sodium storage mechanism of the CA reaction, (ii) 

shedding light on the roots of those challenges discussed in this article, and (iii) depicting a 

roadmap of current strategies that are applied for the structural and architectural optimization 

of the CA anodes. Finally, the possible directions and avenues are proposed for the future 

development of CA anodes for high- performance SIBs, with the hopes of bringing this family 

of electrode materials closer to the commercial implementation. 

2. Sodium Storage Mechanisms: From Intercalation, Conversion, Alloying to the CA 

Reaction 

Anode materials for SIBs can be mainly classified into four categories in terms of their 

storage mechanisms: intercalation, conversion, alloying and the conversion-alloying. 

Intercalation reaction mechanism refers to the uptake of sodium ions inside the crystal 

structure without any severe irreversible deterioration of the crystalline parameters such as 

crystal phase, unit cell volume, and bond distances. Carbon-based anodes are the most 

extensively studied intercalation-type material for sodium storage due to their low cost and 

excellent chemical stability. Interestingly, the widespread LIBs’ commercial graphite, which 

delivers a capacity exceeding 300 mAh g-1 by forming LiC6, is electrochemically inactive for 

SIBs in common ester-based electrolyte system.[22] This behavior was attributed to the 

crystalline mismatch between graphite lattice and Na+. Hard carbon is commonly proposed as 

an alternative and reference material as it delivers a capacity of ~300 mA h g-1 towards sodium 

storage.[23] However, hard carbon hosts less sodium than lithium in graphite per mass/volume 

and features a low density, which increases the need for the cost of coupled cell materials, 
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especially for the electrolyte. Besides, some titanium oxide-based materials, such as TiO2, 

Li4Ti5O12, and Na2Ti3O7, have also demonstrated reversible sodium intercalation.[24-26] The 

typical layered-structure Na2Ti3O7 exhibits a capacity reaching 200 mA h g-1 by taking up two 

sodium ions per unit formula. Nevertheless, these intercalation-type anodes feature an 

intrinsically limited energy density.[26] 

Relative to intercalation, the conversion reaction delivers high theoretical capacities owing 

to the multiple electron reaction during charge and discharge. Conversion-type materials 

undergo phase transition during the uptake and extraction of Na+, accompanied by the breaking 

and formation of bonds. In general, the conversion reactions with Na+ can be written as follows: 

    𝑀𝑎𝑋𝑏 + (𝑏 ∙ 𝑛)𝑁𝑎+ + (𝑏 ∙ 𝑛)𝑒− ↔ 𝑎𝑀 + 𝑏𝑁𝑎𝑛𝑋                                      (1) 

Where M denotes a transition metal, X represents the anionic species, and n is the formal 

oxidation state of X. For conversion reaction, the complete reduction of the transition metal to 

metallic state results in two or three times higher theoretical capacities compared with 

intercalation-type materials. For example, FeS2 as a typical conversion-type anode can be 

completely reduced by Na+ to form Na2S and metallic Fe during the sodiation process, showing 

a high theoretical capacity of 894 mA h g-1.[27] Additionally, the electrochemical potential of 

the conversion-type anode can be tuned through combining different anionic species (X) and 

the transition metal cations (M), which can efficiently meet the safety demand of SIBs. 

Transition metal oxides, sulfides, selenides, and phosphides are representative conversion-

based anode materials, which are widely explored for sodium storage.[28] However, the 

conversion reaction toward sodium always suffers from high voltage hysteresis, large volume 

change, sluggish reaction kinetics, and undesirable electrolyte decomposition, leading to low 

energy storage efficiency, poor cycling stability, inferior rate performance, and low initial 

Coulombic efficiency, respectively. 

Alloying-type materials, such as tin (Sn), antimony (Sb), and red phosphorus (RP), can form 

binary alloys with sodium, offering a high theoretical capacity as a result of the multiple 
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electron exchange. But these anode materials are accompanied by severe structural changes 

during cycling. Sn and RP are the most investigated alloying-type anodes with theoretical 

capacities of 847 and 2596 mA h g-1, respectively.[29-32] Unfortunately, bulk Sn and RP exhibit 

a rapid capacity fading on cycling due to the huge volume expansion, ~420% for Sn and 440% 

for RP during sodiation. Moreover, the freshly exposed electrode material induced by the huge 

volume change during every alloying cycle infers the continuous electrolyte reduction, causing 

detrimental effects on the overall Coulombic efficiency. Additionally, the sluggish alloying 

kinetics brings about a poor rate capability. 

Nanostructured design and carbon coating have been demonstrated to be effective in 

optimizing reaction kinetics and enhancing the physical integrity of conversion-type and 

alloying-type electrodes to some extent in SIBs.[33-35] In fact, referring to the estimation of 

Badway et al. for LIBs, conversion-type anodes may become competitive with graphite for 

energy density only if they supply specific capacities more than 1000 mA h g-1 and react with 

lithium at voltages lower than 0.6 V supposing an initial Coulombic efficiency of ~75%.[36] 

Similarly, conversion-type anodes for SIBs should meet a threshold to compete energy-density-

wise with hard carbon. Moreover, from the perspective of the battery safety, it would be highly 

recommended to substitute hard carbon with alternative anode materials, storing sodium ions 

at comparatively higher potential. Besides of the above-mentioned challenges, most 

conversion-type materials also unfortunately deliver specific capacities lower than 1000 mA h 

g-1 at average potentials exceeding 0.6 V. FeS2 or Co3O4, for instance, provide theoretical 

specific capacities of about 894 and 890 mA h g-1 at average de-sodiation voltages of ~1.6 V 

and 1.9 V, respectively. Therefore, it is mandatory to further enhance the capacity and decrease 

the operating voltage range, to realize the commercial feasibility of such anodes. Hints from 

the alloying reaction mechanism show that the replacement of the electrochemically inactive 

transition metal by an element based on group IV A and V A which can reversibly form an 

alloy with sodium is an appealing approach to address these issues. Besides the increased 
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number of sodium ions stored per formula unit, such alloying elements generally react with 

sodium ions at significantly lower voltages, potentially leading to a lower overall reaction 

voltage.[37] Since these materials correspondingly combine two sodium storage mechanisms in 

one single compound, we will refer to them as conversion-alloying (CA) materials hereafter. 

The CA concept opens up new strategy for the advance of innovative and high-performance 

anode materials, thus representing an encouraging class of compounds for the next generation 

SIBs. The typical CA anode materials mainly include Sn-, Sb-, Ge-, Bi-based materials. These 

materials provide the possibility to reach higher specific capacities while reducing the average 

working potential of conversion anodes. In general, conversion reaction takes place prior to the 

alloying reaction, and lead to the formation of metal nanoparticles within a NanX (X=O, S, Se, 

P) matrix. This offers a favorable spatial fine distribution of the alloying element, and the NanX 

matrix accommodates the huge volume variations and inhibits the particle agglomeration during 

alloying reaction. The ion-conducting NanX matrix and electron-conducting metallic 

nanoparticle secure a bi-continuous conductive network, which is beneficial for the 

electron/Na+ transport and reversibility of the conversion reactions. Nevertheless, since both 

conversion and alloying come with significant volume change and structural rearrangement, the 

eventual electrochemical performance and the reversibility of the (de-)sodiation process are still 

highly dependent on the electrode architecture. Thus, it is not surprising that the development 

of nanotechnology and the continuously increasing attention in such materials has recently 

brought about great improvements concerning their sodium storage properties.[38-40] 

In view of the CA reaction mechanism, we shortlist the updated progresses based on a 

practically standard cell model (Figure S1) and compare their theoretically achievable 

volumetric and gravimetric energy densities (Figure 2), demonstrating substantial potential for 

the commercialization of SIBs. For example, when the typical CA anode SnS2 are used, 

NaMnO2, Na2Fe[Fe(CN)6], Na3V2(PO4)2F3, CuF2, Na2Fe2(SO4)3, and V2O5 cathode based 

batteries exhibit the theoretical volumetric energy densities of 1252, 1214, 965, 1843, 827, and 
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1090 W h L-1, respectively. The corresponding theoretical gravimetric energy densities are 404, 

437, 378, 327, and 389 W h kg-1, respectively, which all outperform the properties of hard 

carbon anode-based batteries. 

3. Challenges Faced by CA Anode Materials in SIBs 

The above section has outlined several promising possibilities of CA anodes in SIBs. It is 

especially impressive that the enhancement in specific capacity can be realized at comparatively 

low reaction potential with sodium ions. In terms of other crucial aspects to evaluate the sodium 

storage performance of CA anodes, their cycling stability, rate capability and efficiency still lag 

behind the LIBs counterparts. In the following section, some of the major challenges confronted 

by CA anodes are discussed to offer an overview of the obstacles that need to be settled before 

making them more commercially viable (Figure 3).[41-47] 

3.1. Limited energy density/power density and durability 

Although CA anodes deliver high theoretical capacities for sodium storage, the practical 

reversible capacities are far below their theoretical ones, or their LIBs counterparts. The 

incomplete sodiation of electrodes and poor reaction reversibility lead to the limited energy 

density. Furthermore, an inferior power density results from a sluggish kinetics attributed to the 

low electronic conductivity of electrodes and high diffusion barrier of the large Na+. The cyclic 

instability is also an intractable challenge for CA materials toward commercial applications. 

Despite the considerable efforts to identify the sources of capacity fading, only a few cases have 

exhibited a good capacity retention after hundreds of cycles. The origins for inferior cycling 

stability are complicated, and could be envisaged according to the following two aspects. 

Firstly, the severe volume change during cycling contributes massively to the poor cycle life 

of the CA electrode materials in SIBs. The large amount of Na+ involved in the conversion and 

alloying reaction is inevitably accompanied by drastic volume cycle performance via the 

pulverization of the active electrode material, the collapse of the initially optimized architecture, 

and the loss of the electrochemical active component. Another major impact is associated by 
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the deprivation of the electrical contact between the individual active particles as well as 

between the active material and the current collectors. As a consequence, a fraction of active 

material becomes electrochemically inaccessible for energy storage. The deterioration of the 

solid electrolyte interface (SEI) layer could be attributed to the severe volume change. The 

stress generated in the CA electrodes during sodiation/de-sodiation far beyond the durability 

limit of SEI, which damages the electrodes with multiple subsequent adversities. The 

continuous breakdown and formation of new SEI film deplete the electrolyte and Na+, causing 

a decline in the battery performance. Additionally, the SEI-thickening increases the Na+ 

diffusion barrier, limiting the ion transport through the interface. In general, large volume 

change plays a considerably harmful role in cycling stability for CA anodes. Developing 

powerful strategies to alleviate the impact of the volume expansion is essential to advance the 

CA materials implementation. The unfavorable volume change effects could be counteracted 

through an effective electrode design, flexible and/or strongly cohesive binders, toughly 

fastening of conductive additives, and adjusting electrolytes to offer thin, tough, and flexible 

SEI layers during cycling. In this regard, the use of specially shaped particles of active materials 

(such as particles with internal voids) and particles coated with thin polymers and/or ceramic 

layers are also effective. 

Secondly, the coarsening of the L0 (Sn0, Sb0, Bi0, Ge0) nanoparticles during sodiation/de-

sodiation is another critical factor constraining the cycling stability of CA anodes. Ideally, the 

generated L0 nanoparticles should be ultra-small, uniformly distributed, and generate an 

electronic conductive network. However, the surface energy reduction drives inevitably 

towards crystallization and aggregation.[48] The resulted coarsened particles easily cause 

ineffective electrochemical reactivities, leading to a reduced conversion reversibility and the 

formation of dead L0 in cycled LaXb electrodes.[49] In addition, NanX particles aggregate and 

form thicker insulating layer around Y0 nanoparticles, which dramatically reduce the electronic 

conductivity of cycled LaXb electrodes and hinder the electron transport into the internal L0 
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particles, thus degrading the reversibility of alloying reaction.[50, 51] Generally, large L0 particles 

neither completely convert back to LaXb during the de-sodiation nor completely alloy with Na 

to form NazY during the sodiation. This leads to the occurrence of dead L0 with a rapid 

degradation of the sodium storage capacity. Thus, it is of vital importance to suppress 

coarsening of the L0 phase during cycling to achieve a robust cyclic stability. 

3.2. Large voltage hysteresis 

While high capacity is achieved by the CA reaction, voltage hysteresis seriously hinders the 

practical implementation. Voltage hysteresis during charge and discharge lowers the round-trip 

energy efficiency with a consequent heat generation, and therefore, it is a phenomenon to be 

avoided in most battery systems. CA anodes generally exhibit voltage hysteresis exceeding 0.5 

V towards sodium storage, which is unacceptable for commercial applications. Neither 

intelligent electrode architecture, nor carbon-enhanced electronic conductivity has resulted in a 

significant reduction of the voltage hysteresis.[41, 52-54] The origin of the voltage hysteresis in 

Na-CA anodes was addressed by focusing on the conversion reaction and alloying steps 

respectively. 

Researchers have attempted to theoretically explain the origin of voltage hysteresis from the 

perspectives of thermodynamics and kinetics.[51, 55, 56] From the thermodynamics point of view, 

conversion reaction entails the redistribution of multiple species. Apart from the 

electrochemically-driven migration of Na+, metal cations and anions are also displaced in 

response to the inherent thermodynamic driving forces.[55, 57] The mismatch in ionic diffusivity 

among the various species and the deficiency of a thermodynamic driving force to rearrange 

metal cations may result in asymmetric reaction paths (different equilibrium potentials), leading 

to a large voltage hysteresis.[58] Sodium ions diffuse into MaXb during sodiation while metal 

cations diffuse into NanX on de-sodiation. These paths witness a contrasting characteristics as 

the mobility of Na+ is substantially higher than that of transition metal cations, and lead to the 

phase difference in the NaαMX1-β series.[59, 60] Consequently, voltages along the discharge 
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pathway differ from the voltages along the charge pathway regardless of current values. The 

sluggish conversion kinetics plays a critical role in the large voltage hysteresis. According to 

the study reported by Jin et al., the voltage hysteresis mainly originates from the ohmic 

polarization, reaction overpotential, and compositional inhomogeneity between charge and 

discharge (mainly different spatial distributions of electrochemically active products).[55] 

Specifically, ohmic voltage drop is associated with the internal resistance and is commonly 

reduced at mV level in commercial cells by-design. The reaction overpotential is sensitive to 

the charge/discharge current. The compositional inhomogeneity occurs because in any case the 

diffusion of Na+ is relatively slow in the solid phases; this fact indicates the existence of distinct 

sequences of intermittent products NaαMX1-β on discharge and charge. A layer of Na-rich 

NaδMXγ is expected to form at the [MaXb/NaδMXγ/Na+] border during sodiation, whereas Na-

deficient NaεMXη layer is expected to form at the [(NanX+M)/NaεMXη/Na+] border during de-

sodiation, so that the value of δ is higher than that of ε at the same state of charge, leading to 

the compositional inhomogeneity. Galvanostatic intermittent titration technique (GITT) and the 

potentiostatic intermittent titration technique (PITT) were normally used to justify the 

contribution of these three sources to the voltage hysteresis. The contributions of ohmic 

polarization and reaction overpotential are marginal during relaxation while a residual 

contribution from the compositional inhomogeneity is observed even after a long relaxation 

period.[61, 62]  

The voltage hysteresis generated by the alloying step is generally lower than that of the 

conversion reaction. Previous studies have pointed out several possible mechanisms which are 

responsible for creating the voltage hysteresis in the alloying reaction. One of the hypotheses 

is that voltage hysteresis might be the result of a slow ion diffusion and reaction interface 

mobility during the cycling, which depends on the charge-discharge current.[63] Hence, this part 

of polarization caused by kinetic limitations can be greatly reduced through a decrease of the 

electrical current. In some cases, the hysteresis associated with phase transformation becomes 
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relevant when discharging and charging is performed at low current rates.[64] The observed 

voltage polarization was ascribed to the contrasting kinetics between sodiation and de-sodiation, 

especially when the electrode can access more than one reaction paths.[65] As intermediates in 

the alloying and de-alloying process might be different, especially between the first and second 

cycle, the energy required to break the bonds and overcome the activation barrier might be also 

different during sodiation and de-sodiation. Therefore, the electrical conductivity and 

crystalline/amorphous features of the intermediate products determine the degree of voltage 

hysteresis. Another hypothesis is that, when large volume expansion is inevitable, alloying 

reactions that experience high strain is easily affected by the hysteresis related to electrode 

mechanics. Previous study has revealed the similar relationship between the plastic deformation 

of electrode and the magnitude of hysteresis in LIBs system. [66] It is explained that when the 

stress transcends a certain threshold, the voltage hysteresis becomes conspicuous, and further 

straining of the electrode causes plastic deformation, resulting in the reaction potential deviating 

from the equilibrium value. 

An intriguing phenomenon is that the voltage hysteresis of crystalline materials in the first 

cycle significantly exceeds that in the subsequent cycles, which is also observed for LIBs.[67-70] 

In the initial cycle, the crystalline LaXb (L=Sn, Sb, Ge, Bi) is transformed into the 

amorphous/partially crystalline NanX/NazL nanocompounds at the end of sodiation, which is 

then converted to amorphous/partially crystalline LaXb at the end of de-sodiation. Therefore, 

the first cycle is always associated with a more severe voltage hysteresis. In the subsequent 

cycles, the amorphous/partially crystalline LaXb and NanX/NazL nanocomposite feature a 

relatively stable hysteresis. 

In general, even though there have been several reports on this subject, the root of the voltage 

hysteresis is still not clearly comprehended. The lack of more detailed studies in this field limits 

our understanding of the exact source of the voltage hysteresis of the conversion-alloying anode. 
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Additionally, the corresponding contribution of different potential factors also requires to be 

determined by a more comprehensive study. 

3.3. Low initial Coulombic efficiency (ICE) 

The ICE of electrode materials, especially the anode side, is of vital importance for 

assembling full batteries. The inferior ICE performance of anode materials suggests that a 

portion of Na+ extracted from cathodes is consumed to contribute to the irreversible capacity of 

the anodes in the initial cycle, leading to low capacity output and poor energy density in the 

subsequent cycles for full cells. In the reported studies of the CA anode materials, the initial 

sodiation process of LaXb is simply partially reversible during de-sodiation, resulting in low 

ICE values, with the range being between 40% and 80%. Chalcogenides feature ICE values 

approaching 80%, whereas 40% is generally observed for metal oxides.[67, 71] Various 

underlying causes can be related to the low ICE, which can be divided into the following two 

parts: (i) incomplete reconversion from the NanX/L nanocomposite to the initial state because 

of the sluggish reaction kinetics induced by the coarsening of L0 nanograins; (ii) irreversible 

electrolyte decomposition taking place in the sodiation process. 

Pre-sodiation might be an effective strategy to address the low-ICE challenge, which can be 

realized via the contact of the electrode materials with sodium metal or through electrochemical 

activation. Another practical measure involves the employment of sacrificial salts. This 

measure relies on converting the anions of the used salts into gas, such as CO, N2, or CO2, 

during the first charge and thus producing extra Na+ ions to compensate the irreversible 

capacity.[72] 

4. Strategies toward High-Performance CA Anodes 

To successfully promote the industrialization of SIBs, researchers are unremittingly pushing 

the envelope of the electrochemical performance of electrode materials. Batteries are not only 

in expectation of exhibiting higher energy density, but also combining with other characters, 

such as better cyclic stability, lower cost, and faster charging capability. Therefore, it is 
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necessary to explore innovative and effective electrode modification and engineering strategies. 

In the previous section, the principal challenges that stood in the way of the development of CA 

anodes for sodium storage are fundamentally discussed. Various effective strategies have been 

reported in literature to make up the negative influence induced by the inherent defects of CA 

anodes, which are further lucubrated in the following section (Figure 4). Generally, the focus 

of academic studies is shifting from micro-scaled to nano-scaled electrode materials to alleviate 

the volume change for obtaining longer cycle life and decrease the charge diffusion distance 

for promoting charge transfer. When combined with morphological and architectural 

optimizations, the benefit of nano-structuring is retained and at the same time the additional 

morphological advantages endow with the nanostructured electrodes. Defect engineering is also 

extensively employed to tune the properties of the CA electrodes, which enhances charge 

transfer kinetics, and provides additional reaction sites. Electrode configuration design aims at 

enhancing the energy/power density of the whole battery through an effective utilization of 

active materials. In parallel, several strategies are explored to optimize the electrical 

conductivity according to the existing knowledge on the nature of CA anodes, which are 

representative by surface coating and hybrid composite design. At the cell level, the overall 

performance of SIBs also relies on the selection of electrolytes, while it is often ignored in 

research. 

4.1. Nanostructural design and engineering  

The past decades have witnessed the development of nanostructured electrodes with the 

advancement of nanotechnology, and significant efforts have been made in the design of various 

nanostructures to promote the electrochemical properties of metal-ion batteries.[73-75] Given the 

large ionic radius of Na+, relative to Li+, nanostructuring CA anodes is one of the most effective 

routes to improve their sodium storage performance. Nanosizing and elaborately tailoring the 

morphology of the CA electrodes allow an aimproved accommodation of the strain induced by 

the large volume change during sodiation/de-sodiation. Furthermore, the typically high surface 
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to volume ratio in nanomaterials results in a considerable reduction of the diffusion distance for 

the Na+ in the solid phase. Indeed, the sodium ion and /or electron transport time is greatly 

shortened in comparison with bulk materials due to the proportional relation to the square of 

the diffusion distance, thus leading to improved reaction kinetics.[76] The high surface area of 

nanostructured electrodes also provides increased interface between active materials and 

electrolytes, boosting the charge transfer process, thereby promoting the rate capability.[77, 78] 

Thus, substantial attention is focused on the synthesis and design of various nanostructured CA 

electrode materials. Generally, one dimensional (1D) nanostructures offer highly conductive 

pathways for the migration of ions/electrons along the axial direction through decreasing the 

resistance of grain boundary, while nanotubes with internal voids show a strong ability to bear 

the volume-change-induced strain during sodiation/de-sodiation.[34] Two dimensional (2D) 

structures exhibit unparalleled electronic properties through limiting the electrons in their 

lateral plane and excellent mechanical elasticity that can resist severe deformations without 

rupture. Thus, the ultrathin 2D nanosheets or layered structures are embraced by the 

significantly enhanced sodium ion diffusivity.[79] The electrode materials with three-

dimensional (3D) nanostructure can not only possess the morphological advantages of unique 

nanostructure, but also give full play to the role of 3D interconnected meshwork. Considering 

that this architecture can offer direct ion/electron transfer channels throughout the electrode to 

greatly reduce the solid-diffusion length, it is possible that superior reaction kinetics can be still 

maintained even for a much thick electrode by employing 3D structure design, thereby 

rendering the rate capability satisfactory.[80] To obtain various morphology-controlled electrode 

materials, a large number of synthesis methods have been applied, including self-assembly, 

electrostatic spinning, hydrothermal synthesis, and ball milling.[81, 82] In short, the carefully-

prepared CA nanostructured electrodes display more competitive electrochemical properties 

with respect to the bulk counterparts, such as higher reversible capacity, longer cycle life, and 

better rate performance. 
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Despite that fabricating various nanostructures of CA materials is able to promote the 

sodiation/de-sodiation dynamics and thus improve the sodium storage performance to a certain 

degree, several main challenges of nanostructured materials related to low volumetric energy 

caused by reduced electrode density, undesirable side reactions induced by high exposed 

surface area, and high cost arisen from complex synthesis steps still need to be faced and solved. 

From our point of view, several effective strategies can be employed: (i) combining microscaled 

with nanoscaled materials together in a certain proportion to fabricate the electrode with the 

structure of nanosized grains situating in the interspaces among the microsized grains; (ii) 

designing the electrode with a hierarchical structure to enhance the packing density, such as 

one microparticle composed of substantial nanoparticles; (iii) employing surface coating to 

mitigate the severe side reactions caused by the large surface area of nanostructures; and (iv) 

further driving the development of ordinary, cost-effective, and automated engineering 

synthesis technologies for nanosized materials, e.g. optimizing the exfoliation means for the 

scalable production of nanosheets and designing automatic synthesis devices for continuously 

large-scale output of nanocrystals.[83, 84]  

4.2. Hybrid nanocomposite design  

The construction of hybrid nanocomposite can powerfully exert valuable synergies between 

diverse constituents to furnish the limited charge transfer kinetics and the large volume changes 

faced by CA electrodes. Currently, hybridizing nanostructured CA anodes with various 

carbonaceous materials (e.g., carbon nanotube (CNT), graphite, reduced graphene oxide (rGO), 

etc.) is the most widely reported strategy due to the attractive characteristics of carbon-based 

materials, such as excellent electrical conductivity, relatively easy preparation procedure, good 

chemical stability, and outstanding mechanical strength.[85-87] Carbon additive can not only play 

a noticeable role in promoting the electron transport to boost the reaction kinetics, but also serve 

as a buffering layer to alleviate the large volume variations and prevent the agglomeration of 

active materials to enhance the cyclic stability, as well as decrease the direct contact between 
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the electrolyte and active material to restrain the side reactions. The sheet-on-sheet 

nanostructures (e.g. rGO-active materials-rGO) is an appealing example in this context. This 

nanostructure provides a steady cushion for volume change and an electrochemical protection 

through the promotion of a stable SEI film, resulting in an enhanced cycle life and rate 

capability.[88] In addition, carbon-based materials can act as loading substrates in the preparation 

process, which facilitates the formation of homogeneously-distributed and ultrasmall 

nanoparticles with a consequent decrease of the voltage hysteresis according to the weakened 

compositional inhomogeneity influence.[89] It is noteworthy that hybridization with 

carbonaceous materials commonly demand a heat-treatment step under reducing atmosphere at 

relatively high temperature to achieve a carbonization of precursor into conducting matrix. 

Therefore, the stability of CA materials requires a careful consideration. Metal (e.g., Fe, Cu, 

Ag, etc.) is another component that is often used to hybridize with CA materials.[49, 90] 

Functioning similarly as the carbonaceous materials, the uniformly dispersed metal 

nanoparticles are favorable for promoting the electron conduction during sodiation/de-sodiation 

process by forming conductive network throughout the whole electrode. Nevertheless, 

considering the electrochemical inactivity of carbonaceous materials and metals, the 

employments of these second components inevitably lead to the sacrifice of energy density in 

practical applications. Thus, it is highly advisable to create good electron transport paths 

throughout the electrode with a minimum increase of weight and volume. 

  Considering that the majority of CA materials are semiconductors, the hybridization with 

appropriate band gap’s compounds (e.g., metal oxides, metal sulfides, etc.) is also an efficient 

strategy to promote the electrochemical-stability.[91, 92] Density functional theory (DFT) and 

experimental investigations reveals that abundant heterointerfaces facilitate the charge transfer 

and promote the reaction kinetics owing to the internal built-in electric field. Moreover, the 

heterointerfaces enhance the conversion/alloying reversibility and maintain integrity without 

agglomeration and pulverization due to the synergistic effects.[93] For example, the Sb2S3/SnS2 
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heterostructures with rich phase boundaries exhibited a higher sodium ion diffusion coefficient, 

faster reaction kinetics and a better reaction reversibility compared to the single component. [93] 

In spite of the improvement effect towards sodium storage performance of creating 

heterostructure, the efficiency contributed by such structures is determined by the flawlessness 

of the interfacial area. Indeed, inferior contact at the interface between components can 

unavoidably result in the disruption of ion and electron transport, rendering the poor 

electrochemical performance. Moreover, for conversion and alloying, the large morphology 

change and continuous phase transformation during the electrochemical process easily make 

the heterointerface separation and elimination, causing the heterostructure to lose its original 

function. Thus, addressing the long-term stability of heterointerface and the fine-tuning of the 

bonding interactions between components is indispensable to solve the dynamic problems of 

sodium storage. 

4.3. Defect engineering  

Introducing defects into CA electrode materials is also an extremely effective approach to 

optimize their sodium storage performance. Defect engineering that is dominated by vacancy 

engineering and heteroatom doping usually exhibits several unique advantages in terms of 

tuning the intrinsic properties of materials.[94] First, the defects can unlock the faculty of 

regulating the band structure and carrier mobility, resulting at the adjustment of the 

physicochemical characteristics of CA materials. Specifically referring to the field of 

electrochemistry, either the introduction of vacancies or doping of heteroatoms in host materials  

might improve the intrinsic electron conductivity through narrowing the bandgap, thus 

minimizing the problem of sluggish reaction kinetics.[95] Compared to the addition of a large 

amount of carbonaceous materials, this strategy prevents the excessive loss of energy density 

of the whole electrode and facilitate the charge transfer in the interior portion of the electrode. 

Second, the defects can lead to an increased accessibility of reaction sites with sodium ions, 

which contributes to the modification of sodium storage performance. Such an effect is more 
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striking in hybrid CA electrodes with carbonaceous materials due to the relatively simple 

procedure of introducing defects along with an easy formation of robust chemical bonding 

between the defects and active materials.[96] Third, the defects can make it possible for 

conversion-alloying materials to achieve the theoretical capacity towards sodium storage in 

terms of thermodynamics and kinetics, which is shown by the complete sodiation process and 

excellent reaction reversibility. It has been demonstrated that heteroatom doping greatly 

reduced the sodium intercalation energy and thus drove the full conversion and alloying of SnS2 

electrode. Simultaneously, the doped transition metal nanograins produced during sodiation 

process efficiently facilitated the electron conduction and avoided the agglomeration of Sn 

nanoparticles during entire desodiation process, leading to the improvement of conversion 

reaction reversibility.[97] 

The control of defect concentration is a key factor to harness the electrochemical 

performance. Indeed, Coulombic efficiency (CE) is highly dependent on the reversibility of 

electrochemical reaction between surface defects and sodium ions. In the majority of instances, 

the reversibility of sodium ions trapped into the defects is quite low, resulting in the inferior 

CE. As a result, excessively high defect concentrations can menace the cyclic stability of CA 

electrodes to a certain degree. Thus, the concentration of introduced defects needs to be finely 

adjusted to balance between the CE and the specific capacity. Additionally, designing 

appropriate routes is of vital importance to improve the reversibility of Na+ adsorption in defect 

sites. 

4.4. Electrolyte optimization 

 Electrolyte serves as a critical component in battery system and selecting appropriate 

electrolyte can greatly improve the sodium storage performance of CA electrode materials. 

Hitherto, the commonly used nonaqueous electrolyte in SIBs consists of sodium salts (e.g., 

NaPF6, NaClO4, Na bis(trifluoromethane)sulfonimide (NaTFSI), etc.) and carbonate solvents, 

mainly including ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate 
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(DMC) or diethyl carbonate (DEC). Unfortunately, conventional carbonate-based electrolytes 

are not compatible with some CA anodes, especially metal sulfides, due to the high reactivity 

of carbonate solvents with polysulfide products and severe side reactions.[98] Yu et al. revealed 

that when the PC-based electrolytes used for metal sulifides, the volume change character was 

not the only factor that led to the separation of active material with conductive network, and an 

unstable and inhomogeneous SEI film was generated on the interface, resulting in the low 

electronic conductivity of electrodes. More importantly, the dissolution of polysulfide species 

into the electrolyte continuously decreased the amount of active material, thus leading to the 

capacity decaying.[98] The ether-based electrolyte alternatives represented by diglyme and 

triglyme solvents can mitigate the issue. It has been reported that the employment of ether-

based electrolytes for metal sulfide anodes is endowed with higher reversible capacity and 

better cyclic stability relative to carbonate-based electrolytes.[99] DFT study showed that ether-

based solvents could result in a lower activation energy for the insertion of sodium ions into 

metal sulfide lattices, thus improving the reaction kinetics.[100] However, an in-depth 

understanding of the underlying mechanism of ether-based electrolytes for benefitting the 

sodiation/de-sodiation in metal sulfides is still lacking. 

It should be pointed out that continuous electrolyte decomposition is a main contribution to 

the low CE of CA anodes, highlighting the importance of forming a stable SEI layer on the 

electrode surface to realize long-term cyclic stability for full cell. The employment of 

electrolyte additives is an efficient strategy to construct a robust SEI film in the first sodiation 

process, which can function as a disincentive to the continuous electrolyte decomposition and 

the dissolution of active materials into the electrolyte. Fluoroethylene carbonate (FEC) is an 

extensively implemented additive in combination with carbonate-based electrolytes to construct 

thin and robust SEI layers on the anode surfaces in SIBs. Hereby, improved cyclic stability is 

demonstrated in comparison with that in FEC-free electrolyte. According to the reported 
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research, FEC additive benefits the modification of ICE and cycling stability of the conversion-

alloying electrode materials in SIBs.[101]  

Recently, the implementation of ionic liquid electrolytes has become an appealing strategy 

to improve the sodium performance of CA anode materials due to their desirable characteristics, 

mainly including wide electrochemical voltage window, low flammability, extensive liquid-

temperature range, and high inherent ionic conductivity. This provides an attractive opportunity 

for developing SIBs with properties of high-level safety and broad-temperature 

serviceability.[102, 103] More importantly, the absence of molecular species in ionic liquid 

electrolytes limits the occurrence of harmfully parasitic reactions with Na+ and other battery 

components, which diminishes the SEI formation and thus improves the CE.[104] For example, 

Chang et al. systemically investigated the difference of the sodium storage properties between 

the ionic liquid electrolytes and conventional carbonate-based electrolytes. It was found that 

the ICE and cyclic stability could be significantly enhanced by using ionic liquid electrolytes, 

especially at the high temperture. A capacity retention of 96% was achieved after 100 cycles at 

60°C, while carbonate-based electrolytes systems only exhibited 58% at the same condition.[102] 

Nevertheless, the production of various ionic liquid electrolytes generally comes at high cost, 

seriously hindering their pace of commercial application. 

4.5. Electrode configuration design 

 The ingenious design of the electrode configuration can play a significant role in reducing 

the manufacturing cost, improving the utilization rate of active materials, and enhancing the 

energy density of the battery, which is of vital importance for practical full cell. The most 

common electrodes manufactured through casting slurry onto current collectors are unable to 

permanently keep the integrity of the structure in the process of repeated volume variations 

because of the insufficient adhesion and cohesion. Stimulating the development of novel 

electrode configurations is crucial to further accelerate reaction kinetics and optimize 

mechanical stability of the electrodes. Designing paper-like free-standing electrodes without 



  

23 

 

employing the binders and current collectors can not only enhance the energy density of whole 

electrode due to the absent sacrifice caused by current collectors and binders, but also promote 

the kinetics and configuration stability due to the decrease of contact resistance. Moreover, the 

remarkable flexibility of conducting framework matrices can also be inherited into the free-

standing electrode, which is important to develop various wearable devices. Improved sodium 

storage performance of CA anodes was demonstrated using such a concept.[35, 105] For example, 

the free-standing SnS electrode with embedded nanoparticles in carbon nanofibers exhibits a 

longer life cycle and a better rate performance for sodium storage in comparison with 

conventional SnS electrode.[106] Free-standing configuration designs were also realized with 

other CA materials, such as SnS2 nanosheets stacking on graphene.[87] This flexible free-

standing electrode displayed satisfactory energy and power density, cycle life, and mechanical 

stability, which is a great inspiration for the future study of flexible batteries and devices. 

4.6. Using theoretical DFT calculations 

 Theoretical calculation is considered as one of the most powerful tools to discover advanced 

electrode materials, guide effective structural design, and acquire an in-depth understanding of 

reaction process and mechanism in rechargeable batteries.[107, 108] First-principles calculations 

based on DFT are valuable for the accurate evaluation of a variety of fundamental properties 

associated with SIBs, including theoretical capacity, structural stability, phase evolution, Na+ 

diffusion barrier, and theoretical reaction voltage. Thus, for the development of CA anodes, it 

is promising to solve the critical problems mentioned above and validate the experiments-DFT 

study correlations. For instance, Yao et al. reported the electrochemical reaction process of 

Sb2S3 anode toward sodium storage for electronic structure, ion diffusion, and phase evolution. 

In terms of reaction paths, the DFT calculations, using thermodynamic phase equilibria, reveals 

the occurrence of sodium intercalation in Sb2S3 to form NaxSb2S3, and a subsequent conversion 

and alloying to yield Na3Sb and Na2S. Furthermore, the calculation results predicts a low Na+ 

diffusion barriers in these intermediate phases, and high electron conduction in NaxSb2S3. 
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Consequently, the experimentally exhibited outstanding sodium storage performance could be 

ascribed to the enhanced sodium diffusion ability and electronic conductivity in the 

intermediate conversion reaction products.[109] 

Extending the DFT calculations to cover desolvation energies, migration barriers, reaction 

dynamics, and absorption behavior for Na+ is expected to provide a more comprehensive 

understanding of the physico-chemistry of the electrolytes, electrodes, and electrode/electrolyte 

interfaces. This is likely to help developing high performance CA electrodes for advanced SIBs 

and promote their practical applications. 

5. Synthetic Methods 

Plenty of strategies have been employed to prepare CA materials with the desired structure 

and morphology, aiming at obtaining the excellent sodium storage performance. This section 

will give a discussion of these synthetic methods, mainly including hydrothermal/solvothermal 

method, spraying-related method, electrospinning method, and mechanochemical method. 

5.1. Hydrothermal/Solvothermal method 

Hydrothermal/solvothermal reactions, featuring comparatively low energy consumption, are 

considered to be the most effective methods to synthesize various nanostructured CA materials 

with excellent crystallization, high phase purity and uniform dimension distribution. In addition, 

the morphology, composition, size and architecture of CA materials could also be precisely 

regulated through hydrothermal/solvothermal methods. For example, Cheng et al. reported the 

synthesis of ultrasmall SnO2 quantum dots homogeneously distributed on N-doped carbon 

matrix. In detail, during the process of hydrothermal reaction, the hydrolysis of Sn4+ initially 

took place to generate Sn(OH)4 white compounds and then converted to ultrasmall SnO2 

quantum dots as the reaction temperature and periods increased. Subsequently, with the aid of 

self-polymerization of dopamine, SnO2 quantum dots were encapsulated by polydopamine 

(PDA) that served as a carbon precursor, where the size of PDA were affected by the pH of 

reaction solution (Figure 5a). By annealing, SnO2/NC composites that ultrasmall SnO2 
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quantum dots embedded in carbon matrix were generated (Figure 5b). [110] Shen et al. prepared 

PO4
3- doped SnS2@TiC/C (P-SnS2@TiC/C) arrays through hydrothermal method. As shown in 

Fig., individual layers of SnS2 nanoflakes grown on the outer surface of conductive TiC/C 

nanowires to form core–branch heterostructure. The prepared P-SnS2@TiC/C arrays displayed 

a tubular morphology with average diameter of 500 nm (Figure 5c). [111] Moreover, Guo et al. 

synthesized Sb2S3 and Sb2S3@C with the rod morphology employing a typical solvothermal 

strategy. The Sb-thiourea composite was generated at the initial stage, following the progressive 

release of S2− and Sb3+ due to the decomposition of thiourea, leading to the formation of Sb2S3 

particles. Finally, further self-assembly was conducted to form nanorods with the extension of 

the solvothermal treatment time. [112] 

5.2. Spraying-related method 

Spray related methods mainly consist of spray pyrolysis, spray drying and spray deposition 

techniques, which are efficient ways to prepare the CA materials with the porous, dense, or 

sponge-like morphologies. Yu et al. prepared porous interconnected SnS/C nanocomposites 

through electrostatic spray deposition (ESD) technique, which can directly employed as the 

electrode without binders and conductive additives. Ti foil was chosen as the current collector 

to load the deposition products, and the solvent evaporation during the synthesis process 

resulted in the formation of the 3D porous interconnected architecture for SnS/C 

nanocomposites. [113] Park et al. prepared a precursor solution that consists of SnC2O4 and 

H2SeO3 raw materials dispersing in distilled water. For the synthesis process of spray pyrolysis, 

after drying small droplets of the precursor solution at a high temperature, metallic Sn and 

metalloid Se originating from the decomposition of SnC2O4 and H2SeO3, respectively, formed 

a melted Sn–Se mixture, which reacted exothermally to generate the SnSe nanocrystals (Figure 

5d-f).[114] 

5.3. Electrospinning method 
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Electrospinning technology has attracted much attention in the synthesis of 1D nano-

materials considering its simple operation, high versatility and controllable structure. More 

importantly, the 1D nano-materials prepared by electrospinning commonly interconnect into a 

3D network providing high specific surface areas, which greatly improves the structural 

stability and is beneficial to the ions/electrons transport. Thus, electrospinning has also been 

widely employed to prepare various CA materials that embedded into the carbon nanofibers as 

free-standing anodes for sodium storage. For instance, Knibbe et al. successfully fabricated 

ultrasmall Sn4P3 nanodots (8 nm) encapsulated into the carbon nanofibers with porous structure 

(Sn4P3@CNF) by the electrospinning technique and subsequent vapor phosphorization (Figure 

5h). During the synthesis process, the utilization of poly (methyl methacrylate) (PMMA) 

created a great deal of nanovoids in the fiber, which provided sites for Sn4P3 to be embedded 

into the fiber inside instead of being pushed to the fiber surface and prevented excessive growth 

of the Sn4P3 nanoparticles through Ostwald ripening effect. The as-prepared Sn4P3@CNF 

composites exhibited the rough surface and the average diameter of 200 nm, which enhanced 

the contact area of the electrolytes and facilitated the electron/Na+ diffusion.[115] 

5.4. Mechanochemical method  

Mechanochemical method refers to the employment of mechanical energy into the process 

of material synthesis through the ways of shearing, impacting, friction and extrusion, which not 

only leads to physical changes of precursors (such as structural changes, physical and chemical 

properties, etc.), but also generates desirable phases of CA materials by chemical reactions. 

Specifically, ball milling is the most commonly used mechanochemical method. In view of its 

merits of flexible selectivity, high yield, and simple operation, this strategy is generally 

employed to synthesize new CA materials. Adelhelm et al. reported the synthesis of 

Sn4P3/nitrogen-doped hard carbon (Sn4P3/NHC) composites through a simple ball milling route. 

Firstly, Sn and red P powders with the molar ratio of 4:3 were mixed and placed in a zirconium 

oxide container to synthesize Sn4P3 particles at 400 rpm. Subsequently, the as-prepared Sn4P3 
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particles mixed with nitrogen-doped hard carbon in a 75:25 mass ratio to fabricate the final 

Sn4P3/NHC composites under the same reaction conditions.[116] 

6. Overview of CA Anode Materials for SIBs 

In this section, a discussion of the electrochemical performance of the different compounds 

that have been shown to reversibly react with sodium in a battery through a CA reaction will 

be done. Figure 6 summarizes the electrochemical performance of CA anode categories for 

SIBs. Based on corresponding cation, the compounds can be mainly divided into four categories, 

which are tin-based anodes, antimony-based anodes, germanium-based anodes, and bismuth-

based anodes. The inherent properties of various CA materials are summarized in Table 1. 

6.1. Tin-based Anode Materials 

6.1.1 Tin-based Oxides (SnO2 and SnO) 

 Tin dioxide (SnO2) features a tetragonal rutile structure and its n-type conductivity is 

extensively investigated in various fields ranging from sensors, solar cells to photodetectors.[124-

126] With the vigorous development of rechargeable batteries for decades, SnO2 have received 

intensive attention for lithium/sodium storage because of its high theoretical capacity, 

reasonable cost and environmental benignity.[127-129] A high theoretical capacity of 1378 mA h 

g−1 of SnO2 for SIBs is calculated according to the CA reaction mechanism 

(SnO2+4Na++4e−↔Sn+2Na2O; Sn+3.75Na++3.75e−↔Na3.75Sn). Moreover, the in situ 

generated Na2O can function as the electrochemically inactive matrix to alleviate the huge 

volume changes for the following alloying/de-alloying processes to a certain degree. 

Unfortunately, the conversion reaction of SnO2 is considered to be irreversible induced by the 

severe aggregation of Sn nanoparticles upon cycling, resulting in the obvious capacity fading 

after several cycles. It appears that the appearance of considerably large Sn particles (up to 

hundreds of nanometers) stemmed from the fast diffusion of metallic Sn in the Na2O matrix 

obstructs the formation of a continuous percolating electronically conductive network, which 

is required for the degradation of Na2O.[49] Considering the irreversible conversion reaction of 
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SnO2, the theoretical reversible capacity is reduced to 667 mA h g-1 if the capacity contribution 

of reconversion is removed. Under this circumstance, SnO2 compares disadvantageously to bare 

Sn electrode in terms of capacity for sodium storage. On the other hand, with the assistance of 

DFT calculations and in situ transmission electron microscopy (TEM) measurements, the report 

has revealed that the diffusion rate of sodium ions in SnO2 bulk was 30 times slower compared 

to that of lithium ions due to the larger ionic radius of Na+.[130] Thus, several feasible strategies, 

including designing unique nanostructures, compositing with flexible matrixes, and tailoring 

the size of particles, have been applied not only to enhance the conductivity of SnO2, but also 

to improve the reconversion kinetics and alleviate the volume change during the sodiation/de-

sodiation process. 

Carbon-based materials, especially graphene, were most widely employed to improve the 

sodium storage performance of SnO2 in previous studies because of its excellent mechanical 

strength and electronic conductivity. While various SnO2 nanostructures are able to lessen the 

impact of sodiation-induced volume expansion and shorten the diffusion length of Na+, the 

carbon-based materials can play a positive role in stabilizing SnO2 nanostructures and 

improving electron conduction. For example, Fan et al. introduced the amorphous-

SnO2/graphene aerogel composites as anodes for SIBs and reported a consequent enhancement 

of the electrochemical performance, highlighting the importance of amorphization and adding 

graphene on enhancing the electrochemical performance due to the intrinsically isotropic nature 

and improved diffusion coefficient of Na+.[41] As a result, the amorphous electrode exhibited an 

excellent reversible capacity of 380.2 mA h g-1 at the current density of 50 mA g-1 after 100 

cycles, which was almost three times higher than that of corresponding crystalline 

nanocomposites. Considering that the ultrasmall size of SnO2 can better function to enhance 

the reaction kinetics and accommodate the volume change, Wang et al. prepared ultrasmall 

SnO2 nanoparticles (~5 nm) anchored on a reduced graphene oxides (rGO) framework by a 

simple hydrothermal method.[131] The as-prepared SnO2/rGO nanocomposites delivered a 
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reversible capacity of 330 mA h g−1 at 100 mA g−1, and the capacity retention was 81.3% after 

150 cycles (Figure 7a). It was also revealed that the employment of FEC as electrolyte additive 

strongly enhanced the electrochemical performance, suggesting that reaction kinetics could be 

accelerated through shaping a highly conductive and stable SEI layer. Similarly, Song et al. 

immobilized monodisperse SnO2 nanocrystals on nitrogen/sulfur co-doped graphene through 

molecular engineering using a layer-by-layer assembly technique (Figure 7b).[89] This novel 

and effective design enabled high loading (74.85 wt%) of ultra-small (~5nm) SnO2 

nanoparticles that are uniformly distributed on graphene, and prevented the agglomeration of 

SnO2 during the repeated charge-discharge processes because of the robust bonding effect. 

Consequently, the composite exhibited an excellent sodium storage performance with high 

initial discharge capacity (791.7 mA h g−1 at 0.1 A g−1) and superior cyclability (98% capacity 

retention after 500 cycles at 0.5 A g−1). In addition, the full-cell test coupled with 

Na3V2(PO4)3/C cathode displayed the possibility for realizing the practical application. To 

understand the role of graphene on the sodiation/de-sodiation process, Wang et al. carried out 

a systematic investigation by employing a series of first principles simulations.[132] The 

corresponding results revealed that the sluggish kinetics in graphene/SnO2 electrode was mainly 

attributed to the high sodium diffusion barrier (0.51 eV) in the bulk Na2O matrix. The 

graphene/Na2O interface, however, showed much faster diffusion kinetics (0.25 eV) through a 

unique double-interstitialcy mechanism (Figure 7c, d). Authors concluded that designing a 

graphene/SnO2 composite with high interface density is highly beneficial to the electrochemical 

performance (Figure 7e). 

Except for graphene blending, researchers have also focused on designing unique 

nanostructures and optimizing the electrolytes as well as binders to improve the sodium-storage 

properties of SnO2. Hollow structures are effective architectures that can alleviate the volume 

change of the electrodes due to its free volume and thus enhance the cycling stability. Qin et al. 

developed an interconnected C@SnO2@C hollow nanostructures with a sandwich-like 
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structure, where ultra-small SnO2 nanocrystals (2-5 nm) were firmly stabilized between the 

hollow carbon core and the carbon shell.[133] Benefiting from the structural advantages, large 

void fraction and robust structure, the electrode exhibited a high capacity of 200 mA h g−1 at 

4.6 A g−1 and an outstanding capacity maintenance of approximately 90% over 3000 cycles for 

sodium storage (Figure 7f). Yu et al. investigated the sodium storage performance of 1D 

carbon-encapsulated SnO2/NiO hollow nanotubes (SnO2/NiO@C), which were prepared 

through a facile electrospinning technique (Figure 7g).[134] A stable specific capacity of 320 mA 

h g−1 was observed up to the 200th cycle at 100 mA g−1. A stable capacity of 160 mA h g−1 was 

reported after 1000 cycles using current density of 800 mA g−1. The binder and the electrolyte 

are important components of battery, and their optimization enabled the promotion of 

electrochemical performance in SnO2-based cells. In this context, He et al. using the 

esterification reaction to design a PAA (Polyacrylic acid)-SS (soluble starch) cross-linked 

polymer binder network to reinforce the SnO2 electrode in SIBs.[135] The so prepared PAA-

SS@SnO2 anode, exhibited a reversible capacity of 370 mA h g-1 at 100 mA g-1 after 150 cycles, 

versus 200 mA h g-1 over 50 cycles for the common PVDF@SnO2 anode. This, suggests that 

designing binders with cross-linked adhesive networks is an effective approach to enhance the 

cyclic stability of SnO2 (Figure 8a, b). Also, Patra et al. reported a water soluble NaCMC 

(sodium carboxymethylcellulose)/NaPAA(sodium polyacrylate) binder to optimize the 

sodiation/de-sodiation properties of SnO2.
[136] In this work, the synergistic effects that a usefully 

protective layer was formed on the electrode surface resulted from the mixed binders of 

NaCMC and NaPAA were proven. This protective film not only improved the CE by inhibiting 

the growth of SEI, but also suppressed the agglomeration and removal of SnO2 during cycling. 

As a result, the electrode with mixed NaCMC/NaPAA binders delivered a high reversible 

capacity (850 mA h g-1 at 20 mA g-1), good rate performance (425 mA h g-1 at 2000 mA g-1), 

and superior cycling stability (90% capacity retention after 300 cycles) (Figure 8c-e). The 

potential of ionic liquid electrolyte was explored for the electrochemical behaviors of 
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SnO2/graphene anode using N-propyl-N-methyl-pyrrolidinium (PMP)–

bis(fluorosulfonyl)imide (FSI).[102] Compared to traditional organic electrolytes, the ionic liquid 

electrolyte (FSI) systems demonstrated a higher ICE and extended cycle life. A capacity 

retention of 99% was measured over 100 cycles at room temperature with a current density of 

100 mA g−1, whereas an  organic electrolyte systems [EC:PC:FEC (fluoroethylene carbonate)] 

displayed a retention of 88%. The ionic liquid electrolyte systems maintained 96% of its 

capacity after 100 cycles at 60°C, versus 58% for the best behaving organic electrolyte.  The 

behavior of ionic liquid electrolytes at elevated temperatures is an asset as far as the temperature 

fluctuation is concerned (Figure 8f-h). 

Tuning oxygen defect concentration is another viable to effectively tailoring the sodium 

storage performance of SnO2. It is worth noting that oxygen vacancies act as electron donors in 

this material (n-type defects). Lei et al. prepared amorphous ordered arrays of oxygen-deficient 

SnO2 as free-standing anodes for SIBs using the atomic layer deposition (ALD) technique 

(Figure 8i).[137] Notably, the oxygen vacancies were easily obtained by annealing the as-

deposited sample under the N2 atmosphere. These anodes exhibit an improved cyclic stability 

and reversibility relative to the stoichiometric counterpart. A capacity of 376 mA h g−1 after 

100 cycles at 50 mA g−1 and 220 mA h g−1 after 800 cycles at 1000 mA g−1 were achieved. The 

oxygen-deficient SnO2 showed an outstanding rate performance by delivering the capacities of 

210 and 200 mA h g−1 at 10 and 20 A g−1, respectively (Figure 8j). A further electrochemical 

kinetic investigation revealed that the presence of oxygen vacancies greatly promoted charge 

transfer in the amorphous SnO2, thus boosting the sodium storage properties. Similarly, Ma et 

al. prepared embedded oxygen-deficient SnO2 particles into carbon fiber (SnO2–x/C nanofibers) 

by electrospinning.[95] A flowable sulfur template was implemented to generate well-defined 

cavities around the homogeneously dispersed SnO2-x nanoparticles to mitigate the volume-

change issue. The so prepared SnO2-based electrodes are highly oxygen-deficient and feature 

an effective architecture design. This SnO2–x/C anode displayed an impressive long-term cyclic 
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stability with a reversible capacity of 565 mA h g−1 over 2000 cycles at 1 A g−1, which is ten 

times higher compared to the capacity (57 mA h g−1) delivered by bare SnO2 nanoparticles over 

only 800 cycles (Figure 8k, l). 

Differentiating from SnO2, tin monoxide (SnO) exhibits a layered structure, where layers are 

bond by van der Waals forces along the [001] crystal direction. The interlayer distance (0.484 

nm) in SnO provides appropriate channel for the migration of Na+ and alleviate the harmful 

volume variation to some extent during sodiation/de-sodiation process. Considering the 

conversion-alloying reaction mechanism (SnO+2Na++2e−↔Sn+Na2O; 

Sn+3.75Na++3.75e−↔Na3.75Sn), SnO also possesses a high theoretical capacity of 1141 mAh 

g-1. In order to further optimize the sodium storage performance, several SnO-based electrodes 

with diverse structures and morphologies have been synthesized, such as nanoflake arrays, 2D 

nanosheets, micro-flowers, hierarchical mesoporous microspheres, and hybrid nanocomposites 

with metals.[138-142] Among them, ultrathin SnO nanoflakes arrays with only ten layers grown 

on graphene were prepared by Chen et al. through the typical hydrothermal route. A high 

reversible capacity (580 mA h g−1 at a current density of 0.1 A g−1) and outstanding cycling 

stability (only 25% capacity fading over 1000 cycles at 1 A g−1) (Figure 9a-c) were achieved 

for this material.[138] Such excellent dynamics and long-term endurance can be ascribed to the 

improved pseudocapacitive contribution imparted by the 2D nature. Zhang and co-workers gave 

a comprehensive study about the influence of layer number of 2D SnO nanosheets on sodium 

storage performance, which was adjusted by tuning the hydrothermal reaction time.[139] It is 

found that the SnO nanosheet electrode consisting of two to six atomic layers displayed the best 

electrochemical properties, with a high specific capacity of 848 mA h g−1 at 0.1 A g−1 and 

extremely low capacity fading (only 8.2%) after 1000 cycles at 1 A g−1(Figure 9d-f). When the 

quantity of atomic SnO layers in each sheet raised, the performance underwent an obvious 

degradation. In view of the challenge that the inferior stability of SnO in thermodynamics 

renders it more laborious to be prepared compared to SnO2, Qin et.al reported a facile approach 
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of synthesizing SnO microflowers through employing ultrafast ionic liquid-assisted microwave 

technique (Figure 9g).[140] In the procedure of synthesis, the characteristics of ionic liquids 

enable very efficient interaction with microwaves, facilitating the ultrafast heating process, 

which reversely decreases the risk of underlying side reactions in comparison with other 

traditional heating means. When tested the sodium storage performance in half-cell, the as-

prepared SnO electrode showed good cyclic stability (almost no capacity fading after 50 cycles), 

high average CE (98.5% during 50 cycles), and a rather large capacity delivered in a relatively 

low voltage region (Figure 9h). 

6.1.2 Tin-based Sulfide (SnS2 and SnS) 

As a typical layered metal disulfide, SnS2 possesses a large van der Waals gap of 0.590 nm, 

which is advantageous to the insertion/extraction of Na+. According to the different structural 

symmetry of adjacent layers, SnS2 can be divided into trigonal and hexagonal SnS2. The last is 

readily accessible through general synthesis methods, such as hydrothermal reaction, spray 

pyrolysis, solid-state reaction, chemical vapor deposition (CVD), and electrospinning. So far, 

it is commonly accepted that the sodium storage mechanism in SnS2 is composed of three steps 

including intercalation, conversion, and alloying (SnS2+xNa+→NaxSnS2, NaxSnS2+(4-

x)Na+→Sn+2Na2S, and Sn+3.75Na+→Na3.75Sn), which gives a high theoretical capacity of 

1135 mA h g−1. However, some researchers put forward a few distinct mechanisms for the 

sodium storage process of SnS2. The report using both synchrotron X-ray diffraction (SXRD) 

and in situ X-ray adsorption spectroscopy (XAS) techniques have exhibited that the final 

sodiation product was Na2S2 instead of Na2S, and thus the theoretical capacity was only 842 

mA h g−1.[143] Additionally, according to ex situ XRD, ex situ XPS, in situ TEM, and DFT 

calculation results, another sodium storage mechanism that SnS2 would firstly convert to SnS 

rather than metallic Sn after the initial intercalation and the final charge product was SnS has 

been revealed (Figure 10a).[144, 145] These contradictory studies can be elucidated by the fact 

that the traditional characterization methods (in situ/ex situ XRD, XPS, TEM, etc.) and 
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electrochemical measurements are sometimes incompetent to offer extremely accurate evidence, 

particularly in the complex system with a coexistence of amorphous and crystalline phases. 

Compared to tin-based oxides, the obvious superiority of SnS2 exists in that both the better 

electronic conductivity of Na2S (sodiation product of SnS2) than that of Na2O and the relatively 

weaker Sn-S bonds than Sn-O bonds enable reaction kinetics more favorable and reversibility 

much better for sodium storage. Furthermore, The DFT calculated Na+ surface migration barrier 

(0.065 eV) on SnS2 compares favorably to that on SnO2 (0.41 eV), suggesting a faster 

kinetics.[87, 130] Nevertheless, SnS2 also faces several challenges resembling tin oxides that need 

to be overcome, including intrinsically inferior electron/ion transportation, large volume change, 

and related issues during sodiation/de-sodiation. The proposed strategies mainly focus on 

advanced structural design, powerful hybrid construction, and effective binder/electrolyte 

modification. 

Blending with graphene (or rGO) was extensively investigated, owing to the structural 

compatibility with SnS2, to promote electron conduction and alleviate volume variation. 

Theoretical simulations reveals a favorable formation of heterointerfaces when coupling 

graphene with SnS2, which enhances the electronic conduction and lowers the Na+ migration 

barrier (Figure 10b, c).[146] The morphology-optimized layered SnS2-rGO composite 

synthesized by Lee et al. provided promising sodium storage performance with high initial 

reversible capacity (630 mA h g-1 at 200 mA g-1) and long-term cycle stability (over 400 cycles), 

attributed to the enhanced electron conduction and the effective buffering of volume change 

during cycling induced by rGO network.[147] It should be pointed out that graphene (or rGO) 

itself is unable to exert effective immobilization for active material (and its corresponding 

sodiation products). Therefore, a continuous aggregation within the electrode is experienced 

due to the 2D planar geometry. In an effort to remedy this defect, forming the robust chemical 

bonding between graphene (or rGO) and SnS2 as well as its sodiation products has been 

exhibited to significantly improve the sodium storage performance of electrode, especially the 
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cycling stability.[96, 117, 148, 149] For example, engineered C-N-S bonding, using amino-

functionalized rGO, enabled tightly anchored SnS2 nanocrystals. The resulting electrode 

(SnS2/EDA-rGO) demonstrated a high specific capacity, outstanding rate performance, and 

superior cyclic stability (capacity retention of 85% over 1000 cycles at 1A g-1) (Figure 10d).[96] 

In addition to designing SnS2/graphene composites with the sheet-on-sheet structure, 

fabricating the vertically aligned 2D SnS2 nanoarrays on the graphene skeleton has shown 

unparalleled advantages in terms of promoting charge transfer, improving the surface reaction 

kinetics, and alleviating the volume change. As shown in Figure 10f, the designed architecture 

of vertical alignment of SnS2 on 3D graphene foam successfully enabled superior sodium 

storage properties of the electrode even at a high mass loading of 4 mg cm-2.[87] Detailed studies 

highlight that self-branched nanoarray engineering development of exposing unsaturated edge 

can not only enhance the extrinsic pseudocapacitance contribution but also improve the reaction 

reversibility in advanced SnS2-based electrodes, exhibiting ultrahigh area reversible capacity, 

excellent cycling stability, and superior rate capability. Apart from the graphene-based 

materials, the employment of carbon, CNTs, MXene, or carbon fibers might also help 

overcoming the challenges in SnS2 electrodes.[150-153] In this context, confining SnS2 ultrathin 

nanosheets in CNTs, carbon nanoboxes, or hollow carbon nanospheres shows appealing 

performance for SIBs (Figure 10g-j).[152] Hybridizing with metal oxides or other metal sulfides 

was explored to take advantage of synergistic effects at the heterojunctions. Here, SnO2, TiO2, 

Sb2S3, SnS, CoS2, and Mn2SnS4 have been reported as promising components to fabricate 

heterostructure with SnS2. Improved reaction kinetics and aggregation inhibition were noticed, 

leading to better sodium storage performances.[92, 93, 154-157] By utilizing the electrochemical test 

of tailoring the voltage window and first-principle calculations , the kinetic relationship 

between hetero-interface and Na+ diffusion behavior was revealed, that is, Na+ “reservoir” was 

constructed at the interface to facilitate the conversion reaction kinetics.[93] Enriching the 
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electrode with heterojunctions benefits the performance by providing storage and diffusion 

channels for Na+. 

Expanding the interlayer distance of the layered SnS2 has the ability to optimize its sodium 

storage properties by providing more feasible channels for Na+ diffusion within the interlayers. 

Sandwich-like SnS2/graphene/SnS2 structure was explored as an electrode material, where the 

SnS2 interlayer spacing of 0.803 nm was engineered by inserting a graphene layer (Figure 

11a).[158] Such a design allowed a high diffusion coefficient of Na+ and prevented the structure 

degradation, guaranteeing a superior rate and cycle performance (Figure 11b, c). In addition, 

selectively exposing active facets of SnS2 nanosheets is a novel way to enhance the reaction 

kinetics. Xu et al. explored the influence of the different exposed active facets on sodium 

storage performance and found their dissimilar reaction kinetic behaviors by combining 

experimental investigations and DFT calculations (Figure 11d, e).[159] According to the reported 

results, the exposed (100) facet of SnS2 functioned as the most ready diffusion path with the 

lowest migration barrier of Na+, rendering the corresponding electrode the highest 

pseudocapacitive contribution and the best rate capability (378 mAh g−1 at 12.8 A g-1). 

We also want to emphasize that the optimization of binder and electrolyte is a powerful 

strategy to address the remaining challenges in SnS2 electrode materials. Ma el al. 

systematically investigated the effect of six different binders on the electrochemical behaviors 

of SnS2, including CMC-Na, PAA-Na, CMC-Na-PAA-Na (labeled as PAA-CMC), ALG-Na, 

PVDF, and PTFE.[160] It is found that the SnS2 electrode using PAA-CMC binder exhibited the 

best sodium storage properties, since the plenty of carboxylate and hydroxyl groups in PAA-

CMC binder enabled the robust hydrogen bonds and/or covalent chemical bonds with the 

conductive additives as well as active materials. For the choice of electrolyte, Zheng et al. 

demonstrated the possibility of using phosphonate-based gel polymer electrolytes to solve the 

safety issues in practical application and simultaneously display good electrochemical 

performance of SnS2 anodes for SIBs.[161] 
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The sodium storage properties were effectively improved through above mentioned measures 

simply focused on boosting reaction kinetics, but the reversible capacities cannot still reach the 

theoretical capacity limit due to the incomplete conversion reaction and inferior reaction 

reversibility (Figure 11f). Further explorations from both thermodynamic and dynamic views 

take the responsibility for the great progress on SnS2 electrodes. The recent report has displayed 

the relationship between the initial intercalation process and the subsequent conversion reaction 

of SnS2 for SIBs. From the point of thermodynamics, the authors successfully realized the full 

conversion of SnS2 through promoting initial sodium intercalation process benefitted from the 

reduced intercalation energy by transition metal doping (Figure 11g). Moreover, reaction 

reversibility was also greatly enhanced because of the facilitated electron conduction and the 

inhibition of metallic Sn coarsening. Consequently, the doped SnS2 electrode delivered an 

ultrahigh reversible capacity of 942 mA h g-1 for SIBs with a high ICE of 83.7%, close to its 

theoretical limit (1061 mA h g-1).[97] 

As another typical kind of tin-based sulfide, SnS has also received continuous attentions as 

a promising sodium storage anode due to its high theoretical capacity (1022 mA h g-1) and 

layered structure. Despite the lower interlayer spacing (0.433 nm) of SnS relative to SnS2 (0.590 

nm), the resulting SnS (cubic-Sn) from the conversion reaction features a higher accessibility 

to alloying versus the SnS2. Furthermore, the alloying generates as smaller volume expansion, 

242% versus 324% for SnS2, resulting in better rate capability and longer cycle life.[101] Similar 

to SnS2, various strategies have been reported for the optimization of the sodium storage 

performance of SnS. Uniformly embedded SnS in N-doped carbon fibers was demonstrated as 

a flexible free-standing electrode with good cycling stability over 500 cycles for sodium storage. 

The shortened transport distance of Na+, improved electronic conductivity, and modified 

mechanical flexibility were identified as the major advantages of this structure.[86] To further 

optimize the electrochemical properties of SnS/carbon fibers, introducing S and N co-doping 

in the porous carbon fibers (Figure 12a) enhanced the pseudocapacitive behavior, enabling high 
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reversible capacity (630 mA h g−1 at 100 mA g−1) and excellent high-rate cycling performance 

(capacity retention of 80% after 500 cycles at 1 A g−1).[118] 

Hybrid superlattice-like nanobelts consisting of alternately stacked SnS and N-doped 

graphene nanosheets (SnS/NG) have also been studied as electrode for sodium storage (Figure 

12b).[71] SnS interlayer distance within this structure expands substantially, which facilitates 

Na+ diffusion, buffers the volume variation, and generates built-in electric field. Moreover, the 

robust Sn-S-C bonding and the presence of doped N element in graphene, (Figure 12c), 

efficiently alleviate the dissolution and shuttling issues of polysulfide during cycling. In light 

of the reported results, the designed SnS/NG anode manifested superior rate capability (up to 

14.58 A g-1) and cycling stability (95.3% capacity retention over 1200 cycles at 1.6 A g-1) 

(Figure 12d).Considering the advantage of hierarchical hollow architecture towards buffering 

the volume change, a scalable, facile, and low-cost approach of anodization technique was 

reported by Bian et al. for SnS/SnOx composites.[162] The emergence of the hollow structure 

was driven and controlled by self-assembly around gas bubbles competitively generated during 

Sn anodization in organic electrolyte (Figure 12e, f).[59] The as-prepared free-standing 

SnS/SnOx electrode exhibited an excellent sodium storage properties with a reversible capacity 

of 247 mA h g−1 after 600 cycles. On the other hand, volumetric energy density is of vital 

importance in practical applications, which, in fact, is generally unsatisfactory in above-

mentioned nanostructured electrodes. In order to improve the volumetric capacity of SnS 

electrode, the SnS/graphene composite with a 1D cross-bundled SnS architecture was designed 

through a rapid C-plasma strategy.[163] SnS nanobelts are tightly bundled with the hierarchical 

conductive and buffering graphene framework. As a result, the composite displayed a high 

volumetric capacity of 1530 mA h cm−3 at 0.2 A g-1 and an outstanding cycling stability with a 

capacity retention of 93% over 1600 cycles at 3 A g-1 (Figure 12g-i). 

6.1.3 Tin-based Selenides (SnSe2 and SnSe) 
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Tin-based selenides, especially SnSe and SnSe2, are also classified as typical anode materials 

with CA reaction mechanism for SIBs. In comparison with above-discussed tin-based oxides 

and sulfides, selenides possess an intrinsically better electronic conductivity and a lower 

theoretical capacity. The electrical conductivity is attributed to the narrow band gap (0.9 eV 

and 1 eV for SnSe and SnSe2, respectively), while the higher atomic weight of Se element leads 

to the relatively lower theoretical capacity of SnSe2 (756 mA h g−1) and SnSe (780 mA h g−1) 

for SIBs. 

Zhang et al. reported a comprehensive study on the sodium storage behaviors of the 

hydrothermally synthesized SnSe2 and SnSe2/rGO.[164] Implementing rGO enhanced the 

reversible capacity from 152 to 515 mA h g−1 after 100 cycles at the current density of 100 mA 

g-1, due to the modified structural stability and reaction kinetics (Figure 13a-c). A high 

reversible capacity of 221 mA h g−1 was delivered over 2700 cycles at 10 A g-1 with almost no 

capacity fading. 3D SnSe2@C anode core-shell architecture was recently reported.[119] The 

SnSe2 nanoparticles are chemically embedded in a carbon shell with strong C-Sn chemical 

interaction. The carbon shell accelerates electron transport and to the structure stability. The 

resulted electrode displayed an excellent rate capability and long-term cycle life (over 1000 

cycles) (Figure 13d, e). 

As for SnSe, considering the synthesis challenge confronted by pure single-crystalline SnSe 

nanosheets, a cost-effective and environment-friendly aqueous solution method was devised to 

prepare SnSe nanosheets by directly employing commercial Se powder as Se precursor.[165] The 

as-prepared SnSe with nanosheet structure outperformed the nanoparticle in both rate 

performance and cycling stability. In order to overcome the issues of the low tap density of 

nanostructure and the rapid capacity decay during cycling, SnSe/graphene composite with 

micro-nano architecture was fabricated through a simple strategy (Figure 13f).[166] During the 

synthesis process, the in-situ-generated graphene surrounds the SnSe nanoparticles enabling a 

high tap density and electron conduction. The structurally stable electrode featured a high 
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volumetric capacity (1099 mA h cm−3) and superior cycling stability (over 1000 cycles) (Figure 

13g). 

6.1.4 Tin-based phosphides (Sn4P3) 

The Sn-P system has attracted much attention in the application of sodium storage owing to 

the conductivity of Sn and ultrahigh capacity of P. Furthermore, this system provides the 

principal merit of delivering the majority of the capacity in a relatively low potential range 

(usually below 0.5 V), enabling high energy density in the full battery. So far, Sn4P3, the most 

reported phosphides, possesses a high theoretical volumetric capacity of 6229 mA h cm−3 

(gravimetric capacity of 1132 mA h g−1) and the satisfactory electrical conductivity of 30.7 S 

cm-1. Although bare P anode features a higher initial gravimetric capacity, Sn4P3 is endowed 

with much longer life cycle due to the CA mechanism. 

A systematic investigation of the sodium storage in Sn4P3 emphasizing the CA reaction 

mechanism during sodiation/de-sodiation was reported.[167] The implementation of FEC 

additive in the electrolyte enabled a stable capacity of above 600 mA h g−1 after 100 cycles for 

Sn4P3 electrode, which is much higher than that of bare P and Sn4P3 without using FEC. 

Encouraged by these studies, various works have been done to further uncover the potential of 

Sn4P3. Fan et al. reported Sn4P3@C spheres with pomegranate-like architecture as the high-

performance anode for sodium storage (Figure 14a).[168] By selecting suitable electrolyte 

system (ether-based electrolyte) and taking advantage of the rationally designed structure, the 

as-prepared composites exhibited a high reversible-capacity of above 700 mA h g-1 with 

significantly high CE (ICE of 90.7% and CE of ~99.9% during cycling) for over 120 cycles 

(Figure 14b, c). When designing Sn4P3/C composites as core-shell, multi-shell, or yolk-shell 

architecture, the cycling stability can be greatly enhanced, which was attributed to the effective 

buffering of volume change induced by these advanced structures.[169, 170] For example, the 

core-shell structured Sn4P3/C electrode showed ultra-long cycle stability over 2000 cycles (84% 

capacity retention) (Figure 14d, e).[169]  
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Some other works focused on the optimization of electrolytes aiming at obtaining a 

satisfactory sodium storage performance of Sn4P3. Recently, Rojo et al. have comprehensively 

surveyed the influence of six different electrolytes on sodium storage behaviors of Sn4P3.
[171] It 

is found that the FEC additive can only play a positive role in conventional carbonate-based 

electrolytes to improve cycling stability of electrode while it is detrimental for ether-based 

electrolytes (Figure 14f). On the other hand, ionic liquid electrolytes are also identified a 

promising candidates for Sn4P3 anodes. According to the study of Usui et al., NaFSA/Py13-

FSA ionic liquid electrolyte allowed the Sn4P3 anode to deliver a stable capacity (750 mA h g-

1) over 200 cycles that is much higher to that with EMI-FSA and PC electrolytes (Figure 

14g).[103]  

The recent progress for the electrochemical performance of tin-based anodes toward sodium 

storage is summarized in Table 2. 

6.2. Antimony-based Anode Materials 

6.2.1 Antimony-based Oxides (Sb2O3 and Sb2O4) 

  Sb2O3 and Sb2O4 are only two kinds of materials studied as anodes for sodium storage 

among antimony-based oxides with the high theoretical capacities of 1103 and 1227 mA h g−1, 

respectively, induced by the conversion-alloying reaction mechanism. Considering the lower 

volume expansion of Sb than that of Sn during alloying reaction, antimony-based oxides are 

considered to exhibit better cycling stability compared to tin-based oxides. However, it should 

be noticed that antimony-based oxides still experience limitations due to the volume change 

and reaction kinetics during cycling. Here also, nano-structuring and generating porous 

architectures was implemented as strategies to shorten the transport length of electrons/ions and 

provide a “buffer room” to accommodate the volume change. In this context, the designed 

Sb2O3 micro-bundles composed of abundant abreast nanoribbons have exhibited excellent rate 

capability (387.1 mA h g-1 at 2 A g-1) and a stable cycle performance over 140 cycles for sodium 

storage (Figure 15a).[219] Similarly, the Sb2O3@Sb nanocomposites decorated by ultrafine 
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mesoporous structure have also shown a high reversible capacity, outstanding rate capability 

(up to 29.7 A g-1), and superior cycling stability (only 0.2% capacity fading after 200 cycles at 

200 mA g-1) (Fig. 15b-d).[220] Coupling with a Na3V2(PO4)3 cathode to conduct full-battery test 

reveals excellent sodium storage properties (output voltage, cycle life, and rate performance)  

(Figure 15f, g). The implementation of carbonaceous materials as additive extended the battery 

cycling and expanded the current charging/discharging, as in Sb2O3/graphene aerogel 

composites (Figure 15h, i).[221] However, using such carbonaceous material usually sacrifices 

the energy density of the whole battery. Depositing Sb2O3 on a 3D scaffold seems to be able to 

effectively increase the mass loading of active material and alleviate the volume variations. 

Volumetric capacity exceeding 480 mA h cm−3 and cell cyclability beyond 200 cycles were 

measured.[52]  

Regarding Sb2O4, there are only few reports on its storage performance at present, perhaps 

attributed to the relatively strenuous synthesis process. Among them, Sb2O4/graphene 

nanocomposites were prepared through a reductive coprecipitation method and delivered a 

reversible capacity of 944 mA h g−1 and capacity retention of 94.2% for over 100 cycles at 0.1C 

in the voltage range of 0.01−1.5 V for sodium storage.[222] 

6.2.2 Antimony-based Sulfides (Sb2S3 and Sb2S5) 

  Sb2S3 is a typical layered-structured materials that tends to grow as wires or rods along the 

[001] direction due to its unique crystal structure arrangement. In situ TEM analysis and DFT 

calculations have confirmed the occurrence of a stepwise CA reaction mechanism of Sb2S3 

electrode for sodium storage, with a resulting theoretical capacity of 946 mA h g-1.[109] Authors 

noticed that the produced amorphous phases during charging/discharging benefit the transport 

of electron and Na+.[109] 

In spite of the theoretically appealing sodium storage performance of Sb2S3, the severe 

volume variation and low electrical conductivity are still the limiting factors for practical 

applications. Strategies represented by hybrid design, nano-structuring, and electrolyte 
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modification have enabled a great progress in optimizing sodium storage performance of Sb2S3. 

Outstanding rate capability of 537.9 mA h g−1 at 10 A g−1 and ultra-stable cycle performance 

of 85.7% capacity maintenance over 1000 cycles have been achieved by constructing 

Sb2S3@FeS2@C hollow nanorods. The carbon matrix, hollow architecture, and formed 

heterointerfaces afford rapid electron/Na+ transport and simultaneously alleviate the volume 

change during cycling (Figure 16a-d).[40] Further engineering was reported (e.g. Sb, S-doped 

carbon) to promote the electrochemical properties of Sb2S3 for SIBs. The synergistic effect 

exerted by the hierarchical interfaces efficiently limits the electro-migration of the polysulfide, 

which promotes the stability over 200 cycles (Figure 16e, f).[44] A novel interlaced reaction 

strategy was reported, as an alternative for the stability enhancement, on the basis of correlative 

constituent design with a core-shell structure. Figure 16h compares the enhancements in ICE 

by hybridizing Sb2S3 with different compounds. Hybridization with MoS2 leads to an increase 

of the reaction reversibility and an enhancement of the first cycle CE (82.9% versus 55.9% for 

pure SnS2), which was attributed to the interlaced electrochemical reactions between Sb2S3 and 

MoS2 (Figure 16g-i).[223] Generally, amorphous materials are expected to exhibit a faster 

electron/ion transport and a better ability of alleviating volume change compared to the 

crystalline counterpart due to the isotropic nature of the amorphous. Taking advantage of this, 

the report has shown a superior rate capability of 315 mA h g-1 at 15 A g-1, and an excellent 

high-rate cycling stability (495 mA h g-1 at 10 A g-1 after 100 cycles) of amorphous Sb2S3-based 

anode for sodium storage.[224]  

Electrolyte modification has been proven to be a powerful measure to optimize the 

electrochemical behavior of above-discussed tin-based anode materials, which is expected to 

be effective for Sb2S3 as well. The FEC additive is usually considered to be useful for modifying 

the SEI film when added to carbonate-based electrolytes. However, a careful consideration 

needs to be taken regarding the influence of FEC on each electrochemical performance-

parameter (e.g. rate capability, cycle life, etc.) of Sb2S3 in different solvent systems such as PC 
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or EC/DEC. In fact, the study has shown the electrolyte-dependent role of FEC concerning the 

rate capability of Sb2S3 anode. A positive effect was noticed for the EC/DEC system, versus a 

negative effect for the PC system.[225] This was correlated to the FEC-induced improvement of 

the SEI layers quality for the EC/DEC electrolyte, but decrease the ion conductivity of the SEI 

layers formed with the PC electrolyte. A conclusion is also drawn that EC/DEC-based 

electrolytes cannot favor the Sb2S3 electrode for sodium storage. Although carbonate-based 

electrolytes have dominated the mainstream developments to date, the Sb2S3 anode with ionic 

liquid electrolytes exhibits a much higher electrode durability, faster reaction kinetics at 60℃, 

and a better thermal stability relative to carbonate-based electrolytes (Figure 16j, k). Here, the 

non-flammability and negligible volatility of ionic liquid electrolytes are considerable 

assets.[225] 

Regarding Sb2S5, there is only one study focusing on its sodium storage performance. As 

seen in Figure 15l, the free-standing amorphous Sb2S5/graphene foam composite showed 

promising electrochemical properties with high reversible rate capacity (845 mA h g−1 at 0.1 A 

g−1), superior cycling stability (only 8.2% capacity fading over 300 cycles at 0.2 A g−1), and 

outstanding rate performance (525 mA h g−1 at 10.0 A g−1), attributed to the intrinsically 

excellent electron conductivity of Sb2S5 itself (band gap of only 0.04 eV) and well-designed 

electrode architecture.[226] 

6.2.3 Antimony-based Selenides (Sb2Se3) 

  Sb2Se3 is a potential anode material for sodium storage, and a unit formula can theoretically 

store 12 Na+ ions through the CA reaction mechanism, providing a moderate theoretical 

capacity of 670 mA h g-1. The real sodium storage processes of Sb2Se3 has been carefully 

investigated using operando characterization techniques. According to the in situ XRD results, 

an initial Na+ intercalation process was first conducted, followed by the conversion of 

NaxSb2Se3 into Sb and Na2Se. Along with the sodiation going on, it was found that a multistep 

alloying reaction process (Sb→NaSb→NaxSb→Na3Sb) was experienced (Figure 17a,b). This 
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successive formation of alloying products (NaSb and NaxSb) has seldom been reported for 

Sb2Se3 in preceding research. Authors have reported an appealing sodium storage performance 

by utilizing rGO to homogeneously wrap Sb2Se3 nanorods. This yields an excellent rate 

capability (386 mA h g−1 at 2 A g-1) and superior cycling stability (capacity retention of 90.2% 

after 500 cycles at 1 A g-1) (Figure 17c, d).[227] Furthermore, the failure mechanism, as revealed 

by TEM, was attributed to the formation of nono-pores inside the Sb2Se3 electrode upon 

charging with a consequent structure weakening and a capacity decay (Figure 17e). Based on 

above observation, authors limited the charging voltage window below 1.5 V to avoid the 

conversion reaction of Sb2Se3. As a result, the electrode showed the considerably enhanced 

sodium storage properties with well-maintained structural integrity (Figure 17f).[228] 

The recent progress for the electrochemical performance of antimony-based anodes toward 

sodium storage is summarized in Table 3. 

6.3. Bismuth-based Anode Materials 

6.3.1 Bismuth-based Oxides (Bi2O3) 

  Bi2O3 serving as an underlying candidate of anode for sodium storage exhibits a high 

theoretical gravimetric capacity of 690 mA h g-1 and volumetric capacity of 6280 mA h cm-3. 

Five polymorphic crystal phases are known for Bi2O3: α-, β-, γ-, δ-, and ω-Bi2O3, among of 

which α-Bi2O3 shows the most stable character at room temperature.[240] The sodium storage 

mechanism of Bi2O3 electrode can be represented as a typical CA reaction that first produces 

the Na2O in the conversion process and subsequently generates Na3Bi in the alloying state. 

Similar to the previously discussed materials, engineering advanced electrode architectures is 

considerably desired to tackle issues related to the large volume change, low electron 

conductivity, and poor reaction reversibility. For example, blend of CNTs and graphene with 

hetero-structured nanosheets composed of α- and β-Bi2O3 has been investigated. The as-

designed electrodes combine the merits of supplying sufficient electron transport channels by 

carbon additive and rich surface/edge-active sites of the nanosheets of β-Bi2O3. The free-
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standing hetero-structured Bi2O3 nanosheets/CNTs/graphene delivered a reversible capacity of 

~110 mA h g-1 after 80 cycles at a current density of 50 mA g−1 (Figure 18a).[241] 

6.3.2 Bismuth-based Sulfides (Bi2S3) 

  Compared to Bi2O3, the number of literatures on sodium storage performance of Bi2S3 is 

significantly higher due to the superior performances. Bi2S3 features a relatively low band gap 

(1.3 eV) and layered structure. The CA reaction mechanism in this material results in a 

theoretical capacity of 625 mA h g-1. While the basic conversion and alloying processes of Bi2S3 

provide poor cycling stability related to structural degradation induced by severe volume 

change, nanosizing and hybridizing typically employed in advanced anodes can circumvent 

these concerns to some degree. Kim et al. prepared Bi2S3/C composite with the effective yolk-

shell structure for affording sufficient electron transport pathways and accommodating the large 

volume expansions, achieving a long-term cycle life of over 300 cycles and excellent rate 

performance of up to 10C (Figure 18b).[242] Further, Cao et al. used the solvo-thermal method 

and subsequent post-sulfidation to synthesize hetero-structured Bi2S3/MoS2 microspheres 

featuring abundant and stable phase boundaries. Experimental and simulation results confirm 

the emergence of an enormous built-in electric fields at the Bi/Na2S heterostructure interfaces. 

Furthermore, the stability of Bi/Na2S interface during cycling was noticed, with an overall 

promotion of the reaction dynamics and enhancement of reaction reversibility. The as-designed 

electrode demonstrated outstanding sodium storage properties, with an ICE of 81.4% at 0.1 A 

g-1 and a cycling stability over 1200 cycles (reversible capacity of 323.4 mA h g−1) at the high 

rate of 10 A g-1 (Figure 18c-e).[45] Long et al. introduced Kirkendall effect to prepare a 

Bi2S3@PPy (polypyrrole) composite, where amorphous Bi2S3 hollow sphere are homogenously 

encapsulated into PPy. With the assistance of the hollow structure and the good electron 

conduction of the PPy layer, the electrodes exhibited a remarkable capacity retention of 90% 

(of second cycle) even after 5000 cycles at 1 A g-1 and a superior rate capability of 278 mA h 

g-1 at 3 A g-1 Figure 18f, g).[243] 
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6.3.3 Bismuth-based Selenides (Bi2Se3) 

  Bi2Se3 possesses a theoretical capacity of 490 mA h g-1, much lower than other CA anode 

materials. Despite this, the high density of 7.47 g cm-3 for Bi2Se3 suggests a moderate theoretical 

volumetric capacity of 3667 mA h cm-3, driving the academic-study developments on the 

sodium storage behaviors of Bi2Se3. Xie et al. fabricated a Bi2Se3/C composite based on a facile 

high-energy ball milling strategy, which exhibited a high reversible capacity (527 mA h g-1 at 

0.1 A g-1), an excellent rate capability (186 mA h g-1 at 10 A g-1), and a good cycling stability 

(capacity retention of 89% after 100 cycles at 0.1 A g-1).[244] Li et al. dispersed Bi2Se3 

nanoparticles of average diameter of 100 nm onto graphene homogenously to construct 

Bi2Se3/graphene hybrid with strong interfacial interaction, obtaining a high pressing density of 

2.07g/cm3. The resulting electrode delivered a high volumetric capacity of 500 mA h cm-3 (at 

100 mA g-1), fast-charging capability of up to 30 C (capacity of 187 mA h g-1), and an ultra-

stable long-term cycle life of over 1000 cycles (almost no capacity fading cycled at 30 C) 

(Figure 18h).[245] 

The recent progress for the electrochemical performance of bismuth-based anode materials 

toward sodium storage is summarized in Table 4. 

6.4. Germanium-based Anode Materials 

  Despite the relatively high cost of Ge, Ge-based materials including GeO2, GeS2, GeP, GeP3, 

and GeP5 have also been investigated as anodes for SIBs with the CA reaction mechanism. 

Among them, the current reported studies of GeO2 for sodium storage are very limited. Pan and 

co-workers have pioneered the exploration of sodium storage properties of GeO2. A reversible 

capacity of 330 mA h g-1 at 0.1 A g-1 and a long life cycle of over 600 cycles at 1 A g-1 were 

achieved by coupling GeO2 with rGO.[250] Another study exhibited the practicability of GeO2-

based glass anode for sodium storage, which need to be further optimized in view of its reported 

performance.[251] 
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Compared to GeO2, GeS2 has attracted more attention of researchers and has demonstrated a 

superior electrochemicalperformance in the battery field. Recently, Yu’s group utilized a 

topotactic transformation route to prepare ultrathin GeS2 nanosheets with a thickness of ~1.2 

nm. The 2D ultrathin nanostructure achieved the favorable electrode-electrolyte contact but also 

shortened the diffusion length of electron/Na+, promoting the reaction kinetics. Furthermore, a 

large accessible surface area and a fast Na+ migration along the [001] direction were revealed 

by DFT calculations. This material exhibits a high pseudocapacitive contribution during 

sodiation/de-sodiation, ensuring a remarkable rate capability. As a result, the GeS2 nanosheets 

delivered a reversible capacity of up to 515 mA h g−1 over 2000 cycles even at the rate of 10 A 

g−1 in a half cell and a high energy density of 213 W h kg-1 when coupled with a 

Na3V2(PO4)2O2F cathode and cycled at 0.2 A g-1 (Figure 19a).[252] Kim et al. prepared a hybrid 

architecture of GeS2 nanoparticles uniformly distributed onto a rGO framework and proposed 

a unique electrochemical reaction mechanism of GeS2/rGO electrode based on the analytical 

results from X-ray absorption near-edge structure (XANES). In this mechanism, crystalline 

GeS2 converts to a poorly crystallized Na2S and amorphous Na1.6Ge rather than the generally-

considered NaGe alloy after sodiation. The amorphous phase maintains uniformly distributed 

on rGO instead of transforming reversibly back to the initial GeS2 in the subsequent de-

sodiation process (Figure 19b, c). The fast Na+ mobility in the amorphous products and the 

buffering function of rGO contributes to the displayed a high reversible capacity of 805 mA h 

g−1, superior rate performance of up to 5 A g-1, and excellent cyclability with a capacity 

retention of 94% after 100 cycles.[253] 

Ge-based phosphides are currently the most studied Ge-based anode materials in SIBs, 

perhaps due to the attractive features of P such as relatively high theoretical capacity and weak 

electronegativity. Ge-based phosphides are generally synthesized by a facile mechanical ball 

milling method, in which varying the ratio of precursors (Ge and P powders) can lead to 

different products, such as GeP, GeP3, or GeP5. The experimental and theoretical investigations 
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revealed a completely self-healing sodium storage process in the GeP electrode that was able 

to eventually convert back to its original structure after de-sodiation, due to the ultralow 

formation energy (-0.19 eV) for reconstructing layered GeP. Thus, bare GeP electrode delivers 

an impressive ICE of up to 93%, indicating a high reaction reversibility. When combined with 

graphite, the composite performed a high ICE of above 90%, long cycle life of over 300 cycles 

with average CE exceeding 99.5%, and good rate performance reaching 5 A g-1 (capacity of 

533 mA h g-1) (Figure 19d).[254] 

The first-principles calculations predicts GeP3 as a kinetically favorable anode toward 

achieving high-power SIBs due to its low band gap, highly softened structure, and excellent 

thermodynamic phase stability with fast electron/ion transport and suppression of phase 

separation at the early discharge state (Figure 19e, f). The following electrochemical tests 

proved that GeP3 possessed a high Na+ diffusion coefficient, outstanding rate capability of 197 

mA h g−1 even at 20 A g-1, and superior high-rate cycling stability of over 2000 cycles at 1 A g-

1 (Figure 19g).[46] Another study reported a GeP3/C@graphene hybrid as anode for sodium 

storage, which showed a high electric conductivity of 589 mS cm-1, large reversible capacity of 

1084 mA h g−1 at 50 mA g−1, and superior cycle performance of over 400 cycles retained a 

reversible capacity of 823.3 mA h g−1.[255] As for GeP5, it possesses the highest theoretical 

capacity of around 1860 mA h g−1 among the currently reported Ge-based phosphides due to 

the high content of P in GeP5. The GeP5/C composite is easily prepared by a high-energy ball 

milling of a GeP5 and graphite mixture. This composite features a remarkable sodium storage 

performance, with the ultrahigh ICE of 93%, ultrahigh reversible capacity of 1250 mA h g-1, 

and low work potential of 0.4 V (Figure 19h, i). Combined with a Na3V2(PO4)3/C cathode, the 

full battery also exhibited a high capacity of 800 mA h g-1 and average output voltage of 2.65 

V based on the mass loading of anode part.[256] 

The recent progress for the electrochemical performance of Germanium-based anode 

materials toward sodium storage is summarized in Table 5. 
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6.5. Summary 

In general, tin-based materials are the most intensively investigated among various CA 

anodes for sodium storage, which might be ascribed to the most abundant resource of Sn 

element in the earth and relatively high theoretical capacities (Figure 6). Furthermore, the 

majority of tin-based materials (such as SnO, SnS2, SnS, and SnSe2) feature the layered 

structure with large interlayer spacing facilitating the insertion and extraction of Na+. However, 

compared to corresponding antimony-, bismuth-, and germanium-based materials, tin-based 

materials generally exhibit the most serious volume change during the sodiation/desodiation 

process due to the relatively larger Na+ insertion numbers of Sn, which intrinsically limits the 

cycling stability. It is worth noting that the rapid developments of nanotechnology, deep 

understanding of failure mechanism and ingenious structure design have significantly 

prolonged the cyclic life up to 2000 cycles of tin-based materials (Table 2). As for antimony-

based materials, their reported comprehensive electrochemical performance for SIBs including 

reversible capacity, rate capability and cycling stability are a little worse than that of tin-based 

anodes, perhaps attributed to the lower theoretical capacity. The high atomic weight of Bi 

element and rare resource of Ge element inevitably lead to the low reversible capacity of 

bismuth-based anodes and high cost of germanium-based anodes, rendering them less attractive 

among the CA materials. On the other hand, the categories of anions also have a great influence 

on the electrochemical performance of CA anodes for sodium storage. In view of the large ion 

radius of sodium, the sluggish reaction kinetics in oxides causes the corresponding CA materials 

to exhibit the low reversible capacities of less than 500 mAh g-1 and inferior rate capability, 

which compares unfavorably with those for lithium storage. Sulfides generally provide higher 

reversible capacity, better rate performance, and more stable cycling life in comparison with 

their oxides counterparts in SIBs, due to the weaker bond of metal-sulfur and the better 

conductivity of the discharge product (Na2S). In spite of more favorable reaction kinetics of 

selenides than sulfides counterparts, the higher atomic weight of Se element serious limits the 
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energy density of selenides. The studies of phosphides in the CA materials mainly focus on 

Sn4P3-based anodes, which possess high theoretical capacity and good conductivity. However, 

the severe volume variations and potential safety hazard during synthesis process of phosphides 

significantly hinder their practical applications. On a whole, tin sulfides exhibits the best 

comprehensive electrochemical performance for sodium storage currently and might be most 

promising in CA materials in terms of full cell and/or practical applications if the ICE and 

voltage hysteresis are further optimized. 

7. Conclusion and Perspective 

Considering the shortage of lithium resources and the associated price increase issue, SIBs 

have received a considerable attention as an alternative for LIBs. However, the cost analysis 

reveals that the low energy density of SIBs, based on conventional intercalation anodes, are 

unlikely to secure the low-cost advantage of sodium storage. The pursuit of rising the energy 

density stimulates the boom in the development of high-performance electrodes, among which 

the CA materials are suitable candidates due to their high theoretical capacities and relatively 

low working voltages. In this review, we have offered a horizon scan on the reaction mechanism, 

challenges, corresponding strategies, and recent progress of CA anodes in sodium storage, 

mainly including Sn-, Sb-, Bi-, and Ge-based materials. The CA reaction mechanism 

demonstrates substantial potential for the commercialization of SIBs. However, several 

fundamental challenges are preventing CA materials from becoming a mature battery 

technology, including low electronic/ionic conductivity-induced poor reaction dynamics, 

severe volume variations-induced structural degeneration of the electrodes, large voltage 

hysteresis-induced low energy efficiency, unfavorable side reactions with electrolytes and 

inferior sodiation reversibility-induced low ICE, and active material dissolution during cycling. 

For overcoming these challenges, multiple strategies have been proposed, ranging from nano-

structural design, hybridization, defect engineering, electrolyte optimization, and effective 

electrode configuration design to employing theoretical simulations. It seems that two or more 
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strategies are necessary to be combined in some cases in order to realize appealing cell-level 

property parameters. We also expect that the increasing applications of various modeling efforts 

at distinct scale will play significant roles in guiding and aiding material and cell developments 

in the future. 

According to the current progress on the CA anodes for sodium storage, the adoption of some 

effective approaches has indeed achieved substantial success in improving their 

electrochemical performance to some extent. Specifically, several studies have demonstrated 

excellent cell-level capacity retention (>80%) for 500-1000 cycles or more, highly reversible 

capacity (beyond 500 mA h g-1), high ICE (>80%), and satisfactory rate capability (up to 10 A 

g-1). It should be noted that, however, all these crucial parameters have hardly been realized in 

a single material/battery to date. In addition, despite these progressive developments, multiple 

key issues still stand in the way of their paces toward practical applications. 

Firstly, an obvious gap still exists between the current reported sodium storage performance 

levels of the CA materials and their theoretical limits (Figure 20). Aiming at this problem, 

employing advanced characterization techniques, particularly in situ/operando characterization 

techniques, is of vital importance to reveal the underlying reasons for this situation. Only in this 

way can we further enhance their practical energy densities to fully exert their advantages and 

meet the commercial application demands for SIBs. 

Secondly, most of reported improved sodium storage performance were realized through 

fabricating various nano-structural anode materials that feature a rather low mass loading and 

tap density. When rigorously assessed under a realistic battery criterion, it is likely that their 

electrochemical properties have been overestimated based on the gravimetric capacities of the 

active materials, highlighting the necessity of a balanced consideration of the materials and 

cells. In practice, the high reversible gravimetric-based capacities of most reported active 

materials are unable to completely convert to volume-based battery energy densities due to the 

low electrode densities. In order to achieve high volumetric capacity and simultaneously 
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maintain high gravimetric capacity, further researches need to be focused on the suitable design 

of electrode materials with advanced architecture, such as the combined microscaled and 

nanoscaled structures and hierarchical architecture self-assembled from nanosized building 

units, thus simultaneously making use of the underlying merits of nano- and micro-scaled 

structures. Fabricating 3D flexible free-standing electrode configurations seems to be another 

efficient strategy to enhance the energy density and decrease the cost of SIBs. Additionally, 

plenty of the employed synthesis methods (e.g. CVD, electrospinning) and supportive materials 

(e.g. graphene, CNTs) for constructing the nanostructured electrodes have not been achieved in 

the large-scale and low-cost practical level, which brings an intensive requirement for scale-up 

and inexpensive efforts in the future. 

Thirdly, some efforts have enabled ICE above 80% through a rational electrode design and 

appropriate electrolyte selection. We want to emphasize that the ether-based electrolyte 

commonly used to realize high ICE can operate stably in the half-cell tests, while its chemical 

stability casts a great risk when matched with high-voltage cathode materials to assemble a full 

cell. Thus, it is still necessary to explore new effective strategies or electrolyte systems to 

overcome the issue of low ICE in CA materials. Solid-state electrolytes might present an 

appealing alternative as the irreversible electrolyte decomposition is suppressed relative to 

liquid electrolytes. In this regard, much attention needs to be focused on studying and regulating 

the solid-solid interfaces. 

Fourthly, even in the most advanced research progress for CA materials, the challenge of 

large voltage hysteresis has not been well overcome, leading to the undesired energy efficiency 

in full battery. According to the calculations by assuming 99% of CE and employing the same 

charge/discharge rate for the full cell, the energy efficiency based on CA materials provides the 

values of approximately 60%-80% (mostly less than 70%), which is far below the value 

provided by hard carbon (approximately 90%) (Figure 21). The most fundamental approach to 

improve the energy efficiency depends on significantly reducing the voltage hysteresis of such 
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materials during cycling. Unfortunately, the results of all current reported studies exhibit that 

the voltage hysteresis is still unable to be effectively diminished simply improving the 

electronic and ionic conductivities of the electrode by nano-sizing or hybridizing, emphasizing 

the importance of more fundamental studies to reveal the origin of voltage hysteresis. Although 

several researchers have tried to conduct some explorations, the progress in this field is still 

insufficient to clearly understand the definitive root of voltage hysteresis considering their 

obviously contradictory explanations. It is believed that the developments of more advanced in 

situ characterization techniques and theoretical simulation methods might pave the way to 

clearly clarify the origin of voltage hysteresis and thus provide the possibility to completely 

eliminate this challenge. 

Despite the significant role of developing anode materials for SIBs, the increasing demands 

for the commercialization of SIBs need to reinforce the explorations at the full-battery level and 

using a holistic view. Thus, all components of the full battery, including cathode, anode, 

electrolyte, binder, etc., should be given equal attention. Focused on the side of negative 

electrode materials, we hope that this review will serve as a guide for the development of CA 

anode materials and contribute to their practical applications. 
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Figure 

 

Figure 1. conversion-alloying anode materials for SIBs 
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Figure 2. Estimation of the volumetric and gravimetric energy densities of unit stacks 

(calculating units) in rechargeable SIBs achievable with CA anodes coupled with NaMnO2, 

Na2Fe[Fe(CN)6], Na3V2(PO4)2F3, CuF2, Na2Fe2(SO4)3 and V2O5 cathodes(based on their 

theoretical capacities). A unit stack (the smallest cell unit) comprises 9μm metal current 

collector foil, 9μm separator and electrodes. The thickest (limiting) electrode (either the anode 

or the cathode, depending on a particular chemistry) is 100μm in thickness, while the thickness 

of the other electrode is calculated based on the capacity matching. The volume fraction of the 

active material in each electrode is considered to be 70 vol%. The rest volume (30 vol%) of the 

electrode is typically occupied by binder, conductive additives, electrolyte and other inactive 

components displaying an average density of 1.6 g cm-3. Areal capacities of anodes and 

cathodes were matched 1:1 and no extra capacity was considered for the formation losses. 
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Figure 3. a) The comparison of key sodium storage parameters between the typical CA anodes 

and hard carbon. b) Summary of challenges and their relationships for the CA anodes. 
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Figure 4. Summary on the strategies for enhanced sodium storage performance of CA materials 
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Figure 5. a) Schematic illustration of the synthesis route for the SnO2@NC composites. b) 

TEM image of SnO2@NC composites. [110] c) SEM image of P-SnS2@TiC/C arrays.[111] d) 

Formation mechanism of the SnSe nanoplates from the droplet containing tin oxalate and 

H2SeO3. e,f) SEM and TEM image of SnSe nanoplates.[114] h) Schematic illustration of the 

fabrication of Sn4P3@CNF.[115] 

 

 

Figure 6. Theoretical gravimetric and volumetric capacities of various CA anode materials for 

SIBs. 
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Figure 7. a) Cycling performances of the SnO2/RGO nanocomposite with FEC additive.[131] b) 

Schematic illustration of molecular engineering of a layer-by-layer assembly technique.[89] c) 

Charge density difference of G/Na2O with 1 Na atom. d) Diffusion energy for Na atom diffusion 

through the Na2O bulk, Na2O bulk surface, and G/Na2O interface. e) Rate capability of the 

C/SnO2/C electrode.[132] f) Long-term cycle stability of the C@SnO2@C electrode over the 

3000 cycles.[133] g) Schematic illustration of the preparation process for SnO2/NiO@C hollow 

nanotubes.[134] 
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Figure 8. a) Schematic illustration of the working mechanism of cross-linked PAA-SS binder 

and PVDF binder in SnO2 anodes. b) Cycling performance of PAA-SS@SnO2 and 

PVDF@SnO2.
[135] c,d) FIB cross-section images of PVDF and NaCMC/NaPAA electrodes after 

the same cycles. e) Rate capability of the C/SnO2/C electrode.[136] f-h) Effects of temperature 

on reversible capacity at 20 mA g-1, capacity retained ratios at 1000 mA g-1 (compared to values 

at 20 mA g-1), and cyclic stability of SnO2/graphene electrodes measured in PC/EC/FEC and 

PMP–FSI IL electrolytes.[102] i) SEM image of N2-annealed SnO2 ordered arrays. j) The rate 

performance of oxygen vacancies-containing SnO2.
[137] k) The reaction mechanisms of SnO2 

and SnO2-x/C electrodes during the charge/discharge process. l) Cycling performance of SnO2-

x/C, SnO2, and porous carbon nanofibers (PCNFs) electrodes at 1 A g-1.[95] 
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Figure 9. a-c) Schematic illustration, TEM image, and corresponding cycling performance of 

GF/CNTs@SnO electrode.[138] d-f) Schematic illustration of the SnO nanosheets with different 

number of layers and corresponding long-term cycling performance.[139] g) Flow chart for the 

Synthesis Procedure of SnO with Microwave Energy. h) Charge−discharge profiles of SnO.[140] 
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Figure 10. a) Schematic illustration of the sodium storage mechanism of SnS2.

[145] b) The 

electronic charge density and integrated LDOS in SnS2/G and SnS2/GO composites. c) Na 

migration energy profiles within the heterointerspaces of hybrid SnS2/G and SnS2/GO 

composites.[146] d) Cycling performance of SnS2/EDA-rGO electrode.[96] e, f) Structure 

schematic illustration and corresponding sodium storage performance of the vertical alignment 

of SnS2 on 3D graphene foam electrodes.[87] g-j) SEM images of SnS2@CNT nanotubes, 

SnS2@C nanoboxes, SnS2@C hollow nanospheres, and corresponding cycling performance.[152] 
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Figure 11. a) Dependence of system energy on the interlayer space in the SnS2/rGO/SnS2 

composite crystals. b, c) Cycling performance and rate capability of SnS2/rGO/SnS2.
[158] d) 

Typical models of Na atom intercalated/adsorbed into/on the (001) interlayer, the exposed (001) 

facet, the (100) lattice, the exposed (100) facet, and corresponding binding energies. e) Na 

diffusion energy profiles through the different paths.[159] f) Comparison of the theoretical and 

practical capacity of typical conversion-type and conversion-alloying materials for SIBs. g) 

Summary of the enhanced conversion reaction adequacy mechanism of the 40%Fe-SnS2 

electrode.[97] 
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Figure 12. a) Schematic illustration of the synthesis of SnS/S, N coped carbonfibers and its fast 

battery-capacitive sodium storage.[118] b) TEM image of SnS/NG hybrid nanobelts. c) UV-vis 

spectra of polysulfide and electrolyte after 100 cycles. d) Cycling performance of SnS/NG 

hybrid nanobelts at 1.6 A g-1.[71] e) Typical current density versus time curve recorded for a 

Sn/Cu bilayer anodized at 100 V in a glycerol solution of 0.05m Na2S, 0.1m NH4F, and 3vol% 

H2O. The inset SEM images show the sample surface morphology change. f) Schematic 

drawing showing the formation process of the hierarchical SnS/SnOx hollow nanospheres 

during the anodization treatment.[162] g) Galvanostatic charge/discharge profiles and 

corresponding volumetric capacities at various current densities of hG@SnS bundles electrode 

after four cycles activation at 0.2 A g−1. h) High-rate long-term cycling stability of SnS 

electrodes at 3 A g−1. i) Schematic illustration of the sodium storage mechanism of hG@SnS 

bundles.[163] 
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Figure 13. a-c) Cycling performance and sodium storage processes of SnSe2/rGO.[164] d, e) 

Schematic illustration of the sodium storage mechanism and cycling performance of 

SnSe2/C.[165] f) Schematic Illustration of fabrication of SnSe/FLG and discharge/charge process 

of SnSe/FLG with Sn−C and Se−C Co-bonding. g) Cycling performance of SnSe/FLG.[166] 
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Figure 14. a) TEM image of pomegranate-structured Sn4P3@C spheres. b) Initial galvanostatic 

charge-discharge voltage profiles of Sn4P3@C spheres at a current density of 50 mA g−1 using 

three different electrolytes. c) Cycling performances of Sn4P3@C nanospheres at the 100 mA 

g−1 using different electrolytes.[168] d) Schematic illustration of the synthesis of Sn4P3-C 

composite nanospheres. e) Long term cycle stability of the Sn4P3-C nanosphere electrode at 

2000 mA g−1.[169] f) Rate capability of Sn4P3/C electrodes cycled in NaClO4/EC:PC (orange 

inverted triangles), NaClO4/EC:PC:FEC (red diamonds), NaPF6/EC:PC (dark cyan hexagons), 

NaPF6/EC:PC:FEC (green circles), NaPF6/DEGDME (black squares) and 

NaPF6/DEGDME:FEC (dark grey stars) electrolytes.[171] g) Cycling performances and 

Coulombic efficiencies of the Sn4P3 electrode in various electrolytes using solvents of Py13-

FSA, EMI-FSA, and PC.[103] 
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Figure 15. a) TEM image and illustration of Sb2O3 micro-bundles.[219] b) Schematic illustration 

showing the structure of the mesoporous Sb2O3@Sb nanocomposite. c, d) Cycling performance 

and rate capability of mesoporous Sb2O3@Sb nanocomposite. e) The operando XRD patterns 

of the mesoporous Sb2O3@Sb nanocomposite electrode during the discharge/charge/discharge 

processes. f, g) Typical charge-discharge curves and rate capability of the full cell consisting of 

the mesoporous Sb2O3@Sb nanocomposite anode and the Na3V2(PO4)3 cathode.[220] h) The 3D 

architecture of the RGO@Sb2O3 composite and the Na+ diffusion and electron transport 

pathways. i) Cycling performance of the RGO@Sb2O3 composite.[221] 
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Figure 16. a) The structural schematic illustration of Sb2S3@FeS2@C hollow nanorod electrode. 

b) The schematic graph of Sb2S3, Sb2S3@FeS2, and Sb2S3@FeS2@C composites upon long-

term cycling. c) The binding energies of Na2S under the most stable adsorption configuration 

for Sb2S3@FeS2 and Sb2S3. d) Cycling performance of Sb2S3@FeS2@C hollow nanorods.[40] e) 

Discharge capacity contribution from conversion reaction at different cycles. f) Cycling 

performance of Sb2S3@Sb@C.[44] g) Schematics of the sodium storage process as the voltage 

changing in Sb2S3/MoS2. h) First charge/discharge curves and corresponding ICE of 

Sb2S3/MoS2, Sb2S3 and Sb2S3/SnS2 electrodes at a current density of 100 mA g-1. i) Schematic 

diagram which reveals the theoretical capacity independent phenomenon by comparing: the 

reversible capacities of the individual Sb2S3, MoS2 and SnS2; sum of calculated capacities of 

Sb2S3/MoS2 and Sb2S3/SnS2 based on the composition ratio and the actual capacities based on 

experimental tests.[223] j,k) Effects of temperature on reversible capacity at 50 mA g-1 cyclic 

stability of Sb2S3/graphene electrodes measured in PC/FEC and PMP−FSI IL electrolytes.[225] 

l) Cycling performance of Sb2S5-based electrodes.[226] 
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Figure 17. a) In situ XRD patterns of Sb2Se3/rGO anode operated at different states of charge 

against the voltage during the initial cycle. b) Schematic of the reaction mechanism of the 

Sb2Se3/rGO hybrid during the charge/discharge process. c,d) Cycling performance and rate 

capability of Sb2Se3/rGO anodes.[227] e) In situ morphology evolution of the Sb2Se3 nanowire 

during desodiation. f) Cycling performances in different voltage windows at a current density 

of 200 mA g−1.[228] 
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Figure 18. a) Cycle stability at a rate of 50 mA g−1 of heterostructured Bi2O3 

nanosheets/CNTs/graphene electrode.[241] b) Rate capability of Bi2S3/C yolk-shell electrode.[242] 

c) The calculated Na+ ions adsorption energy of Bi2S3, MoS2, and Bi2S3/MoS2. d) The 

mechanism scheme of Bi2S3/MoS2 composite with self-generated phase boundaries. e) Long-

term cycling performance for Bi2S3/MoS2, Bi2S3 and MoS2.
[45] f) Schematic illustration of the 

preparation of the amorphous Bi2S3-polypyrrole hollow spheres (Bi2S3-PPy HSs) electrode. g) 

Cycling stability of the Bi2S3 HSs and Bi2S3-PPy HSs.[243] h) Rate capability of Bi2Se3-PPy 

HSs.[245] 
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Figure 19. a) Schematic illustration of the synthesis procedure of ultrathin GeS2 nanosheets 

and corresponding cycling performance.[252] b) Ex situ X-ray absorption near edge structure 

measurements of the GeS2/rGO nanocomposite for sodiation process. c) Schematic illustration 

of the proposed electrochemical reaction mechanism of the GeS2/rGO nanocomposites.[253] d) 

The Na-ion diffusion energy barrier along the chemical bonding between the layered GeP and 

layered graphite, and cycling performance of GeP/C electrode.[254] e) Homogeneous bulk free 

energies for NaP and Na(GeP3). f) Migration barriers of Na+ in NaP and Na(GeP3). g) Cycling 

performance of GeP3.
[46] h) Initial discharge/charge curve comparison of GeP5/C with pure 

GeP5, Ge/C-P/C and GeP5-P-Ge. i) The reaction mechanism of GeP5/C anode materials.[256] 
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Figure 20. Comparison of the theoretical and practical capacity of typical CA anode materials 

for SIBs.  

 
Figure 21. a) Estimation of the energy efficiency in SIBs achievable with CA anodes coupled 

with NaMnO2, Na2Fe[Fe(CN)6], Na3V2(PO4)2F3, Na2Fe2(SO4)3 and V2O5 cathodes(based on the 

CE of 99% for full battery). b) Classification of CA materials according to their average energy 

efficiency. 
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Table 1. Inherent properties of various CA materials 

Materials Band gap (eV)a Na+ diffusion coefficient (cm2s-1) Interlayer distance (nm) 

SnO2 3.6 3.210-17 [41] - 

SnO 1.2 - 0.484 

SnS2 1.4 3.810-12 [117] 0.590 

SnS 1.1 8.610-10 [118] 0.433 

SnSe2 1.0 5.510-13 [119] 0.614 

Sn4P3 0.2 3.010-8 [120] 0.342 

Sb2S3 1.3 2.110-12 [44] 0.563 

Sb2Se3 0.7 1.610-16 [121] - 

Bi2O3 2.3 7.010-13 [122] - 

Bi2S3 1.3 1.7610-11 [123] 0.560 

GeP 0.8 - 0.230 

GeP5 0.4 - 0.333 

a Materials Project 
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Table 2. Overview of recent reported sodium storage performance for tin-based oxides 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycling 

performance 

Rate 

capability 
Refs 

SnO2@ 

CNTs 

Melt infiltration 

method 

1M NaClO4 

in EC/DEC 
50 900/2nd/0.1 

234(78%) 

/100th/0.1 
170/2.0 172 

SnO2@ N-

carbon 

Hydrothermal 

method 

1M NaClO4 

in EC/DMC 
43 800/2nd/0.1 

336(92%) 

/100th/0.1 
151/2.0 173 

SnO2@Sn/ 

N-G 

Microwave plasma 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

46 800/2nd/0.1 
117(73%) 

/200th/2.0 
160/2.0 174 

SnO2/N- 

rGO 

Wet-chemical 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 
36 

800/2nd/0.0

5 

189(59%) 

/500th/0.5 
262/2.0 175 

SnO2/PPy 
Electrodeposition 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

35 800/2nd/0.1 
404(85%) 

/300th/0.1 
75/1.0 176 

SnO2@ 

SnS2@N-G 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 
55 700/2nd/0.1 

100(57%) 

/200th/3.0 
75/5.0 92 

CNT@SnO2

@CNT 

Polymerization 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

35 850/2nd/0.1 
306(85%) 

/200th/1.0 
150/2.0 177 

C@SnO2/C 
Freeze-drying 

method 

1M NaClO4 

in EC/DEC 
NA NA 

370(95%) 

/40th/0.1 
105/10.0 132 

SnO2/N,S- 

GO 

Layer-by-layer 

assembly 

technology 

1M NaClO4 

in EC/DEC 

with 5%FEC 
48 

800/2nd/ 

0.05 

393(98%) 

/120th/0.05 
169/2.0 89 

SnO2/ 

Co3Sn2 

Wet-chemical 

method 

1M NaClO4 

in EC/PC 
51 

700/2nd/ 

0.05 

240(60%) 

/150th/0.05 
NA 178 

SnO2@ 

CMK-8 

Wet-chemical 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 
70 

650/2nd/ 

0.05 

650(90%) 

/300th/0.1 
425/2.0 136 

CNT@SnO2

@C 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 
44 750/2nd/0.2 

309(84%) 

/300th/0.2 
96/5.0 179 

SnO2 

nanosheets 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 
49 700/2nd/0.1 

420(84%) 

/200th/0.2 
213/2.0 67 

1D SnO2/ 

NiO@C 

Electrospinning 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
69 700/2nd/0.1 

160(95%) 

/1000th/0.8 
203/3.2 134 

yolk-shell 

SnO2/G 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

40 
750/2nd/ 

0.05 

248(87%) 

/1000th/1.0 
153/10.0 180 

SnO2−x/C 
Electrospinning 

method 

1M NaClO4 

in EC/DEC 
55 700/2nd/0.1 

565(95%) 

/2000th/1.0 
340/5.0 95 

MoS2@ 

SnO2@C 

Hydrothermal 

method 

1M NaClO4 

in PC/FEC 
68 

700/2nd/ 

0.05 

230(77%) 

/500th/1.0 
168/2.0 181 

SnO2/Se/G Annealing 

1M NaClO4 

in EC/PC 

with 5%FEC 

67 600/2nd/0.1 
300(70%) 

/5000th/5.0 
320/20.0 182 

SnO2/C 
Hydrothermal 

method 

1M NaClO4 

in EC/DMC 

with 5%FEC 

38 700/2nd/0.1 
270(99%) 

/100th/0.1 
193/1.0 183 
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Table 2. Continued. 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

SnO2/N-C 
EDTA chelation 

etching 

1M NaClO4 

in EC/DMC 

with 5%FEC 
53 

700/2nd/ 

0.05 

255(85%) 

/1000th/1.0 
180/5.0 184 

Mesoporous 

SnO2 
Anodization 

1M NaClO4 

in PC/FEC 
55 600/2nd/0.1 

200(23%) 

/500th/0.3 
203/10.0 185 

Sb-SnO2/G-

CNT 

Hydrothermal 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

NA NA 
234(74%) 

/500th/1.0 
230/2.0 186 

Amorphous 

SnO2-x 
Electrodeposition 

1M NaClO4 

in EC/PC 
40 

700/2nd/ 

0.05 

220(29%) 

/800th/1.0 
200/20.0 137 

SnO2/G 
Supercritical-CO2-

assisted method 
Ionic liquid 40 700/2nd/0.1 

320(99%) 

/100th/0.1 
148/1.0 102 

Sn/SnO 
Hydrothermal 

method 

1M NaPF6 in 

EC/DEC 
30 NA 

137(69%) 

/400th/0.1 
84/0.4 142 

SnO 

microflowers 
Microwave heating 

1M NaPF6 in 

EC/PC  with 

2%FEC 

47 
700/2nd/ 

0.025 

470(100%) 

/50th/0.1 
359/0.25 140 

SnO 

nanoarrays 

Hydrothermal 

method 

1M NaPF6  

in EC/DEC 

with 5%FEC 

44 750/2nd/0.1 
540(91%) 

/800th/0.1 
170/10.0 138 

SnO 

nanosheets 

Hydrothermal 

method 

1M NaClO4 

in EC/DMC  
79 700/2nd/0.1 

452(92%) 

/1000th/1 
410/2.0 187 

SnS2/N,S-

CNT 

hydrogel coating 

process 

1M NaPF6 in 

PC/FEC 
54 

600/2nd/ 

0.05 

417(85%) 

/80th/0.4 
344/5.0 188 

SnS2-rGO 
Sulfidization and 

heat treatment 

1M NaClO4 

in PC/FEC 
70 600/2nd/0.1 

310(97%) 

/2000th/3.0 
310/2.0 39 

SnS2/Co3S4-

rGO 

 Solvothermal 

method 

1M NaClO4 

in EC/DEC/ 

PC with 5% 

FEC 

59 650/2nd/0.1 
846(82%) 

/100th/0.5 
393/10.0 189 

Fe doped 

SnS2 
CVD 

1M NaClO4 

in EC/DEC 

with 5%FEC 
84 

550/2nd/ 

0.02 

630(91%) 

/100th/0.5 
640/5.0 97 

SnS2/rGO/ 

SnS2 

Hydrothermal 

method 

1M NaPF6 in 

EC/DEC 
67 600/2nd/0.1 

1133(91%) 

/100th/0.1 
765/10.0 158 

SnS2@C@ 

rGO 

Wet-chemical 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

69 
550/2nd/ 

0.05 

558(88%) 

/100th/0.1 
397/2.0 190 

SnS2/C Sulfidization 

1M NaPF6 in 

EC/DEC 

with 5%FEC 

77 750/2nd/0.1 
330(84%) 

/100th/0.1 
320/5.0 53 

SnS2/ZnS@

C  
Sulfidization 

NaCF3SO3 in 

DEGDME 
76 750/2nd/0.1 

456(97%) 

/700th/1.0 
291/10.0 191 

SnS2/ 

Mn2SnS4/C 
Sulfidization 

NaCF3SO3 in 

DEGDME 
91 600/2nd/0.1 

523(91%) 

/500th/5.0 
489/10.0 157 

SnS2/N,S- 

carbonfibers 

Electrospinning 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

69 
550/2nd/ 

0.05 

380(75%) 

/200th/0.5 
311/4.0 192 
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Table 2. Continued. 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

SnS2/CoS2/

S-GO 
Sulfidization 

NaCF3SO3 in 

DEGDME 
79 700/2nd/0.1 

487(93%) 

/5000th/5.0 
469/10.0 193 

CoS2/C@ 

SnS2 
Sulfidization 

NaPF6 in 

EMC 
81 600/2nd/0.1 

400(80%) 

/3500th/10.0 
650/5.0 194 

SnS2/rGO 

nanoarrays 

Hydrothermal 

method 

1M NaClO4 

in EC/DMC 
65 550/2nd/0.1 

480(99%) 

/1000th/0.8 
320/10.0 148 

SnS2 

nanoparticle

s 

Wet-chemical 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

51 
700/2nd/ 

0.05 

330(80%) 

/600th/1.0 
202/10.0 68 

SnS2 

nanosheets 
Sulfidization 

1M NaClO4 

in EC/DEC 

with 5%FEC 
74 550/2nd/0.1 

525(94%) 

/100th/0.2 
441/5.0 152 

SnS2/G-CNT 

aerogels 

Hydrothermal 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

NA NA 
300(70%) 

/1000th/3.0 
305/10.0 195 

Ti doped 

SnS2 @CNT 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
50 550/2nd/0.1 

307(72%) 

/1000th/0.4 
364/0.8 196 

SnS2/MXene 
Vacuum-assisted 

filtration 

1M NaClO4 

in EC/PC 

with 5%FEC 

52 650/2nd/0.1 
322(75%) 

/200th/0.1 
78/2.0 151 

Few-layered 

SnS2 

Wet-chemical 

method 

1M NaPF6 in 

EC/DEC 

with 3%FEC 
74 500/2nd/0.2 

701(86%) 

/200th/0.2 
378/12.8 159 

CNT/SnS2@

C 
Sulfidization 

1M NaClO4 

in PC/FEC 
74 500/2nd/0.1 

605(88%) 

/200th/0.1 
462/3.2 197 

SnS2 

nanowalls 
CVD 

1M NaPF6 in 

EC/DEC 

with 5%FEC 
75 

600/2nd/ 

0.05 

510(81%) 

/100th/0.5 
370/5.0 42 

SnS2-G 

nanosheets 

Microwave 

synthesis 

1M NaClO4 

in EC/DMC 
75 600/2nd/0.1 

338(86%) 

/150th/2.5 
172/12 198 

SnS@CNT 
Hydrothermal 

method 

1M NaClO4 

in PC/FEC 
71 650/2nd/0.1 

607(92%) 

/500th/1.0 
492/5 199 

SnS/C 
Hydrothermal 

method 

NaClO4 in 

EC/PC with 

10%FEC 
61 

700/2nd/ 

0.05 

 172(75%) 

/500th/1.0 
172/4 200 

SnS/N-G Annealing 
1M NaClO4 

in PC/FEC 
88 550/2nd/0.1 

600(95%) 

/1200th/1.6 
550/14.6 71 

SnS/SnOx 
Anodization 

method 

1M NaClO4 

in PC/FEC 
57 700/2nd/0.1 

247(49%) 

/600th/0.3 
137/5 162 

SnS/S,N-

carbon fiber 

Electrospinning 

method 

1M NaClO4 

in PC/FEC  
NA 600/NA/0.1 

332(80%) 

/500th/1.0 
289/3.2 118 

SnS/N-C 

microboxes 
Sol-gel method  

1M NaClO4 

in EC/DMC 

with 5%FEC 

77 500/2nd/0.1 
443(98%) 

/100th/1.0 
456/1.0 201 

SnS hollow 

nanofibers 

Electrospinning 

method 

1M NaClO4 

in EC/PC 

/FEC 
48 800/2nd/0.1 

646(86%) 

/100th/0.1 
228/2.0 202 
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Table 2. Continued. 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

SnS bundles C-plasma strategy 

1M NaPF6 in 

EC/DEC 

with 5%FEC 

75 600/2nd/0.2 
650(93%) 

/1600th/3.0 
345/20 163 

C/SnS@C 
Hierarchical 

assembly process 

1M NaClO4 

in EC/PC 

with 5%FEC 
57 600/2nd/0.1 

370(65%) 

/2000th/1.0 
120/10 203 

SnS 

nanosheets 

 Solvothermal 

method 

1M NaClO4 

in EC/DMC 

with 5%FEC 

76 500/2nd/0.1 
440(65%) 

/100th/0.2 
290/5.0 204 

3D SnS/N-G 
Wet-chemical 

method 

1M NaClO4 

in PC/FEC 
80 500/2nd/0.1 

510(87%) 

/1000th/2.0 
405/6 205 

SnSe2/rGO 
Solvothermal 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

74 500/2nd/0.1 
402(86%) 

/150th/0.1 
212/10.0 206 

SnSe2/ZnSe

@PDA 
Selenation 

1M NaPF6 in 

diglyme 
72 700/2nd/0.1 

616/1000th 

/1.0 
253/4.0 207 

SnSe2/C Selenation 
NaCF3SO3 

in DEGDME 
60 650/2nd/0.1 

183(75%) 

/1000th/5.0 
324/2.0 119 

SnSe2 

nanoparticle

s 

Ball-milling 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

82 550/2nd/0.2 
253(46%) 

/4000th/2.0 
512/5.0 208 

SnSe2-rGO 

nanosheets 

Hydrothermal 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 
82 650/2nd/0.1 

515(78%) 

/100th/0.1 
365/2.0 164 

SnSe/C 

nanofibers 

Electrospinning 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

66 
450/2nd/ 

0.05 

290(88%) 

/200th/0.2 
241/2.0 209 

SnSe/rGO 
Wet-chemical 

method 

1M NaClO4 

in EC/PC 
58 550/2nd/0.2 

510(83%) 

/100th/0.2 
214/5.0 210 

SnSe/N-G CVD 

1M NaClO4 

in EC/PC 

with 5%FEC 

74 600/2nd/0.1 
405(81%) 

/100th/0.5 
288/5.0 211 

SnSe-G  
Electrospinning 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 
67 550/5th/0.2 

341(92%) 

/1000th/1.0 
285/2.0 166 

Yolk-shell 

SnSe 
Sulfidization 

1M NaPF6 in 

DEGDME 
77 550/2nd/0.2 

307(73%) 

/150th/0.5 
381/1.0 212 

SnSe 

nanoplates 
Colloid chemistry  

NaCF3SO3 

in DEGDME 
79 

500/2nd/0.0

5 

393(93%) 

/300th/0.05 
340/2.0 213 

SnSe 

nanoarrays 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
77 NA 

258(82%) 

/200th/2.0 
88/20.0 214 

SnSe single 

crystal 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 
94 

450/2nd/0.0

25 

250(50%) 

/100th/0.2 
106/20 165 

Micron-sized 

Sn4P3  

Ball-milling 

method 

1M NaPF6 in 

DEGDME 
90 300/2nd/0.1 

720(75%) 

/100th/0.1 
900/1.0 215 

Sn4P3/C 
Ball-milling 

method 

1M NaPF6 in 

DEGDME  
90 300/2nd/0.1 

388(43%) 

/100th /0.1 
90/10.0 171 
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Table 2. Continued. 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

Sn4P3/C 

microsphere 

Template-free 

method 

1M NaClO4 

in EC/DMC 

with 5%FEC 

64 500/2nd/0.2 
103(69%) 

/4000th/2.0 
111/5.0 170 

Sn4P3/C 

nanosphere 

Ball-milling 

method 

1M NaClO4 

in EC/DMC 

with 5%FEC 
60 750/2nd/0.2 

420(60%) 

/2000th/2.0 
260/4.0 169 

Sn4P3-P@G 
Ball-milling 

method 

NaCF3SO3 

in DME 
75 400/2st/0.2 

550(84%) 

/1000th/1.0 
315/10.0 216 

Sn4P3/TiC 
Ball-milling 

method 

1M NaClO4 

in PC/FEC 
81 450/2nd/0.1 

300(94%) 

/100th/0.1 
NA 217 

Sn4P3@C 
Wet-chemical 

method 

1M NaPF6 in 

DME 
90 

300/2nd/ 

0.05 

700(87%) 

/120th/0.1 
500/0.8 168 

Sn4P3 
Ball-milling 

method 
Ionic liquid 84 

350/2nd/ 

0.05 

750(94%) 

/200th/0.05 
520/1.0 103 

Sn4P3/rGO Phosphorization 
1M NaClO4 

in PC/FEC 
47 NA 

362(60%) 

/1500th/1.0 
391/2.0 218 

a) The voltage hysteresis is summarized as the gap between average discharge and charge 

potential (mV)/cycle number/ current density (A g−1). 
b) The cycling performance is summarized as capacity (mAh g−1)(capacity retention)/ cycle 

number/ current density (A g−1). 
c) The rate capability is summarized as capacity (mAh g−1)/ current density (A g−1). 
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Table 3. Overview of recent reported sodium storage performance for antimony-based anodes 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

3DNi@NiSb/ 

Sb2O3 

Template-free 

method 

1M NaClO4 

in PC/FEC 
56 800/2nd/0.2 

397(89%) 

/200th/0.2 
288/6.4 52 

Sb2O3 

nanosheets 

Wet-chemical 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

68 700/2nd/0.1 
420(99%)   

/150th/0.1 
200/1.0 229 

Sb2O3 

microbundle 

Hydrothermal 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

58 
800/2nd/ 

0.05 

418(91%) 

/140th/0.5 
387/2.0 219 

Sb2O3@Sb 
Dealloying 

strategy 

1M NaClO4 

in PC/FEC 
68 700/2nd/0.2 

420(99%) 

/200th/0.2 
200/29.7 220 

Sb2O3-rGO 

nanosheets 

Solvothermal 

method 

1M NaClO4 

in EC/DMC 
55 750/2nd/0.1 

357(93%) 

/400th/5.0 
384/5.0 221 

Sb2O3/C 
Solvothermal 

method 

1M NaClO4 

in EC/DMC 

with 5%FEC 
80 

700/2nd/ 

0.05 

900(72%) 

/100th/0.05 
340/0.5 69 

Sb2O3/ 

MXene 

Wet-chemical 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

59 
800/2nd/ 

0.05 

472(100%) 

/100th/0.1 
295/2.0 230 

Sb2O4/rGO 
Wet-chemical 

method 

1M NaClO4 

in EC/PC 
85 550/2nd/0.1 

890(94%) 

/100th/0.1 
407/2.4 222 

1D Sb2O4 Heat treatment 
1M NaClO4 

in PC/FEC 
60 600/2nd/0.1 

382(95%) 

/100th/0.1 
NA 231 

Sb2S3@ 

FeS2 

Hydrothermal 

method 

NaCF3SO3 

in DEGDME 
82 650/2nd/0.1 

535(86%) 

/1000th/5.0 
538/10.0 40 

Sb2S3/Sb@

C 

Wet-chemical 

method 

1M NaClO4 

in PC/FEC 
66 400/2nd/0.1 

475(97%)   

/200th/0.1 
221/3.0 44 

Sb2S3/MoS2 
Hydrothermal 

method 

1M NaClO4 

in PC/FEC 
83 350/2nd/0.1 

680(80%) 

/400th/0.4 
570/3.2 223 

Sb2S3/C 
Wet-chemical 

method 

1M NaClO4 

in EC/DEC 
NA 550/2nd/0.5 

326(40%) 

/100th/0.5 
366/3.0 54 

Sb2S3 

nanosheets 

Liquid exfoliation 

method 

NaCF3SO3 

in DEGDME 
NA NA 

400(52%) 

/100th/0.2 
300/2.0 232 

Multi-shell  

Sb2S3 

Wet-chemical 

method 

NaCF3SO3 

in DEGDME 
55 450/2nd/0.1 

500(71%) 

/50th/1.0 
604/2.0 233 

Sb2S3/SnS2 CVD 

1M NaClO4 

in EC/PC 

with 5%FEC 

78 NA 
616(94%) 

/50th/0.5 
510/10.0 93 

Sb2S3/In2S3 
Self-assembly 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
55 550/2nd/0.2 

400(82%) 

/1000th/0.4 
355/3.2 234 

Sb2S3/rGO 
Hydrothermal 

method 

1M NaClO4 

in PC/FEC 
NA 

550/2nd/ 

0.05 

415(61%) 

/100th/0.5 
445/2.0 235 

Sb2S3/G 
Solvothermal 

method 
Ionic liquid 65 

500/NA/ 

0.05 

570(96%) 

/100th/0.1 
240/1.5 225 

ZnS- 

Sb2S3@C 

Self-assembly 

method 

1M NaClO4 

in PC/FEC 
61 550/2nd/0.1 

630(60%) 

/120th/0.5 
390/0.8 236 

Sb2S3/S-G 
Wet-chemical 

method 

1M NaClO4 

in PC/FEC 
72 550/NA/0.1 

524(83%) 

/900th/2.0 
591/5.0 237 
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Table 3. Continued. 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

Sb2S5/G 
Hydrothermal 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 
74 600/2nd/0.1 

 748(92%) 

/300th/0.2 
525/10.0 226 

Amorphous

Sb2Se3/C 

Ball-milling 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

66 
500/2nd/ 

0.05 

378(84%) 

/50th/0.05 
270/3.0 238 

Sb2Se3/rGO

@CNT 

Self-assembly 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
54 650/2nd/0.5 

500(80%) 

/100th/0.5 
303/1.0 70 

Sb2Se3 

nanowires 

Hydrothermal 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

82 350/2nd/0.2 
269(81%) 

/100th/0.2 
247/2.0 228 

Sb2Se3/PPy 
Ion-exchange 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
76 500/2nd/0.3 

600(100%) 

/80th/0.3 
486/2.0 239 

Sb2Se3-rGO 
Hydrothermal 

method 

NaCF3SO3 

in DEGDME 
73 500/2nd/0.1 

417(90%) 

/500th/1.0 
386/2.0 227 
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Table 4. Overview of recent reported sodium storage performance for bismuth-based anodes 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

Bi2O3/ 

carbonfibers 

Electrospinning 

method 

1M NaClO4 

in PC/FEC 
31 

700/2nd/ 

0.025 

504(74%) 

/100th/0.025 
393/0.6 122 

Bi2O3 

nanosheets 

Wet-chemical 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

35 
500/2nd/ 

0.05 

110(76%) 

/80th/0.05 
NA 241 

Bi2O3/Bi2S3 
Wet-chemical 

method 

NaCF3SO3 

in DEGDME 
70 300/2nd/0.1 

477(68%) 

/20th/0.1 
314/2.0 246 

Bi2S3/C 
Hydrothermal 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 
69 700/2nd/0.1 

282(51%) 

/300th/0.2 
413/10.0 242 

Bi2S3/MoS2 
Solvothermal 

method 

NaCF3SO3 

in DEGDME 
81 600/2nd/0.1 

323(65%) 

/1200th/10.0 
323/10.0 45 

Bi2S3@PPy 
Hydrothermal 

method 

1M NaPF6 in 

DME 
70 400/2nd/0.1 

310(90%) 

/5000th/1.0 
278/3.0 243 

Bi2S3/N-G 
Wet-chemical 

method 

1M NaClO4 

in EC/EMC 

with 5%FEC 

66 
700/2nd/ 

0.06 

307(45%) 

/100th/0.125 
310/1.25 247 

Bi2S3/G 
Hydrothermal 

method 

NaCF3SO3 

in DEGDME 
78 

700/2nd/ 

0.06 

348(63%) 

/120th/1.0 
336/2.0 248 

Bi2S3@PPy 
Hydrothermal 

method 

1M NaClO4 

in EC/DMC 

with 5%FEC 
77 700/2nd/0.2 

380(76%) 

/100th/0.5 
144/10.0 249 

Bi2Se3@G Selenization 
NaCF3SO3 

in DEGDME 
85 500/2nd/0.1 

183(99%) 

/1000th/10.0

. 

183/10.0 245 

Bi2Se3/C 
Ball-milling 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 
NA 300/2nd/0.1 

470(89%) 

/100th/0.1 
186/10.0 244 
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Table 5. Overview of recent reported sodium storage performance for germanium-based anodes 

Materials 
Synthesis 

methods 
Electrolytes 

ICE 

(%) 

Voltage 

hysteresis 

Cycle 

performance 

Rate 

capability 
Refs 

GeS2 

nanosheets 

Topotactic 

transformation 

1M NaPF6 in 

DME 
76 750/2nd/0.1 

515(90%) 

/2000th/10.0 
584/10.0 252 

GeS2/rGO 
Hydrothermal 

method 

1M NaClO4 

in PC/FEC 
74 NA 

720(89%) 

/100th/0.1 
616/5.0 253 

GeP flake 
Oriented growth 

method 

NaCF3SO3 

in TEGDME 
78 350/2nd/0.1 

330(64%) 

/100th/0.1 
110/4.0 257 

GeP/C 
Ball-milling 

method 

NaCF3SO3 

in DEGDME 
90 500/2nd/0.1 

850(71%) 

/300th/0.1 
533/5.0 254 

GeP3/C@ 

rGO 

Ball-milling 

method 

1M NaPF6 in 

EC/DEC 

with 5%FEC 

58 500/2nd/0.2 
823(95%) 

/400th/0.2 
435/5.0 255 

GeP3 
Ball-milling 

method 

1M NaPF6 in 

EC/DEC 

with 5%FEC 

90 400/2nd/0.1 
499(45%) 

/1000th/1.0 
197/20.0 46 

GeP3 
Ball-milling 

method 

1M NaClO4 

in EC/DEC 

with 5%FEC 

81 
450/2nd/ 

0.05 

934(93%) 

/30th/0.05 
520/2.0 258 

GeP3/C 
Ball-milling 

method 

1M NaPF6 in 

EC/DEC 

with 5%FEC 

70 500/2nd/0.1 
1269(88%) 

/150th/0.1 
NA 259 

GeP5/GO 
Ball-milling 

method 

1M NaClO4 

in EC/PC 

with 5%FEC 

60 650/2nd/0.1 
400(82%) 

/50th/0.5 
163/5.0 260 

GeP5/C 
Ball-milling 

method 

1M NaClO4 

in EC/DEC 
93 400/2nd/0.1 

1100(98%) 

/60th/0.1 
900/1.5 256 
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This review provides a comprehensive discussion and the-state-of-art summary of conversion-

alloying (CA) materials as anodes for SIBs. The clarification of reaction mechanisms, intrinsic 

drawbacks, corresponding improvement strategies, unsolved challenges and future guidance of 

CA materials in this review establish scientific basic toward bringing this family of electrode 

materials closer to commercial implementation. 
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Figure S1. A schematic unit stack displaying the smallest cell unit (calculating unit) in 

rechargeable SIBs based on CA anodes and the table of assumptions for calculating practically 

achievable energy densities. 

 

 

 


