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Abstract: Sodium-ion technology has the potential to become the next generation of low cost 

and environmentally friendly electrochemical energy storage system for grid-level 

applications. The low cost and abundant raw materials employed in sodium cells have driven 

the recent increasing interest in sodium-ion batteries (SIBs), which appear especially 

appealing, since manufacturers can use the already existing production technology of lithium-

ion batteries (LIBs). However, SIBs are still an early stage technology, which requires that 

several issues affecting cell performance be addressed. Despite the accelerated development 

of cathode materials, anode materials still require further investigation and optimization to 

reach high energy density performance. In the pursuit of high capacity anode materials, 

several alloying, conversion and combined conversion-alloying based electrodes have been 

investigated. This review offers a comprehensive overview on the recent progresses toward 

the realization of “beyond-insertion” anode materials. The role of nanostructuration with the 

associated advantages and disadvantages is presented for each class of compounds, combined with 

the main strategies adopted to improve the electrochemical behavior. Finally, an overview of the 

challenges and perspectives associated to the development of the next generation anode materials 

is presented with a particular focus on the role of the electrolyte solutions and solid/electrolyte 

interphase. 
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1. Introduction 

One of the greatest challenges in 21st century is the rapidly increasing energy demand associated 

with the industrial development and population growth. Global concerns over climate changes and 

constraints of fossil fuels as primary power supply sources result in the exploration of green and 

sustainable resources, which have realized the utilization of renewable energy alternatives such as 

solar, wind, geothermal and tidal power. [1] The operational mode of these technologies requires the 

integration of efficient energy storage systems. Rechargeable batteries with cost-effective and 

environmentally friendly features represent the most promising strategy to efficiently store energy. 

[2] Secondary batteries are composed of two electrodes with different chemical potentials connected 

by an ionically conductive electrolyte. The amount of electrical energy per mass or volume that a 

battery can deliver is a function of the cell voltage and capacity, which strongly dependent on the 

chemistry of the electrode materials. [3]  

Lithium-ion batteries (LIBs) are one of the greatest successes for energy storage applications of the 

last century. LIBs are light, compact and offer outstanding energy and power density dominating the 

market for portable electronics, hybrid and electric vehicles (EV). [4, 5] In view of the increasingly 

growing electrified automotive field, an increasing demand of lithium and cobalt has been observed 

with consequent price increase and related concerns about the future and long-term materials 

availability. Indeed, the global lithium supply is concentrated in a few areas with the major lithium 

resources located in South America brine deposits and in the Greenbushes mine in Australia. 
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Moreover, the market managing lithium sources is dominated by few companies such as Albemarle 

(ALB US), owing Rockwood Lithium, SQM (SQM US), FMC (FMC US) and Chengdu Tianqi (China), 

altogether controlling around 50% of the lithium supply. [6, 7] In this scenario, studies to reveal and 

estimate the future lithium demand are necessary and of crucial importance. In 2007 it has been 

calculated that if the 60 million car produced annually over the world would be totally replaced by 

plug-in hybrids vehicles, each of them requiring about 1.4 kg of lithium carbonate, the total annual 

demand for lithium would be around 420 K tons, which is about 5 times the current lithium 

carbonate production. This would place an unsustainable demand on lithium resources because of 

geochemical constraints in extracting the product from known deposits. [7, 8] At Argonne National 

Laboratory, Gaines and Nelson, assuming a penetration of electric vehicles in the automobile market 

of about 50% within 2030 and a very optimistic 90% in 2015, calculated that the annual demand of 

lithium in the United States will increase up to 22,000 t (117,000 tons of lithium carbonate) by 2030 

and 54,000 t (287,000 tons of lithium carbonate) by 2050. [9] Considering the associated possible 

future risk of lithium dependency after years of dependency from oil and fossil fuels, the search of 

alternative chemistries to lithium for use in rechargeable batteries is not anymore necessary but 

mandatory. 

Sodium represents the most appealing alternative to lithium. Firstly studied during the 80s alongside 

with LIBs, [10, 11] it was sidelined due to the more promising features of LIBs mostly in terms of energy 

density. The recent renewed interest in sodium-ion batteries (SIBs) has been mainly driven by the 

abundance and low cost of foreseen raw materials (e.g., sodium is the 4th most abundant element in 

the Earth’s crust) and their uniform distribution, leading to lower economic and geopolitical impact. 

[12-14] In addition, the Na-ion chemistry is based on the rocking chair principle as LIBs, thus, it could 
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benefit from the great advances done in the LIBs field in the last 30 years, resulting in the 

accelerated knowledge-development and easy transition to manufacturing. Moreover, the use of 

sodium-based electrolyte solution and the implementation of aluminum as current collector at the 

anode side (instead of the more expensive copper) represent further cost cuts versus LIBs. [15] It 

should be mentioned, however, that the larger ionic radii and atomic mass of sodium result in SIBs 

intrinsically offering lower volumetric and gravimetric energies. [16] However, the English company 

Faradion has already demonstrated that optimization and proper design of the cell components may 

lead, in full sodium-ion configuration, to the achievement of energy density values comparable to 

the current lithium-ion technology. [17] 

To improve the energy density of SIBs, a rational design of the electrode material is crucial, enabling 

the achievement of high specific capacities and appropriate redox potentials. So far, great efforts 

have been done in materials development reaching successful results mostly at the cathode side, 

mainly related to the use of layered transition metal oxides and polyanionic compounds. [18-22] The 

anode of choice so far reported for SIBs is hard carbon, exhibiting average specific capacities 

between 300-400 mAh g-1. [23-26] Further breakthroughs on the energy density of SIBs strongly rely on 

the development of high performance anode materials. Therefore, search for anode materials with 

low operating potential, high reversible capacity, and structural stability, represent the next 

challenge for SIBs. In this context, materials with new atomic composition or unique microstructure 

could offer significantly enhanced properties to enable an efficient and durable energy storage 

ability of SIBs. Carbon-based anodes and insertion-type electrodes offer satisfactory performance, 

however, they are intrinsically characterized by low energy density. Promising candidates offering 

high electrochemical performance in terms of delivered capacity belong to the class of materials 
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employing a beyond-insertion storage mechanism, such as alloying, conversion and their 

combination (conversion-alloying). Over the years, nanotechnology has led to great advances in the 

nanostructuration for this class of compounds, offering a real strategy to design and architecture 

advanced anode materials with enhanced properties. 

In this Review, we firstly clarify important parameters characterizing the anode performance in 

sodium cells. Additionally, we briefly summarize the advantages and disadvantages of 

nanostructuration for electrode materials used in rechargeable batteries to finally get to the state-

of-the-art of beyond-insertion type anodes for SIBs. Alloying, conversion and the combined 

conversion-alloying mechanism (CAM) are considered for nanostructured anode materials. In 

addition, heterostructured materials are also discussed as a novel opportunity to design electrodes 

leading to superior electrochemical performance. Synthesis, properties and performances related to 

the nanostructuration are discussed to highlight the advantages and remaining challenges with 

respect to their governing chemistries and implementation of nanotechnology. Finally, a summary 

and outlook of recent achievements in the field of nanostructured anodes for SIBs are given.  

2. Anode Parameters and Electrochemistry 

The energy density and power density of a battery are two essential parameters for the evaluation 

of its practical performance. Both of them strongly depend on the cell characteristics such as the 

operating voltage and the delivered specific capacity. While supercapacitors dominate the field for 

high power application, secondary batteries such as LIBs and SIBs are expected to govern the high-

energy density applications. The energy density of a cell is generally limited by its operating voltage 

and storage ability in terms of specific capacity. In this section, a brief overview of the most 



 

  

 

This article is protected by copyright. All rights reserved. 

7 

 

important parameters characterizing anode systems is given together with the criteria for the 

selection of the next generation anode materials. 

2.1. Working Potential 

The cell voltage is strongly dependent by the affinity of Na+ ions for the two electrodes and the 

electrochemical stability window of the electrolyte.  Both electrodes should be selected taking into 

account that negative electrodes having a Fermi level higher than the lowest unoccupied molecular 

orbital (LUMO) of the electrolyte will represents the driving force for electrolyte reduction, while 

positive electrodes with a Fermi level lower in energy than the highest occupied molecular orbital 

(HOMO) will lead to electrolyte oxidation. [5, 27-29].  Typically, (see Figure 1) the Fermi level of the Na 

metal anode lies above the LUMO of the electrolyte leading to reduction of the electrolyte. This 

phenomenon leads to the formation of the electronically insulating, but ionically conductive, 

solid/electrolyte interphase (SEI) allowing the battery operation. [30] Therefore, ideal anode material 

candidates should exhibit electrochemical activity at low voltage (but not too close to the sodium 

plating potential) thus maximizing the cell voltage (i.e., the voltage difference between the cathode 

and the anode), conferring high energy density. Hard carbons generally exhibit redox activity at very 

low voltage values, thus largely contributing to an increase of the overall cell voltage in full-cell 

configuration but resulting in pronounced electrolyte reductive decomposition and consequent 

instability of the SEI in addition to the safety issues related to metal plating and dendrite growth. [31] 

These issues may be mitigated employing Ti-based compounds operating through insertion 

mechanism, which generally present a higher operating voltage and a higher safety content due to 

metal plating inhibition, however with a decreased energy density. A good compromise is 

represented by beyond-insertion anode materials. Figure 2 a-c shows the typical voltage profile 
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associated to alloying, conversion and conversion-alloying based electrodes with related schematic 

representation of the reaction mechansim (Figure 2 d). Alloying anode materials (see Figure 2 a), 

which exhibiting slightly higher working potentials than hard carbons and good capacity, promising 

high achievable cell energy density values. Conversion-type electrodes generally show even higher 

capacity and operating voltage (see Figure 2 b), but large voltage hysteresis between sodiation and 

desodiation arising from the poor reversibility of the conversion reactions. However, the 

combination of the alloying and conversion mechanisms in anode materials may represent a 

strategic way to obtain lower voltage values and reduced hysteresis (Figure 2 c). [32]  

2.2. Irreversible Capacity 

The irreversible capacity generally observed during the first sodiation process is mainly attribute to 

the formation of the SEI and other parasitic secondary reactions occurring between the electrolyte 

solution and the anode material. The formation of a stable SEI is strongly desirable to obtain high 

Coulombic efficiency values upon cycling. However, it has been reported that the SEI formed in 

sodium systems is very unstable due to the high solubility of the SEI components, thus strongly 

affecting the electrochemical performance due to a continuous electrolyte decomposition taking 

place at every cycle. [30] The first cycle irreversible capacity is even exhacerbated when getting to 

nanostructured electrodes, in which the higher surface area leads to increased amount of electrolyte 

decomposition. In addition, respect to insertion-type electrodes, alloying and conversion systems 

may lead to increased irreversible capacity due to irreversible structural reorganization occurring 

upon the first sodiation process. These phenomena represent a challenging issue for the application 

of the anode material in full sodium-ion cells requiring a very unfavorable electrode balancing with 

respect to the reversible cell capacity. The first irreversible capacity is generally mitigated through a 
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“pre-activation” step. This process is constituted by a pre-sodiation, which may be achieved through 

the contact of the electrodes with sodium metal or via electrochemical activation. [36-38] A smarter 

strategy proposed involves the use of sacrificial salts. [39] This strategy requires the conversion of the 

anion of the employed salt into gas, e.g., N2, CO, or CO2, upon the first charge and the generation of 

extra sodium ions able to compensate the irreversible capacity. [40] Additionally, the use of additives 

in the electrolyte solution, already demonstrated in LIBs systems, is expected to improve the overall 

coulombic efficiency and SEI stability upon cycling. [15, 41] 

2.3. Specific Capacity 

The specific capacity of anode materials is a critical parameter for their electrochemical performance. 

The theoretical capacity of a material is directly related to its ability to store sodium ions. Generally, 

the determining factors are represented by the available space to accommodate ions, the ability to 

change valence state and the degree of reversibility of the reactions. A significant breakthrough in 

the energy density of sodium-ion cells may be achieved by employing beyond-insertion anode 

materials. Indeed, alloying and conversion-type materials allow the achievement of higher specific 

capacity values implying multiple electron exchange per metal atom involved in the electrochemical 

process. However, these classes of compounds require nanostructuring to operate effectively 

making worth mentioning that the generally low density and high porosity of nanomaterials strongly 

affect the energy density of the final system, especially the volumetric one, despite the high 

theoretical and experimental (sometimes) capacity values.  

2.4. Cost and Sustainability 
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Beside the lower cost and larger availability of the raw materials employed in SIBs with respect to 

LIBs, such as Na2CO3 (25-30 times cheaper than Li2CO3), other big advantages are achieved via the 

use of aluminum as current collector at the anode side, since sodium does not alloy with it. This 

represents a predictable cost cut and a further advantage in terms of weight of the total cell. It has 

been recently reported that even considering the lower cost of Na-precursors, still the cost cut is not 

sufficient to compensate for the lower energy density of SIBs when compared with LIBs. [42, 43] In this 

regard, the use of low cost and abundant raw materials is a mandatory selection criterion for the 

identification of the electrode materials. The synthesis procedure adopted to obtain such electrode 

materials should also be considered as one of the main factors affecting the overall cost. Obviously, 

improving the specific energy of the materials along with their cycle life is also necessary for the 

achievement of a tangible cost reduction. In this context, advanced anode materials play a crucial 

role and their screening should take into account key performance metrics such as working potential, 

specific capacity, reversibility and cost-effectiveness. 

2.5. Beyond-insertion Anode Materials: Electrode Nanostructuration 

In a continuous effort of the research community to achieve high performance rechargeable 

batteries, electrode materials exhibiting new reaction pathways have been investigated granting a 

breakthrough with respect to the standard, insertion-type materials. [32] Electrochemical processes 

involving alloying, conversion and the combined conversion-alloying mechanism enable the 

achievement of much higher specific capacity values thus representing an intriguing class of 

compounds for the next generation anode materials for SIBs. However, these materials require 

nanostructuration to effectively take advantages of the main features in the practical use for 

batteries. Accordingly, in the next session a brief overview on the advantages and disadvantages of 
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nanostructuration is given followed by a detailed overview of the literature available on alloying, 

conversion and conversion-alloying anode materials. 

3. Nanomaterials in Rechargeable Batteries 

Nanomaterials presenting one or more characteristic dimensions within the 1-100 nm range offer 

unique mechanical, electrical and optical properties respect to the same materials prepared in a bulk 

state. The ability of preparing, controlling, and manipulating materials at the nano-scale has strongly 

influenced several research fields including electrochemical energy storage. In lithium-ion batteries 

and supercapacitors, the effect of nanostructuration has been largely investigated. [44]  

A brilliant example of the beneficial effect of nanostructuration is represented by the case of LiFePO4, 

which could be used in commercial batteries only after the implementation of a thin conductive 

carbon coating and a proper particle size reduction. [45-48] 

Nanostructuring has also demonstrated in the past the potential to enable new reaction mechanism 

in LIBs, such as the conversion reaction investigated by Poizot et al. [49] The particle size effect on this 

class of materials has been further investigated demonstrating the great improvement in the 

electrochemical process of Li storage by using nanometric rather than micrometric hematite (α-

Fe2O3) particles (see Figure 3). [50] A more recent study underlined the importance of the particle size 

of monodisperse Sb nanocrystals for application in both LIBs and SIBs. The specific capacity, rate 

capability, and cycling stability in both Li and Na cells were strongly influenced by the particle size. [51] 

Being characterized by a similar working principle of LIBs, the nanostructuration of SIBs’ materials is 

expected to present similar aspects. Nano-size and tailored morphology of electrode materials 

enable a better accommodation of the strain associated to the (de-)sodiation process, especially in 
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those materials presenting high volumetric deformation upon cycling. In addition, the high surface to 

volume ratio typical of nanomaterials leads to the substantial decrease of the solid-phase diffusion 

paths for the Na+ ions. Indeed, the diffusion time for ions (and electrons) is strongly decreased 

respect to bulk materials since it is proportionally related to the square of the diffusion length, thus 

enabling improved rate capability and power performance. [52] The high surface area of nanoparticles 

also offers improved contact between the electrode and electrolyte facilitating the charge transfer 

processes and, thus, enhancing rate capability. [44, 53] However, nanostructured materials carry several 

issues related to their use. Indeed, their implementation results in decreased electrode densities 

leading to low volumetric energy, while the high surface area exposed to the electrolyte may 

accelerate undesired side reactions producing unstable and thick SEI. Moreover, the potentially 

more complex synthesis of nanomaterials and the potential hazards associate with their handling 

should be considered as important factors affecting the final cost. 

Figure 3 reports a schematic summary of the properties with related advantages and disadvantages 

of nanomaterials employed in rechargeable batteries. 

The implementation of nanostructured electrode materials in rechargeable batteries constitutes a 

real challenge. However, effective strategies aimed at exploiting the advantages of nanostructures 

and mitigating its disadvantages, may represent a real step forward the achievement of high 

performance and long lasting SIBs. The careful and rational design and fabrication of nanostructured 

electrode materials are crucial and represent the key turning points for the development of 

enhanced batteries. Nonetheless, the beneficial effects of nanotechnology find a perfect application 

field in the advancement of anode electrodes, especially those employing alloying or conversion 

reaction mechanism. In fact, the large volumetric expansion occurring in these materials results in 
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the mechanical instability of the SEI and the electrode upon cycling leading to exacerbate capacity 

fading with respect to insertion-based electrodes.  

4. Nanostructured Alloying Anodes 

Materials exhibiting reversible ability to alloy with sodium have attracted much attention in the 

search of high energy density anodes for SIBs. Indeed, a quite large number of metals and nonmetals 

such as tin, antimony, bismuth, lead, germanium, and phosphorus offer high theoretical capacity 

values as a result of the multiple electron exchange associated with the alloying process. However, it 

is well known that they suffer from severe structural changes upon cycling associated with large 

volume expansion and consequent electrode disintegration and capacity fading. For instance, tin (Sn) 

alloys with sodium at relatively low potentials (0.21 V vs Na/Na+) to form Na15Sn4 with a 

correspondingly high theoretical specific capacity (847 mAh g-1). However, the electrochemical 

sodiation leads to a huge volume expansion of about 420%. [54, 55] The freshly exposed electrode 

material upon every alloying cycle implies a continuous electrolyte reduction strongly affecting the 

overall coulombic efficiency and cycle life. In addition, slow reaction kinetics lead to inferior rate 

capability and power performance with respect to insertion-based materials. To address these issues, 

enormous research and technological efforts in terms of nanostructuration have been devoted. The 

performance of the most promising systems (Sn, Sb and P) is summarized in Table 1. Owing to the 

nanostructured nature, the alloying mechanism reversibility and the cycle life have been improved 

through rationalized structure and morphology design in combination with optimized electrode and 

electrolyte formulation.  

4.1. Tin 
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Metallic Sn is one of the most intensively investigated anode material for room-temperature SIBs, 

due to its ability to alloy up to 3.75 Na per Sn, corresponding to the high theoretical capacity of 847 

mAh g-l. The electrochemical storage mechanism of Na into Sn was firstly reported by Ellis et al. [56] 

They proposed a sodiation process divided into four steps leading to NaSn3, NaSn, Na9Sn4 and 

Na15Sn4, respectively. Further investigation on microstructural changes and phase transformations 

on sodiated Sn nanoparticles using in situ transmission electron microscopy proposed a two-step 

sodiation mechanism, in which the amorphous Na-poor phase NaxSn (x ~ 0.5) was initially formed 

(first step) consuming the pristine Sn. [57] Upon further sodiation, several Na-rich amorphous phases 

(Na3Sn, Na9Sn) up to the final crystalline Na15Sn4 phase (second step) formed. The use of Sn 

nanoparticles enabled the direct observation of the amorphous phase formed during the first step, 

which revealed a lower volumetric expansion respect to the final crystalline phase, highlighting the 

beneficial effects of nanostructures in combination with amorphization of the material leading to a 

better accommodation of the stress induced by the volume change. Commercial Sn nanoparticles 

were primarily tested in aprotic Na cells delivering ca. 500 mAh g−1 for more than 20 cycles with a 1st 

cycle coulombic efficiency of 86%. These results underline as the use of nanoparticles by itself may 

not represent the ultimate solution, but, when combined with proper electrode and electrolyte 

optimizations, may lead to superior performance as for the use of poly(acrylic acid) (PAA) as binder 

and fluoroethylene carbonate (FEC) as electrolyte additive. [58] Beyond the use of optimized battery 

components and the importance of amorphous phases, other strategies aimed at the improvement 

of electrode performance have been proposed. Among them, the use of inactive elements in the 

alloying matrix, able to accommodate volume expansion upon cycling and limit electrolyte 

decomposition, represents an attractive route. It has been successfully reported that the 
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substitution of Sn with Cu, in η-Cu6Sn5 leads to an improved passivating behavior of the electrode 

surface, limiting the catalytic activity of tin toward carbonate-based electrolyte, [59] however, with 

limited specific capacity due to the restricted Na diffusion into the nanoparticles. [60]  

Using other electrochemically active elements in combination with Sn, is a potential method for 

improving the electrode stability without sacrificing capacity. Several binary and ternary Sn-based 

alloys, i.e. Sn-Ge, [61] Sn-Ge-Sb, [62] Sn-Bi-Sb, [63] have shown considerable improvements in terms of 

reversible capacity and cycling stability. Such materials can be synthesized via chemical vapor 

deposition, [64] physical vapor deposition, [62] high-energy mechanical ball-milling, [65] and rapid 

solidification. [66] Among them, SnSb binary alloys attract particular interest because of their high 

capacity, low working potential, and improved structural stability upon cycling. [67-70] Minimization of 

capacity decay and improvement of the alloying process reversibility can be achieved by particle size 

reduction and implementation of conductive carbon additives improving both the electron transport 

properties and acting as buffering matrixes for the volumetric deformation. For instance, Ji et al. 

synthesized porous carbon nanofiber-supported SnSb nanocomposites through electrospinning 

technique followed by a thermal treatment process, showing a high reversible capacity of 350 mAh 

g-1 at 0.2 C (coulombic efficiency ≥96%) and excellent capacity retention of about 99.4% for more 

than 200 cycles. [71] The improved performance of these nanocomposites undoubtedly benefits from 

nanostructuration and incorporation of conductive carbon. Nonetheless, the use of electrolyte 

additives such as FEC plays a crucial role in the formation of a stable SEI preventing further 

electrolyte decomposition upon cycling and thus greatly enhancing the coulombic efficiency (Table 1 

shows all the electrolytic media employed in the reported studies). 
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Introducing carbon-based conductive additives not only mitigate the mechanical strain and provide 

conduction pathway, but present another great beneficial effect toward the limitation of Sn 

agglomeration upon cycling. Xu et al. firstly reported the in situ synthesis of Sn nanoparticles (~100 

nm) embedded in mesoporous carbon matrix via carbonization. [54] Unfortunately, the porous C/Sn 

anodes exhibited large irreversible capacity and poor rate capability, resulting from the development 

of a thick SEI layer and high charge-transfer resistance. Although in situ growth of nanosized Sn in 

mesoporous carbon can efficiently enhance the reversibility and coulombic efficiency, the rate 

capability and capability retention still require further improvement for practical application. The 

limited performance may be attributable to the structure and morphology of the carbon additive 

employed, which may act as inert layer and slow transport kinetics associated with the large size of 

Na ions. In this regard, graphene, owing to its open conductive template with high conductivity and 

surface area, represents a promising carbon host for Sn nanoparticles. Jeon et al. electrodeposited 

Sn nanoparticles with dimension ranging from 15 nm to 40 nm on reduced graphene oxide-graphene 

scaffold. [72] The material delivered an initial capacity of 615 mA h g-1 with an initial coulombic 

efficiency of 62%, and maintained 84% of the initial capacity after 50 cycles. However, the presence 

of functional groups in reduced graphene oxide (rGO) generally leads to rather low coulombic 

efficiency and affects the cycling stability due to undesired side reactions with the electrolyte. 

Interestingly, Luo and coworkers fabricated a nanostructured composite of backboned graphene 

matrix with Sn nanoparticles via high temperature, carbothermal method. [73] The material exhibited 

a reversible Na-ion storage capacity of 413 mAh g-1 at 100 mA g-1 with negligible fading after 100 

cycles. Moreover, the nanoparticle size and morphology control offers new opportunities to improve 

the overall Sn anode performance. It has been reported that the design of a Sn nanorods forest with 
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engineered core–shell structure on viral scaffolds vertically aligned on a metal substrate could 

considerably accommodate the volume expansion and suppress Sn aggregation during extended 

electrochemical cycling, thus improving the overall performance including reversibility. [74] In the 

same pursuit, Sn-CNT nano pillar arrays, [75] Sn/C nanofibers, [76] and yolk-shell Sn/C nanocomposites 

[77] have demonstrated that a rational and engineered design of nanostructured electrodes lead to 

considerably improved sodium storage. As expected, the nanoparticle’s size plays a crucial role on 

the final electrochemical performance in terms of both rate capability and cycling stability. Chen et 

al. designed ultrasmall Sn nanoparticles (~8 nm) homogeneously embedded in a spherical carbon 

hosting network achieving an initial reversible capacity of ca. 493 mAh g-1 at a current density of 200 

mA g-1. The material also exhibited high-rate capacity (349 mAh g-1) when cycled at 4000 mA g-1 and 

stable capacity (415 mAh g-1) after 500 cycles at 1000 mA g-1. [78] The remarkably improved 

electrochemical performance is not only due to the well-suppressed volume expansion and particle 

aggregation during prolonged cycling, but also benefits from the much reduced charge-transfer 

resistance, indicating that the ultrasmall Sn nanograins homogeneously distributed in conductive 

carbon could facilitate sodium-ion diffusion.  

The use of natural wood fiber as soft buffer in “binder free” or conductive binder (PFE) electrodes 

were engineered to ensure the reported high-performance of Sn anodes. [79, 80] Despite the great 

results achieved so far, it is important to consider that nanosizing and incorporation of carbon 

matrixes may significantly affect the volumetric energy density, thus pointing out the importance of 

optimized strategies to ensure the effect of particle size while maintaining a satisfactory Sn content 

in nanostructured Sn/C electrodes. As shown in Figure 4, encouraging results have been reported by 

Chen et al. with Sn nanodots (1-2 nm) encapsulated in porous N-doped carbon nanofibers (Sn 
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NDs@PNC) with a Sn content higher than 60%. Such a material made through electrospinning and 

thermal reduction, exhibited extraordinary electrochemical performance. Specific capacities of 450 

mAh g-1 at 10000 mA g-1 and 483 mAh g-1 over 1300 cycles at 2000 mA g-1 were achieved. This is the 

best performance ever reported for Sn-based anode materials for SIBs, which can be attributed to 

the ultrasmall size of Sn and high conductivity of nitrogen-doped carbon fibers. [33] Carbon fibers 

acting as current collector/conductive additive, can also reduce the inactive weight and volume of 

cells, raising the innovative design concept of “free-standing anode” to improve the energy density. 

To date, however, the rate capability and cycling performance of metallic Sn anodes are still limited. 

To shed light on the practical application of Sn-based anodes for SIBs, several issues still need to be 

addressed. In view of the requirement needed, nanostructured modification could be a good 

strategy for achieving better performance keeping in mind also the requirement of high density 

electrodes and improved volumetric energy density. These requirements, however, may not 

represent a crucial issue for the application of SIBs in stationary energy storage systems. 

4.2. Antimony 

Metallic Sb-based materials have also attracted much interest as alloying anodes for room-

temperature SIBs due to its high theoretical capacity of about 660 mA h g-1 and the relatively limited 

volume expansion with respect to other Na-alloying metals. A first attempt of using Sb/C 

nanocomposite anode for SIBs was reported by Yang and co-workers, demonstrating interesting 

performances employing an FEC-based electrolyte over 100 cycles with a specific capacity of about 

600 mAh g-1. [81] The investigation of the alloying mechanism between micrometric Sb and Na, was 

performed by Darwiche et al. in 2012, pointing out that the reaction mechanism involves the 

intermediate formation of amorphous phases while the competition between the formation of the 
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hexagonal and cubic (unstable at atmospheric pressure) Na3Sb polymorphs takes place toward the 

end of the process. [82] Elucidating investigations on the alloying mechanism between Na and Sb have 

been comprehensively performed through in situ X-Ray diffraction [82] and Mössbauer spectroscopic 

analysis [83] despite the difficulties raised by the formation of amorphous intermediate phases. 

Recently, Allan et al. supplied additional information on the alloying mechanism via in operando pair 

distribution function (PDF) analysis and ex situ 23Na magic-angle spinning solid-state nuclear 

magnetic resonance (MAS ssNMR) spectroscopy. [84] The inferior volume expansion involving the Na–

Sb alloying to form hexagonal Na3Sb and intermediate amorphous phases buffering the strain 

associate to the process are accounted for the improved cycling stability of the Na/Sb system 

ensuring outstanding cycling performance. In addition, it is worth noting that the working potential 

of Sb with Na is above 0.5 V vs Na/Na+, suggesting the electrolyte to be less sensitive to 

decomposition than for Na/Sn systems. [82, 85] However, despite the above mentioned advantages of 

Sb, the high volume change (about 390% for the formation of Na3Sb phase) and sluggish reaction 

kinetics during sodiation inevitably affect cycling stability and rate capability performance. 

Much efforts were also devoted to improve the rate capability and capacity retention of Sb-based 

electrodes. One proposed strategy to mitigate these issues is to alloy Sb with inactive elements 

forming intermetallic compounds through high-temperature treatments. Cu2Sb, [86] Mo3Sb7, [87] NiSb, 

[88] and Zn4Sb3, [89] have been investigated as anodes for SIBs, where the role of the inactive metal is 

to provide a mechanical buffer for the accommodation of volume changes that otherwise would 

lead to disintegration of the active material particles. It has been reported that Zn-Sb intermetallic 

nanowires display about 161% volume expansion after the first sodiation and 83% reversible volume 

change without any cracking or facture during the following cycles, suggesting the material as high 
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rate and stable anode materials for SIBs. He et al. systematically investigated the particles size effect 

on the performance of the Sb anode synthesizing monodisperse Sb nanocrystals in the 10-20 nm 

range and comparing with bulk Sb. [51] Interestingly, the capacity values exhibited by the 20 nm Sb 

particles electrode were better than that displayed by the 10 nm particles and bulk Sb. Authors 

attributed the lower capacity of the 10 nm Sb particles based electrode to the presence of the larger 

amount of an amorphous surface oxide shell leading to a higher irreversible capacity loss due to the 

formation of Na2O.  

Loading Sb nanoparticles into conductive carbon matrix to prepare nanocomposite electrodes in 

which porous carbon can accommodate the large volume expansion and immobilize the active 

nanoparticles has also been pursued. Mechanochemical synthesis has been pursued involving the 

milling of commercial Sb powders with various carbon templates, such as Super P, multiwall carbon 

nanotubes and graphitic carbon. [81, 90, 91] The process enabled the downsizing of Sb particles while 

ensuring their homogeneous distribution within the conductive carbon matrix. The Sb 

nanoparticles/graphitic carbon composite prepared by ball milling exhibited after 160 cycles a 

reversible capacity of 280 mAh g-1 when cycled at 1C showing a small average capacity loss (ca. 

0.04−0.05% per cycle). [91] The stable and enhanced performance of these materials was mainly 

attributed to the formation of stable SEI and improved conductivity due to the graphitic carbon 

matrix. Ko et al. prepared ultrafine Sb nanocrystals embedded in carbon microspheres via spray 

pyrolysis process and carbothermal reduction, providing a cost-effective method to fabricate 

nanostructured heterostructures. [92] The Sb-carbon composite exhibited initial discharge and charge 

capacities at 0.3 A g-1 of 625 and 402 mAh g-1, respectively, with a capacity retention of 90% after 

100 cycles. The low Sb content in the Sb/C composites, however, led to lower initial capacities. With 
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a similar synthesis method (aerosol spray technique) Zhang et al. synthesized ultrasmall Sb 

nanoparticles (~10 nm) uniformly embedded in porous carbon spheres increasing the Sb content in 

the composite to about 69% in weight. [93] The spherical nano-Sb/C composite exhibited excellent 

rate capability and capacity retention of 88.5% after 500 cycles at 100 mA g–1.  

Different morphologies have also been investigated, developing Sb@C coaxial nanotubes through a 

facile carbon-coating process coupled with a thermal-reduction strategy. As shown in Figure 5, the 

Sb@C nanotubes exhibited superior rate capability and retained a stable capacity of 240 mAh g-1 at 

1.0 A g-1 even after 2000 cycles. [94] Other interesting conductive matrix candidates are heteroatom-

doped carbons. Recent reports have demonstrated that the use of N-doped carbon/carbon 

nanotubes provide superior electronic conductivity and strong interaction between Sb and N-doped 

defects, which efficiently improve the cycling stability and rate capability. [95, 96] Additionally, 

graphene attracted the most intensive attention as the introduction of highly stretchy and robust 

graphene layers can effectively buffer the strain associate to the alloying process and simultaneously 

provide contact and protection of the active materials. [97-99] Firstly, Nithya et al. fabricated rGO/Sb 

nanocomposites, which showed higher cycling stability most likely attributable to the improved 

conductivity and high surface area of the rGO matrix. [100] However, the presence of residual 

functional groups in rGO generally leads to the trapping of small amounts of Na ions, which is 

responsible for the irreversible capacity losses and low coulombic efficiencies. Interestingly, an 

antimony/multilayer graphene hybrid (Sb/MLG) composite was prepared by a confined vapor 

deposition method, with less residual functional groups. As a result, high reversible sodium storage 

capacity (452 mAh g−1 at a current density of 100 mA g−1) and stable long-term cycling performance 

(90% capacity retention after 200 cycles with an average coulombic efficiency of >99%) was achieved. 
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[101] The promising properties of Sb/rGO have been also reported in a flexible and binder free 

NVP/rGO//Sb/rGO sodium-ion full cell. The developed cell prototype delivered a high reversible 

capacity of ~400 mAh g−1 (respect to the total mass of the anode) at a current density of 100 mA g−1 

after 100 cycles. [102]  

4.3. Phosphorus 

Phosphorus represents an attractive anode candidate for SIBs in view of its abundance and eco-

friendliness. Elemental P mainly exists in three allotropic forms, i.e. white, red and black. Among 

them, white P (P4) is highly toxic and flammable in ambient conditions, black P is the 

thermodynamically stable form at ambient temperature and pressure, and red P is nontoxic and 

does not undergo spontaneous combustion. [103, 104] Considering the high reactivity of white P and 

the harsh synthesis condition required to obtain black P, the most studied system for application in 

sodium-ion batteries is red P which is easy to prepare and commercially available. P offers the 

theoretical capacity of 2596 mAh g-1 (for its highest sodiated phase, i.e. Na3P,) and relatively safe 

working potential (~0.45 V vs. Na/Na+), thus promising elevated energy density. 

Red phosphorus (RP) presents a polymeric chain-like structure constituted by covalently bonded P4 

tetrahedra. The low atomic weight, large Na-uptake ability, and commercial availability make RP as 

one of the most promising anode material for SIBs. However, amorphous RP presents poor electrical 

conductivity (< 1 × 10−14 S cm−1) and large volume expansion upon full sodiation to Na3P (about 440%) 

leading to sluggish reaction kinetics and fast capacity fading. [105] Moreover, the resultant Na3P 

surface is highly reactive with the electrolyte implying large irreversible capacity. [106] Recently, a 

chemical synthetic approach for preparing nanostructured red P was reported. [107] The prepared 
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hollow phosphorous nanospheres (HPNs) exhibit superior electrochemical performance, even with 

high loading ratio of P (60 wt.% of the electrode weight). Mechanical milling has also been reported 

as an efficient way to prepare nanostructured carbon composite electrodes. [108] In 2013, Kim et al. 

prepared amorphous RP/C composite via ball-milling RP and Super P carbon in the 7:3 weight ratio. 

[109] The composite showed reversible capacity of 1890 mA h g−1 at a current density of 143 mA g–1 

(ca. 0.05 C rate), working potential of ca. 0.4 V vs Na/Na+, good rate capability (1540 mA h g−1 at a 

current density of 2.86 A g−1, ca. 1 C rate), and excellent cycling performance with negligible capacity 

fading over 30 cycles. The successful implementation of nanosized carbon matrices has also been 

reported for the hand ground mixture of commercial microsized RP with multiwalled carbon 

nanotubes (MWCNT). This composite material exhibited promising performance attributable to the 

buffering effect of the MWCNT for the P volumetric expansion and their improved electron transport 

properties. [110] Highly conductive graphene stacks as host for RP nanoparticles has been employed 

by Songet al. Benefiting from the chemical bonding between the graphene nanosheet and P 

nanoparticles, the developed nanocomposite delivered a high reversible capacity of 2077 mAh g-1 

with excellent cycling stability (1700 mAh g-1 after 60 cycles at 260 mA g-1) and high coulombic 

efficiency (~99%). [111] In addition, a further improvement of the performance was obtained by the 

synergetic combination of chemically bonded phosphorus-carbon nanotube (P-CNT) hybrid and 

crosslinked polymer binder enabling a more stable cycling capacity (ca.1586 mAh g-1 at 520 mA g-1 

after 100 cycles). [112] 

The cycling stability of these composites is strongly related to the carbon content and the P 

nanoparticles distribution into the conductive network. Pei et al. synthesized P nanoparticles 

encapsulated in graphene scrolls (P-G) with different P contents. Among these, the P-G composite 
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with a phosphorus content of 52.2% showed the best performance, delivering a capacity of 2355 

mAh g-1 at 250 mA g-1 with a capacity retention of 92.3 % after 150 cycles. [114] Despite the beneficial 

effect of the conductive matrix, high concentration of carbon in the composite may lead to 

decreased electrode energy density. It has been reported by Zhu et al. that thermally deposited RP 

nanoparticles onto singe-walled carbon nanotube (60 wt.% carbon content) show superior long-term 

cycling performance with 80% capacity retention after 2000 cycles but with limited overall capacity 

of about 300 mAh g-1. [115] In an effort to improve the P loading, Guo and coworkers utilized a 

graphene aerogel as host to fabricate a 3D integrated C/RP/graphene aerogel composite (C@P/GA) 

via an advanced vapor-redistribution strategy to achieve a uniform distribution of phosphorus 

nanoparticles (NPs) within the 3D graphene-based architecture as shown in Figure 6. This strategy 

enabled a relatively high P loading of more than 80%. The as-prepared C@P/GA electrode delivered 

a high capacity of 1867 mAh g−1 after 100 cycles at 0.1 C and demonstrated significant capacity 

retention of 1095.5 mAh g−1 after 200 cycles at 1 C rate. [113] In addition, the use of graphene or 

nitrogen-doped graphene as flexible substrates to fabricate binder free electrodes provides a new 

direction to improve the overall energy density of RP anodes with carbon integration. [116, 117] An 

improvement of the rate capability of P based electrodes enhancing the kinetics of the processes 

involved may be obtained by downsizing the RP particles to several nanometers. Indeed, Li et al. 

confined amorphous RP in highly ordered mesoporous carbon matrix (CMK-3) with uniform pore size 

distribution of about 4 nm. [118] The composite displayed a reversible capacity of 1020 mAh g-1 after 

210 cycles at 5C. In addition, it has been reported that by confining nanosized amorphous RP into 

zeolitic imidazolate framework-8 (ZIF-8)-derived nitrogen-doped microporous carbon matrix with 

well-defined pore size (<1 nm), as shown in Figure 7, delivering 1990 mAh g-1 upon 1000 cycles at 1 C 
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rate. Such a good performance is attributed to the size of RP particle and their confinement in the 

mesoporous conductive carbon matrix strongly enhancing charge transfer properties. [119]  

In addition to RP, Black phosphorus (BP) has also been reported for use as anode material in SIBs. BP 

is nontoxic, thermodynamically stable and electrically conductive. [120] Moreover, bulk BP exists in 

three known crystalline phases (orthorhombic, rhombohedral, and simple cubic), as well as in an 

amorphous form. As the orthorhombic BP possesses a layered structure and semiconductive 

character, it has been intensively investigated in electronics and optoelectronics. [121] The first 

experimental exploration of BP anodes for SIBs was carried out in 2013 by Qian et al. [108] Although 

black P showed an increased charge capacity respect to RP, the first cycle efficiency was lower than 

30%. The improvement of BP performance in SIBs requires a comprehensive understanding of the 

sodiation mechanisms. It has been reported that, since BP has a larger interlayer distance (5.4 Å) 

than graphite (3.4 Å), Na ions storage into the BP layers should be facilitated with respect to graphite. 

[122] First-principles calculations performed by Hembram et al. proposed a two-step sodiation 

mechanism for BP, including an intercalation process up to the composition of Na0.25P and a 

following alloying reaction. [123] On the basis of its structural properties, a volume expansion of 390% 

(i.e., lower than for RP) is expected. Recently, Chen et al. proposed the degradation mechanism of 

BP during sodiation to be dominated by the sodium diffusion directionality and insertion strain, 

which result from the low diffusion barrier in the [100] direction and gradual transformation of the 

layered structure into amorphous, respectively. [124] Based on these results, two strategies have been 

proposed to improve the electrochemical performance, i.e. delamination into phosphorene or few-

layer phosphorenes and carbon coating processes. Kulish et al. calculated the Na diffusion in 

phosphorene finding a very low energy barrier of 0.04 eV, thus suggesting phosphorene as a very 
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promising anode material for SIBs. [125] Liquid exfoliation method shows great potential for large-

scale synthesis of two-dimensional materials, like ultrasonic and electrochemical exfoliation, 

however, limited by the difficulties in solvent removal. [126, 127] Interestingly, Huang et al. prepared 

few layered phosphorene (2 to 11) via electrochemical cationic intercalation. [128] When directly 

serving as anode material in SIBs, phosphorene delivered a capacity of 1968 mAh g−1 at 100 mA g−1. 

However, the structural instability at ambient conditions and the synthesis method may obstacle its 

implementation in SIBs. [129] A carbon coating approach has been adopted to stabilize the structure. 

[130] Xu et al. prepared nanostructured BP composites with Ketjen black-multiwalled carbon 

nanotubes via high energy ball milling, obtaining high initial coulombic efficiency (>90%) and 

superior reversible capacity (∼1700 mAh g−1 after 100 cycles at 1.3 A g−1). [130] The implementation of 

2D composite materials has been achieved by integrating phosphorene with conductive graphene in 

a sandwich-like structure (Figure 8). A hybrid material made out of a few phosphorene layers 

sandwiched between graphene layers showed a specific capacity of 2440 mAh g−1 at a current 

density of 0.05 A g−1 with capacity retention of 83% after 100 cycles. [131]  

In addition, the use of engineered binders and proper electrolyte additives selection, which can 

contribute for the formation of a more stable SEI, play a vital role in the improvement of the 

irreversible capacity fading and cycle life for P anodes. [132] Therefore, taking advantage of the highly 

conductive carbon additives, effective strategies should be devoted to optimize the gravimetric and 

volumetric energy density of the composites. Considering the high theoretical capacity and 

abundance, RP-based materials could certainly be among the most promising anodes for SIBs.  

4.4. Other Elemental Alloying Anodes 
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Silicon, [133, 134] germanium, [135] bismuth, [136] lead, [133] and indium, [137] have also been studied as 

potential anode materials for SIBs. Unlikely, silicon, the “holy Grail” but yet-to-be-proven anode 

materials for LIBs, [138] appears to be most likely electrochemically inactive toward sodiation. The 

theoretical capacity predicted for the formation of the fully sodiated NaSi phase is about 954 mAh g-1 

and is expected to lead to a volumetric deformation of about 244%. [139] Komaba et al. studied 

crystalline Si (c-Si) nanoparticles (~100 nm) as anodes for SIBs, however, observing no redox 

behavior. [58] Theoretical calculations confirmed that the limited electrochemical reactivity is related 

to the large insertion barrier and energy difference between surface and sub-surface sites for Na+ 

inserting into c-Si. [140, 141] Besides, Kulish et al. predicted that efficient Na storage might be achieved 

employing polysilane and silicene (single or few layer silicon nanosheets) compounds. [142] While c-Si 

does not represent a suitable choice as anode for SIBs under standard conditions, amorphous Si (a-Si) 

can accommodate 0.76 Na atoms per Si atom, corresponding to a specific capacity of 725 mAh g−1 

with a volume expansion of 114% and a Na diffusivity of 7 × 10−10 cm2 s−1 at room temperature. [143] 

Xu et al. firstly reported reversible sodium uptake into Si nanoparticles with a capacity of 279 mAh 

g−1 when cycled at 10 mA g−1. [144] Although the system could not release the full theoretical capacity, 

it is worth noting that the improved reactivity of the c-Si/a-Si/SiO2 hybrid developed benefited from 

the nanosized Si particles (20 nm), which are advantageous for the kinetics of sodium ions diffusion 

and the favorable Na insertion in a-Si. Meanwhile, Hu et al. prepared the Si/C nanocomposite by 

high-energy balling of commercial Si microparticles and graphite powers, which achieved enhanced 

sodium-storage properties enabled by the formation of numerous nanodomains of Si and 

amorphization of graphite. [145] Inspired by the result, Zhang et al. revisited the investigation of 

sodium uptake into c-Si. [146] A specific capacity of 438.2 mAh g-1 at 50 mA g-1 was achieved and 
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superior reversible capacity was maintained at high rate (200 mAh g-1 at 5000 mA g-1 after 2000 

cycles). The electrochemical activity observed is attributed to the irreversible crystal structure 

conversion of c-Si into a-Si during the first sodiation step, guaranteeing the formation of a new 

active phase for the reversible Na uptake. Moreover, the proposed carbon coating process and the 

nanostructured design further improved the conductivity and structural stability of the developed 

system. 

Even though less studied, germanium (Ge) possesses a theoretical capacity of 396 mAh g-1 (based on 

the formation of the fully sodiated NaGe phase). A study on sodium diffusion at high temperature 

into crystalline germanium (c-Ge) conducted by Sto i  et al. revealed slower kinetics when compared 

to those observed in lithium systems. [147] Indeed, c-Ge has been proved to be electrochemically inert 

for sodiation owing to the high diffusion barrier encountered by Na ions. [58] Nonetheless, Baggetto 

et al. [148] investigated amorphous germanium (a-Ge) thin films as negative electrode in SIBs 

achieving a reversible capacity of 350 mAh g-1. Interestingly, preliminary XRD results indicated that 

the amorphous phase remained as such even after full sodiation. [148] Abel et al. prepared the 

nanocolumnar a-Ge film via glancing angle deposition, exhibiting a very high and promising capacity 

(430 mAh g-1). This value is much higher than the theoretical value, thus suggesting the possibility of 

a different reaction mechanism involved. [135] In light of the higher electrochemical activity of the 

amorphous phases, activation of c-Ge nanowire and Ge thin films has been proposed through a 

preliminary lithiation-delithiation step to transform c-Ge into a-Ge. The strategy enabled the 

obtainment of a reversible capacity of 346 mAh g-1 and 418 mAh g-1 for c-Ge nanowires and thin 

films, respectively. [149] The same strategy has been employed by Lu et al. on c-Ge nanowires, which 

could be readily and reversibly sodiated by pre-amorphizing. [150] The results confirmed that a-Ge 
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exhibited a volume expansion of 300% during the formation of the Na1.6Ge sodiated phase. 

Moreover, it has been reported that the use of graphene for the obtainment of a hybrid composite, 

i.e. core-shell Ge@Graphene@TiO2 nanofibers, exhibited superior cycling stability. [151]  

Recently, it has been reported that bismuth (Bi) could be an interesting anode candidate for SIBs due 

to its theoretical capacity of 385 mAh g-1 (Na3Bi), satisfactory working potential (0.6 V vs Na/Na+) and 

relatively lower volumetric expansion (250%). [133] The Bi/graphene nanocomposite synthesized by 

Su et al. via hydrothermal reaction exhibited a high reversible sodium storage capacity of 561mAh g-1. 

Ex situ XRD investigation evidenced that due to the large interlayer distance of the layered Bi 

structure, the reaction mechanism taking place is intercalation-like rather than alloying. [136] Other 

promising systems in terms of electrochemical performance have been proposed, such as Bi 

nanoparticles embedded on carbon spheres or nanofibers prepared by carbothermal reduction, 

enabling high reversible capacities. [152, 153] However, the flammability of Bi makes this element less 

appealing for future application in SIBs. Other elements with the ability to alloy with Na, such as lead 

(Pb) and indium (In), have been reported with theoretical capacities of 485 mAh g-1 (Na15Pb4) and 

467 mAh g-1 (Na2In). However, considering the associated cost, environmental and safety issues 

associated to their use, the interest is very limited.  

Many efforts have been devoted to the improvement of alloying based systems and, as reported 

above, promising results have been achieved. However, as pointed out in this and previous reviews, 

[154, 155] the most common strategies to overcome the issues affecting the electrochemical 

performances consist of implementing nanosized active material particles, designing nanostructured 

electrode to better accommodate the volume expansion and/or using buffering matrixes or 

conductive agents to improve the alloying kinetics and cycling stability. The efficient implementation 
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of nanostructuration and engineered morphologies can certainly represent an efficient strategy for 

the improvement of the current state-of-art alloying anodes, however, much effort should be 

devoted to the stabilization of the sensitive SEI formed on alloying materials, which represents a 

quite thought challenge considering the high solubility of sodium-based SEI components into organic 

solvents of electrolytes. [30, 156] The development of artificial SEI and the use of optimized electrolyte 

solutions may represent a key turning point for the real application of alloying systems in SIBs. 

5. Nanostructured Conversion-type Anode Materials 

Conversion reactions have been studied for application in LIBs since the late 70s [168] and 80s [169], 

however, the turning point is represented by the pioneering work on nanosized transition-metal 

oxides conducted by Poizot et al. [170] Interestingly, after the discovery, great efforts and interest 

were devoted to the design of nanostructured materials for application in energy storage opening 

new avenues for the development of innovative and high performance electrochemical energy 

storage systems. The reaction generally occurring on transition metal compounds (MaXb, M = 

transition metal, X = H, F, O, S, N, P etc.), involves multiple electron exchange per transition metal 

and is characterized by high theoretical specific capacity. The conversion mechanism during 

sodiation implies the reduction of the active material into metallic nanoparticles embedded in a 

Na2O matrix. The specific capacity of conversion-type electrode materials can be increased by using 

transition metals compounds with high oxidation state of the metal involved in the electrochemical 

process. Additionally, since the working potential at which the conversion occurs depend on the 

ionicity of M-X bond; the electrochemical potential can easily be tuned according to the desired 

application. [171, 172] Transition metal oxides, sulfides, nitrides and phosphides (with MaXb as general 

formula) are conversion-based electrode materials, which have been explored for both LIBs and SIBs. 
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[173] However, they generally suffer from low initial coulombic efficiency, poor cycling stability, and 

low energy efficiency due to the high voltage hysteresis observed upon cycling. The voltage 

hysteresis is an intrinsic feature of the conversion reaction and is the result of ohmic voltage drop, 

reaction overpotential (proportional to the ionicity of the M-X bond), and different spatial 

distributions of electrochemically active phases (i.e. compositional inhomogeneity). [174] In addition, 

the sodium storage behavior is strongly affected by the large volume expansion following the 

conversion reaction as well as the consequent electrolyte decomposition accelerated by the 

presence of new, freshly exposed electrode area after every conversion cycle. It has been proved 

that exploitation of nanostructured materials can effectively alleviate the strain derived from the 

volume change, resulting in enhanced capacity retention. [44, 148] Furthermore, nanostructured 

materials can provide large electrode-electrolyte contact area and shorten diffusion length of Na 

ions in electrode leading to higher rate capability, however, at the expense of faster electrolyte 

decomposition. The large hysteresis observed during the conversion reaction can be mitigated by 

rational design and optimization of material microstructure and electrode architecture, thus 

improving the energy efficiency of SIBs based on conversion chemistry. A wide range of oxides, 

sulfides and phosphides have been investigated as anode candidates in SIBs, such as Fe, Cu, Co, Ni, 

Mo, W, and other as well as their binary compositions. [175-181] Hereafter, we will provide an overview 

on nanostructured design and recent progress towards conversion-type electrodes in SIBs. A 

detailed list of materials with their performance is reported in Table 2.  

5.1. Transition Metal Oxides 

Transition metal oxides (TMOs) with general formula of MxOy (M = Fe, Co, Cu, Mn, Ni, Mo) have been 

studied as potential anode materials for SIBs, due to their ability to react with Na converting into 
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metal nanoparticles dispersed in a Na2O matrix. Tirado et al. firstly reported the use TMOs as 

conversion-type anode for SIBs. [182] The proposed NiCo2O4 spinel delivered a reversible capacity 

approaching 200 mA h g-1 by forming Na2O, Ni and Co upon sodiation. Following, other spinel-type 

materials such as MnFe2O4 [183] and MgFe2O4 
[184], synthesized by hydrothermal and microwave assisted 

method, respectively, were tested. Beyond the interesting properties such as natural abundance, low 

cost and toxicity of the employed raw materials, the materials exhibited satisfactory electrochemical 

activity when processed into composites with graphene. Balaya et al. reported the study on α-MoO3 

showing a first sodiation and de-sodiation capacity of 771 and 410 mAh g−1 respectively, suggesting 

interesting sodium storage ability comparable to carbon based and Na2Ti3O7 anode materials. [175] 

However, despite the promising properties of such materials, their electrochemical performance in 

Na cells is strongly affected by large volumetric and structural changes, poor cycling stability and low 

energy efficiency governed by the high voltage hysteresis.  

Among the TMOs, iron oxides, in particular Fe3O4 and Fe2O3, have drawn particular attention 

because of their high theoretical capacity approaching 1000 mAh g−1, non-toxicity, high abundance, 

low cost and high corrosion resistance. [186, 187] However, when tested in sodium half-cells, α-Fe2O3/C 

and Fe3O4/C nanowires electrodes exhibited very low reversible electrochemical activity. While a 

partial sodium insertion was observed, authors could not observe the conversion reaction suggesting 

that particle size may play a role in the reaction mechanism. [188] Balaya et al. proposed a dual-alkali 

ions conversion storage in Fe3O4 anode for both LIBs and SIBs. [189] While for the lithium based 

system the electrodes exhibited excellent performance both in half and full-cell configuration, in 

sodium cells, the electrode delivered a first sodiation capacity far below the theoretical value and a 

reversible charge capacity of about 366 mAh g-1, suggesting the incompleteness and poor 
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reversibility of the conversion process. The limited performance may be primarily attributed to the 

sluggish kinetics of Na ions storage due to the large ionic radius of Na ions. [189] Kumar et al. 

investigated strategies to improve the redox activity of Fe3O4 by using alginate binder. [190] Due to the 

strong bonding between Fe3O4 nanoparticles/alginate, the developed composite maintained a stable 

discharge capacity of 248 mAh g-1 after 50 cycles with 98% coulombic efficiency. With the purpose of 

improving the cycling stability and the electronic properties of Fe3O4, Liu et al. synthesized Fe3O4 

quantum dots with average size of 4.9 nm on 3D graphene foam by a facile one-pot hydrothermal 

approach. [191] The 3D-0D graphene-Fe3O4 hybrid composite exhibited high sodium storage capacity 

(525 mAh g−1 at 30 mA g−1), outstanding cycling stability (312 mAh g−1 after 200 cycles at 50 mA g−1) 

and superior rate performance (56 mAh g−1 at 10 A g−1). Recently, Qi et al. demonstrated that MOF-

derived Fe3O4 quantum dots embedded in mesoporous carbon could reach supercapacitor-like rate 

performance due to the short diffusion length and hierarchical conductive network. [185] Following, 

Oh et al. proposed the sodium-ion battery constituted of the nanosized Fe3O4/C anode coupled with 

layered NaNi0.25Fe0.5Mn0.25O2 cathode as a well-performing low-cost energy storage system. [193] 

Among all polymorphs of Fe2O3, the γ cubic phase has been investigated in sodium cells exhibiting a 

three electron reduction (Fe3+ → Fe0) starting at 0.5 V and a reversible two-step oxidation (Fe0 → 

Fe2+ and Fe2+ → Fe3+) at ~1.0 and 1.4 V. [194] Chen and coworkers synthesized a 3D porous γ-Fe2O3/C 

nanocomposite by aerosol-assisted method as shown in Figure 9. The γ-Fe2O3 nanoparticles (5 nm) 

were uniformly embedded in the porous carbon matrix, showing a reversible capacity of 740 mAh 

g−1 after 200 cycles at 200 mA g−1 and high-rate performance with a discharge/charge capacity of 317 

mAh g−1 at 8000 mA g−1. [185] Benefiting from the wide investigations in LIBs, various nanostructured 

iron oxides were tested in SIBs. [186] Recently, Yu et al. indicated hydrated iron oxide in the β‑FeOOH 
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phase, simply synthesized via hydrolysis, as an interesting conversion-anode for SIBs. [195] However, 

the material with smaller particle size (5 nm) presented poorer kinetics and larger overpotential than 

the material with larger particles (53 nm). The reversible extraction of Na+ from the Na2O matrix 

seems to be thermodynamically unfavorable due to the large ionic radius of Na, suggesting that the 

alkali ion size may be an intrinsic limit to the reversibility of conversion reactions in SIBs. 

Co3O4 presenting a theoretical capacity of 890 mAh g-1 has also been investigated as anode material 

for SIBs. Rahman et al. demonstrated the feasibility of the conversion reaction using nanostructured 

Co3O4, which exhibited a reversible capacity of 447 mA h g-1 at 25 mA g-1 and ~86% capacity 

retention after 50 cycles. [197] However, also in this case the full theoretical capacity was not achieved 

during the discharge process, resulting in inferior electrochemical performance. Longoni et al. 

investigated the conversion mechanism of Co3O4 powders and the morphology-performance 

correlation by synthesizing different morphologies prepared through hydrothermal method. [198] 

Needle-like, nanometric Co3O4 exhibited the most promising performance, especially in combination 

with a pre-sodiation treatment to reduce the initial irreversible capacity, further improving the 

cycling stability. [198] In order to improve the electronic conductivity of Co3O4, conductive carbon 

nanotubes have been introduced via co-precipitation and thermal decomposition. [199] The 

Co3O4/CNTs exhibited high capacity and good rate capability when used with an FEC-added 

electrolyte. Another promising approach to facilitate the conversion reaction of Co3O4 is the 

synthesis of well-defined mesoporous microstructures. Yang et al. investigated the dual porosity, 

mesoporous Co3O4 using mesoporous silica (KIT-6) as sacrificial template. [200] The defined porosity 

enabled the mass transport of electrolyte into the pores and provided a higher electrolyte 

adsorption generating improved transport pathways respect to the more common Co3O4 
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nanostructures. The material showed a capacity of 707 mA h g−1 at a current density of 90 mA g−1 

and a satisfactory capacity retention after 100 cycles. Recently, metal-organic frameworks (MOFs), 

also known as porous coordination polymers (PCPs), synthesized by assembling metal ions with 

organic ligands have emerged as a new class of crystalline, but porous materials. Using MOFs as 

templates to design and fabricate electrochemically nanostructured active materials (porous 

carbons, metal oxides, metal oxide/carbon hybrids, etc.), which are rapidly explored for LIBs. [201, 202] 

Wang et al. proposed the use of ZIF-67 as template (the organic linkers contain N and C atoms) to 

synthesize Co3O4/nitrogen doped carbon (NC) core-shell structure (~5 nm Co3O4 is the core and 2-3 

nm NC is the shell). When investigated as anode for SIBs, as shown in Figure 10, the composite 

delivered a capacity of 506 mAh g−1 at 100 mA g−1 and 263 mAh g−1 at 1000 mA g−1 with a capacity 

decay of only 0.03% per cycle for 1100 cycles. [196] A key structural feature of MOFs is their high 

porosity as well as high surface area, which play a crucial role in the functional properties. A stable 

Co-based MOFs (Co-TATB) was used to fabricate a composite of porous and hollow Co3O4 

polyhedron with N-doped carbon coating offering high and stable capacity. [203] The impressive 

electrochemical performance of these MOF-derived materials is attributed to their ability to activate 

capacitive and conversion storage processes enabled by the superior conductivity of NC and the 

ultrafine nanostructure of Co3O4. Recently, capacitive charge storage, distinguished from the 

conventional diffusion-controlled process, has demonstrated to offer superior high-rate 

performance and reversibility for energy storage in battery systems. [204, 205] In this respect, Dou et al. 

synthesized atomically thin Co3O4 nanosheets via a bottom-up self-assembly approach, presenting 

excellent rate capability and the average discharge capacity of 427 mAh g−1 at 500 mA g−1. [206] The 

results indicate that two-dimensional (2D) materials with extremely large surface area could provide 
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more active sites for capacitive Na+ storage and contribute largely to the improved reversibility. 

Accordingly, Chen et al. demonstrated a scalable template-directed synthesis of 2D Co3O4 

nanosheets with holey architecture (HACN) as shown in Figure 11 a. [207] The as-synthesized material, 

HACN-10 with 10 nm holes, delivered a high reversible capacity of 566 mAh g−1 at 100 mA g−1 and 

good cycling stability after 100 cycles (Figure 11 b). In situ TEM analysis revealed the conversion 

reaction to occur in the local interface of Co3O4 and Na2O with short Na+ diffusion length. 

Additionally, the holy structure greatly buffered the volume change (~6%) after sodiation. The above 

results suggest Co3O4 as a very promising anode to be used for long life and high-power SIBs. 

In addition to Fe and Co oxides, also CuO has been investigated as potential conversion anode for 

application in SIBs due to its lower cost than Co, environmental friendliness and high theoretical 

capacity of about 674 mAh g−1. [173, 208] Wang et al. prepared porous CuO nanowires exhibiting an 

initial capacity of 640 mAh g–1 and 303 mAh g–1 after 50 cycles at 50 mA g–1, through a multi-step 

process. During the discharge step, Na ions insertion into CuO leads to the formation of the 

CuⅡ1−xCuⅠxO1−x/2 solid phase, followed, upon further sodiation, by the formation of Cu2O (and Na2O), 

which finally decomposes to metallic Cu nanoparticles embedded into a Na2O matrix. The reversible 

charge process leads to the oxidation of the Cu nanoparticles to Cu2O eventually converting back to 

CuO. [209] In an effort to facilitate the reaction mechanism, Yuan et al. fabricated in situ a flexible and 

porous CuO array by simply engraving commercial copper foils. [210] The binder-free electrode 

exhibited high capacity (over 640 mAh g−1) even at a high current density of 200 mA g−1, however, 

with limited cycling stability most likely attributable to the poor conductivity and large volume 

change upon cycling. To mitigate these issues, Jiao et al. synthesized CuO quantum dots (~2 nm) in 

carbon nanofibers via a facile electrospinning method. The material delivered a high reversible 
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capacity of 528 mAh g−1 at 500 mA g−1, only slightly decreasing to 401 mAh g−1 after 500 cycles. 

Additionally, CuO/C composites derived from various Cu-based MOFs have been reported. [211-213] 

Interestingly, there is an inferior number of studies related to FeO, CoO, NiO and MnO anode 

materials in SIBs compared with LIBs, since they show poor electrochemical activity in Na-cells when 

compared to the excellent performance exhibited in Li-cells. [214] As a matter of fact, due to the 

larger Na+ radius, the sodiation based on conversion reaction is expected to be thermodynamically 

poor in these oxides. Su et al. investigated the sodiation reaction mechanism of NiO nanosheets 

through in situ transmission electron microscopy (TEM) observation and molecular dynamic (MD) 

simulation, revealing that the sodiation process is hindered by the formation of a passivation layer of 

Na2O formed at an early stage of the conversion, which result in sluggish kinetics. [215] This may 

explain the low rate capability of TMOs for SIBs. Some contradictory results on the Co/CoO/carbon, 

[216] NiO/Ni/Graphene, [217] and MnO/C nanorod [218] hybrids derived from their MOFs precursors 

have been reported. Indeed, the materials showed electrochemical activity with Na, however, the 

reaction mechanism still remains poorly understood and the complex intermediate species formed 

during sodiation still require detailed characterization for a deeper understanding.  

5.2. Transition Metal Chalcogenides 

Transition metal chalcogenides (TMCs) represent an additional class of conversion-type electrodes as 

promising alternative to conventional TMOs anode for SIBs. Assuming the complete reaction of 

TMCs with Na, metallic particles and sodium chalcogenides are eventually formed in the fully 

discharged state, giving rise to high theoretical capacities. One of the most promising compounds 

are sulfides, which are characterized by smaller volume changes during charge/discharge and more 

reversible conversion process respect to oxides, conferred by the higher conductivity of Na2S and 
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weaker M-S bond. However, the critical issues of conversion based materials, even if mitigated, still 

need to be addressed. The voltage hysteresis related to the structural change, as defined in TMOs, 

may be relieved by the implementation of nanostructured electrode. In addition, the conversion 

mechanism of sulfides compounds generally proceeds through the formation of intermediated 

products such as polysulfide anions (Sx
n-), which are highly soluble in organic electrolytes 

representing a severe issue for the cycling stability, electrode integrity and, even safety. To date, 

many research efforts have been devoted to the improvement of the performance of metal sulfides 

via nanostructure design, composition tuning and hybridization with conductive/protective materials.  

Pyrite FeS2, a natural mineral, has been widely investigated in LIBs as positive electrodes. [220, 221] In 

the field of SIBs, natural FeS2 has been investigated as potential anode material because of its high 

theoretical specific capacity (894 mAh g−1). [222] However, it has been reported that both, natural and 

synthesized by mechanical alloying FeS2 exhibited large capacity fading during repeated charge-

discharge cycling. [223] The enhancement of the cycling performance relies so far in a deeper 

understanding of the sodiation mechanism during the conversion reaction. It has been reported that 

the conversion reaction of FeS2 with Na proceeds through the intermediate formation of NaxFeS2 at 

about 0.8V (vs Na/Na+), eventually ending into metallic Fe along with the formation of Na2S. [224] Hu 

et al. confirmed that such an intercalation reaction also occurs in Na/FeS2 cells suggesting that the 

cycling performance could be significantly enhanced via tuning the cut-off voltage to 0.8 V (vs 

Na/Na+) while using NaSO3CF3/diglyme electrolyte. [225] Indeed, they observe that the electrically 

conductive, layered NaxFeS2 was formed upon sodiation, enabling reversible sodium intercalation to occur. 

Microspheres composed of tightly aggregated FeS2 nanoparticles (~200 nm) delivered a surprisingly 

high-rate capability (170 mAh g-1 at 20 A g-1), most likely attributable to capacitive behavior, and 
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unprecedented long-term cyclability (~90% capacity retention for 20 000 cycles). Walter et al. 

synthesized FeS2 nanocrystals (NCs) in 50-100 nm via solution-based chemical method. [226] When 

tested in sodium cells within the 0.02-2.5 V (vs Na/Na+) voltage range, FeS2-NCs provided a capacity 

of 410 mAh g−1 for 600 cycles at 1 A g−1. The reaction involved during cycling implies the formation of 

amorphous intermediated species, which are responsible of a reduced mechanical stress upon 

expansion and contraction. Recently, Liu et al. synthesized a unique FeS2@C yolk-shell (FeS2 core and 

carbon shell) nanostructured electrode using a facile etching method coupled with a novel 

sulfidation-in-nanobox strategy. The composites delivered a specific capacity of 511 mAh g-1 at 100 

mA g-1 after 100 cycles and 330 mAh g-1 after 800 cycles at 2 A g-1, showing excellent rate capability 

and ultra-long cycling stability. [227] To further address the structural stability and sulfur dissolution 

upon sodiation, composition tuning (ion doping) and carbon coating strategies have been proposed. 

It has been proved that the cobalt doping could enhance the redox activity of FeS2 nanospheres by 

pseudo-capacitive behavior enabling fast Na storage. [228] Moreover, Chen et al. proposed the use of 

optimized binder for the improvement of cell performance. Using sodium polyacrylate (PAA) as 

binder and graphene coating, the electrode exhibited high specific capacity (524 mAh g−1) and long 

cycle life (87.8% capacity retention after 800 cycles). [229] 

FeS has also been investigated as anode for SIBs with a theoretical capacity of 609 mAh g-1. The 

reaction mechanism proposed involves the formation of NaxFeS2 along with metallic Fe followed at 

about 0.1V (vs Na/Na+) by the final reduction to Fe and formation of Na2S. However, as for FeS2, low 

conductivity, sluggish kinetics and severe volume changes have been demonstrated for FeS anodes. 

[230] Latest research provide results on the effect of downsizing the particle size and constructing 3D 

conductive networks to improve the electrochemical performance of FeS in SIBs. [219] As shown in 
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Figure 12 a, Wang et al. prepared a uniform FeS@C yolk-shell nanosphere (FeS yolks with an average 

size of ~170 nm, void spaces of ~20 nm and porous carbon shells with a thickness of ~30 nm) via a 

spatially confined sulfuration strategy using nano Fe3O4 as template. The electrode delivered a high 

reversible capacity of 722 mAh g-1 at 100 mA g-1 with a capacity retention of 67.6% after 300 cycles. 

The carbon coating acts as a stabilizer of the SEI film leading to the achievement of a relatively high 

initial coulombic efficiency (~70.2%). However, the unique yolk-shell structure was gradually 

damaged resulting from the large volume expansion experienced by FeS during the sodiation 

process leading to a gradual capacity fading, which was confirmed by TEM analysis as shown in 

Figure 12 d. [219] Lee et al. synthesized FeS/rGO composites via sulfidation of Fe3O4 by spray pyrolysis 

with H2S gas. [231] The cycling stability and rate capability were in some extent improved by the large 

amount of graphene (37.4%). Meanwhile, Cho et al. fabricated porous FeS nanofibers via a simple 

sulfidation process driven by Kirkendall diffusion. [232] The discharge capacity reached during the first 

cycle at 500 mA g-1 was about 561 mAh g-1, which then gradually increased to 592 mAh g-1 during the 

following cycles. Even at 5 A g-1, a capacity of 353 mAh g-1 was maintained, confirming the superior 

rate performance.  

Recently, several cobalt sulfides (CoxSy) with various nanostructures have been investigated as anode 

candidates for SIBs. [178, 234-236] CoS, known for its semiconducting properties, has a theoretical 

capacity of 589 mAh g-1. Ramakrishna et al. firstly prepared CoS nanoplates on rGO via solvothermal 

method. [235] The hybrid composite exhibited a high capacity of 540 mAh g−1 at 1 A g−1 with 

extraordinarily cycling stability (420 mAh g−1 at 1 A g−1 after 1000 cycles). Moreover, Goodenough et 

al. demonstrated a low-cost hydrothermal method to synthesize CoS nanotubes coated with N-

doped carbon, which were used as anodes in both LIBs and SIBs. [233] The synthesis process is shown 
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in Figure 13 a. A very high reversible capacity of 656 mAh g-1 was achieved at 500 mA g-1 while a 

satisfactory capacity of 396 mAh g-1 was still observed at 3 A g-1, with a capacity retention of 55% 

after 1400 cycles (Figure 13 b). The good cycling stability of the electrode is most likely related to the 

implementation of coaxial nanotubes which enhanced the structural integrity of the electrode when 

compared with pristine CoS nanotubes. The unique electrode architecture designed, including the N-

doped carbon shell and hollow CoS nanotube core, can effectively accommodate the large volume 

change of CoS and facilitate the charge transfer with high electrochemical reactivity, thus enhancing 

the overall electrochemical performance. [233] Carbon nanotubes were also employed as template to 

fabricate hollow structure of CoS/C nanocomposites. [237, 238] The use of CoS2 as anode for SIBs was 

also reported with a theoretical capacity of 872 mAh g-1 via a reaction mechanism similar to that 

proposed for FeS2. Indeed, the formation of NaxCoS2 as an intermediate phase above 1.0 V (vs 

Na/Na+) is considered to be responsible for the reversible conversion reaction. [239] Additionally, also 

Co3S4 and Co9S8 have been synthesized and reported as anode for SIBs with theoretical capacities of 

about 702 and 544 mAh g-1, respectively. However, due to the poor cycling performance in SIBs, rare 

breakthroughs are reported compared with LIBs. [240, 241] Thus, carbon coating is the general strategy 

adopted to cope with the poor performance. [242, 243] Other transition metal sulfides with higher 

abundance than Co analogues, such as CuS, [244] MnS, [245] Ni2S3, [246], have been investigated 

incorporating rGO to form composites and benefitting from the conductive nature of rGO and its 

effective buffering matrix effect. Xia et al. prepared thin Ni3S2 nanosheets anchored on cracked 

carbon submicron tubes via the hydrothermal method, showing high initial reversible capacity of 887 

mAh g−1 at 50 mA g−1, but with only 76% capacity retention after 260 cycles. [247] In view of the 

electrochemical performance shown by these materials, it is expected that further efforts and 
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research toward morphology tuning and electrode architecture design may lead to very promising 

results. 

Owing to intrinsically good conductivity, which can facilitate the migration of Na+ ions, layered 

transition-metal chalcogenides (l-TMC) such as MoS2, WS2, VS2, have attracted great attention. MoS2, 

well known for its semiconducting properties, presents a very interesting structure mainly composed 

by weakly bonded single layers of MoS2. The van der Waals interactions between layers generate 

atypical interlayer distance of 0.62 nm. From this particular structure, one or several layers can be 

easily extracted using liquid-phase exfoliation. [248] Due to its high conductivity and chemical stability, 

nanostructured MoS2 electrodes have been intensively studied as conversion-based anodes in LIBs 

showing very high theoretical capacities. [249] The favorable layered structure and interlayer distance 

of bulk MoS2 also enable the insertion of Na ions, suggesting the applicability of this compound in 

SIBs. The first report on MoS2 in SIBs was carried out by Part et al. [250], which was studied within the 

0.4-2.6 V (vs Na/Na+) voltage range, delivering a reversible capacity of about 160 mAh g-1 due to the 

intercalation of Na ions forming NaxMoS2 (above 0.4 V vs Na/Na+, x<2). When discharged to a lower 

voltage (<0.4 V vs Na/Na+), the sodiated NaxMoS2 could be fully transformed into metal Mo and Na2S, 

contributing to a higher specific capacity. [251] However, the structural rearrangements and changes 

in the restacking sequence of the layers upon sodiation, combined with the volume expansion, 

accelerate the capacity fading upon cycling. Several strategies such as carbon incorporation and 

morphological design have been proposed to improve the reversible capacity and the cycling 

stability. One of the first reports on the effect of the incorporation of MoS2 with graphene focused 

on the design of a binder-free, freestanding electrode. [252] Practically, a free-standing paper 

composed of few-layer MoS2 nanosheets and rGO was fabricated by vacuum filtration, showing a 
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stable capacity of 230 mAh g-1. [252] Maier et al. prepared single-layered MoS2 nanoplates in carbon 

nanofibers via an electrospinning method combined with high-temperature pyrolysis treatment. [253] 

A high discharge capacity based on the conversion reaction was achieved, which however dropped 

to 57% of the initial value after 100 cycles. However, limiting the cycling up to 0.4V (vs Na/Na+), thus 

avoiding the conversion reaction and exploiting only the intercalation, could greatly improve the 

electrochemical performance. Indeed, it has been reported that expanding the interlayer distance of 

a MoS2-nanoflowers electrode enables a high capacity and superior stability due to the reduced Na+ 

diffusion barrier and increased capacitive Na+ storage. [254] When using the intercalation mechanism, 

in order to prevent the structural collapse and restacking, graphene was introduced into the 

interlayers of MoS2 by Wang et al. [34] Computational and experimental results indicated that the 

MoS2/rGO heterointerfaces could facilitate the Na+ diffusion and provide more active sites for Na+ 

storage, contributing to a high reversible capacity of 702 mAh g−1 with capacity retention of 61.3% 

after 100 cycles at 20 mA g-1. To further improve the cycling stability, a strategy integrating the 

heterostructures with interlayer expansion has been used by Li et al., who fabricated 2D 

MoS2/polyaniline nanosheet heterostructures with large interlayer distance of 1.08 nm. [255] The 

hybrids exhibited a high sodium storage capacity of 734 mAh g-1 and a satisfactory cycle life (~93% 

capacity retention after 100 cycles), resulting from the remarkably improved Na+ diffusion mobility 

in the interlayers and maintained structural stability. Moreover, Cheng et al. proposed MOFs-derived, 

N-doped carbon nanowall arrays as host for the growth of ultrathin MoS2 (~4 nm) nanosheets with 

large interlayer spacing (~0.65 nm) prepared via hydrothermal method as shown in Figure 14. The 

obtained CC@CN@MoS2 hybrids delivered high reversible capacities, 660 mAh g-1 and 306 mAh g-1 at 
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100 mA g-1 and 1.0 A g-1, respectively. After 1000 cycles at 1.0 A g-1, the capacity still remained 

satisfactory, showing excellent rate capacity and cycling life. [256]  

With a similar layered structure, VS2 and WS2 have also been investigated as anode materials for SIBs. 

[257, 258] The Na storage includes the intercalation and conversion mechanisms. To improve the 

electrochemical performance of WS2, the hierarchical WS2 nanosheets/CNT-rGO aerogel 

nanostructure was designed by Yang et al. via a simple solvothermal method followed by freeze-

drying and post annealing process. [259] This material delivered a capacity of 311.4 mAh g−1 at 100 mA 

g-1, retaining a capacity of 252.9 mAh g−1 after 100 cycles at 200 mA g−1. However, the rate capability 

was limited considering its high theoretical capacity (47.2 mAh g−1 at 10.0 A g-1). The initial coulombic 

efficiency was about 33.9%, most likely attributable to the high reactivity the CNT-rGO carbon matrix 

with the electrolyte.  

It has been proposed that embedding the active materials into ordered mesoporous carbon matrix 

could shorten the charge transfer, improve the electrical contact, mitigate the volume expansion 

and trap the polysulphides species formed upon cycling. [260] Chen et al. integrated ultrathin WS2 

nanosheets into CMK-3 matrix via hydrothermal method, and tested the developed electrode both 

in LIBs and SIBs. [261] In SIBs, the material delivered a capacity of 333 mAh g-1 at 100 mA g-1 without 

capacity fading after 70 cycles. At 2.0 A g-1, a capacity of 230 mAh g-1 was maintained. It is worth 

noting that in this case the initial coulombic efficiency of about 60%, was greatly enhanced. On the 

other hand, metallic VS2 is expected to have better structural stability during charging and 

discharging as anode for SIBs, which is crucial to obtain high-rate performance. Recently, Li et al. 

synthesized hierarchical VS2 nanosheets via hydrothermal method followed by annealing treatment 

and suggested the developed material as a universal host for alkali metal ion (Li+, Na+, and K+) 
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storage. [262] In SIBs, a remarkably high reversible capacity of 680 mAh g-1 was achieved at 100 mA g-1, 

with an initial coulombic efficiency of 86%. Ramping the current to 1.0 A g-1, a capacity of 550 mAh g-

1 was achieved, which was retained after 200 cycles at 500 mAh g-1, thus suggesting far better 

performance than MoS2. Huang et al. reported the study of exfoliated V5S8 nanosheet-based 

electrodes combining both intercalation and conversion mechanisms. [263] As hybrid with graphite, 

the composites demonstrated high reversible discharge capacity (682 mAh g-1 at 0.1 A g-1) and 

satisfactory cycle life (496 mA h g-1 at 1.0 A g-1 after 500 cycles) due to the unique three-dimensional 

monoclinic structure of V5S8, suggesting it as an interesting anode candidate for SIBs. Although these 

materials show promising properties for rechargeable alkali ion batteries, there are only a few 

reports to date, suggesting the possibility of new exiting findings and possible future applications. 

It could generally be claimed that all the sulfides materials reported so far present interesting 

properties and performance, however, a deeper knowledge of the reaction mechanisms occurring 

may represent a key turning point for the real application of such materials. Indeed, NbS2, which 

could be synthesized by solid-state sulfidation method, can reversibly store sodium ions only 

through an intercalation mechanism, strongly differing from its analogue VS2. [264] The differences 

between analogues in the storage mechanism of sodium ions may suggest further need of 

understanding, which may lead to surprising findings in the near future.  

Nanostructured transition metal selenides have also been studied as anodes for SIBs. [265] Most of 

the selenides can be synthesized by simple hydrothermal method. The first report on the use of 

transition metal selenides in SIBs was related to Cu2Se, which could exhibit 171 mAh g−1 at 0.05 A g−1 

with an average working potential of about 2.0 V (vs Na/Na+), suggesting its application as cathode 

material. [266] Accordingly, MoSe2, [267] FeSe2, [268] CoSe, [269] CoSe2, [270] Co9Se8, [271] WSe2, [272] NiSe2 [273] 
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and their nanostructures have been synthesized via solid-state selenization or 

hydrothermal/solvothermal methods, and applied as anodes for SIBs. Among them, cobalt selenides 

have attracted more attention due to their higher electrochemical activity. Chen et al. synthesized 

urchin-like CoSe2 composed of nanorods via simple solvothermal method. [274] The as-prepared CoSe2, 

cycled within the 0.5-3.0 V (vs Na/Na+) voltage range, showed a high reversible capacity of 410 mAh 

g−1 after 1800 cycles at 1 A g−1 with a capacity retention of 98.6% and excellent high rate 

performance at 10 A g−1, still delivering a capacity of 354 mAh g−1. The outstanding electrochemical 

properties were attributed to the nanostructured design, allowing for a shorter Na+ diffusion length, 

the high electrical conductivity of selenides, the use of an optimized ether-based electrolyte and the 

contribution of the pseudo-capacitive behavior to the redox reaction. Qiu et al. used cobalt-based 

MOFs (ZIF-67) as selenization precursors to fabricate hollow CoSe2/C nanospheres bridged by CNTs. 

[275] The anode exhibited high reversible capacity (470 mAh g−1 at 0.2 A g−1), good rate capability (373 

mAh g−1 even at 10 A g−1), and excellent cycling stability of over 1000 cycles (capacity retention of 

100% after 70 cycles). Accordingly, Cao et al. synthesized a nitrogen-doped, yolk-shell CoSe/C 

mesoporous dodecahedra using ZIF-67 as template reaching specific capacities of about 597.2 and 

361.9 mAh g−1 at 0.2 and 16 A g−1, respectively. [276] When evaluated as novel anode materials for 

SIBs, selenides show much better electrochemical performance than their sulfides and oxides, 

however, it should also be considered that the sodium intercalation in selenides occurs at slightly 

higher potentials, affecting the final overall energy density of the cell when coupled with a cathode 

material. In addition, cost and toxicity represent two fundamental factors to be considered for 

selenides based electrodes. 

5.3. Transition Metal Nitrides and Phosphides 
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Transition metal nitrides (TMNs) and phosphides (TMPs) have recently received attention as anodes 

for SIBs. They show Na-storage ability via the formation of transition metals embedded in sodium 

nitride/phosphide matrices. Theoretically, several transition metals, such as V, Co, Fe, Mn, Ni and Cu, 

nitrides and phosphides can react with sodium via conversion. Specifically, Cu3N, [277] Fe2N, [278] Mo2N, 

[279] and VN [280] have been reported as anode materials for SIBs. However, the capacity fading and 

reversibility of the process still need to be clarified. For instance, vanadium nitride (VN) could deliver 

a very large reversible capacity of about 1200 mAh g−1, much higher than other metal nitrides 

previously reported because of the high valence state of V. Song et al. prepared VN quantum dots on 

graphene nanosheets via a hydrothermal method followed by annealing treatment under ammonia 

gas. [280] The electrode delivered a specific capacity of 237 mAh g−1 when cycled at 74.4 mA g−1, with 

better rate capability and cycling stability than pristine VN.  

The exploration of phosphides for SIBs benefits from the achievements obtained on LIBs. Several 

transition metal phosphides (e.g. CuP2, CoP, FeP4, FeP2, FeP, Zn3P2, Ni2P) have been proved 

electrochemical active as anodes. [180, 281-286] Yan et al. reported the sodium storage properties of 

Cu3P nanowires made via the in situ growth of Cu(OH)2 templates and following phosphidation 

strategy by sodium hypophosphite. [287] The material demonstrated high reversible capacity (349 

mAh g−1 at 50 mA g−1), good rate capability and cycling stability (196 mAh g−1 at 1000 mA g−1 and 

capacity retention of 68% after 260 cycles, respectively). Among other TMPs, CoP represents a 

particularly promising compound due to its high theoretical capacity (about 894 mAh g–1). 

Interestingly, strategies of integrating MOFs derivatives with in situ phosphidation process have 

been used to design CoP/C nanostructures.[179, 288, 289] For instance, Kang et al. fabricated CoP 

nanoparticles embedded in nitrogen-doped carbon nanosheets via a simple, one-step calcination of 
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Co-based MOFs and red P. [290] The composite delivered capacities of 831 mAh g–1 at 100 mA g–1, and 

174 mAh g−1 at 20 A g−1 with 98.5% capacity retention after 900 cycles at 1 A g−1, thus showing 

excellent rate capability and long-term cyclability. Taking into account the limited studies on the 

electrochemical performance as well as on the reaction mechanisms, devoted deeper understanding 

is required to clarify the relation between performance and structure of these materials. However, it 

is important to point out that the current synthesis procedure of phosphides mostly employs sodium 

hypophosphite as a precursor, which may generate highly toxic PH3 gas during phosphidation, and 

flammable red P as P sources. The cost and safety of the synthetic pathway to produce these 

materials still need to be improved thus facilitating their use for practical application.  

Conclusively, several strategies have been proposed to improve the structural stability, electrode 

integrity upon cycling and consequent electrochemical activity of conversion-based electrode 

materials. One effective method relies on the design and synthesis of nanostructured electrode 

materials, which are all expected to promote the electrochemical performance. To maximize the 

advantages of nanostructured materials, the optimization of the morphology, composition, porosity, 

and surface characteristics play a fundamental role. Various nanostructures with beneficial 

properties were prepared via template-free approaches, among which hydrothermal method is a 

strong solution-phase method for structural design. Another approach is to integrate carbonaceous 

matrixes into the active materials to form hybrid nanostructures, which can better buffer the volume 

strain, due to the elastic feature of carbon supports, and increase the electrical conductivity. 

Additionally, direct carbonization of metal-organic-frameworks used as templates is a promising 

strategy to fabricate heterogeneous carbonaceous hybrids benefitting from the spectacular 

development of MOFs in the last years. Although the specific capacity and rate capability of the 



 

  

 

This article is protected by copyright. All rights reserved. 

49 

 

conversion-based anodes can be improved by nanostructuration and electrode design optimization, 

still the formation of a stable SEI remains a quite challenging issue to be addressed for conversion-

anodes (as for alloying anodes), which is further exacerbated in the case of nanostructured 

electrodes presenting enhanced reactivity toward the electrolytes. 

6. Nanostructured Conversion-Alloying Materials 

Recently an interesting group of oxides and sulfides based on group IV and V elements, herein 

named as conversion-alloying materials (CAMs), have received increasing attention as anode 

materials. These compounds offer the possibility to reach high specific capacities while lowering the 

average working potential of conversion anodes, generally occurring above 0.4 V (vs Na/Na+). In 

addition, the Na2O formed during the conversion reaction may act as buffering matrix for the 

subsequent alloying reaction, generally occurring at lower potentials. Moreover, these materials 

benefit from the enhanced conductivity of the electrode due to the formation of metallic 

nanoparticles upon the conversion reaction. [32] The most studied conversion-alloying materials are 

SnOx, 
[291, 292] SnSx, 

[293] Sb2O3 [294] and Sb2S3 [295]. However, despite the great advantages predicted for 

this class of compounds, still the common issues related to the separate conversion and alloying 

reactions need to be addressed. Nanostructured design and carbon coating have been widely 

reported to improve their electrochemical performance as listed in Table 3.  

6.1. Conversion-alloying Materials 

Tin oxides (SnO and SnO2) have been considered as promising anodes for SIBs and recently attracted 

great interest due to their high theoretical capacity, environmental benignity and low cost. [296] 

Basically, SnOx reacts with Na first via conversion reaction (SnOx + 2xNa+ → Sn + xNa2O) and then the 
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reduced Sn metal alloys with Na through alloying reaction (4Sn + 15Na+ ↔ Na15Sn4), both 

contributing to the high specific capacity. The Na2O matrix accommodates the volume expansion of 

Sn nanoparticles and alleviates the agglomeration during alloying reaction. Although tremendous 

efforts have been devoted to improve the electrochemical performance, such as the implementation 

of nanostructured electrodes and carbon coatings, still the reported specific capacity is much lower 

than the theoretical value, which may be due to the sluggish kinetics of the reaction with sodium. In 

addition, it should also be considered that Na2O suffers, as many other oxides, of low electrical 

conductivity. To circumvent these issues, Chou et al. synthesized SnO2 nanoparticles (5 nm) 

anchored onto a rGO framework, through hydrothermal method. [297] The resulting material 

delivered a reversible capacity of 330 mAh g-1 with satisfactory capacity retention of 81.3% over 150 

cycles. It is worth noting that the use of FEC as electrolyte additive strongly improved the 

performance, indicating that kinetics could be improved by forming a highly conductive and stable 

SEI. Moreover, He et al. fabricated a sandwiched C@SnO2@C hollow nanostructure with ultrasmall 

SnO2 nanoparticles (2-5 nm) using NaCl as template and CVD technique for carbon coating. [298] The 

composite exhibited extremely high reversible capacity of 468 mAh g-1 at 50 mA g-1 and high-rate 

cycling stability with only 10% capacity loss after 3000 cycles at 4.6 A g-1. The low initial coulombic 

efficiency, attributed to the formation of an unstable SEI layer and the degree of irreversibility 

related to the partial conversion of SnO2 into Sn and Na2O, represent the main challenge for these 

materials. In an attempt to overcome these issues, Sun et al. prepared amorphous SnO2/graphene 

aerogel composites via hydrothermal method and compared its performance with that of crystalline 

SnO2/graphene aerogel obtained after annealing. [299] It was found that the amorphous 

nanocomposites delivered a higher reversible capacity of 380.2 mAh g-1 after 100 cycles at 50 mA g-1 
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than the crystalline one. The good performance could be attributed to the intrinsic isotropic nature 

and enhanced Na+ diffusion coefficient in amorphous SnO2. Aiming to fully achieve the expected 

theoretical capacity from the conversion reaction, Kim et al. synthesized amorphous SnO2 

nanoparticles (2-5 nm) on carbon nanotubes via hydrothermal method. [300] The SnO2/CNTs anodes 

delivered a superior specific capacity of 630.4 mAh g-1 at 0.1 A g-1 and 324.1 mAh g-1 at 1.6 A g-1, 

confirming the enhanced kinetics with Na in amorphous SnO2 and offering a potential way to 

improve the capacity.  

Recent reports on SnO suggested it as a promising anode due to the properties of its layered 

structure and improved reversibility. [301] However, SnO is thermodynamically less stable than SnO2 

and hence more difficult to be obtained. Chen et al. synthesized ultrathin SnO nanoflakes arrays (10 

layers) on graphene foam via hydrothermal growth. [302] The material exhibited excellent Na ions 

storage capacity of 580 mAh g−1 at 0.1 A g−1 and high-rate cycling stability (75% capacity retention 

after 1000 cycles at 1 A g−1). The fast kinetics and long durability were attributed to the enhanced 

pseudocapacitive contribution conferred by the 2D nature. Zhang et al. systematically investigated 

2D SnO nanosheets with tunable number of atomic layers by controlling the hydrothermal reaction 

time. [303] The SnO-2L nanosheet anodes bearing two to six SnO monolayers, as shown in Figure 15, 

exhibited the best performance, with a reversible capacity of 848 mAh g−1 at 0.1 A g−1 and high 

capacity retention of 91.8% after 1000 cycles at 1 A g−1. As the average number of atomic layers in 

the anode sheets increased, the performance degraded significantly. This study represents an 

interesting finding, suggesting a new pathway for materials design enabling high-performance. [302] 

More recently, a facile method to fabricate SnO microflowers using ultrafast ionic liquid-assisted 

microwave synthesis was reported, [304] which Sn-Na alloying mechanism was investigated via 
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combined ex situ XRD and XPS measurements. The initial alloy formed upon sodiation is then 

desodiated in two successive, but fully separated, steps not leading to the pristine SnO phase, 

suggesting a more complex reaction mechanism and a degree of irreversibility of the overall process. 

Tin sulfides (SnS and SnS2) exhibit higher theoretical capacities, better structural stability and greater 

reversibility as anodes in SIBs when compared to the analogous oxides. Similar to the oxides, SnSx 

reacts with Na first via conversion reaction (SnSx + 2xNa+ ↔ Sn + xNa2S) and then the reduced Sn 

metal alloys with Na through alloying reaction (4Sn + 15Na+ ↔ Na15Sn4), with a combined reversible 

conversion and alloying electrochemical reaction mechanisms. [305] The layered structure of these 

materials enables also the feasibility of Na insertion/extraction. SnS2, exhibiting a layered structure 

with interlayer distance of about 0.590 nm, shows very promising application as anode for SIBs with 

a theoretical capacity as high as 1137 mAh g−1. The SnS2/rGO hybrid structure, realized by Lee et al. 

via hydrothermal method, offered initial reversible capacity of 630 mAh g−1 at 0.2 A g−1 and very high 

stability (500 mAh g−1 after 400 cycles at 1 A g−1). [306] Xiong et al. synthesized SnS2 nanocrystals (2-4 

nm) on amino-functionalized rGO with strong chemical bonding. The composite electrode 

maintained a capacity of 680 mAh g−1 after 100 cycles at 0.2 A g−1 and 480 mAh g−1 after 1000 cycles 

at 1 A g−1, respectively. This unique electrode design and morphology could efficiently stabilize the 

structure and maintain the electrical contact upon cycling. [307] Moreover, a hybrid composed of few-

layer SnS2 nanosheets and rGO nanosheets obtained by liquid-phase exfoliation approach showed 

highly reversible Na storage (specific capacity of 843 mAh g−1 at 0.1 A g−1) most likely enabled by the 

use of 2D nanostructures significantly shortening the ion diffusion length thus enhancing the 

electrochemical kinetics. In addition to SnS2, SnS was also investigated as anode in SIBs. [308] Firstly, 

Cao et al. investigated a SnS/C nanocomposite synthesized by mechanical milling, which exhibited 
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high Na storage capacity (568 mAh g−1 at 20 mA g−1). [309] An ex-situ XRD study performed on the 

developed electrode demonstrated that the overall electrochemical process evolves through the 

conversion and alloying mechanisms. Indeed, during the discharge process, the metallic Sn phase is 

detected followed by the appearance of crystalline Na15Sn4 alloy phase. The latter one disappears 

upon subsequent charge, suggesting the reversibility of the alloying reaction. Interestingly, even 

upon full charge, the initial SnS phase was not detected, indicating that Sn is converted back to an 

amorphous phase or to very small SnS nanoparticles not detectable through XRD analysis due to the 

small particle size. [309] 

The SnS/C nanocomposite has been also investigated by Yu et al. via fabrication of a binder-free 

electrode by electrostatic spray deposition. [310] The obtained SnS nanorods with size of about 10-20 

nm were assembled into a 3D porous structure delivering a reversible capacity of 310 mAh g−1 at 1.0 

A g−1 with capacity retention of 80% after 300 cycles. This simple but versatile preparation procedure 

can be easily applied to other metal sulfides. Recently, Yun et al. reported a paper-type hybrid anode 

composed of SnS nanoparticles and acid-treated multiwalled carbon nanotubes. [311] Using 1 M 

solution of NaPF6 in diethylene glycol dimethyl ether (DEGDME) as electrolyte, the electrode showed 

a high reversible capacity of ~1200 mAh g−1 and a high coulombic efficiency of ~90% in the first cycle. 

Even in a full cell configuration, the PNA//Na1.5VPO4.8F0.7 battery showed a specific energy and power 

of ~256 Wh kg−1 and ~471 W kg−1, respectively, with good cycling stability. Moreover, the conducted 

ex-situ XRD analysis revealed the reversibility of the process through the detection of SnS phase 

upon de-sodiation, despite the amorphous nature of the re-generated phase obtained at 2.7 V. [310] 

To improve the energy density of nanocomposites, Huang et al. synthesized SnS nanoparticles 

anchored on three-dimensional N-doped graphene (SnS/3DNG) via a simple electrostatic attraction 
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as displayed in Figure 16 a. [312]  With only 8 wt.% carbon content, the composite had an 

unprecedented reversible capacity of 509.9 mAh g−1 after 1000 cycles at 2.0 A g−1, corresponding to a 

capacity retention rate of 87.1%. The three-dimensional N-doped graphene could efficiently sustain 

the volume expansion of SnS during sodiation, as indicated in Figure 16 b. [312] Besides the overall 

good electrochemical performances exhibited, the work demonstrated a new strategy for the design 

of high performance nanocomposite electrodes for application in both LIBs and SIBs.  

Antimony-based oxides (Sb2O3) and sulfides (Sb2S3) can also undergo combined conversion and 

alloying reaction, which in the case of Sb2O3 proceed according to the following reaction: Sb2O3 + 

6Na+ ↔ 2Sb + 3Na2O (conversion) and 2Sb + 6 Na+ ↔ 2Na3Sb (alloying). Hu et al. demonstrated 

that pristine Sb2O3 thin film could deliver a high specific charge capacity of 509 mAh g−1 at 0.05 A g−1 

and retained a capacity as high as 265 mAh g−1 when cycled at a high current density of 5 A g−1. [294] 

As for SnS, no crystalline peaks of Sb2O3 were observed after full recharge in the XRD study, 

suggesting the material’s amorphization. [294] To further enhance the electrical conductivity, Pan et al. 

synthesized the Sb2O3/rGO composite via microwave-assisted approach. A capacity of 503 mAh g−1 

at 0.1 A g−1 after 50 cycles was achieved, slightly improving the rate performance of non-composite 

Sb2O3 electrodes. [35] As the analogue of Sb2O3, Sb2S3 has also attracted significant attention as anode 

for SIBs, due to its ability to store 12 moles of Na per mole of Sb2O3 thus possessing a very high 

theoretical specific capacity of about 946 mAh g−1. To unfold the reaction mechanism in sodium cells, 

Kim et al. [313] synthesized one dimensional Sb2S3/C nanorods via hydrothermal method followed by a 

calcination step providing carbon coating. The electrode exhibited reversible capacities of 415 and 

337 mAh g−1 at 1.0 and 2.0 A g−1, respectively. In situ TEM results combined with first-principles 

calculations revealed that the Na ions intercalated into the layered Sb2S3 crystal during the first 
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sodiation process form an intermediate phase, i.e. NaxSb2S3 with an ultrafast speed of 146 nm s−1. 

The latter phase, upon de-sodiation, reversibly converted into an amorphous de-sodiated Sb2S3 

phase with a very small volume expansion of ~54%, suggesting Sb2S3 as a very promising anode 

material for SIBs. [313] 

Tin phosphide has also been recently investigated as anode material for SIBs. The reaction 

mechanism involves the initial formation of Na3P through conversion, and the following generation 

of the Na15Sn4 phase via alloying. Sn4P3 possesses a high theoretical volumetric capacity of 6650 mAh 

cm−3 (gravimetric capacity of 1132 mAh g−1) and good electrical conductivity of 30.7 S cm−1. Lee et al. 

prepared Sn4P3 via the facile high-energy mechanical ball milling achieving a high reversible capacity 

of 718 mAh g−1 with negligible capacity fading over 100 cycles. [314] Unlike tin oxides electrodes, the 

crystalline Sn4P3 phase was gradually re-formed upon desodiation, indicating a certain reversibility of 

the conversion-alloying reaction through formation of NaxP and Na15Sn4. Additionally, it is worth 

noting that the redox potential of Sn4P3 is lower than that of phosphorus/carbon composites, 

enabling high energy densities in full cell configuration. [314] The carbon coating process was also 

adopted during the mechanical synthesis obtaining a Sn4P3/C nanocomposite exhibiting very high 

reversible capacity (850 mAh g−1 at 50 mA g−1). Moreover, Yin et al. synthesized the Sn4P3 

nanoparticles with an average size of 6 nm on rGO nanosheets via hydrothermal reaction. [315] The 

obtained 3D mesoporous nanostructure, despite the initial low coulombic efficiency of about 46%, 

showed improved electrochemical performance with a reversible capacity of 391 mAh g−1 at 2.0 A g−1 

and limited capacity fading. The poor coulumbic efficiency is most likely attributable to the high 

loading of graphene, which is generally responsible for Na ions consumption during the initial 

formation of the SEI layer. Recently, Wang et al. synthesized uniform pomegranate-like Sn4P3@C 
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spheres by aerosol spray-pyrolysis phosphidation method. [316] By using a stable ether-based 

electrolyte (NaPF6-glyme), a reversible capacity of 800 mAh g−1 at 0.1 A g−1 was achieved with an 

extremely low capacity decay rate (0.09% per cycle). A significantly high first cycle coulombic 

efficiency (90.7%) was observed for Sn4P3@C in NaPF6-glyme electrolyte, representing so far the 

highest coulombic efficiency in all Sn and P compounds reported to date. [316] Besides, core-shell 

nanostructures have been designed to sustain the volume expansion of Sn4P3 anodes during 

sodiation. Yu et al. prepared yolk-shell Sn4P3@C nanospheres by a top-down phosphidation route. 

The materials as anodes exhibited a high reversible capacity of 790 mAh g−1 at 0.1 A g−1 and superior 

rate capability of 505 mAh g−1 at 3.0 A g−1, however, with poor initial coulombic efficiency (43.8%) 

and relatively low capacity retention (71.3% after 400 cycles). [317] In an attempt to improve the cell 

performance through morphology optimization, Shen et al. designed Sn4P3@C yolk-shell nanocubes 

with a high capacity of 508 mAh g−1 at 2.0 A g−1. The nanocubes presented slightly improved first 

cycle coulombic efficiency (63.7%) and cycling stability (72.4% after 500 cycles at 2.0 A g−1), however, 

still requiring further improvement. [318] Such results call for further efforts to extend the long-term 

cycling stability of these materials, enabling the maximization of the achievable capacity and cycling 

stability for the development of the future generation anode materials for SIBs.  

6.2. Hybrid Strategies: Alloy/Conversion Heterostructures 

Carbon materials are suitable candidates for the obtainment of composite heterostructures due to 

their good conductivity and mechanical properties. Carbon coatings and/or carbon-based additives 

represent a simple and economic strategy to improve the cycling stability of conversion and alloying 

materials, however, their additional weight inevitably leads to a reduction of the energy density of 

the cell, as they are generally inactive with Na uptake. Recently, an interesting strategy was 
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proposed to avoid this issue, consisting in designing nanostructured heterostructures employing 

combination of active materials, e.g., introducing an additional active material possessing improved 

structural stability, as a coating layer. [319] Layered transition metal dichalcogenides (such as MoS2), 

oxides and sulfides based on group IV and V elements (such as SnS2) and transition metal 

chalcogenides or phosphites (such as TiO2, Ni-P) have been employed to fabricate heterostructured 

nanostructures with alloying and conversion anode materials as superior electrodes for SIBs. Some 

promising results have been summarized and listed in Table 4. For instance, Yang et al. fabricated 

double-walled Sb@TiO2-x nanotubes exhibiting very low capacity fading and good rate performance 

(300 mAh g−1 after 1000 cycles at 2.64 A g−1). The result clearly confirms the role of TiO2 in the 

stabilization of the sodium storage process in Sb, due to its small volume change upon cycling and 

superior stability. [321] Also, the beneficial effect of heterostructures may result from the interfacial 

properties of the coating layer. It has been reported that ultrafast charge transfer could be achieved 

in MoS2/WS2 heterostructures due to the enhanced surface reaction kinetics and charge transport at 

the heterointerfaces. [322] In an attempt to prevent the typical capacity decay observed in WSx system, 

attributable to sulfur dissolution, Taylor et al. reported the synthesis of heterogeneous tungsten 

sulfide/oxide core-shell nanofibers obtained via electrospinning. The following, facile post-treatment 

in air, was responsible for the formation of the external oxide layer (Figure 17). The electrode 

exhibited a high reversible capacity of 791 mAh g−1 and improved cycle performance over 100 cycles. 

The results indicate that the designed hierarchical structure is effectively reducing the sulfur 

dissolution generally affecting WSx systems upon formation of a WSx/WO3 hybrid. [320] Moreover, 

Guo et al. constructed a SnS/SnO2 heterostructure with carbon coating which delivered a reversible 

capacity of 729 mAh g−1 at 30 mA g−1 and 409 mAh g−1 after 500 cycles at 810 mA g−1 (ca. 73% 
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retention), showing a remarkable high-rate capability and ultra-long cycle life. [323] Therefore, a 

promising solution to enable efficient sodium storage of alloying/conversion anode mateirals for 

SIBs consists in the implementation of 2D heterostructures, assembled by stacking different 

conventional 2D mateirals (i.e., graphene, transition metal oxides, carbides, nitrides or 

chalcogenides), in hetero-layered architectures. Among them, MoS2 in a typical 2D van der Waals 

layered structure appears to be an ideal candidate providing different 2D heterostructures with 

improved ion transfer kinetics, for electrochemical energy storage. Shen et al. proposed a highly 

porous hierarchical MoS2/Ni3S2@MoS2 structure with homogeneous atomic heterointerfaces, which 

exhibited superior electrochemical performance. As anode in SIBs, it exhibited a very high reversible 

capacity of 568 mAh g-1 at a current density of 200 mAg-1 with excellent high-rate stability (~73% 

capacity retention of 207 mAh g-1 after 400 cycles at 5A g-1). [326] These results suggest the design of 

hybrid heterostructures as a potentially viable strategy for the obtainment of high-performance 

anode materials. 

7. Conclusion and Remarks 

The recent research progresses toward the development of nanostructured alloying and conversion 

anodes for application in SIBs was extensively reviewed herein (as shown in Figure 18). Advantages 

of high theoretical capacity and tunable operating potential, especially when using combined 

conversion-alloying-type anodes make them very promising alternatives to intercalation-type 

electrodes and carbon-based anodes. Despite the great advantages offered by anode material 

employing “beyond-insertion” sodium storage mechanism, still several issues need to be addressed 

in terms of cycling stability and durability of the cell combined with the poor electrochemical kinetics 

of Na in such systems. However, proper nanostructuration and architecture of the electrodes appear 



 

  

 

This article is protected by copyright. All rights reserved. 

59 

 

to be viable approaches to efficiently improve the electrochemical performance, including the 

reversible capacity, rate capability and long-term stability. The main approaches employed to 

improve the electrochemical behavior of these systems so far can be divided into two strategies: i) 

nanosizing of the active materials particles to shorten the Na diffusion and buffer the volume 

changes caused by the sodiation process and ii) hybridization with robust templates to suppress 

active material aggregation and improve conductivity. In this context, various synthesis strategies 

have been developed and optimized for the rational design of outperforming materials. An efficient 

and clever use of nanotechnology combined with targeted morphological modification represent 

valid approaches to improve the reversible capacity, enhance the rate capability and cycling stability, 

which represent crucial parameters for the evaluation of the most promising anode materials and 

their future possible implementation in viably marketable SIBs. Among all the strategies, carbon 

inclusion is an efficient way to obtain nanocomposites due to the high conductivity and considerable 

variability of the obtainable morphologies.  

Although great progresses on the performance improvement at lab-scale have been obtained, still 

some main challenges need to be faced. Indeed, nanostructuration of materials cannot be 

considered the only solution for all the issues characterizing “beyond-insertion” anode materials. 

One of the greatest disadvantages of nanostructured electrodes is represented by their low density, 

which inevitably affects the volumetric energy density of the battery. Thus, developing high 

volumetric energy density materials is certainly a challenging objective. However, considering that 

the main application field for SIBs is stationary energy storage, the limited volumetric energy density 

may not represent a too serious issue if the final system is characterized by satisfactory gravimetric 

energy density and, most important, high energy efficiency and long-term cycling performance. 
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Another main challenge remains the obtainment of systems characterized by stable interfaces. 

Indeed, nanostructured anode materials generally present a relatively low initial coulombic 

efficiency related to the high surface area and vigorous reactivity of nanoparticles with electrolyte 

solution. In addition, the rather unstable SEI layer formed during the first cycle induces a continuous 

consumption and trapping of sodium upon cycling with consequent capacity fading at increasing 

number of cycles. The instability of the SEI is exacerbated by the continuous volume changes of 

alloying- and conversion-type materials upon cycling, leading to the continuous regeneration of the 

SEI layer and the consequent electrolyte decomposition. In this context, the development of 

optimized electrolytes may play a key role in the stabilization of the electrode/electrolyte interphase 

through the formation of a stable SEI and the improvement of the overall coulombic efficiency. Thus, 

new electrolytes to stabilize the SEI formation and suppress the decomposition on the active surface 

should be developed to improve the longevity of sodium anodes.  

Up to date, hard carbons represent the most promising negative electrode materials for SIBs 

because of their relatively high storage capacity and satisfactory cycling stability. [24, 25, 332] Most of 

the reported materials exhibit specific capacities around 300-350 mAh g-1, with differences 

attributable to morphologies and structures related to the different precursors used in the synthesis 

step. Interestingly, the possibility of producing high-performance hard carbon anode materials from 

biomass or bio-waste enables the achievement of high specific energy while ensuring sustainability 

and environmental friendliness. [333] Nevertheless, despite the promising properties, still some issues 

affect the overall performance of hard carbons, such as the high surface area, resulting in rather high 

first cycle irreversible capacities attributed to the SEI formation and the low density resulting in loe 

energy density. [334] Additionally, for the future implementation of hard carbons in commercial SIBs 



 

  

 

This article is protected by copyright. All rights reserved. 

61 

 

for large-scale energy storage application, a low-cost and abundant carbon precursor is still 

necessary. [335] Further research in this direction is necessary to obtain high performance and low 

cost anode materials. However, alongside with the development of anode materials, design and 

production of high-performance cathode materials are also needed for a successful combination in 

high-performance SIBs. As most of the cathodes possess lower operating potentials in SIBs respect 

to LIBs, new materials exploitation with higher operating voltage is critical to improve the energy 

density of SIBs. Although layered transition metal oxide cathodes show higher capacity, polyanionic 

compounds could be a promising class due to the high voltage and cycling stability. Considering that 

the sodium-ion technology is at an early stage when compared to the lithium ion system, great 

successes have been already achieved in the development of high performance electrode materials. 

We believe that future progresses toward the enhancement of the performances, in view of their 

future implementation in real and marketable cell prototypes, should be mainly focused on the 

optimization of the electrolyte components and its interaction with the anode and cathode materials. 

The stabilization of the interphases and interfaces, which governs the kinetic of sodium-ion batteries, 

may represent a key turning point for the success of the sodium-ion technology. 
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Figure 1. Schematic energy level diagram illustrating the origin of the EMF (electromotive force). The 

Fermi level of the Na metal anode is reported above the LUMO of the electrolyte indicating 

reduction of electrolyte and SEI interphase formation. During de-intercalation of sodium at the 

cathode, the Fermi level will shift down as indicated by the grey arrow.  
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Figure 2. a) Typical voltage profile of alloying Sn NDs@PNC anode. Reproduced with permission.[33] 

Copyright 2015, Wiley-VCH.b) Typical voltage profile of conversion MoS2/RGO anode. Reproduced 

with permission.[34] Copyright 2015, Wiley-VCH.c) Typical voltage profile of conversion-alloying 

Sb2O3/RGO anode. Reproduced with permission.[35] Copyright 2016, Elsevier. d) Schematic reaction 

mechansims of alloying, conversion and conversion-alloying. 

 

 

Figure 3. Comparison of nano-Fe2O3 and micro-Fe2O3 hematite samples with corresponding cycling 

behavior. Reproduced with permission.[50] Copyright 2003, The Electrochemical Society. Schematic 

summary of properties of nanostructures for application as anodes in sodium-ion batteries with 

related advantages and disadvantages.  
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Figure 4. a) Schematic illustration of the preparation process for Sn NDs@PNC nanofibers. b) SEM 

images of Sn NDs@PNC nanofibers. c) Rate capability of Sn NDs@PNC, lower Sn content (L-Sn@PNC), 

and higher Sn content (H-Sn@PNC) electrodes, inset: SEM, TEM, and HRTEM images of Sn NDs@PNC 

after 300 cycles. d) Long-term cycling stability of Sn NDs@PNC electrode at a current density of 2000 

mA g−1. Reproduced with permission.[33] Copyright 2015, Wiley-VCH. 
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Figure 5. a) Schematic illustration of the formation of Sb@C coaxial nanotubes. b) Rate performance 

of Sb@C-5, Sb@C-20, and Sb@C-40 at various current densities from 100 mA g−1 to 20 A g−1, c, d) 

cycling performance of Sb@C-5, Sb@C-20, and Sb@C-40 at a current density of 100 mA g−1 and 1.0 A 

g−1, respectively, and the corresponding Coulombic efficiency. Reproduced with permission.[94] 

Copyright 2016, Royal Society of Chemistry. 
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Figure 6. a) Schematic illustration of the synthesis process for C@P/GA composite in three steps. (i) 

An in situ self-assembly process to obtain the 3D porous graphene-hydrogel-encapsulated red P 

precursor. (ii) Vapor phase deposition of polypyrrole on the precursor in a chamber. (iii) Vapor-

redistribution of red P by annealing the precursor in pure argon atmosphere to obtain the C@P/GA 

composite. b) Cycling performance of pre-P/GA, P/GA, C@P/GA, red P, and C@GA composites at 0.1 

C. c) Rate performance of pre-P/GA, P/GA, and C@P/GA composites at different current densities. d) 

Cycling performance of C@P/GA composite at 1 C (1 C = 2600 mA g−1). Reproduced with 

permission.[113] Copyright 2016, Wiley-VCH. 
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Figure 7. a) Schematic illustration of the preparation process for P@N-MPC. b) Sodiation process of 

P@N-MPC. c) Capacity of P@N-MPC composite as a function of cycling rate (0.3–8 A g−1). d) Cycling 

test of P@N-MPC electrodes at 1 A g−1 with activation first at low current density. The capacities and 

current densities here are calculated based on the mass of the P@N-MPC composite. Reproduced 

with permission.[119] Copyright 2017, Wiley-VCH. 
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Figure 8. a) Structural evolution of the sandwiched phosphorene–graphene structure during 

sodiation. b) Reversible desodiation capacity and Coulombic efficiency for the first 100 galvanostatic 

cycles of the phosphorene/graphene (48.3 wt% P) anode tested under different currents. 

Reproduced with permission.[131] Copyright 2015, Macmillan Publishers Limited. 
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Figure 9. a) TEM and b) HRTEM images of 5- Fe2O3@C. c) Cycling performance of 5-Fe2O3@C, 20-

Fe2O3@C, and γ-Fe2O3 composites at a current density of 200 mA g−1. d) Rate capability of 5-Fe2O3@C 

and 20-Fe2O3@C at different current densities. Reproduced with permission.[185] Copyright 2014, 

Wiley-VCH. 
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Figure 10. Illustration of the formation of Co3O4@NC. Scanning electron microscope (SEM) images of 

a) ZIF-67 precursor, b) Co@NC intermediate, and c) Co3O4@NC. The subunit composition, consisting 

of a Co3O4 core and a NC shell, is illustrated in d). e) TEM images of Co3O4@NC at different 

magnifications. A and B in (f) represent the Co3O4 core and the NC shell, respectively. f) Rate 

capability and g) long-term cycling stability of Co3O4@NC electrode. Reproduced with permission.[196] 

Copyright 2016, Royal Society of Chemistry. 
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Figure 11. a) Schematic illustration of the formation of 2D holey Co3O4 nanosheets and their 

advantages for ion transport. b) Cycling performance of the holey Co3O4 with different pores at 0.8 A 

g–1. Reproduced with permission.[207] Copyright 2017, American Chemical Society. 
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Figure 12. a) Schematic illustration of the synthesis of yolk-shell FeS@C. b) Rate capability at various 

current rates and c) cycling performances at 0.2 C (100 mA g−1) of the micro-FeS, core-shell FeS/C 

nanospheres and yolk-shell FeS@C nanospheres. d) Scanning TEM image of the yolk-shell FeS@C 

electrode after 50 cycles at the current rate of 0.2 C. Reproduced with permission.[219] Copyright 

2015, Macmillan Publishers Limited. 
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Figure 13. a) Schematic illustration of the synthesis of the N-doped carbon@CoS coaxial nanotubes. 

b) Charge–discharge profiles; LIBs=lithium-ion batteries, NIBs=sodium ion batteries. c) Rate 

capability and d) cycling performance of the N-doped carbon@CoS coaxial nanotubes. Reproduced 

with permission.[233] Copyright 2017, Wiley-VCH. 
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Figure 14. a) Schematic illustration of synthesis of the CC@CN@MoS2 arrays. b) HR-TEM images of 

the CC@CN@MoS2. c) Cycling performances at 1 A g−1 for the CC@CN@MoS2 and CC@MoS2. 

Reproduced with permission.[256] Copyright 2017, Wiley-VCH. 
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Figure 15. a) Ex situ XRD profiles of bare SnO electrode over the first charge−discharge cycle. b) 
Schematic illustration of the reaction mechanism during the sodiation process. c) Cycling 

performances of bare SnO and SnO-2L electrodes at 0.1 A g−1 for 100 cycles. d) Rate capabilities of 

bare SnO and SnO-2L electrodes. Reproduced with permission.[303] Copyright 2017, American 

Chemical Society. 

 

 

 

Figure 16. a) Schematic illustration of the fabrication process of SnS/3DNG. b) The sodiation process 

in SnS/3DNG and SnS/3DG, respectively. Reproduced with permission.[312] Copyright 2017, Royal 

Society of Chemistry.  
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Figure 17. Schematic illustration of the synthetic strategy used to create the heterogeneous 

WSx/WO3 thorn-bush nanofibers. Reproduced with permission.[319] Copyright 2016, American 

Chemical Society. 
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Figure 18. Average working potential versus gravimetric capacity for various negative electrode 

materials for NIBs; (cyan) typical intercalation anode materials, (grey) graphite and hard carbon 

materials, (olive) alloying anode materials, (green) conversion-based anode materials, and (blue) 

conversion-alloying materials. The gravimetric capacity is calculated in Na half cells according to the 

reports. 
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Table 1. Summary of nanostructured alloy-based anodes for SIBs.  
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Table 4. Summary of nanostructured conversion/alloying heterostructures anodes for SIBs. 
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