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 ABSTRACT 

This paper offers a comprehensive overview on the role of nanostructures in the

development of advanced anode materials for application in both lithium and

sodium-ion batteries. In particular, this review highlights the differences between

the two chemistries, the critical effect of nanosize on the electrode performance,

as well as the routes to exploit the inherent potential of nanostructures to achieve

high specific energy at the anode, enhance the rate capability, and obtain a long

cycle life. Furthermore, it gives an overview of nanostructured sodium- and

lithium-based anode materials, and presents a critical analysis of the advantages

and issues associated with the use of nanotechnology. 

 
 

1 Introduction 

1.1 Nanotechnology notion 

The concept of “manipulating and controlling things 

on a small scale” was first discussed by Feynman 

during a pioneering talk at the American Physical 

Society in December 1959 [1, 2]. The introduction of 

the term “nano-technology”, however, took place in 

1974 [3], and the suggestion of this approach as a  

“tool” to investigate, manipulate and process materials 

at the atomic scale was put forth in 1981 [4]. Since 

then, this intriguing field has gained increasing interest, 

boosted by the development of the scanning electron 

microscope [5] and the identification of the fullerenes 

[6] in the 80s. Indeed, physics and quantum mechanics 

show that particles of a few nanometers size may be 

fundamentally different from those of the correspon-

ding bulk materials, in terms of their characteristics 

such as the melting point, electrical conductivity, 
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mechanical characteristics, and chemical reactivity [7]. 

For instance, carbon nanotubes are hundreds of 

times more robust than stainless steel while being 

lighter, more electrically conductive than copper, 

and possess tunable electrical properties such as their 

semiconducting character [8]. These outstanding 

features have triggered the interest of the research 

community on the applicability of such new nano-

structures and functional nanomaterials in various 

fields, including medicine, life sciences, information 

technology, environmental science, energy storage, 

and industrial production among others, giving rise 

to an impactful multidisciplinary environment in the 

modern society. 

1.2 Nanomaterials for electrochemical energy storage 

Several sectors such as agriculture, food, cosmetics, 

textiles, water purification, and sensor technology 

have already benefitted from nanotechnology. However, 

there is an ongoing discussion on the actual role of 

nano-sized materials in the energy field, particularly 

for electrochemical energy storage devices. The deep 

and ineradicable dependence of the modern society 

on “energy” has triggered an increasing demand for 

and a progressive depletion of the non-renewable 

resources such as natural gas, oil and coal [9]. This 

issue prompted relevant investments, in terms of  

time and money, in developing alternative and more 

environmentally friendly energy sources [10]. Despite 

the exploitation of renewable solar and wind energies, 

the discontinuity of these sources requires the co-location 

of efficient energy storage systems [11, 12]. In this 

scenario, electrochemical energy storage systems play 

a crucial role. Among them, lithium-ion batteries (LIBs), 

which are the most energetic and efficient electro-

chemical energy storage technology currently available, 

have attracted research attention and investment 

since their first commercialization more than 25 years 

ago [13, 14]. Furthermore, the recently emerging fields 

such as hybrid and electric vehicles attract increasing 

efforts aimed at optimizing the characteristics of LIBs 

in terms of the energy density, efficiency, cycle life and 

rate capability [14–16]. Open questions for such an 

advantageous system are in the areas of the low- and 

high-temperature performance, safety features, and 

cost [17, 18]. Long-term availability of lithium-based 

raw materials (such as Li2CO3) [19], and limited 

geographical availability have led to continuously 

increasing prices and renewed interest in alternative 

chemistries to LIBs [20–22]. The immediately available 

alternative appears to be the sodium-ion chemistry. 

Research efforts on sodium-ion batteries (SIBs) have 

gone alongside with those on lithium-ion since the 

1980s [23–25]; however, SIBs exhibited lower per-

formance than LIBs, and thus were sidelined. The 

renewed interest in SIBs is in part due to the high 

abundance and wide availability of sodium and 

other raw materials, leading to lower economic and 

geopolitical impacts [26, 27]. The cost of an electro-

chemical device based on sodium is further lowered 

by using cheap electrolyte solutions, and the use of 

aluminum as the current collector on the anode side 

instead of the more expensive copper. Lithium and 

sodium-ion batteries adopt the same working principle, 

i.e., shuttling of alkali ions back and forth with the 

two host materials acting as the cathode and anode; 

however, deep differences exist in between the two 

chemistries. In particular, sodium is heavier, larger, 

and has a less reducing standard potential than 

lithium, thus implying lower energy density [28]. 

Nevertheless, sodium-ion batteries may represent a 

cheap and environmentally friendly alternative for 

stationary energy storage applications in which low 

cost is a crucial requirement [29–31]. Therefore, the 

design and development of advanced materials, which 

can be used to fabricate highly efficient electrochemical 

systems, appears to be the fundamental requirement 

in fulfilling the energy needs of the society.  

One of the first studies on electrode materials com-

posed of nanoparticles focused on transition metal 

oxide anodes, and exploited the conversion reaction 

in lithium cell, which involves the formation of metallic 

nanoparticles embedded in a Li2O matrix [32]. A 

subsequent study demonstrated the great improvement 

in the electrochemical storage features of Li upon 

using nanometric rather than micrometric hematite 

(α-Fe2O3) particles [33].  

Nanoscaling of positive electrodes, in particular 

LiFePO4
 [34], has yielded great benefits in terms of 

the delivered capacity and rate capability. However, 

the increased electrolyte decomposition at high 

potentials, i.e., during cell charge, which is induced by 
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the large extended surface area of the nanostructured 

materials, has thus far hindered the development of 

high-voltage cathodes. Nevertheless, the size reduction 

combined with an efficient carbon coating places 

LiFePO4 among the best cathode materials in terms of 

safety, electrochemical performance, and environmental 

compatibility, despite the relatively low operating 

voltage (3.5 V) [35, 36]. 

Hereafter, in this review, the focus is on the 

development of nanostructured lithium- and sodium- 

ion anodes for application in rechargeable batteries. 

Figure 1 shows the data obtained by a simple search 

of the peer-reviewed literature on the Scopus database, 

using the keywords “nanostructured anode materials” 

and “lithium (sodium)-ion batteries”. The figure shows 

that the earlier research was focused on LIBs while 

that on SIBs is only recently developing, certainly 

taking advantage of the knowledge gained on LIBs.  

In this paper, a comprehensive overview on anode 

materials for application in both sodium and lithium- 

ion batteries is presented, with particular attention to 

the advantages and disadvantages of the nanostructures 

and the differences between the two chemistries.  

1.3 Advantages and issues of nanostructures 

The properties and characteristics of nanomaterials 

are linked to their particle sizes. With at least one of 

their dimensions in the 1–100 nm range, nanomaterials 

can be prepared in a large variety of shapes such   

as nanorods, nanowires, nanofibers, and nanotubes 

through parameter-controlled preparation methods. 

The reduction in the size with respect to bulk materials 

causes an increase in the surface to volume ratio and 

to an improved packing of the nanoparticles, thus 

leading to an increase in the surface area, enhanced 

electron transfer-rates, and to a decrease in the ion 

diffusion length.  

Since LIBs and SIBs are governed by their inherent 

multiple interfaces such as the particle-to-particle 

and particle–electrolyte interfaces, an increase in  

the alkali ion diffusion ability leads to an immense 

improvement in the rate of the charge and discharge 

processes. The diffusion time constant is given by t = 

L2/2D, where L is the diffusion length or the particle 

size, and D the diffusion constant for ions and electrons; 

it can be noticed that the diffusion time decreases 

proportionally to the square of the diffusion length 

[37]. Therefore, the shorter diffusion length for alkali 

ions in nanostructured materials leads to remarkably 

improved charge/discharge kinetics and thus, the rate 

capability, i.e., the power performance of the battery 

[38]. Additionally, the increased surface area available 

for contact with the electrolyte increases the charge 

transfer, i.e., the number of ions crossing the interface, 

further enhancing the electrode rate capability. Moreover, 

the nanostructured morphology is less affected by 

 

Figure 1 Number of publications on the peer-reviewed literature database (Scopus) reporting on nanostructured anode materials for
lithium (sodium)-ion batteries. The linear fit shows the increasing rate of publications. 
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the volume expansion, it can accommodate the mor-

phological and structural changes in those electrode 

materials suffering from pulverization or cracking 

during cycling, thus protecting their capacity from 

fading [39, 40]. Finally, tuning the size of the nano-

material employed as the electrode may conveniently 

modify the chemical potential, and facilitate the alkali 

ion insertion [41, 42].  

The high surface area of the nanomaterials may 

result in their remarkably increased reactivity towards 

(catalyzed) electrolyte decomposition. This would 

lead to the formation of a thick, but unstable solid 

electrolyte interphase (SEI) layer, which is responsible 

for the self-discharge process and the deteriorated 

cycling performance. These phenomena would be 

even more pronounced in alloy and/or conversion type 

electrodes, whose electrochemical processes involve 

the formation of freshly exposed electrode surface, 

leading to lithium or sodium trapping and SEI 

thickening with consequent low coulombic efficiency 

and capacity decay [43]. Furthermore, inability to 

control the size and shape of the nanoparticles leads 

to an increase in the manufacturing cost. One of the 

most prominent disadvantages of the use of nano-

materials is their low density, which negatively affects 

the volumetric energy density of the battery. In addition, 

nanoparticle agglomeration due to van der Waals 

interactions is a challenge that has to be overcome  

for promoting uniformly distributed nanostructured 

materials as electrodes for battery applications [44]. 

On the other hand, considering nanomaterials con-

stituted by larger aggregates of nanoparticles may be 

a valid approach to mitigate their safety issues and 

increase the tap density of the final electrode material. 

In the following sections, nanostructured electrodes 

designed as anodes for application in LIBs and SIBs 

are compared, showing that despite the same operating 

principle, the two systems reveal unexpected differences 

related to the physical and chemical properties of 

sodium and lithium.  

2 Nanostructured anode materials for Li- 

and Na- ion batteries  

The working principle of SIBs and LIBs is based on 

the reversible shuttling of alkali ions between the two 

electrodes according to the rocking chair mechanism. 

In their most common configuration, LIBs and SIBs 

employ graphite and hard carbon, respectively, at 

the anode, and an intercalation compound such as  

a transition metal oxide at the cathode. A schematic 

illustration of a rocking chair battery and a comparative 

summary of the key properties characterizing sodium 

and lithium are reported in Fig. 2. Both lithium and 

sodium metals are commonly used in the laboratory 

to evaluate the performance of electrode materials. 

However, both metals exhibit a strong tendency to 

form dendrites upon cycling [45–47]. This phenomenon 

is even more pronounced with sodium as compared  

 
Figure 2 Schematic representation of a rocking chair battery. 
Comparative summary of the key properties characterizing 
sodium and lithium alkali metals. 
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to lithium, and represents a serious safety issue [29]. 

The feasibility and success of both systems strongly 

relies on the development of safe and efficient alternative 

anode materials.  

Although the lithium- and sodium-based systems 

appear quite similar in principle, it has been demon-

strated that their electrochemical behavior may be 

substantially different. LiCoO2 and NaxCoO2, belonging 

to the same class of transition metal layered oxides, 

significantly differ in their behavior [48, 49]. The two 

materials, however, exhibit unique structural properties. 

LiCoO2 may be synthesized with a cubic spinel-like 

structure at low temperatures (LT-LCO) [50, 51] with 

a metastable O2-LiCoO2 phase by an ion exchange 

reaction from P2-Na0.7CoO2 (P2-NCO) [52, 53], and 

with a thermodynamically stable O3-LiCoO2 (HT-LCO) 

phase at high temperatures [54]. The latter phase, 

characterized by the most promising electrochemical 

performance in a lithium cell (theoretical capacity of 

274 mAh·g–1 corresponding to 1 electron exchange per 

formula unit), suffers however, due to irreversible 

phase transition to monoclinic CoO2 upon complete 

de-lithiation. This irreversible process actually limits 

the electrons reversibly exchanged to 0.5 per formula 

unit, and the practical capacity to 140 mAh·g–1. 

Nevertheless, LCO exhibits a desirable high working 

potential and a rather flat voltage profile [55]. On the 

other hand, sodium, in metal-layered oxides exhibits 

a propensity for hexa-coordination in trigonal prismatic 

sites, which offer more space for cations than the 

octahedral sites. This coordination, however, strongly 

influences the electrochemical performance of NCO 

in the sodium cells [56]. Generally, higher synthesis 

temperatures lead to the P2-NaxCoO2 phase in which 

the sodium content (x) ranges from 0.55 to 0.88, while 

higher Na contents (0.92 < x < 1.00) produce the O3 

structure. O′3 and P′3 phases are obtained at lower 

temperatures, with 0.75 < x < 0.83 and 0.60 < x < 0.67, 

respectively [24, 57]. These configurations are usually 

stable within narrow compositional ranges. Furthermore, 

the large ionic radius of sodium leads to high elec-

trostatic repulsions within the Na-layer, leading to 

sodium ordering, which minimizes the energy content 

of the system. This sodium-vacancy ordering is 

reflected by the complex, step-like voltage profiles of 

NCO materials in sodium cells [24, 49]. The structural 

reorganizations occurring upon cycling are related to 

the Na+/vacancy-ordered superstructures within the 

alkali metal layers, and charge rearrangement within 

the transition metal layers [58, 59]. Therefore, LiCoO2 

and NaxCoO2 exhibit different electrochemical behavior 

in terms of the operating working potential, delivered 

capacity, and voltage profiles. 

The above-mentioned dissimilarities between Li 

and Na may be observed in various systems, including 

Na/O2, Na/S [60, 61], and carbon-based materials which 

would be discussed in the next section.  

2.1 Carbon-based anode materials 

Carbon is one of the most attractive materials due to 

its large abundance and unique structural and electronic 

characteristics. Graphite, which is the anode of choice 

for LIBs, shows a very poor electrochemical perfor-

mance in sodium cells that use conventional electrolytes, 

due to the unfavorable graphitic interlayer distance 

that obstructs the formation of binary graphite inter-

calation compounds (GICs) in carbonate-based solution 

[62–65]. The use of glyme-based electrolytes, however, 

enables the co-intercalation of solvated sodium ions 

by forming ternary GICs. This electrochemical process, 

occurring at about 0.7 V vs. Na+/Na, is characterized by 

low specific capacities (about 100 mAh·g–1), leading to 

specific energy densities far lower than those obtained 

upon lithium intercalation [66, 67]. Instead, hard carbon 

is characterized by a larger free space within the 

structure, and is considered the anode of choice for 

SIBs [68–70]. Upon the uptake/release of lithium or 

sodium, non-graphitized carbons show similar voltage 

profiles that are characterized by a sloping region due 

to the insertion of alkali ions between the graphene 

sheets, and a plateau region related to the pore filling/ 

adsorption process of the alkali ions into the nano- 

sized voids of the hard carbon [71–74]. Lithium and 

sodium insertion are strongly affected by the structural 

disorder, which is favored by the introduction of 

heteroatoms, as well as by the increase of porosity and 

surface area of the carbon materials [73, 75, 76]. 

Nanostructured materials, including carbon, can 

be classified into zero- (0D), one- (1D), two- (2D), and 

three-dimensional (3D) categories, depending on their 

sizes, shapes and structures (Fig. 3). 
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0D carbon materials are generally spherical nano-

particles with a size of about 10 nm. Hollow carbon 

nanospheres have been prepared by hydrothermal 

carbonization of monosaccharides in the presence of 

spherical polystyrene latex nanoparticle templates 

for application in LIBs (Fig. 4(a)) [77]. The material 

exhibited a reversible capacity of about 370 mAh·g–1 

when cycled at 1C, which is higher than that obtained 

with graphite.  

The same hollow carbon nanospheres were explored 

with success as anode materials for SIBs (Fig. 4(b)) 

[78]. Because of the short ion diffusion distance within 

the hollow spheres, a satisfactory rate capability 

performance was achieved; however, the comparison 

reveals that the larger ionic radius of sodium plays  

a key factor in limiting the cycling performance of  

the electrode in terms of the delivered capacity and 

cycle life. 

1D nanostructures are expected to offer a more 

consistent volume and structural buffering action, 

thus hopefully increasing the electrode cycle life 

[79, 80]. Carbon nanotubes represent a valid example 

of 1D materials, which may accommodate sufficient 

volume change while, at the same time, offering a 

straight path for charge transport along their direction 

of growth, thus promising a high rate performance,  

 
Figure 4 (a) SEM and TEM images of hollow carbon nanospheres 
(reproduced with the permission from Ref. [77], © WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim 2012). (b) Corresponding 
cycling behavior in terms of rate capability in sodium and lithium 
cells (adapted and reprinted with the permission from Refs. [77] and 
[78], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2012). 

good energy and power density, as well as an extended 

cycle life. Carbon nanotubes (CNTs) in well-ordered 

 

Figure 3 Schematic illustration of nanostructures according to their dimensional properties, going from 0D to 3D nanostructures. 
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and defined structures are generally prepared by a 

self-assembly process; the unidirectional growth process 

leads to the formation of single wall or multiple wall  

nanotubes (SWCNTs or MWCNTs) depending on  

the number of coaxial layers. Decreasing the diameter 

of the mechanically robust CNTs generally increase 

the strain along the structure, which enables a 

delocalization of the electrons in order to reach a 

stable configuration and enhances the electronic con-

ductivity [79, 80]. Furthermore, according to theoretical 

calculations, SWCNTs are expected to achieve a LiC2 

stoichiometry in lithium cells and a reversible capacity 

as high as 1,116 mAh·g–1 [80, 81]. However, the   

high capacity achieved by SWCNTs in lithium cells 

(500 mAh·g–1 at 74 mA·g–1 current) [80, 81] is largely 

limited in sodium cells (about 100 mAh·g–1 at 50 mA·g–1 

current) [82, 83] due to kinetic limitations for sodium 

diffusion into the 1D ordered structure (Fig. 5). Carbon 

nanofibers (CNFs) have been proposed as high- 

performance materials for LIBs due to their remarkable 

electronic conductivity [84]. This characteristic induced 

the exploitation of CNFs derived from nanostructured 

cellulose in SIBs, with excellent rate capability, cycling 

stability (600 cycles), and a reversible capacity of about 

255 mAh·g–1 (at 40 mA·g−1 current) [85].  

A comparable specific capacity (270 mAh·g–1) was 

obtained in sodium cells by using 3D interconnected 

1D nanofibers [86]. Longitudinal cracks upon cycling 

[87], low coulombic efficiency (due to the physical 

barriers encountered by ions during discharge), and 

pronounced SEI formation process (due to the high 

surface area) may be mentioned as possible issues of 

the 1D carbon material [80, 88]. 

2D carbon nanostructures such as graphene nano-

sheets represent a viable alternative to 1D materials. 

The aromatic carbon network constituted of a single 

atomic layer enables extremely high electronic con-

ductivity, as well as beneficial mechanical and physical 

properties. Graphene may reversibly uptake lithium 

up to the formation of Li2C6, with a theoretical specific 

capacity of about 740 mAh·g–1 [89]. The studies on 

graphene electrode in lithium batteries [90] demons-

trated that the storage of alkali ions on both sides of 

the sheets, as well as in the many edges and surface 

defects, actually leads to high capacity; however, a 

poor Coulombic efficiency and high irreversibility are  

 

Figure 5 (a) First charge/discharge voltage profile in lithium 
half-cell at a current density of 74 mA·g–1 using 1 M LiPF6 in a 
EC:PC:DEC electrolyte, and a picture of purified free-standing 
SWCNT paper (adapted and reprinted with the permission from 
Ref. [80], © Royal Society of Chemistry 2009, and from Ref. [81], 
© American Chemical Society 2010). (b) First discharge curve and 
the following voltage profiles of SWCNTs cycled at 50 mA·g–1 in 
a sodium half-cell configuration (adapted and reprinted with the 
permission from Ref. [82], © American Scientific Publishers 2013, 
and from Ref. [83], © American Chemical Society 2015).  

also observed. For instance, the most commonly used 

preparation techniques for graphene include obtaining 

graphene oxide from chemical oxidation of graphite, 

followed by a reduction step to obtain reduced 

graphene oxide (RGO) sheets [91, 92]. This process 

leads to the introduction of oxygen heteroatoms as 

functional groups on the graphene surface, thus further 

increasing the irreversible capacity, depressing the 

electrochemical performance [93, 94], and reducing 

its efficiency for application in a full cell. Graphene 

electrodes used in lithium (Cu-supported graphene) 

[95] and sodium (RGO) [96] cells exhibited maximum 

reversible capacities of about 750 and 200 mAh·g–1, 

respectively (Fig. 6). The low capacity in the sodium 

cell is most likely related to the larger radius of the  
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Na atom, compared to Li. A comprehensive literature 

survey on the use of graphene in electrochemical 

energy storage systems has been reported, and well 

summarized in previous reviews [90, 97].  

Nanostructured 3D porous carbons can be classified 

according to their pore size into microporous, meso-

porous and macroporous materials. They generally 

offer high conductivity and a structure able to buffer the 

mechanical stress associated with the charge/discharge 

process, and thus can yield high specific capacity, rate 

capability and cycle life, as well as lower irreversible 

capacity, when compared to 1D and 2D materials.   

A specific capacity of about 1,100 mAh·g–1 has been 

reported using an ordered mesoporous carbon corres-

ponding to the storage of 3 Li per 6 C. Even after the 

first cycle, the degree of lithiation of the sample 

remained stable in between 2.3 and 3 Li per C 

stoichiometry [98]. The use of nanoporous carbon 

derived from pomelo peels has been proposed for 

SIBs, with a delivered capacity of about 315 mAh·g–1 

when cycled at 50 mA·g–1, and a satisfactory high rate 

performance [99]. 

Hard carbons represent an intriguing case of nano-

structured anode materials. Hard carbons, which are 

non-graphitic in nature, are particularly suitable for 

storing sodium ions due to their unique structure that 

has randomly oriented graphene layers, which can 

be described as a set of disordered turbostratic nano- 

domains and nanoscale pores or empty spaces between 

the nano-domains. The typical voltage profile exhibited 

by hard carbons employed in sodium half-cells can  

be schematically divided into two different regions:   

a first sloping region and a final low-voltage plateau 

(Fig. 7). The commonly accepted sodium insertion 

mechanism within the structure is referred to as the 

“house of cards model” [71, 74]. According to this 

model, the first sloping potential at the beginning of 

the sodiation process is attributed to the insertion of 

sodium ions in the graphene layers, while the low- 

potential plateau is attributed to the insertion of sodium 

ions into the nano-pores between the disordered 

graphene layers. Recently, a slightly different reaction 

mechanism has been proposed, which attributes the 

sloping region to sodium storage at defect sites   

and the low-voltage plateau to sodium intercalation 

between the graphene layers with a minor sodium 

adsorption on the surface of the pores [69]. 

 

Figure 7 Schematic representation of the voltage profile during 
sodium insertion into hard carbon according to (a) the house of 
cards model that implies intercalation inside turbostratic nano-
domains and pores filling and (b) the model including storage at 
defect sites, intercalation between graphene sheets and a minor 
phenomenon of Na-ion adsorption on pore surfaces (reprinted 
with the permission from Ref. [69], © American Chemical Society 
2015). 

 
Figure 6 Comparative cycling behavior of RGO cycled at 0.2 C in sodium half-cell (red curve) and Cu-supported graphene electrode 
in lithium half-cell cycled at 700 mA·g–1, with schematic illustrations of graphene structure and the corresponding TEM image (adapted
and reprinted with the permission from Ref. [95], © American Chemical Society 2014, and from Ref. [96], © Elsevier Ltd. 2013). 
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The reaction mechanism for sodium intercalation 

in hard carbon-based materials is still under debate and 

requires further studies. However, the nanostructured 

morphology of hard carbons certainly does improve 

the electrochemical performance of SIBs. 

2.2 Intercalation (zero-strain) materials 

Intercalation anodes such as TiO2, Li4Ti5O12 and Na2Ti3O7 

have an intrinsic structural stability in alkali-ion cells, 

due to a very low volume expansion (about 2%–3%) 

upon ion (de-)insertion. These materials have been 

extensively studied as anodes in LIBs and SIBs 

[100, 101]. Additional attractive properties, particularly 

of TiO2 and its polymorphs, are their relatively low 

cost, environmental compatibility, and the high intrinsic 

safety conferred by the relatively high operating voltage, 

this would aid in avoiding undesired electrolyte 

reductive decomposition [102].  

TiO2 intercalates theoretically up to 1 eq. of lithium 

per mole with a maximum theoretical specific 

capacity of about 330 mAh·g–1. On the other hand, 

the intercalation capacity for sodium is generally 

much lower, e.g., 0.5 eq. of Na per TiO2, resulting in  

a reversible capacity of 150 mAh·g–1 [103, 104]. The 

electrochemical properties and the voltage behavior 

of TiO2 in a cell strongly depend on its morphology. 

Indeed, TiO2 has several allotropes characterized   

by different crystalline structures, anatase tetragonal 

(space group I41/amd), rutile tetragonal (space group 

P42/mnm), and brookite orthorhombic (space group 

Pbca) phases [105]. Despite theoretical calculations 

indicating similar activation energies for Li and   

Na diffusion in TiO2 [106], kinetic limitations and 

intrinsically low electronic conductivities may lead to 

poor alkali ion diffusion and consequently to modest 

cell performance. Therefore, several strategies aimed 

at enhancing the cycling behavior and rate capability 

of these materials have been adopted [101, 105].  

The most promising strategies to address the above- 

mentioned drawbacks are carbon coating and nano-

structuring. An interesting example is rutile TiO2; 

when the particle size is 300 nm, it shows a poor 

electrochemical performance in lithium cells, even in 

comparison with micrometric materials. Decreasing 

the particle size to 15 nm, however, results in high 

performance, with a reversible capacity of about 

200 mAh·g–1 [107]. Similarly, lowering the anatase TiO2 

particle size to 8 nm leads to a reversible capacity of 

160 mAh·g–1 at 0.06C, and to a still significant value 

of about 40 mAh·g–1 when cycled at a current as high 

as 6C [108]. A recent study on the electrochemical 

insertion of sodium in commercial TiO2 nanoparticles 

revealed notable differences with respect to lithium 

insertion [109]. The study proposed a reaction mech-

anism involving the initial formation of an intermediate 

sodium titanate, its subsequent disproportionation 

into a new sodium titanate phase with a lower sodium 

content (about 0.25 eq.), and final formation of metallic 

titanium and sodium superoxides [109]. A further 

study of the reaction mechanism, performed in a 

sodium cell using ionic liquid electrolytes, suggested 

a similar electrochemical process upon (de)-sodiation 

[110]. In contrast to Li/TiO2, ex situ XRD studies on 

anatase TiO2 hollow nanospheres revealed the disap-

pearance of the TiO2 peak upon reduction in a sodium 

cell, thus suggesting that the sodiation of anatase TiO2 

can promote additional conversion [111]. The detailed 

reaction mechanism is still under study [112, 113]; 

however, the differences between the voltage profiles 

of TiO2 upon lithiation and sodiation suggest significant 

dissimilarities between the two electrochemical 

processes [114, 115]. 

The role of morphology on the electrochemical 

behavior of nanostructured TiO2 is shown in the 

comparative study between carbon-coated TiO2 

nanotubes and nanorods prepared by hydrothermal 

synthesis and subsequent carbon coating by grafting 

a polyacrylonitrile-based block copolymer [116].  

TiO2 nanorods had a higher initial capacity (225 vs. 

215 mAh·g–1), while TiO2 nanotubes had a better rate 

capability and cycling stability. Moreover, a comparative 

study of carbon-coated TiO2 nanotubes in sodium and 

lithium cells (Fig. 8) pointed out remarkably different 

voltage profiles, delivered capacities, rate capabilities, 

and cycle lives, thus highlighting the different electro-

chemical reactions [116]. The importance of the 

morphology of TiO2 nanostructures for SIBs is underlined 

by using amorphous titanium dioxide nanotubes 

directly grown on current collectors without binders 

[117]. The increased concentration of the interfacial 

regions, and a proper setup of the nanotubes according 

to their diameters to enable large-scale sodium ion 
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diffusion, led to the formation of percolation pathways 

and improved the cell performance. 

Spinel-type lithium titanate, Li4Ti5O12 (LTO), is 

considered one of the most promising negative 

electrodes for safe, long-life LIBs [118]. Lithium 

insertion into the spinel phase leads to the formation 

of the Li7Ti5O12 rocksalt type-phase (theoretical capacity 

of 170 mAh·g–1) with a very limited deformation of 

the spinel structure, which is the key for a stable 

cycling behavior and long-life. In addition, its relatively 

high operating voltage close to 1.5 V vs. Li+/Li represents, 

despite the lower energy density provided in a full-cell 

configuration, a favorable parameter in terms of the 

safety of the final electrochemical device. It prevents 

dendrite formation and degradation of the electrolyte 

while guaranteeing a mitigated SEI formation. [119, 120]. 

High rate LTO with improved conductivity and fast 

lithium ions diffusion can be obtained by carbon 

coating processes, surface treatments [121–124], and by 

nanoscaling the particle size [125–128]. Indeed, LTO 

materials obtained by fast combustion and flame-spray 

pyrolysis with particle sizes in the range of 20–30 nm 

deliver a satisfactory electrochemical performance, such 

as the capacity approaching the theoretical value at 

lower currents and a rate capability extending up to 

10C or even 100C [129]. 

Interestingly, LTO exhibited the ability to reversibly 

accommodate both lithium and sodium ions. The 

sodium storage in LTO allows the achievement of   

a specific capacity of about 145 mAh·g–1, with a 

de-intercalation process centered at about 0.7 V vs. 

Na+/Na [130]. It has been proposed that both Li and Na 

ions penetrate the Li4Ti5O12 spinel framework with the 

formation of Li7Ti5O12 and LiNa6Ti5O12 upon reduction 

in lithium and sodium cells, respectively [130, 131]. 

However, sodium diffusion into the tunnels of the 

spinel structure is slower than that of lithium due to 

its larger ionic radius; this limits its cell performance 

in terms of rate capability. The use of a proper binder 

such as sodium carboxymethyl-cellulose (Na-CMC) 

in the electrode formulation actually improves the 

cycling performance and Coulombic efficiency of 

LTO in a sodium cell due to the formation of a 

favorable SEI layer, enabling a specific capacity of 

 
Figure 8 (a) Schematic representation of the carbon coating process of TiO2 nanotubes by grafting a PAN-based block copolymer,
followed by polymer carbonization, (b) and (c) voltage profiles of carbon-coated TiO2 nanotubes in sodium and in lithium cells, respectively
(adapted and reprinted with the permission from Ref. [116], © Creative Commons Attribution License (CC BY) 2014). 
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155 mAh·g–1 and a Coulombic efficiency higher than 

99% [131]. 

Sodium titanates have been also studied as anodes 

for application in SIBs, and are generally indicated  

as Na2OnTiO2, where the variation in n leads to a 

series of compounds with different electrochemical 

characteristics in terms of delivered capacity and 

operating potentials [132]. Among them, Na2Ti3O7  

(n = 3), having a zigzag Ti–O octahedral layered 

structure with sodium ions in the interlayer space,  

is capable of intercalating 2 eq. of Na per mol (i.e., 

200 mAh·g–1 corresponding to the reduction of 2/3 of 

Ti4+ to Ti3+) at a low voltage [133]. 

Microspheric Na2Ti3O7, consisting of nanotubes of 

8 nm inner diameter and an approximate length of  

a few hundred nanometers, demonstrated very high 

rate capability and cycling stability, with a specific 

capacity of about 110 mAh·g–1 at 354 mA·g–1 and 

85 mAh·g–1 at a current as high as 3,540 mA·g–1 [134]. 

The composites of Na2Ti6O13 (n = 6) nanorods prepared 

by a soft-template method, and carbon black exhibited 

a specific capacity of about 70 mAh·g–1 at very high 

C-rate (20C) for more than 5,000 cycles, with an 

excellent capacity retention of 85% [135]. Furthermore, 

Na2Ti7O15 nanotubes (n = 7) deposited on a titanium 

net substrate were proposed as a binder free electrode 

material for SIBs. They exhibited excellent electro-

chemical performance with remarkable stability, a 

maximum reversible capacity of about 260 mAh·g–1 

with a plateau at about 0.3 V, and a capacity of 

110 mAh·g–1 at a high rate of 1.5 A·g–1 [136].  

In summary, zero-strain materials such as TiO2, 

Li4Ti5O12 and Na2OnTiO2 are good choices as anodes 

for both LIBs and SIBs due to their structural stability, 

low toxicity, low cost, and abundance of the raw 

materials. Furthermore, careful tuning of their nano-

structures may lead to increased tap densities, and 

electrode mass loadings may be ensured while 

maintaining the high performance needed for the 

practical application of these electrode materials.  

2.3 Alloying compounds  

Elements belonging to the 14th and 15th groups of the 

periodic table, such as Si, Ge, Sn, Sb, and P, can form 

alloys with lithium and sodium according to the 

reaction 

M + yX+ + xe– → XyM (X = Li, Na)    (1) 

The theoretical gravimetric and volumetric specific 

capacities, along with the expected stoichiometry, are 

summarized in Fig. 9 for both lithium and sodium 

alloys. The theoretical capacities are calculated taking 

into account the highest lithium and sodium contents. 

Lithium-metal phases (Li17M4 with M = Ge, Sn, Pb) 

were taken into account rather than Li22M5 [137].  

It can be understood from the figure that this class 

of compounds is characterized by high capacities as 

a result of the multiple electron exchanges occurring 

upon the formation of the alloys. However, the use of 

these materials in Li and Na cells is hindered by the 

large volume change occurring upon alloying and 

de-alloying; the alloying and de-alloying processes 

lead to electrode pulverization, and a continuous 

breakup and formation of the SEI and consequently 

to capacity fading [101, 138]. The radius of the alkali 

 

Figure 9 Comparison of the gravimetric (a) and volumetric (b) theoretical capacities exhibited by lithium and sodium alloys. 
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ion strongly influences the alloying reaction implying, 

in principle, higher deformation and lower capacity 

for the Na-alloys than the Li-alloys. Indeed, the 

formation of Li17Sn4 is accompanied by a volumetric 

change of about 300% [139, 140], while the estimated 

expansion for Na15Sn4 is about 420% (Fig. 10(a)) [141]. 

Therefore, sodium-alloy anodes are expected to deliver 

lower capacities at high potentials, and hence lower 

gravimetric and volumetric energy densities in com-

parison to lithium alloys.  

Theoretical studies postulate that the volume of the 

structures obtained upon sodiation increases linearly 

with Na content as a function of the volume occupied 

by sodium which has been calculated to be 30.3 Å3 

[142]. Indeed, previous studies on lithium systems 

already confirmed that the volume occupied by Li 

atoms in Li-M systems is always constant at 14.8 Å3 

and is independent of the metal [143]. The calculation 

is in agreement with the atomic volumes of lithium 

and sodium, which are 21.6 and 39.4 Å3, respectively. 

According to these theoretical studies, the volumetric  

 

Figure 10 (a) Schematic representation of the structural evolution 
of Sn during the sodium alloying process (reprinted with the 
permission from Ref. [141], © American Chemical Society 2012). 
(b) Volumetric energy density vs. volume expansion for lithium 
and sodium alloys. The graph shows the comparison of the 
volumetric energy density of graphite in Li and hard carbon Na 
(horizontal lines) (reprinted with the permission from Ref. [142], 
© The Electrochemical Society 2011). 

energy density of a sodium-based alloy compound will 

be 49% lesser than the volumetric energy density of a 

lithium-based alloy anode [142]. On the other hand, 

sodium alloy systems have a less reductive Na+/Na 

potential that can mitigate electrolyte reduction and 

degradation at the surface of the electrode [144]. 

The utilization of nanostructured alloy electrodes 

is the best strategy available to address the issues 

associated with the volume change. Additionally, 

trapping nanoparticles of the active materials within 

a carbon matrix may actually buffer and accommodate 

the strain associated with the volume expansion [145]. 

The nanostructured Sn-C composite, prepared by  

the infiltration of tin-based organometallics into the 

resorcinol-formaldehyde gel and subsequent calcination, 

revealed a highly uniform distribution of tin nano-

particles within the carbon matrix and delivered a 

specific capacity of about 500 mAh·g–1 when cycled  

at 0.8C over 200 cycles [146, 147]. The same electrode 

reversibly delivered a capacity of 200 mAh·g–1 in a 

sodium half-cell [148]. Due to the favorable configuration, 

the Sn/C composite material delivered excellent per-

formance in full lithium-ion [149], sodium-ion [150] 

and sodium-ion sulfur cells as well [148]. Flower-like 

Sn-C composite microspheres were prepared using 

sulfonated polystyrene as the carbon source, followed 

by the electrostatic introduction of tin into the matrix. 

The incorporation of tin into the carbon matrix could 

be controlled by adjusting the degree of sulfonation 

of the polystyrene microspheres (Fig. 11(a)) [151]. 

The flower-like material delivered a specific capacity 

of about 400 mAh·g–1 when cycled at 1C in a lithium 

cell. Further improvements on the carbon matrix were 

achieved by using a tin-based metallorganic framework 

(MOF) leading to Sn nanodots being homogeneously 

dispersed in an N-doped mesoporous carbon matrix 

of improved electronic conductivity (Fig. 11(b)) [152].  

A Sn-C composite consisting of a Sn film elec-

trodeposited on a conductive wood fiber substrate 

capable of adsorbing the electrolyte and enhancing 

ion diffusion, and coated with carbon nanotubes   

to improve the electronic conductivity exhibited an 

initial discharge capacity of 340 mAh·g–1 in a sodium 

cell, which reduced to 150 mAh·g–1 after 400 cycles 

(Figure 12) [153]. Meanwhile, the electrode binder may 

play an important role in enhancing the alloy electrode  
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Figure 11 (a) Schematic illustration of the flower-like Sn-C 
composite microsphere preparation process (reprinted with the 
permission from Ref. [151], © Elsevier B.V. 2016). (b) Schematic 
illustration showing the metallorganic framework-based growth 
of Sn nanodots embedded in N-doped mesoporous carbon (reprinted 
with the permission from Ref. [152], © Elsevier Ltd. 2016). 

 
Figure 12 (a) Hierarchical structure of wood fiber. (b) Soft wood 
fiber substrates effectively release sodiation generated stresses 
by structural wrinkling. The thickness of Sn is 50 nm and the 
fiber diameter is 25׽ μm. (c) Dual pathways for ion transport. 
The hierarchical and mesoporous structure of the fiber plays an 
important role as an electrolyte reservoir. Reprinted with the 
permission from Ref. [153], © American Chemical Society 2013. 

performance by mitigating the stress generated during 

the electrochemical process. Conductive polyfluorene- 

type binders, for e.g., poly(9,9-dioctylfluorene-co- 

fluorenone-co-methylbenzoic ester) (PFM), actually 

buffered the volume stress occurring in Sn nano-

particles upon alloying, thus leading to a higher 

specific capacity in lithium cells, and an improved 

cycling stability in both lithium and sodium cells 

[154, 155]. 

Similar approaches have been adopted for Sb-based 

nanostructured anode materials [156–159]. Composite 

materials consisting of Sb clusters supported by 

graphite, obtained via the reduction of antimony 

pentachloride by KC8 in tetrahydrofuran, exhibited 

stable cycling in a sodium cell with a reversible specific 

capacity of 420 mAh·g–1 [160]. The Sb/graphite com-

posite exhibited an improvement in the electrochemical 

performance when prepared by a high-energy 

mechanical milling procedure [161], exhibiting a 

specific capacity that exceeds 500 mAh·g–1 (steady state 

capacity of 350 mAh·g–1) at a 2C rate [162]. Recently, 

monodisperse, narrow size distribution Sb nanocrystals 

prepared by colloidal synthesis involving reductive 

decomposition of Sb(III)-oleylamide were proposed 

for application in both LIBs and SIBs [163]. 

The electrochemical performance of the material 

was dependent on the particle size, and at a given 

particle size value, the Sb-based nanomaterials exhibited 

comparable performance in terms of the specific 

capacity, rate capability, and cycling stability in both 

Li and Na cells. Surprisingly, the same study revealed 

a better cycling behavior of bulk Sb in sodium rather 

than in lithium cells (Fig. 13) [163]. This behavior was 

attributed to the differences in the reaction mechanisms 

of Li and Na with Sb [144, 164], use of fluoroethylene 

carbonate (FEC), suitable electrode formulation in terms 

of the conductive agent, and appropriate weight ratio. 

The beneficial effect of FEC on the electrochemical 

performance of Sb-C electrodes makes them promising 

candidates for full cells that employ a transition- 

metal-based layered oxide cathode [157]. 

Silicon, a light and abundant element, may electro-

chemically alloy with lithium at low potentials up  

to the stoichiometry of Li22Si5. The process yields 

theoretical gravimetric and volumetric capacities as 

high as 4,200 mAh·g–1 and 2,400 mAh·cm–3, respectively. 
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These values have attracted extensive academic and 

industrial efforts aimed at enabling its use in LIBs 

[165–168]. However, the potential of the silicon-based 

anodes is hindered by its huge volume expansion 

(>300%) upon lithiation, which leads to a deterioration 

in its electrochemical performance upon cycling. This 

issue is strongly dependent on the particle size and 

morphology. Thus, it has been addressed by material 

nanostructuring, hoping to enable long-term cycling 

without fading (Fig. 14) [165, 169–173]. 

The development of Si nanostructures such as 

nanoparticles [174, 175], nano-wires [166, 173], and 

nano-pillars [176] led to enhanced electrochemical 

performance in terms of the cycle life and delivered 

capacity, in particular when limiting the accessed 

storage capacity to 2,000 mAh·g–1 (Fig. 15(a)) [175].  

In spite of the safety concerns [177], associated pro-

duction cost, low tap density, and issues related to the 

coulombic efficiency, nanostructured silicon electrodes 

represent the only, but challenging, choice to improve 

the LIB performance. In fact, commercial cells require 

coulombic efficiencies close to that of graphite, both 

in the first (90%–94%) as well as in the following (over 

99%) cycles, high tap density, and high electrode mass 

loading [165, 178–181]. In this context, nanosized 

morphologies embedded in microstructured matrices 

can mitigate and buffer the volume variation of Si 

upon cycling while at the same time, ensure a practical 

 

Figure 13 Rate-capability comparison of (a) lithium and (b) sodium half-cells employing Sb-based anodes obtained by monodisperse 
colloidal Sb nanocrystals (10 and 20 nm size) and microcrystalline powders (reprinted with the permission from Ref. [163], © American 
Chemical Society 2014). Derivative curve of the voltage vs. composition profile for Sb/Na (c) and Sb/Li (d) cells cycled at C/2. Cycling
performance of Sb electrode in lithium and sodium half- cells at C/2 and 2C with (e) and without (f) the addition of 5% FEC to the 
electrolyte solution (reprinted with the permission from Ref. [144], © American Chemical Society 2012). 
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Figure 14 Schematic representation of the morphological depen-
dence of the changes occurring upon cycling during Si (de-)alloying 
(reprinted with the permission from Ref. [173], © Nature Publishing 
Group 2008).  

 

Figure 15 Comparison of the voltage profiles obtained by cycling 
on a sputtered silicon composite electrode in sodium cell at 60 °C 
and a Si-CMC electrode prepared by Laser Assisted Chemical 
Vapor Pyrolysis and Electrospray Deposition in lithium cell at 
room temperature (adapted and reprinted with the permission 
from Ref. [175], © Royal Society of Chemistry 2011, and from 
Ref. [185], © The Electrochemical Society 2014). 

electrode density and electronic conductivity. Indeed, 

XG Sciences Inc. (XGS) proposed a scalable silicon- 

graphene composite [182], while silicon nanowires 

with a volumetric energy density of 800–1,000 Wh·L–1 

were proposed by Amprius Inc. [183]. However, the 

electrochemical activity of silicon is very poor in a 

sodium cell [184] (Fig. 15), even at 60 °C [185], as 

confirmed by X-ray diffraction studies.  

Recent computational studies indicated that amor-

phous silicon could, in principle, offer a theoretical 

specific capacity of 724 mAh·g–1 with a volume 

expansion calculated to be of the order of 110% in 

SIBs [186]. Furthermore, intermetallic Na-Si binary 

phases have been reported, including the fully sodiated 

Na-Si [187]. These findings suggest that the very poor 

electrochemical activity of silicon in sodium cells 

may be ascribed to kinetic limitations. 

Germanium has also been considered as an anode 

material for both lithium and sodium-ion batteries. 

Despite its greater cost and lower specific capacity 

when compared to Si, Ge shows some advantageous 

properties, such as its very high intrinsic electronic 

conductivity and ion diffusivity (for Li+ ions, the 

diffusivity is estimated to be 400 times higher in Ge 

than in Si) [188, 189]. Self-standing electrodes consisting 

of Ge nanoparticles with an average dimension of 

9 nm were prepared by the gas-phase photolysis of 

tetramethyl-germanium using a Nd:YAG pulsed laser. 

The process resulted in high yield and reproducibility; 

such nanoparticles exhibited a specific capacity as high 

as 800 mAh·g–1 in lithium cells [190]. The addition of 

reduced graphene oxide to the same Ge nanoparticles 

increased the capacity up to 1,100 mAh·g–1 for 50 cycles. 

Ge nanowires prepared using the gold-seeded, 

supercritical fluid-liquid-solid (SFLS) method, revealed 

better electrochemical behavior than Ge powder 

 in a lithium cell, which was (mesh > 99.99% 100׽)

further improved by the passivation of the nanoparticles 

by alkanethiol-based functional groups [191].  

Although less studied, the reversible sodiation of 

Ge for nanostructured electrodes can result in the 

remarkable capacity of 430 mAh·g–1. This value is 

higher than the theoretical one that takes into con-

sideration the formation of the Na-Ge phase, thus 

suggesting a different reaction mechanism [192]. 

Other elements with the ability to form alloys with 

sodium and lithium, such as Pb and Bi, have also 

been investigated. However, there has been much 

less interest in them due to their low specific capacity, 

toxicity and, for bismuth, flammability [184, 193]. 
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Among the various alloying materials, phosphorous 

has been widely investigated for LIBs and SIBs. An 

amorphous phosphorus/carbon nanocomposite pre-

pared by high-energy ball-milling of commercial red 

phosphorus powder with amorphous carbon black 

exhibited a high sodium storage capacity (1,764 mAh·g–1) 

and a remarkable stability over 100 cycles [194]. The 

same amorphous phosphorus/carbon nanocomposite 

has been investigated for Li storage and exhibited a 

reversible alloying of 3 Li with a capacity of about 

2,350 mAh·g–1, a remarkable power capability, and a 

promising retention upon cycling [195]. Similarly, a 

red phosphorus/carbon composite obtained by ball 

milling revealed a reversible capacity of 1,890 mAh·g–1 

in a sodium cell, which is one of the highest values 

for SIB anode materials, very good cycling stability, 

and a low operating voltage of 0.4 V [196]. An example 

of the excellent electrochemical lithium and sodium 

storage by a composite formed by confining nano-

particles of red phosphorous in a mesoporous carbon 

matrix through a vaporization-condensation-conversion 

process is shown in Fig. 16 [197]. The material exhibited 

a maximum reversible capacity exceeding 2,200 mAh·g–1 

based on the mass of P, a high rate capability and 

remarkable retention. The morphology of the composite 

enables a fast electrolyte diffusion into the open 

channels and a short transport path for lithium and 

sodium ions through the carbon matrix towards the 

red P. 

2.4 Conversion type electrodes  

In principle, conversion reactions lead to high capacities 

by exchanging more than one electron for redox 

active centers. Transition metal oxides, fluorides and 

sulfides are among the best candidates for the develop-

ment of electrodes based on conversion reactions [32]. 

These materials may be exploited as anodes for LIBs 

[198–200] as well as SIBs [201–205]. Transition metal 

oxides represent the most widely studied class of 

conversion materials [202, 206, 207] operating according 

to the reaction mechanism [208] 

MaOb + (b·n)Li/Na ↔ aM + bLi/NanO      (2) 

The storage process evolves through the electrochemical 

reduction of the metal oxide in metal nanoparticles 

embedded in a Li2O matrix, with the consequent 

formation of a nanocomposite material in the fully 

discharged state. However, the electrochemical perfor-

mance of these electrodes is affected by the large 

volumetric and structural changes upon cycling, leading 

to severe charge/discharge voltage hysteresis, i.e., 

limited energy efficiency, and poor cycling performance. 

The volume expansion for lithium and sodium systems  

 

Figure 16 (a) Rate capability test for lithium and sodium half-cells employing nanosized amorphous red phosphorous particles confined
in mesoporous carbon matrix (P@CMK-3) electrodes. (b) Schematic illustration of the lithiation/sodiation process of red P particles, red 
P particles-carbon core−shell composite, and nanostructured red P confined in the channels of CMK-3 in LIBs and SIBs (Reprinted with 
the permission from Ref. [197], © American Chemical Society 2016). 
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employing different active compounds MaXb (with 

X = H, N, P, O, S, F, Cl, Br, and I) is reported in Fig. 17 

[201]. This trend is strongly affected by the volume of 

the active materials, especially in the case of sodium 

since it has a much larger ionic radius than lithium. 

A TEM study revealed that the conversion reaction 

of CuO with Li during cell discharge evolves through 

several steps, leading to an intermediate Cu2O com-

pound and subsequently to Cu nanograins embedded 

in a Li2O matrix. These nanograins enable the catalytic 

reduction of the electrolyte, resulting in the formation of 

an organic layer [209]. The metallic nanograin network 

may act as an electron conductor within the Li2O 

matrix, thus supporting the conversion reaction. During 

the conversion, lithium ions move relatively fast over 

the surface of the particles, while the diffusion rate is 

much more moderate in the bulk of the material. 

A DFT analysis combined with real time TEM 

observations of the FeF2 conversion reaction with Li 

suggested a “layer-by-layer” propagation, in which 

lithium diffuses to the surface until a super-saturated 

thin layer that decomposes and forms Fe nanoparticles 

in a LiF matrix is formed [210]. A more recent study 

on Li-conversion of nanostructured NiO, obtained  

by a solvothermal method and pseudo-supercritical 

drying, revealed that the reaction evolves through 

heterogeneous lithiation that preferentially takes place 

in the grain boundary nucleation spots located on  

the surface of the NiO nanosheets, and subsequent 

migration and meeting in a common front of pro-

pagation [211]. Based on these results, the Li-conversion 

 

Figure 17 Volume expansion calculated for lithium- and 
sodium-based conversion reactions (Reprinted with the permission 
from Ref. [201], © Royal Society of Chemistry 2013). 

of transition metal oxides may lead to inhomogeneous 

charge distribution in the electrode and consequent 

increase of the overall cell polarization. Apart from 

the reductive decomposition of the electrolyte [212, 213], 

the design of the nanostructured composites in which 

the transition metal oxide is confined in suitable 

matrices such as carbon or metals efficiently buffers 

the volume changes and enhances the delivered 

capacity, rate capability, and energy efficiency of the 

conversion electrodes [214–216].  

The spinel-type NiCo2O4 was reported as a con-

version anode material for SIBs, and its reaction 

mechanism is similar to that in LIBs, i.e., it forms 

metallic Ni, Co and Na2O [217]. The material delivered 

a capacity of 200 mAh·g–1 in sodium cells instead of 

the 880 mAh·g–1 observed in lithium cells [217]. Other 

transition metal oxide anodes for SIBs such as Fe2O3 

and Fe3O4 [218–220], Co3O4 [221], and MoO3 [222] 

have been proposed. However, they exhibit lower 

capacities when compared to the lithium systems due 

to the lower reversibility of the conversion process 

[202, 217]. Amongst the most promising metal oxides 

for the conversion reaction in SIBs are the SnO2/carbon 

nanocomposites. SnO2/MWCNT composites exhibited 

a capacity of about 470 mAh·g–1 [223], while the same 

SnO2 prepared as a composite electrode with graphene 

nanosheets revealed a greatly improved electro-

chemical behavior, delivering about 740 mAh·g–1 with 

a satisfactory retention of about 85% upon 100 cycles 

[224]. However, a significant contribution to the pro-

mising properties of this nano-composite in sodium 

cells originated from the Na-storage into graphene 

rather than in SnO2 [224]. 

A promising alternative to metal oxides are sulfides, 

which are characterized by smaller volume changes 

during charge and a more reversible (de-)conversion 

process [201, 225]. Several carbon nanocomposites 

including Sb2S3 [225], WS2 [226], and MoS2 [227] were 

reported. Among them, MoS2 exhibited promising 

electrochemical behavior in a sodium cell. Vine-like 

MoS2 nanofibers with a mesoporous structure showed 

a highly reversible conversion reaction, delivering 

reversible capacities as high as 840 mAh·g–1 when cycled 

at 100 mA·g–1 [228]. The work further demonstrated 

the importance of designing tailored 1D nanostructures 

such that the electrochemical conversion reaction with 
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Na is enabled. The substantial differences observed 

between sodium and lithium conversion in Li/O2 

[229–231], Na/O2 [232–234], Li/S [235, 236], and Na/S 

[47, 148] cells suggested different reaction mechanisms 

for the two alkali metals [60, 61], and they certainly 

require further studies.  

An alternative approach to the use of conversion- 

based electrodes is the use of electrodes prepared  

by the combination of both alloying and conversion 

reactions. Carbon-coated Fe-doped SnO2 nanoparticles 

were proposed as a high-capacity anode material for 

LIBs (theoretical capacity of 1,477 mAh·g–1) [237]. The 

synergetic effect of Sn and Fe enabled the achievement 

of a capacity exceeding that of pure SnO2 (Figs. 18(a)– 

18(c)) [237]. In addition, nanoparticles of tin(II)sulfide- 

carbon, (SnS-C), synthesized by high-energy mechanical 

milling and uniformly dispersed in a conductive 

carbon matrix, were proposed as anodes for SIBs 

[238]. The material exploited the conversion reaction 

between Na and S to form the Na2S matrix with 

dispersed Sn nanoparticles, which subsequently  

alloy with Na. The electrode displayed a remarkable 

electrochemical performance, with a maximum specific 

capacity of about 550 mAh·g–1, stable cycling behavior 

and, enhanced rate capability when compared to that 

of bare Sn-C (Figs. 18(d)–18(f)) [238]. 

3 Conclusions 

This review highlights the research efforts towards 

the development of high-performance anode materials, 

in particular nanostructured materials, for LIBs and 

SIBs. The advent of nanotechnology has created new 

paths for the scientific community in developing novel 

materials as anodes in lithium and sodium batteries. 

In spite of the intensive research efforts, the develop-

ment of nanostructured anode materials for LIBs   

is still not completely successful. Nevertheless, the 

research for SIB anode materials developed rather 

fast, largely benefiting from the knowledge gained  

Figure 18 Potential profiles for (a) SnO2 and (b) Sn0.9Fe0.1O2-C in lithium half-cell cycled at 50 mA·g–1 within the 0.01–3.0 V vs. Li+/Li
potential range, and (c) schematic representation of the conversion-alloying reaction mechanism for Sn0.9Fe0.1O2-C (taken and adapted 
with permission from Ref. [237], © Creative Commons Attribution License (CC BY) 2015). (d) First discharge–charge potential profile of
SnS-C and Sn-C electrodes in a sodium half-cell configuration cycled between 0.01 and 2.0 V vs. Na+/Na at a constant current density 
of 20 mA·g–1, (e) rate capability of the SnS-C and Sn-C electrodes at increasing current rates, and (f) cycling behavior at 100 mAh·g–1

(reprinted with the permission from Ref. [238], © Royal Society of Chemistry 2014). 
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in the lithium field, which played a key role in the 

preparation of satisfactory anode materials. 

However, the multiple examples detailed in this 

review reveal the different electrochemical behavior 

of materials designed for LIBs and SIBs, highlighting 

the need for an enlarged vision to explore the thus 

far unknown chemistries and reaction mechanisms  

to create novel systems. The specific chemical and 

physical features of lithium and sodium remarkably 

affect their electrochemical behavior, generally 

penalizing SIBs when compared to the LIBs. The 

greater weight and ionic radius of sodium, in fact, 

strongly affect the energy density and the kinetics of 

the sodium-based systems with respect to those based 

on lithium. However, the favorable characteristics of 

the sodium-based materials, such as the low economic 

impact and their remarkable environmental com-

patibility, make them the next big thing in the 

development of sustainable energy storage systems. 

Therefore, LIBs may be designed for high energy and 

rate capability applications such as EVs, whereas 

SIBs are suitable for low-cost energy storage devices.  

The synthesis of suitable nanostructures has led to 

promising results in terms of electrochemical perfor-

mance at the laboratory scale. However, nanostructuring 

of materials may not be the definite solution for    

all the challenges faced by rechargeable batteries. 

Indeed, nanostructures present a few disadvantages 

that should be taken into account while trying to 

develop the next-generation electrode materials for 

battery applications. Putting aside the charming effects 

of nanostructures, which are often touted as chemical 

virtuosities with fascinating electrode architectures 

and performance, the real challenge lies in designing 

and developing high volumetric and gravimetric 

energy density materials characterized by stable 

interfaces. This latter requisite is critical for both 

lithium and sodium systems. Rocking chair batteries 

are, in fact, thermodynamically unstable systems, 

which operate because of the SEI preventing the 

occurrence of the spontaneous, but degrading reactions. 

Thus, their operation relies on the successful formation 

of interphases stabilizing the cell. Nanostructured 

anode materials, in particular those belonging to the 

class of alloying- or conversion-type, rarely favor the 

formation of stable SEI, hindering the long life of cells. 

Nevertheless, the implementation of nanomaterials 

in the LIB market has been proved successful with 

LiFePO4 while some exciting results may appear soon 

with silicon-based anodes. 
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