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Update on anode materials for Na-ion batteries 
Hongyan Kang, Yongchang Liu, Kangzhe Cao, Yan Zhao, Lifang Jiao

*
, Yijing Wang and Huatang Yuan 

Na-ion batteries have sprung up in recent years, due to their advantages of the natural abundance, low cost 

and environmental friendliness. In this article, we review the up-to-date research progress on anode 

materials for Na-ion batteries from five respects: carbon-based materials, alloy-based materials, metal oxides 

and sulfides based on conversion reaction, titanium-based compounds with insertion mechanism, and 

organic composites. In particular, we not only summarize the Na-storage mechanism of these anodes, but 

also discuss the failure mechanism. The problems and challenges associated with these anodes are pointed 

out. Furthermore, on the basis of extensive literatures and our experimental works, the feasible strategies 

are suggested for designing high performance anode materials. After further in-depth exploration and 

investigation, we believe that Na-ion batteries are promising alternative to lithium-ion batteries for low cost 

and large-scale energy storage system in near future. 

1 Introduction 

Energy is an essential material basis for human survival and 

development. With the rapid exhaustion of non-renewable fossil 

fuels and aggravation of environment problems, the development 

of renewable and clean energy such as, wind, solar, biomass, tide 

and geothermal is becoming more and more important. So, a large-

scale energy storage system (ESS) becomes extremely necessary to 

modulate intermittent renewable resources and integrate them 

into the grid safely and smoothly.1-4 

Lithium-ion batteries (LIBs) have developed rapidly and controlled 

the market of second battery industry since their first  
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commercialization in 1991. They have been widely applied in 

portable electrical devices.5 However, large-scale application of LIBs 

suffers from challenges due to the scarcity, maldistribution and high 

cost of lithium resources. As shown in Table 1,6,7 compared with 

lithium, sodium has the advantages of the natural abundance and 

low cost. Moreover, sodium and lithium are in the same main 

group, showing similar chemical properties. Therefore, Na-ion 

batteries (NIBs) are recognized to be the most promising alternative 

to LIBs for achieving large-scale ESS and sustainable application.8-11 

Room temperature stationary Na-ion batteries started to be 

studied before 1980 in parallel to LIBs. However, the usable energy 

density of Na system is believed to be much lower than that of Li 

system. Moreover, available negative electrodes had not been 

found for a long period of time. For example, graphite,12 the 

conventional anode for LIBs, fails to intercalate sodium effectively, 

due to the mismatching of interlayer distance of graphite to the 

larger Na+ radius. Si-based material is expected as the most 

promising anode for LIBs but not in NIBs systems.13 This is because 

Si cannot incorporate Na+ ions like in case of Li+ ions. The two  
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reasons mentioned above blocked the development of NIBs. 

Nowadays, NIBs attract the researcher’s attention again due to the 

low cost and abundance of sodium resources, which can meet the 

increasing worldwide demand for EVs and ESS. 

Table 1 Comparison between lithium and sodium 6,7 

Category Lithium Sodium 

Relative atomic mass 6.94 22.99 

Cation radius (Å) 0.76 1.02 

E° vs. SHE (V) -3.04 -2.71 

Melting point (°C) 180.5 97.7 

First ionization energy 

(kJ mol-1) 
520.2 495.8 

Abundance in the earth 

 crust (mg kg-1) 
20 23.6×103 

Distribution everywhere 
70% in South 

America 

Cost of carbonate ($/ton) 250–300 5800 

Theoretical capacity 

(mA h g-1) 
3861 1161 

Theoretical capacity 

(mA h cm-3) 
2062 1131 

 

Negative electrode is a necessary part of Na-ion batteries. The 

optimization of Na-ion technology urgently needs improvement for 

the anode materials. In 1980, Newman and Klemann14 firstly 

reported the highly reversible sodium insertion into TiS2 at room 

temperature, demonstrating the possibility of reversible operation 

of an ambient temperature sodium anode cell. NIBs made 

significant breakthrough in 2000, with the achieving of a reversible 

sodium storage capacity of 300 mA h g-1 for hard carbon.15 

Furthermore, Stevens and Dahn investigated the mechanisms of 

lithium and sodium insertion in carbon materials, confirming that 

there were many similarities between the two systerms.16 More 

importantly, NIBs have been undergoing a development apex since 

2010 and more and more negative materials have been found (see 

Fig. 1). 

 
Fig. 1 Average voltage (discharge) versus capacity plot of anode 
materials for Na-ion batteries. Data derived from refs. 25, 30, 41, 42, 
46, 48, 50, 63, 65, 70, 71, 76, 77, 79, 82, 88-89, 97, 99, 104, 106, 11 
8, 120, 128, 131, 135, 149, 153, 145, 157, 162, 166. 

Unlike lithium metal, sodium metal cannot be directly used as 

anode considering of its safety hazard and unstable passivation 

layer in most organic electrolyte at room temperature. Hence, it is 

desperately needed to seek for suitable anode materials with 

proper voltage window, high reversible capacity and stable 

structure. Research on anode materials for NIBs can be classified 

into five types: (1) carbon based materials, (2) alloy-based 

materials, (3) metal oxides and sulfides based on conversion 

reaction, (4) titanium-based composites with insertion mechanism, 

and (5) organic composites. 

Recent years have seen the rapid development of anode 

materials for NIBs, with various and numerous anodes quickly 

springing back up.6,7, 17-19 In this paper, we offer more detailed and 

updated research progress for NIBs anodes mainly in recently three 

years. In particular, this review discusses the Na-storage and failure 

mechanisms of the selected anodes, and points out the problems 

and challenges troubled with these anodes. Moreover, the feasible 

strategies are suggested for designing high performance anode 

materials. 

2 Carbon-based materials 

Carbon-based materials are the most studied anodes for NIBs, due 

to their natural abundance and renewability. Their properties are 

listed in Table 2. Graphite, as the most popular anode for LIBs, is 

electrochemically less active in NIBs, with a low capacity and 

irreversibility of Na/C reaction12, due to the mismatching of 

graphite interlayer distance (d002=0.334 nm) to the larger Na+ ions. 

Encouragingly, in 2014, expanded graphite with an enlarged 

interlayer lattice distance of 4.3 Å was reported as the excellent 

anode for NIBs, which showed a high capacity of 284 mA h g-1 at the 

current density of 20 mA g-1 and maintained 136 mA h g-1 at 100 mA 

g-1 after 1000 cycles (Fig. 2a). The mechanism of Na+ insertion into 

the expanded graphite is different from other carbon-based 

materials. Most Na+ ions intercalate into the interlayer of graphite 

with the reversible interlayer expansion/shrinkage during the 

sodiation/desodiation, which is confirmed by cyclic voltammetry 

and in situ TEM.20 

Graphene, unique one-atom-thick layered 2D carbon materials, 

with excellent electronic conductivity and chemical stability, has 

also been used in NIBs. Wang et al. prepared reduced graphene 

oxide by simple modified Hummer’s method, delivering a reversible 

capacity of 217.2 mA h g-1 at 40 mA g-1 and a capacity of 95.6 mA h 

g-1 at a high current density of 1000 mA g-1.21 More importantly, the 

properties of graphene can be further improved by devising 

hierarchically porous structure and heteroatom doping. For 

example, a sandwich-like hierarchically porous carbon/graphene 

composite was synthesized by simple ionothermal method, showing 

a super high capacity of 400 mA h g-1 at 50 mA g-1 and a reversible 

capacity of 250 mA h g-1 for 1000 cycles at 1 A g-1. The outstanding 

performance can be attributed to unique structure, where 

hierarchical porous carbon facilitated Na+ insertion and graphene 

enhanced electronic conductivity.22 Nitrogen-doped23 and boron-

doped24 graphene were also synthesized, and exhibited improved 

performance. This is because that heteroatom doping not only can 

significantly boost the electronic conductivity, but also can create 

abundant defects and active sites. 
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Hard carbon, so called non-graphitic carbon, has been widely 

used as anodes for NIBs,25-28 owing to its highly disordered structure 

and large interlayer distance. The structure of hard carbon is 

composed of carbon layers (graphene-like) and micropores. Fig. 2b 

shows the typical charge and discharge curves of hard carbon, 

which exhibits two distinct features: a sloping region and a long 

plateau region below 0.1 V which can be ascribed to the insertion of 

Na+ between parallel layers and into nanopores of hard carbon, 

respectively. This mechanism of the Na+ insertion into hard carbons 

was initially studied in 2000 by wide angle in situ X-ray scattering 16 

and further confirmed by solid state 23Na NMR recently.29 On the 

 
Fig. 2 (a) cycling stability of expanded graphite at 100 mA g-1 with 
activation at 20 mA g-1 for the initial 10 cycles. (b) Charge/discharge 
curves of the selected cycles for hard carbon. The TEM images of (c) 
pristine carbon nanofibers, (d) sodiated carbon nanofibers, (e) 
sodiation-induced crack at 602 s. (a) reprinted with permission from 
Macmillan Publishers Ltd.: (Nat. Commun.) (ref. 20), copyright 2014. 
(b) reprinted with permission from ref. 25. Copyright 2014 The 
Electrochemical Society. (c, d, e) reprinted with permission from ref. 
34. Copyright 2014 American Chemical Society. 

whole, hard carbon exhibits a reversible capacity of 200-300 mA h g-

1 at the low current density. However, the high-rate capability is 

insufficient due to the low graphitization of hard carbon. It must 

also be noted that a large portion of capacity for hard carbon comes 

from low potential (ca. 0 V), close to the sodium electroplating 

potential, which may cause serious safety hazard in fast charging 

process. 

There are mainly three effective strategies to ameliorate the 

unsatisfactory cyclic stability and rate capability of carbon materials. 

Firstly, prepare nanostructured carbon materials, which have the 

advantage of good conducting connective and structural stability. 

For example, carbon nanosheets, as thin as 60 nm, derived from 

biomass precursor (peat moss) have been reported.30 The carbon 

could form highly ordered pseudographitic arrays with a 

substantially dilated interlayer spacing (0.388 nm). By incorporating 

a mild air activation step, micro- and mesoporosity were 

introduced, which can tremendously improve the rate 

performance. The optimized structures achieved a high capacity of 

255 mA h g-1 at 100mA g−1 after 210 cycles, with nearly 100% 

coulombic efficiency. The outstanding performance and the 

economical, environment friendly synthesis may make carbonized 

peat moss a potential anode for NIBs. 

Secondly, design hollow structure. Hollow carbon nanospheres 

showed much better rate performance compared to its solid 

spheres.31 Cao and co-workers reported the hollow carbon 

nanowires derived from hollow polyaniline, with an initial capacity 

of 251 mA h g−1 and 82 % capacity retention after 400 cycles at 50 

mA h g-1.32 The achieved good properties benefited from the unique 

hollow structure, which not only offered a buffering zone to 

effectively release the mechanical stress caused by Na+ 

insertion/extraction, but also shortened the Na+ diffusion path to 

boost mass transport.  

Finally, heteroatom doping in carbon structure is also an efficient 

way. Wang et al. prepared N-doped interconnected carbon 

nanofibers by direct pyrolyzation of PPy nanofiber webs, reaching a 

high capacity of 73 mA h g-1 at an extremely high rate of 20 A g-1 

between 0.01-2.0 V.33  

In order to explore the mechanical degradation and 

microstructure evolution of carbon-based anodes during sodiation, 

Wang’s group studied the electrochemical sodiation of hollow 

carbon nanofibers (CNFs) by in situ TEM.34 The hollow CNFs were 

Table 2 Properties of carbon-based materials

Carbon materials 
Electronic 

Conductivity 

(S cm
-1

)
a
 

Interlayer 

Distance 

 (nm) 

Voltage 

(V versus 

Na
+
/Na) 

SBET 

(m
2 

g
-1

) 
mechanism 

Expanded graphite20 100 0.43 0-0.3, 0.3-2 30-34 insertion 
Graphene21 103-106 0.365-0.371 0.01-2 330.9 adsorption 

Hard carbon 10-100 

 

0.3928 0.1, 0.1-1.2  127226  insertion between parallel layers 

and into nanopores Nanosheets30 10-100 0.388 0.2, 0.2-1.2 196.6 

Hollow carbon 

nanospheres31 
10-100 0.401 0-1.5 410 

insertion between graphene 

layers (mainly) 

N-doped nanofibers33 --  0.369 0.01-1.5 81.7 
surface adsorption and redox 

reactions 

a the data of electronic conductivity are not from the corresponding refs. 20, 21, 30, 31.  
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composed of a bilayer wall with an outer layer of disordered carbon 

(d-C) and an inner layer of crystalline carbon (c-C) (Fig. 2c). During 

sodiation, the flexible d-C showed approximately three times 

volume expansion of c-C (Fig. 2d), indicating a higher Na storage 

capacity in d-C than c-C. It was also found that the mechanical 

degradation of hollow CNFs was ascribed to the frequent formation 

of longitudinal cracks close to the c-C/d-C interface after sodiation 

(Fig. 2e). The geometrical changes of the hollow CNFs were due to 

the anisotropic sodiation strains in c-C and d-C. 

3 Alloy-based materials 

Alloy-based materials have been proved to be promising anode 

electrodes owing to their high theoretical capacity (as shown in Fig. 

3). They can alloy with sodium to form rich alloy phases, yielding a 

much higher capacity than carbon-based materials. For LIBs, Si is 

the most studied alloy materials due to its ultra high theoretical 

specific capacity of 4200 mA h g−1, however, it is indeedly Na 

inactive. Indium (In) is also explored as anode for NIBs, however, it 

just exhibits a low capacity of ca. 100 mA h g−1.35 Therefore, this 

section pays attention to the extensively studied the elements in 

group 14 (Sn, Ge) and group 15 (P, Sb) owing to their excellent 

electrochemical performance, low cost and environmental 

friendliness. Some of their properties are listed in Table 3.  

 
Fig. 3 Theoretical gravimetric capacity and volume change of the Ge, 
Sn, P, and Sb elements 

Ceder’s group13 reported that Na (de)insertion into the crystalline 

tin occured in four steps, NaSn5, NaSn, Na3Sn and Na15Sn4 (Fig. 4a). 

The final phase Na15Sn4 after full sodiation in NIBs has been 

experimentally detected. 36, 37 A high theoretical capacity of 847 mA 

h g-1 can be achieved from Sn to Na15Sn4, with the huge volume 

expansion of 420%. 

Antimony (Sb) is also a promising alloy anode for NIBs, with a 

high theoretical capacity of 660 mA h g-1. Darwiche et al. explored 

the reaction mechanism of pure micrometric Sb in NIBs by in situ 

Table 3 Summarization of alloying and conversion reaction-based materials 

Mechanism Materials 

Electrical 

conductivity 

(S cm
-1

) 

Theoretical 

capacity (mA 

h g
-1

) 

Abundance in 

the earth 

crust (ppm) 

Alloying 

x
M xNa xe Na M+ −+ + ↔  

Sn 9×104 847 2.2 

P 10-14 2596 1000 

Ge ∼10-2 369 1.8 

Sb 2.5×104 660 0.2-0.5 

Conversion 

 NiCo2O4 0.1-0.3 890 -- 

 Fe2O3 7×10-3 1007 41000 

2
2 2

x
MO xNa xe xNa O M

+ −+ + ↔ +  CuO 0.03-1 674 100 

 Co3O4 3.1×10-5 890 10 

 MnOx 10-4-10-6 700-1000 950 

2
2 2

x
MO xNa xe xNa O M

+ −+ + ↔ +  SnO2 4.5×10-5 782 2.2 

yM yNa ye Na M
+ −

+ + ↔  Sb2O3 -- 1102 0.2-0.5 

( )2 2
Intercalation

x
MS xNa xe Na MS+ −+ + →  MoS2 3.3×10-7 (bulk) 670 1.5 

( ) ( )2 2 (4 )  4    2  ConversionxNa MS x Na x e M Na S
+ −+ − + − → +

 SnS2 2×10-3 584 2.2 

 FeS2 0.06-5 893 41000 
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XRD.38 It was revealed that Na inserted into crystalline Sb to form 

intermediate phases NaxSb, which were mostly amorphous and 

further to form hexagonal Na3Sb as a final product. However, 

during the charge/discharge process, Na alloys with Sb 

accompanying with a large volume change of 293%, resulting in the 

poor cyclability at high current density.  

Germanium (Ge) can alloy with Na to form NaGe calculated by 

Ceder’s group13
，delivering a theoretical capacity of 369 mA h g−1. 

And it was first reported as anode material for NIBs by Baggetto.39 

However, the application of Ge is held back by its sluggish kinetics 

and poor cyclability. 

Phosphorus (P) has three allotropes: white, black, and red 

phosphorus. Among these allotropes, red phosphorus is relatively 

stable, commercially available and most studied as anode for NIBs. 

P provides a highest theoretical capacity of 2596 mA h g−1 (Na3P) 

and appropriate redox potential of about 0.4 V vs. Na+/Na.40,41 

However, just as other alloy based materials, P also undergoes large 

volume expansion and serous electrolyte decomposition. In 

addition, P has a quite low electrical conductivity (1 × 10−14 S cm-1). 

As noted above, the main challenge for alloy-based materials is 

the enormous volume expansion (Fig. 3), which will result in 

continuous pulverization of these electrode materials and then a 

steep deterioration of electrochemical performance. In recent 

years, much research effort has been devoted to reducing the 

negative effect of volume change and boosting the electronic 

conduction, and several approaches have been proposed. 

The first critical approach is to prepare unique nanostructures, 

which can better accommodate the stress and strain without 

pulverizing, and reduce the ionic and electronic transport pathways. 

For example, Nam et al.
42 reported bare Sn nanofibers using Triton 

X-100 as inducer by simple electrodeposition. As electrode 

materials for NIBs, the Sn nanofibers exhibited good cyclic stability, 

with an initial capacity of 816.37 mA h g-1 and 95% capacity 

retention after 100 cycles at 0.1 C. However, the coulombic 

efficiency and rate capability needed to be further improved. Meng 

et al prepared monodisperse Sb nanocrystals (10-20 nm), which 

exhibited improved rate capability and cycling stability with respect 

to microcrystalline Sb.43 Abel et al. compared the electrochemical 

performance of nanocolumnar and dense Ge thin films.44 The initial 

capacity of the nanocolumnar films was 430 mA h g-1 and 88% 

capacity was maintained over 100 cycles at C/5, while the dense 

films started to decay after 15 cycles. 

The second efficient approach is to introduce carbon to the 

system, in which metal particles can be coated with carbon or 

embedded in carbon matrix. In this system, carbon matrix can act as 

a buffer to suppress the volume change and particle aggregation of 

the metal during sodiation/desodiation process, thus addressing 

the major challenges of loss of electrical contact, pulverization and 

low utilization rate associated with alloy anode. In addition, carbon 

phase can also boost the electrical conductivity of the electrodes. A 

series of Sn/C37,45,46, Sb/C47-51 and P/C40,41,52-54 composites have 

been synthesized with markedly enhanced electrochemistry 

performance. 

Our group synthesized Sn@carbon composite with ultrasmall Sn 

nanoparticles (~8 nm) homogeneously embedded in spherical 

carbon (8-Sn@C) network (Fig. 4b) using an aerosol spray pyrolysis 

method.37 When used as anode for NIBs, the 8-Sn@C electrode 

showed a high reversible capacity of 493.6 mA h g-1at 200 mA g-1. 

Moreover, the capacity of 349 mA h g-1 even at high rate of 4 A g-1 

and 445 mA h g-1 after 200 cycles with negligible fading at 500 mA g 

-1 were achieved (Fig. 4d). The high-rate capability and remarkable 

cycling stability of 8-Sn@C benefited from synergetic effects 

between the well-dispersed ultrasmall Sn nanoparticles and the 

conductive carbon network as stated above. 

 
Fig. 4 (a) Na-Sn voltage curves calculated using DFT (b) HRTEM 

images of 8-Sn@C. (d) Rate capability and cycling performance of 

the 8-Sn@C and 50-Sn@C electrodes. (c) Cycling performance of Sb 

electrode vs. Na+ and Li+ at C/2 with addition of 5% FEC. (a) 

reprinted with permission from ref. 13. Copyright 2011 The 

Electrochemical Society. (b, d) reprinted with permission from ref. 

37. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

(c) reprinted with permission from ref. 38. Copyright 2012 American 

Chemical Society. 

Sb/C nanofibers were prepared by electrospinning and 

subsequent calcinations.50 The Sb nanoparticles with 15-20 nm 

diameters were uniformly dispersed in carbon nanofibers. It 

exhibited a high capacity of 631 mA h g-1
 at the rate of 40 mA g-1 

and 337 mA h g-1 at a high rate of 3000 mA g-1. It is worth 

mentioning that electrospinning technique and above mentioned 

aerosol spray pyrolysis method are effective ways to prepare M/C 

composites owing to their simplicity, low cost and easy large-scale 

production. 

Qian et al.
40 and Kim et al.

41 reported amorphous P/carbon 

composites through high-energy ball-milling, which delivered a high 

revisable capacity of 1750 mA h g−1 at 250 mA g−1 after 40 cycles 

and 1890 mA h g−1 at 143 mA g−1 for 30 cycles, respectively. Very 

recently, single-walled carbon nanotube (SWCNT) and graphene 

nanosheets were utilized as the conducting matrix to improve 

electrical conductivity of red phosphorus and alleviate the volume 

change during sodiation/desodiation process.52,53 Moreover, an 

black (orthorhombic) phosphorus/carbon composite was also 

prepared, with an initial capacity of approximately 1300 mA h g-1. 

The lower capacity was attributed to the incomplete transformation 

to Na3P demonstrated by XRD.54 

The third promising strategy is to design M−(Sn, Sb, P, Ge) 

intermetallics, where M is an electrochemically inactive component. 
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In this approach, the intermetallics can convert to M/Sn composite 

in the first cycle. The M acts as an electrochemically inactive matrix 

to alleviate volume changes during sodiation/desodiation. This 

introduced phase can also improve the electric conductivity of the 

system. And numerous M-Sn (M= Cu, Ni and Co),55-57 M-Sb (M= Al, 

Cu, Zn, Mo and Bi), 58-62 and M-P (M= Fe, Ni)63, 64 alloys have been 

explored as anode for NIBs. For instance, Yu and Maier56 

successfully prepared highly porous Ni3Sn2 microcages composed of 

tiny nanoparticles through a facile template-free solvothermal 

method. As anode for NIBs, it maintained a reversible capacity of 

270 mA h g-1 at the rate of 1 C for 300 cycles. The outstanding 

performance is attributed to shortened ion-diffusion distance, good 

electronic conductivity and supressed mechanical strain of Sn by 

the hollow cores structure and Ni matrix. 

The fourth key approach is to fabricate M-(Sn, Sb, P, Ge) alloys, in 

which M is an electrochemically active component. In this system, 

the two different metal phases can work as mutual buffer to each 

other to alleviate the volume fluctuation. SnSb65-67and Sn4P3.68-70 

have been extensively applied to NIBs. 

SnSb was first developed as anode for NIBs by Liu’s group.65 It 

was found that the alloying/dealloying reactions occurred in a 

sequential manner. That is, SnSb was first sodiated to form 

amorphous Na3Sb66 and Sn, followed by the sodiation of Sn into 

Na15Sn4. The coexisting Sn- and Sb-rich phases generated during 

sequential reactions can self-support one another. As a result, the 

SnSb electrode can maintain the stability and good electric contact 

during the sodiation/desodiation processes. Therefore, the high 

initial capacity (544 mA h g-1) and good cyclability (80% capacity 

retention over 50 cycles at of 100 mA g-1) can be reached. 

Additionally, Sn-Ge-Sb ternary alloy was also prepared for NIBs with 

high capacity, excellent cyclability and rate capability.71 

Sn4P3 was firstly reported as anode for NIBs by Lee’s group.68 

Sn4P3 exhibited a high reversible capacity of 718 mA h g-1 with 

negligible capacity fading over 100 cycles. It was shown that Sn4P3 

was firstly converted into NaxP and NaSn during sodiation, and 

NaSn further sodiated to form Na15Sn4 after full sodiation. The 

excellent electrochemical performance of Sn4P3 was attributed to 

synergistic sodium storage reactions of the Sn and P components, 

where Sn-based phase worked as electronic channels to enhance 

electrical conductivity of the P component, while the elemental P 

and NaxP acted as a shielding matrix to relieve the volume 

expansion during Na insertion reaction. 

The fifth significant approach is to use proper electrolyte additive, 

such as fluoroethylene carbonate (FEC).38, 40, 41, 72, 73 Liu’s group 

deeply studied the formation of solid electrolyte interphase (SEI) 

layers of SnSb system. It was revealed that the presence of FEC can 

largely minimize the electrolyte decomposition, modify the 

morphology, structure and chemical composition of the surface 

passivation layer and finally result in the formation of thin, uniform, 

stable and structurally compact SEI films. These films contributed to 

stabilizing electrode and improving migration kinetics of Na+ ions, 

leading to remarkable cycle stability and excellent rate 

performance.73 Darwiche38 et al studied the electrochemistry 

performance of bulk Sb with and without FEC. Sb delivered a high 

capacity of 576 mA h g−1 over 160 cycles at 0.5 C and an extremely 

good coulombic efficiency exceeding 98% with electrolyte additive 

of FEC, while the capacity decayed steeply after 15 cycles when this 

additive was not added (Fig. 4c). In addition, the novel electrolyte 

with two additives of fluoroethylene carbonate (FEC) and 

tris(trimethylsilyl)phosphate (TMSP) can achieve observably 

improvement in the electrochemical performance of Sn4P3 anode 

for NIBs.74  

Finally, using three-dimensionally cross linkable binders, such as 

polyacrylic acid (PAA)72 and carbxymethyl cellulose (CMC)45 is also 

an effective way to promote the cycling performance. Komaba et al. 

demonstrated the capacity and coulombic efficiency of Sn electrode 

were improved by utilizing the PAA binder instead of PVdF.72 

4 Metal oxides and sulfides  

Recently, more and more metal oxides (denoted as MOx) have been 

studied as anodes for NIBs. In this section, we focus on those metal 

oxides storing Na via conversion reactions. The reaction mechanism 

can be summed up into two types according to the 

electrochemically inactive or active metal in an oxide. If the metal is 

an inactive element, such as, Fe, Co, Ni, Cu, Mn, and Mo, metal 

oxides can react with Na+ through one-step conversion reaction:  

22 2 (1)xMO xNa xe xNa O M
+ −+ + ↔ +

When the metal is electrochemically active, such as Sn, and Sb, 

metal oxides can react with Na+ via a conversion reaction (eqn (1)) 

and a further alloying reaction (eqn (2)). 

2 2 (2)yxNa O M yNa ye xNa O Na M
+ −

+ + + ↔ +

   
These anodes show high capacities and energy densities due to 

the multi-electron reactions. However, they also troubled with low 

initial coulombic efficiency, large hysteresis and poor cyclability. 

Recently, various nanostructured MOx
75-77 and MOx/C composites78-

81 (as summarized in Table 3) have been synthesized to solve these 

issues. 

In 2002, transition metal oxide spinel NiCo2O4 was first reported 

as anode for NIBs. Ex-situ XRD analysis demonstrated that NiCo2O4 

transformed to metal Co and Ni after full sodiation. NiCo2O4 

delivered a reversible capacity of ca. 200 mA h g-1, which was much 

lower than the theoretical capacity (890 mA h g-1). In addition, 

reversible discharge capacity of about 300 mA h g-1 was obtained in 

a full sodium cell using spinel NiCo2O4 versus layered NaxCoO2.82  

Fe2O3 and Fe3O4 are attractive anodes due to their high 

theoretical capacity and low cost. Komaba et al. firstly testified that 

the nanocrystallized Fe3O4 and α-Fe2O3 were electrochemically 

active in the sodium salt electrolyte, however, the obtained sodium 

storage capacity was rather low.83 Fe2O3 nanocrystals anchored 

onto graphene nanosheets (Fe2O3@GNS) were prepared by a 

nanocasting technique. As anode for NIBs, Fe2O3@GNS exhibited an 

initial capacity of 535 mA h g−1 and 75% capacity retention after 200 

cycles at 100 mA g−1. However, the initial coulombic efficiency was 

low.78 On a different approach, Chen’s group prepared porous γ- 

Fe2O3@C nanocomposite by a simple aerosol spray pyrolysis, where 

ultra small γ-Fe2O3 nanoparticles (∼5 nm) were uniformly dispersed 

in a porous carbon matrix. The obtained product exhibited high 

sodium storage capacity (740 mA h g−1 at 200 mA g−1), outstanding 

cyclability (358 mA h g−1 after 1400 long cycles at 2000 mA h g−1) 

and high-rate capability (317 mA h g−1 at high rate of 8000 mA 

g−1).79 Recently, a full Na-ion cell based on a Fe3O4/C anode, 

Na[Ni0.25Fe0.5Mn0.25]O2 cathode and novel electrolyte (NaClO4 in 

ethyl methanesulfonate (EMS)/fluoroethylene carbonate (FEC)) was 
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examined, delivering a capacity of 130 mA h g-1 and 76.1 % capacity 

retention after 150 cycles (Fig.5a).84 

More strikingly, CuO as anode for NIBs have made great progress. 

Chen’s group prepared porous CuO nanowires composed of 

nanoparticles (~50 nm), which showed a capacity of 303 mA h g-1 

for 50 cycles at a current density of 50 mA h g-1.75 As shown in Fig. 

5b, during the initial sodiation process, two irreversible peaks (1.08 

and 0.36) were ascribed to the decomposition of electrolyte and 

the formation of a SEI layer. In the subsequent cycles, the cathodic 

peaks at 1.64, 0.60 and 0.16 V corresponded to three 

electrochemistry reactions: Na+ ions firstly reacted with CuO to 

form CuⅡ
1−xCuⅡ

xO1−x/2 and Na2O, Na+ further inserted into 

CuⅡ1−xCuⅠxO1−x/2 to produce Cu2O, and finally to form Cu 

nanoparticles embedded in Na2O matrix after full sodiation. In 

order to improve the cycling stability of CuO, their group further 

designed the CuO/C spheres. They delivered a significantly 

improved electrochemical properties, with a high capacity of 402 

mA h g-1 after 600 cycles at 200 mA g-1 and 304 mA h g-1 at a high 

rate of 2000 mA g-1.80 In addition, porous CuO nanorod arrays 

(CNAs) were fabricated by in situ engraving commercial copper foils, 

which could be directly employed as anode without binder and 

conductive agent for NIBs.76 

 
Fig. 5 (a) Cycle performance for the Fe3O4/Na[Ni0.25Fe0.5Mn0.25]O2 
full cell. (b) Cyclic voltammograms of CuO nanowires from 0.01 to 
3.0 V at a scan rate of 0.1 mV·s-1 (c) The schematic illustration of the 
mechanism for the initial discharge process of SnO2 nanocrystals in 
a Na-ion cell. (d) TEM images and schematic drawing show the 
structural evolution of the nanowire during sodiation/desodiation. 
(a) reprinted with permission from ref. 84. Copyright 2014 
American Chemical Society. (b) reprinted with permission from ref. 
75. Copyright 2014 Tsinghua University Press and Springer-Verlag 
Berlin Heidelberg. (c) reproduced from ref. 97 with permission from 
the PCCP Owner Societies. (d) reprinted with permission from ref. 
101. Copyright 2013 American Chemical Society. 

Moreover, many groups devote their effort to exploring the Na 

storage performance of Co3O4.77, 85, 86 For example, nanostructured 

Co3O4 showed a reversible capacity of 447 mA h g-1 for 50 cycles at 

25 mA g-1 between 0.01-3.0 V.83 Similar to the lithiation of Co3O4, a 

characteristic discharge plateau at a lower voltage of 0.01 V (vs. 

Na+/Na) was found, however, the sodiation plateau was not as 

marked as that caused by lithiation. Additionally, many other metal 

oxides based on conversion reaction have also been investigated, 

such as NiO,87, 88 MoO3
89, 90 and Mn3O4

91. Above all, a positive effect 

of the PAA/CMC binder to improve the electrochemical 

performance of oxide-based anodes in Na cell was demonstrated.92  

Most of the above metal oxides with electrochemically inactive 

metal element show the reversible capacities no high than 500 mA 

h g-1. When it comes to metal oxides consisting of active metal 

element, the capacity will be much higher due to further alloying 

reaction. 

Sn based metal oxides (SnO and SnO2) have proved to be 

promising anode for NIBs.93-99 Shimizu et al. first reported the Na 

storage performance of SnO thick film, which exhibited an initial 

capacity of 580 mA h g-1, but only 260 mA h g-1 after 50 cycles at 50 

mA g-1.100 Subsequently, hierarchical mesoporous SnO microspheres 

with better electrochemical performance were also prepared by 

Wang’s group.93 SnO microspheres were composed of mesoporous 

nanosheets (~20 nm in thickness) and each nanosheet consisting of 

SnO nanocrystals (~10 nm) which were exposed with {001} facets. 

This unique structure would facilitate Na+ diffusion. As a result, a 

high capacity of 371 mA h g-1 after 50 cycles at 40 mA g-1 was 

obtained. Ex situ XRD revealed that Na+ first inserted into SnO to 

form crystalline tetragonal Sn, then the Sn further alloyed with Na+ 

to produce NaSn2. Moreover, their team also made a great deal of 

research on SnO2. For example, SnO2@graphene composite was 

prepared by in situ hydrothermal method and gave a high Na 

storage capacity of more than 700 mA h g-1 for 100 cycles at 20 mA 

g-1.95 Furthermore, they studied the Na storage mechanism of SnO2 

by ex situ TEM and it was found that Na ion inserted into the SnO2 

to generate NaSnO2 (above 0.8 V). After that, Na+ further inserted 

into NaSnO2 to form Na2O and Sn (0.8-0.1 V) and finally Sn alloyed 

with Na to form NaxSn (0.1-0.01 V) (As illustrated in Fig. 5c).97 

More importantly, in situ TEM has been utilized to probe the 

failure mechanism of SnO2 nanowire.101 As shown in Fig. 5d, upon 

sodiation, Na inserted into SnO2 to form the structure, where NaxSn 

particles were embedded in the Na2O matrix, accompanying with 

huge volume expansion. Upon desodiation, the NaxSn transformed 

into Sn nanoparticles surrounded by pores. These pores largely 

increased electrical impedance, leading to the poor cycling stability 

of SnO2. And fast sodiation was also observed in the misoriented 

surface grains owing to the promoted Na+ transport along the grain 

boundaries.  

More recently, various of Sb based metal oxides have been 

examined as anode for NIBs, such as Sb2O3,102 SbOx,
103 and Sb2O4

104. 

Compared to tin oxides, antimony oxides exhibit more satisfied 

cyclability. For example, Hu et al. first reported Sb2O3 anode for 

NIBs, which performed remarkable cycling stability with a capacity 

of 414 mA h g-1 at 500 mA g-1 after 200 cycles between 0.01-2 V. 

Based on the results of XRD, HR-TEM, SAED and XPS, it was found 

Na+ initially intercalated into Sb2O3 without structural change, 

(above 0.8 V) and then Sb2O3 further reacted with Na+ to form Sb 

and Na2O (0.8-0.4 V). Finally, NaSb was produced after full sodiation. 

Li et al. further improved the performance of Sb2O3 by fabricating 

Sb2O3/Sb@graphene nanocomposites anchored on 3D carbon sheet 

network, which exhibited 92.7% desodiation capacity retention 

after 275 cycles.102 

Metal sulfides (MSa) are also widely studied anode materials. In 

general, the mechanism in Na-MSa occurs through two steps. Na+ 

first intercalates into MSa to form an intermediate (NaxMSa), then 
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NaxMSa decomposes to Na2S and M through a conversion 

reaction.105-107 However, the latter conversion reaction usually 

causes severe volume expansion of the electrode materials and 

sluggish kinetics for Na+ intercalation/de-intercalation.107, 108 Many 

approaches, such as preparing MSa/C composites, controlling the 

cut-off voltage, have been adopted to solve these problems. 

Generally speaking, Metal sulfides are composed of layered metal 

disulfides and non-layered metal sulfides. 
Layered metal disulfides (M= Mo, Sn, W, Ti) in which a layer of 

metal atoms (M) sandwiched between two layers of S. Strong 

covalent bonding characterizes the M–S interactions, while the 

interactions between S-M-S single-layers are characterized by weak 

Van der Waals forces. Therefore, layered MS2 is expected as a 

promising intercalation host material for NIBs. In a Na-MS2 system,  

the reaction conducts as the following: 

( )2 2 Intercalation  (3)xMS xNa xe Na MS
+ −

+ + →

( ) ( )2 2 (4 )  4    2  Conversion (4)xNa MS x Na x e M Na S
+ −

+ − + − → +

    
MoS2, a typical layered material, has been intensively 

investigated as anode for NIBs. Park et al. firstly explored the Na 

storage property of bulk MoS2, however, only 89 mA h g-1 after 100 

cycles was obtained.109 One approach to improve the specific 

capacity is preparing few-layered or even single-layered MoS2, 

which can relieve the strain and decrease the barrier for Na+ 

intercalation.106, 110 The other one is fabricating MoS2/carbon 

composites to promote electrochemical kinetics and alleviate 

volume variations.106, 110, 111-114 For example, MoS2/graphene 

composite paper, in which few-layered MoS2 nanoflakes were 

dispersed in graphene matrix, was directly utilized as anode for 

NIBs, which exhibited a capacity of 230 mA h g-1 after 20 cycles at 

250 mA g-1.110 Wang’s group demonstrated that MoS2/graphene 

heterointerface played a key role in improving the conductivity of 

MoS2, increasing Na-storage capacity.115 This work deepened the 

understanding of 2D graphene-based heterostructure and lay the 

foundation for rational design high performance materials for NIBs. 

Maier’s group further improved the reversible capacity by 

synthesizing single-layered ultrasmall MoS2 nanoplates embedded 

in carbon nanowires (Fig. 6a-d). The obtained electrode exhibited 

an ultrahigh capacity of 854 mA h g-1 at 100 mA g-1 and 253 mA h g-1 

at a high rate of 10 A g-1 for 100 cycles (Fig. 6e). This excellent Na-

storage capability could be attributed to the ultrasmall reaction 

domains, which allowed for a nearly diffusionless and nucleation-

free “conversion”.106 Moreover, the cycling stability of MoS2 was 

largely improved by controlling the cut-off voltage to the range of 

0.4-3 V, during which only reversible intercalation reaction (eqn (3)) 

took place.107

 

 
Fig. 6 (a-d) TEM, HTEM images and (e) excellent cycling 
performance of single layered MoS2-carbon nanofiber composite. 
Reprinted with permission from ref. 106. Copyright 2014 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

More impressively, the structure evolutions of MoS2 during the 

intercalation were clarified at the atomic scale by advanced 

aberration-corrected scanning transmission electron microscopy 

(STEM).105 Just as shown in Fig 7, upon discharge, Na+ first 

intercalated to every other interlayer of few-layered 2H-MoS2 (Fig. 

7b, 7f and 7j), then intercalated into the empty layers (Fig. 7c, 7g 

and 7k) before the former interlayers were fully occupied. 

Meanwhile, the sulfur planes glide along an interlayer atomic plane 

to produce 1T-MoS2. And finally Na+ filled all the interlayers (Fig. 7d, 

7h and 7l) of MoS2 (Fig. 7a, 7e and 7i). It was also shown that when 

more than 1.5 Na+ per formula of MoS2 were intercalated, NaxMoS2 

would decompose to NaxS and Mo, and the structural evolution 

would be irreversible. Furthermore, a planar microscale battery was 

designed to study the topographical changes of MoS2 during cycle 

process.116 Atomic force microscopy (AFM) revealed that the 

permanent structural wrinkling of sodiated MoS2 was observed at 

0.4 V, while SEI layer on the MoS2 electrode formed around 1.5 V 

with an average thickness of 20.4 nm ± 10.9 nm before sodium 

intercalation.  

 
Fig. 7 High-angle annular dark-field (HAADF), and selected area 
electron diffraction (SAED) images of commercial MoS2 in Cell-60 (a 
and e), Cell-80 (b and f), Cell-160 (c and g), and Cell-256 (d and h) 
along the [001] zone axis and the annular brightfield (ABF) images 
of as-prepared nano-MoS2 (i) with cutoff at 1.0 V (j), 0.8 V (k), and 
0.2 V (l) along the [100] zone axis. The purple, yellow, and blue 
circles are overlaid in the image for Mo, S, and Na atoms, 
respectively. Reprinted with permission from ref. 105. Copyright 
2014 American Chemical Society. 

Recently, non-layered metal sulfides, such as FeS2,125, 126 Sb2S3,127 

Ni3S2,128 have also exhibited promising electrochemistry properties 

for NIBs. For a Na-FeS2 cell, the reaction also proceeds in two steps: 

( )2 2 2, intercalation (5)xFeS xNa xe Na FeS x
+ −+ + → <

( ) ( )2 24 4 2  (x 2,conversion) (6)xNa FeS x Na x e Fe Na S
+ −

+ − + − → + ≥

    
For a long time, FeS2 had characterized with bad cyclability due to 

the huge volume change (mainly generated by conversion reaction) 

and improper electrolyte.129 Very recently, Hu et al. discovered that 

the detrimental conversion reaction (eqn (6)) in a Na/FeS2 battery 

could be avoided through controlling the cut-off voltage to 0.8 V 

and using NaSO3CF3/diglyme electrolyte. As a result, an 

unprecedented long-term cycling stability (~90% capacity retention 

at 1 A g-1 for 20000 cycles) and remarkable high-rate capability 
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(~170 mA h g-1 at 20 A g-1) were achieved.108 Sb2S3 exhibited a high 

capacity of 835.3 mA h g-1 at 50 mA g-1 over 50 cycles and 553.1 mA 

h g-1 at a high rate of 2000 mA g-1.127 However, the electrochemistry 

performance of Ni3S2 in Na-cell was far from satisfying.128 

5 Titanium-based compounds 

Recently, various titanium-based compounds have been explored as 

promising sodium insertion host due to their low-cost, nontoxicity, 

low operation voltage, low strain and excellent cyclability. However, 

the performances of them strongly depend on the electrolyte,130 

the binder92,131-133 and the morphology.134 In general, Ti-based 

composites provides low specific capacity due to the limited Na 

storage sites. The main achievements for titanium-based 

composites, such as TiO2, Na2Ti3O7, Na4Ti5O12, Li4Ti5O12, and 

Na2Ti6O13, are reviewed in this section. 

Titanium dioxide (TiO2) has several main polymorphs such as 

anatase, rutile, brookite and TiO2 (B). Among them, anatase TiO2 is 

most widely investigated for NIBs because of its three dimensional 

open structure. Xu et al. firstly reported that nanocrystalline 

anatase TiO2 composite was able to store Na and delivered a high 

reversible capacity of 150 mA h g-1 for 100 cycles (Fig. 8a).135 

Subsequently, various mechanisms of anatase TiO2 in Na cells have 

been reported. Kim134 and Cha136 et al. demonstrated that Na+ 

reacted with TiO2 based on an intercalation reaction accompanying 

with a reversible Ti4+/3+ redox reaction. On the contrary, Passerini’s 

group137 reported that: anatase TiO2 irreversibly converted into 

metallic titanium (detected by XPS), sodium superoxide (by SEM-

EDX) and an amorphous sodium titanate phase; successively, Na+ 

ions were able to reversibly de/intercalate from/into the newly 

formed sodium titanate phase, which was responsible for the 

capacity of the following cycles. Bronze-type TiO2 nanotube was 

firstly explored as anode in Na batteries by Gao’s group.138 They 

found only the large interlayer spacing of (001) plane in TiO2 (B) 

could accommodate sodium ions while lithium ion could be stored 

in interlayer spacing of both (001) and (110) planes. Thus, TiO2 (B) 

showed a low capacity of only 50 mA h g-1 after 90 cycles. In 

addition, hollandite-type TiO2 electrode showed a low capacity of 

85 mA h g-1 (corresponding to the insertion of 0.25 Na per formula) 

for 11 cycles in the voltage range of 2.5-0.2 V.139 XRD and in situ 

SXRD demonstrated that Na+ initially inserted into TiO2(H) via a 

single-phase process, then the structural phase of TiO2(H) changed 

from tetragonal symmetry to monoclinic symmetry with more Na+ 

insertion. More importantly, many approaches has been attempted 

to promote the properties of TiO2, such as choosing proper binder92 

and electrolyte,133 heteroatom doping (Fig. 8b)140-142 designing low-

dimension TiO2
142, 143 and carbon coated composites.136, 144 

Spinel Li4Ti5O12, the “zero-strain” anode for LIBs, was first 

introduced and further studied as anode for NIBs by Zhao and 

Sun131,145 As shown in Fig. 8c, Li4Ti5O12 with CMC binder showed 

highest reversible capacity of 155 mA h g-1 with a long discharge 

plateau at ~0.7 V. The electrodes with sodium alginate (NaAlg) 

binder exhibited a lower capacity. However, the capacity declined 

steeply for conventional PVdF electrodes. Theory DFT calculations 

and experiment investigations demonstrated that Na+ inserted into 

Li4Ti5O12 via a three-phase separation mechanism (Fig. 8d, as given 

in eqn(9)). In addition, the sodium storage behavior of Li4Ti5O12 

strongly depend on composite nanosize,146 testing temperature147 

and pseudocapacitance effect.148 Inspired by these promising 

results, sodium based analogues with the same stoichiometry 

(Na4Ti5O12) have also been investigated. Nevertheless, it provided a 

rather low capacity of 56 mA h g-1 for 50 cycles.149 

4 5 12 7 5 12 6 5 122 6 6 (7)Li Ti O Na e Li Ti O Na LiTi O
+ −+ + ↔ +

 

 
Fig. 8 (a) Charge–discharge profiles of Anatase TiO2 Nanocrystals, at 

50 mA g-1 (b) Cycling performance of N-doped TiO2 nanorods 

decorated with carbon dots at 2 C. (c) Cyclic performances of 

Li4Ti5O12 electrode with different binders (inset discharge/charge 

profiles of Na-CMC electrode). (d) ABF image in the half 

electrochemically sodiated Li4Ti5O12 nano-particle. (e) The 

charge/discharge curves of the Na2Ti3O7 electrode. (f) Long-term 

cycling performance of P2-Na0.66[Li0.22Ti0.78]O2 electrodes. (a) 

reproduced from ref. 135 with permission from The Royal Society of 

Chemistry. (b) reproduced from ref. 140 with permission from The 

Royal Society of Chemistry. (c, d) reprinted with permission from 

Macmillan Publishers Ltd.: (Nat. Commun.) (ref. 131), copyright 

2013. (e) reprinted with permission from ref. 151. Copyright 2013 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) reprinted with 

permission from Macmillan Publishers Ltd.: (Nat. Commun.) (ref. 

157), copyright 2013. 

Layered sodium titanium oxide, Na2Ti3O7, was first examined as 

anode for NIBs by Senguttuvan.150 As shown in Fig. 8e, upon 

discharge, Na2Ti3O7 transforms to Na4Ti3O7 (about 200 mA h g-1) at a 

low plateau around 0.3 V (vs. Na+/Na), which is the lowest 

intercalation potential among reported oxides. By optimizing the 

composition of electrolyte and binder, microsized Na2Ti3O7 offered 
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a high initial capacity of 188 mA h g-1 at 20 mA g-1 in 1M NaFSI/PC 

electrolyte with NaAlg binder, but the cycling stability is poor.151 

Additionally, DFT calculations demonstrated that the activation 

energy of Na+ diffusion between TiO6 octahedron layers was fairly 

low (0.186 eV). A spider web-like Na2Ti3O7 nanotube was directly 

utilized as anode without binder, delivering improved cyclability but 

low initial coulombic efficiency.152 Notably, cyclability and 

coulombic efficiency can be remarkably enhanced by carbon 

coating.153,154  

Na2Ti6O13, with a two dimensional layered structure, has also 

been studied as a promising sodium intercalation host. It stored 

Na+ following a solid-solution mechanism.155, 156 Rudola et al. 

prepared Na2Ti6O13 nanorods by a soft-template method.155 When 

used as anode for NIBs, it showed a reversible capacity of more 

than 40 mA h g-1 (corresponding to 0.85 Na+ ions insertion per 

formula unit) with a plateau at around 0.8 V in the voltage range 

of 0.5-2.5 V. Na2Ti6O13 electrodes with graphite conductive 

additive revealed a surprising cycling stability with 85 % capacity 

retention for 5000 cycles at 20 C, but the capacity is quite low. By 

lowering the cut-off voltage to 0 V, a high initial capacity of 200 

mA h g-1 was obtained but faded rapidly.156 

More impressively, P2-type layered Na0.66[Li0.22Ti0.78]O2 was 

synthesized and explored in NIBs.157 It delivered a reversible 

capacity of 116 mA h g-1 (corresponding to 0.38 Na+ ions insertion 

per formula unit) at an average storage potential of 0.75 V. It is 

worth noting that the volume change during Na+ 

insertion/extraction is only 0.77 %, nearly zero-strain. As a result, an 

ultra long cycle life with 75 % capacity retention after 1200 cycles 

was achieved (Fig. 8f). Additionally, Na0.66[Li0.22Ti0.78]O2 proceeded 

through a quasi-single-phase electrochemical mechanism, which is 

different from other P2-type materials. Also, many other titanium-

based composites, such as NaTi3O6OH·2H2O,158, 159 MgTi2O5,160 have 

also been investigated in Na cell with good electrochemistry 

properties. 

6 Organic composites 

Organic electrode materials have attracted growing attentions due 

to the following merits: the abundant resources from biomass, 

tremendous chemical compounds, structural flexibility and possible 

multi-electron reactions.1, 161 However, they also associated with 

high solubility and sluggish kinetics. The previously reported organic 

composites with effective Na activity include disodium 

terephthalate (Na2C8H4O4)162, 163, disodium 2,5-dihydroxy-1,4-

benzoquinone (Na2C6H2O4),164 disodium naphthalenediimide 

(Na2C14H4O4N2),165 sodium 4,4′stilbene-dicarboxylate 

(Na2C16H10O4),166 4,4-Biphenyldicarboxylate sodium (Na2C14H8O4),167  

tetrasodium salt of 2,5-dihydroxyterephthalic acid (Na4C8H4O4)168 

and polymeric schiff bases (―N=CH―Ar―HC=N―)169. For example, 

Wang et al.
166 successfully designed an extended π-conjugated 

system (sodium 4,4′stilbene-dicarboxylate, Fig. 9a) to solve the 

current challenge of fast-charge/-discharge. As shown in Fig. 9b, the 

molecules stacked layer-by-layer with π−π intermolecular 

interaction and carboxylate group located on the surface of the 

layers, building a channel for Na+ insertion/extraction. It delivered a 

discharge plateau at 0.45 V due to redox of the two carbonyl groups 

(Fig. 9c) and high reversible capacity of 220 mA h g-1 at 50 mA g-1. 

Outstanding rate capability and remarkable long cycle life were also 

demonstrated. A capacity of 72 mA h g-1 at an ultra high rate of 10 A 

g-1 and more than 70 % capacity retention at 1 A g-1 for 400 cycles 

were obtained. 

 
Fig. 9 (a) Schematic chemical structure of starting molecule SBDC, 
extended product SSDC and reaction mechanism of SSDC. (b) 
Schematic molecular packing of SSDC (c) rate capability of SSDC. 
Reprinted with permission from ref. 166. Copyright 2015 American 
Chemical Society. 

7 Conclusions and perspectives 

With the increasing demand for energy and steep consumption of 

lithium resources, Na-ion batteries have caught peoples’ attention 

once again, owing to their low cost and the natural abundance of 

sodium resources. NIBs are promising to be applied to large-scale 

energy storage system, where weight is not critical. However, 

challenges still remain, especially for anode, before NIBs are 

commercial. The electrochemistry performances of several layered-

oxides as cathode for NIBs have been able to compete with those of 

their lithium analogues, however, the graphite, which was widely 

used in commercial LIBs, fails to intercalate Na+ ions efficiently. 

Encouragingly, expanded graphite with interlayer distance of 4.3 Å 

exhibits improved Na-storage performance. This provides us a new 

method to tailor graphite for NIBs. Disorder carbon with large 

interlayer distance also shows highly Na activity. Nevertheless, the 

specific capacity of carbonaceous materials is generally low, no 

more than 300 mA h g-1. Also, the sodiation voltage (~0 V) for hard 

carbon is too low, resulting in major safety concerns during fast 

charging process. Considering the cost, research achievements and 

relative mature technology in commercial LIBs, carbonaceous 

materials are still key focus area in future. Alloy-based materials 

have achieved extremely high capacity, especially for phosphorus 

with a theoretical capacity of ~2600 mA h g-1, while the volume 

expansion during sodiation/desodiation is quite huge, which cannot 

meet the standard of commercialized cell (volume change less than 
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30 %). Therefore, the important research field is to design 

micro/nano structure or introduce a second phase as buffer matrix 

to improve the electrochemistry performance. Now, the universal 

synthesis of phosphorus is ball-milling and their properties were 

limited. The technical difficulty is to prepare nanosized phosphorus. 

Though the performance of metal oxides (such as Co-, Fe-) in a Li 

cell is quite outstanding, the sodium storage performance is far 

from satisfaction with low capacity and inferior cyclability. In 

addition, they also suffer from low initial coulombic efficiency and 

large potential hysteresis. They need to be further studied, 

particularly for Fe- and Mn- materials due to their extraordinary 

natural abundance. Though the capacity is a little low, titanium-

based compounds characterized with low-strain, which is of vital 

importance for realizing ultra long cycling life. They make great 

progress with the observation of “zero-strain” P2-type layered 

Na0.66[Li0.22Ti0.78]O2. It exhibits excellent cycling stability and high 

rate-capability. So, titanium-based compounds seem to be 

promising anode for practical application. In addition, organic 

composites with plentiful sources and good Na storage property, 

are also attractive anodes for NIBs. At present, the research about 

organic composites is relative few and need to be further 

strengthened. It should be noted that most of anode materials 

troubled with low initial coulombic efficiency because of the 

irreversible formation of SEI layers. Thus, further in-depth 

understanding of the reaction between electrode/electrolyte must 

be gained. Moreover, an optimized electrolyte system (such as, 

with electrolyte additive FEC) which can inhibit the decomposition 

of electrolyte and stabilize the SEI layers, is also fatal for enhancing 

the electrochemical performance of materials. Above all, most 

researches focus on the choice and synthesis of anode materials, 

few researches relate to the electrochemical Na-storage 

mechanism, which will pave the way for designing high 

performance anode materials. Therefore, more attention should be 

paid to the electrochemistry reaction mechanism.  

Similar to LIBs, NIBs also suffer from safety hazard because of the 

usage of organic electrolyte. The development of solid-state 

electrolyte is a significant aspect to address the security issues. 

Furthermore, aqueous Na-ion batteries, with the advantages of 

safety and low cost, are another new study direction. 

All in all, there are still many tough challenges for the 

commercialization of Na-ion batteries, however, persistent efforts 

on exploring Na storage mechanism and failure mechanism, then 

designing tailored electrode materials, would make Na-ion batteries 

a promising alternative to LIBs for low cost, environmentally 

friendly, and large-scale energy storage system in the future. 
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This review is focused on the recent progress and strategies in fabricating 

high performance anode materials for Na-ion batteries. 
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