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become the electricity storage system of 
choice over the past 26 years, combining 
superb energy density, compact and light-
weight designs, and outstanding cycle life 
compared to other rechargeable battery 
technologies.[2]

Despite the commercial success and 
proliferation of LIB in consumer elec-
tronics and recently in battery electric 
vehicles, LIBs are believed to be too expen-
sive for stationary, large-scale, electrical 
energy storage (EES) and, in addition, 
there are concerns on the resource avail-
ability of LIB components.[3,4] Historically, 
the technology of choice for EES applica-
tions is pumped-hydro which continues 
to dominate due to very large unit sizes, 
accounting for over 95% of the total rated 
power globally (data derived from the US 
DOE, global energy storage database).[5,6] 
However, the number of new pumped-
hydro installations is dwindling as a result 
of its specific geographic and geological 
requirements.[7] A technological incentive 
is therefore to find alternative EES options 
that are installation flexible, cost effective, 

energy efficient, and environmentally benign in order to match 
the rapid growth in intermittent renewable energy sources.

The properties of electrochemical energy storage technolo-
gies are, in general, ideal for a grid scale EES. LIBs in particular 
have the ability to respond rapidly to load changes, have a high 
energy density combined with an excellent Coulombic effi-
ciency, exhibit low standby losses, and have modular designs 
that facilitate upscaling.[7,8] Yet, faced with the aforementioned 
resource constraints and adverse ecological hazards upon 
disposal (due to toxic elements), the ability of LIBs to meet 
large-scale EES demands, remains uncertain.[7] The needs and 
challenges outlined above have motivated the research for an 
alternative, scalable battery technology, composed of cheap, 
abundant, and environmentally benign materials to match the 
performance and economical success of LIBs.

Given the relative abundance of elemental sodium (com-
pared to lithium in the Earth’s crust, see Figure 1) and the 
low electrochemical potential of Na (!2.71 V vs the standard 
hydrogen electrode, SHE), which is only 330 mV above that of 
Li, rechargeable batteries based on sodium hold great promise 
to meet large-scale EES demands. For example, high-tempera-
ture ZEBRA cells[9] based on the Na/NiCl2 system and sodium 
sulfur cells[10] have already demonstrated the potential of 
sodium-based electrochemical energy storage. These batteries 

The demand for electrochemical energy storage technologies is rapidly 
increasing due to the proliferation of renewable energy sources and the 
emerging markets of grid-scale battery applications. The properties of 
batteries are ideal for most electrical energy storage (EES) needs, yet, faced 
with resource constraints, the ability of current lithium-ion batteries (LIBs) to 
match this overwhelming demand is uncertain. Sodium-ion batteries (SIBs) 
are a novel class of batteries with similar performance characteristics to LIBs. 
Since they are composed of earth-abundant elements, cheaper and utility 
scale battery modules can be assembled. As a result of the learning curve in 
the LIB technology, a phenomenal progression in material development has 
been realized in the SIB technology. In this review, innovative strategies used 
in SIB material development, and the electrochemical properties of anode, 
cathode, and electrolyte combinations are elucidated. Attractive performance 
characteristics are herein evidenced, based on comparative gravimetric and 
volumetric energy densities to state-of-the-art LIBs. In addition, opportunities 
and challenges toward commercialization are herein discussed based on 
patent data trend analysis. With extensive industrial adaptations expected, 
the commercial prospects of SIBs look promising and this once discarded 
technology is set to play a major role in EES applications.

Excellence in Energy

K. Chayambuka, G. Mulder
VITO
Boeretang 200, 2400 Mol, Belgium
K. Chayambuka, G. Mulder
EnergyVille
Thor Park 8310, 3600 Genk, Belgium
K. Chayambuka, Dr. D. L. Danilov, Prof. P. H. L. Notten
Eindhoven University of Technology
Postbus 513, 5600 MB, Eindhoven, The Netherlands
E-mail: p.h.l.notten@tue.nl
Dr. D. L. Danilov, Prof. P. H. L. Notten
Forschungszentrum Jülich
Fundamental Electrochemistry (IEK-9)
D-52425 Jülich, Germany
Prof. P. H. L. Notten
University of Technology Sydney
Broadway, Sydney, NSW 2007, Australia

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.201800079.

1. Introduction

Following the successful commercialization of lithium-ion 
batteries (LIBs) by the Sony corporation in 1991,[1] LIB have 
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have already been commercialized for stationary and automo-
tive applications.[11–14] Their major disadvantage, however, is a 
high operating temperature of "300 °C, which conjures safety 
hazards and reduces the round trip energy efficiency of the 
cells.[12,14] A room temperature battery therefore remains the 
only viable option to match the performance and characteristics 
of state-of-the-art LIBs.

The revival of room temperature sodium-ion batteries (SIBs), 
based on intercalation materials analogous to the current LIB 
technology, has thus emerged as a promising strategy. Revival 
because up until the late 1980s, SIBs were fervently researched 
alongside LIBs.[15,16] The discovery of graphite as a cheap, elec-
trochemically active and high-capacity anode in LIB, and the 
failure of sodium insertion in graphite, resulted in the near 
abandonment of the research in Na intercalation materials for 
SIB application.[17] A decade later, in the year 2000, Stevens and 
Dahn[18] reported the successful electrochemical insertion of 
sodium in hard carbon (HC), at a specific capacity close to that 
of lithium in graphite ("372 mAh g!1). This discovery, coupled 
with a growing need of a complementary technology to the LIB 
became a major turning point in the rejuvenated interest in the 
SIB concept.

Since this discovery, the SIBs have increasingly gained trac-
tion, buoyed by further discoveries in anodic and cathodic 
materials. Much of this rapid progress in material development 
is attributed to the similarities between SIBs and LIBs. Funda-
mentally, the voltage range and operating principles of the SIBs 
and LIBs are identical. This similarity has allowed the years 
of conceptual understanding and development in LIBs to be 
directly transferred, thereby allowing a rapid growth in the SIB 
technology. Besides borrowing from material synthesis routes, 
the same production lines used to manufacture LIB cells can 
be used to make SIB cells without any modification.[19] Several 
companies such as Faradion (UK)[20] and Sumitomo[21] (Japan) 
have thus announced plans to commercialize SIBs, the latter 
having initially disclosed plans to start mass production as early 
as 2016.[22]

Although SIBs are not projected to compete with LIBs for 
volumetric and gravimetric energy density, they are expected to 
leverage their resource abundance to be price competitive and 
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therefore complement LIBs in stationary and large-scale appli-
cations. This is further expected to stabilize the costs of lithium-
based batteries as they enter the mass market of electric vehicles 
by suppressing Li, Co, and Cu resource constraints. In this  

Adv. Energy Mater. 2018, 8, 1800079

Figure 1. Abundance of elements in the Earth’s crust. The energy carrying 
elements for comparison are highlighted in red for Na and blue for Li. 
Adapted with permission.[17] Copyright 2014, American Chemical Society.
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regard, the SIB technology is neither behind nor beyond, but 
rather beside that of LIB. Success of the SIB concept will now 
depend on more industrial players adapting this promising 
technology and investing in large-scale production facilities, fol-
lowing the example set by the Tesla/Panasonic gigafactory.[23] 
It is henceforth critical to rapidly close the chasm between the 
chains of production of the two battery technologies since the 
proliferation of SIBs in large-scale EES will eventually rely on 
the ability to match the economies of scale in LIBs.

In this review, we discuss the electrochemical and material 
properties among anode, cathode, and electrolyte components, 
as well as full-cell SIB characteristics. Several “complete-set” 
reviews have also appeared in recent years. Yabuuchi et al.[17] 
made a comprehensive review of SIBs, on the back of a series 
of research efforts. This review in particular focuses on anode 
and cathode material properties. Kundu et al.[12] further dis-
cussed the challenges in the emerging chemistry of SIBs. 
While these studies remain relevant and important literature 
today, the SIB technology has rapidly progressed since then. 
Nayak et al.[24] recently reviewed the different electrochemical 
properties between LIB and SIB chemistries while, discussions 
on full-cell SIB have only started to appear in reviews, in the 
publication by Hwang et al.[25]

Herein, we expand on recent advances in full-cells through 
a benchmarking study of five possible SIB combinations. In 
addition, we focus on the electrochemical properties of the 
most studied active materials and electrolytes for use in SIBs, 
including redox potentials, gravimetric capacities, and capacity 
losses during cycling. Therefore, recent advances in SIB 
research are highlighted and comparative volumetric and gravi-
metric capacities at cell level are provided. The main goal is to 
provide the reader a perspective on some of the practical chal-
lenges toward the commercialization of SIBs. For this purpose, 
a technological trend analysis for SIBs is performed for the first 
time, which provides an overview of groundbreaking progress 
in this emerging EES technology.

2. Comparison between Sodium and Lithium

Developing the SIB technology is mainly driven by the success 
of LIBs and the similarities in chemical properties between 
the two alkali metals: Na and Li. This has allowed the years 
of understanding and development of the LIB technology to 
be directly transferred to the SIB, resulting in a rapid growth. 
While contemporary concerns regarding the cost and resource 
availability of lithium to meet the ever-increasing demands of 
EES have led researchers to revive this once discarded tech-
nology, an inspection into the physical properties of sodium 
and lithium reveals why these two charge carriers for energy 
storage were once equally regarded.

Lithium and sodium are two members of the group 1 ele-
ments of the periodic table. They are trivially named alkali 
metals and they possess one loosely held electron in their 
valence shell. Alkali metals are therefore very reactive and 
their melting point, hardness, conductivity, and first ionization 
energy decrease down the group.[26] Table 1 lists some of the 
physical properties that are of interest in developing SIBs and 
LIBs.

One of the most important figures of merit for comparison 
is the redox potentials of the two alkali elements. The standard 
reduction potential of Na+/Na of !2.71 V versus SHE is about 
330 mV above that of Li+/Li, !3.04 V. Since this potential forms 
the thermodynamic minimum limit for the anode, in most 
cases, the anodic electrode potentials for SIBs will always be 
higher than those of LIB.

Another important physical property to compare is the 
melting point of both metals. Na is a soft metal with a low 
melting point of 97.7 °C compared to that of Li at 180.5 °C. This 
low melting point is a drawback for developing solid-state SIBs, 
considering the high temperatures necessary to have functional 
solid-state electrolyte conductivity.

3. Charge Insertion Mechanisms in Electrode 
Materials
The charge insertion mechanisms for the insertion of sodium 
into the matrix of the host active materials used in SIB elec-
trodes can be classified as intercalation, alloying, and conver-
sion. Palacín made a clear illustrative figure (see Figure 2), 
outlining these three charge insertion mechanisms and their 
relative, concomitant structural changes.[28] Although this illus-
tration is based on host materials for LIBs, it remains relevant 
for understanding insertion mechanisms in SIB materials.

The use of the terms insertion and intercalation in electrode 
materials can be somewhat confusing, in Figure 2 for example, 
the term insertion was replaced with intercalation according to 
the standard adopted in this review. Poinsignon and Armand 
defined an insertion electrode material as an electrode that 
intrinsically possesses the three functions of electronic and 
ionic conductivity, i.e., mixed conductivity, and a source of 
chemical potential.[29] The term “insertion” has also been used 
to generally describe reactions involving the transfer of a guest 
species (atom, ion, or molecule) into a host crystal lattice.[30] 
This obviously covers a wide range of electrode materials. The 
IUPAC recommendations of 1994 define “intercalation” as 
a term strictly reserved for the case of topotactic insertion of 
a guest into a 2D host.[30] Nevertheless, the term is occasion-
ally used in reference to insertion in 1D as well as 3D host 
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Table 1. Physical properties of lithium and sodium.

Propertya) Li Na

Atomic mass [g mol!1] 6.94 22.99

Electron configurationb) [He] 2s1 [Ne] 3s1

Cationic radius [Å] 0.76 1.02

Standard electrode potential [V] !3.04 !2.71

Melting point [°C] 180.5 97.7

Density [g cm!3] 0.971 0.534

First ionization energy [kJ mol!1] 520.2 495.8

Theoretical gravimetric capacity [mAh g!1] 3861 1165

Theoretical volumetric capacity [mAh cm!3] 2062 1131

a)Data derived from refs. [17,27]; b)The abbreviated notation is used for the electron 
configuration.
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structures.[31] Evidently, no strict differentiation exists in lit-
erature between insertion and intercalation and in some cases 
both terms are used synonymously.

In this review, the term intercalation is reserved to the 
restricting condition that the host matrix largely retains its 
structural integrity during the charge insertion/disinsertion 
process. This is mostly true for interlayer insertion of sodium 
guest ions in crystalline compounds and not, for example, 
the insertion of sodium into a metallic matrix during alloying 
since such processes are associated with major structural 
changes. Compared to other insertion mechanisms, volume 
changes associated with intercalation reactions are generally 
negligible. The larger size of Na+ can however be expected to 
impose a greater strain on the volume and structure of the host 
compared to analogous, lithium-based mechanisms. Volume 
changes in composite electrodes are particularly undesirable 
and best avoided; besides the ingenious electrode designs 
needed to support the volume changes, they also result in slug-
gish electrode kinetics due to the extra activation energy needed 
to move phase boundaries.

Beyond the intercalation-based electrodes in current SIB 
applications and in parallel to recent developments in LIBs, 
alloy-based elements or compounds are likewise investigated as 
promising electrodes for next-generation, high-capacity anode 
materials. During alloying and similar to the mechanism and 
nomenclature shown in Figure 2, the Na+ ions are added to the 
electrode active material in the following reaction mechanism

Na M e Na Mx x x+ + !+ "  (1)

where M is the electrode active material, usually a group 14 or 
15 element or compound. In a topotactic insertion of Na in M, 

the alloying reaction is classified as a solid-solution reaction.[32] 
Here, no phase transformations take place. Conversely, if the 
insertion of Na is concomitant with phase changes, the alloying 
reaction is classified as an addition reaction.

Based on the gravimetric capacity, alloy electrodes are an 
order of magnitude higher than intercalation-based com-
pounds. In addition, a low operating voltage of "0.5 V versus 
Na+/Na makes them safer anode materials with high energy 
density.[33] The critical challenge, however, is controlling the 
huge volume changes observed during cycling, up to 300% v/v 
in some cases. This results in pulverizations, particle discon-
nections, and eventual isolation of the active materials.[33] Evi-
dently, the achievable cycleability in composite electrodes is 
unimpressive due to the mechanical stress and loss of electrical 
contact.[34,35] Ingenious strategies in electrode architecture are 
thus required for their successful usage, yet several have been 
implemented.[36–38]

Besides intercalation and alloying reactions, conversion reac-
tions are the other class of insertion mechanisms. In this rela-
tively new insertion process, very little has been agreed on the 
underlying mechanism. However, several reports on Li-based 
conversion reactions have emerged, enabling some degree of 
appreciation.[39,40] Similar to alloy reactions, conversion mech-
anisms offer another avenue to achieve higher gravimetric 
capacity; however, similar challenges related to large volume 
expansions persist. Another disadvantage is the typical voltage 
hysteresis during (dis)charging cycles which further reduces 
their energy efficiency.[41] Contrary to other insertion mecha-
nisms, conversion reactions are not limited to only one elec-
tron exchange per equivalent mole of the host compound.[41,42] 
This enables them to achieve a phenomenally high gravimetric 
capacity.

Adv. Energy Mater. 2018, 8, 1800079

Figure 2. A schematic representation of the different mechanisms in charge insertion observed in electrode materials for lithium-ion batteries. Black 
circles: voids in the crystal structure; blue circles: metal; yellow circles: lithium. Similar classifications are also used in sodium-ion batteries. Adapted 
with permission.[28] Copyright 2009, The Royal Society of Chemistry.
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4. Anode Materials

The negative electrode constitutes the electrode with the lowest 
potential. In SIBs where the solvated Na+ is the principal charge 
carrier, the thermodynamically lowest electrode potential is 
given by the reduction potential of sodium (!2.71 V vs SHE). To 
increase the energy density of the cell, it is therefore desirable 
to have a negative electrode with theoretically the lowest poten-
tial and highest specific capacity.

The most suitable negative material, from a thermodynamic 
viewpoint, is therefore metallic sodium with the lowest possible 
cell potential and a high theoretical capacity of 1165 mAh g!1. 
For safety concerns, the use of metallic electrodes in room 
temperature secondary batteries has not been achieved to an 
appreciable extent. This is because an unstable surface passi-
vation layer or solid electrolyte interphase (SEI) forms on the 
electrodeposited sodium surface. The continual reaction of 
newly formed surfaces with the electrolyte during plating thus 
constrains the cycleability. Further challenges relate to dendritic 
growth during (dis)charge cycles. If unconstrained, these lead 
to internal short-circuiting and thermal runaway. It is here 
worth mentioning that the use of metallic anodes in recharge-
able room temperature lithium-based or sodium-based battery 
systems has been an unresolved challenge for nearly half a 
century.[43] The hope is finding a suitable electrolyte or protec-
tive surface layers that remain stable at these highly reducing 
potentials.[44]

Having hit a brick wall with metallic Na, the research for an 
alternative anode then turned to active material hosts capable 
of charge insertion at potentials slightly above 0 V versus Na+/
Na. This avoids safety challenges arising from metallic plating. 
In LIBs, the electrolytic decomposition of ethylene carbonate 
for example coincidentally leads to a particularly favorable SEI 
which is electrically nonconductive and prevents further elec-
trolyte decomposition.[31,45] As previously highlighted, it was 
the discovery of graphite as a high specific capacity and robust 
anode material for LIB and the lack of a comparatively cheap, 
low potential anodic material for SIB applications which bot-
tlenecked the progress in SIB research. It is therefore only pru-
dent to begin with a review of the current progress in negative 
electrode materials for SIBs.

4.1. Intercalation-Based Negative Electrode Materials

4.1.1. Carbon-Based Intercalation Materials

Graphite, the anode of choice in LIBs with a high theoretical 
specific capacity of 372 mAh g!1, operates at a flat and low 
potential of "0.15 V versus Li+/Li and is stable over many cycles. 
When applied to the SIB system, the electrochemical insertion 
of sodium into graphite results in NaC64, corresponding to very 
low theoretical capacity of only 35 mAh g!1.[46,47] It was ini-
tially proposed that the larger Na+ ion mismatches the graphite 
interlayer distance of 3.35 Å and results in a less favorable for-
mation energy for sodium binary graphite intercalation com-
pounds (b-GIC).[27,45,48,49] Yet, this could not explain the fact 
that other b-GIC such as MC6 and MC8 (where M is the alkali 
metal) are readily formed with heavier alkali metals such as K, 

Rb, and Cs.[50,51] It is therefore evident from the above that the 
ionic radii of the alkali metals are, at least, not the only inhib-
iting factor.

Nobuhara et al.[52] using a first-principles approach and Liu 
et al.[50] using quantum mechanical methods independently 
applied density functional theory (DFT) calculations in the 
Vienna ab initio simulation package and discovered that the 
energy of formation (Ef) of b-GIC is of the order Na > Li > K > 
Rb > Cs. Figure 3a illustrates a Hess law diagram for the for-
mation of b-GIC. Figure 3b,c confirms that Na has the weakest 
binding energy to a given substrate and Figure 3d,e compares 
the bond lengths in various alkali metal carbons (AMC).[50,52] 
The low Na uptake in graphite therefore can be explained from 
the thermodynamics of the competition between the first ioni-
zation of sodium and the enthalpy of ion–substrate bonding.[50]

To further illustrate that indeed it is not the size of the 
alkali metal, high-capacity sodium intercalation in graphite 
has been demonstrated, using the Na+-solvent cointercalation 
phenomena, wherein the solvent molecules act as a “nonstick” 
shell.[45] This cointercalation mechanism can be expressed as

C e Na S Na S Cyn y n+ + + !" + + "  (2)

where Cn represents the carbon atoms in the graphite lattice, 
S the solvent molecule, and Na S Cy n

+ ! is the ternary graphite 
intercalation compound (t-GIC). Here, graphite is reduced to 
form t-GIC and this electrochemical pathway had already been 
demonstrated as far back as 1965 by Golé and co-workers.[47,53] 
Figure 4a–c illustrates the reversible gravimetric capacity and 
voltage profiles obtained during the Na+-solvent cointercalation 
process.[45,54,55]

Using ether-based electrolytes, Jache and Adelhelm[45] 
obtained storage capacities of about 100 mAh g!1 while Cohn 
et al.[55] explored cointercalation in graphene, obtaining capaci-
ties above 150 mAh g!1 with only a negligible capacity fade 
over 8000 cycles (see Figure 4b). Another interesting character-
istic of cycling is the small voltage polarization between (dis)
charging cycles, indicative of a highly reversible and energy effi-
cient redox process. Promising performances of SIB full cells 
based on Na+-solvent cointercalation such as the graphite// 
Na1.5VPO4.8F0.7 are illustrated in Figure 4d.[54] Yet, as further 
explained in Section 5.2.3, ether-based solvents have a narrow 
electrochemical stability window that limits possible cell con-
figurations. Further electrolyte optimizations are therefore 
necessary for the practical use of the solvent cointercalation 
phenomenon.

Expanded graphite (EG) is yet another carbonaceous anode 
material that has been proposed for SIB application.[48] The 
charge insertion mechanism in EG is illustrated in Figure 5a, 
where pure intercalation is therein assumed. Further explora-
tions in the role of the oxygen-containing surface groups in 
the insertion mechanism are however needed. A comparison 
between the voltage profiles obtained in EG and the typically 
observed voltage profiles in hard carbon–based electrodes (see 
Figure 5b,c) reveals that the voltage profiles reported in EG only 
show a sloping profile and do not manifest a plateau region. 
This fundamental difference could be a result of the modifica-
tion of the distribution of intercalation sites due to the presence 
of heteroatoms, such as the oxygen-containing surface groups.

Adv. Energy Mater. 2018, 8, 1800079
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Figure 4. Exploring the solvent cointercalation phenomena. a) Charge and discharge characteristics of a Na//graphite half-cell. b) Charge and discharge 
profile of Na//graphene half-cell. c) The proposed mechanism in the Na+ -solvent cointercalation processes in graphite. d) A SIB full cell based on 
solvent cointercalation graphite anode at various C-rates. Na1.5VPO4.8F0.7 is used as the cathode while NaPF6 dissolved in diethylene glycol dimethyl 
ether is used as the electrolyte. a) Reproduced with permission.[45] Copyright 2014, Wiley-VCH. b) Reproduced with permission.[55] Copyright 2015, 
American Chemical Society. c,d) Reproduced with permission.[54] Copyright 2014, Wiley-VCH.

Figure 3. a) The formation mechanism of alkaline metal GIC. b) DFT calculated formation energies of alkaline metal GIC. c) First-principles calculated 
formation energies of alkaline metal GIC. d) The bond lengths between the carbon atoms in the carbon layers intercalated with alkali metals (AMC) 
and e) the lengths between the carbon layers intercalated with alkali metals. a,b) Reproduced with permission.[50] Copyright 2016, National Academy 
of Sciences/Proceedings. c–e) Reproduced with permission.[52] Copyright 2013, Elsevier.
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The state-of-the-art anode material for SIBs is hard carbon, 
prominent since its inception in the year 2000.[27] Hard carbons 
are usually prepared by high-temperature carbonization of solid 
phase organic and polymer precursors such as cellulose,[57] 
glucose,[18] sugar,[58] and polypyrrole.[59] The complex micro-
structure of HC is composed of graphene-like parallel layers 
embedded in a microporous amorphous phase. This structure 
is frequently exemplified by the “house of cards” model, which 
is here shown in Figure 6c. The charge and discharge voltage 
profile of HC is also shown in Figure 6d,e. From these results, 
two characteristic features are evident: i) a sloping region from 
"1 V and ii) a long plateau region commencing from about 
0.1 V until reaching 0 V (vs Na+/Na). From an electrochemical 
point of view, regions (i) and (ii) can be understood as suc-
cessive solid solution and two-phase charge insertion mecha-
nisms, respectively.

Although HC has an impressive specific capacity of close to 
300 mAh g!1, which approximates to that of graphite in LIB, 
much of this capacity occurs at a very low potential, close to 
sodium plating. Due to safety concerns, this characteristic 
limits the rate capability of HC since overpotentials from elec-
trode kinetics would result in the undesired metallic plating (at 
high charging rates). The most critically unresolved issue how-
ever is the first cycle irreversible capacity loss in HC anodes.[60] 
Following the first cycle, a  significant amount of sodium ions 
are either trapped in the microstructure or consumed in the 
SEI formation. This brings a conundrum in cell balancing since 
the cathode material is the source of the cations and the safety 
objective of avoiding metallic Na plating demands the capacity 

in the anode to be higher than that of the cathode. This anodic 
capacity loss cannot therefore be compensated by allowing an 
excess capacity in the cathode and translates to an enormous 
loss in energy density of HC-based SIBs.

The microstructural properties of HC, in particular its micr-
oporosity and degree of graphitization, are known to bear a 
huge influence on electrochemical performance.[60] Figure 6a,b 
shows X-ray powder diffraction and Raman spectra of HC, 
respectively, which have resulted in the “house of cards” model. 
The relative intensity ratio, ID/IG, between different HC sam-
ples is used as an indicator of the degree of graphitization. 
Scanning electron microscope (SEM) images of HC are shown 
in Figure 6f while the effect of the degree of graphitization on 
the cycling performance of three HC samples is illustrated in 
Figure 6g. The optimization of the electrode performance of 
HC with the intent to reduce the first cycle irreversible capacity 
loss, enhance electrical conductivity, and improve cycleability 
thus requires a mastering of the synthesis methods and their 
impact on the microstructure.[60–62]

Controversy in correlating the microstructural properties of 
HC to the observed voltage profile has led to spirited systematic 
studies to elucidate the sodium storage mechanism in HC as 
illustrated in Figure 7.[63,64] Early studies by Stevens and Dahn 
hypothesized an intercalation mechanism between parallel gra-
phene sheets for the sloping voltage region, i.e., region (i), on 
account of an observed interlayer expansion during Na inser-
tion, while nanopore filling in a process analogous to adsorp-
tion was ascribed to the plateau voltage profile, i.e., region 
(ii).[46] This mechanism, termed “intercalation–adsorption” and 

Adv. Energy Mater. 2018, 8, 1800079

Figure 5. Overview of sodium storage in hard carbon and expanded graphite. a) Illustrative figure showing sodium intercalation in graphite, graphite 
oxide, and expanded graphite. b) Voltage profile in expanded graphite showing a sloping potential. c) Typical voltage profile in hard carbon. a,b) Adapted 
with permission.[48] Copyright 2014, Macmillan Publishers Limited. c) Adapted with permission.[56] Copyright 2015, The Royal Society of Chemistry.
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shown in Figure 7a was further corroborated by the subsequent 
works of Komaba et al.,[62] wherein ex situ small-angle X-ray 
scattering measurements were used to probe the nanopore 
structure of the HC and confirmed nanopore filling in the low-
voltage plateau.

Contradictory findings however emerged as Cao et al.[49] 
revealed the Na ions are incapable of intercalating when the 

graphene interlayer spacing is less than 3.7 Å. Tsai et al.[65] 
sought to clarify the effect of the graphene interlayer distance 
and the presence of copious point defects in HC using DFT 
calculations. It was therein concluded that a large initial inter-
layer distance of 3.8 Å as well as vacancy defects could greatly 
enhance sodium storage due to the strong ionic bond between 
Na+ ions and the defects. An “adsorption–intercalation” 

Adv. Energy Mater. 2018, 8, 1800079

Figure 6. Microstructure and electrochemical properties of hard carbon. a) Typical X-ray powder diffraction pattern (Cu K#), and the inset shows a 
remodeled structure. b) Raman spectrum for hard carbon showing two characteristic bands: D-band, with intensity ID and G-band with intensity IG, 
and the ratio ID/IG indicates the degree of graphitization. c) The house of cards model showing intercalation in hard carbon.[18] d) Typical charge and 
discharge voltage profile for hard carbon, sodium insertion within the graphene layers shown in red dots and adsorption within the micropores shown 
in the blue dots, and the inset zooms into the low-potential region. e) Classification of the different steps in the mechanism of Na insertion in hard 
carbon. f) SEM microscope image of tape-casted carbon-coated hard carbon. g) Cycleability and rate capability tests for three different samples of hard 
carbon electrodes prepared at 1100 °C under different Ar flow rates. a,b,e–g) Reproduced under the terms of the CC-BY Licence 4.0.[60] Copyright 2015, 
The Authors. c,d) Reproduced by permission.[18] Copyright 2000, The Electrochemical Society.
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mechanism, here illustrated in Figure 7b,d, was thus prem-
ised. The sloping region was correlated with the simultaneous 
occurrence of adsorption on defect sites and intercalation in 

graphene layers, while the plateau region was assigned an inter-
calation mechanism on sites around the defects. Experimental 
studies by Bommier et al.[66] on “defect-free” glassy carbon and 

Adv. Energy Mater. 2018, 8, 1800079

Figure 7. Controversy in correlating the microstructural properties of HC. a) The intercalation–adsorption mechanism. b) The adsorption–intercalation 
mechanism. c) Slope capacity as a function of defect concentration (ID/IG). d) The adsorption–intercalation mechanism determined by DFT calcula-
tions. e) The active surface area in hard carbon as a function of the carbonization temperature, inset showing the d-spacing evolution as a function 
of carbonization temperature. f) Evolution of pore size distribution as a function of the carbonization temperature in hard carbon. g) Proposed 
mechanisms in Na insertion in hard carbon based SIB anodes. a,b) Reproduced with permission.[63] Copyright 2017, Wiley-VCH. c,d) Reproduced with 
permission.[66] Copyright 2015, American Chemical Society. e–g) Reproduced with permission.[64] Copyright 2015, Wiley-VCH.
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samples of sucrose-derived HC, carbonized in the temperature 
range of 1100–1600 °C, further corroborated this mechanism. 
Raman spectra deduced intensity ratio: ID/IG was therein used 
as an indication of defect concentration and a linear correlation 
versus “slope capacity,” i.e., the region (i) capacity, is reported 
(Figure 7c). Glassy carbon, with the least of such defects, 
showed the least slope capacity as expected. The voltage pro-
file was further analyzed using the galvanostatic intermittent 
titration technique (GITT), wherein a sharp decline in the diffu-
sion coefficient was observed in the low-voltage plateau region. 
This phenomena, a common occurrence in Li intercalation 
compounds, led to the conclusion that the region (ii) plateau 
voltage profile was indeed an intercalation mechanism of Na 
in graphene layers. Yet, an anomalous increase of the GITT-
deduced diffusion coefficient at the very end of the discharge 
process posed questions.

Later, Zhang et al.[64] prepared carbon nanofibers (CNFs) 
with tailored graphitization degrees by varying the pyrolysis 
temperature between 650 and 2800 °C and obtained a spec-
trum of CNFs with different pore size distribution, degree 
of graphitization, and amount of N and O heteroatoms. As 
the carbonization temperature increased, a rise in the degree 
of graphitization, a decrease in the active surface area (ASA), 
and a gradual disappearance of heteroatom surface groups 
are reported. An interesting observation herein illustrated in 
Figure 7e,f is the evolution in the ASA, d-spacing, and pore size 
distribution with temperature. The pore width migrates from 
an average of 1.2 nm for low-temperature synthesized CNFs to 
3.2 nm (small mesopores) for CNFs synthesized at tempera-
tures above 950 °C. Based on systematic experimental results, 
the Na storage mechanism in the sloping voltage region is 
described as two processes of Na+ bonding on the defect sites 
induced by heteroatoms and Na adsorption onto the surfaces 
of randomly oriented graphene layers. The low-voltage plateau 
was therein correlated to “small mesopore” filling and this 
marked a partial return to Dahn and Stevens’s initial nanopore 
filling model. Figure 7g illustrates these three proposed pro-
cesses in the “adsorption-filling” mechanism. Although in situ 
X-ray diffraction experimental evidence could not conclusively 
exclude the possibility of intercalation in the sloping region, the 
consistency of the obtained d-spacing, however, discarded pos-
sibilities of either intercalation or Na plating in the low-voltage 
plateau region.

However, recent systematic experimental and simulation 
studies by Qiu et al.[63] rejuvenated the adsorption–intercalation 
mechanism. Therein, cellulose-derived HC samples, carbon-
ized in the 900–1500 °C range, were analyzed. In addition to 
similar results as reported by Bommier et al.,[66] wherein the 
slope capacity is correlated to the defect concentration, the 
plateau capacity was further correlated to the pyrolysis tem-
perature. A maximum plateau capacity of 220 mAh g!1 is thus 
reported for HC synthesized at 1300 °C. On account of these 
findings, the sloping potential is described as Na adsorption 
on surface defect sites while the plateau region was correlated 
to Na insertion into graphene layers. In response to the ques-
tion of the increase in the diffusion coefficient at the end of 
discharge, a novel theory was therein proffered, wherein highly 
attractive interactions within intercalated Na are thought to give 
rise to this phenomenon.

These contradictory hypotheses, while being supported by 
meticulous experimental evidence, could also be rooted to the 
different materials and methods in the original studies. Regard-
less of this clear lack of a universally agreed mechanistic model, 
several significant steps toward optimization of HC anode mate-
rials in SIB have been realized recently.[67–69] For example, HC 
prepared in the 1000–2000 °C temperature range shows the best 
electrochemical performance with regard to a minimum slope 
capacity and a prominent plateau voltage without significant Na 
plating. In addition, the decrease in the ASA as a function of the 
increase in carbonization temperature advantageously results 
in an increase in Coulombic efficiency due to reduced SEI for-
mation. On the other hand, nitrogen-doped and defective HC 
nanoshells do not exhibit any voltage plateau.[69] These findings 
have led to improved HC performances for SIB application.

4.1.2. Titanium-Based Compounds

Several titanium–based compounds are extensively studied as 
possible intercalation hosts in SIBs, and this is partly due to 
their promising applications in LIBs.[70–74] Prior to discovery 
of HC electrodes, only two titanium-based anode materials 
were known: TiS2-[75,76] and NASICON-type NaTi2(PO4)3.[77,78] 
NASICON is an acronym for NAtrium SuperIonic CONductor. 
In recent times, several titanium-based compounds such as tita-
nium oxides, titanates, and titanium phosphates have emerged 
as potential anodes for LIBs and SIBs.

Titanium dioxide (TiO2), a naturally occurring oxide of tita-
nium, exists in several polymorphs such as rutile, anatase, 
and brookite.[79] Because TiO2 is abundant, environmentally 
friendly, and inexpensive, it has emerged as the most attrac-
tive noncarbonaceous anode material.[17,27] Among its poly-
morphs, anatase-type TiO2, with an open 3D framework, has 
achieved a relatively high reversible capacity in LIBs. Figure 8a 
shows the configuration of TiO2 octahedra in anatase. Although 
microsized anatase is electrochemically active in LIBs, 
accommodating about 0.5 moles of Li ions per formula unit 
(168 mAh g!1),[80] the same material is puzzlingly inactive in 
SIBs and this finding initially leads to the belief that the larger 
sized sodium ions could not diffuse into the 3D framework.[81] 
Nevertheless, quantum chemical theory ab initio calculations 
suggested that, in spite of a larger ionic radius, sodium inser-
tion in anatase is feasible.[82] It was therein shown that sodium 
diffusion barrier in anatase is not significantly larger in com-
parison to that of lithium.

The first successful sodium intercalation in anatase-type 
TiO2 occurred in its nanocrystal forms.[83] Nanocrystalline TiO2 
has an impressive rate capability at a moderate gravimetric 
capacity of about 150 mAh g!1 and exhibits stable cycleability 
up to 1000 cycles.[83,84] Furthermore, an outstanding rate capa-
bility of 11 C-rate is reported in carbon-coating free samples, the 
highest among either carbonaceous or Ti-based SIB anodes.[84] 
This is a phenomenal achievement, given the fact that TiO2 has 
intrinsically a low electric conductivity. Figure 8a illustrates the 
crystal configuration in TiO2. Figure 8b shows a high-resolution 
SEM image of pristine TiO2 nanoparticles. The electrochemical 
properties of TiO2 are illustrated in Figure 8c–f, where a large 
first cycle irreversible capacity loss is highlighted, and based on 

Adv. Energy Mater. 2018, 8, 1800079



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800079 (11 of 49)

www.advancedsciencenews.com

the cyclic voltammetry analysis, the redox reaction appears to 
be kinetically limited. However, the cycleability and rate perfor-
mance are clearly outstanding.

Several disadvantages however persist in anatase TiO2, some 
of which are illustrated in Figure 8c. The most evident being 
a sloping voltage profile that undermines the available energy 
density. Furthermore, a first cycle Coulombic efficiency of only 
42% is rather unimpressive. In general, nanosized active mate-
rials come at a penalty of increased SEI formation and side 
reactions at the surface of the active material and this results 
in the large irreversible capacity loss therein evidenced. Yet, in 
spite of these challenges, nanocrystalline TiO2 remains a prom-
ising candidate anode material for high-power SIB applications.

Sodium titanates, the compounds composed of Na2O 
and TiO2 with a general composition series of Na O TiO2 2n! ,  
have also been used as anode materials in SIBs.[17] In 2011, 
Senguttuvan et al.[85] in a quest for low-voltage transition metal 

oxides investigated the electrochemical insertion of sodium 
in Na2Ti3O7 (n = 3), a compound which hitherto had been 
utilized for divers proposes such as photocatalysis and heavy 
metal removal from waste water.[86,87] Surprisingly, Na2Ti3O7 
can reversibly insert up to 2 moles of Na+ ions per formula 
equivalent, corresponding to "200 mAh g!1, while Li2Ti3O7 
can only intercalate 1.4 moles of Li+ ions.[88] An impressively 
low and plateau (flat) discharge potential of 0.3 V versus Na+/
Na was also evidenced, culminating to the lowest intercalation 
potential recorded in oxide electrodes of either LIBs or SIBs. 
Figure 9a–c illustrates the structure and electrochemical prop-
erties of Na2Ti3O7.

While microsized Na2Ti3O7 is electrochemically active, it suf-
fers from a low cycle life. On the other hand, nanosized sam-
ples of Na2Ti3O7 have a significantly improved cycleability, but 
due to the increase in surface area, the first cycle Coulombic 
efficiency is unimpressive. Several optimization challenges to 

Adv. Energy Mater. 2018, 8, 1800079

Figure 8. Properties of anatase-type TiO2. a) Schematic illustration of the configuration of TiO2 octahedra and b) SEM image of pristine TiO2 nano-
particles.[84] c) First 100 charge and discharge voltage profiles of TiO2 showing the first cycle irreversible capacity loss and d) cyclic voltammogram of 
TiO2 illustrating the first cycle sweep. e) Extended cycling voltage profiles of TiO2 showing 1000 cycles. f) Rate capability tests of TiO2, and a high rate 
of 11C is evidenced while a return to 0.11C recovers the initial capacity. a) Reproduced with permission.[17] Copyright 2014, American Chemical Society. 
b,d–f) Reproduced with permission.[84] Copyright 2013, Elsevier B.V. c) Reproduced with permission[83] Copyright 2013, The Royal Society of Chemistry.
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simultaneously reduce the first cycle irreversible capacity and 
increase the cycleability still remain in Na2Ti3O7. Interestingly, 
however, nanosized and carbon coated Na2Ti3O7 samples, as 
shown in Figure 9c, exhibit longer cycle life. Carbon coating 
has thus proved to be a highly beneficial strategy to enhance 
the electronic conductivity and simultaneously reduce the SEI 
formation in such electrode materials.[89,90]

Sodium nanotitanate NaTi3O6(OH) · 2H2O and its dehy-
drated form is another titanium-based anode material that was 
first reported by Shirpour et al.[91] in 2013. Although an attrac-
tively low voltage of 0.3 V versus Na+/Na is therein reported, 
the voltage curve exhibits a sloping profile, an attribute of the 
solid-solution charge insertion mechanism. Furthermore, a 
severe loss in capacity in the first cycles points to the need for 
electrode optimization.

Nanorods of Na2Ti6O13 (n = 6), prepared by a soft-template 
method, have also been studied as intercalation material for 
SIBs.[92] The electrochemical reaction for charge storage is 
written as

Na Ti O Na e Na Ti O2 6 13 2 6 13x x x+ + !+ "
+  (3)

where x is the mole fraction of Na+ intercalated per formula 
unit of Na2Ti6O13. The insertion process is also described as a 
solid-solution mechanism, with a very low volume expansion of 
only 1%, while 0.85 moles of Na+ can be accommodated in the 
structure (x = 0.85), corresponding to 42 mAh g!1. Additionally, 
an impressive cycle life of about 500 cycles with 87% capacity 
retention in conductive additive-free Na2Ti6O13 nanorods (see 
Figure 9e) and 85% capacity retention after 5000 cycles in 

Adv. Energy Mater. 2018, 8, 1800079

Figure 9. Structure and electrode performance of sodium titanates. a) Structure of Na2Ti3O7 viewed along the b-axis. b) Charge and discharge cycles 
of microsized Na2Ti3O7. c) Charge capacity versus cycle number of carbon-coated, nanosized Na2Ti3O7/C. d) Second cycle voltage profile of Na2Ti6O13. 
e) Capacity versus cycle number for Na2Ti6O13 at 1 C-rate. f) A pure Na2Ti6O13// Na3V2(PO4)2F3/C full cell cycled at C/5 rate. a,c) Reproduced with per-
mission.[89] Copyright 2013, The Royal Society of Chemistry. b) Reproduced with permission.[85] Copyright 2011, American Chemical Society. d–f) Repro-
duced with permission.[92] Copyright 2013, The Royal Society of Chemistry.
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graphite containing composite electrodes is reported.[92] This 
makes Na2Ti6O13 a prospective anode material for low-cost SIB 
applications.

Even though a relatively flat voltage profile is observed in the 
(dis)charge profile, as illustrated in Figure 9d, the average voltage 
thereof is too high (0.8 V vs Na+/Na). This limits the energy den-
sity of SIB cells fabricated with a Na2Ti6O13 anode material, also 
considering the low gravimetric capacity of the samples. Indeed, 
Rudola et al.[92] prepared such a cell using a Na3V2(PO4)2F3/C 
composite electrode in EC:PC and 1 M NaClO4 electrolyte. As 
expected, the resulting average cell voltage of 2.5 V and capacity 
with respect to weight of the anode of 41 mAh g!1 after 20 cycles 
was rather low. In this study, they used an excess cathode in 
the balanced full cell, most likely as a strategy to overcome the 
anodic first cycle irreversible capacity loss.

Spinel Li4Ti5O12 (LTO), a known “zero-strain” anode mate-
rial for LIBs,[93] was first reported as a sodium host in 2012 
by Liang et al.[94] As a SIB anode, Li4Ti5O12 has an attractively 
long plateau voltage between 0.5 and 0.8 V versus Na+/Na and 
achieves a reversible capacity of 145 mAh g!1. Three-phase 
structural evolutions upon Na insertion are also reported, 
wherein pristine Li4Ti5O12 evolves to LiNa6Ti5O12 and Li7Ti5O12 
upon Na insertion.[94] Early optimizations of LTO composite 
electrodes focused on binders.[95] Compared to conventional 
polyvinylidene difluoride binders, sodium alginate and carboxy-
methyl-cellulose sodium binders resulted in better cycleability 
and Coulombic efficiency. Recently, Na-doped LTO has been 
reported to have an improved electrode capacity of 150 mAh g!1 
and an enhanced cycleability of 800 cycles,[96] while a superior 
rate capability of 10 C-rate and 15 C-rate has been reported in 
carbon-coated nanosheets and LTO nanorods, respectively.[97,98] 
Although these electrochemical properties are desirable for a 
safe SIB, a general drawback for LTO is a relatively high oper-
ating electrode potential for application in high energy density 
cells.[27]

4.2. Alloy-Based Anode Materials

The so-called “p-block” elements (Sn, Ge, P, and Sb) have been 
proposed as alloy-based anode materials for SIBs. These mate-
rials can form sodium-rich phases and achieve a much higher 
capacity than intercalation-based materials.

Conspicuous by its absence on that list is silicon, the work-
horse alloy anode for LIBs with a high theoretical capacity of 
4199 mAh g!1. In the SIB case, crystalline Si is electrochemi-
cally inactive at room temperature due to a large diffusion bar-
rier.[99,100] Arrieta et al.,[101] using DFT calculations, recently 
reported orthorhombic Si24, an open-framework silicon allo-
trope whose average electrode potential and theoretical capacity 
were deduced to be 0.3 V and 160 mAh g!1, respectively. 
Figure 10 shows the DFT-derived structural and electrochem-
ical properties of NaxSi24 (0 $ x $ 4). Although an impressively 
low volume expansion of 2.3% is therein reported and attrib-
uted to geometrical flexibility in the crystalline structure, the 
kinetics of the solid solution reaction were still found to be 
sluggish because of a high sodium diffusion barrier.

Other p-block elements, Sn, Ge, P, and Sb, have nevertheless 
shown excellent electrochemical performances with sodium, 

with respect to their gravimetric capacities. Figure 11 shows 
the comparative voltage profiles of Sn-, Ge-, P-, and Sb-based 
electrodes in Na cells. High first cycle electrode capacities 
(>500 mAh g!1) and desirably low average electrode potentials 
are herein evidenced. Phosphorous, for example, exhibits a first 
cycle capacity of 2500 mAh g!1, which is close to its theoret-
ical specific capacity of 2597 mAh g!1 (in Na3P). Although Sn 
electrodes show a slopping voltage profile, a characteristic of a 
solid-solution topotactic insertion (see Figure 11a), Ge, P, and 
Sb electrodes have well-defined plateau voltage profiles, indica-
tive of a two-phase addition reaction that is corroborated by the 
differential capacity inset in Figure 11b.

Adv. Energy Mater. 2018, 8, 1800079

Figure 10. DFT-calculated properties of electrochemically sodiated Si. 
a) Structure of Na4Si24 projected in the b–c and a–b planes. Si atoms 
(blue circles) and Na atoms (gold circles) are represented. The paral-
lelograms represent various supercells used to generate NaxSi24 configu-
rations, wherein red, black, and turquoise parallelograms correspond to 
supercells containing 8, 12, and 16 formula units, respectively, and the 
green rectangle exemplifies the unit cell of four formula units equivalent. 
b) First-principles derived voltage curve (solid blue line) and average cell 
voltage (dashed red line). a,b) Reproduced under the terms of the CC-BY 
4.0 Licence.[101] Copyright 2017, The Authors.
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Several unimpressive features are however evidenced in 
Figure 11b,c, these include a high overpotential between (dis)
charge cycles (hysteresis) and a significantly large first cycle 
capacity loss in Ge and P electrodes. A further critical challenge 
related to the alloy insertion mechanism in either SIBs or LIBs 
is the large volume expansion upon charge insertion.[102] Volume 
expansions by sodiation of 520%, 126%, 300%, and 390% are 
reported of Sn, Ge, P, and Sb electrodes, respectively.[103–106] 
This results in mechanical bond failures which lead to a loss of 
electrical contact in the short term and pulverization of the host 
material in extended cycles. The applicability, therefore, of alloy-
based electrodes in practical batteries is greatly impeded.

To enhance the cycle life, several ingenious composite elec-
trode designs have since been put forward in order to restrict 
the destructive effects of the volume changes.[36–38] The first 
critical strategy is to make nanostructures that cannot be pul-
verized. This approach has the advantage of improving the 
structural stability of the host material and the electrochemical 
rate capability by reducing diffusive transport pathways. Regret-
tably, this also amplifies side reactions and increasing the 
mass loading of nanosized host materials has been found to 
be challenging in composite electrodes. The choice, therefore, 

of binders, electrolyte, and SEI stabilizing additives becomes 
critical. The second strategy is carbon coating that comes with 
numerous beneficial effects. Besides enhancing the electrical 
conductivity, amorphous carbon acts as a cage to suppress pul-
verization and further reduces electrolyte decomposition reac-
tions in the composite electrode.[107]

The p-block elements are environmentally friendly and avail-
able at low cost and thus fulfill the major criteria for large-scale 
EES applications. Although they show outstanding proper-
ties with regard to their superior specific capacities, their use 
requires clever strategies and further breakthroughs in mate-
rial science. Current use is thus restricted by the available elec-
trolytes and binders. The success in the commercialization of 
Si-based anodes in LIBs is a proof of concept that should help 
to steer similar technological deployments in SIB, which at this 
stage lags behind that of intercalation-based materials.[108]

4.3. Conversion-Based Anode Materials

Several metal oxides (MOx) and metalsulfides (MS�), in par-
ticular layered metal disulfides (MS2, M = Mo, Sn, W, and Ti) 

Adv. Energy Mater. 2018, 8, 1800079

Figure 11. Electrochemical properties of alloy-based anode materials for sodium-ion batteries. a) Constant current charge and discharge in nanometer-
sized, mesoporous carbon–embedded Sn electrodes. b) Voltage profiles in the first two charge and discharge cycles in Ge thin film electrodes. The inset 
shows differential capacity dQ/dV plot of the same. c) Charge and discharge voltage profiles in phosphorous composite electrodes. The inset shows 
the effect of the cutoff voltage on the cycleability. d) Voltage profiles of the charge and discharge cycles of nanocrystalline Sb–embedded in carbon 
matrix Sb@C electrodes. Inset showing the effect of fluoroethylene carbonate (FEC) additive on the cycleability of the electrodes. a) Adapted with 
permission.[103] Copyright 2014, Wiley-VCH. b) Adapted with permission.[104] Copyright 2013, Elsevier B.V. c) Adapted with permission.[105] Copyright 
2014, Wiley-VCH. d) Adapted with permission.[106] Copyright 2012, The Royal Society of Chemistry.
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are reported as conversion reaction–based anode materials. The 
conversion reaction is however rarely exclusive and is accom-
panied in most cases by intercalation and/or alloying reactions 
during sodium insertion. We consider herein materials in 
which the conversion reaction is an inclusive part of the inser-
tion mechanism.

The generalized formula for Na-based conversion reaction 
can thus be written as[39]

M X Na M Na Xbc a ba b c( )+ ! " +  (4)

where X represents either oxygen or sulfur in the host com-
pound, and a, b, and c are the stoichiometric composition 
of the starting material and the formed Na-containing com-
pound, respectively. Figure 12a illustrates the differences 
between conversion mechanism and intercalation mecha-
nism while Figure 12b compares DFT-calculated relative cell 
voltage differences from either Li-based or Na-based conver-
sion mechanisms. Figure 12c,d shows the voltage range and 
the associated volume expansions in Na-based conversion 
reactions, respectively.

In metalsulfides, sodium intercalates to form NaxMS# which 
upon further sodium insertion decomposes into Na2S and M 
via a conversion reaction. Because the conversion reactions are 
associated with slow kinetics and large volume expansion, one 
approach is to avoid the conversion step altogether by voltage 
control. For example, Kim et al.[109] initially investigated the 
electrochemical performance of natural ore pyrite (FeS2) in 
an SIB by exploiting the intercalation and conversion reac-
tions and obtained a flat plateau voltage at 1.3 V versus Na+/
Na, a capacity of 630 mAh g!1, and a short cycle life of only 
50 cycles. However, by limiting the lower cutoff voltage to 0.8 V 
versus Na+/Na, to effectively avoid the conversion reaction that 
takes place at lower potentials, Hu et al.[110] obtained more than 
20 000 cycles at a lower specific capacity of 170 mAh g!1.

The reaction pathway in metal oxide–based conversion reac-
tions however depends on whether or not the metal M is elec-
trochemically active for alloying. For electrochemically inactive 
M, for example, Fe, Co, Ni, Mn, Cu, and Mo, the metal oxide 
reacts with Na+ is a one-step conversion reaction, according to

MO 2 Na 2 e Na O M2x x xx + + ! ++ "  (5)

Adv. Energy Mater. 2018, 8, 1800079

Figure 12. a) Schematic representation showing the contrasting reaction mechanisms occurring during discharge for insertion (top) and conversion 
reactions (bottom). The insertion reaction demonstrates a maximum of 1 electron transfer per transition metal (here designated as M), whereas the 
conversion reaction can transfer 2–6 electrons. b) Calculated differences in cell potentials between conversion reactions of MaXb with sodium or lithium, 
respectively. Positive values mean that replacing lithium by sodium in a conversion reaction will result in a lower cell voltage and vice versa. c) Specific 
capacities and cell potentials versus Na+/Na for conversion reactions of different classes of materials with sodium. d) Calculated volume expansions 
for lithium- and sodium-based conversion reactions. a) Reproduced with permission.[41] Copyright 2008, Nature Publishing Group. b–d) Reproduced 
with permission.[39] Copyright 2013, the Royal Society of Chemistry.
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and for an electrochemically active M, such 
as Sb, an alloying reaction further ensues

Na O M Na e Na O NaM2 2x x+ + + ! ++ "  (6)

Because of multiple charge transfer reac-
tions, such a reaction mechanism has a high 
specific capacity. Sb2O4, for example, has a 
specific capacity of 896 mAh g!1.[111] However, 
due to the deconstruction and reconstruc-
tion of the framework structures, conversion 
reactions are characterized by considerable 
voltage hysteresis in the charge and dis-
charge cycles. Polarizations ranging from 0.7 
to 1.0 V (dependent on the charge/discharge 
rate) are very common. Such effects are det-
rimental to the energy efficiency of batteries. 
In addition, the rate permanence and cyclea-
bility are not that impressive either, likely 
due to the large volume changes.

The highest cycle life of "500 cycles 
achieved in SIB anode materials that store 
sodium via a conversion reaction was 
reported for MoO3 with a moderate specific 
capacity of 200 mAh g!1.[112] This material 
however exhibits a sloping electrode voltage, 
reaching a high potential of 2.5 V versus 
Na+/Na, which essentially undermines its 
utility as anode material.

4.4. Anode Materials Comparison

The electrode performance of the different anode materials in 
Na cells is reviewed in this section, focusing on the reaction 
mechanisms, the electrode potentials, and the relative cyclea-
bility of the different anodic materials. While it is desirable to 
have a low anodic potential, there is a huge risk of electrolyte 
decomposition at such potentials. In general, most organic 
electrolytes are reduced at potentials below 0.5 V versus Na+/
Na and this question of the electrolyte will be further addressed 
in Section 5. Another challenge at low potentials is the risk of 
metallic plating, a likelihood which occurs at high charge rates. 
It is important therefore to bear in mind these challenges as 
low-voltage anodes are being pursued, whose unfavorable 
effects on the cycle life and safety of rechargeable batteries are 
well documented.

4.4.1. Comparing the Average Voltage and Gravimetric Capacity of 
Anode Materials

Figure 13 illustrates voltage and gravimetric capacity compar-
ison of SIB anode materials. The blue circles represent inter-
calation-based materials, the red squares represent conversion 
materials, while cyan diamonds represent alloy-based materials. 
A generally agreed voltage limit for anodes is 2 V versus Na+/
Na, for reasonable energy density values. It should be noted that 
anodic materials with higher potentials, in the range of 2–3 V 

versus Na+/Na, such as NaTi2(PO4)3
[124] and Na0.44(Mn1!xTix)

O2
[120] are useful in aqueous electrolyte–based systems. In this 

figure, contour lines of energy density at 100, 150, 200, 300, 
and 350 Wh kg!1 are shown. A hypothetical cathode material 
of 120 mAh g!1 and 3.7 V versus Na+/Na is assumed for these 
calculations.

While the intercalation-based materials apparently have 
desirably low electrode potentials, they generally suffer from 
the low gravimetric capacity. Alloy-based materials on the other 
hand appear to overcome this low capacity problem and, fur-
thermore, compared to carbonaceous materials, they have 
higher densities that aid their volumetric energy densities. The 
perils, however, of this phenomenally high capacity is a large 
volume expansion upon charge insertion, which brings about 
destructive structural deformations. Newcomer, conversion-
based anode materials in contrast tend to have moderate to 
high voltages and are characterized by relatively low gravimetric 
capacities. Here, Sb2O4 is a standout performer, yet challenges 
with regard to energy efficiency in a full cell further explains 
the subdued interest in these materials.

Metallic sodium with a desirably low working potential and a 
high gravimetric capacity of 1165 mAh g!1 is also shown. While 
this gives the impression of an obvious choice, practical issues 
such as dendrite growth and unstable SEI formation in liquid 
and polymer electrolytes inhibit its use in room temperature 
batteries.[4] Such a battery is referred to as a room temperature 
sodium battery and not a sodium-ion battery. The challenge of 
making a rechargeable, room temperature lithium or sodium 
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Figure 13. Average voltage versus the discharge capacity of various sodium-based anode 
materials. Intercalation materials (blue circles), conversion materials (red squares), and alloy 
materials (cyan diamonds). The energy density calculations are shown in the four contour 
lines (200, 250, 300, and 350 Wh kg!1), are based on the weight of the active material, using 
a theoretical cathode material with 120 mAh g!1 and 3.7 V versus Na+/Na. Data derived from 
refs. [45,48,55,58,75,83,84,89,92,96,100,103–106,109,111–123].
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batteries has remained unresolved for over 50 years. In the 
sodium case, this is made more complicated by the higher 
reactivity and lower melting point of metallic Na (note that the 
reactivity increases with the atomic number for the alkali-metal 
elements). BroadBit is one of the few companies taking up the 
challenge of a commercial rechargeable sodium battery.[125]

Judging by recent successful applications in prototype and 
near-commercialization cells, HC is the anode material of choice 
for SIBs.[126] Figure 13 illustrates the advantages of this attrac-
tive capacity and low voltage as it attains the highest energy den-
sity among intercalation-based materials. Furthermore, due to 
a relative cost advantage and natural abundance of precursors, 
carbonaceous materials will continually dominate the discus-
sion on anode material for SIBs. Challenges with HC arise from 
its low potential and an irreversible capacity upon the first cycle. 
This severely penalizes the practical application of this material 
in SIB full cells. Since anodic capacity losses cannot be com-
pensated and charging rates must be kept low to avoid sodium 
plating, the search therefore continues for safer and higher 
capacity anode materials for SIB applications. Novel perspec-
tives are leaning toward carbonaceous nanomaterials[49,127–129] 
and anatase titanium dioxide nanomaterials[83,84,130] in order to 
match the rate performance of graphite in LIB.

4.4.2. Cycle Life Performance of Anode Materials

Figure 14 compares the number of cycles versus the gravi-
metric storage capacity of various anode materials. It can be 
seen that alloy-based electrodes (cyan dia-
monds) and conversion-based electrodes 
(red squares) have a relatively poor cyclea-
bility while the intercalation-based electrodes 
(blue circles) have the highest cycleability on 
average. Although an impressive cycling per-
formance of 8000 cycles can be achieved with 
graphite, the insertion mechanism involves 
solvent cointercalation in an ether-based sol-
vent.[45,55] This however seriously limits the 
cell configurations for this electrode.

Cycleability however must be taken in 
the context of the gravimetric capacity of 
the materials. The product of the cycle 
number and gravimetric storage capacity 
give interesting values for the cumulative 
electrode capacities, as shown by the 4 con-
tour lines in Figure 14 representing 5, 25, 
100, and 500 Ah g!1. This benchmarks the 
performance between electrodes of different 
specific capacities and cycle performance. 
For example, although phosphorus has a 
very high storage capacity, its low cyclea-
bility results in a cumulative capacity that 
is rather modest, around 30 Ah g!1. The 
combination of a high storage capacity with 
an average number of cycles implies that 
Sn electrodes, for example, are as competi-
tive as graphite, HC, and Fe3O4 anodes (see 
the 500 Ah g!1line). Based on the data in 

Figures 13 and 14, intercalation-based HC and alloy-based Sn 
emerge as stand-out anode materials based on high cumulative 
capacity and energy density. Nevertheless, the material abun-
dance of Sn, as illustrated in Figure 1, is even lower than that of 
Li and this explains the subdued interest in the further develop-
ment of this anode material.

4.4.3. Cathode Materials

Electrodes with a potential above 2 V versus Na+/Na are gener-
ally classified as cathode materials in SIBs. Historically, research 
in cathode materials started in the 1970s when the structural 
and electrochemical properties of Na insertion in NaCoO2 were 
explored and it was found to be a feasible cathode material for 
SIBs.[131] In the early 1980s, studies on other layered oxides of 
3d transition metals such as NaxCrO2,[132] NaxMnO2,[133] and 
NaxFeO2

[134] were further conducted, credit to the pioneering 
work of Delmas co-workers. During that time and due to the 
instability of the electrolyte in the initial cycles, these studies 
were only limited to 3.5 V versus Na+/Na.[102] As a consequence 
of the phenomenal success of LIBs, subsequent investigations 
accorded to the SIB technology eventually became sparse.

Compared to anodic materials, a larger repertoire of material 
choices exists for the cathodes, this is true for either SIB or LIB 
cathode materials. Synthesis methods developed over the past 
three decades for LIB can be seamlessly adopted and the rela-
tively facile, solid-state method can be applied in the synthesis 
of SIB cathode materials.

Adv. Energy Mater. 2018, 8, 1800079

Figure 14. Number of cumulated cycles during their cycle life versus the storage capacity of 
the anode material for SIB. Intercalation materials (blue), conversion materials (red), and alloy 
materials (cyan). The cumulative capacities are shown in the four contour lines (5, 50, 100, 
and 500 Ah g!1), calculated as the product of the average capacity and number of cycles. Data 
derived from refs. [45,48,55,58,75,83,84,89,92,96,100,103–106,109,111–123].
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4.5. Classification of Cathode Materials

Most cathode materials can be classified into two major groups: 
either as layered metal oxides (LMeOs) or polyanion com-
pounds. These materials reversibly intercalate Na+ during elec-
trochemical charge and discharge and manifest stable phase 
transformations.

Conforming to the notation proposed by Delmas et al. in 
1980,[135] most LMeO crystal structures are classified as either 
P2-type or O3-type. Here, the letters “P” and “O” stand for 
prismatic and octahedral, respectively, denoting the lattice site 
occupied by alkali ion, while the numbers “2” and “3” stand for 
the number of layers or stacks in a repeat unit of the LMeO 
crystal structure. Where repetitions are not possible, due to in-
plane crystal lattice distortions, a prime symbol is added; thus 
giving O!3-type and P!2-type notation.[62] Figure 15 illustrates 
the lattice configurations in O3, O2, P3, and P2 crystal struc-
tures. One advantageous feature of the larger sized sodium 
ions is that they are able to occupy trigonal prismatic sites and 
form stable P2-type phases, which do not exist in the case of Li-
based LMeOs.[17,136]

The other major class of cathode materials is polyanionic 
compounds, which are generally characterized by attrac-
tive properties of good cycleability, attractively high electrode 
potentials, and robust structural frameworks. In contrast 

to LMeO, polyanionic compounds are generally innocuous, 
show good thermal stability, and exhibit a high tolerance to 
overcharge and discharge. Representative crystal structures of 
polyanionic compounds are shown in Figure 16. Phosphates 
(NaMePO4), pyrophosphates (Na2MeP2O7), and fluorophos-
phates (Na2Me(PO)4F), where Me represents a transition metal, 
are illustrated. Because the electrode potentials of polyanionic 
compounds are influenced by the inductive effect of oxide, 
fluoride, and sulfate anions, the potential of the redox couple 
can be tuned by interchanging F! and O2! for example.[17] As 
a result, the electrode potentials between sodium-based and 
analogous lithium-based polyanionic compounds are compa-
rable. Such attractive features endear polyanionic compounds 
to researchers and battery manufactures alike and appropriate 
them for large-scale EES applications.

4.6. Layered Metal Oxides as Cathode Materials

Taking a cue from the remarkable progress in lithium-based 
LMeO, sodium-based LMeO (NaxMeO2) have similarly taken 
prime consideration over recent years as candidate cathode 
materials for SIBs. As previously mentioned, more variety of 
stable LMeO structures are possible for SIB cathodes due to the 
larger size of the sodium ion. The main drawback associated 

with sodium-based LMeOs, however, is the 
poor cycle life performance due to instabili-
ties in their crystal structures.[138]

Generally, sodium extraction from either 
the O3-type or the P2-type phase induces 
irreversible structural and phase transitions 
in the cathode material thereby affecting 
their cycleability. For example, layers in the 
P2-type phase reposition after the removal 
of sodium ions to form the O2-type phase, 
while in the P3-type phase sodium extraction 
results in the O3-type phase. The P2 phase is 
however more favorable to Na-ion diffusivity 
due to a lower activation barrier compared 
to the O2 structure,[139] and it is known to 
exhibit better cycleability and air stability.[140] 
These biphasic occurrences also lead to the 
characteristic stepwise voltage profiles due 
to sequential two-phase and solid solution 
insertion mechanisms.

LMeOs nevertheless remain popular in 
research. An overview of the number of 
published literature since 2010 reveals that 
LMeOs are the most extensively studied 
materials in relation to cathode materials for 
SIBs.[17] While the general representation 
of the LMeO formulation is simplified, it is 
a rarity to find LMeO formulations with a 
single transition element species in practice. 
Even though some LMeOs with a single tran-
sition element have been reported for SIB 
application,[131,134,141–145] a combination of 
two or three transition elements has emerged 
as a popular strategy due to advantages in 
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Figure 15. Classification of layered materials and illustration of the phase transition processes 
induced by sodium extraction. Here, the stacking of MeO2 (Me: transition metal) sheets in 
layered metal oxide and the O3, O2, P3 and P2 phases are shown. Reproduced with permis-
sion.[17] Copyright 2014, American Chemical Society.



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800079 (19 of 49)

www.advancedsciencenews.com

material costs and structural stability as elaborated in the fol-
lowing sections.

4.6.1. Layered Metal Oxides with One Transition Element

The oldest type of LMeO cathode insertion material for SIBs is 
NaCoO2, initially studied in the 1980s.[131,146,147] In these pio-
neering studies, four thermodynamically stable phases, O3, 
O%3, P3, and P2 types, were readily prepared achieving good 
cycleability, in particular the P2-type phase.[146] The observed 
cycle life was surprising on account of concomitant phase tran-
sitions that can be identified by nonlinearities in the voltage 
profiles and the relatively large volume changes due to Na 
intercalation.

P2-type Na1!xCoO2 is currently the most extensively studied 
polymorph due to its recently discovered thermoelectric prop-
erties[148] and superconductivity of the hydrate compound 
P2-Na0.35CoO2 · 1.3H2O.[149] Several phase diagrams have thus 
been proposed, based on first-principles calculations, and have 
been verified experimentally.[150,151] Figure 17 illustrates the 
charge and discharge behavior of P2-type NaCoO2. As many 
as nine potential drops due to successive phase transitions 
involving single-phase domains and biphasic domains are evi-
denced.[150] Since such phase transitions are often complicated 
to analyze and are unique to the sodium-based system, phase 
diagrams from thermoelectric studies have allowed detailed 
insights into the nature of successive domains observed upon 
sodium intercalation.

While previous reports on NaCoO2 exhibited a poor cycle 
life of about 100 cycles,[152,153] improved electrochemical prop-
erties of 300 cycles with 86% initial capacity retention have 

been recently reported by Fang et al.[154] in their study of 
P2-Na0.7CoO2. In general, NaCoO2 in its various polymorphs 
has attractive electrochemical properties with regard to high 
rate capability, high voltage stability, and a wide range of revers-
ible sodium content.[154,155] Nevertheless, it shows a sloping 
voltage profile and has a tendency to react with NaPF6 con-
taining electrolytes.[156] A more critical deterrent, however, is 
the high cost of Co that inhibits the large-scale applicability of 
all Co-based electrode materials. Since reducing the cost of the 
batteries has become a major issue, LMeOs based on manga-
nese and iron are highly favored for SIB applications.

O3-Type NaFeO2, which similarly debuted in the 1980s, was 
prepared by Tekeda et al.[157] via solid-state reaction at 700 °C. 
Due to the philosophy of abundant and low-cost electrode mate-
rials, NaFeO2 has been subject to several electrochemical inves-
tigations. Yabuuchi et al.[158] in a systematic study of the effect 
of cutoff voltage on the electrode performance observed that 
Na1!xFeO2 delivers a low reversible capacity of 80–100 mAh g!1 
(0 < x < 0.45) and has a poor rate capability, based on the Fe4+/
Fe3+ redox reaction.[159] Figures 15b and 18a illustrate the effect 
of cutoff voltage on the cycleability of O3-NaFeO2.

On account of the high voltage of 3.3 V and a flat plateau 
voltage profile concomitant with minimal polarizations, the 
energy efficiency during (dis)charge cycles is impressive. The 
electrode however only manages good capacity retention for a 
cutoff voltage of 3.4 V (vs Na+/Na). At higher oxidation states, 
i.e., x > 0.5 and cutoff voltages above 3.5 V, irreversible struc-
tural changes appear in the material. Partial substitution of Fe 
with either Co,[155] Mn,[160] or Ni[161,162] has however proved to 
be an effective strategy to overcome these structural changes 
and increase the storage capacity while maintaining favorable 
material costs.
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Figure 16. Crystal structures of polyanionic compounds: a) olivine MePO4, b) NASICON Na3V2(PO4)3, c) triclinic Na2MeP2O7, d) orthorhombic 
Na2MeP2O7, e) orthorhombic Na4Me3(PO4)2P2O7, f) orthorhombic Na2Me(PO)4F, g) monoclinic Na2Me(PO)4F, and h) tetragonal Na3Me2(PO4)2F3. 
Symbol Me represents a transition metal. Reproduced with permission.[137] Copyright 2015, Wiley-VCH.
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Several polymorphs of NaMnO2, in particular the O%3-type 
and P2-type, have been examined as LMeO electrodes for SIB 
applications.[133,163,164] Early electrochemical investigations in 
1985 by Mendiboure et al.[133] on NaMnO2 premised an imprac-
tically low reversible capacity of only 54 mAh g!1 for cathode 
application. Undeterred by these initial findings, Ma et al.[165] 
nevertheless revised O%3-NaMnO2 using modified experi-
mental conditions and obtained a larger first cycle capacity of 
200 mAh g!1. Although issues such as stepwise voltage profiles, 
low Coulombic efficiency, poor cycle life, and low rate capability 
persisted, the electrode material showed remarkable robust-
ness to overcharge at 4.2 V. Before the discovery of the O%3-
type phase, the P2-type phase had been the preferred NaMnO2 
phase for SIB applications. Caballero et al.[163] synthesized and 
characterized P2-Na0.6MnO2 and obtained a reversible capacity 
of 140 mAh g!1 and remarkable thermal stability. Although all 
NaMnO2 LMeOs are remarkably resistant to conversion to the 
spinel structure,[140] rapid structural degradations were how-
ever evidenced with complete destruction of the crystalline 

framework after only eight cycles. Failure to 
accommodate the Jahn–Teller distortions in 
crystal frameworks, following the reduction 
of Mn4+ to Mn3+, is understood to be the 
cause of the structural instability in mixed 
valence manganese oxides.[166] Figure 18c–f 
shows the comparative electrode perfor-
mances of O%3 and P2 type NaMnO2. Gen-
erally, similar “signature” voltage profiles 
are here evidenced. Besides showing poor 
cycleability in micrometer-sized samples, 
an intrinsic demerit of either the O%3 or the 
P2-type NaMnO2 is a rather low average 
voltage of less than 2.8 V due to the Mn4+/
Mn3+ redox couple. This restricts the deliver-
able energy density of full cells made with 
such cathode materials.

O3-type NaCrO2 and O%3-type NaNiO2 are 
also investigated as candidate electrode mate-
rials for SIBs. Concurrent electrochemical 
studies of NaCrO2 and NaNiO2 first appeared 
in 1982.[132] While very low electrode capaci-
ties were reported in these initial studies, 
with x $ 0.2 in Na1!xMeO2 (Me = Ni/Cr), 
the strong reducing power of the Ni and Cr 
redox couples allowed attractively high elec-
trode potentials to be obtained. Nearly three 
decades later in 2010, the electrode proper-
ties of NaCrO2 were nevertheless revisited 
by Komaba et al.[141] Yet again, an impressive 
discharge capacity of 120 mAh g!1 in the first 
cycle was therein obtained with reasonable 
capacity retention over 50 cycles. Such find-
ings emphasize the importance of the experi-
mental conditions when drawing conclusions 
on electrode properties.

Figure 18g,h shows the voltage profiles 
and cycling tests of O3-type NaCrO2. Elec-
trolyte decomposition was identified as the 
major cause of the capacity degradation, 

therefore carbon coating in subsequent studies proved to be 
an effective way to enhance capacity retention.[167] Further 
endearing features include a nearly flat and high cell voltage, 
close to 3 V, an outstanding rate capability (up to 150 C-rate in 
carbon-coated samples), and superior thermal stability. These 
exceptional properties make O3-NaCrO2 an attractive and ver-
satile positive electrode material for SIB applications.[141,168,169] 
Although the electrochemical properties of O%3-NaNiO2 were 
similarly revisited by Vassilaras et al.[143] and while a reversible 
capacity of 120 mAh g!1 was therein reported, complex phase 
transitions upon charge/discharge cycles, low Coulombic effi-
ciency, and low cycle life meant that no SIB full cells have thus 
been fabricated with this cathode material. Meanwhile, two 
SIB full cells with O3-NaCrO2 as cathode have been reported: 
a moderate temperature cell, using ionic liquid electrolyte at 
90 °C,[168] and a room temperature cell, based on aprotic sol-
vents.[170] Both cells show reasonable capacity retention and 
serve to demonstrate the potential of NaCrO2 cathodes for 
advanced, high-power, SIB applications.

Adv. Energy Mater. 2018, 8, 1800079

Figure 17. Charge and discharge voltage profiles of P2-type NaCoO2. a) The cycling curve 
showing as many as nine potential plateaux and voltage drops. The first discharge and charge 
cycles are shown in the main frame and top-right inset by the red dotted lines and orange solid 
lines, respectively. A lower potential is obtained in the second discharge cycle due to electrolyte 
oxidation at high potential, and this feature is corrected by shifting the curve by &x to obtain a 
perfectly matching discharge profile, exemplified by the blue solid lines. The bottom-left inset 
shows the P2 layered structure NaCoO2. b) Similar charge and discharge profile in the pio-
neering publication. The top inset highlights the potential drops as well as their reversibility. 
a) Reproduced with permission.[150] Copyright 2011, Macmillan Publishers Limited. b) Repro-
duced with permission.[131] Copyright 1981, Elsevier.
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4.6.2. Layered Metal Oxides with Two or Three Transition Elements

As a general observation, LMeOs based on a single transition 
element suffer from a poor cycle life. This is probably due to 
multiple phase transformations and structural instabilities.[138] 
LMeOs with at least two transition elements prepared by par-
tial metal substitution have been effectively used to improve 
the electrochemical performances of LMeOs. Binary, tertiary, 
and quaternary LMeOs have thus been prepared with enhanced 
electrochemical properties compared to single-metal oxides. 
This, furthermore, reduces the dependence on uneconomical 

elements in battery materials thereby reducing the overall cost 
of battery materials.

A promising binary LMeO is P2-Na0.66[Fe0.5Mn0.5]O2. Although 
the material exhibits a modest capacity of 138 mAh g!1 in the 
first cycle, a remarkable capacity increase to nearly 190 mAh g!1 
is reached in the second cycle. This is due to sodium enrichment 
in the cathode by accommodating extra sodium ions issued from 
the metallic sodium anode in half-cells.

Only such electrochemically inserted sodium is revers-
ible. For example, chemically synthesized O3-Na[Fe0.5Mn0.5]
O2, a sodium rich phase, has a lower reversible capacity of 
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Figure 18. Properties of various layered metal oxide cathodes with one transition element. a,b) systematic studies on the effect of cutoff voltage on 
the performance of O3-Type NaFeO2. c,d) Charge and discharge voltage profiles of O%3-type NaMnO2. e,f) Charge and discharge voltage profiles of 
P2-type NaMnO2. g) First, second, and twentieth charge and discharge voltage profiles of O3-type NaCrO2 at 25 mA g!1. h) Cycleability test of O3-type 
NaCrO2 in 1 M NaClO4 PC solutions.[141] a,b) Reproduced with permission.[158] Copyright 2012, The Electrochemical Society of Japan. c,d) Reproduced 
with permission.[165] Copyright 2011, The Electrochemical Society. e,f) Reproduced with permission.[163] Copyright 2002, The Royal Society of Chemistry. 
g,h) Reproduced with permission.[141] Copyright 2010, Elsevier.
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110 mAh g!1. Furthermore, this O3-type phase manifests a 
larger voltage hysteresis thus making it unattractive as an energy 
efficient cathode material. However, P2-Na0.66[Fe0.5Mn0.5]O2 has 
an attractively high average voltage of about 3 V versus Na+/Na 
and good rate capability of micrometer-sized particles without 
needing carbon coating.[160,171] Such outstanding electrochem-
ical properties are evidently superior to those attained in either 
NaFeO2 or NaMnO2 and gainfully increase the energy density 
of full cells made with O3-Na[Fe0.5Mn0.5]O2 cathode materials.

Before the P2-type phase can be successfully used as cathode 
material in SIBs; however, several hurdles need to be over-
come. The chief hurdle among them is the need to increase the 
sodium content in the pristine, chemically synthesized mate-
rial. The reason why the reversible capacity increases beyond 
the first cycle capacity is because more sodium ions, from the 
metallic sodium anode in Na//Na0.66[Fe0.5Mn0.5]O2 cells, com-
pensate for the sodium deficiency in the as-prepared samples. 
In the absence of a metallic anode, Singh et al.[171] proposed 
NaN3 as a sacrificial salt to provide the extra sodium content. 
Therein, composite electrodes containing 5 wt% NaN3 reported 
an estimated gain of 32 mAh g!1 in reversible capacity after the 
first cycle. NaN3 thus decomposes to Na and N2 after the first 
charge, thereby compensating the sodium deficiency in the 
cathode material. A similar strategy has also been used to com-
pensate the initial charge irreversibility in LIB.[172] Other issues 
of practical concern include the hygroscopic nature, arising 
from possible intercalation of water and a volume expansion of 
11.3% upon charge insertion, which is relatively large among 
intercalation-based materials.[17,173]

Another successful Fe-containing binary LMeO is 
O3-Na[Fe0.5Co0.5]O2, with excellent rate capability (up to 30 
C-rate at micrometer-sized), and shows reasonably good capacity 
retention (85% capacity retention after 50 cycles).[155] In con-
trast to the characteristic, stepwise and sloping voltage profile 
of NaCoO2 and the low capacity of NaFeO2, O3-Na[Fe0.5Co0.5]O2  
has a smooth and nearly flat voltage profile. Another merit for 
this cathode material, for energy efficiency considerations, is a 
very low polarization between the (dis)charge voltage profiles 
therein observed. In addition, the material exhibits an attrac-
tively high average voltage of 3.1 V and has a comparatively high 
reversible capacity of 160 mAh g!1 due to the formation of a 
sodium-rich phase.[155] The presence of Co thus proved effective 
in enhancing the structural stability of the iron containing LMeO 
and improved the electrical conductivity of Na[Fe0.5Co0.5]O2. This 
results in the attractive electrode properties mentioned above.

Because Co is not an abundant element, one approach to 
reduce Co content has been to formulate ternary LMeOs, such 
as O3-Type Na[Ni0.33Co0.33Fe0.33].[162] Interestingly, most of the 
attractive electrochemical properties of Na[Fe0.5Co0.5]O2, in terms 
of excellent rate capability, low-voltage polarization, and high 
reversible capacity, are herein retained. While this approach high-
lights the effectiveness of Ni substitution, the use of Co remains 
a major deterrent for economical large-scale applications.

Co-free, binary, and tertiary  LMeOs have also been 
reported as cathode materials for SIB applications. O3-type 
Na[Ni0.5Mn0.5]O2, for example, is known to have one of the 
highest reversible capacities of 185 mAh g!1 among LMeOs, 
when cycled in the 2.2–4.5 V range (versus Na+/Na).[174] How-
ever, the cycle life of this material is greatly influenced by the 

(dis)charge protocol. For example, improved reversibility is only 
observed when the upper cutoff voltage is 3.8 V versus Na+/
Na. Moreover, it exhibits a highly sloping and cascading voltage 
profile due to the multiple phase transformations in the order 
O3 ' O%3 ' P3 ' P%3 ' P3( during sodium extraction.

Hasa et al.[175] investigated the electrode performance of P2-
Na0.5[Ni0.23Fe0.13Mn0.63]O2 and obtained an attractively high 
reversible capacity of 200 mAh g!1 with good capacity retention 
(100 reversible cycles reported) and an excellent rate capability 
(up to 5 C-rate in micrometer-sized, carbon-coating free sam-
ples). Based on the economic benefits of its elemental composi-
tion, this material can indeed be considered one of the most 
promising cathode materials for SIB applications. However, the 
voltage profile therein obtained was sloping in the 1.5–4.5 V 
range (vs Na+/Na) and a high degree of polarization between 
the charge and discharge curves was evidenced. Subsequent 
optimization studies by the same authors on the effect of the 
Ni-to-Fe ratio and the Na content on the electrochemical perfor-
mance revealed that the changes in the Ni-to-Fe ratio only lead 
to minor electrode capacity improvements.[176] The presence of 
Ni however remains crucial to reach higher electrode potentials 
and to avoid electrode dissolution.

4.7. Polyanionic Compounds as Cathode Materials

The other major class of cathode materials is polyanionic com-
pounds. The most widely studied polyanionic groups contain 
sulfate (SO4)2!, phosphate (PO4)3!, and prylophosphate (P2O7)4! 
ions.[177] In general, polyanionic compounds are character-
ized by remarkable structural stability and have an adjustable 
electrode potential due to the inductive effect.[178–180] The most 
prolific structures within the family of polyanionic compounds 
are the olivine, maricite, and NASICON-like frameworks.[177] 
Figure 19 illustrates the differences between olivine-type and 
maricite-type crystal structures[181] The olivine-type structure is 
renowned for its open diffusion pathways and is the most ubiq-
uitous phase for LIB cathode applications. In the SIB case, the 
maricite-type NaFePO4 is the thermodynamically stable struc-
ture. Regrettably, at temperatures above 450 °C, olivine-type 
NaFePO4 transforms into maricite-type NaFePO4.

A new series of mixed polyanion systems for SIB applica-
tions, analogous to Na4Fe3(PO4)2(P2O7) and carbonophos-
phates, Na3MePO4CO3 (where Me = Fe or Mn), has also been 
reported.[182,183] The Mn compound, in particular, has been 
unveiled as a promising polyanionic carbonophosphate cathode 
material. To realize its full potential, however, electrode optimi-
zation to reduce a 50% capacity loss in the first cycles (from 200 
to 100 mAh g!1) is needed. Furthermore the rate performance is 
not that impressive. Nevertheless, a reasonable capacity reten-
tion observed is enough to cause optimism in this material.[182]

4.7.1. Phosphates

Three polymorphs of NaFePO4, olivine, maricite, and amor-
phous NaFePO4, have thus far been reported to be electro-
chemically active in SIBs.[184–191] Among these, amorphous 
NaFePO4 shows the most attractive electrode properties for 
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electrode applications. Because of the low cost and abundance 
of elemental iron, iron-based materials are highly attractive in 
the quest for robust, scalable, cost effective, and environmen-
tally benign cathode materials.

Because of the success of olivine-type LiFePO4 as a cost 
effective, ultrafast cathode material for LIBs,[192–194] similar 
electrode performances had been anticipated in olivine-type 
NaFePO4. Oh et al.[186] thus investigated the electrode prop-
erties of olivine-type NaFePO4, prepared from olivine-type 
LiFePO4 via electrochemical delithiation followed by sodiation. 
Total delithiation before sodium insertion is crucial because 
any remaining lithium results in structural defects that inhibit 
free sodium diffusion.[189] A comparative study of the different 
electrode properties of olivine-type, carbon-coated NaFePO4, 
and LiFePO4 was then carried out by Zhu et al.[195] wherein 
spherical active particles of approximately equal sizes (about 
80 nm) were used. Figure 20 illustrates the respective electro-
chemical properties of the two olivine-type electrode materials. 
The two equilibrium open-circuit potentials here show relative 
similarity, characterized by long plateau voltage profiles during 
(dis)charge and suggestive of a two-phase insertion mecha-
nism. However, the potential plateau observed in NaFePO4 at 
2.86 V (vs Na+/Na) is 540 mV lower compared to that observed 
in LiFePO4 and exhibits "4 times more voltage hysteresis. The 

rate performance in the carbon coated samples of NaFePO4 is 
also not impressive either. Nearly 80% capacity loss is recorded 
at 2 C-rate. Figure 20e,f shows the comparative Cycleability of 
NaFePO4 and LiFePO4. Although carbon-coated NaFePO4 is 
able to withstand over 100 cycles with a reasonable capacity 
retention of nearly 90%, other vital electrode properties as men-
tioned above do not match those of LiFePO4.

While olivine-type NaFePO4 did not yield the desired results, 
attractive electrochemical performances were nevertheless 
obtained in amorphous NaFePO4 (a-NaFePO4). Li et al.[191] syn-
thesized hollow a-NaFePO4 nanospheres via a simple in situ 
hard template process while Fang et al.[196] prepared pome-
granate-like a-NaFePO4 nanospheres via a chemically induced 
precipitation method. Although the material shows a relatively 
low average voltage of 2.4 V, based on the Fe3+/Fe2+ redox 
couple, it exhibits a virtually theoretical gravimetric capacity of 
152 mAh g!1 (99% of the theoretical capacity), an outstanding 
cycle life (300 cycles with "95% capacity retention), and a supe-
rior rate capability of up to 10 C-rate in carbon coating–free 
samples.[191] Figure 21a,b illustrates the material properties 
and electrode performance of nanometer-sized a-NaFePO4. The 
hollow spherical shape reduces the diffusion length for inser-
tion and enhances surface reactivity. In addition, the struc-
turally robust amorphous phase improves the electronic con-
ductivity and supports multiple (dis)charge cycling in the as-
prepared samples. While these synergetic effects have resulted 
in outstanding electrode properties, a detailed mechanistic 
understanding is still lacking in order to optimize the electro-
chemical properties.[197] Nevertheless, a-NaFePO4 remains a 
prime candidate for SIB applications.

No reversible redox activity has been reported for maricite-
type NaFePO4. In this material, the PO4

3! tetrahedra are thought 
to isolate the sodium cations, resulting in a “closed” frame-
work, devoid of free diffusion pathways.[186,198,199] Even though 
recent discoveries by Kim et al.[190] reported that maricite-
type NaFePO4 reaches a capacity of 142 mAh g!1 with 95% 
capacity retention over 200 cycles. It therein appeared that key 
to this prolonged cycle life was the in situ transformation to 
amorphous FePO4 (a- FePO4) upon full (de)sodiation. Figure 
21c,d illustrates the electrode properties of the maricite-type 
NaFePO4. The transformation to the amorphous phase after 
the initial cycles is herein evidenced in the transition electron 
microscope (TEM) images.

Olivine phosphate NaFe0.5Mn0.5(PO4)3 directly synthesized 
via a molten salt reaction is also reported as a possible cathode 
material.[14,181] This sodium iron/manganese compound like-
wise exhibits a sloping profile over the entire voltage range, 
resulting in a low average electrode potential ("2.7 V vs Na+/
Na). In general, Fe-containing phosphate compounds are ideal 
electrodes owing to their low cost, stability, and environmen-
tally benign character; however, the Fe(III)/Fe(II) redox poten-
tial is too low for cathode materials and too high for anode 
materials.[200] Ultimately, such an intermediate voltage renders 
them less attractive.[14]

NASICON Na3V2(PO4)3 (NVP) with a flat voltage plateau 
is yet another highly promising cathode material for SIBs. 
Electrode properties of NVP were first investigated by Uebou 
et al.[201] in 2002. The highest gravimetric energy compared 
to cobalt- and nickel-based LMeOs available that time was 
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Figure 19. Crystal structures of lithium iron phosphate and sodium 
iron phosphate shown in the 101 plane of a) olivine LiFePO4, and the 
open structure allows lithium-ion migration; b) maricite NaFePO4, PO4

3! 
tetrahedra totally isolates the sodium cations and blocks sodium-ion 
diffusion. Reproduced with permission.[181] Copyright 2011, American 
Chemical Society.
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reported.[201] Cyclic voltammograms of carbon-coated NVP/C 
are shown in Figure 22a. Two characteristic peaks, one at 
"3.4 V, attributed to the V4+/V3+ redox couple, and the other, at 
a lower redox potential of 1.6 V (vs Na+/Na), based on the V3+/
V2+ redox couple, are evidenced.[202] Because of an impressively 
flat plateau voltage and because 2 moles per formula unit of Na 
are extracted at the higher electrode potential, corresponding 
to a theoretical capacity of 118 mAh g!1, an optimization prac-
tice is to avoid the lower voltage V3+/V2+ couple. The different 
oxidation states of vanadium however permit the use of NVP 
as both cathode and anode materials in symmetric cells.[203] 
In such cells, the optimal cathode to anode mass quantitative 
ratio, based on an anode capacity of 36 mAh g!1, is 1: 3.[203]

The crystal structure of NASICON-type NVP is shown in 
Figure 22c. The 3D open structure with large interstitial spaces 
is particularly interesting because it facilitates sodium super-
conductivity, yet it suffers from poor electronic conductivity.[204] 

It has thus been proposed that carbon coating[202,205,206] and the 
use of nanomaterials[207,208] can further enhance the electronic 
conductivity of NVP. It is however worth mentioning that bare, 
micrometer-sized samples nevertheless show encouraging elec-
trode and thermal properties.[208,209] Cycling tests performed 
in the 2–4.6 V versusNa+/Na range reveal a reversible capacity 
of 113 mAh g!1 with 95% capacity retention after 50 cycles, 
without significant potential hysteresis and a surprisingly good 
rate capability.[209,210]

Micrometer-sized NVP particles, attached to graphene sur-
faces (NVP/graphene), were investigated by Jung et al.[212] 
Compared to bare NVP, improved cycleability, and rate per-
formance, wherein 300 (dis)charge cycles at 10 C-rate were 
reported. Enhanced cycleability and rate capability were later 
revealed in carbon-coated, core–shell nanocomposite elec-
trodes, NVP@C as illustrated in Figure 22d.[211] Therein, a 
superior cycling performance, demonstrated by 700 (dis)charge 
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Figure 20. Comparative electrode characteristics of carbon-coated, olivine-type LiFePO4 (left) and carbon-coated, olivine-type NaFePO4 (right). 
a,b) The (dis)charge open-circuit voltage obtained by galvanostatic intermittent titration technique. c,d) Rate capability tests of LiFePO4 and NaFePO4. 
e,f) Cycleability tests of LiFePO4 and NaFePO4. a–f) Reproduced with permission.[195] Copyright 2013, The Royal Society of Chemistry.
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cycles at 5 C-rate, is evidenced. Later, Jiang et al.[213] improved 
the core–shell nanostructure design by embedding NVP@C in 
mesoporous carbon CMK-3. A phenomenal cycle life of 2000 
(dis)charge cycles at 5 C-rate was achieved in the NVP@C@
CMK-3 electrodes. The diffusion length for the sodium during 
intercalation is thus reduced by the core–shell architecture, 
while the mesoporous framework enables rapid ion transport 
and electronic conduction. This “double” carbon-coating design 
was thereafter improved upon by Rui et al.,[214] wherein core–
shell NVP@C was embedded in reduced graphene oxide (rGo). 
The NVP@C@rGo electrode exhibited an ultralong cycle life of 
10.000 (dis)charge cycles at an impressive rate capability of 100 
C-rate. This design of nanosized, carbon-coated, and carbon-
wrapped NVP can indeed be adapted to other materials and 
cements the prospects of NVP-based electrode materials.[215]

Since the first discovery of fast Na+ diffusion in “skeleton” 
structures by Goodenough et al.,[216] numerous NASICON-type 
materials, including NaNbFe(PO4)3

[217] and Na2TiMe(PO4)3 
(Me = Fe/Cr),[218] have been investigated and reported. Phos-
phate cathode materials are thus expected to accelerate the 

practical application of SIBs.[219] Despite the weight penalty 
arising from either the (PO4)3! or (SO4)2! anions, they provide 
structurally robust frameworks that enable high rate capability 
and extended cycle life, critical requirements for large-scale EES.

4.7.2. Pyrophosphates

Following the success of lithium iron(II) pyrophosphate 
(Li2FeP2O7) as a positive electrode material for LIBs,[220,221] the 
search of low-cost electrode materials for SIBs soon shifted 
from the phosphate system to the pyrophosphate system.[17] 
Na2FeP2O7, the analogous Na-based polyanion, forms an open 
3D crystal structure that is beneficial for fast sodium diffu-
sion. Although Na2FeP2O7 has a low theoretical capacity of 
97 mAh g!1, based on 1 mole sodium-ion extraction, it shows 
better rate capability compared to triphylite-NaFePO4, due to the 
open diffusion pathways formed by the pyrophosphate ions.[17] 
Consequently, micrometer-sized Na2FeP2O7, synthesized by 
solid-state methods, shows good rate capability, even without 
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Figure 21. Material characteristics and electrochemical performance of maricite and amorphous NaFePO4. a) Scanning transition electron micros-
copy images of single hollow amorphous NaFePO4 nanospheres. b) Voltage profiles in hollow amorphous NaFePO4 showing stable cycleability over 
200 cycles, and the top inset showing the rate capability tests from 0.2 C-rate to 10 C-rate. c) Transition electron microscopy images showing pristine 
and partially charged maricite NaFePO4. d) Galvanostatic (dis)charge voltage curves of maricite NaFePO4 cycled over 200 cycles at 0.05 C-rate in a Na 
cell, and the bottom inset showing rate capability tests of maricite NaFePO4 from 0.05 up to 2 C-rate. a,b) Reproduced with permission.[191] Copyright 
2015, The Royal Society of Chemistry. c,d) Reproduced with permission.[190] Copyright 2015, The Royal Society of Chemistry.
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a carbon coating, and has a negligible volume change of only 
3% upon full Na extraction.[222] Despite the available energy 
density, being lower in the pyrophosphate system compared 
to NaFePO4, its overall electrode properties are promising for 
large-scale applications.

Pyrophosphate-based electrode materials, containing 
other transition-metal elements, have also been reported.[223] 
The recently discovered Na2MnP2O7, which is isostructural 
to Na2FeP2O7, also shows good electrode performance.[224] 
Although the available energy density is higher due to the 
Mn3+/Mn2+ redox potential, it also experiences significant 
voltage hysteresis during cycling, which debilitates the energy 
efficiency of the electrode.

A polyanion system mixed of phosphate (PO4)3! and pyroph-
osphate (P2O7)4! has also been prepared.[225] Na4Fe3(PO4)2(P2O7) 
is a mixed polyanion compound with an impressively high 
average voltage of 3.2 V versus Na+/Na.[226] Compared to 
Na2FeP2O7, it exhibits an improved and stable reversible storage 
capacity of 122 mAh g!1, which remains nearly constant over 
100 (dis)charge cycles. Quantum leaps toward electrode mate-
rials with practical energy density and cycleability were later dis-
covered in vanadium-based ortho-diphosphate Na7V4(P2O7)4PO4 
(VODP).[227] VODP exhibits a flat and well-defined voltage pla-
teau at 3.88 V, impressive cycle life of 78% capacity retention 
after 1000 cycles, excellent rate capability of micrometer-sized 
powders without carbon coating, and minor volume change of 
2.4% upon full cycling. Although the reversible capacity is low 
(91 mAh g!1), its remarkable structural stability makes VODP a 
prospective cathode material for SIBs.

4.7.3. Fluorophosphates

Fluorophosphates are novel class of high performance cathodes 
which exploit the inductive effect of the presence of PO4

3! and F! 
anions to achieve high electrode potentials.[228] Fluorinated iron 
phosphate Na2FePO4F with a 2D layered framework is another 
studied electrode material for SIBs.[198,229,230] Although carbon-
coated Na2FePO4F has a relatively high electrode potential of 
3 V versus Na+/Na among the Fe-based cathodes, its other 
electrode properties, such as poor cycleability, high voltage 
polarization, and moderate capacity of 100 mAh g!1, are not so 
attractive.

Mn substitution results in Na2Fe0.5Mn0.5PO4F with a 3D 
tunnel structure, which favorably facilitates fast sodium diffu-
sion.[231] Na2Fe0.5Mn0.5PO4F achieves an even higher average 
electrode potential at 3.5 V versus Na+/Na because of the Mn3+/
Mn2+ redox reaction and has a slightly improved reversible 
capacity of 110 mAh g!1. A larger voltage hysteresis, however, 
upon cycling is therein experienced, which seriously incapaci-
tates the energy efficiency of this electrode.

Carbon-coated Na2CoPO4F, with an impressively high and 
nearly flat voltage plateau at 4.3 V versusNa+/Na, is another 
fluorophosphate.[232] Its overall properties, in particular a poor 
cycle life and a first cycle Coulombic efficiency of only 56%, are 
however not adequate for practical applications.[233] Further-
more, the use of rare-metal Co re-emerges as a major stum-
bling block. Electrolyte decomposition and side reactions at 
high potentials are two factors thought to be the main causes of 
the observed capacity loss.
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Figure 22. Electrode properties of NASICON-type Na3V2(PO4)3. a) CV curves for carbon-coated Na3V2(PO4)3/C, showing two redox peaks in a voltage 
sweep range of 1.0–3.8 V versus Na+/Na. b) Voltage profiles during 0.05 C-rate (dis)charge cycling of Na3V2(PO4)3/C in a voltage range of 2.7–3.8 V 
versus Na+/Na. The inset showing the rate performance. c) Crystal structure of Na3V2(PO4)3. d) Comparison of the cycling performance between bare 
Na3V2(PO4)3 (NVP), carbon-coated Na3V2(PO4)3 (NVP/C), and nanostructured, core–shell Na3V2(PO4)3 (NVP@C). a–c) Reproduced with permis-
sion.[202] Copyright 2011, Elsevier B.V. d) Reproduced with permission.[211] Copyright 2014, The Royal Society of Chemistry.
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NASICON-type, vanadium-based fluorophosphates, with 
the general formula Na3V2O2x(PO4)2F3!2x, where 0 $ x $ 1, 
are an appealing family of electrode materials, first introduced 
by Barker et al.[126,234,235] As x varies, the crystal structure as 
well as the oxidation state of vanadium (between 3+ and 4+) 
changes.[236] Due to the formation of sodium-rich phases, based 
on three sodium ions per formula unit and the multiple oxida-
tion states of vanadium, i.e., V3+, V4+, and V5 +, such composi-
tions were quickly identified as potential solutions to the energy 
density problems faced by most of the SIB cathode materials.[237]

The most prominent forms are the two end members: 
Na1.5VIVOPO4F0.5, where x = 1, and Na V (PO ) F3 2

III
4 2 3, where 

x = 0. The crystal structure and electrochemical properties of 
Na1.5VIVOPO4F0.5 were investigated by Sauvage et al.[238] The 
discharge voltage curve exhibited two exceptionally high voltage 
plateaus nested at about 3.6 and 4.0 V (vs Na+/Na). However, a 
low electrode capacity of 87 mAh g!1 was recorded with a low 
capacity retention of 70% after only 50 cycles. The poor elec-
tronic conductivity at room temperature (1.8 ) 10!7 S cm!1) of 
the material was thought to be the reason of the poor transport 
properties. Therefore, carbon coating was expected to enhance 
the electrode performance. For high energy density consid-
erations, Na V (PO ) F3 2

III
4 2 3 is the most attractive phase, in which 

higher voltage plateaus are observed at about 3.7 and 4.2 V 
(vs Na+/Na).[237] More impressively, a higher electrode capacity 

of 120 mAh g!1 with exceptional capacity retention (98% after 
40 cycles) has been achieved, resulting in a high theoretical 
energy density of 507 Wh kg!1 (128 mAh g!1 ) 3.95 V).[237,239] 
This value is close to that of some commercial LIB cathodes, 
LiFePO4 for example has an energy density of 580 Wh kg!1. This 
highlights the potential of this electrode in particular and for the 
SIB technology in general. Figure 23 illustrates the structure 
and electrochemical features of Na V (PO ) F3 2

III
4 2 3 described above.

Shakoor et al.[240] in a study of the electrochemical and 
thermal properties of Na V (PO ) F3 2

III
4 2 3 reported a very good 

thermal stability, up to 550 °C, and an attractively small cell 
volume change of "2% during Na-ion (dis)charge. Improved 
electrochemical performance was however reported by Liu 
et al.[241] in carbon-coated nanosized particles of Na V (PO ) F3 2

III
4 2 3 

embedded in a mesoporous carbon matrix. Therein, ultralong 
life 3000 (dis)charge cycles were reported with superior rate 
capability of 30 C-rate. These beneficial characteristics further 
qualify Na V (PO ) F3 2

III
4 2 3 as a material of choice for safe, long 

cycle life, and high energy density SIB.

4.7.4. Sulfates

Na2Fe2(SO4)3 with alluaudite-type sulfate framework is a very 
promising electrode for SIB applications.[242] First, the material 
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Figure 23. Properties of Na3V2(PO4)2F3 cathode material. a) The 3D structure of *-Na3V2(PO4)2F3, viewed along the a-axis. b) Effect of cutoff voltage on 
the cycling stability of Na3V2(PO4)2F3. c) Rate capability tests up to 10 C-rate. d) The (dis)charge voltage profile in Na//Na3V2(PO4)2F3 half-cell at C/50 
rate (per exchanged ion), and the inset shows the inverse derivative cyclic voltammetry curve where several redox states can be identified. a–c) Repro-
duced with permission.[239] Copyright 2012, Elsevier. d) Reproduced with permission.[237] Copyright 2015, American Chemical Society.
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has the highest electrode potential among electrodes based on 
the Fe3+/Fe2+ redox of 3.8 V versus Na+/Na and the as-prepared 
Na2Fe2(SO4)3 electrodes show excellent rate capability of up 
to 20 C-rate and good cycleablity. The charge/discharge cycles 
exhibit an excellent Coulombic efficiency in the first cycle. 
Regardless of some structural changes which are evidenced, a 
homogeneous intercalation mechanism is thought to occur as 
corroborated by the smooth sloping voltage profile and near-
zero volume change of 1.6%. Although the achievable revers-
ible capacity is moderate (102 mAh g!1) and the hygroscopic 
nature implies that extra measures must be taken in scaling 
up production, the ease of processing via low-temperature 
solid-state methods makes it one of the most attractive cathode 
materials.

4.8. Other Cathode Materials

Orthorhombic Na0.44MnO2 (Na4Mn9O18), a member of the 
family of manganese-based oxides, was first reported by Doeff 
et al. in the mid-1990s as a cathode for Li and Na batteries.[243,244] 
High capacities in the range of 160 mAh g!1 were initially 
reported in Na cells at 85 °C, using solid electrolytes. Although 
the crystal structure of Na0.44MnO2 was found to have attrac-
tively large-sized tunnels, which facilitate sodium storage (see 
Figure 24c), the pioneering phases, prepared by the solid-state 
method, were found to contain Mn2O3 bixbyite impurities.[245] 
Purification, by a hydrochloric acid treatment, inadvertently 
induced sodium leaching and resulted in isostructural sodium 
deficient phases.[243] Sauvage et al.[246] successfully optimized the 
parameters of the solid-state preparation method and obtained 
single crystals, while Akimoto et al.[247] used the flux method at 
1446 °C for the synthesis of pure phases of Na0.44MnO2.

Electrochemical studies of pure Na0.44MnO2 were then 
made possible. The complexity of the sodium intercalation 
phenomena was clearly evidenced by nonsmooth voltage pro-
files. Multiple distinct phase transitions (up to seven interme-
diate phases) were then identified, first experimentally[245,248] 
and then by DFT calculations.[249] Although an initial capacity 
of close to 140 mAh g!1 was observed, cycling tests proceeded 
with rapid capacity loss and increase in voltage polarization.[245] 
The Jahn–Teller distortion observed in layered manganese 
oxides is also a concern in such tunnel-type oxides,[166] and fur-
thermore, manganese oxides are poor electronic conductors.[250] 
These effects result in a relatively large volume expansion of 
"6%.[249] Metal substitution, for example, Cr substitution, to 
reduce the volume expansion and strategies that increase the 
conductivity are therefore necessary to minimize the effects of 
the Jahn–Teller distortion.[249,251]

Quantum leaps in electrode performance were however 
reported in single-crystalline nanowires of Na0.44MnO2, syn-
thesized by a polymer-pyrolysis method by Cao et al.[248] and 
recently by Zhan et al.[252] using the reverse microemulsion 
method. The pure phase crystallinity and nanowire mor-
phology enabled a high reversible capacity of 128 mAh g!1 (at 
0.1 C-rate), an excellent rate capability (80 mAh g!1 at 2 C-rate), 
and outstanding cycleability, reaching 1000 cycles with 77% 
capacity retention at 0.5 C-rate. Figure 24 illustrates the electro-
chemical properties of Na0.44MnO2 nanowires. Although a low 

average voltage of "2.7 V and a sloping voltage profile are some 
unattractive properties of Na0.44MnO2, its low cost and high 
storage capacity make it one of the most preeminent cathode 
materials for large-scale, room temperature SIB.

Metal-organic frameworks (MOFs) have also been unveiled 
as remarkable structures for charge storage because of their 
microporous and extensive 3D open channels.[253,254] Prus-
sian blue analogs (PBAs), with a general chemical formula 
Na M [M (CN) ] H O2 6 1 2zx a b y !" " , where Ma and Mb usually rep-
resent Mn, Fe, Co, Ni, Cu, and Zn, constitute one class of 
sodium-based MOFs.[255–258] Due to their large interstitial 
spaces, PBAs generally contain zeolitic water molecules, which 
are extremely difficult to remove from their lattices. PBAs how-
ever exploit these open sites, to achieve fast charge storage, as 
seen previously in the NASICON materials, and further rely on 
their rigid frameworks, to resists structural phase transitions 
during cycling. Sodium-based PBAs have justifiably received 
prime attention due to their high theoretical capacity of close to 
170 mAh g!1 (corresponding to two Na ions per formula unit), 
high rate capability, and extended cycle life. Other endearing 
features include inexpensive material compositions, low-tem-
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Figure 24. Charge and discharge cycles of Na2Fe2(SO4)3. a) The voltage 
profiles in the first five cycles, and the inset showing cyclic voltam-
metry peaks in the first two sweeps. b) Cycle ability and rate capability 
of Na2Fe2(SO4)3, and the inset shows the voltage curves at various dis-
charge currents. Reproduced with permission.[242] Copyright 2014, Mac-
millan Publishers Limited.
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perature facile synthesis procedures, and a general innocuous 
nature, which appropriate them for large-scale EES.[259]

The original Prussian blue KFeIIFeIII(CN)6 is a hexacyanide 
with a cubic crystal structure (see Figure 25a). Isostructural com-
pounds of the Prussian blue family were initially synthesized 
by replacing FeII with a transition metal. Wessels et al.[258] thus 
successfully synthesized KCuFeIII(CN)6 and reported reversible 
electrochemical sodium insertion in aqueous electrolytes. Good-
enough and co-workers[260] inspired by these preceding inves-
tigations, and in order to increase the working potential, used 
aprotic organic electrolytes instead. High-voltage sodium inser-
tion in Na2!xMFeIII(CN)6, where M = Mn, Fe, Co, Ni, Cu, or Zn, 
was thus made possible and these results obtained are shown 
in Figure 25b–g. It can be appreciated that while attractively 
flat voltage profiles, with an average electrode potential of 3.3 V 
versus Na+/Na and negligible overpotentials, were obtained in 
each case, a suitable reversible capacity, close to 100 mAh g!1, 
was only obtained in Na2!xFeIIFeIII(CN)6. Moreover, an imprac-
tical Coulombic efficiency, between 60 and 80%, was recorded 
in the first 30 cycles, a phenomena attributed to zeolitic water 
decomposition at high potentials, in the as-prepared PBA.

The poor Coulombic efficiency was later revealed to be 
related to lattice defects and phase transitions in the as-pre-
pared samples.[256,261] Sodium insertion in high-quality single 
crystals of the so-called Berlin green nanoparticles FeFe(CN)6· 
4H2O, without detectable K content, was investigated by Wu 
et al.[262] An enhanced electrode capacity of 120 mAh g!1 with 
outstanding Coulombic efficiency and rate capability was 

therein reported and thus underlined the importance of phase 
purity. The lack of sodium content, however, in the as-prepared 
samples incapacitated the use of this material in full-cell SIBs.

Vacuum-dried and sodium-rich, rhombohedral sodium iron 
hexacyanoferrate Na1.92FeFe(CN)6 · 0.08H2O, with negligible 
water content and remarkable air stability, was then prepared by 
Wang et al.[255] Two high voltage plateaus at 3.3 and 3.0 V (vs Na+/
Na) and a high gravimetric capacity of 160 mAh g!1 were therein 
reported. Furthermore, an impressive rate capability of up to 15 
C-rate, a nearly perfect Coulombic efficiency, and remarkable 
capacity retention of "80% after 1000 cycles were attained. These 
phenomenal properties encouraged the fabrication of an SIB full 
cell using HC anodes, which resulted in a 3 V cell with a revers-
ible capacity of 120 mAh g!1 (based on the mass of active material 
in the cathode). Due to their low cost, Fe-based PBA are indeed 
highly promising cathode materials for SIBs. Even though nano-
sizing and carbon coatings would further enhance their rate capa-
bility, full cells fabricated with HC anodes and composite elec-
trodes reveal that rate limitations at the anode are more critical.

4.9. Comparison of Cathode Materials

The different cathode materials in SIBs are compared in 
this section, first focusing on the various electrode poten-
tials in relation to the storage capacity and their structures 
(Section 4.9.1) and then concentrating on their cycleablility 
(Section 4.9.2) using data derived from the referenced papers.
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Figure 25. Structure and electrochemical properties of Na0.44MnO2 nanowires. a) Voltage profiles during discharge. b) Cyclic voltammetry curves at 
a scan rate of 0.1 mV s!1, showing multiple phase transitions during sodium (dis)charging. c) Illustrative structure of Na0.44MnO2, perpendicular to 
the ab plane, clearly shows the large tunnels that accommodate sodium storage. d) Cycling performance and Coulombic efficiency. a,b,d) Reproduced 
with permission.[252] Copyright 2015, The Electrochemical Society. c) Reproduced with permission.[245] Copyright 2007, American Chemical Society.
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4.9.1. Comparing the Average Voltage and Gravimetric  
Capacity of Cathode Materials

Figure 26 illustrates the average voltage and specific capacity 
of the different positive electrodes. Layered metal oxides (red 
squares), polyanionic compounds (blue circles), as well as other 

insertion structures (yellow triangles) such as Prussian blue com-
pounds are here compared. The contour lines are used to rep-
resent theoretically calculated energy densities of SIBs fabricated 
with such cathodes, calculated per kilogram of both the anode 
and cathode and assuming an HC anode. As discussed in Section 
4.1.1, HC has one of the lowest potentials available for the anode.

Adv. Energy Mater. 2018, 8, 1800079

Figure 26. Properties of Prussian blue analogs. a) Prussian blue analog crystal framework. b–g) Third cycle voltage (dis)charge curves at 0.05 C-rate 
of KMFe(CN)6 (MFHC) and Prussian blue analogs in SIB half-cells. The insets show the redox activity from cyclic voltammograms. a–g) Reproduced 
with permission.[260] Copyright 2012, The Royal Society of Chemistry.
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From Figure 27 it can be seen that the polyanionic com-
pounds can attain a desirably high electrode potential while 
the electrode potential of the layered metal oxides is mostly 
moderate, in the range of 2.5 and 3.5 V. Higher gravimetric 
capacities are however observed in layered oxides because 
the presence of heavy polyanionic species, (XO4)3!, reduces 
the energy density of polyanionic compounds. In general, the 
achievable energy densities among the different cathode mate-
rials are encouraging, using an LiMn2O4-based LIB as a bench-
mark whose energy density is "300 Wh kg!1. Several cathode 
materials are found beyond the 300 Wh kg!1 contour line range 
and can thus compete with LIBs.

Another observation is the importance of mastering the 
chemistry and redox potentials of cobalt, manganese, and vana-
dium to achieve high energy density storage in SIBs. However, 
the practical challenges with regard to Mn and Co couples and 
the toxic nature of vanadium have been discussed in the pre-
ceding sections. On the other hand, the properties of the eco-
nomically attractive Fe-based materials are unappealing as such 
cathodes rarely attain electrode potentials above 3 V.

4.9.2. Cycle Life Performance of Cathode Materials

Figure 28 illustrates the relative cycleability of the different 
cathode materials that are reported for SIBs. The red squares rep-
resent the layered oxides, the blue circles represent polyanionic 

compounds, while the yellow triangles repre-
sent other insertion materials. The cumulative 
capacity values of 1, 5, 20, and 100 Ah g!1 are 
here used to compare the different electrode 
materials which takes into account the gravi-
metric storage capacity of the material and the 
reported number of cycles. Compared to the 
layered oxides, polyanionic compounds are 
able to achieve higher cycle numbers due to 
their structural stability. Since metallic Na is 
used as the anode in these experiments, the 
resulting cell voltage makes it difficult to over-
look the role of the electrolyte and additives 
used. One thus must bear in mind the influ-
ence of the experimental conditions in order 
to make a conclusive conclusion on the cyclea-
bility of a given cathode material.

Nevertheless, some outstanding performers 
can be identified, based on data shown in 
Figures 26 and 28. In particular, the polyanion 
Na3V2(PO4)2F3, the layered oxide Na2V2O5, 
and the Prussian blue Na2Fe2(CN)6 electrodes 
show a good combination of high energy den-
sity and good cycle life. These features together 
with inexpensive material combinations and 
remarkable rate capability make them prime 
candidates for large-scale EES applications at 
room temperature. Because of the number 
of available interesting materials, compared 
to the anode materials, the outlook on SIB 
cathode materials is therefore more promising.

5. Electrolytes for Sodium-Ion Batteries

Most electrolytes are liquids at room temperature that consist 
of electrolytic solutions of salts dissolved in solvents. If the 
solvent contains labile H+ (e.g., water or ethanol) it is called a 
“protic” solvent, conversely the term “aprotic” solvent is used. 
Although usually conceived as a passive component, the elec-
trolyte constitutes an integral part of any given electrochem-
ical device. Beside the bulk properties of the electrolyte (see 
the general requirements of an electrolyte below), interfaces 
formed between the electrolyte and the two electrodes are often 
decisive to the overall performance of the battery. Therefore, 
understanding the chemical nature of electrolytes as well as the 
structure and properties of the electrolyte/electrode interphase 
is a vital step in the development of SIBs and indeed consti-
tutes the bedrock of modern electrochemistry.[278]

In contrast to the LiPF6 salt dissolved in organic carbonate sol-
vents, which nowadays is the standard electrolyte used in LIB, a 
generally acceptable electrolyte composition is yet to be identified 
for SIBs.[279,280] This challenge however presents a great opportu-
nity for research because energy density, cycling ability, reversible 
storage capacity, safety, and rate capability of future SIB greatly 
depend on the electrolyte. Fortunately, several DFT and experi-
mental optimization approaches have been applied to determine 
the appropriate aprotic electrolyte composition in SIBs and have 
become a cornerstone to the current state-of-the-art.[281–283]
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Figure 27. Average cathode voltage during discharge versus the storage capacity of the various 
cathode materials. Layered metal oxides (red squares), polyanionic compounds (blue circles), 
as well as other insertion structures (yellow triangles) are shown. The four contour lines (150, 
200, 250, and 300 Wh kg!1) represent the energy density calculations of SIB fabricated with 
such cathodes, calculated per kilogram of both the anode and the cathode, and assuming 
a hard carbon anode. Calculations based on data presented in refs. [3,16,17,21,62,141,143–
145,150,155,157,158,161,162,168,174,181,182,187–189,198,204,207,213,225–
227,229,230,238,239,241,242,248,263–277].
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5.1. General Requirements for Electrolytes and Solvents

In general, an appropriate electrolyte/solvent should satisfy the 
following criteria:[284] a) electrochemical stability, ensuring that 
it does not react at the surfaces of either electrodes within the 
operating voltage window. b) Wide operating temperature that 
allows the solvent to remain in the liquid state at the desired 
operating temperature range. As will be seen later, nonliquid 
electrolytes exist, however there are more advantages with 
using liquid electrolytes. c) A low viscosity that promotes ionic 
conductivity. d) A high dielectric permittivity to allow the sol-
vent to dissolve a high concentration of solutes. e) The solvent 
should finally be nontoxic and available at low cost.

Evidently, it is difficult, if not impossible, for a single solvent 
to satisfy all the above requirements. In the following sections, 
these features are explored in more detail.

5.1.1. Electrochemical and Chemical Stability

The electrochemical stability of an electrolyte is quantified by 
the voltage range between the oxidation and reduction reaction 
limits. This voltage range is referred to as the electrochemical 
stability window (ESW). Thermodynamically, the ESW corre-
sponds to the energy separation between the lowest unoccupied 
molecular orbital and the highest occupied molecular orbital of 
the electrolyte.[279] For a stable battery operation, to avoid side 

reactions, it is important that the working 
potentials of both electrode materials fall 
within this electrochemical window or for the 
electrolyte to have a wide ESW.

Electrochemical stability is often chal-
lenged by the strong oxidizing and reducing 
power of the cathode and the anode materials 
used. High-voltage cathodes and low-voltage 
anodes are constantly being pursued for 
higher energy density cells. As a result, most 
of the electrolytes used for SIBs and LIBs are 
metastable due to formation of passivation 
layers (SEI at the anode and surface layers 
(SLs) at the cathode).

On the other hand, the requirement of 
chemically stability ensures that no chemical 
reactions occur between the electrolyte and 
all other cell components such as separators, 
charged electrode materials, current collec-
tors, and cell packaging materials.

5.1.2. Wide Operating Temperature Range

An ideal electrolyte should remain liquid 
within a wide operating temperature range, 
this is due to the performance advantages 
of using liquid electrolytes in batteries. To 
achieve a high liquid range, the melting point 
should be considerably lower and the boiling 
point should be higher than the operation 
temperature. Furthermore, for safety consid-

erations, a low vapor pressure and a high flash point tempera-
ture are desirable to ensure it does not ignite easily. Current 
organic electrolytes employed in LIBs and SIBs generally have 
a wide liquid range. However, these electrolytes are also associ-
ated with high vapor pressures and are flammable at elevated 
temperatures (such as would be caused by  thermal runaways). 
On the other hand, ionic liquids, polymers, and gel electrolytes 
have a low flammability risks although their liquid range is less 
desirable.

5.1.3. Low Viscosity

When solvated ions are transported in an electrolyte, drag 
forces exerted by surrounding solvent molecules are quanti-
fied by the dynamic viscosity. Based on the Stokes–Einstein 
equation, ionic mobility is inversely proportional to the solvent 
viscosity, low viscosity therefore facilitates good ionic mobility 
through the bulk of the electrolyte.[285] This also ensures a low 
Ohmic resistance in the cell. In practice, the ionic conduc-
tivity should be at least higher than 1 mS cm!1 at the operating 
temperature.[279]

Good ionic conductivity ensures that charged species in the 
electrolyte are responsive to an electric field, the effective charge 
transfer between the anodic and cathodic electrodes however 
depends on the mobility of the particular ion of interest, in this 
case Na+. The fraction of the current due to Na+ mobility from 
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Figure 28. Number of cycles reported for SIB versus the storage capacity of the various cathode 
materials. Layered metal oxides (red squares), polyanionic compounds (blue circles), as well 
as other insertion structures (yellow triangles) are shown. Cumulative capacity values of 1, 
5, 20, and 100 Ah g!1 are represented by the four contour lines, calculated as the product of 
the average capacity and number of cycles. Data derived from refs. [3,16,17,21,62,141,143–
145,150,155,157,158,161,162,168,174,181,182,187–189,198,204,207,213,225–
227,229,230,238,239,241,242,248,263–277].
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the total current is referred to as the transference number (tNa). 
The transference number (ti) of a given ion i is defined as

; 0 1t
z c u

z c u
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i i i

i i i
i

n i!
= " "  (7)

where zi is the valence state of the ion i, ci is the molar concen-
tration, and ui is the mobility of the ion i of interest in a total of 
n ionic species (cations and anions). tNa therefore also depends 
on the mobility of the other ionic species present in the elec-
trolyte. A common approach in analytical electrochemistry is to 
add an electrolyte support (an electrochemically inert ion that 
has a high transference number) so that the transport mecha-
nism for the ion of interest is “effectively” purely diffusive. In a 
battery, however, it is desirable to have fast ion transport and to 
reduce concentration polarizations that result from a low trans-
ference number for the ion of interest. To achieve this, the elec-
trolyte must therefore favor the transference of the cation. A 
modeling study of the effect of adding Li-based supporting salts 
to electrolytes was performed by Danilov and Notten.[286]

Unfortunately, because of the formation of a stable solvation 
shell around the cation, the transference numbers for Na+ and 
Li+ are rarely above 0.4, this means organic solvents favor the 
conductivity of the anions.[287–291] Compared to analogous Li+ 
solvent complexes, Na+ solvent complexes have a lower binding 
energy, up to 15–20% less, due to the weaker Lewis acidity.[292] 
Therefore, sodium-based salts should in general have higher 
conductivity than analogous lithium-based salts. Higher trans-
ference numbers, i.e., tNa = 1, are possible if anions are tethered 
to the polymer matrix, as in the case of ion selective polymer 
electrolytes.

Another advantage of low viscosity is wettability of the sol-
vent which is often measured by the contact angle made by 
the solvent on the cell components. Wettability is essential to 
ensure good contact between the solid phases and the liquid 
phases in order to facilitate ionic transport across the inter-
phases. For the above reasons, solvents with low viscosity are 
always considered ideal candidates for electrolytes.

It is also worth highlighting that while the electrolyte must 
allow high ionic conductivity, when an electric field is applied, 
it should at the same time be an electrical insulator. Electronic 
conductivity is detrimental to its proper function and results in 
short-circuiting and self-discharge in the cell. In general, the 
separation between the electrodes is large enough to avoid elec-
trical conduction. Although electrical conductivity across the 
cell in liquid electrolytes is not a major concern, electrical con-
ductivity at the surface layers formed (SEI or SL) results in poor 
Coulombic efficiencies, electrolyte degradation, and unstable 
SEI layers.

5.1.4. High Dielectric Permittivity

The dielectric permittivity is a parameter which indicates the 
effectiveness of the solvent in screening dissolved ionic species. 
In order to effectively dissolve a salt, the formation of close ion 
parings must be prevented. The dielectric permittivity there-
fore characterizes the effectiveness of the solvent molecules to 

separate anion–cation pairings. A high dielectric permittivity in 
a solvent thus ensures that ion pairings have a low probability 
of occurring at a given salt concentration and temperature. 
Comparing sodium-ion and lithium-ion salts, DFT calcula-
tions reveal that ion–ion parings are reduced by "80% with Na+ 
as the cation.[281] This means the problem of salt solubility is 
less severe in SIBs than in LIBs and this will open the door for 
more salt options in SIBs.

No single practical solvent available to date simultaneously 
possesses a high dielectric permittivity and a low dynamic vis-
cosity.[280] The successful strategy that has been employed is to 
form binary ternary and quaternary mixtures of different sol-
vents in an effort to obtain optimized electrolytes. By mixing 
a solvent with high dielectric permittivity, usually ethylene 
carbonate (EC) and another solvent with low viscosity, such as 
dimethyl carbonate (DMC), suitable formulations have thus 
been discovered.[284,293]

5.1.5. Low Cost and Environmental Friendliness

Finally, the components of the electrolyte need to be environ-
mentally friendly to ensure sustainability. Cost factors have also 
been decisive in asserting LIB standard electrolytes since the 
supply chains are well established. This presents an economic 
challenge to newly emerging battery chemistries, should these 
electrolytes fail to meet performance standards.

Several liquid, gel, and solid-state electrolytes have been 
investigated for use in LIBs and recently also in SIBs. The fol-
lowing sections review some of the common electrolytes cur-
rently available and their properties for SIB applications.

5.2. Organic Liquid–Based Electrolytes

Due to high cathode potentials and the low anode potentials 
used in LIBs and SIBs, only aprotic polar solvents merit consid-
eration due to their larger ESW. Organic liquid–based liquids 
have thus emerged as primary solvents. In order to dissolve 
appreciable amounts of either sodium or lithium salts, car-
bonyl-, nitrile-, sulfonyl-, and ether-based polar groups have 
been found to have a large enough permittivity.[284]

5.2.1. Propylene Carbonate (PC)-Based Electrolytes

Alkyl carbonate, propylene carbonate, is an attractive electrolyte 
for battery operation due to its low cost, high dielectric permit-
tivity, and large ESW. Early interest in PC for use in lithium 
cells arose from its high dielectric constant. However, several 
problems at the anode soon emerged as PC reacted with freshly 
deposited Li in PC-based LIBs. The formation of graphite 
intercalation compounds, via the solvent cointercalation phe-
nomena, is believed to be the cause of the poor cycling.[294,295] 
HC electrodes used in SIBs have also been tested with PC 
and a similar observation of poor cycling stability has been 
reported.[283] PC, however, remains popular in current elec-
trolyte formulations, statistics show that it forms the base of 
around 60% of the current SIB electrolytes.[279] While its low 
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cost has undoubtedly been a major driving force, optimized 
electrolyte properties have also been obtained by mixing PC 
with other solvents.

5.2.2. Ethylene Carbonate–Based Electrolytes

Ethylene carbonate is another successful alkyl carbonate electro-
lyte for SIBs. Among most common solvents, EC has a low vis-
cosity and a high dielectric permittivity of about 90 (at 40 °C), for 
comparison, that of water is 79. Despite these remarkable prop-
erties, EC is a solid at room temperature and has a relatively high 
melting point of 36.4 °C, while that of PC is as low as !48.8 °C.

In the late 1970s, it was however discovered that the presence 
of solutes and a small amount of PC could lower the melting 
point of EC while maintaining its favorable physical proper-
ties.[296] An important characteristic of EC is the formation of 
a highly protective SEI layer at the anode. Half-cell LIB anodes, 
based on graphite and petroleum coke, were tested in an EC:PC 
(1:1) electrolyte.[297] Stable passivating films were therein 
formed after the first (dis)charge cycles and this discovery 
cemented the position of both EC and PC in LIB formulations.

Figure 29c illustrates cycling studies performed on Na/Hard 
Carbon half-cell using either PC alone or EC:PC mixed electro-
lyte.[58,283] The EC:PC mixture emerges as the best solvent for-
mulation regardless of the salt used, i.e., NaClO4 or NaPF6.[283] 
Similar observations in separate studies corroborate these 
findings.[225] The resulting SEI is shown to be more ionically 
conductive, as indicated by facile charge transfer across the 
interface layers. This engenders low polarizations and eventu-
ally permits the use of the full capacity of HC anodes at the 
low potentials, as the risks of metallic plating are abridged. The 
EC:PC mixture is accordingly the most efficient electrolyte for 
the development of SIBs at the current state-of-the-art.

5.2.3. Ether-Based Electrolytes

Following the initial shortcomings of PC, focus soon turned to 
ethers as alternative electrolytes. The most attractive character-
istic of ethers is their low viscosity, which allows for high ionic 
conductivity. Tetrahydrofuran (THF),[298] polymethoxy ether,[299] 
dimethoxy propane,[300] diethyl ether,[301] diethoxyethane,[302] 
and dimethoxyethane (DME)[303] were indeed some of the ether-
based solvents tested as electrolytes for LIBs. Despite showing 
remarkable stability at the anode, ethers however decompose 
at relatively lower potentials at the cathode, compared to alkyl 
carbonates. Although THF has been tested in SIB anodes and 
showed outstanding compatibility with HC electrodes and 
reduced capacity loss during cycling (see Figure 30),[304] the 
aforementioned problems at the cathode limit its practical ESW 
and eventual use in full cells.

5.2.4. Linear Carbonate–Based Electrolytes

Linear carbonates were late entries in the electrolyte fami ly 
of LIBs. In the mid-1990s dimethyl carbonate became the first 
successful linear carbonate to be reported in a binary mixture 

with EC, as the search for stable electrolytes at high cathode 
potentials (5 V vs Li+/Li) intensified.[305,306] Although linear 
carbonates generally have a desirably low viscosity, which 
enables good ionic conductivity, their dielectric permittivity is 
unfortunately low and their safe application as electrolytes is 
disadvantaged by a low boiling point and low flash point tem-
peratures. As an example, the boiling point and the flash point 
temperatures for DMC are 91 and 18 °C, respectively.[284]

Nevertheless, a trendsetting, serendipitous discovery of 
mixed formulations involving DMC and EC (a cyclic carbonate), 
with an attractively wider ESW soon became a standard in LIBs. 
Other linear carbonates such as diethyl carbonate DEC,[307]  
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Figure 29. a) First cycle voltage versus capacity profiles for hard carbon 
electrodes cycled in 1 M NaClO4 in various solvent mixtures recorded at 
0.05 C-rate and b) discharge capacity versus cycle number for the corre-
sponding cells. c) Discharge capacity versus cycle number for tape-cast 
hard carbon electrodes cycled in 1 M NaClO4 in PC and in EC:PC at a 0.1 
C-rate up to 110 cycles and further at 0.033 C-rate. a–c) Reproduced with 
permission.[283] Copyright 2012, The Royal Society of Chemistry.
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ethylmethyl carbonate (EMC),[308] and propylmethyl car-
bonate[309] later emerged, in likewise formulations involving 
EC. However, compared to EC:DMC mixtures, no significant 
improvements were obtained.[284]

Not surprising, similar formulations have been investigated 
in SIBs. 1:1 mixtures of EC:DEC, EC:EMC, and EC:DMC 
electrolytes containing 1 M NaClO4 salt were galvanostati-
cally tested in Na/HC half-cells and compared to PC electro-
lytes.[283,310] It soon became apparent that only the EC:DEC 
formulation had a comparative cycling performance to pure 
PC electrolyte, reaching 100 reversible cycles while the other 
formulations were found not to be compatible with metallic 
sodium. Figure 29a,b illustrates systematic studies to compare 
the performance of the above-mentioned electrolytes for SIB 
applications, further cycling tests are also shown in Figure 31. 
The wider ESW of the EC:DEC mixture here enables stable 
cycling in SIB full cells, thus making it a functional alternative 
electrolyte.

5.3. Ionic Liquid (IL)–Based Electrolytes

Ionic liquids are simply defined as salts in the liquid state. 
The term has however evolved and is commonly used in refer-
ence to room temperature ionic liquids (RTIL), whose melting 
point or glass transition temperature is arbitrarily set below 
100 °C.[311] This liquidus temperature demarcation is justified 
by the myriad possibilities to replace organic liquid applica-
tions at low to medium temperatures. Although IL have been 
known as far back as 1914,[311–313] their interest as electrolytes 
for electrochemical applications, ranging from electrochemical 
double layer capacitors[314–317] to rechargeable batteries,[318–322] 
is a recent phenomenon. IL are excellent solvents and show 
good thermal, chemical, and electrochemical stability as elec-
trolytes. Perhaps the most intriguing intrinsic property of IL is 

their ability to have negligible or no detectable vapor pressure  
and thus earn the reputation of safe, nonflammable 
electrolytes.[321]

Initial IL developed for battery electrolytes focused on aro-
matic organic cations such as alkyl-substituted imidazolium- 
and pyrrolidinum-based cations,[324,325] instead of lithium 
cations that are too small and would eventually result in highly 
viscous and high melting point compounds. IL are therefore 
composed of large organic cations that form weakly coordi-
nating ligands with inorganic anions. The choice in cation/
anion combination inter alia determines the ESW. In relation 
to battery applications, contemporary RTIL generally contain 
a cation/anion combination of the following three cations: 
1-butyl-3-methylimidazolium (BMIM), bis(trifluoromethanesulf
onylimide) (EMIM), and N,N-propylmethylpyrrolidinium (P13), 
and three anions: PF6

!, BF4
!, and bis(trifluoromethylsulfonyl)

imide (TFSI).[318,323] Figure 32 illustrates how the ESW varies 
with different anion/cation combinations in IL. Here DFT cal-
culations show that BMIM-based IL have narrower ESW and 
are problematic at low electrode potentials.

Analogous to developments in LIB, IL have been suc-
cessfully used in SIBs as a new solvent concept. Hagiwara 
and co-workers[168,326–329] investigated ionic liquids based on 
bis(trifluoromethylsulfonyl)amide and bis(fluorosulfonyl)amide 
(FSA) anions and reported suitable electrochemical properties 
such as wide ESW in the range of 5–6 V and good thermal sta-
bility although the melting point such ionic liquids was in the 
intermediate range.

Using an Na/NaFSA ! KFSA/NaCrO2 half-cell at an inter-
mediate temperature range of 90 °C, Chen et al.[168] investi-
gated the electrochemical performance of NaCrO2 in IL and 
benchmarked the materials properties with respect to previous 
investigations involving organic electrolytes. Therein, a revers-
ible capacity of 113 mAh g!1 was obtained which is lower than 
that obtained in PC solutions.[141] Yet, the cycleability was sig-
nificantly enhanced in IL, reaching 100 cycles with close to 98% 
initial capacity retention. In addition, a superior rate capability 
of "17 C-rate was also evidenced. Figure 33a,b illustrates the 
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Figure 30. Voltage/capacity plots, corresponding to the first discharge/
charge cycles of carbon aerogel microspheres in SIB, using 1 M NaClO4 
dissolved in EC:DMC, DME, THF, and EC:THF as electrolytes. Repro-
duced with permission.[304] Copyright 2005, The Electrochemical Society.

Figure 31. EC:EMC and EC:DMC electrolytes containing 1 M NaClO4 were 
galvanostatically tested in Na/HC half-cells and compared to PC electro-
lytes. Adapted with permission.[310] Copyright 2010, The Electrochemical 
Society.
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voltage profiles and cycleability results obtained. Although the 
rate capability could be an artifact of the elevated temperature, 
the cycle life improvement can only be attributed to the change 
to IL electrolytes, which clearly outperform organic liquid sys-
tems.[141,168,169] Nevertheless, the high melting point of NaFSA–
KFSA at 57 °C falls outside the desired practical temperature 
range of batteries.

The encouraging electrode performance of NaCrO2 stimu-
lated further investigation in full SIBs. Indeed, Fukunaga 
et al.[330] prepared a 27 Ah, 2.5 V prismatic cell (average cell 
voltage in the 1.5–3.35 V range) using HC as anode. The 
NaFSA–KFSA ionic liq uid was replaced by the NaFSA–
C3C1pyrrFSA ionic liquid electrolyte, which has a lower melting 
point and wide operating temperature range of "10–90 °C, 
based on N-methyl-N-propylpyrrolidinium (C3C1pyrr) cations. 
In spite of these changes, the HC/NaFSA ! C3C1pyrrFSA/
NaCrO2 cell showed practical performance at the intermediate 
temperature of 90 °C. Impressively, however, the cycle life tests 
revealed nearly 90% capacity retention over 1000 cycles and the 
cell registered 99.8% and 97.5% in Coulombic efficiency and 
energy efficiency, respectively, at 90 °C. Such a cell performance 
thus demonstrates the feasibility of using cathode materials 
that were previously deemed unpractical and the efficacy of IL 
based SIB for large-scale EES.

Another investigation by the same authors focused 
on the electrochemical performance of the economically 
viable Na2FeP2O7 cathode in an Na/NaFSA ! C3C1pyrrFSA/
Na2FeP2O7 half-cell.[271] Therein, a systematic study on the 
influence of temperature revealed that the electrode perfor-
mance increased significantly with rises in temperature in the 
range of !20 to 90 °C. A nearly theoretical electrode capacity 

of 90 mAh g!1 and a superior rate capability of about 41 
C-rate were reached at 90 °C. Moreover, the electrode perfor-
mance at ambient temperature was also encouraging showing 
only 11% capacity drop when cycled at 25 °C while an average 
cell voltage of about 3 V is maintained. Figure 33c,d illus-
trates the voltage profiles and temperature dependence of this 
half-cell system. Interestingly, when cycled either at 25, 50, 
and 90 °C, a stable capacity retention of close to 99% after 
300 (dis)charge cycles is therein reported regardless of the 
temperature.

Despite the encouraging results thus obtained, close scru-
tiny of IL reveals that they are still far from ideal. The purity of 
IL is a major issue, in general they can contain up to 600 ppm 
of H2O.[311,331] Furthermore, several issues with regard to 
the anions have been identified, for example, doping with 
PF6

! and BF4
! anions increases the melting point while TFSI 

is known to corrode with Al current collectors.[332] Compared 
to organic liquids, the viscosity of IL is significantly higher, 
about 2 orders of magnitude higher,[333] and the situation is 
further complicated by the formation of stronger ion pair-
ings and the sheer size of the complexes, e.g., [Na(TFSI)3]2!, 
formed upon doping.[333] The mobility of Na+ ions in IL there-
fore becomes an issue. As a word of caution, often high values 
of ionic conductivity are reported for IL, well above 1 mS 
cm!1 yet, only a small fraction of this is due to the mobility 
of Na+ ions; the transference number of Na+ ions is gener-
ally low in IL and this problem is exacerbated by the low salt 
concentrations.[334,335]

Although significant progress has been achieved over the 
past decade in improving the synthesis methods of RTIL, the 
most crippling setback remaining is their price due to high 
manufacturing costs and difficulties in purification. The opti-
mization of formulations may eventually lead to breakthroughs 
in the large scale applications of RTIL, as future generation 
electrolytes for fire proof SIBs.

5.4. Solid- and Gel-Type Polymer Electrolytes

Polymer electrolytes can be classified into the two major 
classes: solid polymer electrolytes (SPE) and gel polymer 
electrolytes (GPE). SPE, also called dry solid polymer electro-
lytes, are composed of a polymer matrix wherein coordination 
between the salt ions and the polymer chains dissolves the salt. 
Although the polymer chains provide much needed mechan-
ical strength, the ionic conductivity is usually poor. By incor-
porating a high percentage of conventional liquid electrolytes, 
functioning as both solvent and plasticizer, the ionic conduc-
tivity increases. Such polymer electrolytes are then classified 
as GPE. The tradeoff however for the increase in conductivity 
in GPE is the loss of mechanical strength and electrochemical 
stability.[336]

Interest in SPE and GPE is mainly driven by their ability 
to prevent dendritic growth (and hence permit the possible 
use of metallic anodes) as well as their inherent safety due 
to gene rally nonflammable formulations. The use of SPE 
and GPE therefore promises to usher a new paradigm in 
cell design and manu facturing, by permitting the fabrica-
tion of thin film batteries and high energy density solid-state 
batteries.

Figure 32. The effect of various anion/cation combinations on the elec-
trochemical stability window. The stability windows for ionic liquids are 
obtained from molecular dynamics and DFT calculations. DFT calcula-
tions show a 95% confidence interval. The calculated lithium metal Fermi 
level ( EFermi

Li! ) is also indicated. The potentials are shown relative to the 
vacuum level. Reproduced with permission.[323] Copyright 2011, American 
Chemical Society.
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Traditionally, most of the work performed on SPE focused 
on poly(ethylene oxide) (PEO). However, an ionic conductivity 
of 10!2 to 10!4 mS cm!1 in PEO at ambient temperature proved 
too low for practical usage. Nevertheless, reducing the con-
duction length with the use of thin film electrolytes appeared 
to circumvent this shortcoming.[279] Recently, discoveries of 
poly ethylene carbonate (PEC) by Tominaga and Yamazaki[337] 
unveiled SPE with conductivities of the order of 10!1 mS cm!1 
for LIB. Figure 34 illustrates the remarkable properties of PEC 
polymer electrolytes with regard to conductivity and glass tran-
sition temperature as a function of salt concentration. Addition-
ally, transference numbers were therein estimated to be more 
the 0.8, at least twice of that reported in liquid electrolytes. SPE 
therefore hold great promise for practical applications based on 
such encouraging ion-transport properties.

While not many studies have been devoted to the gel 
electrolytes for SIB application, SPE based on PEO-NaTFSI 
have been investigated by Moreno et al.,[338] wherein high 
ionic conductivities on the order of 1 mS cm!1 at 70 °C were 

obtained. A modest of Na+ transference number, in the range 
of 0.4–0.5, is however reported and the high temperature 
needed is particularly discouraging for sodium-metal based 
rechargeable batteries since sodium has a low melting point 
of 97.7 °C.

5.5. Electrolyte Optimization

As aforementioned, no single “pure” solvent has all the desir-
able properties of an electrolyte and some solvent mixtures 
result in favorable synergetic effects for practical electrolytes. 
The optimization of electrolytes is important and yet not an 
easy challenge due to the myriad and often antagonistic prop-
erties, such as liquid range, ESW, dielectric permittivity, etc., 
which must be simultaneously ameliorated.

Using differential scanning calorimeter, Ding et al.[339] con-
structed binary phase diagrams of carbonate solvent mixtures, 
involving EC, PC, DMC, EMC, and DEC. Simple, V-shaped, 
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Figure 33. Performance of SIB in ionic liquids. a) The voltage profiles at different (dis)charge rates and b) cycling tests of a Na/NaFSA ! KFSA/NaCrO2 
half-cell at 90 °C. c) The voltage profiles at different temperatures and d) cycling tests at different temperatures of a Na/NaFSA ! C3C1pyrrFSA/
Na2FeP2O7 half-cell. a,b) Reproduced with permission.[168] Copyright 2013, Elsevier. c,d) Reproduced with permission.[271] Copyright 2014, Elsevier.
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eutectic phase diagrams were therein obtained as here shown 
in Figure 35a. Two important observations are that the boiling 
point in the binary mixtures is affected by the component 
with the least boiling point and, in order to increase the liquid 
range, it is important for the two organic solvents to have com-
parable melting points and molecular structures. This implies 
that both solvents should be either cyclic or linear. These 
critical observations largely hold true for tertiary and quater-
nary mixtures. Nevertheless, on account of other factors, such 
as ESW, SEI layer stability and ionic conductivity, linear car-
bonate, and cyclic carbonate combinations remain standard 
practice.

Realizing the need for similar phase diagrams for higher 
order mixtures, Liu[340] successfully applied computational 
modeling of a DMC:EC:PC ternary mixture based on thermo-
dynamic interaction parameters and even reproduced experi-
mental results by Ding et al.[339] Such a computational approach 
decreases the number of experiments and provides a basis for 
rapid screening of multiple combinations and for optimization.

While no “single,” electrochemically stable solvent has 
been able to simultaneously possess a high dielectric permit-
tivity and a low viscosity, systematic procedures have thus been 
applied in mixed electrolytes for the optimization of ionic con-
ductivity by lowering the viscosity and increasing the dielectric 
permittivity.[284] Earlier studies on PC:DME binary mixtures by 
Matsuda et al.[293,341] had revealed that while viscosity increased 
exponentially, the dielectric permittivity increased linearly with 
partial composition of PC.

Ponrouch et al.,[282,283] having already identified the EC:PC 
mixture to optimally provide stable electrochemical properties 

for SIB, carried out further comprehensive studies on formula-
tion optimization in SIB full cells.[282] These results are shown 
in Figure 35b,c. DMC, a low-viscosity cosolvent, was added to 
the EC:PC solvent in 1 M NaClO4 and effectively lowered the 
viscosity of the ternary mixture. The EC:PC:DMC (0.45:0.45:0.1) 
solvent thus emerged as the optimal composition, with high 
conductivity and enhanced rate capability. Furthermore, this 
formulation was found to be compatible with both an HC 
anode and Na3V2(PO4)2F3 cathode, leading to stable cycling in 
subsequent SIB full cells. This highlights the relevance of sys-
tematic studies in the optimizations of battery performance.

6. Outlook on Commercial SIB

6.1. Anode Materials

Hard carbon is seemingly set to remain unchallenged as the 
SIB anode material of choice, for the foreseeable future. Its 
attractive properties, such as a high electrode capacity of 
300 mAh g!1, a low plateau voltage between 0.0 and 0.1 V, and 
relative abundance of precursors, make HC a serious contender 
for SIB applications.

Nevertheless, Na nucleation on HC has been reported at 
!0.015 V versus Na+/Na.[64,66] The low-voltage operation of HC 
thus conjures safety concerns with regard to Na metal plating 
during fast charging. This remains the single greatest incen-
tive to replace HC anodes, and other higher voltage alloy-based 
anodes can leverage their higher capacity to potentially sur-
pass the energy density of HC electrodes. Another concern is 
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Figure 34. Ionic conductivity and the glass transition temperature dependence on concentration at 60 °C in a) PEO-LiFSI and b) PEC-LiFSI electrolyte. 
Insets show the structure of PEO and PEC. a,b) Reproduced with permission.[337] Copyright 2014, The Royal Society of Chemistry.



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800079 (39 of 49)

www.advancedsciencenews.com

the large first cycle irreversible capacity of "20–30%, which 
is a great concern for full-cell balancing using HC as the 
anode.[342,343] Current research efforts have thus focused on the 
contentious mechanistic understanding of Na intercalation in 
HC,[63,64,66,344] modeling,[66,345] experimental anode-to-cathode 
ratio optimizations[345,346] and the judicious use of additives 
such as FEC, NaN3, and Na3P.[343,345,346]

Equally imperative is the development of a highly efficient, 
low-cost, and ecologically sustainable HC synthesis process. 
This quest demands i) finding abundant and low-cost precur-
sors, ii) developing a sustainable, generalized industrial pro-
cesses for high yields, and iii) understanding the relationship 
between HC microstructural properties and processing condi-
tions such as air flow and carbonization temperature control, 
for enhanced sodium storage. Recently, a fast, CO2 laser irra-
diation technique has been proposed,[347] and several biomass 
derived precursors, such as sucrose,[56] banana peels,[348] man-
gosteen shells,[349] apple pomace,[68] pitch, and lignin,[350] have 
shown great promise. Concerns of low yields in current pro-
cesses however affect the cost and raise questions on the overall 
sustainability of HC anode materials.

6.2. Cathode Materials

The outlook is however more encouraging with regard to 
cathode materials, wherein a wide range of interesting options 
have been identified. Layered transition metal oxides and poly-
anionic compounds have established themselves as dominant 

material classes while the Prussian blue analogs are gaining 
increasing attention as low-cost SIB cathode material options. 
In general, the layered oxides have been able to demonstrate 
high storage capacity albeit with low cycleability, while the poly-
anionic compounds have shown low capacities with attractively 
stable and fast charge storage capability.

The elimination of the pricey Co and its successful replace-
ment with Ni, V, Mn, and Fe in electrode formulations is a 
notable achievement in SIB cathode materials. Furthermore, 
the manipulation of inductive effects of PO4

3! and F! anions 
in fluorophosphates has resulted in the 4 V class cathode for 
SIB. As a result, Na3V2(PO4)2F, Na3V2(PO4)3, Na0.44MnO2, and 
P2-type Na0.5[Ni0.23Fe0.13Mn0.63]O2 have emerged as the most 
interesting candidate cathode materials for SIB application.

Several environmental, safety, and air stability challenges still 
persist among cathode materials. For instance, concerns with 
regard to the use of both Ni and V cannot be overlooked. Ni is 
classified as a suspect carcinogen[351,352] and V5+ causes soil pol-
lution and poses potential health risks.[353] There are therefore 
no lack of incentives to replace these elements in the future. 
On the other hand, the use of abundant and environmentally 
benign Mn- and Fe-based redox couples shows promising 
signs, in mixed binary, ternary, and quaternary compounds, 
yet practical issues of concern such as low electrode potential, 
structural instability and hygroscopic nature in Fe-based and 
Mn-based compounds have not yet been elucidated. Of late, the 
use of nanoengineered electrode architectures such as the core–
shell design has been heralded as a potential breakthrough, 
providing phenomenal cycling stability. Nevertheless, the lack 
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Figure 35. Optimization of electrolyte properties. a) Phase diagram of binary mixtures of DMC:EC, EMC:EC, and PC:EC. b) The relationship between 
conductivity and viscosity in SIB organic electrolytes (PC, EC:PC, EC:PC:DEC, EC:PC:DMC, and EC:PC:DME based on 1 M NaClO4), and high viscosity 
leads to low conductivity and vice versa. c) Electrolyte conductivity variation as a function of temperature. EC:PC:DMC and EC:PC:DME electrolytes 
based on 1 M NaTFSI. a) Adapted with permission.[339] Copyright 2000, The Electrochemical Society. b,c) Reproduced with permission.[282] Copyright 
2013, The Royal Society of Chemistry.
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of commercially scalable processing techniques and low active 
material loading in composite electrodes are some unresolved 
challenges for the commercialization of nanomaterials.

6.3. Electrolytes

A major boost to the commercial prospects of the SIB tech-
nology is the successful adoption of standard LIB electrolytes for 
their use. The EC:PC and EC:DMC mixed electrolyte appear to 
be the preferred choice due to favorable compatibility with the 
HC anode. Furthermore, successful, template optimization pro-
cedures for the electrolyte have been carried out for SIB cells.

Possibilities of using ether-based electrolytes could usher 
a new paradigm in the form of graphitic anodes for SIBs; 
however, these prospects are hindered by the narrow voltage 
window of such electrolytes. Ionic liquids on the other hand 
promise a wider voltage window and are also considered safe 
due to nonflammability. The safety issue may be more severe 
in the SIB case, compared to LIB case, since metallic Na has 
a higher chemical activity than Li and poses a higher risk for 
explosion.[354] While such concerns can be managed by using a 
higher voltage anode, a nonflammable electrolyte is neverthe-
less highly desired for large-scale EES. Currently, the cost fac-
tors for high purity ionic liquids and the poor ionic conductivity 
at room temperature inhibit their extensive usage.

Finding battery grade salts has also been another critical chal-
lenge in the elaboration of SIB cells. Salt purity affects the solu-
bility and electrochemical performance of the cells.[136] While in 
most cases NaPF6 or NaClO4 are the salts used in SIB electro-
lytes, the availability and purity of these salts are currently pre-
carious. For example, the assays of most reagent grade, com-
mercially available salts are about 98% while NaClO4 has been 
reported to be potentially explosive and has been discontinued 
by traditional suppliers.[136] This reflects current challenges in 
the manufacturing and sourcing of salts for SIBs.

Similar to research efforts in solid-state lithium batteries, 
gel and polymer electrolytes are investigated in the quest for 
the elusive breakthrough in all solid-state SIBs. The challenges 
in the room temperature solid-state battery are however more 
severe in the Na case than in the Li case due to the low melting 
point and the high chemical activity of Na. Traditional chal-
lenges, such as the poor conductivity of solid electrolytes and 
dendritic growth during cycling, further alienate the prospects 
of the solid-state SIB.

6.4. SIB Technological Trend and Key Challenges

Technological trends usually follow an S-shaped profile. This 
growth trajectory proceeds in four successive stages of i) pre-
development (emerging), ii) take-off (growth), iii) acceleration 
(maturity), and iv) stabilization (saturation). Figure 36a illus-
trates the technological trend for an emerging technology. 
Despite some shortcomings with regard to truly reflecting 
groundbreaking progress, patent numbers are widely used to 
benchmark technological trends.[355] Most recently, Wagner 
et al.[356,357] performed a patent based analysis to assess research 
trends and prospects among LIBs, while Golembiewski et al.[358] 

applied the same analysis to explore trends in electric mobility. 
In the case of the SIB technology, this analysis is herein per-
formed for the first time.

For this analysis, annual patent application numbers 
and cumulative growth patterns are used as guiding para-
meters. Because intensive research efforts usually occur in 
the emerging stage, a steady yearly growth in patent numbers 
is realized. This upward trend however subsides once a tech-
nology is mature for commercialization. At this stage, prior 
technological gains are consolidated through commercializa-
tion activities. As the technology approaches the maturity stage, 
the number of patent fillings makes a dramatic increase. Here, 
new companies file patents in the now established technology 
before finally reaching a saturation stage where radical innova-
tions are no longer possible.[355]

The benefits of the patent-based method is that it offers 
insights into the most recent technological activities while being 
accessible through dedicated patent search engines.[356] For our 
purpose, we employed the online open services of Espacenet, a 
multinational patent database, and used smart search features 
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Figure 36. Trends in the SIB technology. a) Illustration of the growth 
patterns based on annual patent applications and cumulative patent fil-
ings for an emerging technology. Adapted with permission.[356] Copyright 
2013, Springer Nature. b) Trends in SIB patents from 2005 to 2017, based 
on data derived from Espacenet.[359]
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to specify key words and filling dates.[359] Figure 36b shows the 
trends in SIB technology. A monotonous and sharp increase in 
patent fillings has been witnessed since 2012 and the cumula-
tive growth pattern shows an exponential upward trend. These 
encouraging revelations translate to an overall positive appre-
ciation of the SIB technology. Based on these statistics, it can be 
concluded that the SIB technology is in the emerging stage and 
will soon enter the growth stage. Huge potential for intellectual 
property and innovations thus remains to be exploited.

To better understand specific subject areas, the patents 
filled between the years 2013 and 2017 are further classified 
according to either SIB full-cell claims or battery components, 
i.e., anode active, cathode active, electrolyte, separator, conduc-
tive filler, binder, and additive. The results obtained are shown 
in Figure 37 where a percentage scale illustrates the activity dis-
tribution per year.

Here, it can be observed that while the total number of full-
cell claims has increased, the annual percentage of such claims 
has decreased over this period. This category has thus experi-
enced slow incremental improvements as opposed to radical 
changes in terms of cell chemistries and configurations. Sev-
eral challenges for the full cell have been reported nevertheless. 
These include industrial scaling procedures, poor cycleability, 
poor safety characteristics, low energy density, and the optimiza-
tion of anode and cathode mass ratio for desirable capacity and 
rate capability. Moreover, during the initial (activation) charge 
cycles of the SIB, rapid capacity losses and gas evolutions have 
been reported.[360–363] Anodic voltage control charging and pas-
sive voltage control are some notable strategies being pursued 
at cell level,[364,365] while advances on specific SIB components 
in order to address these challenges are herein discussed.

From the data in Figure 37, a large fraction of the patenting 
activities (above 50% in some years) is targeted toward anode 
materials. This is an encouraging revelation since the challenges 
in HC and the needs for more anodic material choices are well 
documented. Not so impressive however is the fact that most of 
these claims do not relate to new materials, rather they elabo-
rate new manufacturing methods,[366–368] new precursors,[369–371] 

and Na supplementing to compensate anodic 
capacity losses.[372] Incentives to replace 
HC are based on improving safety charac-
teristics and suppressing Na electroplating, 
which is reported to occur on the inner sur-
face of the anodic current collector.[373] At the 
industrial manufacturing scale, a slurry vis-
cosity problem has arisen.[374] The HC-based 
aqueous dispersion is found to have a high 
viscosity after mixing with other composite 
electrode components, making it imprac-
tical for electrode coating. This unfortunately 
forces manufactures to select HC materials 
based on suitable physical properties, such as 
pore size, pore volume, and water absorption 
rate.

The second most patented category, which 
accounts for approximately a third of yearly 
claims, is that of cathode materials. While sev-
eral interesting choices for the cathode have 
emerged, efforts to increase the capacity and 

voltage among the existing material classes are underway.[375–377] 
At large scale, the manufacture of a consistent positive electrode 
coating is similarly affected by gelation issues of the positive 
electrode paste.[378,379] This problem manifests when the pH of 
the mixture becomes highly basic and cannot be simply remedi-
ated by the addition of a neutralizing acid. Finding a viscosity 
regulating additive is therefore anticipated to provide the needed 
breakthrough.

Research efforts toward electrolytes and separators is also 
thriving and constitutes a significant portion of 2016 and 2017 
activities. Although classical organic liquid electrolytes continue 
to dominate, there is a strong case for the flame-retardant ionic 
liquid electrolytes as well as gel, polymer, and solid electrolytes 
for all solid-state SIBs.[380,381] With the introduction of new elec-
trolytes, new challenges are foreseen, for example, fluorine-con-
taining separators and insulating components show instability 
issues in ionic liquid electrolytes.[382] This certainly will require 
a replacement of all F-containing insulating components.

Finally, the last category under this trend review is that of con-
ductive fillers, composite electrode binders, and additives. The 
remarkable growth in this area in recently years has been pro-
pelled by the need to address issues of cycleability and capacity 
fade. Additives are traditionally employed to increase the sta-
bility of the SEI, reduce irreversible capacity losses, improve 
cycleability, and act as fire retardants. In the SIB, additives have 
further proven useful in controlling the pH of the electrolyte 
since the NaPF6 salt is reported to induce the formation of HF 
which then corrodes the cathode material.[383] Notable advances 
have also emerged in binder research. In particular, there are 
significant efforts to replace N-methyl-pyrrolidone, an oil-based 
binder solvent, with an aqueous-based solvent for a homog-
enous cathode electrode coating.[384] This is expected to signifi-
cantly reduce manufacturing costs and provide environmentally 
benign industrial processes.

The overall trend in the SIB technology therefore points 
toward ample opportunities for investment and intellectual 
property. While this is encouraging, most of the patent appli-
cants have however emerged from either universities or 
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Figure 37. Percentage evolution of patents referring full cells and to specific battery compo-
nents in SIB. Data derived from Espacenet.[359]
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research institutes. There is hence a need to forge strategic col-
laborations with industry if this knowhow is to be valorized. 
Encouragingly, a gradual recognition by household industrial 
manufactures such as Panasonic, Nissan, and Toyota is taking 
place and this is expected to carry the SIB technology into the 
growth phase.

6.5. Benchmarking of SIB Full Cells

According to widely accepted press reports, several proto-
type and near-commercialization SIB cells, such as HC//
Na3V2(PO4)2F (NVPF),[385] HC//Na3V2(PO4)3 (NVP),[386] HC//
Na0.44MnO2 (NMO),[386] and HC//NaNi M M M O1

1 2 3
2x y z x y z! ! !  

(NMMMO),[20] where M can either be a transition element 
or Ca, Sb, Bi, Te, Se, etc., and HC// NaFe0,4Mn0,3Ni0,3O2 
(NNFM)[21,22] are near commercialization, all based on HC 
anodes. The French network on electrochemical energy storage 
(RS2E), comprising mostly of CEA- and CNRS-affiliated 
researchers, developed the NVPF-based SIB. UK-based FARA-
DION has pursued a doped nickelate, NMMMO-based SIB con-
cept.[20,387] The Sumitomo group in Japan has announced plans 
for NNFM-based SIB and the Pacific Northwest National Labo-
ratory (PNNL) has worked on both NVP-based and nanosized 
NMO-based SIBs.

In order to anticipate the possible application areas of the dif-
ferent SIB chemistries, the gravimetric and volumetric energy 
density of these materials is herein calculated and compared 
to that of the LiFePO4 (LFP), being one of the cost effective 
LIBs. While gravimetric storage capacities of the active mate-
rials are readily available from various published literature, the 
active material densities, needed for this calculation, are hardly 
obtainable. As an alternative, an open-source software, based 
on supercomputing and thermodynamic analysis functionali-
ties of the “Materials Project,” is herein used for the estimation 
of unknown parameters.[388] This enabled 
an extensive set of material properties to be 
deduced, allowing cell balancing calculations 
to be performed, based on model guidelines 
as reported by Berg et al.[389]

Table 2 shows a list of the parameters 
used in the calculation of the gravimetric 
and energy density in SIB full cells. For the 
unavailable data of active material density, an 
estimate in the range of other SIB cathode 
materials was made. The gravimetric and 
volumetric capacities were then calculated by 
considering the materials that constitute the 
composite electrode and did not consider the 
mass and volume of current collectors, sepa-
rators, and casings.

Figure 38 shows the results thus obtained. 
LFP has the highest gravimetric and volu-
metric energy density compared to all calcu-
lated SIBs. Another observation is that the 
gravimetric energy density scales linearly 
with volumetric energy density, and there-
fore, low gravimetric energy densities lead to 
lower volumetric energy densities among the 

SIB herein studied. Comparatively close values in energy den-
sity are however obtained in NVPF-, NMMMO-, and NNFM-
based SIBs. These encouraging results give a good indication of 
the ability of SIBs to match the LIB performance. Meanwhile, 
NMO- and NVP-based SIB suffer from low energy densities 
resulting from a combination of low cell voltage and low gravi-
metric capacity. In addition, the low active material loading 
in NMO and NVP due to nanosized active materials further 
aggravates their energy delivery and this highlights the need to 
have micrometer-sized, high voltage, and high-capacity cathode 
materials for SIBs. Therefore, should HC remain the anode for 
SIBs, a combination of high cathodic potentials and gravimetric 
capacity is needed to match both the gravimetric and volu-
metric energy density of LIBs.

Based on these results, SIBs can be successfully integrated 
in most stationary applications since these are in general insen-
sitive to both the mass and volume. In addition, the overall 
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Table 2. Parameters used for the calculation of volumetric and gravi-
metric energy density.

Cathode  
material

Cell voltage  
[V]a)

Cathode capacity  
[mAh g!1]

Porosity  
[–]b)

Density  
[g cm!3]d)

LFP 3.3 160 0.3 3.65[389]

NVPF 3.5 120 0.3 3.01

NMMMO 2.7 145 0.3 3.20e)

NNFM 2.9 125 0.3 3.20e)

NVP 3 92 0.4c) 2.98

MNO 2.4 115 0.4c) 3.20e)

a)Average cell voltage versus graphite for LFP and versus hard carbon for SIBs; 
b)Porosity in composite electrodes, including a binder and conductive filler; c)Higher 
porosity is assumed for electrodes with nanosized active particles; d)Density 
values are taken from the Materials Project database unless a reference is given; 
e)Estimated values due to unavailable data.

Figure 38. Comparison of the gravimetric and volumetric energy density in SIBs and LIBs 
based on the mass of the composite anode and cathodes. Here, the mass of the current col-
lectors and other auxiliary battery components are not taken into consideration.
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commercial prospects of the SIB technology are encouraging, 
based on the promise of lower battery costs, longer cycle life, 
and higher power delivery, compared to state-of-the-art LIBs. 
The raw material aspect is expected to play a major role as LIBs 
enter the mass market of battery electric vehicles, while the 
large-scale EES demands will likewise increase with the prolif-
eration of distributed generation technologies.

Since sodium does not alloy with aluminum at the anode, 
the use of aluminum as the current collector for both the anode 
and cathode is possible in SIBs, instead of the more expensive 
copper used in LIB anodes. This not only lowers SIB costs but 
also allays the risks associated with complete discharge to zero 
volts in SIB cells. This important characteristic is beneficial 
for risk-free transportation of shorted SIBs. FARADION has 
already demonstrated that at zero volts the temperature and 
pressure in the cells remain constant and the performance of 
the cell is unaffected.[390] It is therefore anticipated that less 
stringent provisions would be required for the transportation of 
SIBs while the cost effects on battery management systems is 
still being assessed.

Frequently, new battery concepts fail commercially because 
identifying potential niche markets and setting up novel 
processing platforms is an extremely complex and capital 
intensive exercise. SIBs however strongly benefit from the 
conceptual similitude to the LIB technology and current 
manu factures can seamlessly adapt existing infrastructure 
for SIB processing.[391] The SIB technology has thus been 
described as a “drop-in” technology for LIBs.[343] Although 
incremental improvements on material chemistries and on 
manufacturing processes are expedient, and may eventually 
lead to second and third generation cells, the performance of 
current SIB prototype cells goes beyond a proof of concept. 
Their characteristics, in terms of cycle life, energy density, and 
rate capability, are outstanding and comparative to those of 
LIBs. Because of faster sodium-ion conductivity in electrolytes 
and solid phases, the rate capability of SIBs may actually sur-
pass that in LIBs. Target markets for SIBs therefore include 
i) frequency regulation, voltage control, and power back-up in 
grid-scale ESS; ii) start, lighting, and ignition applications for 
automotive applications; iii) traction motor propulsion; and  
iv) electronic power tools.

7. Conclusions

Progress toward the commercialization of room temperature 
SIBs continues to gain traction since the discovery of HC as 
functional anode material. Among the limited number of anode 
material options available, HC remains the material of choice at 
the moment. At the cathode side, more attractive options have 
been unveiled, largely due to similarities in material synthesis 
methods from LIBs. NASICON structures, layered oxides, and 
recently introduced Prussian blue analogs have thus emerged 
as the most stable structures, able to reversibly accommodate 
sodium in their lattices. The choice of elemental composi-
tions has emerged as a strategy to tune the redox potentials 
while nanosizing and carbon coating improve the materials 
rate capability and cycleability. In order to identify the most 
appropriate electrode material, it is important to consider 

the storage capacity and voltage characteristics, as well as the 
cycling ability. The roadmap toward the development of supe-
rior cathode materials for SIB applications is thus guided by 
resource constraints and the mastering of crystallography and 
elemental compositions. Electrolyte development through sys-
tematic studies has been able to identify the EC:PC mixed elec-
trolyte as the optimum choice in the voltage window of SIBs 
while ionic liquids and polymer electrolytes promise safer bat-
teries. These promising trends are also reflected in the patent-
based analyses. Research among anode and cathode materials 
is indeed thriving and the SIB technology is soon expected to 
cross from the emerging stage to the growth stage. In terms of 
gravimetric and volumetric energy density, SIBs can compete 
with some of the most successful LIBs, such as the LiFePO4 
and LiMn2O4 batteries. Given the above characteristics, the 
endeavor toward commercialization and the goals of a cheap, 
scalable, large-scale EES systems depends on more industrial 
adoptions of this groundbreaking SIB technology.
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