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We discuss the similarities and dissimilarities of sodium- and lithium-ion batteries in terms of negative and

positive electrodes. Compared to the comprehensive body of work on lithium-ion batteries, research on

sodium-ion batteries is still at the germination stage. Since both sodium and lithium are alkali metals,

they share similar chemical properties including ionicity, electronegativity and electrochemical reactivity.

They accordingly have comparable synthetic protocols and electrochemical performances, which

indicates that sodium-ion batteries can be successfully developed based on previously applied

approaches or methods in the lithium counterpart. The electrode materials in Li-ion batteries provide

the best library for research on Na-ion batteries because many Na-ion insertion hosts have their roots in

Li-ion insertion hosts. However, the larger size and different bonding characteristics of sodium ions

influence the thermodynamic and/or kinetic properties of sodium-ion batteries, which leads to

unexpected behaviour in electrochemical performance and reaction mechanism, compared to lithium-

ion batteries. This perspective provides a comparative overview of the major developments in the area

of positive and negative electrode materials in both Li-ion and Na-ion batteries in the past decade.

Highlighted are concepts in solid state chemistry and electrochemistry that have provided new

opportunities for tailored design that can be extended to many different electrode materials for

sodium-ion batteries.
Broader context

To meet the high demand for energy storage systems such as smart grid and electric vehicle applications, the next generation of secondary batteries is urgently
required. Among the various post-rechargeable battery systems, Na-ion batteries are one of the promising choices due to the natural abundance, non-toxicity,
and chemical similarity of sodium ions with lithium ions. Since sodium positions just below lithium in Group 1A of the periodic table, the heavily studied
synthetic protocols, characterization methods, industrial techniques, and scientic equipment/facilities of Li-ion batteries can be efficiently applied for Na-ion
batteries. Sodium-ions with large ionic and orbital sizes, however, can derive different kinetic and thermodynamic properties. In this context, similarities and
differences of Li-ion vs. Na-ion batteries are discussed regarding solid state chemistry and electrochemistry of negative and positive electrode materials.
1 Introduction

For several decades, lithium ions have been successfully utilized
as a charge carrier for secondary batteries.1,2 The outstanding
electrochemical performance of lithium ions derives from their
small ionic size, low atomic number, and the lowest redox
potential.3,4 Among various metallic or semi-metallic cations
located in s, p, d, and f blocks, lithium ions have the smallest
ionic radius (0.76 Å). During charge and discharge, Li ions as a
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Chemistry 2013
charge carrier diffuse into electrode materials via intercalation,
alloying, or conversion reactions. Considering that solid state
diffusion is the major rate-determining step of electrochemical
reactions, the small ionic size permits fast kinetics by dimin-
ishing the diffusion barrier.5 Furthermore, the small mass
number (6.941 amu) and low redox potential (�3.04 V vs.
standard hydrogen electrode, SHE) enable high theoretical
specic capacity and energy density of rechargeable energy
storage systems.

Thanks to the excellent electrochemical performances,
lithium-ion batteries (LIBs) have been successfully integrated
into mobile phones, medical and military devices, and hybrid
electric vehicles.6 Lithium resources, however, are too
geographically constrained and limited to meet the global
demands. Future energy storage systems should satisfy the
following requirements: cost-effectiveness, safety, sustain-
ability, eco-friendliness, high capacity/power density, rate
Energy Environ. Sci., 2013, 6, 2067–2081 | 2067
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Fig. 1 Voltage–capacity plots of (A) negative and (B) positive electrodematerials
for NIBs.
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capability, and large-scale manufacturing. Accordingly, sodium,
magnesium, metal–air, metal–sulfur, and metal–organic
batteries are being considered for post-lithium ion batteries.4 In
particular, sodium-ion batteries (NIBs) have been gaining
increasing attention thanks to the natural abundance and low
toxicity of sodium resources.5,7,8 Furthermore, sodium is located
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just below lithium in the s block. Therefore, similar chemical
approaches including a synthetic strategy, intercalation/alloy-
ing/conversion chemistry, and characterization methods
utilized in electrode materials for LIBs could be applied to
develop electrode materials for NIBs.

Despite potential disadvantages, including larger size
(1.02 Å) of Na cations and higher redox potential (�2.71 V vs.
SHE) of Na/Na+ compared to Li analogues, the different inter-
actions between the guest Na cations and the host crystal
structures can inuence the kinetics as well as thermodynamic
properties of NIBs, and this may provide an avenue for a
breakthrough technology to surpass LIBs.9 This perspective
provides a comparative overview of selected developments in
both Li-ion and Na-ion batteries in recent decades, and also the
electrochemical performances of NIB vs. LIB including redox
potential, cycleability, and specic/volumetric capacity are
compared. Covering all of the research studies published in this
time period would be beyond the scope of the article. This
perspective instead focuses on major developments in the area
of positive and negative electrode materials (see Fig. 1). High-
lighted are concepts in solid state chemistry and electrochem-
istry that have provided new insights for tailored design that
can be extended to many different electrode materials for NIBs.
2 Negative electrode materials

Direct anodic application of elemental alkali metals (lithium or
sodium) in rechargeable alkaline ion batteries causes poor cycle
performance and short-circuits because of their low melting
point (180.5 �C for Li and 97.7 �C for Na), high chemical reac-
tivity and dendritic growth during charge and discharge. To
solve the cycleability and safety issues of rechargeable batteries,
alkali metal-insertion host materials of carbonaceous
compounds, alloy composites, metal oxides/suldes, organic
compounds containing carbonyl groups and phosphorus-based
materials have been extensively exploited.
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Fig. 3 Voltage profiles of (A) lithium–graphite system and (B) sodium–graphite
system. Reproduced from ref. 11 with permission.
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2.1 Carbon-based materials

Thanks to its relatively high specic capacity, stable two-
dimensional (2D) structure, and low redox potential, lithiated
graphite has been the most commonly utilized LIB anode
material having rst been commercialized by Sony in 1991.10

Among several carbon allotropes including diamond, graphene,
buckminsterfullerene, and carbon nanotubes, graphite is the
most common form found in nature consisting of ABA stacking
of two dimensional sheets of hexagonal sp2 carbon building up
a P63/mmc space group. Up to one Li atom can reside in
each hexagonal C6 ring with a theoretical specic capacity of
372 mA h g�1.

Unlike the successful anodic application of lithiated
graphite in LIBs, the electrochemical sodium insertion into
graphite is proven to be not favorable.11 Lithium has various
C–Li binary phases as shown in Fig. 2,12whereas the C–Na phase
diagram is not available. Also, electrochemical insertion of Na
ions into graphite materials has not been observed, indicating
that sodiation of graphite might be a thermodynamically
unfavorable process.

As shown in Fig. 3, clear differences of voltage proles were
observed between de/lithiation and de/sodiation in graphite
hosts. While reversible de/insertion of Li ions into graphite is
observed for the lithium–graphite cell, the sodium–graphite
cell showed irreversible sodiation with a negligible amount of
de/sodiation. The major source of high irreversible capacity is
surface passivation on graphite via irreversible electrolyte
decomposition. It is noteworthy that even the small reversible
capacity comes from an external contribution: plating/stripping
of Na metals and reversible de/insertion of Na ions into carbon
black additives. DiVincenzo and Mele devised the interaction
model based on a Thomas–Fermi theory,13 where the inter-
planar alkali metal–carbon interactions are mostly determined
by the balance between coulombic attraction and hard-core
repulsion. Owing to the chemical soness of the Na–C bond, the
interaction between the guest sodium and the graphene layer
becomes very weak, explaining the lack of sodiation of graphite.
Fig. 2 Phase diagram of a C–Li binary system. Adapted from ref. 12.

This journal is ª The Royal Society of Chemistry 2013
As an effort to nd alternatives to graphite in NIBs, Doeff
et al. demonstrated the reversible de/insertion of Na ions into
disordered carbons for an anode in NIBs.14 Most of the sodium
ions are electrochemically inserted into nanoporous voids of
hard carbon (HC), which is built by disordered graphene
stacking – the so-called ‘house of cards’ type model. The voltage
proles of hard carbon are typically divided into sloping and
low-potential plateau regions.15 The insertion mechanism was
revealed by 23Na NMRMAS. The nuclear spin quantum number
(I) of 23Na is 3/2, and therefore the electrical quadrupole
moment can inuence the chemical shi and line width
depending on the neighbouring environment. During dis-
charging, two major peaks appear at +9 ppm (sharp) and �20
to �30 ppm (broad). While the sharp peak corresponds to ionic
sodium which is the result of the interaction with a misaligned
graphene layer, the broad chemical shi is assigned to sodium
in nanocavities.

Two independent research groups lead by Prof. Dahn15 and
Prof. Tirado16 demonstrated that the initial specic capacity of
hard carbon in NIBs is ca. 300 mA h g�1 close to that of graphite
in LIBs. Most of the reversible capacity is related to sodium
storage inside nanocavities. However, this hard carbon elec-
trode exhibited signicant loss of capacity within 10 cycles with
poor rate performance. One of the challenging points of sodium
ion batteries is the high reactivity of sodium inserted HC
(Na@HC), when NaPF6 is used as a salt in electrolytes. In LIBs,
the high reactivity of lithiated graphite can be reduced by
adding LiPF6, since it is decomposed to form the stable ionic
salt LiF building up a passivation layer. In contrast, NaPF6 is
stable even at elevated temperatures, and is not decomposed to
form stable passivation layers.17,18 The reactive Na@HC thereby
accelerates the decomposition of solvents forming unstable
passivation layers, resulting in degradation of cell performance.
Recently, optimization studies of cell performance using HC
have been carried out.19 Komaba20 et al. improved the electro-
chemical performance of cells comprised of hard carbon and
Energy Environ. Sci., 2013, 6, 2067–2081 | 2069
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Fig. 5 Electrochemical performance of HCNWs: (A) CV curve, (B) voltage profile,
(C) cycleability, and (D) rate capability. Reproduced from ref. 22 with permission.
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NaClO4 in an EC:DEC including relatively low polarization and
stable cycle performance with negligible capacity fading over
100 cycles (Fig. 4).

Also, hierarchical porosity design can provide a promising
solution to improve the solid state diffusion kinetics of Na ions
in electrode materials. Through the nanocasting method,
Wenzel et al. synthesized templated carbon using porous silica
and mesophase pitch.21 Aer inltration of a carbon precursor
into the silica pores, the reaction mixture was carbonized, and
then the remaining silica architecture was removed by HF
treatment. Because of interconnections of dened macro-
and meso-pores, templated carbon allows fast kinetics by
reducing the diffusion lengths. The specic capacity of tem-
plated carbon exceeded 100 mA h g�1 at relatively high current
rates (2 C or 5 C). However, the large surface area of the porous
structure causes a signicant amount of irreversible capacity via
solid electrolyte interface (SEI) formation, and the correspond-
ing poor coulombic efficiency of the 1st cycle is detrimental in
practical applications.

Cao et al. reported high performance anode materials by
applying hollow carbon nanowires (HCNWs).22 The nano-
structure was prepared by pyrolysis of a polyaniline precursor
having a hollow nanowire morphology via self-assembly. A
disordered nanostructure was conrmed by X-ray diffraction
(XRD) measurements and high resolution transmission elec-
tron microscopy (HRTEM) observation. From the full width at
half-maximum (FWHM) of the (002) diffraction peak, the c-axis
length was calculated to be 1.27 nm, which corresponds to 3–4
graphene layers. Fig. 5 shows the electrochemical performance
Fig. 4 Electrochemical performance of a hard carbon anode. (A) Voltage profiles
and (B) cycleability with (a) ethylene carbonate (EC), (b) propylene carbonate (PC),
and (c) butylene carbonate (BC) solutions. Reproduced from ref. 20, with
permission.

2070 | Energy Environ. Sci., 2013, 6, 2067–2081
of HCNWs having a reversible specic capacity of 251 mA h g�1

and stable cycleability (82% retention aer 400 cycles).
However, they exhibited relatively low initial coulombic effi-
ciency (�50%). In research on carbon structures/architecture,
various carbon precursors have been examined for the
production of carbonaceous anode materials. For example,
glucose,11,15,23 ork,17,18 pitch,24,25 carbon bers,25,26 petroleum
cokes,27 and carbon black28 were used to prepare nanoporous,
disordered or hard carbons.
2.2 Alloy materials

To address the issue of relatively low specic capacity of
carbonaceous materials, alloy materials have been widely
studied in LIBs due to their high theoretical specic capacity
(>500 mA h g�1). Through the electrochemical intercalation
mechanism of Li ions in graphite, at least six carbons are
required to uptake a single Li, and this corresponds to 372 mA h
g�1 of specic capacity. However, alloy materials such as Sn and
Si can accommodate approx. 4 Li offering high theoretical
capacity, resulting in providing signicant improvement of
specic capacities of 994 mA h g�1 and 4212 mA h g�1,
respectively.

Alloy materials have also been examined to improve the
specic capacity for NIBs, and similar or dissimilar behaviours
to LIBs were observed. Unlike the high lithium atomic
concentration in Li–Si binary alloys, the theoretical maximum
sodium concentration in a Na–Si system is only 50 at% (Fig. 6a).
Experimentally, a Na–Si phase diagram is not available, and
only a few Na–Si binary phases are documented.29 In addition,
the theoretical redox potential of Na–Si alloy reaction is lower
(<0.1 V vs. Na/Na+) than that of Li–Si (ca. 0.3 V vs. Li/Li+). This
redox potential close to 0 V vs. Na/Na+ can cause the electro-
chemical insertion of Na ions into Si being kinetically inhibited
by large polarization. Accordingly, no report has shown the
reversible de/sodiation of Si-based materials yet, and most
studies on alloy anodes in NIBs have focused on Sn or Sb-based
materials rather than Si-based materials.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Theoretical equilibrium redox potentials of (A) Na–Si, (B) Na–Ge, (C)
Na–Sn, and (D) Na–Pb. Reproduced from ref. 30 with permission.
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It was calculated based on DFT that the electrochemical
sodiation of Sn proceeds to form Na15Sn4 through several phase
transition including NaSn5, NaSn, and Na9Sn4 phases
(Fig. 6).30,31 However, Wang et al. recently reported different
phase transitions via in situ de/sodiation TEM analysis of tin
nanoparticles,32 inspired by the similar studies on LIB
systems.33 The sodiation of Sn nanoparticles (d ¼ 80–400 nm)
proceeds in a two-phase reaction to from amorphous NaSn2

alloys (56% volume expansion), and it is further sodiated to
crystalline Na15Sn4 via a one-phase reaction (ca. 420% volume
expansion).

The de/insertion of alkali ions from elemental Sn and Si
hosts introduces detrimental mechanical strain caused by large
volume change during sodiation and desodiation (Table 1). This
leads to cracking and pulverization of the alloy materials and
deformation of electrodes, resulting in severe capacity fading
within a few cycles. To keep the integrity of alloy materials,
various approaches to use intermetallics and/or composites
(active/inactive, active/active, active/(inactive or active)/carbon
components) have been exploited for LIBs.34 Inactive compo-
nents having a role of a buffering matrix are effective to main-
tain the electrode microstructure by preventing aggregation or
coarsening of active elements. The inactive components are
required to have several properties including immiscibility with
alkali metals, high mechanical strength, small volume change
during electrochemical reactions, and good electrical conduc-
tivity. Various Sn-based active/inactive intermetallics including
Sn–Cu, Sn–Mg, and Sn–Mn–C have been investigated,35–38 and
the other metallic elements (M ¼ Ni, Co, Fe, etc.) can be also
Table 1 Volume expansion in an AM system. Adapted from ref. 30 and 31

A–M system
A ¼ Li or Na

AxMy phase
at full state of

Volume expansion/%
AxMy to M

Li–Sn Li15Sn4 260
Li–Si Li15Si4 281
Na–Sn Na15Sn4 424
Na–Si NaSi 144

This journal is ª The Royal Society of Chemistry 2013
utilized as inactive buffering matrix elements. The carbona-
ceous materials for the composite include graphite, porous
carbon, carbon nanotubes, and amorphous carbon.34

It is expected that a similar approach will be effective to
enhance the electrochemical performance of alloy materials in
NIBs, although the intermetallic or composite materials having
inactive components are still in the early stage for anode
materials of NIBs. Recently, Wang and co-workers demon-
strated the electrochemical performance of a porous carbon-tin
composite.39 The composite was prepared by the carbonization
of dispersed tin oxide nanoparticles in a polymer matrix under
an Ar atmosphere, and HRTEM and XRD measurements indi-
cated complete conversion of tin oxide to crystalline tin metal.
The electrochemical performance of the composite was exam-
ined for both NIB and LIB applications (Fig. 7). The experi-
mental redox potential values of de/sodiation were close to the
theoretical values based on the rst principle calculation, and
four anodic plateaus at 0.2, 0.3, 0.56, and 0.7 V were considered
to be related to the desodiation of Na15Sn4, Na9Sn4, NaSn, and
NaSn5, respectively. The redox potentials of several Na–Sn
phases were lower by a few hundred mV than those of Li–Sn
binary phases. When considering different redox potentials
between reference electrodes of Li/Li+ and Na/Na+ (ca. 0.3 V vs.
Li/Li+), it is considered that the thermodynamic properties for
the formation of each phase in LIBs and NIBs are similar.
Compared to the reversible capacity of the initial delithiation
Fig. 7 Voltage profiles of the porous C–Sn composite for (A) NIB and (B) LIB
applications. Reproduced from ref. 39 with permission.

Energy Environ. Sci., 2013, 6, 2067–2081 | 2071
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(574 mA h g�1) for the LIB application, this porous carbon–tin
composite delivered smaller initial specic capacity (295 mA h
g�1) and showed poor rate performance. Electrochemical
impedance spectroscopy (EIS) revealed that Sn–C composites in
NIBs experience higher mass-transfer resistance with larger
charge-transfer impedance than those in LIBs, which are
attributed to slower diffusivity of Na+ ions and larger SEI
impedance in NIBs, respectively. These larger impedances in
NIBs result in poorer rate performance of the Sn–C composite
for NIBs.

As an active/active element approach, SnSb has gained
tremendous interests due to higher reversible capacity than
active/inactive approaches and good reversibility to form SnSb
during delithiation. SnSb is lithiated sequentially with the
following distinctive conversion reactions forming Li–Sn and
Li–Sb phases at each redox potential.
SnSb + 3Li++ 3e� 5 Li3Sb + Sn (1)

Sn + 3.75Li++ 3.75e� 5 0.25Li15Sn4 (2)

During delithiation, the resulting product is reversibly
recovered into SnSb. SnSb–C composites for LIBs showed
excellent electrochemical performance with a reversible
capacity of about 550 mA h g�1 over 300 cycles at 100 mA g�1

with 81% initial coulombic efficiency.40 The Liu group recently
demonstrated that the SnSb–C composite for NIBs exhibits
comparable electrochemical performances to LIBs. The SnSb–C
composite was prepared by high-energy milling of SnSb nano-
particles with carbon black at a 7 : 3 weight ratio,41 and the high
reversible capacity of 544 mA h g�1 was delivered with
good cycleability (ca. 80% capacity retention aer 50 cycles
at 100 mA g�1) for NIBs.

The Sb element itself is also a promising alloy material for
NIBs. Since rhombohedral Sb has a lower density than Sn due to
a low atomic packing factor (�39%), Sb has more space than Sn
to accommodate guest alkali elements, resulting in smaller
volume change during de/lithiation and de/sodiation.34 In
addition, alkali-antimony alloys have different crystal structures
depending on the alkali metal. While fully lithiated Li3Sb alloys
have a cubic crystal structure, the corresponding sodiated
Na3Sb alloy showed a hexagonal crystal structure.

Recently, Monconduit et al. demonstrated that Sb shows
promising electrochemical performance including excellent
capacity retention up to 160 cycles with a high reversible
capacity of about 600 mA h g�1, in spite of that micro-sized bulk
Sb particles were used.42 Sb surprisingly showed better cycle
performance for NIBs compared to LIBs. This is attributed to
smaller volume change during charge and discharge for NIBs.
The volume of Sb, hexagonal Na3Sb, and rock salt Li3Sb is 181.1,
237, and 283.8 Å3, respectively. Also, the de/sodiation of Sb
showed a different reaction mechanism from the de/lithiation
of Sb. Upon sodiation, Sb transforms hexagonal Na3Sb via
amorphous NaxSb, while Sb is directly changed into cubic Li3Sb
on lithiation. Independently, Qian et al. also introduced a Sb–C
composite as an anode for NIBs, and the composite was
synthesized by simple mechanical milling of a commercial
2072 | Energy Environ. Sci., 2013, 6, 2067–2081
antimony powder with super P carbon.43 The composite
reversibly delivered three sodium atoms into the host
composite (corresponding to a specic capacity of 640 mA h
g�1) and exhibited good cycle performance (94% capacity
retention over 100 cycles). Moreover, the electrochemical
performance of the Sb–C composite for NIBs was improved due
to the addition of 5% uoroethylene carbonate (FEC) as an
electrolyte additive. Electrochemical impedance spectroscopic
analysis revealed that the FEC additive is responsible for a more
stable SEI lm providing a smaller charge-transfer resistance,
which results in the better electrochemical stability compared
to the FEC-free sample.

So far, only a few alloy materials have been examined as an
anode for NIBs, and thus more various alloy materials are
required to be revisited based on the library of Li-alloy mate-
rials. Also, the improvement of electrochemical performance of
alloy materials for NIBs could be achievable through the use of
optimized binders and electrolyte additives in LIBs.
2.3 Metal oxide and sulde materials

Transition metal oxides (TMOs) with various oxidation states
can be reversibly reduced and oxidized either by insertion or
conversion routes with the following general eqn (3) and (4).
Because of the electrochemical inactivity of bulk sized alkali
metal oxides (A2O, such as Li2O and Na2O), the conversion
reaction of TMOs had been disregarded for rechargeable
batteries. In 2000, Poizot et al. reported unexpected electro-
chemical performance of nanosized transition metal oxides
including CoO, FeO, and NiO for LIBs.44 The late 3d transition
metal oxides showed a high specic capacity of ca. 700 mA h g�1

with excellent capacity retention (Fig. 8). The enhanced reac-
tivity of Li2O is attributed to the nanosize connement effect.
Aer this ground-breaking report, the conversion reaction in
LIBs has been widely studied and the chemistry has been
extended to N, S, and P to replace oxides.44

(Insertion route)

MaOb + cA+ + ce� 5 AcMaOb (3)

(Conversion route)

MaOb + 2bA+ + 2be� 5 aM + bA2O (4)

M ¼ transition metal and A ¼ alkali metal.
The rst transition metal oxide for NIB anodes was reported

by Alcantara et al. using spinel NiCo2O4, prepared from the
precipitation of a mixed oxalate precursor, followed by thermal
decomposition in air at 320 �C.27 The spinel oxide exhibited
poor electrochemical performances with large polarization and
small reversible capacity (ca. 200 mA h g�1) considering its high
theoretical specic capacity of ca. 890 mA h g�1. Early 3d tran-
sition metal (Ti, V) oxides also have been utilized for anode
materials of NIBs via an insertion-type mechanism. For
example, up to 0.5 sodium reversibly inserted into a layered
NaxVO2 host at �1.5 V vs. Na/Na+, which corresponds to 120 mA
h g�1. The layered NaTiO2 can accommodate about 0.5 Na
atoms per formula unit at �1 V. The relatively low redox
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Electrochemical performance of nanosized transition metal oxides: (A)
voltage profiles and (B) cycle performance. Reprinted from ref. 44 with
permission.

Fig. 9 General redox processes of organic compounds including thioethers,
disulfides, nitroxide radicals, and carbonyl compounds via electrochemical
methods. Adapted from ref. 52 and 53.

Perspective Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IC
 F

E
D

 D
E

 L
A

U
SA

N
N

E
 o

n 
06

/1
1/

20
15

 1
2:

29
:4

0.
 

View Article Online
potential of titanium oxides compared to other transition
metals was ascribed to the high reducing activity of trivalent
titanium cations.45 To enhance the kinetics of sodium ion
transport, amorphous TiO2 with a nanotubular structure was
examined.46 Sodium-ion transport was dependent on the
average diameter of nanotubes (NTs). While narrow NTs
allowed poor capacity, wider NTs (>80 nm, inner diameter)
showed improved capacity of 150 mA h g�1 at �1.5 V. Recently,
the Palac̀ın group reported that Na2Ti3O7 reversibly accommo-
dates about two sodium atoms at about 0.3 V.47 Titanium oxides
are considered promising anode candidates owing to their low
cost, non-toxicity, and relatively low redox potential.

In the 1970s, Whittingham demonstrated that transition
metal suldes such as TiS2 can be used as host materials of
sodium ions.48 The Ceder group explained alkali metal insertion
into sulde host materials with enthalpy values.9 The difference
of formation enthalpy values of Li2S (�466 kJ mol�1) and Na2S
(�336 kJ mol�1) is relatively smaller than those of Li2O (�599 kJ
mol�1) and Na2O (�418 kJ mol�1). The larger orbital size of
sodium-ions compared to lithium ions may allow efficient
overlap with soer sulfur orbitals than harder oxygen. Transi-
tion metal suldes including FeS2 (pyrite) and Ni3S2 (heazle-
woodite) showed low potential ranges during the conversion
reactions with sodium. Pyrite showed a high initial discharge
capacity of 630 mA h g�1 at �1.3 V.49 However, the specic
This journal is ª The Royal Society of Chemistry 2013
capacity dramatically decreased within 50 cycles. In the case of
heazlewoodite, the initial discharge capacity was found to be
420 mA h g�1 with an average redox potential of �0.9 V. The
capacity was retained at 81% over 15 cycles.50
2.4 Organic compound-based materials

For the past decade, major electrode materials for rechargeable
batteries have been inorganic compounds synthesized through
solid state reaction, the sol–gel method, or simple mechanical
milling. Despite technological advances in secondary batteries
using inorganic compounds, high energy costs for the ceramic
processes and the demand for electrode materials prepared
from sustainable sources have raised tremendous concerns.3,4

Organic compounds offer alternative solutions thanks to their
low-cost production, recyclability, and structural diversity.51–53

For example, organic sulfurs, disuldes, nitroxide radicals, and
conjugated carbonyl derivatives have been utilized for the
preparation of electrode materials of LIBs (Fig. 9 and 10).52,53

However, small volumetric capacity, low cycleability, and
poor electrical conductivity have been major challenges of
organic batteries. Tarascon and coworkers provided a solution
to overcome those problems by designing conjugated carboxy-
late salts.54 Dilithium terephthalate was crystallized in a space
group of P21/c through pi stacking and ionic interaction,
thereby reducing the volume. The conjugated system between
phenyl and carboxylate groups can help ionic and electronic
conductivities of the electrode materials, while they still require
a relatively large amount of conducting carbon materials.
Recently, the rst organic anode materials for NIBs were
introduced based on a disodium terephthalate (Na2TP) struc-
ture with a space group of Pbc21.55–57 Remarkably, the sodium
salt showed excellent electrochemical performances (Fig. 11).55

Na2TP reversibly delivered about 250 mA h g�1 at about 0.4 V vs.
Na/Na+. It showed high capacity retention over 90 cycles with
excellent (>98%) coulombic efficiency.

It is not easy to develop new inorganic electrodematerials for
reversible de/sodiation, because of the limited number of
Energy Environ. Sci., 2013, 6, 2067–2081 | 2073
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Fig. 10 Electrochemical performance of organic compounds for LIBs: (A)
average discharge potential vs. discharge capacity plot and (B) power density vs.
energy density plot. Reproduced from ref. 53 with permission.
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crystal structures and compositions. However, the structural
richness of organic compounds can easily provide a new line-up
of electrode materials. For example, Na2TP derivatives with
amino- and bromo-groups have exhibited controllable potential
changes via inductive and resonance effects, and nitro-Na2TP
Fig. 11 Proposed reversible Na-ion insertion/deinsertion mechanism and
voltage profiles. Reprinted from ref. 55 with permission.

2074 | Energy Environ. Sci., 2013, 6, 2067–2081
showed the increase of reversible capacity through an addi-
tional function of nitro group as a redox couple.
2.5 Phosphorus-based materials

Although NIBs are considered a next generation system and
have shown promising electrochemical performance including
stable cycleability and good rate capability, they still possess a
critical problem in energy density: their energy density is infe-
rior to that of LIBs. Most cathode and anode materials that have
been introduced to date for NIBs show similar or slightly lower
specic capacity and redox potential than those of LIBs, because
it is difficult to increase the specic capacity due to limited
storage sites and the oxidation state based on the intercalation
chemistry.7,9,58 Therefore, in order to improve the energy density
of Na ion batteries, new electrode materials having a high
specic capacity should be introduced.30 Thus far, however,
there have been few studies on sodium insertion materials with
high capacity.15,20,46,47,59–62 The general strategy for storing a large
number of ions is to use conversion chemistry such as alloying
materials.

Crystalline black and amorphous black phosphorus were
introduced as promising anode materials in LIBs, because red
phosphorus is known to be electrochemically inactive and black
phosphorus shows excellent reversibility relative to red phos-
phorus.63–67 However, Marino et al.68 recently showed reversible
de/insertion of Li ions into crystalline red phosphorus via
the preparation of a red phosphorus/mesoporous carbon
composite by vaporization and condensation. Inspired by the
reversible de/insertion of crystalline red phosphorus for Li ions,
Kim et al. demonstrated excellent electrochemical performance
of amorphous red phosphorus as an anode material for NIBs.69

The amorphous red phosphorus–carbon composite powders
were synthesized through a facile and simple ball milling
process using commercially available amorphous red phos-
phorus and Super P carbon. This material exhibited a high
reversible capacity of 1890 mA h g�1; this value is known to be
the highest value among reported electrode materials for Na ion
batteries (Fig. 12). Also, very stable cycle performance of negli-
gible capacity fading over 30 cycles and good rate capability
delivering 1540 mA h g�1 at a current density of 2.86 A g�1 were
observed. Above all, the phosphorus materials showed an
appropriate redox potential of ca. 0.4 V vs.Na/Na+, which is ideal
for anode applications from the view-points of safety and energy
density. In the case of LIB application, the redox potential of
phosphorus was relatively high (ca. 0.8 V vs. Li/Li+); this is not
appropriate for an anode because the high redox potential of
the anode causes loss of energy density of full cells. They also
suggested that the electrochemical performance of amorphous
red phosphorus is strongly dependent on the electrical
conductivity and the volume change during sodiation and
desodiation. Accordingly, a phosphorus/carbon composite and
a polyacrylic acid (PAA) binder were used to improve electrical
conductivity and electrode degradation, respectively. PAA or
carboxymethyl cellulose (CMC) binders are expected to improve
the cycle performance of phosphorus-based materials due to
thermally cross-linked three-dimensional interconnection of
This journal is ª The Royal Society of Chemistry 2013
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Fig. 12 Voltage profiles of the red phosphorus/carbon composite. Reprinted
from ref. 69 with permission.
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those binders, as found to be effective in Si-based materials
undergoing a large volume change during lithiation and
delithiation.
Fig. 13 Electrochemical characteristics of (A) LiCrO2 and (B) NaCrO2. Repro-
duced from ref. 71 with permission.
3 Positive electrode materials
3.1 Layered oxide materials

Although NIBs are being considered as an alternative to replace
LIBs, research on both sodium-ion and lithium-ion intercala-
tion chemistry began in the 1980s. For examples, NaxCoO2,
NaxNiO2, NaCrO2, and a-NaFeO2 were examined as intercala-
tion hosts of Na ions via chemical sodiation and desodiation.70

Recently, the Komaba group considered sodium chromate
(NaCrO2) as a cathode for NIBs and compared it to lithium
chromate (LiCrO2).71 As shown in Fig. 13, as LiCrO2 was charged
up to 4.5 V vs. Li/Li+, it delivered a reversible capacity of only
10 mA h g�1, corresponding to de/insertion of ca. 0.03 Li ions.
However, it is noteworthy that NaCrO2 reversibly delivered
about 120 mA h g�1 (0.5 mol Na ions in NaCrO2), indicating that
LiCrO2 and NaCrO2 are electrochemically inactive and active,
respectively. This means that it is possible to nd new break-
throughmaterials for NIBs frommaterials that might be useless
in LIBs. The electrochemical inactivity of LiCrO2 is attributed to
the irreversible migration of disproportioned Cr6+ into inter-
stitial tetrahedron in LiCrO2 due to their similar size. However,
such migration is inhibited in NaCrO2 because of the size
mismatch.72

Similar behavior to ACrO2 (A ¼ Li, Na) was observed in
P2-Na2/3[Fe1/2Mn1/2]O2.73 Recently, the Komaba group demon-
strated that partially substituted Mn for Fe in P2- and O3-type
NaxFeO2 frameworks can stabilize Fe4+ in the structure, result-
ing in an increase of reversible capacity due to Fe3+/4+ redox
couples. These Fe3+/4+ redox couples are known to be electro-
chemically inactive due to the highly unstable Fe4+ in O3-type
This journal is ª The Royal Society of Chemistry 2013
LiFeO2 for LIBs.74 P2-type Na2/3[Fe1/2Mn1/2]O2 has a hexagonal
structure (space group: P63/mmc), which is isostructured with
P2-NaxCoO2. O3-type Na[Fe1/2Mn1/2]O2 has a rhombohedral
structure (space group: R�3m), which is the same as O3-NaFeO2.
Fig. 14 shows the voltage proles of the P2 and O3 structures.
The reversible capacity of the P2 type structure is 190 mA h g�1,
while the O3 structure delivers ca. 110 mA h g�1 with large
polarization. Fig. 15 shows that the energy density of P2-
Na2/3[Fe1/2Mn1/2]O2 reaches 520 mW h g�1, which is similar to
that of LiFePO4 (ca. 530 mW h g�1) and higher than that of a
LiMn2O4 spinel (ca. 450 mW h g�1).

NaCoO2 is another notable cathode material for NIBs. In
1981, Delmas et al. compared the electrochemical characteris-
tics of P2-NaxCoO2 (space group: P63/mmc) and O3-NaxCoO2

(space group: R�3m) as intercalation hosts of Na ions.75 Sodium
ions reside in octahedral and prismatic sites of O3 and P2
structures, respectively. The de/sodiation of the O3 structure
involves a phase transition between P3 and O3 structures due to
their structural similarity. However, the P2 type structure is
maintained during sodiation and desodiation, which is bene-
cial for structural stability during cycling. This is attributed to
the different structure of the P2 type from the P3 and O3
structures, and the phase transitions between P2 and P3 or O3
require Co–O bond cleavages. Fig. 16 shows the diffusivity of P2-
NaxCoO2 for various compositions, which are measured using
P2-NaxCoO2 single crystals. The diffusivity of P2-NaxCoO2 was
Energy Environ. Sci., 2013, 6, 2067–2081 | 2075
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Fig. 14 Galvanostatic charge/discharge curves of (A) O3-Na[Fe1/2Mn1/2]O2 and
(B) P2-Na2/3[Fe1/2Mn1/2]O2. Reproduced from ref. 73 with permission.

Fig. 15 Reversible capacity vs. operating voltage ranges of the layered alkali
insertion materials. Reproduced from ref. 73 with permission.

Fig. 16 Compositional variation of (A) inter-diffusion coefficient of Na, (B)
thermodynamic factor of Na, and (C) self-diffusion coefficient of Na obtained by
the PITT technique at 300 K. Reproduced from ref. 76 with permission.
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10�7 to 10�8 cm2 s�1,76 and this is not lower than that of
O3-LiCoO2 (10

�7 to 10�13 cm2 s�1) in spite of the larger size of
Na ions. This indicates that similar power density of NIBs to
that of LIBs can be obtained using layered metal oxide
materials.

O3 structure materials including LiCoO2 and Li(Ni,Co,Mn)
O2 have been successfully commercialized in LIBs due to
their structural stability and excellent electrochemical perfor-
mance. However, O3 structure materials are not very promising
in NIBs because of their structural instability under air.
O3-NaCo1/3Ni1/3Mn1/3O2 was found to be decomposed into
Na1�xCo1/3Ni1/3Mn1/3O2 with NaOH or Na2CO3 via reaction with
carbon dioxide and water in air.77 O3-NaCo1/3Ni1/3Mn1/3O2

exhibited a relatively low reversible capacity of about
120mA h g�1 (0.5 Na+) in a range of 2–3.8 V vs.Na/Na+, while O3-
LiCo1/3Ni1/3Mn1/3O2 delivered about 150 mA h g�1 in a range of
ca. 4 V vs. Li/Li+.78 In contrast, another solid solution analogue,
O3-NaNi0.5Mn0.5O2 showed better electrochemical performance
2076 | Energy Environ. Sci., 2013, 6, 2067–2081
than O3-LiNi0.5Mn0.5O2. O3-NaNi0.5Mn0.5O2 delivered 185 mA h
g�1 in a range of 2.5–4.5 V vs. Na/Na+ with stable cycle perfor-
mance, and showed good rate performance, delivering 100 mA
h g�1 even at 1 C (¼240 mA g�1). However, high reversible
capacity (200 mA h g�1) of LiNi0.5Mn0.5O2 is achieved at only low
current densities (0.17 mA cm�2).79 This poor rate performance
of LiNi0.5Mn0.5O2 is attributed to LiNi0.5Mn0.5O2 having 8–10%
cation disorder between the Ni2+ ion in the 3a site and the Li+

ion in the 3b site due to the similar size of Ni2+ and Li+.80 Li ion
diffusivity in layered transition metal oxides depends upon the
cation disorder.81,82 Transition metal (M) ions in Li slabs by
cation disorder disrupt the lithium ion diffusion path and
increase electrostatic repulsion between M and Li, resulting
in reduced Li mobility. Also, the octahedral Li ion in
LiNi0.5Mn0.5O2 is diffused through the tetrahedral site (octa-
hedral–tetrahedral–octahedral), and the size of the tetrahedral
site is determined by the c-lattice parameter (Li slab space).
Accordingly, cation disorder reduces the Li slab space, resulting
in a higher activation barrier in lithium diffusion. However,
NaNi0.5Mn0.5O2 has a negligible amount of cation disorder
(0.4%) because of the larger size difference between Na+ (rNa+ ¼
1.02 Å) and Ni2+ (rNi2+ ¼ 0.69 Å) or Mn4+ (rMn4+ ¼ 0.53 Å),
resulting in good rate performance.20,71 Also, the valence
state of only Ni in Li1�xNi0.5Mn0.5O2 is changed between 2+ and
4+ in a range of 0 < x < 1 (ca. 4 V vs. Li/Li+) and the valence state
of Mn remains unchanged in Mn4+.83 The same behavior was
observed in Na1�xNi0.5Mn0.5O2. The valence state of only Ni
is changed between 2+ and 4+ in a range of 0 < x < 1.84 The
valence state of Mn in Na1�xNi0.5Mn0.5O2 is always 4+ regardless
of charge and discharge, and this inhibits Jahn–Teller
This journal is ª The Royal Society of Chemistry 2013
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distortion of NaNi0.5Mn0.5O2 caused by unstable Mn3+. A similar
reaction mechanism including the valence state and cation
disorder to O3-NaNi0.5Mn0.5O2 was also observed in P2-
Na0.85[Li0.17Ni0.21Mn0.64]O2.85
3.2 Phosphate-based materials

Aer the introduction of LiFePO4 by Goodenough et al.,86

various phosphate based materials have been extensively
studied as cathode materials in LIBs. In particular, phosphate
materials have been focused upon due to the increase of redox
potential and good safety caused by an inductive effect and a
strong oxygen–phosphorus covalent bond, respectively.
However, phosphate materials have critical disadvantages of
poor electrical and ionic conductivity. Therefore, nanosized
materials have been considered as a solution to overcome these
shortcomings by decreasing the solid state diffusion length of Li
ions, and this approach improved the electrochemical perfor-
mance. LiFePO4 crystallizes in the space group of Pnma. Layers
of FeO6 octahedra are corner-shared in the bc plane, and linear
chains of LiO6 octahedra are edge-shared in a direction parallel
to the b-axis. These chains are bridged by edge and corner
shared phosphate tetrahedra, creating a stable three-dimen-
sional structure. The reversible capacity and redox potential of
LiFePO4 are about 170mA h g�1 and 3.4 V vs. Li/Li+, respectively.
However, NaFePO4 cannot be prepared directly as the olivine
phase because the thermodynamically stable form of NaFePO4

is the mineral maricite. The M1 and M2 sites in the LiFePO4

olivine structure are occupied by Li+ and Fe2+ respectively.
However, NaFePO4 maricite is exactly the reverse of LiFePO4, in
which Na+ and Fe2+ occupy the M2 and M1 sites of the olivine
structure (Fig. 17). This gives rise to a different connectivity of
Fig. 17 Crystal structures of (A) LiFePO4 olivine and (B) NaFePO4 maricite with
[010] direction projection. Reprinted from ref. 91 with permission.

This journal is ª The Royal Society of Chemistry 2013
the Fe and Na octahedra which blocks Na-ion migration path-
ways, resulting in a structure that is not amenable to Na+ (de)
insertion. NaFePO4 forms as an electrochemically inactive
maricite phase under conventional synthetic conditions at high
temperature, and accordingly, NaFePO4 olivine has been
obtained via electrochemical insertion of Na into FePO4.87–90

However, recently, metastable olivine phases of sodium
metal phosphates nanorods, Na[Mn1�xMx]PO4 (M ¼ Fe; Ca;
Mg), were synthesized by a simple solid state reaction at low
temperatures (#100 �C), which is attributed to a topotactic
reaction that converts NH4[Mn1�xMx]PO4$H2O (M¼ Fe; Ca; Mg)
(Pmn21 space group) to Na[Mn1�xMx]PO4 (Pnma space group)
via direct ion exchange between NH4

+ and Na+ using molten
CH3CO2Na$3H2O.91 The connectivity of the iron and phosphate
polyhedra in the (100) plane of NaMPO4 is identical to that in
the corresponding (101) plane of NH4MPO4$H2O, and upon
rapid ion exchange of NH4

+ for Na+, the adjacent sheets are
knitted together by condensation of the NaO6 octahedra to
crystallize olivine NaMPO4 (Fig. 18). This synthetic method is
benecial to obtain olivine phases with negligible cation
disorder even at low synthetic temperatures, compared to
conventional low temperature synthesis such as the hydro-
thermal method which yields 8–10% cation disorder. The
structure of NH4MPO4$H2O precursors is perfectly ordered due
to the bulky NH4 ions, and accordingly this order is replicated in
the structure of the resulting products. This is attributed to the
synthetic temperature being too low to induce atomic position
rearrangements such as switching of the Fe/Na sites. Also, the
volume difference of Na(Fe0.5Mn0.5)PO4 between Na-rich and
Na-poor phases was 21%, which is much larger than the cor-
responding volume difference for LiFePO4 (6.7%) due to the
larger size of Na ions, and this causes poor electrochemical
performance.

Also, the different reaction mechanism of NaFePO4 was
reported from that of LiFePO4. While LiFePO4 is changed into
FePO4 via one step of a two-phase reaction, two steps of a two-
phase reaction through the formation of a stable intermediate
phase, Na0.7FePO4, was observed during electrochemical de/
sodiation.87 Accordingly, unlike one plateau of the Li/FePO4

system, the Na/FePO4 system shows two plateaus in voltage
proles. Na0.7FePO4 has a Pnma orthorhombic unit cell having
Fig. 18 Scheme of topological growth of NaMPO4. Reprinted from ref. 91 with
permission.

Energy Environ. Sci., 2013, 6, 2067–2081 | 2077
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Fig. 19 Crystal structures of (A) Na3.12Fe2.44(P2O7)2 and (B) Na2FeP2O7 with
[100] and [011] direction projection, respectively. Reproduced from ref. 96 and 97
with permissions.
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parameters intermediate between those of NaFePO4 and
LiFePO4: a ¼ 10.2886(7) Å, b ¼ 6.0822(4) Å, c ¼ 4.9372(4) Å, and
V ¼ 308.95(4) Å3.

In 2010, the Yamada group introduced a new pyrophosphate
material, Li2FeP2O7, as a cathode for LIBs synthesized via solid
state reaction.92 Li2FeP2O7 has monoclinic symmetry with a
space group of P21/c. The reversible capacity of lithium iron
pyrophosphate was 110 mA h g�1, corresponding to one elec-
tron reaction with Fe2+/Fe3+. Unlike LiFePO4, Li2FeP2O7 showed
good rate capability without nano-sizing and carbon coating
due to the fast lithium ion diffusion through a 2D framework in
the bc-plane.93 Also, this pyrophosphate exhibited excellent
thermal stability over 500 �C in a charged state.94 Inspired by the
excellent electrochemical performance of Li2FeP2O7, sodium
iron pyrophosphates (Na2FeP2O7) were recently introduced, and
showed good electrochemical performance including a revers-
ible capacity of ca. 90 mA h g�1 and good cycleability.95,96 The
Bragg reections were indexed with a space group of P1 having a
triclinic unit cell. In ex situ XRD patterns, Na2FeP2O7 proceeded
via several phase transitions including single- and two-phase
reactions at low and high redox potentials respectively. Inde-
pendently and simultaneously, a new pyrophosphate
compound, Na3.12M2.44(P2O7)2 (M ¼ Fe, Fe0.5Mn0.5, Mn), was
introduced as a cathode for NIBs.97 Na3.12Fe2.44(P2O7)2 has a
triclinic structure composed of a centrosymmetrical crown of
Fe2P4O22 and Fe2P4O20 connected by corner-sharing to form a
three-dimensional framework, and each crown unit consists of
two FeO6 octahedra and two P2O7 groups. The structure of
Na3.12Fe2.44(P2O7)2 is different from those of monoclinic
NaFeP2O7 (ref. 98) and triclinic Na2FeP2O7,95,96 although the XRD
pattern of Na3.12Fe2.44(P2O7)2 is very similar to that of Na2FeP2O7

(Fig. 19). However, the voltage proles and reversible capacity of
Na3.12Fe2.44(P2O7)2 were observed to be very similar to those of
Na2FeP2O7. Also, a Na-rich phase, Na3.32Fe2.34(P2O7)2 – amember
of the solid solution series Na4�aFe2+a/2(P2O7)2 (2/3 # a # 7/8) –
was obtained via off-stoichiometric synthesis, and delivered a
reversible capacity of about 85 mA h g�1 at ca. 3 V vs.Na/Na+ and
exhibited very stable cycle performance. Above all, it showed fast
kinetics for Na ions such as Li2FeP2O7, delivering an almost
constant 72% reversible capacity at rates between C/10 and 10 C
without the necessity for nanosizing or carbon coating. Recently,
Na2CoP2O7 having a layered structure with an orthorhombic
framework was also introduced as a cathode for NIBs.
Na2CoP2O7 is comprised of parallel slabs of mixed tetrahedra of
CoO4 and PO4, which forms [Co(P2O7)]22 layers parallel to [001]
offering a two-dimensional Na-diffusion pathway. Na2CoP2O7

delivered a reversible capacity close to 80 mA h g�1 involving a
Co3+/Co2+ redox couple at about 2–4 V vs. Na/Na+.99–101

Also, metal uorophosphates, AMPO4F (A: alkali metal, M:
3d transition metal), have been focused upon as promising new
cathode materials. In 2007, the Nazar group pioneered a new
uorophosphate material, Na2FePO4F, as an intercalation host
for Li ions. This compound is crystallized in the orthorhombic
Pbcn space group, and it is isostructured with Na2FePO4OH and
Na2Co(PO4)F.102,103 Na2FePO4F showed good electrochemical
performance including a reversible capacity of ca. 124 mA h g�1

with stable cycle performance because it has facile two-
2078 | Energy Environ. Sci., 2013, 6, 2067–2081
dimensional pathways for Li ion diffusion and small volume
change during de/lithiation (3.7%). LiNaFePO4F and Li2FePO4F
were also obtained via chemical ion exchange of the sodium
cations for lithium within the lattice. The Tarascon group
examined Na2FePO4F as a cathode for NIBs.104 Na ion de/
intercalation was highly reversible, but Na2FePO4F showed
higher polarization than the LIB application with a reversible
capacity of ca. 120 mA h g�1. The unit cell volume difference
between two end members of Na2FePO4F and NaFePO4F was
only 4%, and thus lower than that of LiFePO4 (6.7%).

In 2010, LiFePO4F tavorite was introduced independently for
LIBs by the Tarascon group105 and the Nazar group,106 following
an earlier detailed report of LiVPO4F by Barker et al.107 LiFePO4F
possesses corner-sharing one dimensional chains of [FeF2O4]
octahedra in the [010] direction, with alternating tilted octa-
hedra bridged by F� ligands. These chains are connected by
corner-sharing phosphate tetrahedra to create a spacious 3D
framework, which has tunnels (>3 Å in diameter) along all of the
[100], [010], and [001] directions as open pathways for 3D ion
transport. The three-dimensional tunnel structure causes high
ionic conductivity, resulting in good rate performance,
compared to one-dimensional LiMPO4. LiFePO4F tavorite
showed a reversible capacity of 145 mA h g�1 (96% of theoretical
capacity) with small polarization and good cycleability at a C/10
rate and room temperature, even in a bulk particle form
(�1 mm).106 Accordingly, these tavorite structured materials are
considered promising electrode materials for NIBs due to the
appropriately wide and multi-dimensional tunnels of the
tavorite structure for the transport of larger Na ions. Also,
This journal is ª The Royal Society of Chemistry 2013
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other phosphate- and uorophosphate-based polyanion mate-
rials have been introduced for NIBs including NaVPO4F,108

Na3V2(PO4)3F3,109 Na3V2(PO4)3,110 and Na4Fe3(PO4)2(P2O7).111
4 Conclusions and perspectives

Na-ion batteries are an attractive alternative to replace Li-ion
batteries for smart grid and electric vehicle applications. There
have been exciting developments in positive and negative elec-
trode materials for Na-ion batteries in recent years. Some of
NIBs have comparable or even higher energy density compared
to the commercialized Li-ion batteries, and Na resources are
inexhaustible and of lower cost. However, the electrochemical
performance of Na-ion batteries must be improved to meet the
demands of next generation applications, although they show
promise. Moreover, Na-ion batteries are facing the same tech-
nical barriers including a safety problem as Li-ion batteries,
since they are operated based on similar chemistry. To solve
these issues, further in-depth understanding of the reaction
mechanism and tailored design of electrode materials for Na-
ion batteries must be sought. This perspective has presented a
comparative overview of the major developments in the area of
positive and negative electrode materials in both Li-ion and Na-
ion batteries in the past decade, which will provide an oppor-
tunity to improve the electrochemical performance of electrode
materials for Na-ion batteries.

Most carbon-based anode materials that have been intro-
duced to date for Na ion batteries have shown slightly lower
specic capacity than the commercialized graphite anode in Li-
ion batteries. No matter how they can exhibit stable cycle
performance, however, these carbonaceous anode materials
having relatively small capacity cannot meet the requirement of
next generation rechargeable batteries in terms of high energy
density. Therefore, the research on anode materials in Na-ion
batteries is moving on the search for new anode materials with
high specic capacity. Alloy-, metal oxide- and phosphorus-
based materials are considered as promising candidates
because they have higher specic capacity than graphite of
Li-ion batteries. In particular, phosphorus showed excellent
electrochemical performance including high reversible
capacity (1890 mA h g�1) and appropriate redox potential (0.4 V
vs. Na/Na+). However, phosphorus- and alloy-based materials
have large volume change during sodiation and desodiation,
and accordingly, tailored design of electrode materials and
improved electrochemical cell engineering are required to
mitigate these materials' shortcomings.

Various layered oxide materials including O3-NaCrO2, O3-
NaNi0.5Mn0.5O2, O3-NaCo1/3Ni1/3Mn1/3O2, P2-Na2/3[Fe1/2Mn1/2]O2,
and P2-Na0.85[Li0.17Ni0.21Mn0.64]O2 were developed based on the
database of cathode materials in Li-ion batteries, and they
showed very promising electrochemical performance for Na-ion
batteries. However, many aspects of ion transport, reaction
mechanism, ion ordering and solid-solution behavior in these
materials are not fully understood, which requires in-depth
studies on these issues to further enhance their electrochemical
performance. Nonetheless, safety concerns of the layered oxides
such as Li-ion batteries may prohibit their successful
This journal is ª The Royal Society of Chemistry 2013
application in large-scale energy storage, and phosphate-based
materials are desirable to improve safety due to strong P–O
bonding, as demonstrated for Li ion batteries. Several phos-
phate-based materials including NaMPO4, Na3.12M2.44(P2O7)2,
Na2FeP2O7, Na2FePO4F and Na3V2(PO4)3F3 were recently intro-
duced, and exhibited promising electrochemical performance.
Future research will involve methods to increase reversible
capacity and rate capability.
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