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1. Introduction

Energy storage has become a growing global concern over
the past decade as a result of increased energy demand,
combined with increases in the price of refined fossil fuels and
the environmental consequences of their use. This has
increased the call for environmentally responsible alternative
sources for both energy generation and storage. Of the several
technologies that are suitable for large-scale energy storage,
pumped hydroelectric systems currently dominate, with com-
pressed air being the second most utilized system. However,
electrochemical energy storage (EES) technologies based on
batteries are beginning to show considerable promise as
a result of many breakthroughs in the last few years. Their
appealing features include high round-trip efficiency, flexible
power, and energy characteristics to meet different grid
functions, long cycle life, and low maintenance. Batteries, in
particular, represent a viable energy storage technology for
the integration of renewable resources that provide inter-
mittent energy into the grid. These include solar energy from
photovoltaics and wind energy (Figure 1). The compact size
of battery systems makes them well-suited for use at
distributed locations (off-grid or minigrid), where they can
provide energy storage for local solar output that can be used
to charge an electric/hybrid electric vehicle (EV/HEV),
supply energy for residential use, or enable electrification of
entire rural communities. On-grid, batteries are utilized to
store and manage peak load energy from large photovoltaic
power plants and load-level output fluctuations at wind farms.
The storage can be used to feed power to the grid when
consumption exceeds regular production, and/or utilized for
off-peak utilization such as for EV charging.

Energy storage for the electrical grid has primarily been
focussed on lithium ion (Li ion), redox-flow, and high-
temperature batteries up to now. Of these, Li ion EES is
certainly a contender. Nonetheless, the demand for Li ion
batteries as a major power source in portable electronic
devices and vehicles is rapidly increasing. Li-ion cells are now
powering hybrid-electric and plug-in electric vehicles and are
forecast to continue to be the energy storage system for future
generations.[1] In the face of greatly increased demands on
available global lithium resources because of the eventual rise

in these markets, concerns over potentially rising costs and
availability have arisen. Most easily accessible global lithium
reserves are in remote or in politically sensitive areas.[2–4]

Increasing utilization of lithium in energy storage applications
with a higher “price point” will ultimately push up the price of
lithium compounds even with extensive battery recycling
programs thereby making large-scale storage based on this
element less affordable. Limitations in the availability of the
transition metals for cathode materials are also of concern,

Energy storage technology has received significant attention for
portable electronic devices, electric vehicle propulsion, bulk electricity
storage at power stations, and load leveling of renewable sources, such
as solar energy and wind power. Lithium ion batteries have dominated
most of the first two applications. For the last two cases, however,
moving beyond lithium batteries to the element that lies below—
sodium—is a sensible step that offers sustainability and cost-effec-
tiveness. This requires an evaluation of the science underpinning these
devices, including the discovery of new materials, their electro-
chemistry, and an increased understanding of ion mobility based on
computational methods. The Review considers some of the current
scientific issues underpinning sodium ion batteries.
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Figure 1. A unified model for the grid and microgrid, showing the
interplay between renewable energy generation that supplies the grid,
energy storage solutions for the grid, and energy supply for hybrid/
electric vehicle transport.
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driving development towards more sustainable elements such
as Fe and Mn.

Given the high abundance and low cost of sodium as well
as its very suitable redox potential (Eo

(Na+/Na) =�2.71 V versus
the standard hydrogen electrode) which is only 0.3 V above
that of lithium, meaning there is only a small energy penalty to
pay—rechargeable electrochemical cells based on sodium hold
much more promise for EES applications. The electrochem-
istry of sodium materials has a long history. Fifty years ago, the
discovery of the high-temperature solid-state sodium ionic
conductor NaAl11O17 (b“-alumina) provided a leap forward in
the fields of solid-state ionics and sodium electrochemistry,[5]

along with NASICON (natrium super ion conductor: NaxM2-
(XO4)3; X = P5+, Si4+, S6+, Mo6+, As5+) a decade later.[6] As
a solid-state electrolyte, b”-alumina was critical to the
development of two sodium ion batteries: the sodium/sulfur
(Na-S) and ZEBRA cells (zero-emission battery research
activities) that are based on Na/NiCl2. These cells, particularly
the former, are now commercial technologies used today for
grid storage. They operate near 300 8C, where sodium and the
positive electrodes are molten, and the ion conductivity of the
sodium b“-alumina membrane is enhanced. Safety concerns
with Na/S technology, and costly heating requirements and
temperature management difficulties in ZEBRA cells are
inspiring much effort to lower their operating temperatures.
NASICON has been exploited as a solid-state electrolyte
membrane for Na batteries that operate between 110 and
130 8C and which also encompass a molten sodium elec-
trode.[7] Fundamental research in solid-state Na ion conduc-
tors has lowered the operating temperature even further.
Room-temperature operation of an all-solid-state recharge-
able sodium battery based on a sulfide glass-ceramic electro-
lyte has recently been demonstrated.[8] This brings the

exciting possibility of a room-temperature Na/S cell closer
to reality, although further developments are necessary.

On the other hand, sodium ion batteries (NIBs) based on
intercalation materials that employ non-aqueous electro-
lytes—akin to lithium ion batteries—were first explored in
the mid-1980s. They have undergone a renaissance in the last
few years, with a remarkable number of new materials and
approaches having been reported. They offer a higher energy
density than aqueous batteries and lower cost than Li ion
batteries, with some now approaching the energy density of
the latter. Here, we discuss recent research highlights of
sodium ion based electrochemistry, with a focus on recent
studies on intercalation compounds for positive electrode
materials (layered transition-metal oxides and polyanionic
compounds); computational studies that probe Na+ ion
mobility in solid-state lattices; developments in open-frame-
work materials; and negative electrode materials (hard
carbons, alloys, and metal oxides). A brief overview on the
research of non-aqueous and ionic liquid-based electrolytes is
also presented. We note that a few excellent review articles
have appeared in 2012 and 2013,[9–12] so our emphasis is on the
most recent significant issues and opportunities provided by
the field. Although aqueous Na ion batteries also have several
apparent advantages for large-scale storage, a comprehensive
review on this topic has just been published,[13] and we refer
the reader there.

2. Overview of the Sodium Ion Cell

The development of sodium ion cells paralleled that of Li
ion batteries through the 1980s.[14–21] The higher energy
density of the lithium counterparts—owing to their higher
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potential and lower mass—resulted in their domination of
both research and commercial fields, and led to the exponen-
tial growth in the portable electronics market in the 1990s.
However, for stationary applications, where gravimetric
energy density is not so much of a concern (such as grid or
minigrid storage), Na ion batteries are an equally viable
technology. Recent reports have even shown that these cells
can compete with Li ion batteries in terms of energy density
(see Section 3.1). Nonetheless, several barriers need to be
overcome before such cells can become a practical, commer-
cial reality. Depending on the cell chemistry, these barriers
include insufficient cycle life and the need for the discovery of
new materials for both the positive (and especially) negative
electrodes to increase the performance. Research in sodium
ion batteries has increased dramatically in the last few years
and is now in full-swing to address these hurdles and thereby
enable this emerging energy storage technology to become
available in the coming years.

The principle of cell operation is the same as its Li ion
cousin: sodium ions are shuttled between the positive
(cathode) and negative (anode) electrodes through a non-
aqueous (or aqueous) Na ion electrolyte that is contained
between the electrodes (Figure 2) on discharge and charge.[11]

A typical working system is illustrated, where the Na+ ion
electrolyte is a non-aqueous system comprised, for example,
of NaClO4 in a polar solvent such as propylene carbonate.
During charge, sodium ions are extracted from the high
voltage positive electrode, with a working potential around or
above 3.0 V versus Na+/Na (see Figure 2b), and are inserted
into the low voltage negative electrode, whose working
potential is ideally lower than 1.0 V versus Na+/Na (see
Figure 2b). On charge, the electrons are pumped “uphill”,
thermodynamically speaking, from the positive to the neg-
ative electrode through the external circuit. The converse
occurs on discharge: the favorable free energy of the redox
couple allows the reaction to proceed “downhill”, thus
delivering energy to the device that is being powered by the
battery.

Full Na ion cells do not employ elemental sodium as the
negative electrode: they are comprised of hard carbons or
metal oxide intercalation compounds. The negative electrode
is one of the most troublesome components because typical
graphitic carbons employed in Li ion cells do not intercalate
Na+ ions (Section 5.1). The discovery of suitable anode
materials is a major challenge. Furthermore, the Na+ ions
are not reversibly shuttled between the electrodes with 100%
Coulombic efficiency because of side reactions between the
electrolyte and electrode surface. These can arise by reaction
of the electrolyte with the oxidizing transition-metal oxide
formed at the cathode, and/or with the highly reducing
sodiated hard carbon (or low-potential metal oxide) gener-
ated at the anode. For practical cells, these hurdles must be
overcome. The next section starts with the outstanding recent
developments in positive electrode materials by a variety of
approaches, and the challenges that are still to be faced in this
“high potential” area.

3. Cathode Materials for High Performance Sodium
ion Batteries

3.1. Layered Sodium Transition-Metal Oxides

Major efforts have been devoted to the search for high-
performance cathode materials in layered systems of the type
AMO2 (solid solutions of NaCoO2, NaMnO2, NaFeO2,
NaNiO2).[22–25] These materials are sought after for their
high redox potentials and energy densities. The driving force,
at least in part, derives from several advantages associated
with low-cobalt-content materials, especially those based on
environmentally friendly iron and manganese.

Sodium metal oxides exist as one of several polytypes
which differ in the stacking of the close-packed oxygen layers.
Following the notation of Delmas,[26] these are designated as
O3 (ABCABC stacking), P2 (ABBA stacking), and P3
(ABBCCA stacking). The Na+ ion adopts different coordi-
nation environments (P = prismatic and O = octahedral)
depending on the polytype. NaMO2 materials (unlike their
lithium analogues) readily form the “ideal” ordered O3-type
layered structure as a result of the large difference in the ionic
sizes of the Na+ and the transition-metal cations, which drives
the segregation of the A and M into alternating layers. The

Figure 2. a) Operating principle of a typical non-aqueous or aqueous
sodium-ion battery. Sodium ions migrate back and forth in the
electrolyte between the negative and positive electrodes upon dis-
charge or charge, and electron flow counterbalances the ion flow
within the electrode materials and externally through the outer
electrical circuit. The potential difference between the positive and
negative electrodes defines the cell voltage. b) Relative working poten-
tial of typical electrode materials for non-aqueous and aqueous
sodium-ion batteries.
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vacancy-dominated P2-type Na0.67MO2 oxides are also of
considerable interest. Early work demonstrated that P2-type
Na0.66Co0.66Mn0.33O2 displays predominantly solid-solution
behavior on extraction of the sodium.[27] Recent reports
have highlighted manganese and iron oxides, and their
combinations with a ternary element; these materials have
been shown to be amongst the most viable for positive
electrodes, as discussed below.

Layered NaMnO2, one of the first materials investigated,
exhibits two structures,[28,29] but a-NaMnO2 is more stable.[30]

It crystallizes in the O3 structure. Investigation of its electro-
chemical properties showed that 0.8 Na can be reversibly de/
intercalated with good capacity retention, equivalent to
a capacity of 200 mAh g�1.[31] The voltage profiles exhibit
pronounced stepwise processes indicative of structural tran-
sitions. These are more common in Na ion than in Li ion
intercalation oxides because of Na-vacancy ordering inter-
actions which are stronger due to the larger radius of a sodium
cation. These involve the gliding of oxygen planes to
accommodate Na in both octahedral and trigonal prismatic
environments. The latter can only be achieved in an O3
stacking by sliding some of the oxygen layers. Gliding of the
oxygen layer also allows optimization of Na coordination at
each stoichiometry—which is a stronger driving force than in
the lithiated oxides.

P2-Na2/3Mn1/2Fe1/2O2, one of the most promising positive
electrode materials for Na ion batteries in terms of both
sustainability and electrochemical performance, was studied
first by Komaba and co-workers.[32] In addition to the low cost
of manganese and iron, P2-Na0.67Mn1/2Fe1/2O2/Na delivers
a high specific capacity of about 190 mAh g�1 and a specific
energy over 520 Whkg�1 (Figure 3). This is comparable to
LiFePO4, which exhibits a practical cathode energy density of
about 530 Whkg�1.

The cell retains about 70% of its reversible capacity when
the cycling rate is increased from C/20 to 1 C. The superior
rate capability of P2-Na2/3Mn1/2Fe1/2O2 compared to that of
many other layered transition metal oxides is correlated to its
smooth charge/discharge voltage profile, which suggests
a facile de/intercalation reaction and the lack of pronounced
structural transitions. These dominate in NaxCoO2, for
example.[33] P2-Na2/3Mn1/2Fe1/2O2 retains over 75 % of its
initial capacity after 30 cycles. Capacity fade is attributed to

the phase transition from P2 to OP4 upon charge. As
evidenced by X-ray absorption spectroscopy and Mçssbauer
spectroscopy, the Fe3+/Fe4+ redox couple is active in the
desodiation processes of P2-Na2/3Mn1/2Fe1/2O2 (in contrast to
lithium iron oxides where oxygen evolution seems to be the
favorable process at high potentials).[34] This auspicious
material shows much promise for future development, but
the exact charge compensation mechanism is not fully
resolved to date. Assuming a Mn4+ oxidation state in the
charged sample (4.2 V, x = 0.13 in NaxMn0.5Fe0.5O2), more
than 70 % of the iron ions are expected to be oxidized on the
basis of charge balance (Na0.13Mn+4

0.5Fe+4
0.37Fe+3

0.13O2). How-
ever, much less Fe4+ was detected by Mçssbauer spectroscopy
in the sample charged to 4.5 V. Therefore, the extraction of
sodium from P2-NaxMn0.5Fe0.5O2 may be accompanied by one
or more charge-compensation mechanisms; most possibly
oxygen removal and/or oxidation of manganese ions to higher
oxidation states than tetravalent. These unresolved questions
inspire further exploration for in-depth understanding of
these systems.

In the search for electrode materials with stabilities
acceptable for practical Na ion batteries, Meng and co-
workers conducted a comprehensive study on the effect of Li
substitution on the structural and electrochemical properties
of a P2 structured binary system, Nax[LiyNizMn1�y�z]O2 (0<
x,y,z< 1).[35] A smooth voltage profile over the entire range of
cycling is exhibited by P2-Na0.8[Li0.12Ni0.22Mn0.66]O2, which
indicates sodium de/intercalation through a solid-solution
process, in contrast to its structural analogue, Na2/3[Ni1/3-
Mn2/3]O2. The cell delivers a capacity of 115 mAh g�1 between
2.0 and 4.4 V, with excellent retention (91 % after 50 cycles)
and rate capability. In situ synchrotron X-ray diffraction
registered no phase transition in the structure upon charging
up to 4.4 V, although the broadening of peaks on charging
implies emerging local stacking faults as a result of in-plane
glide. Delay in the occurrence of the P2-O2 phase transition is
explained by the presence of more Na+ ions in the structure
(including at the charged state) because of substitution of low-
valence Li ions (Na0.8LiyMe1�yO2 vs. Na0.67MeO2). Ex situ
solid-state NMR spectroscopy showed that Li ions are mostly
located in the transition-metal layers as synthesized but tend
to migrate to Na layers upon charge to higher voltages since
octahedral and tetrahedral positions are available as stacking
faults develop. However, the Li migration process is rever-
sible.

Also on the topic of Li-rich layered sodium metal oxides,
Komaba and co-workers recently reported a highly reversible
capacity of 200 mAh g�1 for P2-Na5/6[Li1/4Mn3/4]O2 cycled at
1.5–4.4 V, which is higher than its theoretical capacity based
on Mn3+/Mn4+ redox. A long voltage plateau at 4.1 V at the
first charge characterizes this system,[36] similar to layered
lithium-rich oxides.[37, 38] No transition to O2 or OP4 phases at
the fully charged state occurs, similar to the P2-
Na0.8[Li0.12Ni0.22Mn0.66]O2 phase discussed above. Interestingly,
superlattice peaks associated with Li/Mn ordering disappear
when the cell is charged to 4.4 V, which indicates an in-plane
cation rearrangement. As a consequence of similarities with
lithium-rich Li2MnO3-based electrodes, (high capacities asso-
ciated with high voltage plateaus and disappearing super-

Figure 3. Galvanostatic charge/discharge curve of P2-Na2/3Mn1/2Fe1/2O2

in a Na cell cycled in the voltage range of 1.5–4.3 V at a rate of
12 mAg�1. Reproduced from Ref. [32] with permission. Copyright 2012,
Nature Publishing Group.
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structure by in-plane cation rearrangement), it is proposed
that charge compensation in this material is fulfilled by partial
removal of oxygen from the structure. This material shows
high promise for Na ion battery applications because of its
high specific capacity, moderate capacity retention, and also
relatively high sodium content which is advantageous for use
in a full Na ion cell.

Bruce and co-workers investigated P2-Na0.67Mn1�yMgyO2

(y = 0, 0.05, 0.1, 0.2) made of earth-abundant elements.[39]

Electrochemical studies demonstrated that substitution of Mn
with Mg (up to 25%) enhances the capacity retention,
decreases the polarization, and suppresses the phase transi-
tions that pure P2-Na0.67MnO2 undergoes during the charge/
discharge process. The effect of the cooling rate during
synthesis on the crystal structure and electrochemical perfor-
mance of the compounds was also examined. Both Mg
substitution and slow cooling suppress the orthorhombic
distortion by increasing the average oxidation state of Mn—
or in other words, decreasing the concentration of Jahn—
Teller-active Mn3+ ions—which leads to improved cyclability
at the expense of a slight loss of capacity. P2-
Na0.67Mn0.8Mg0.2O2 delivers an initial discharge capacity of
150 mAhg�1 between 1.5 and 4 V with an excellent retention
of capacity of 96 % over 25 cycles. On the other hand,
Komaba and co-workers reported a surprisingly high dis-
charge capacity for a similar composition,
Na0.67Mg0.28Mn0.72O2, when charged to higher voltages.[40]

This material delivers a discharge capacity of 220 mAh g�1

between 1.5 and 4.5 V, beyond the capacity adapted from the
Mn3+/Mn4+ redox reaction, although fading occurs on cycling.
A large fraction of this reversible capacity is associated with
a well-defined voltage plateau at 4.2 V (Figure 4). This
anomalous reversible capacity is proposed to originate from
activation of the redox reaction of the oxide ions by Mg ions,
similar to the effect of lithium in Li-rich manganese oxides, or
P2-Na5/6[Li1/4Mn3/4]O2 as discussed above. This is the first
report of activation by Mg2+. Although the problem of voltage
fading in the Li- and Mn-rich analogues of these materials
used in Li ion batteries has proven to be unsurmountable to
date,[41] it remains an open question as to whether the

different structural features of the sodium-based “high-
voltage” layered oxides will be sufficient to overcome this
issue. The concept shows promise for future explorations.

Achieving full capacity in sodium-deficient P2 phases in
practical full-cell Na ion batteries requires sodium compen-
sation by strategies such as predischarge with metallic sodium
or the use of sacrificial salts. O3 phases, on the other hand,
have the advantage of full sodium content. Johnson and co-
workers have investigated the performance of a layered
sodium metal oxide electrode in a full cell based on O3-Na-
Ni1/3Fe1/3Mn1/3O2/hard carbon.[42] The capacity of the cell is
limited due to irreversible processes associated with the
carbon negative electrode that emerge from the formation of
a solid electrolyte interphase (SEI) in the first cycle. Never-
theless, the cell demonstrates excellent stability and a smooth
charge/discharge profile coupled with an impressive rate
capability. The cell delivered a specific capacity of
100 mAhg�1 for 150 cycles in the voltage range of 1.5–4 V at
a rate of 0.5 C. Ex situ X-ray diffraction analysis showed that
the R3̄m structure of the positive electrode material was
preserved after 123 cycles.

High-performance, low-cost O3 layered oxides are partic-
ularly desirable. Yamada and co-workers investigated the
effect of Ni substitution on the electronic and electrochemical
properties of O3-NaFeO2.

[43] Solid solutions of O3-NaFeO2

and NaNiO2 were formed over only a narrow compositional
range (0.5� y� 0.7 in NaFe1�yNiyO2). Phase separation in
other compositions is attributed to large local lattice strain
induced by substitution of spherical high-spin Fe3+ by
anisotropic low-spin Ni3+ ions. The electrochemical perfor-
mance of O3-NaFe1�yNiyO2 (y = 0, 0.5, 0.7) showed that
substituting iron with nickel ions results in an enhanced
discharge capacity and improved cyclability but at the
expense of a decreased voltage of the cell (Figure 5). Ex situ
X-ray diffraction revealed that sodium deintercalation from
NaxFe0.3Ni0.7O2 progresses through a solid-solution process for

Figure 4. Galvanostatic charge/discharge curve of P2-Na2/3Mg0.28-
Mn0.72O2 in a Na cell cycled in the voltage range of 1.5–4.4 V at a rate
of 10 mAg�1. Reproduced from Ref. [40] with permission. Copyright
2014, The Royal Society of Chemistry.

Figure 5. Galvanostatic charge/discharge curves of O3-NaFe1�yNiyO2

(y = 0, 0.5, 0.7) cycled in the voltage range of 2–3.8 V at a rate of
30 mAg�1. Reproduced from Ref. [43] with permission. Copyright 2014,
American Chemical Society.
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most of the cycling range, in contrast to the two-phase process
in NaxFeO2. Improved cycling stability in the Ni-substituted
electrode materials is believed to be due to suppression of the
phase separation in addition to decreasing formation of Jahn–
Teller Fe4+ ions.

Despite the advantages that layered sodium transition
metal oxides offer for electrochemical energy storage appli-
cations, their air sensitivity is a challenge. This is an important
issue in terms of the reproducibility of results from research
studies on these materials, in addition to concerns over
storage and handling from a large-scale application point of
view. It was reported long ago that water molecules can
intercalate into P2-Na2/3[CoxNi1/3�xMn2/3] (x = 1/6, 1/3), but
not into its lithiated counterpart.[44] What differentiates
sodium from the lithium metal oxide framework are the
large empty prismatic sites and the large interslab space
available in the P2 structure. On the other hand, no water
intercalation was observed for P2-Na2/3[Ni1/3Mn2/3]O2 as
claimed in the same report. In a more recent study, Passerini
and co-workers investigated the correlation between the
intercalation of water and the sodium content in the mixed
P2/P3 structure NaxNi0.22Co0.11Mn0.66O2.

[45] The cells were
charged to different voltages corresponding to specific
sodium contents, disassembled, and exposed to air for
analysis. XRD data of the cathodes suggest that water does
not intercalate into this material until the sodium content
decreases below a threshold amount. Below x� 0.33, intense
(00l)’ peaks appear, indicative of a highly ordered hydrated
phase with large interslab distances. In another study, Prakash
and co-workers reported the structural instability of O3-
NaNi1/3Mn1/3Co1/3O2 in an ambient atmosphere.[46] XRD
analysis showed that as-prepared rhombohedral O3-NaNi1/3-
Mn1/3Co1/3O2 undergoes phase transitions to monoclinic O1
and then rhombohedral P3 phases when aged in air (Figure 6).

We have recently demonstrated, through a deliberate study
on the uptake of gases by P2 sodium-deficient phases such as
NaxMn0.5Fe0.5O2, that the reactivity is much more complex
than previously thought.[47]

3.2. Sodium “Polyanion” Electrochemistry

Polyanionic framework compounds based on phosphates,
fluorophosphates, sulfates, and other new “polyanion” tetra-
hedral motifs of the type XO4 or trigonal XO3 combined with
octahedral metal MO6 (or other coordination centers) offer
vast opportunities for developing novel cathode systems for
Na ions. Diverse open-framework structures, the presence of
low-energy Na+ migration pathways, possibilities of tuning
the operating voltage by modifying the local environments,
and favorable structural energetics for a flat voltage response
offer some crucial advantages. In addition, their robust
covalent frameworks render them thermally stable and
ensure impressive oxidative stability at high charging vol-
tages. It is no surprise that in parallel to oxide materials,
a plethora of polyanionic sodium compounds have been
explored as cathode materials for secondary Na ion batteries.
Some notable examples are discussed below.

3.2.1. Phosphates, Fluorophosphates, and Pyrophosphates

NaFePO4, unlike its celebrated lithium analogue olivine-
type LiFePO4, crystallizes in the more thermodynamically
stable maricite structure (Figure 7a,b),[48] which has no free
pathways for the diffusion of Na ions.[49, 50] Electrochemically
active olivine-type NaFePO4 was prepared by low-temper-
ature Li/Na exchange from LiFePO4. The structural features
are preserved in this process.[51] Its electrochemical profile
(Figure 8a) exhibits a distinct intermediate phase,
Na0.7FePO4.

[52] Despite calculations that suggest good ion
mobility,[53] its electrochemical kinetics are very sluggish
compared to LiFePO4. This is in great part due to a much
larger volume change between the reduced and oxidized
phases. The excellent kinetics of the LiFePO4 system have
recently been attributed to the participation of a solid-
solution phase which is accessed at relatively low overpoten-
tials.[54,55] Such a metastable phase is unlikely for the Na ion
analogue.

The more-promising NASICON compounds with open
3D frameworks, which are built-up of corner-sharing MO6

and XO4 polyhedra, possess large tunnels for the fast
conduction of Na ions. These compounds were initially
explored as solid electrolytes[6] and more recently as insertion
materials. Amongst the various NASICON compounds,
Na3V2(PO4)3 has emerged as an interesting candidate because
of its impressive energy density (400 Whkg�1) and thermal
stability in the charged state.[56] Its electrochemical profile
exhibits two voltage plateaus at 3.4 V and 1.6 V, which
correspond to the V3+/V4+ and V2+/V3+ redox couples,
respectively. Only the higher voltage couple is suitable for
a positive electrode. Owing to its poor electronic conductivity,
researchers have struggled to achieve the theoretical specific
capacity at practical current rates, but nanostructured design

Figure 6. Powder X-ray diffractogram of NaNi1/3Mn1/3Co1/3O2 showing
its structural instability on aging in air. a) Crystal structure of the as-
prepared rhombohedral O3 phase. b) Monoclinic O1 phase after
exposure to air for 15 days. c) Rhombohedral P3 phase after exposure
to air for 30 days. Reproduced from Ref. [46] with permission. Copy-
right 2012, American Chemical Society.
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has come to the rescue. Impressive
cycling stability and rate capability
have been demonstrated in two separate
reports by utilizing carbon-coated nano-
particles embedded in a porous carbon
matrix[57] and a carbon nanofiber with
encapsulated nanoparticles produced by
electrospinning.[58]

The inclusion of highly electroneg-
ative fluorine atoms in the covalent
polyanionic framework is known to
boost the voltage of the active redox
couple. One example is the fluorine-
containing NASICON analogue Na3V2-
(PO4)2F3,

[59] which is promising because
of its high average voltage of 3.9 V and
theoretically predicted single-phase
behavior with negligible volume
change (2 %).[60] Other examples
include Na2FePO4F,[61] and
Na1.5VPO4.8F0.7.

[62] The former consists
of a layer-like two-dimensional frame-
work of Fe2O7F2 bioctahedra connected
by PO4 tetrahedra (Figure 7c), which
house two Na+ ions in the interlayer
space. This material was first reported
by our group in 2007,[61] and has been
the focus of several excellent studies on

Na ion cells since then.[63, 64] Retention of one
of the Na+ ions in the structure on oxidation
props open the layers, thereby resulting in
a small volume change (3.7%).[61] The elec-
trochemical profile of Na2FePO4F is shown in
Figure 8b. Both the charge and discharge
profiles exhibit two two-phase plateaus, cen-
tered at 2.90 V and 3.05 V versus Na/Na+,
and 80% of the 120 mAh g�1 theoretical
capacity was sustained after 10 cycles. A
combination of Mçssbauer and XRD studies
revealed a single line-phase composition—
Na1.5FePO4F—that adopts Fe2+/3+ ordering in
the form of paired dimers.[65] This localizes
the electron-charge carriers, and so despite
the excellent mobility of the Na ions, the
electrochemical kinetics are not as favorable
as in Na1.5VPO4.8F0.7, which also exhibits
a layered structure. The latter compound is
constructed of corner-sharing VO5F/VO4F2

octahedra (V4+ and V3+) and PO4 tetrahedra
(Figure 7 d).[62] Park et al. demonstrated the
exceptional cycling performance of this
material, with 95% and 84 % capacity reten-
tion after 100 and 500 cycles, respectively, at
a rate of 1 C (Figure 8c) and negligible
overpotential throughout the charge/dis-
charge process. Such outstanding electro-
chemical performance is attributed to the
small volume change on Na ion cycling, fast
Na ion diffusion (Ea� 0.35 eV) in the ab

Figure 7. Structures of a) olivine LiFePO4 and b) maricite NaFePO4 in the 101 plane. Reproduced
from Ref. [50] with permission. Copyright 2011, American Chemical Society. c) Fe and Na layers
in the Na2FePO4F structure (FeO6 octahedra are shown in gray, PO4 tetrahedra are pink, and the
black spheres denote Na). Adapted from Ref. [94] with permission. Copyright 2013, The Royal
Society of Chemistry. d) Crystal structure of Na1.5VPO4.8F0.7 with VO5F/VO4F2 octahedra shown in
cyan and yellow spheres representing the Na+ ions. Reproduced from Ref. [62] with permission.
Copyright 2013, American Chemical Society.

Figure 8. a) Typical electrochemical profile of olivine FePO4 with and without intercalated
sodium/ Reproduced from Ref. [48]. Copyright 2010, American Chemical Society. b) Elec-
trochemical profile of Na2FePO4F cycled versus Na/Na+ at a rate of C/15. Adapted from
Ref. [63]. Copyright 2009, The Electrochemical Society. c) Electrochemical cyclability of the
Na1.5VPO4.8F0.7 electrode at 25 8C (bottom) and 60 8C ( top) at 1 C rate between 2.0–4.7 V.
Reproduced from Ref. [62]. Copyright 2013, American Chemical Society. d) C/20 charge/
discharge curve of Na3TiP3O9N against Na/Na+. The blue dotted line shows the DFT
calculated voltage profile. Reproduced with permission from Ref. [76]. Copyright 2014,
American Chemical Society.
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plane of the P42/mnm structure, and lack of ordered
compositions within the redox window.

Inspired by the success of Li2MP2O7 compounds, the
Yamada research group has developed a series of sodium
analogues: triclinic (P1̄) Na2FeP2O7,

[66] (P1) Na2MnP2O7
[67]

with 3D Na ion channels, and layered orthorhombic
Na2CoP2O7,

[68] with 2D channels for Na+ mobility. All three
demonstrate reversible Na ion storage with a capacity of
approximately 80 mAh g�1 at an average voltage of 3 V for the
Fe and Co compounds and about 3.6 V for the Mn compound.
This is one of the highest reported Mn2+/Mn3+ redox couples
for a sodium pyrophosphate; the electrochemical activity in
comparison to the inactive manganese phosphates such as
LiMnPO4 is noteworthy.

3.2.2. Fluorosulfates and Sulfates

Studies on fluorosulfates with a structure related to the
open framework of the mineral tavorite[69] reveal interesting
comparisons to their lithium analogues. They offer advan-
tages over their phosphate cousins because of a greater
inductive effect that raises the potential by as much as 0.8 V.
Their moisture sensitivity demands synthesis in non-aqueous
media, which resulted in the discovery of a corner-shared
NaFeSO4F framework.[70,71] Atomistic modeling studies of the
energy barrier to Na hopping in this material revealed that it
is effectively a 1D ion conductor with an activation barrier of
0.6 eV,[72] in sharp contrast to LiFeSO4F which exhibits 3D Li+

ion hopping with a barrier as low as 0.35 eV as a consequence
of its slightly different structure. The limited ion mobility of
NaFeSO4F, along with a large volume change on redox,
results in much poorer electrochemical properties.

Sulfates have been explored more recently. Polymorphs of
the bloedite-type Na2M(SO4)2·4 H2O (M = Mg, Fe, Co, Ni),[73]

and krçhnkite-type Na2Fe(SO4)2·2H2O
[74] have been synthe-

sized and explored electrochemically. Both bloedite-type
Na2Fe(SO4)2·4 H2O and its dehydrated derivative show elec-
trochemical activity at approximately 3.3 V versus Na, with
the former losing structural water simultaneously with
desodiation, which results in amorphization on charging. In
contrast, krçhnkite-type Na2Fe(SO4)2·2 H2O displays a Fe2+/
Fe3+ redox couple at about 3.25 V with good structural
reversibility. Discovery of a sulfate with a new composition
and structure based on the alluaudite-type framework,
Na2Fe2(SO4)3, represents a leap forward.[75] It has registered
the highest ever Fe3+/Fe2+ redox potential at 3.8 V versus Na
along with fast kinetics. A unique structure among iron
sulfates that exhibits edge-shared FeO6 octahedra (Figure 9a,
unlike the corner-shared NASICON analogues) accounts for
the remarkably high redox potential of this compound. A
reversible capacity of 102 mAhg�1—85% of the theoretical
value—is delivered. A sloping voltage profile over the entire
range of Na composition (Figure 9b) indicates a single-phase
reaction mechanism as verified by in situ XRD studies. A
strikingly small volume change of 1.6% upon de/sodiation
accounts for the high reversibility and impressive rate
performance of the material.

3.2.3. New Polyanion Materials

An interesting new addition to the polyanionic cathode
family is the nitridophosphate Na3TiP3O9N. This compound is
created by synthesis in flowing ammonia, which results in
partial substitution of oxygen by nitrogen in the phosphate
groups.[76] This material, effectively Na3Ti2(PO4)2(PO3N),
displays a high average voltage of 2.7 V against Na (0.6 V
higher than the equivalent Ti4+/Ti3+ redox couple of the
parent NASICON-type Na3Ti2(PO4)3 cathode) because of the
inductive effect of the N3� ion in the [PO3N] groups.
Electrochemical Na de/intercalation occurs through a solid-
solution route with an extremely low volume change for
extraction of the Na ions (< 1%). The electrochemical
voltage profile overlaid with that calculated from DFT is
shown in Figure 8d. Even though the capacity of the Ti
compound is limited (74 mAh g�1), the presence of two
cyclable Na ions in the lattice suggests a significant increase

Figure 9. a) The structure of Na2Fe2(SO4)3 projected along the c axis.
Green octahedra, yellow octahedra, and blue spheres denote FeO6,
SO4, and Na, respectively. b) Galvanostatic discharge/charge profile of
Na2�xFe2(SO4)3 cycled at a C/20 rate against Na in a 2–4.5 V window.
The inset shows the differential galvanostatic profile with two distinc-
tive peaks during the first charge. Adapted from Ref. [75] with
permission. Copyright 2014, Nature Publishing Group.
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in the capacity of a possible analogue in which multiple redox
processes can be accessed.

Another new class of polyanionic compounds, the
carbonophosphates, has recently been introduced as cathode
materials by the Ceder research group.[77] Ab initio computa-
tional modeling revealed that the Na3MCO3PO4 (M = Mn,
Fe) structure is suitable for more than two redox processes,
but at slow rates. The synthesis and Na ion intercalation
properties of the Fe analogue have also been demonstrated
very recently.[78] In situ and ex situ X-ray absorption near-
edge spectroscopy (XANES) have been applied, thereby
uncovering the activity of both the Fe2+/Fe3+ and Fe3+/Fe4+

redox couples during discharge and charge processes.

3.3. Prussian Blue Cathodes

In recognition that lattice volume expansion/contraction
on redox is more problematic for the larger Na+ ion than Li+,
so-called Prussian-blue analogues (PBAs) have been inves-
tigated as intriguing alternative cathode materials to the
layered oxide and polyanion structures. Alkali metal de/
insertion is less hindered in the relatively open framework
PBA structure, which allows for more flexibility in cation
accommodation and extraction on redox. The prototype ideal
Prussian blue, (K[FeIIIFeII(CN)6]y·H2O, y� 1–5) has a cubic
structure consisting of FeII and FeIII ions sitting on alternate
corners of corner-shared iron octahedra bridged by cyano
(C�N)� ligands.[79] The cyano ligands link the active metal
redox centers together to form cagelike structures. This open-
framework contains channels (3.2 �) and interstitial sites
(4.6 �) that enable rapid solid-state diffusion of a wide variety
of ions, including Na+. Although it is called “soluble” Prussian
blue (SPB), it is actually highly insoluble.

Once the domain of the coordination chemist of the last
century, PBAs have generated enormous interest for both
aqueous (where the voltage is limited to 1.5 V)[13] and non-
aqueous batteries in the last three years. The latter are
reviewed here. PBAs can be more generally described as
Na2�xMA[MB(CN)6]1�y&y·zH2O. Many different transition
metals MA and MB can be accommodated, and hexacyano-
metallate vacancies (&y) in the [MB(CN)6]

4� moities often
exist. In so-called insoluble Prussian blue, Fe4[FeCN)6]3, for
example, one-quarter of the [FeII(CN)6]

4� sites are occupied
by water. Crystal-field-derived energetic factors drive direc-
tional alignment of the CN� ions within the double-perovskite
MA[MB(CN)6] cage, and the formation of low-spin MBC6 and
high-spin MAN6 metal octahedra. The carbon atom of the
CN� is connected to MB, and the N atom of the CN� is bonded
to MA. These materials are capable—in principle—of rever-
sible extraction of two Na ions per formula unit at high rates
with good cycle life, if both metal centers are MII. The
structure of a typical PBA is shown in Figure 10.

As a consequence of their low cost and facile synthesis, the
hexacyanoferrates (MB = Fe) are the most popular PBAs.
Goodenough et al. introduced the KMFe(CN)6 family (MII =

Mn, F, Co, Ni, Zn) as non-aqueous sodium ion cathodes in
2012.[80] The FeII compound exhibits a capacity of approx-
imately 100 mAh g�1 in a Na ion cell, with two high-potential

plateaus at 3.5 V and 2.8 V. The higher potential corresponds
to the high-spin FeIII/FeII couple bonding to N, and the lower
voltage to the low-spin FeIII/FeII couple bonding to C. A
capacity of about 60 mAhg�1, close to the theoretical value,
was reported for Na2Zn3[FeII(CN)6]2·xH2O.[81] Thin films of
hexacyanoferrates have been explored for their high rate
capabilities[82] and mesoporous modifications.[83] Frameworks
where MA = MB = Fe or Mn are particularly attractive for
large applications where cost is a factor. Sodium manganese
hexacyanoferrate (Na2�xMnFe(CN)6) with a high sodium
concentration was reported to be a promising cathode
material because of its high capacity (134 mAhg�1) and
voltage resulting from the MnIII/MnII redox couple.[84] How-
ever, only 120 mAhg�1 was maintained over 30 cycles. The
material “Berlin green” [FeIIIFeIII(CN)6] was reported to
undergo sodium insertion with a reversible capacity of
120 mAhg�1 and 87% capacity retention over 500 cycles.[85]

This was claimed to be achieved by controlling the purity and
crystallinity of the PBA structure.

A more desirable tactic is to access a reduced variation of
the PBA compositions—“Prussian white”, which is mostly
FeII, counterbalanced by a high sodium content in the
Na2�xFe[Fe(CN)6] framework. This allows for a Na-free
anode to be used practically, similar to the layered oxide
and polyanion materials. A variable sodium composition
Na2�xFe[Fe(CN)6] was prepared by a facile synthetic proce-
dure by using Na4[Fe(CN)6] as the precursor.[86] Rapid
precipitation from the acidic medium gives low-quality
material (see Figure 11) where a high level of very disordered
[Fe(CN)6] vacancies are proposed to exist (presumably filled
with water), whereas the slower-growing process produces
high-quality (HQ)-NaFe nanocubes with a more crystalline
structure. The positive effect of the low water content and
small number of [Fe(CN)6] vacancies on the electrochemical
performance of HQ-NaFe is shown in Figure 11 c,d. The
optimized material exhibits a Coulombic efficiency of about
98%.

The importance of minimizing the fraction of vacancy
sites and maximizing MII content is nicely demonstrated by
the very recent report of Na2MnII[MnII(CN)6] by the Cui
research group.[87] They were able to crystallize 100 nm cubes
of almost perfectly stoichiometric Na1.96Mn[Mn-
(CN)6]0.99&0.01·2 H2O by using a large excess of sodium. A
surprisingly high reversible capacity of 209 mAh g�1 was
achieved in a propylene carbonate electrolyte. The additional

Figure 10. Framework of Prussian blue analogues showing the double
perovskite lattice of MII and FeIII, and ordered arrangement of the CN�

linkers. Reproduced from ref. [80] with permission. Copyright 2012,
Royal Society of Chemistry.
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capacity above that expected for extraction of two Na+ ions
from a vacancy-free material (170 mAh g�1) arises from
reduction to Na3MnII[MnI(CN)6] on initial discharge, which
allows for full cycling of 3 Na+ ions.

4. Computational Studies of Na Ion Mobility

Synergistic experimental and computational approaches
to materials development are rapidly becoming the norm to
accelerate materials discovery and characterization, and to
gain fundamental insight into structure–property relation-
ships.

A recent comprehensive review has aptly summarized the
power of computational approaches in gaining a fundamental
understanding of the atomic-scale properties of positive
electrode materials for LIBs and NIBs.[88] Two main types of
computational techniques are typically adopted: electronic
structure investigations based on DFT and Hartree–Fock
methods, and methods based on interatomic potentials. DFT
methods have been applied to oxide insertion materials. The
difference between Na and Li ions in a variety of compounds
is highlighted with respect to voltage, phase stability, and
activation energy for ion mobility.[89] The authors demonstrate
that the generally lower calculated voltages for Na com-
pounds are due to the smaller energy gain obtained from
inserting Na into a host structure relative to that of Li. The
differences, typically between 0.18 and 0.57 V, may be
especially advantageous for the design of negative electrode
materials for sodium batteries. Their calculations also show

that Na+ migration barriers may be
lower than the corresponding Li+

migration barriers in layered
oxides. DFT studies on
Na0.44MnO2,

[90] P2-Na2/3[Ni1/3Mn2/3]-
O2,

[91] and NaxCoO2
[92] illustrate the

importance of structure. The study
by Lee et al. predicted higher Na+

diffusivity for the P2-type com-
pound than the corresponding O3-
type Li compound.[91] In a very
recent article involving an ab initio
computational based study of P2-
and O3-NaxCoO2, Mo et al. gained
comprehensive insight into concen-
tration-dependent Na+ diffusivity
in those structures (Figure 12).[93]

Both the P2 and O3 structures
show good Na+ mobility over
a wide range of Na concentrations,
although P2 outperforms O3 except
at the highest concentration.

Tripathi et al. used atomistic
potential based methods to explore
Na+ migration in the polyanion
materials olivine NaMPO4 (M =

Mn, Fe) and Na2FePO4F, thereby
confirming the 1D nature of Na+

mobility in the olivine and high Na+

mobility through a 2D network in the ac plane of layered
Na2FePO4F.[94] Atomic potential based simulation studies
revealed the stability of the Na2MP2O7 (M = Mn, Fe) frame-
work towards oxygen evolution, along with a curved path for

Figure 11. SEM images of a) high-quality (HQ) nanocubes of Na0.61Fe[Fe(CN)6]0.94&0.06 and b) low-
quality (LQ) Na0.13Fe[Fe(CN)6]0.68&0.32. c) Galvanostatic discharge/charge profiles of HQ-NaFe over
20 cycles. d) Comparison of the cycling performance of HQ-NaFe and LQ-NaFe. Adapted from
Ref. [86] with permission. Copyright 2014, Royal Society of Chemistry.

Figure 12. a) Arrhenius plot of Na diffusivity in P2 and O3 NaxCoO2,
and b) Activation energy (Ea) and diffusivity at 720 K as a function of
Na concentration x in P2- and O3-NaxCoO2 obtained by first principles
calculations. Adapted from Ref. [93]. Copyright 2014, American Chem-
ical Society.
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3D Na+ diffusion parallel to the a, b, and c crystallographic
directions with a low activation energy (� 0.5 eV).[95] Ab ini-
tio calculations on the reversible and high rate cathode host
Na2Fe2(SO4)3 (see Section 3.2) gave quantitative insights into
the fast Na+ dynamics in its open framework structure.[75] A
liquid-like activation energy value of 0.14 eV was calculated
for defect diffusion along the Na3 channels of the C2/c
structure. Based on this study, 1D Na+ conduction was
postulated along the c axis for both the Na2 and Na3 sites,
whereas Na1 can be extracted through the Na3 site. Thus, all
the Na ions are extractable, with no limit on achieving the
theoretical specific capacity.

Computational approaches underline the importance of
three crucial considerations in NIB cathode materials design:
1) a small volume difference (< 5%) between the end
members for Na+ de/intercalation, 2) a low activation
energy for Na+ transport, and 3) preferably complete absence
of antisite defects for good capacity retention and rate
capability. The different interaction of the larger Na+ ions
(compared to Li+) with liquid electrolytes—including ion
mobility in the electrolyte and the thermodynamics of
desolvation at the cathode interface—is also of importance
and relevant to computational studies, although this topic is
beyond the scope of this Review.

5. Anode Materials

Sodium metal anodes are commonly used on the labo-
ratory scale to evaluate the performance of cathode materials.
However, the formation of dendrites and the safety issues
related to sodium metal currently prevent its use as a negative
electrode for commercial applications. Thus, the success of Na
ion batteries is strongly dependent on the development of safe
and efficient anode materials.

5.1. Carbons

Sodium atoms do not intercalate significantly in graphitic
carbons, which are the basis of the most common negative
electrode in Li ion batteries.[96–98] As a result, hard (disor-
dered) carbons—for example, prepared by the pyrolysis of
sucrose—are the most studied negative electrode materials
for Na ion batteries. They achieve reversible capacities up to
300 mAh g�1.[99–101] The electrochemical potential of Na inser-
tion into hard carbon is close to that of the metal itself, which
indicates that there is very little carbon-to-sodium charge
transfer. This is a signature of a mechanism whereby Na ions
fill the porosity generated by the disordered hard carbon
layers rather than intercalate between graphitic sheets.[98] The
good performance of hard carbon as a negative material for
Na ion batteries was recently demonstrated in full cells with
O3-NaMn0.5Ni0.5O2 as the positive electrode.[99] Despite some
electrolyte decomposition, over 70% of the initial capacity is
maintained after 50 cycles at moderate current density, and
similar results are obtained at high current density
(300mAg�1(carbon)).[102] Operating hard carbon anodes at
a high current density and/or high depth of discharge

represents a safety hazard, however, since the insertion
potential is very close to the sodium plating potential. A
porous hard carbon prepared based on a silica templating
approach reported by Wenzel et al. shows a possible solu-
tion.[103] The high porosity and advanced microstructure
enhanced the high rate capability, thereby resulting in
a capacity of 180 mAh g�1 for the first cycle at a rate of C/5.
This carbon outperformed several other industrial carbons.

Very recently, the insertion of sodium in expanded
graphite was reported.[104,105] The spacing of the graphene
layers strongly influences the reversible capacity. It increases
from 25 mAhg�1 in graphite (d = 3.4 �) to 136 mAh g�1[104] or
174 mAhg�1[105] in highly reduced graphene oxide (d = 3.7 �),
reaching 280 mAh g�1 at the optimal spacing of 4.3 �.[104] The
optimized material exhibits a stable reversible capacity of
about 280mAh g�1 at current densities of 20 mAg�1(carbon),
dropping to 180mAh g�1 when the rate is increased to
100 mAg�1 (Figure 13). The capacity retention is more than

70% after 2000 cycles, which suggests that the expanded
graphite negative electrodes have very encouraging aging
properties. The insertion potential of these materials is
a sloping curve from 1.5 V to 0 V with more than 80 % of
the capacity under 1 V. The higher voltage compared to hard
carbon increases the safety at the expense of the energy
density.

5.2. Low Potential Transition-Metal Oxides and Phosphates

Anodes based on the insertion of sodium into transition-
metal oxides are of particular interest, where benefits arise
from good safety features and high volumetric energy
densities. Sodium insertion into NASICON-type NaTi2(PO4)3

at 2.1 V was reported by Park et al. to undergo a two-phase
mechanism.[106] The observed capacities for NaTi2(PO4)3 in

Figure 13. Short-term cycling stability test for graphite (PG, d = 3.4 �),
graphene oxide (GO, d = 6.1 �), reduced graphene oxide (EG-1h,
d = 4.3 �), and reduced graphene oxide (EG-5h, d = 3.7 �) at a current
density of 20 mAg�1. Reproduced from Ref. [104] with permission.
Copyright 2014, Nature Publishing Group.
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both non-aqueous and aqueous electrolytes correspond to
over 90% of the theoretical capacity of 133 mAh g�1. The
polarization observed in the aqueous electrolyte on cycling
was substantially smaller as a result of its lower impedance
and viscosity. The Na+ insertion/extraction potential is
located at the lower limit of the electrochemical stability
window of the aqueous Na2SO4 electrolyte, which makes
NaTi2(PO4)3 an attractive negative electrode for aqueous
sodium ion batteries.[13]

Titanates and vanadates usually exhibit good stability at
low voltage, that is, resistance against a conversion mecha-
nism. Vanadium layered oxides such as O3-NaVO2,

[4, 107] and
P2-Na0.7VO2,

[108] show highly reversible sodium intercalation
associated with complex structural evolution as elucidated by
Delmas and co-workers, but the voltages ranging from 2.5 V
to 1.5 V are too high for a practical anode material. Most of
the current research interest focuses on titanates, which
generally present acceptable voltages but poor electronic
conductivity that hinders bulk storage of sodium. Sodium
intercalation into amorphous TiO2 nanotubes shows that their
size is critical to obtaining significant Na intercalation.[109] The
improved properties of larger tubes (inner diameter > 80 nm,
wall thickness > 15 nm) was attributed to a larger number of
Na+ charge carriers because of the greater volume of electro-
lyte contained within the tube. Na2Ti3O7 exhibits a particularly
low desirable potential.[110] The insertion of two additional
sodium atoms (180 mAh g�1) occurs at a reversible plateau
around 0.3 V versus Na/Na+ (Figure 14). However, to achieve
this capacity, a slow cycling rate (C/25) and a composite
electrode with 30% carbon black are necessary. In addition to
decreasing the energy density, carbon black is responsible for
the large irreversible capacity which is of the same order of
magnitude as the reversible capacity observed on the first
cycle. The rate capability has been significantly improved by
reduction of the particle size by either hydrothermal syn-
thesis[111] to obtain 8 nm particles capable of reversible
capacities up to 110 mAh g�1 at 4 C, or high-energy ball
milling[112] to reduce the particles down to 100 nm and achieve

75 mAh g�1 at 5 C. In both cases the capacity retention is
improved at higher rates, thus suggesting parasitic reactions
because of the large surface area. Approaches to create
improved architectures which have been reported for the
lithium-insertion anode material, TiNb2O7,

[113] may prove
beneficial for its application in Na ion batteries.

The superior capabilities of cathodes based on the P2
layered oxide led to the investigation of the same structure for
negative electrode applications. Thus, Na0.66Li0.22Ti0.78O2,

[114]

with lithium in the transition-metal site, shows a reversible
capacity of approximately 120 mAh g�1 at C/10 with an
average voltage of 0.7 V versus Na/Na+. This material exhibits
good rate capability with 75 mAh g�1 at 1 C and 75 % capacity
retention after 1200 cycles. The good performance is attrib-
uted to the very small volume change (0.8%) upon sodium
insertion. To increase the electronic conductivity of the
layered titanium oxides and achieve efficient bulk storage
of sodium, Fielden and Obrovac used Ni2+ rather than Li+ to
substitute for titanium in the structure.[115] By using this
strategy they reported a reversible capacity of 110 mAh g�1 at
a current rate of C/10 with a relatively flat potential around
0.7 V versus Na by using a composite electrode based on
Na0.6Ni0.3Ti0.7O2 with only 10% carbon, which significantly
improved the energy density compared to other titanates. The
rate capability is poor, however, probably due to the large
crystallite size (10 mm).

5.3. Alloys

As noted by Chevrier and Ceder,[116] much less research
has been carried out on sodium alloy materials as negative
electrodes for sodium ion batteries than for their lithium
counterparts. Alloys have very high energy densities and low
redox potentials, two highly desirable properties. The poten-
tials for these reactions have been predicted,[116] and show
promise. Silicon and germanium, the two most promising
anode materials for Li ion batteries, do not intercalate sodium
at room temperature; lead and bismuth achieve initial
sodiation close to the theoretical values but present very
poor cyclability[117, 118] as expected because of their volume
expansion of 250% and 365%, respectively. The strain caused
by the large volume expansion upon insertion is problematic,
even with less than full discharge. Careful design of the
microstructure of the electrode is thus required, which has an
impact on both the energy density and cost of manufacture.
These issues have thus far inhibited the development of
silicon anodes for lithium batteries, and the larger size of
sodium with respect to lithium makes the design of such
anodes for sodium ion batteries even more challenging.[119]

With an average voltage of 0.3 V versus Na and a theo-
retical capacity of 790 mAh g�1, tin is a more promising
candidate. Despite a volume expansion of 420%, composite
electrodes of tin powder with a polyacrylate binder show
a reversible capacity of 500 mAh g�1 over 20 cycles at a slow
cycling rate.[117] Wang et al. used in situ transmission electron
microscopy to verify that the Sn particles were able to
accommodate the volume increase without cracking.[120]

Careful analysis by in situ techniques revealed that the
intercalation mechanism is dependent on the physical form

Figure 14. Voltage versus composition profile for the electrochemical
reduction of a blank electrode containing only carbon black (blue
curve) and a composite electrode containing Na2Ti3O7 and 30%
carbon black (red curve), where the reversible insertion of ca. 2 mol of
sodium ions per mol Na2Ti3O7 is observed. Reproduced from
Ref. [110] with permission. Copyright 2011, American Chemical Society.
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of the anode: amorphous/nanocrystalline phases are reported
in the case of powders,[120, 121] whereas foils tend to show much
higher crystallinity.[122] In both case, kinetic effects are
predominant and prevent the formation of the thermody-
namically stable phases present in the Na-Sn phase diagram.

On a positive note, a large reversible capacity of
600 mAh g�1 over 160 cycles at a rate of C/10 with an average
voltage of 0.8 V versus Na was reported for microcrystalline
antimony.[123] The rate capability of this material is excellent,
showing a reversible capacity of 500 mAh g�1 at a rate of 4 C.
The composite electrode formulation—a mixture of carbon
black and vapor-ground carbon fibers as the conductive
additive (15%) and carboxymethyl cellulose as the binder
(15 %)—is partly responsible. It is interesting to note that the
sodium cells perform better than their lithium counterparts. A
possible explanation resides in the fact that, in contrast to
lithium, sodium insertion in antimony generates an amor-
phous intermediate phase that is believed to release part of
the strain associated with the intercalation process.

The insertion of sodium into amorphous phosphorus[124]

achieves a remarkable capacity of 1500mAh g�1 during first
cycles at C/10, with an average potential of 0.6 V versus Na.
About 1000mAh g�1 is retained after 80 cycles. A decrease in
the reversible capacity is observed at higher rates, with “only”
1000mAh g�1 available at 1 C. The promising electrochemical
properties can be attributed in large part to the high-energy
milling of red phosphorus (70 %) and super P carbon (30%)
that results in an amorphous composite. The insertion of
sodium into crystalline phosphorus yields a much smaller
capacity, thus emphasizing the importance of the amorphous
phase to release the strain arising from intercalation.

In all the studies showing good cyclability,[117, 123,124] the
addition of fluorinated ethylene carbonate (FEC) was the key
to greatly enhanced capacity retention. In these systems,
where “fresh” surface is constantly exposed to the electrolyte
by electrochemical grinding, the passivation of the anode–
electrolyte interphase is of the upmost importance. It is
fortunate that FEC, initially reported as an additive for hard
carbon, works well with so many different systems.

6. Electrolytes

The interface of the electrolyte with both the positive and
the negative electrodes means its chemical stability require-
ments considerably limit the usable scope of material.
Chemical compatibility is ensured through the formation of
passivation layers, referred to as the solid electrolyte inter-
phase (SEI). The formation and physical properties of those
protective layers depend on the nature of the electrode
(especially the negative), thus implying that the study of
electrolytes is not easily decoupled from the electrodes. For
sodium ion batteries, since there is no widely accepted
negative electrode, systematic electrolyte studies are rela-
tively scarce. In addition to providing a stable interface, an
electrolyte must achieve good ionic conductivity. This param-
eter is mostly affected by the concentration of the charge
carrier (solubility of the salt), the ionic mobility (viscosity of

the media), and the ionic dissociation of the salt (dielectric
constant of the media).

The electrolytes of interest for room-temperature Na ion
insertion batteries can be classified into 1) non-aqueous
electrolytes consisting of a sodium salt solubilized in an
organic solvent and 2) ionic liquids (ILs) consisting of an
organic salt (R+X�) doped with a fraction of the sodium salt
equivalent (Na+X�). Despite significant progress in Na+ solid
electrolytes, which show possible applications at room
temperature,[125] their conductivities are still 1–2 orders of
magnitude lower at room temperature than the more tradi-
tional liquid electrolytes at present, thus leaving much scope
for further development.

6.1. Non-Aqueous Electrolytes

All current non-aqueous electrolytes for Na ion batteries
are based on carbonate solvents, such as ethylene carbonate
(EC) and propylene carbonate (PC) because of their very
high dielectric constants, large electrochemical windows, and
low volatilities. Of the sodium salts studied—sodium bis(tri-
fluoromethane)sulfonimide (NaTFSI), sodium triflate
(NaOTf), sodium perchlorate (NaClO4), and sodium hexa-
fluorophosphate (NaPF6)—the latter two are optimum. As
expected from carbonate solvents, their oxidative stability is
good, and compatibility with the positive electrode is not
a major concern. This is illustrated in the case of NaCrO2,
where Coulombic efficiencies greater than 99.70% were
measured after 50 cycles in symmetric cells (NarichCrO2/
NapoorCrO2) with either NaTFSI or NaPF6 in all of the
combinations of PC and diethyl carbonate (DEC) tested.[126]

Many other studies report similar results with both layered
oxide and polyanion positive electrodes.[127–130] The corrosion
of aluminum, which starts at 3.3 to 3.5 V versus Na/Na+, is
a problem for NaOTf and NaTFSI salts (as for their Li
counterparts). Sodium perchlorate or hexafluorophosphate
allow an increase of the voltage window up to 5 V;[126, 130,131]

even small quantities of NaPF6 efficiently passivate aluminum
surfaces, thereby allowing the use of the TFSI anion.[126, 131] For
the same solvent and salt concentration, the ionic conductiv-
ity is slightly higher for NaPF6-based electrolytes than
NaTFSI electrolytes, with NaClO4 being intermediate.[130,131]

This is explained by the lower polarizing nature of the
hexafluorophosphate anion.[132] Optimization of the solvent
composition to lower viscosity results in conductivities of
about 12 mS cm�1, which is comparable with the best Li
electrolytes.[131]

Hard carbon is the only anode material that has been
systematically studied against different electrolytes, but the
results are contradictory. Ponrouch et al. report very little
influence of the salt (NaClO4 or NaPF6) on both the cycling
performance of hard carbon electrodes and the nature of the
SEI in PC, EC/PC, and EC/PC/DMC mixtures,[127] and
a particularly high irreversible capacity was found in the
case of 1m NaClO4 in EC/DMC (50:50 wt %).[131] Another
report shows good retention of capacity in EC/DMC
(50:50 vol%) with both NaPF6 and NaClO4, and with
a much superior behavior of the latter salt in PC solutions.[133]
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The discrepancies show the high degree of sensitivity to the
nature of the electrode and highlight the necessity of more
work to fully characterize these systems.

A study on additives for NaClO4 in PC has shown that
vinylene carbonate (VC)—an important additive in Li
electrolytes—does not efficiently passivate sodiated hard
carbon electrodes.[129] The same study identified FEC as
a very-efficient film-forming additive. Most interestingly, the
same additive was successfully used with a variety of different
anode materials, thus showing its good versatility.[134–136]

6.2. Ionic Liquids

To improve the safety of batteries, much effort has been
devoted to reducing the volatility and flammability of organic
liquid electrolytes. In this regard, ionic liquids (ILs) may help
to address the safety problem as they are practically non-
flammable (Figure 15).

However, ILs usually require higher operating temper-
atures than liquid electrolytes because of their high viscosity,
and melting points which are often just barely above room
temperature. The only report of using an IL electrolyte with
a practical anode material such as hard carbon shows good
compatibility with a NaTFSI-doped N-methyl-N-propylpyr-
rolidinium bis(fluorosulfonyl)imide (NaFSI-C1C3pyrFSI)
electrolyte at 90 8C.[137] Apart from this, most studies involve
Na metal anodes. ILs such as 1-butyl(propyl)-1-methylpyrro-
lidinium bis(trifluoromethylsulfonyl)imide ([C4(C3)mpyr]-
[TFSI]) doped with NaTFSI are able to reversibly strip and
deposit sodium at room temperature.[138–140] A moderate
overpotential of only 0.2 V for sodium electrodeposition
was measured at room temperature; traces of water in the
electrolyte were detrimental.[138, 139] A voltage window of 5.2 V
versus Na/Na+ was reported together with good compatibility
with the layered oxide cathode material NaCrO2.

[140]

Compatibility of the polyanion cathode material
NaFePO4 with the NaTFSI-doped [C4mpyr][TFSI] electrolyte
was also demonstrated in half cells.[141] Comparison with
a similar cell operated in a 1m NaClO4 in an EC/DEC
electrolyte shows that although the non-aqueous electrolyte
performs much better at room temperature, the IL electrolyte
displays very similar capacity and rate capability at temper-
atures as low as 50 8C. In addition to the improved thermal
stability of the IL electrolyte (> 400 8C), a much better cycle

retention of 87% after 100 cycles was reported, compared to
only 62% for the liquid electrolyte.

Substitution of the TFSI anion by the FSI (bis(fluorosul-
fonyl)imide) anion allows a further decrease of the temper-
ature. Half-cells assembled with Na0.45Ni0.22Co0.11Mn0.66O2 as
the positive electrode and either a NaTSFI-doped [C4mpyr]-
[FSI] ionic liquid electrolyte or 0.5m NaPF6 in a PC-based
non-aqueous electrolyte were compared. The reversible
capacity at a rate of C/10 is slightly higher in the IL case,[142]

with a good retention of 80% of the capacity after 100 cycles,
much higher than the non-aqueous cell.

Other promising ionic liquids have yet to be tested for
battery applications.[143] The published results show that when
safety is a more important parameter than rate capability, ionic
liquid electrolytes are a superior choice to traditional non-
aqueous electrolytes, even for room-temperature applications.

7. Summary and Outlook

As a consequence of concerns over the future cost of
lithium and the sustainability of the resources, there is now
a global trend to develop low-cost batteries with high energy
densities that can meet a variety of emerging applications.
Sodium ion batteries have re-emerged as promising candi-
dates, especially for stationary energy storage. New directions
have evolved beyond molten Na cells based on Na-S and Na-
NiCl2 that were developed in the last decade. They include
aqueous Na ion cells, and the fast-developing field of non-
aqueous batteries that could employ a plethora of newly
discovered materials for the positive and negative electrodes
as well as the electrolyte. These offer not only advantages of
element sustainability, but present structural and electro-
chemical differences compared to their Li analogues that can
be highly beneficial. This opens up a fascinating area of solid-
state electrochemistry, which is ripe for exploration.

In terms of ambient-temperature cells that operate on the
basis of intercalation chemistry, the last two years have
witnessed several breakthroughs in the development of
layered sodium transition-metal oxides as positive electrode
materials, such as P2-Na2/3[Fe0.5Mn0.5]O2. These results sug-
gest these sodium compounds can compete with their lithium
analogues in terms of energy density. These exciting advances
suggest the promise of large-scale cells even for vehicle
electrification. Importantly, sodium and lithium compounds
are not strictly or typically isostructural. Different electro-
chemical properties result and intriguing differences have
emerged between the Li+ and Na+ layered metal oxides.
These are the consequence of the larger Na+ ion, which results
in more highly ordered systems and less alkali-metal/tran-
sition-metal mixing on cycling, which is beneficial. A draw-
back is that many of the layered sodium metal oxides exhibit
only moderate cycling stability at present, attributed to large
volume changes on redox and a proclivity to P(n)–O(n) phase
transitions induced by gliding of the transition-metal MO2

layers. This results from the ability of Na+ to adopt both
octahedral and prismatic coordination, which is not the case
for Li+. Although these gliding transitions are not fully
understood at present, they do represent a non-topotactic

Figure 15. Flammability tests of a) conventional organic electrolyte and
b) BMP-TFSI IL electrolyte with 1m NaTFSI. Reproduced from
Ref. [138] with permission, Copyright 2014, The Royal Society of
Chemistry.
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process that could limit electrochemical reversibility. On the
other hand, the tendency of Na+ to not adopt tetrahedral
coordination (unlike Li+) means that transition to a spinel
structure on partial desodiation from NaMO2 is not favored as
it is for some LiMO2 compositions where it causes loss of
capacity on cycling. Improved cycling stability can be attained
by elemental substitution to suppress the phase transitions
and reduce volume changes. These remain as hurdles to
overcome for long-term cycle life. From a practical point of
view, some sodium metal oxides exhibit a high sensitivity to
moisture, although O3 phases have the advantage of full
sodium content (meaning a nonsodiated anode can be used),
and less air sensitivity. Another major advance is the very
recent discovery of sodium-based “high-voltage” layered
oxides, although it remains to be seen whether cycling
stability will be achieved in this class of materials.

The larger size of Na+ is also a factor for polyanion
cathode materials, where the influence of the alkali metal
size/charge ratio is significant in determining the thermody-
namically most stable phase. These often have no lithium
analogue. Advances have been realized with several novel,
exciting polyanion materials: examples include
Na1.5VPO4.8F0.7 and, most recently, Na2Fe2(SO4)3. The latter
exhibits a remarkably high Fe3+/Fe2+ redox potential of 3.8 V
versus Na, along with fast rate kinetics that are shared by the
former. Although sulfate increases the redox potential, it also
conveys moisture sensitivity: a disadvantage not shared by the
relatively more stable phosphate-type materials. Intriguingly,
for many polyanion materials, numerous modeling studies
have revealed that the activation energy for Na+ ion hopping
is usually lower than for Li+ (because of less polarization),
with values being routinely as low as 0.3 eV. This provides
distinct advantages for ion mobility, thus explaining the fast
rate kinetics. The development of new unique sodium ion
polyanion framework types will be pivotal for the advancement
of the field of Na ion batteries. As the chemistry of Na
intercalation is much less advanced than its lithium counter-
part, much remains to be explored. This also means over-
coming the disadvantage of the larger volume expansion/
contraction afforded by the sodium cation with clever design of
solid-state structures. We note that this challenge is common to
both sodium metal polyanion and layered metal oxide systems,
but less so for the more open Prussian blue framework solids,
which present their own special opportunities.

New developments in negative electrode materials show
that not only hard carbons, but graphitic materials can act as
active Na ion intercalation compounds at low potential. Much
scope lies in this area. Sodium metal dioxides based on
titanium also show much promise. It is also worth noting that
because Na does not alloy with aluminum (as does Li), this
allows Al foil to be used as a current collector at the negative
electrode rather than Cu. This is beneficial in terms of both
cost and energy density. The generally lower voltage of Na
compounds also provides considerable advantages for the
development of the negative electrode. The potential of the
sodium-containing positive electrode is similarly lowered,
thus providing opportunities to explore materials where the
lithium analogues have too high a potential to support many
conventional electrolytes.

Overall, it is clear that Na ion batteries can compete with
Li ion batteries in several important respects, but the sodium
ion battery is still a very immature technology for energy
storage applications compared to Li ion. Aside from the Na/S
and ZEBRA high-temperature systems, no commercialized
non-aqueous Na ion energy storage batteries exist at present.
There is much opportunity for research and development.
Many inroads have been made recently in developing new
promising positive electrode materials. Finding good negative
electrode materials remains a significant challenge. Nonethe-
less, compositions encompassing low-cost transition metals
such as Fe, Mn, and Ti for either the positive or negative
electrodes in Na ion rechargeable battery systems, without
sacrificing high energy density and high power, are now
within scope. This paves way for the discovery of new
sustainable cathodes made with earth-abundant elements for
large-scale batteries.
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