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Energy production and storage technologies have attracted a great deal of attention for day-to-day

applications. In recent decades, advances in lithium-ion battery (LIB) technology have improved living
conditions around the globe. LIBs are used in most mobile electronic devices as well as in zero-
emission electronic vehicles. However, there are increasing concerns regarding load leveling of
renewable energy sources and the smart grid as well as the sustainability of lithium sources due to their
limited availability and consequent expected price increase. Therefore, whether LIBs alone can satisfy
the rising demand for small- and/or mid-to-large-format energy storage applications remains unclear.
To mitigate these issues, recent research has focused on alternative energy storage systems. Sodium-
ion batteries (SIBs) are considered as the best candidate power sources because sodium is widely
available and exhibits similar chemistry to that of LIBs; therefore, SIBs are promising next-generation
alternatives. Recently, sodiated layer transition metal oxides, phosphates and organic compounds have
been introduced as cathode materials for SIBs. Simultaneously, recent developments have been
facilitated by the use of select carbonaceous materials, transition metal oxides (or sulfides), and
intermetallic and organic compounds as anodes for SIBs. Apart from electrode materials, suitable
electrolytes, additives, and binders are equally important for the development of practical SIBs. Despite
Received 29th October 2016 developments in electrode materials and other components, there remain several challenges, including
DOI: 10.1039/c6cs00776g cell design and electrode balancing, in the application of sodium ion cells. In this article, we summarize
and discuss current research on materials and propose future directions for SIBs. This will provide
rsc.li/chem-soc-rev important insights into scientific and practical issues in the development of SIBs.

1. Introduction
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In order to integrate these renewable energies into the electrical
grid, a large-scale energy storage system (ESS) is vital to peak
shift operation." Among various energy storage technologies,
using an electrochemical secondary battery is a promising
method for large-scale storage of electricity due to its flexibility,
high energy conversion efficiency, and simple maintenance."”
LIBs, which have become common power sources in the portable
electronic market since their first commercialization by Sony in
the early 1990s,” are the primary candidates for ESSs. The
introduction of LIBs into the automotive market as the battery
of choice for powering hybrid electric vehicles (HEVs), plug-in
hybrid electric vehicles (PHEVs) and electric vehicles (EVs)
could reduce dependence on fossil fuels. Lithium, the primary
ingredient in LIBs, is non-uniformly distributed within the
Earth’s crust. As a result, the Andean states have been dubbed
the ‘new Middle-East’.® However, the increasing demand for
lithium associated with these new and large-scale applications
is expected to skyrocket the price of lithium, affecting reserves as
well, as it is not a naturally abundant element. Based on the
calculations, overall global Li consumption in 2008 was nearly
21280 tons; hence, present mineable resources could be
sustained for approximately 65 years at most at an average
growth rate of 5% per year,”” making the implementation of
the above-mentioned applications difficult and very costly.
Sodium, the fourth most abundant element on earth, has a
seemingly unlimited distribution.® Supplies of sodium-containing
precursors are vast, with 23 billion tons of soda ash located in the
United States alone. The abundance of resources and the much
lower cost of trona (about $135-165 per ton), from which sodium
carbonate is produced, compared to lithium carbonate (about
$5000 per ton in 2010), provide a compelling rationale for the
development of SIBs to be used as alternatives to LIBs.””® Because
an alternative to lithium is needed to realize large-scale applica-
tions, SIBs have attracted considerable research attention in
recent years. SIBs were initially studied when the development
of LIBs began in the 1970s and 1980s, but due to rapid advances
in the development and success of commercial applications of
LIBs, SIBs were largely abandoned.’ "> Moreover, during those
years, the overall quality of materials, electrolytes and glove
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boxes was insufficient for handling sodium, making it difficult
to observe electrode performance. In the 1980s, prior to the
commercialization of LIBS, a few US and Japanese companies
developed SIBs in full cell configurations where a sodium-lead
alloy composite and a P2-type Na,CoO, were used as the anode
and cathode, respectively. Despite the remarkable cyclability
over 300 cycles, the average discharge voltages were lower than
3.0 V, which did not attract much attention against carbon//
LiCoO, cells exhibiting an average discharge voltage of
3.7 V.''® The battery components and the electrical storage
mechanism of SIBs and LIBs are basically the same except for
their ion carriers. In terms of cathode materials, the intercala-
tion chemistry of sodium is very similar to that of lithium,
making it possible to use similar compounds for both systems.
However, there are some obvious differences between these
systems. Na* ions (1.02 A) are larger compared to Li* ions
(0.76 A), which affects the phase stability, transport properties,
and interphase formation.” Sodium is also heavier than lithium
(23 g mol™' compared to 6.9 g mol ') and has a higher
standard electrode potential (—2.71 V vs. SHE as compared to
—3.02 V vs. SHE for lithium); thus, SIBs will always fall short in
terms of energy density. However, the weight of cyclable Li or
Na is a small fraction of the mass of the components, and the
capacity is determined primarily by the characteristics of the
host structures that serve as electrodes. Hence, in principle,
there should be no energy density consequences of the transi-
tion from LIBs to SIBs.” In addition, aluminum undergoes alloy
reaction with lithium below 0.1 V vs. Li/Li*, which indicates
that aluminum is available as a current collector for anodes
in sodium cells. Therefore, aluminum is a cost-effective alter-
native to copper as an anode current collector for SIBs.
Various cathode materials for SIBs have been reported; for
instance, layer and tunnel type transition metal oxides, transition
metal sulfides and fluorides, oxyanionic compounds, Prussian
blue analogues and polymers. However, the search for an anode
with appropriate Na voltage storage, a large reversible capacity,
and high structural stability remains an obstacle to development
of SIBs. Graphite, which is a common anode material in LIBs, has
a moderate Li storage capacity (~350 mA h g~ ") at approximately
0.1 V vs. Li/Li*.? Recent studies have demonstrated that graphite
does not properly intercalate sodium ions."®?° Non-graphitic
anodes, which consist largely of various carbonaceous materials
such as carbon black®! and pitch-based carbon-fibers,>* allow
insertion of sodium ions. Hard carbons, which are synthesized at
high temperatures from carbon-based precursors, have been
comprehensively modeled,*?* characterized,® and thermally
tested®® in Na cells. These non-graphitic carbonaceous materials
are considered to be the “first-generation” anodes of choice for
SIB systems. SIBs are not fabricated with sodium metal due to
dendrite formation, high reactivity, and an unstable passivation
layer in the most organic electrolytes at room temperature.
The high reactivity of metallic sodium with organic electrolyte
solvents and dendrite formation during Na metal deposition are
even more problematic than they are in Li metal anodes. The low
melting point of sodium at 97.7 °C also presents a safety hazard
for devices using Na metal electrodes at ambient temperature.>”

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 lllustration of a Na-ion battery system.

Thus, it is important to use a true Na-ion system, where
Na ions are exchanged between cathodes and anodes in a
‘rocking-chair’ format.

A new type of electrolyte for SIBs is needed, as the use of
organic liquid electrolytes raises practicality and safety issues.
The most common electrolyte formulations for SIBs are NaClO, or
NaPF, salts in carbonate ester solvents, particularly propylene
carbonate (PC). Metallic sodium anodes corrode continuously in
the presence of these organic electrolytes, rather than forming a
stable solid electrolyte interface (SEI). According to XPS and TOF-
SIMS analyses performed by Komaba et al.,”” when NaPF; is used
as the electrolyte salt, the SEI film on hard carbon is predomi-
nantly an inorganic salt that contains precipitated species such as
NaF on the surface.” Palacin and colleagues™® found that NaClO,
and NaPF, in an EC:PC solvent mixture represent the best electro-
lyte for a hard carbon anode. Developing aqueous electrolytes
instead of organic electrolytes could be essential to the success of
SIBs. Recently, an aqueous rechargeable battery with Na,NiFe(CN)g
and NaTi,(PO,) as the cathode and anode, respectively, demon-
strated a good rate and cycle life with a theoretical energy
density of 42.5 W h kg™ "> Thus, it is possible to achieve higher
energy density by selecting the appropriate electrode material.
Nevertheless, an aqueous electrolyte system is more complicated
than an organic system because of the (1) elimination of residual
O, from the electrolyte, (2) maintenance of electrode stability in
the aqueous electrolyte, (3) inhibition of H;O" co-intercalation into
the electrode and (4) efficiency of the internal consumption of
0, and H, produced from the cathode and anode sides when
overcharged, overdischarged or improperly operated in a closed
aqueous battery system. All of these issues are important for
practical applications of aqueous battery systems.***"

This journal is © The Royal Society of Chemistry 2017

Scheme 1 and Fig. 1 illustrate a schematic SIB image that
can adopt several representative candidate materials such
as cathode and anode materials, electrolytes, separators, and
binders that are discussed in the present paper. Most studies
of SIBs explored the electrochemical performance of new
electrodes and materials used with Na metal in half-cells, as
this field is still in its early stages, and it is thus difficult to
create full cells. In that regard, discussion and justification of
SIBs are complicated compared to those of LIBs. In addition,
experimental conditions such as the purity of Ar gas, electrolyte
quality, and the glove box can influence the performance of
SIB cells. Hence, comparison of battery performance between
studies can be challenging."®

2. Cathode materials

Similar to LIBs, highly reversible cathode materials based on
the intercalation reaction, which involves interstitial introduc-
tion of a guest species (Na' in the present context), are needed
for high capacity and good cyclability of SIBs. These electrode
materials are mainly categorized into oxides, polyanions such
as phosphates, pyrophosphates, fluorosulfates, oxychlorides,
and NASICON (Na super ionic conductor) types, and organic
compounds, which are mentioned in detail in Sections 2 and 3.
These cathode materials exhibit a minimal structural change
with intercalation, which ensures a reversible intercalation
reaction that affects the cycle life. However, continuous struc-
tural evolution is inevitable during Na' ion intercalation into
the host structure interaction because of the large Na' ion
size (coordination number 6: 1.02 A) relative to that of Li"

Chem. Soc. Rev., 2017, 46, 3529-3614 | 3531
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Fig. 1 Recent research progress in sodium ion batteries: (a) cathode, (b) anode,

(coordination number 6: 0.76 A). Also, sodiated transition
metal materials are highly hygroscopic, even with brief expo-
sure to air,”” and caution is necessary to avoid hydration of the
material, particularly the surface, which results in formation of
NaOH that degrades electrode performance due to its insulating
properties. Thus, the preparation of sodiated cathode materials
and batteries requires meticulous handling and moisture-free
conditions.

2.1. Two-dimensional layer transition metal oxides

The above-mentioned prototype compounds are composed of
two- and three-dimensional crystal structures. Early investigation
of two-dimensional layer oxides was performed by Delmas and
Hagenmuller in the early 1980s.">'*** They defined the crystal
structure of layered compounds depending on the stacking
sequence of alkali ions between layers. Sodiated transition metal
oxides, Na; ,MO, (M: transition metal), were representatively
classified into two main groups, O3 type and P2 type (Fig. 2), by
Delmas et al.®® Those crystal structures comprise sheets of edge-
sharing MOg octahedral layers sandwiched between Na ion layers
into which ionic species are inserted in an octahedral (O) or a
prismatic (P) environment. The number (02, O3, P2, and P3)
indicates the packing number of Na ion octahedral or prismatic
layers within each unit cell. In addition, the prime symbol (')
indicates monoclinic distortion, such that O’3 and P’'3 represent
monoclinic distortion of the O3 and P3 phases, respectively.
The O3 type is stable when the x value is high in Na; ,MO,
(x is close to 0), in which the average oxidation state of M is
close to 3+. Electrochemical de-/sodiation of the O3 structure
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progresses with reversible structural transformation of
03 < 03 < P3 « P'3. Na' ions energetically favor a
prismatic environment when Na* ions are partly extracted from
the crystal structure, which creates vacancies. At the same time,
this extraction induces strong repulsion of oxygen in the Na
layers, and the interlayer distance thus expands. Na* diffusion
occurs faster in the P’3 phase due to the greater interlayer
distance compared to O3. These transitions are followed by
gliding of the MO, slab without breakage of M-O bonds, as
proposed by Delmas et al.**

The P2 type has a different optimal environment for Na
compared to the O3 type. In particular, the structure is stable

This journal is © The Royal Society of Chemistry 2017
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when the Na content is in the range of 0.3-0.7 in Na; ,MO,, in
which the average oxidation state of M is above 3.3+. The
presence of vacancies in the structure causes strong repulsion
of oxygen in the Na layers, resulting in expansion of the
interlayer distance. This leads to Na' ions occupying prismatic
(P) sites due to the large Na ionic size. Na* ions occupy two
different types of trigonal prismatic sites: Na¢ (Nal) contacts
the two MOg octahedra of the adjacent slabs along its face,
whereas Na. (Na2) contacts the six surrounding MO octahedra
along its edges. Adjacent Na; and Na. sites are too close
together (considering the Na' ionic radius) to be occupied
simultaneously. The P2 phase is maintained in a wide desodia-
tion range up to Nag4¢MO,. Further desodiation shifts the
phase toward O2 due to gliding (m/3 rotation) of the MOg
octahedra and contraction of the crystal structure, reducing
the interlayer distance. Based on O3 < O’3 < P’3 the phase
transitions for the O3 type and P2 < O2 for the P2 type,
structural variation from the O3/P3 to P2/O2(OP4) type or vice
versa is not possible in Na cells unless the M-O bond breaks.
Apart from phase transition, the P3 type can be produced not
only via electrochemical desodiation, but also at low tempera-
tures when synthesizing P2 type compounds; P3 and P2 are low
and high temperature phases, respectively, indicating that
phase transition requires breakage or reformation of M-O
bonds via heat treatment.

2.1.1. Na, ,FeO, and derivatives. The O3 type layers, o-, -,
and y-type LiFeO,, have advantages including non-toxicity and
cost effectiveness related to the abundance of Fe. However,
de-intercalation does not occur in Li cells.**® This may be
because Fe ion distribution is randomized from the 3b ordered
state to a 3b-6¢ disordered state during charge in o-LiFeO,,
creating a large irreversible capacity.***° Matsumura et al*!
suggested that Li, ;;[Mn,3Fe,/3]0,, which contains a mixture of
03, 02 and P2 phases, ionic exchange from Na,;;[Mn;3Fe,/3]0,
showed a reversible charge-discharge capacity of approximately
70 mA h g~ ' in Li cells. Interestingly, Kikkawa et al.**** suggested
the possibility of Na" deintercalation from o-NaFeO,, creating
NayoFeO,, using a chemical oxidizing agent (Br,), while
Takeda et al®® successfully performed electrochemical Na*
deintercalation to Na, sFeO, with an approximate 125 mA h g’1
capacity whereas lithium metal was used as the anode (Fig. 3a),
which accompanied phase transformation into the monoclinic
P3 phase on charge. Further investigation using Modssbauer
spectroscopy indicated that the Fe***" redox reaction was respon-
sible for capacity delivery. Approximately 70% of Na" ions could
be extracted when charging to 4.5 V, but almost no capacity was
delivered on discharge, which was possibly disturbed by iron ion
migration. When Na' ions are extracted from the host structure,
vacancies are created at tetrahedral sites contacting FeOgs octa-
hedral faces. As a result, trivalent iron ions are energetically
stabilized at tetrahedral sites and iron ions migrate to the shared
face, similar to the phenomena observed in LiCo, ,FeO,.**
Although the capacity was limited and the material suffered
from the irreversible structural change, the electrochemi-
cally desodiated Na, sgFeO, exothermically decomposed above
300 °C with much lower heat generation compared with that

This journal is © The Royal Society of Chemistry 2017
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ref. 48, Copyright 2014 American Chemical Society.) (c) Clce performance
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of Li;_,C00,.*” This detrimental effect is suppressed by Mn
in Na[Fe,sMn, 5]O,, which exhibits a reversible capacity of
approximately 100 mA h g~ '.*

Partial substitution of Fe sites by Co is interesting in terms
of capacity retention and rate performance, NaFe, 5C0g.50,.%”
In particular, the dramatic suppression of the irreversible
capacity is attributed to the suppression of iron migration with
the help of Co occupation in transition metal sites instead of
Fe. Also, the presence of Co enabled an increase in electrical

conductivity, such that the electrode was active up to 30 C-rates

Chem. Soc. Rev., 2017, 46, 3529-3614 | 3533
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(102 mA h g™ '). Wang et al.*® stabilized the crystal structure of
NaFeO, by forming a solid solution with NaNiO,, NaFe; _,Ni,O,
(0 < x < 1). The dilution of the Fe concentration, NaFe 3Ni, ;O,,
effectively increased capacity and retention (135 mA h g~* and
74% retention after 30 cycles) via Fe*"*" and Ni*"’** redox couples
(Fig. 3b). In addition, they also recorded the *’Fe Mossbauer
spectra to determine the valence state and investigate the mecha-
nism of the electrochemical reaction of Fe in O3-NaFe;_,Ni O,
(y = 0, 0.5, and 0.7). Recent report by Nanba et al also well
supported the electrochemical reaction mechanism of NaFe; _,Ni,O,
(0 < x < 1) electrodes.*

Extension of the layer structure toward a three component
system, Na[Niy/;Fe;,;Mny,3]0,, was suggested by Kim et al.>® For
synthesis, they used oxalate coprecipitation, [Niy/;;Fe;;sMny3]C,04,
due to the difficulty of forming hydroxides when Fe is involved.
Na[Niy;3Fe;3Mny /3]0, could deliver a discharge capacity of
120 mA h g~ in the voltage range of 2-4 V for a half cell. They
also tested the cyclability after adopting a hard carbon anode
(100 mA h g~ ' after 150 cycles). Oh et al. also synthesized
spherical Na[Nij, ,sFeq sMng »5]0, using [Nig ,sFeq sMng »5](OH),.>
They found that the electronic states of Ni, Fe, and Mn were 2+,
3+, and 4+, respectively, of which Ni*"** and Fe*"** were respon-
sible for electrochemical activity in the range of 2.1-3.9 V via
the X-ray absorption nearest edge spectral (XANES) analysis
technique. Mn remained electrochemically inactive, but pre-
served the crystal structure during the electrochemical reaction.
A Fe;0,/Na[Nij »5Fe( 5C0g 25]0, full cell with a conversion anode
and an insertion cathode delivered a capacity of approximately
130 mA h (g-Na[Ni, ,sFe, sMng 55]0,) " with approximately 76.1%
retention at the 150th cycle (Fig. 3c).

Despite the good reversibility of Na[NigsFeqsMng 25]0x,
the discharge capacity limit of 140 mA h g™' in O3 type layer
materials needs to be overcome. The voltage limitation to 3.9 V
prevents iron migration during charge. Oh et al. suggested
another approach to raise the upper voltage cutoff to 4.4 V,
in order to offer more capacity in O3 type compounds using
the Mn*"'** redox, but reducing the concentration of Fe*" in
Na[Lig o5(Nig.25F€0.25MNg 5)0.05]02.>> As anticipated the compound
was active based on the Ni?"*" Fe®"** and Mn*"*' redox
reactions, resulting in a large capacity of approximately
180 mA h g ' at a 0.1C-rate in the voltage range of 1.7-4.4 V.
Additionally, the presence of a stronger Li-O bond relative to
that of Ni-O and Mn-O in the transition metal layer was
responsible for stabilization of the crystal structure, enabling
better capacity retention during cycling.

2.1.2. Na; ,[Fe; yMny]O, (x < 0.3) and derivatives. As men-
tioned in Section 2.1.1, O3 type compounds deliver limited reversible
capacities of less than 160 mA h g™, of which the O3 phase follows a
reversible structural transformation (03 < 0’3 < P3 < P'3).
Further desodiation results in hexagonal P3” from P’3 that shows
much greater interslab distances of approximately 7 A compared
to the P'3 phase (5.6 A).>® This greater distance is not preferred
because it induces intercalation of electrolytic molecules formed
from oxidative decomposition of electrolytes at high voltage.
Hence, delivery of a high capacity of 180 mA h g~ or above is not
possible in O3 systems.
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Na, ;FeO, is not stable in P2 type layer compounds because
of the intrinsic instability of tetravalent Fe in an oxide frame-
work, as described in Section 2.1.1. Yabuuchi and Komaba
et al. introduced a P2-Na,[Fe,sMn, s]O, layer compound that
delivers 190 mA h g~ ' of reversible capacity (Fig. 4a).*® Partial
substitution of Fe by Mn made it possible to utilize the
electrochemical oxidization of Fe*" to Fe*" reversibly, in parti-
cular in a voltage range of 3.8-4.2 V. Upon desodiation, the P2
phase was maintained at 3.8 V by the oxidation of Mn®>"**,
Nag.42[Feo sMng 5]0,, after which the oxidation of Fe*"* led to
phase transformation from P2 to OP4 at 4.2 V (Na, 13[Feo sMn, 5]05)
as shown in Fig. 4b. An in situ XRD study also demonstrated
that P2-Na,;[Fe,sMng5]O, undergoes a reversible P2-OP4
phase transition at the end of charge.”® This achievement is
remarkable in terms of capacity in comparison to the O3 type
Na[Fe, sMng 5]O, that delivers less than 120 mA h g™* in early
cycles. Despite a high capacity approximating 190 mA h g~" on the
first cycle, capacity fading was inevitable in the P2-Na,[Fe, sMn, 5]O,
compound.

Morternard de Boisse et al. raised another issue regarding
the structural change during the first discharge from OCV to
1.5 V.>® The P2 phase, Nay ¢,[Fe, sMng 5]0,, was transformed into
orthorhombic P’2 (space group: Cmicm), Nag o7[Feg sMny, 5]0,, by
cooperative Jahn-Teller distortion at the end of discharge. In a
P2 type layer structure, Na. and Nag sites are both simultaneously
occupied at a ratio close to 2:1. This distribution results from
the strong sodium-sodium repulsion interaction, which prevails
over sodium-transition metal repulsion. Hence, Na. and Na¢
cannot be occupied simultaneously in the P2 phase. All Na* ions
are located at one site, and the stoichiometry of Na[Fe, sMn, 5]O,
can be stabilized in the orthorhombic structure. Note that the
atomic displacement parameter of Na in the P’2 phase (0.7(2) A%)
is much lower than that of the P2 phase (1.9(3) A%), indicating
that Na" ions are less mobile in the orthorhombic P’2 phase. One
interesting finding that contrasts with the results of Yabuuchi
and Komaba et al. is that when electrochemical sodiation forms
the orthorhombic P'2 phase, the resulting desodiation to 4.3 V
leads to the formation of not OP4, but also a new and unindexable
“Z” phase (Na,[FeysMngs]0,, x < 0.25) with poor crystallinity
(Fig. 4¢).>® Talaie et al. revealed phase “Z”, which is a result of
migration of Fe’* into tetrahedral sites in the interlayer space,
showing a short range order between two adjacent layers.>® This
migration is highly reversible, although it induces polarization of
the cell. Addition of Ni instead of Fe was very effective at mitigating
migration of Fe*" and thus improved the cycling performance.

Thorne et al. determined the relationship between the Na
and Fe content in Na;_,[Fe; _,Mn,]0, (0 < x < 0.5).”” The Na
content is a decisive factor establishing the phase (03, O3, P2,
etc.). As clearly seen in Fig. 4d, the length of the first desodia-
tion plateau increased with x in Na; ,[Fe; ,Mn,]O,. The length
of the first sodiation plateau also increased as x decreased due
to more sodium vacancies in Na; ,[Fe; ,Mn,]O,. The oxidation
states in Na;_,[Fe,; ,Mn,]O, are Fe** and Mn"", as suggested
by Mossbauer spectroscopy. Therefore, desodiation oxidized
Fe’" to Fe*", while the sodiation of Na;_,[Fe;_,Mn,]O, selec-
tively reduced Fe***" at high voltages above 3.5 V and reduced

This journal is © The Royal Society of Chemistry 2017
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(a) Charge and discharge curves of P2-Najy/s[Fe;/2Mny/,]0; and (b) SXRD patterns of P2-Nay/s[Fe;2Mny,,]0, samples charged to 3.8 and 4.2 V in

which the P2 phase was transformed into OP4 one. (Reproduced by permission from ref. 46, Nature Publishing Group, Copyright 2012.) (c) Operando
in situ XRD patterns of the P2-Na,[Fe;,2,Mn1,,]O; electrode. The red XRD patterns correspond to the limits of the different structural domains: P’2 phase
for x = 0.85-0.97 in Na,[Fe;/,Mn;,,]O, and Z-phase for x = 0.25-0.35 in Na,[Fe;,,Mn;,,]O,. (Reproduced with permission from ref. 55, Copyright 2011
The Royal Society of Chemistry.) (d) First cycle for 1.5-4.0 V (dashed lines) and 1.5-4.25 (solid lines) for selected cells. (Reproduced with permission from
ref. 57, Copyright 2013 The Electrochemical Society.) (e) In situ synchrotron XRD patterns of the P2-Nag s[Feg 4Mng 4C0g 21O,. (Reproduced from ref. 58
with permission, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA)) (f) First charge and discharge curves of the Nay[Fe;/2Mn1,,]0,/NaNz composite
electrode. (Reprinted from ref. 60, Copyright 2013, with permission from Elsevier).
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Mn**** oxidation below 3.5 V. This coincides with the results
of Yabuuchi and Komaba. Jung et al.>® explored the effects
of Co on P2-Na, ,[(FeysMng 5);_xCo,]O, (x = 0-0.2). Note that
the partial replacement of Fe by Co in O3-Na[Fe; ,Co0,]O,
dramatically enhanced capacity and performance.*” Similarly,
the addition of Co into the transition metal layers of
Nay /[(Feo.sMng 5); _»Co,]O, resulted in higher capacity and
contributed to stable cycling behavior during cycling, in particular
for Nay [(Feo.sMng 5)0.8C00.2]O,. In contrast to P2-Na,[Fey sMn, 5]0,,
P2-Nay ;[(Feo sMng 5)0.5C002]0, underwent a phase transition
toward the O2 phase when desodiated and the O2 phase was
transformed into P2 upon sodiation. The P2 to O2 transition
was reversibly achieved via the gliding of slabs due to prismatic
site instability without Na" ions. This simple phase transition is
related to the addition of Co in the transition metal layers, as a
result of structural stabilization. The phase transition from
P2 to OP4 is supposed to occur (Fig. 4e); however, the added
Co that stabilizes the crystal structure is likely to suppress
phase transition towards the OP4 structure because of the
suppression of Fe*" migration to a tetrahedral or octahedral
interspace. Therefore, the simple phase transition from P2 to
02 is responsible for the better capacity retention of Co-doped
Nay /[(Feo.sMng 5);_xC0,]O,. In comparison with the O3 layer
structure, the simple phase transition during the de-/sodiation
process of P2 layer compounds is obviously advantageous in
preserving the original structure during cycling.

However, an important issue regarding the Na-deficient P2
structure is that such high capacities can be obtained only after
the first cycle with a Na metal counter electrode. Compensation
of Na in the synthetic state causes formation of an O3 and/or
0’3 structure with a further increase in the Na content of
Na,[Fe;,;Mny,,]O, (x > 0.8).>° Therefore, the irreversible capa-
city of the first cycle is an intrinsic issue with P2 type materials.
Singh et al. suggested using a NaN; additive, sacrificial salt, which
acts as follows: 2NaN; — 3N, + 2Na' + 2¢7.%° This oxidative
decomposition was effective in circumventing the irreversible
capacity loss in Na,;[Fe;,Mn;,]O, in the first cycle. NaN; was
used as a source of extra Na“ ions added to the cathode. Hence,
NaNj;-added P2 Na,3[Fe,,Mn,,]O, could successfully reduce the
irreversible first charge capacity from 58 mAh g 'to27 mAhg™*
(Fig. 4f). Taking into account N, release after oxidative decom-
position at high potentials, an appropriate amount of NaNj; is
recommended because decomposition can cause swelling of cells.
However, degassing is possible in pouch-type cells, such that
the addition of sacrificial salts is likely to facilitate full cell
configuration of the P2 cathode materials.

Sensitivity in air, in particular uptake of CO, in air, is a
serious problem because of the formation of electrochemical-
inactive Mn*" on the surface of active materials. Ni-doping
of the transition metal sites in Na,[Fe, sMn, 5]O, is less prone
to react in air.®!

2.1.3. Na; ,Co00, and derivatives. Delmas et al. pioneered
Na' intercalation properties using O3 type NaCoO,. The structure
underwent reversible structural transitions (O3 < 0’3 < P’3)
in the range of Na,CoO, (x = 0-0.2; Fig. 5a).>> Apart from the
excellent reversibility, the resulting capacity was very small in
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comparison with P2 type Na,CoO, (~140 mA h g~' Delmas
et al.).®” Recent calculations revealed that direct hopping from
one octahedral to an adjacent octahedral site requires high
activation energy to overcome the barriers. In contrast, the P2
type framework has an open path for Na' diffusion that is
expected to have a lower diffusion barrier, such that Na'
diffusion occurs readily in the P2 structure relative to the O3
structure. As mentioned in Section 2.1.1 and Fig. 3a and b,
NaFeO, exhibits poor electrochemical performance. Again,
NaCoOQ, is active in a very narrow range. However, once a solid
solution of NaCoO,-NaFeO, was formed, a high discharge
capacity was obtained at high rates up to a 30C-rate, with
Na[Fe, 5C00.5]0, in particular.*”

2.14. Na; ,Co0, (x < 0.3) and derivatives. Although sodium
cobaltites can be used in thermoelectric and superconductor
applications,**®® Na,_,C00, is a Na* insertion host material
according to Delmas et al.>* Due to the ease of synthesis, this
material can be synthesized via a solid state reaction in the
temperature range of 500-800 °C under oxygen pressures of
0.4 < x < 0.45 (P'3), 0.26 < x < 0.36 (P2), x = 0.23 (0'3), and
x =0 (03) in Na; ,Co0,. They suggested that oxygen-deficient
Na,Co0,_, was a stabilized form due to the instability of Co*
when Co*" and Co*" are mixed. Early work found that the P2
structure was maintained over a wide range 0.46 < x < 0.83 in
Na,Co00,, although two-phase domains were observed in the
charge-discharge curves (Fig. 5a).>> Molenda et al. correlated
discharge capacity and the oxygen content using Na, ;CoO,_,
(y =0.004 and 0.073; Fig. 5b).®° The less-oxygen-deficient phase,
Na, ;C00,_y (y = 0.004), resulted in more Na" intercalation than
Na, ;,C00,_, (y = 0.073) with a higher operating voltage. The
original electron holes arising from oxygen nonstoichiometry
lower the electric conductivity via formation of unstable Co"".
Hence, more Na should be added to equalize the Co oxidation
state. This was proven experimentally by Chou et al. using the
oxygen nonstoichiometric single crystal Na, ;C00,_,, (y ~ 0.073)
in air and Nay;5C0,_, (y ~ 0.08) in oxygen.”® For this reason,
oxygen deficiency in Na,,Co0O, induces a lower electrochemical
capacity and operating voltage such that an oxygen atmosphere
is required to minimize oxygen deficiency and improve electrode
performance in terms of capacity and operating voltage.

Delmas suggested the presence of several Na,CoO, struc-
tures and Shacklette confirmed that it has four phases.”* In
particular, 03, O3, and P3 layer structures were formed in a
temperature range of 400-600 °C, whereas the P2 structure was
stable only when the heating temperature was >700 °C in an
oxygen atmosphere via the conversion of the P3 phase, which
involved rotation of CoO, octahedra and Co-O bond breakage.
The voltage profile, operating voltage, and phase transition are
very similar for the O3 and P3 phases during de-/sodiation
(Fig. 5c). For the P2 phase, although similar behavior was
observed in a voltage range of 2.7-3.5 V, phase transition
appeared more complicated below 2.7 V compared with O3
and P3 (Fig. 5¢). The difference in Na* ordering for the P2 and
P3 phases could account for the behavior variation below 2.7 V,
at which considerable Na" is included at trigonal sites. Capacity
retention was over 80% for 300 cycles for P2-Nay;CoO,,

This journal is © The Royal Society of Chemistry 2017
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whereas P3-Na,,Co0O, exhibited retention of approximately
60% for over 250 cycles. The higher capacity for the P2 phase
may be due to its higher crystallinity compared with the P3
material produced at low temperatures. Ma et al. confirmed
that P2-Na,,CoO, can be used for long-term cycling in a
P(EO)gNaCF;S0; electrolyte at 90 °C.””

Berthelot et al. revisited P2-Na,CoO, to investigate the phase
diagram in a range of 0.45 < x < 0.9, in which nine potential
drops were found during the second discharge (Fig. 6a).®> Weak
polarization, which is an intrinsic property of P2-Na, ;CoO, due
to its high conductivity, enabled characterization of each
voltage drop via in situ XRD. The (008) diffraction peak some-
times splits into two peaks, which is indicative of a two-phase
domain when the discharge curve exhibits voltage plateaus,
while the voltage drop indicates a strictly fixed peak due to the
single phase reaction, demonstrating the presence of ordered
phases (Na,sC00,, Naj4,C00, (No. 3), Nay,,Co0, (No. 7),
Na, ;6C00, (No. 8), and Na, ;0C00, (No. 9), although they are
present only in very narrow ranges. Between the voltage plateau
and the voltage drop, the diffraction peak shifts slightly with
solid solution behavior. Na ordering arises from two different
repulsive interactions, sodium-sodium and sodium-cobalt.
Occupation of Na at the shared edges (Nae) for P2-Na,;;C00,
was predicted by first-principles calculations®®®” and was

This journal is © The Royal Society of Chemistry 2017

experimentally verified.®>®® At the same time, some of the Na

ions are located at the shared faces (Nag). For P2-Na, 5C00,, an
ordered phase, half of Na occupies Na. sites while the rest
appears at Nag sites, which probably minimizes the repulsive
in-plane interaction between Na; and Na.. The distribution of Na*
ions in these two positions depends on the Na content in the
compound, which affects the Na‘/vacancy-ordered structure.
Croguennec et al. obtained T"-Li,/;3[C0,/3Mny,3]0, via ion-
exchange from P2-Na,;3[C0,/;3Mn;/3]0,, in which the oxidation
states of Co and Mn were 3+ and 4+, respectively.”>”* Cheng
et al. also confirmed that the oxidation states of Co and Mn for
P2-Na,3[Co,;sMn, 3]0, are stabilized at 3+ and 4+, respectively.”
Carlier et al.”® evaluated P2-Na,,35[Co,/3Mn, 3]0, in the Na cell and
Yang et al.”’ extended the stability of P2-Na,;[Co;_,Mn,]O, to
x = 0.5. The resulting P2-Na,;[C0,/3Mn, 3]0, shows suppression
of Na'/vacancy ordering in the structure because the stepwise
voltage plateau disappeared in a range of 0.5 < x < 0.83 in
Na,[Co,/3Mn,3]0, (Fig. 6b). Note that P2-Na, ;,C00, formed nine
distinct phases in a range of 0.5 < x < 0.9 in Na,CoO, (Fig. 6a).
However, the single phase domain for x = 0.5 in Na,CoO,
is still found in Na,;3[Co,3Mny,3]0,, although the voltage drop
at that composition is lower than in Na,CoO,. The main differ-
ence after Mn substitution for Co is abrupt voltage decay in
a range of 0.65 < x < 0.83 in Na,[Co,/3Mn;3]0,. They further

Chem. Soc. Rev., 2017, 46, 3529-3614 | 3537
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(a) In situ XRD patterns during sodium ion intercalation in P2-Na,CoO,. (Reproduced by permission from ref. 62, Nature Publishing Group,

Copyright 2011.) (b) Comparison between the second discharges obtained for a P2-Na,[Co,/,3Mn;,3]O, cell (black curve) and a Na,CoO, cell (blue curve).
(Reproduced with permission from ref. 76, Copyright 2011 The Royal Society of Chemistry.)

revealed that Co®"?" and Mn*"*" reactions were involved in
the low voltage plateau, as similar behavior was found when
Li; {Ni; _,_,Co,Mn,]O, was overlithiated on discharge.

Yang et al.”” successfully stabilized the P2-Na,;;[Co; _,Mn,]O,
phase to x = 0.5, although the resulting capacity was limited
to 120 mA h g'. Meanwhile, Co*”** and Mn*"*" reactions

3538 | Chem. Soc. Rev., 2017, 46, 3529-3614

were more dominant in a voltage range of 1.5-2.1 V. Lowering
the synthetic temperature to 700 °C resulted in P2/P3-Nay/;-
[Coo.sMn, 5]0, compound.”® This biphasic compound greatly
improved the capacity to 180 mA h g™ " at a rate of 0.1C in a voltage
range of 1.5-4.3 V compared with pure P2-Na,;[C0,5Mn,5]0,.””
Rate cycling performance at a rate of 5C was also remarkably

This journal is © The Royal Society of Chemistry 2017
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high, delivering approximately 125 mA h g~" with retention of
91% for 100 cycles. Even at high rates, half capacity was
delivered in the voltage range of 1.5-2.1 V associated with
the Co>"'** and Mn*"?" reactions. The structural stabilization
achieved in the biphasic compound may explain the excellent
electrochemical performance. However, the capacity obtained
in the low voltage region may decrease the energy density as use
these electrode materials for cathodes.

Recently, Matsui et al. explored the possibility of Ca-doping
at Na sites to form Nay;_,Ca,C00,.”° The similarity in the ionic
radius of Ca?* (1.00 A) versus Na* (1.02 A) allows the incorpora-
tion of Ca®" into the Na sites. Although the delivered capacity
decreased to some extent due to Ca®* in the Na layers,
Na,;;_,Ca,CoO, could suppress the multiple phase transition
during charge and discharge. For example, Nas;Ca;/;,C00,
could be cycled even at 5 mA cm™ ' with very little capacity
decay, while capacity fade was inevitable in Ca-free Na,;;_,C00,.
Post-cycled electrodes showed formation of a sodium poor phase
of Na,,;3C00,, while Na,; ,Ca,CoO, suppressed this phase
separation. This work emphasizes that stability in the Na
environment is another topic of investigation that will contribute
to development of a long-term cyclable cathode for Na cells.

Xia et al tested the reactivity of desodiated Nag35C00,
derived from P2-Na,¢;C0O, in the NaPFg-based electrolyte.®
Nay 35C00, decomposed to Na,;CoO, and Coz0, with oxygen
release from the crystal structure. The NaPFq salt rapidly
reacted with Na, 35C00,, and NaCoF; was produced via the
exothermic reaction. This reaction has not been reported in a
Li,CoO, system thus far. Selection of the electrolytic salt is
another important issue to utilize the electrode in Na cells.

2.1.5. Na;_,NiO, and derivatives. NaNiO, is stable as two
polymorphs, a low temperature type with an O3 layer structure
and a high temperature rhombohedral phase. Similar to
a-NaFeO,, the Ni-O layer shares edges between NiOg octahedra
in which the Jahn-Teller Ni*" ions are elongated.®" Since the
starting material, Ni, is divalent, an oxidative environment
is needed to synthesize O’'3 type NaNiO, with the space group
C2/m. Early work reported by Braconnier et al. suggested that
0.2 mol of Na’, which has approximately 50 mA h g~ ' of
capacity, was deintercalated from NaNiO, via O’'3 < P'3 «
P'3 < 0’3 multiple phase transition based on the Ni**** redox
reaction in the voltage range of 1.7-3.5 V.** Later work by
Vassilaras reported delivery of a high capacity of approximately
145 mA h ¢ ' in a 2.2-4.5 V voltage range.*"*> By charging to
4.5V, however, the capacity retention stabilized when the upper
voltage cutoff was lowered to 3.75 V, with 94% of the initial
capacity (115 mA h g™ ') after 20 cycles. The considerable
Coulombic efficiency was due to oxidation of the electrolyte
when charged to high voltage (Fig. 7a).

Komaba et al. applied the findings of research on Li[Ni, sMny 5]O,
to Na[Nijy sMn, 5]O,, in which the average oxidation states of
Ni and Mn are 2+ and 4+, respectively.®® The material was also
crystallized into an O3-type layer structure and could be solely
activated by the redox reaction of Ni*"**, In comparison with
NaNiO,, the presence of tetravalent Mn induced the formation
of Ni** in Na[Nig sMn, 5]O,. The two-electron reaction led to a

This journal is © The Royal Society of Chemistry 2017
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high discharge capacity of 185 mA h ¢~ ' in a voltage range of
2.5-4.5 V (Fig. 7b), whereas optimization of the electrode
performance limited the upper voltage cutoff to 3.8 V, resulting
in a capacity above 100 mA h g~* over 20 cycles. In contrast
to NaNiO,, the O3 < 0’3 < P3 < P’3 phase transition
was highly reversible in a voltage range of 2.5-3.8 V (Fig. 7c).
Fe-substituted Na[Ni, sMn, 5]O,, however, underwent different
structural transformation during desodiation compared with
Na[Niy sMny 5]0,.5* Phase evolution from P3 to P3” was pre-
dominant in Na[NigsMng 5]O,, whereas Na' extraction from
Fe-substituted Na[Ni, sMn, 5]O, facilitated a gradual evolution
from P3 to OP2 due to the migration of Fe** ions from the
octahedron of the transition metal layers to the interstitial
tetrahedron or the octahedron of the Na layers (Fig. 7d). None-
theless, capacity retention was improved in a voltage range
of 2-4.3 V. In particular, a long irreversible reaction due to
the formation of P3” phase transitioned to the OP2 phase
in a voltage range of 4-4.3 V on charge, although the length
of the plateau did not appear on discharge. This peculiar
behavior seems to be related to the effect of Fe. Recently,
Hwang et al. investigated the collation of Ni and Fe contents
in Na[Nig 75_ Fe,Mn, ,5]0, (x = 0.4, 0.45, 0.5, and 0.55).%> The
structural and thermal stabilities, which affect cycle retention
and rate capability, were dependent on the Fe content. Although
the discharge capacity of higher Fe content materials decreased
slightly, the improved cycling performance and rate capability
compensate for the slightly reduced capacity. The increase
in the Fe content seems to improve conductivity, which is
associated with low band gap energy (~2.5 eV for Fe,0;).%°
Therefore, enhanced rate performance with increasing Fe con-
tent is attributed to the improvement in electric conductivity
derived from Fe in the compound. Also, their DSC study revealed
that reactive Ni** ions in the desodiated host material cause
oxygen removal from the crystal structure, and that oxygen
evolution can effectively suppress the Fe increase in the crystal
structure (Fig. 7e).

They also developed a radially-aligned hierarchical columnar
structure in spherical particles with a varied chemical composi-
tion from the inner end (Na[Nij;5C0¢.0:Mng3]0,) to the
outer end (Na[NipsgC0006Mng36]0,) of the structure.’” An
electrochemical reaction based on Ni**”**** had a discharge
capacity of 157 mA h (g-oxide) ' with a capacity retention of
80% (125 mA h g~ ') over 300 cycles in combination with a hard
carbon anode. The cathode also exhibited good temperature
performance, even at —20 °C, which enables the Ni redox reaction.

Ti-Substituted 03-Na[Nig sTio5]0, is also interesting due
to its superior cyclability under moderate conditions, with an
average operating potential of 3.1 V (vs. Na‘/Na) and delivery of
a reversible capacity of 121 mA h g~ ' at 20 mA g~ ". Since the
average oxidation states of Ni and Ti are 2+ and 4+, respectively,
the Ni*"** redox reaction is responsible for electrochemical
activity.®® Increasing the Ni content resulted in higher capacity,
while a dramatic degradation in capacity and thermal properties
was observed. In contrast, increasing the Fe content improved
capacity retention and thermal stability in a highly desodiated

state. Hence, it is worth noting that Ni redox such as Ni**** or
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Fig. 7 (a) Charge and discharge curves of O’3-NaNiO,. (Reproduced with permission from ref. 81, Copyright 2013 The Electrochemical Society.) (b) The
first charge and discharge curves of O3-Na[Nip sMng 51O, and (c) structural evolution of Na;_,[Nig sMng 51O, (x = 0-1). (Reproduced with permission from
ref. 83, Copyright 2012 American Chemical Society.) (d) Ex situ XRD patterns of O3-Na[Feq 2(Nig sMng s)0.8]O> at various charge states. (Reproduced with

permission from ref. 84, Copyright 2015 American Chemical Society.) (e) DSC

traces of desodiated Na;_4[Nig 75_xFe,Mng 2510, obtained after charging to

3.9 V. (Reprinted from ref. 85, Copyright 2016, with permission from Elsevier.)

Ni**#* contributes to high capacity delivery, while optimization

of the Ni content in the transition metal layer is important in
ensuring capacity retention and thermal properties.

2.1.6. Na,MnO, and derivatives. In comparison to the other
compounds, these compounds are in particular interesting

3540 | Chem. Soc. Rev., 2017, 46, 3529-3614

because of the cost effectiveness of the Na and Mn elements.
Na,MnO, (x = 0.44-1) have been extensively investigated as
cathode materials since the first report by Parant et al.®*® These
structures are three-dimensional at lower x values (x = 0-0.44)
and two-dimensional at higher x values (x > 0.5). With a higher
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sodium content, a-NaMnO, and -NaMnO, are stable, although
the phase stability of both compounds is dependent on
temperature; for example, a-NaMnO, (space group: C2/m) is
the low-temperature form and B-NaMnO, (space group: Pmnm)
is the high-temperature form. P2-Na,,MnO, is no more stable
when the Na layer is fully sodiated to NaMnO, at a low tempera-
ture. In a P2 layer structure, Na. and Nay sites are simultaneously
occupied, due to the strong sodium-sodium repulsion interaction
in the Na layers (Fig. 2). Hence, simultaneous distribution of Na,
and Na¢is not possible in the P2 phase, but all Na* ions are located
in one site to form oa-NaMnO, (space group: C2/m, O'3 structure,
Fig. 8a). The prime symbol is an indication of a monoclinic
structure with respect to the hexagonal lattice. Since the average
oxidation state of Mn is 3+, the Jahn-Teller distortion prevails in
the crystal structure.

Ma and Ceder et al. reported that monoclinic O'3-NaMnO,
could deliver charge and discharge capacities of approximately
210 mA h g " and 197 mA h g ', respectively, in a voltage range
of 2-3.8 V and at a rate of C/30 (Fig. 8b).°® This behavior differs
from an earlier report by Mendiboure and Hagenmuller.”* The
charge and discharge curves show many plateaus and voltage
drops, with eight and five charge and discharge plateaus,
respectively. The hysteresis was reversible even after cycling.
A long plateau observed at 2.63 V from Na9;MnO, to Nay;MnO,
is associated with a two-phase reaction. Their ex situ XRD
investigation revealed that the second phase was Na, ;MnO,,
although this was not consistent with orthorhombic Na, ;MnO,
(space group: Cmcm) or P2-Na, ,MnO, (space group: P6;/mmc).
Capacity retention of 0’3-NaMnO, was approximately 74% for
10 cycles without a significant structural change compared to
the fresh electrode. In Mn*'-containing cathode materials,
capacity fade is usually mentioned with Mn dissolution, which
causes disproportionation to Mn** and Mn**. Only a small
percentage of Mn was dissolved from the active material (less
than 32 pg from 2-3 mg of the active material), such that
dissolution was not likely to affect electrode performance. Their
successive work demonstrated the readiness of the 180° Na-O-
Mn*"-O-Na strip formation in contrast to Vy,—~O-Mn>"-0-Na,
albeit insufficient Na* ions in NassMnO,, because Na' ions
relax to the highly distorted octahedral sites, where they share the
symmetric attraction of two neighboring Jahn-Teller distorted
-0-Mn>"-O-Na configurations along the [100] axis.”* This struc-
tural imperfection may be the reason for the gradual capacity fade
observed during cycling in this system.

High temperature-type B-NaMnO, has a zigzag layer
structure composed of two edge-sharing stacks of the MnOg
octahedra. Between two neighboring sheets, the sodium ions
occupy octahedral sites.” In the Li system, orthorhombic LiMnO,
is directly synthesized, indicating that the orthorhombic structure is
energetically favored relative to monoclinic LiMnO,, which
is usually produced via ion exchange from o-NaMnO,. In the
Na system, however, first principles calculations indicate that
the monoclinic o-NaMnO, is energetically more stable than
orthorhombic p-NaMnO,.?*** B-NaMnO, is active in a narrow
range (0.85 < x < 0.96) in Na,MnO,.”" In this range, a two-
phase domain is attributed to B-NaMnO, and Na,MnO,.

This journal is © The Royal Society of Chemistry 2017
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Phase transformation towards spinel was possible in B-LiMnO,,
because Mn can migrate into tetrahedral Li sites to form the
spinel phase. This phase transition is unlikely to occur because
tetrahedral sites rarely form in spinel with Na due to the large
ionic size of Na' relative to Li".

Reducing the Na content to 0.7 induces formation of a different
crystal structure: P2-, P3, and orthorhombic (P'2) Nay,;MnO,
(Fig. 8c).”> As mentioned in Section 2.1, P3 is the low temperature
type and P2 is the high temperature type (Fig. 2). Stoyanova
found that orthorhombic Na,;MnO, (space group: Cmcm) is
stable at 1000 °C (Na,;3[Mn**;,,Mn**;5]0,).%>%°

Among these polymorphs, P2-Na,,MnO, and its derivatives have
been intensively studied.””® An early report by Caballero et al.
showed reversible capacity delivery of more than 150 mA h g*
in a voltage range of 2-3.8 V in Na cells.”® They also suggested
that intercalation of Na* ions occurred in several steps, but the
resulting capacity fade progressed upon successive cycling
tests. Increasing the synthetic temperature to 900 °C, Yabuuchi
et al. could improve the capacity up to 190 mA h g~ in a voltage
range of 1.5-4.3 V during several early cycles (Fig. 8d).°*'°
The electrode performance is similar to that of 03’-NaMnO,,
although the related phase transition is different.

P2-Na,;3[Ni**;;3Mn*",3]0, was first reported in 2001 by
Lu and Dahn et al.'®* This compound is stable in moist air,
and hydration via the insertion of water molecules does not
occur.' Although it has a relatively low theoretical capacity
(173 mA h g ), P2-Na,3[Ni*";;sMn**,/5]0, showed an average
operating voltage of 3.5 V with a Ni*""** redox reaction, deliver-
ing approximately 160 mA h ¢! in a voltage range of 2-4.5 V
(Fig. 8e). Because of the similarity in the ionic size between Ni**
and Mn**, Ni*" prefers to occupy the Mn*" sites instead of Mn**
in Na,;;MnO,. Their in situ XRD study revealed a reversible
P2-02 phase transition stemming from the oxygen shift, in
which the O2 phase prevails at a voltage plateau above 4 V on
charge and 3.8 V on discharge (Fig. 8f). This is the main
difference from P2-Na,¢,MnO,; the absence of the Jahn-Teller
distortion Mn>" is responsible for the occurrence of the P2-02
phase transition. This transition is associated with a large volume
change when the O2 phase appears. Recently, Meng et al. revis-
ited P2-Na,;3[Ni;;sMn, 3]0, and observed phase transformation
from P2 to 02 at 4.2 V.'* The long voltage plateau is the evidence
of two forms of Na' ion ordering: one row of Na; and two rows
of Na, in Na,,,[Ni;;3Mn, 3]0, and Na orders in rows on either
Na. or Na; order in Na,;3[Ni;;3Mn,;5]0,, in which the latter
corresponds to the region where the O2 phase is dominant. In
the P2 phase, the path with the minimum energy passes
through a shared face between two neighboring Na prismatic
sites. Here, Na* ions need around 170 meV for diffusion in the
P2 phase. In the 02 phase, Na' ions cross the tetrahedron
between two octahedral sites by means of a vacancy mechanism.'**
The required energy for Na* diffusion in the O2 phase is 290 meV,
indicating slow Na' mobility in the O2 phase, as was confirmed
experimentally. It is reasonable because the diffusion path
of Na' ions is more spacious in the P2 phase relative to
the O2 phase; this leads to a lower activation barrier (Fig. 8e
inset). Hence, a cycling test in the voltage range of 2.3-4.1 V,
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Fig. 8 (a) Crystal structure of monoclinic O’3-NagosMnO, projected in the a—c-plane and (b) charge and discharge curves of monoclinic
0’3-Nag 93MNnO,. (Reproduced with permission from ref. 90, Copyright 2011 The Electrochemical Society.) (c) Schematic illustration of orthorhombic
P’2-Nag;MnO,. (Reprinted from ref. 95, Copyright 2010, with permission from Elsevier.) (d) Charge and discharge curves of P2-Na,;sMnO,. (Reproduced with
permission from ref. 99, Copyright 2014 American Chemical Society.) (e) Charge and discharge curves of P2-Nay/3[Nij;sMn,/310, (Reproduced with permission
from ref. 101, Copyright 2001 The Electrochemical Society), in which the inset represents the diffusion paths of P2 (left) and O2 (right) that favors diffusion in the P2
phase (Reproduced with permission from ref. 103, Copyright 2013 The Royal Society of Chemistry) and (f) in situ powder X-ray diffraction of Nay/3[NiyzMny/310,
showing the reversible evolution of P2—0O2 phase transition. (Reproduced with permission from ref. 101, Copyright 2001 The Electrochemical Society.)

which is associated with the P2 phase reaction, resulted in O2 phase formation in a deeply desodiated state to retain the
excellent cycling behavior retaining 96% of the initial capacity capacity for a long-term. Surprisingly, Li substitution in the
(~80 mA h g ). They further extended their work to inhibit transition metal layer, Nag go[Lio.12Nip.22Mnge6]O,, inhibited
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P2-02 transition up to 4.4 V on charge, showing a simple solid
solution reaction across the entire range.’®® As a result, there
was no characteristic voltage plateau in a voltage range of
4.1-4.4 V. This feature ensured excellent capacity retention as
high as 91% for 50 cycles (~120 mA h g~ " at the first discharge).

Substitution of divalent elements such as Mg>* and zZn**
in Ni is effective for diluting the effect of the above-mentioned
P2-02 phase transition.'®®*** A decrease in the initial charge
capacity is natural because the electro-active species Ni** was
reduced by substitution, as shown in Fig. 9a, which reflects
the origination of the capacity drop from the Ni*”*" redox
reaction. Stepwise voltage plateaus were not dominant through-
out the operation range of 2-4.5 V.'°*'*” Compared with
Nay,3[Niy3Mn, 3]0,, the capacity drop in Nag e,[Nig ,Mgo1Mn 7]0,
was only 6 mA h g~ for 50 cycles.'®” Using in situ XRD, instead
of the P2 phase, a new phase identified as an OP4 phase was
found at voltages above 4.2 V, where a short voltage plateau was
observed compared to Mg-free Na,;3s[Mn;,3Mn, 3]0, (Fig. 9b).
The presence of electro-inactive Mg?" in transition metal layers
facilitates occupation of Na* ions in prismatic sites, stabilizing
the overall charge balance of the compounds. Since the Na*
ions are less extracted from the host structure assisted by Mg”>*
in the transition metal layers, the original P2 phase is retained
as the major phase, though transition to OP4 because deep
desodiation is observed at high voltage as a minor phase.
Hence, the P2-02 transition and the Na'/vacancy ordering in
Na,3[Niy/3_Mg,Mn, 5|0, are suppressed during cycling via Mg
substitution. This P2-OP4 phase transition is highly reversible;
the cycling performance demonstrates its superiority compared
to the P2-02 phase transition.’** While Zn-substituted P2-Na,5-
[Niy/3_xZn,Mn, 3]0, induces reversible phase transition during
electrochemical reactions."*""'** Although the capacity was still
limited to approximately 140 mA h g~* by the Ni*"*" redox
reaction due to reductions in electro-active Ni**, the enhanced
structural integrity achieved by Zn>" in the transition metal layer
enabled good cyclability due to readiness for transformation and
a less variation in unit volume. Further studies explored partial
replacement of Ni sites by AL'"> The substitution displayed
sloping charge-discharge curves due to the diminution of the
electro-active Ni** concentration, suggesting that Ni***" redox
has superior capacity delivery. The substituent stabilized the
host structure and the resulting cyclability was significantly
improved, in particular for Al-doped P2-Na,/;[Ni;;3Mn,/5]0,,
which had 94.8% (from ~147 mA h g~ ") retention over 30 cycles.

Replacement with a trivalent 3d transition metal element
such as Co and Fe is also interesting because they are electro-
chemically active in the same operating range."**"'® Yoshida
et al. investigated the composition of P2-Na, ;[Mng ¢Nig 3C0¢ 1]0s,
in which the oxidation state of Mn is approximately 3.4+, in a
voltage range of 1.5-4.3 V."'* Note that the oxidation state of
Mn is 4+ in P2-Na,;3[Ni;;3sMn,;3]0,. As expected, the material
exhibited multiple voltage plateaus. In comparison with P2-Na, ;-
[Ni;;3Mn,/5]0,, the improvement in capacity during the first cycle
(approximately 204 mA h g™') is due to the additional capacity
contributed by Mn*"*" redox below 4 V (Fig. 9c). The long plateau
above 4 V confirmed the validity of the Ni***" redox reaction.

This journal is © The Royal Society of Chemistry 2017
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As cycles went by, the length of the upper voltage plateau
related to Ni*”*" and the lower voltage plateaus related to
Mn*"** 2 V decreased. This can be interpreted in two ways:
(1) the progressive formation of the O2 phase at high voltage
and the effect of the Jahn-Teller distortion in the crystal lattice.
This further limited the cycling region to three parts: 1.5-4.3 V,
1.5-4.0 V, and 1.7-4.0 V. It is evident that, although the Jahn-
Teller distortion is present in low voltage regions, severe
capacity fade occurs in high voltage regions. This explains that
the P2-0O2 phase transition is not favored when maintaining
the capacity because of the large difference in the c-axis, which
causes a drop in the capacity (Fig. 9d). Jahn-Teller distortion
seems to be less pronounced in capacity retention. In contrast,
instead of Co, Yuan et al. suggested that Ni substitution with Fe
(P2-Nay ;[Mny ¢5Nig 15Fe(,]O,) led to an improvement in capa-
city and retention: 208 mA h g~ ' with 71% retention over
50 cycles."'® The phase transition was P2 to OP4 in this case.""”

Tetravalent Ti-substituted P2-Na,;[Ni;;sMn,; ,Ti]O, yielded a
wide solid solution range of 0 < x < 2/3."*®'*° Due to the similarity
of both Mn** and Ti*" in the valence and ionic radius, such a solid
solution can be formed readily throughout the range. The reason
remains unclear, but an increase in the Ti content resulted in a
decrease in capacity. In particular, Nay 3[Ni; sMny;_,Ti,JO, (x = 1/6)
delivered approximately 127 mA h g~ " with an average operating
voltage of approximately 3.7 V on discharge, which corresponds
to 470 W h kg™ '. More importantly, the stepwise voltage profiles
of Na,/;3[Ni;;sMn,/3]0, were obviously diluted by Ti substitution.
XRD suggested that the volume change of the fully charged
state was reduced from 23.1% in Ti-free compounds to 12-13%
for Ti-substituted compounds, confirming the suppression
of Na/vacancy ordering and phase transitions during sodium
intercalation.

A new mechanism was introduced in P2-Na,/3[Mg, 2sMng 75]0,
and P2-Nag¢[Li;;sMnj,4]0, by Yabuuchi and Komaba et al.*>****
In this compound, since Mg** and Li* are electrochemically
inactive, the only possible reaction should be associated with
Mn redox upon de-/sodiation. While the average oxidation
states of Mn are 3.84+ for Na,/3[Mgy..sMn, ;,]0, and 3.88+ for
Nas/[Li;aMnz/4]O,. Nonetheless, both materials exhibited large
capacities of approximately 220 mA h g~ for Na,/3[Mg ,sMng 7,]0,
(Fig. 9¢) and 180 mA h g~ " for Nas/e[Liy/sMn4]O,. Similarly, a recent
report by Slater et al. also showed a large capacity of 200 mA h g~ * for
P2-Nag g5[Lio.17Nig2:Mny 6,]0,.” Taking the Mn*"*" redox species into
account, it is not possible to explain the delivery of high capacity.
Indeed, there is almost no delivery of capacity in the voltage cutoff
up to 4 V on charge; however, those capacities are delivered above
4 V, which is related to oxidation of oxide ions, resulting in the
release of oxygen from the oxide lattice. Oxygen removal causes
formation of Mn**, which simultaneously participates in oxidation
on charge and is reduced on discharge. This causes rearrangement
of the in-plane cation ordering of the crystal structure, which
is similar to a Li-rich Li,MnO; system.'** P2-02 transition was also
observed in these compounds (Fig. 9f), which is worth mentioning
because of the theoretical capacity of 173 mA h g™ * based on the
Ni?*"** redox reaction. Ni** was successfully overcome by the oxygen
compensation accompanied by the Mn*""*" redox reaction.
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Fig. 9 (a) Continuous charge and discharge curves of P2-Nag g7[IMgg 1Nig 2Mng 710, and (b) in situ powder X-ray diffraction of P2-Nag g7IMgg 1Nig 2Mng 710,
showing the reversible evolution of P2—OP4 phase transition at the end of the charge and beginning of the discharge. (Reproduced with permission from
ref. 107, Copyright 2016 American Chemical Society.) (c) Continuous charge and discharge curves of P2-Nag70[Mno goNio 30C00.10]O> in the voltage
range of 1.5-4.3 V and (d) XRD patterns of the material recovered on both sides of the plateau: (a) after charge at 4.0 V and (b) after charge at 4.3 V, where
G denotes graphite. (Reproduced with permission from ref. 114, Copyright 2014 The Electrochemical Society.) (e) Initial charge and discharge curves of
P2-Nay/3[Mgp.28Mng 7210, and (f) structural changes of P2-Na,[Mgo2sMng 7210, in the Na cells examined by synchrotron X-ray diffraction (SXRD).
Highlighted SXRD patterns (marked by a dotted square) are also shown in the inset. Mg and Mn superlattice ordering is still visible after electrochemical
cycle tests. (Reproduced with permission from ref. 120, Copyright 2014 The Royal Society of Chemistry.)

Surface modification was performed on P2-Na,;[Ni;;3Mn,;3]0, is present. Although P2-Na,;[Nij;3Mn, 3]0, is stable in air, ion
via wet milling in an Al-containing aqueous solution."*® exchange between Na and H occurs when the reaction progresses
Na-containing transition metals react very quickly when moisture in an aqueous medium. Optimized experimental conditions
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facilitate the formation of Al,0;-coated P2-Na,/3[Ni;;3Mn, 3]0,,
although there is some possibility of Al doping in the crystal
structure because additional heating after the removal of the
aqueous medium was performed at 650 °C for 10 h. Al,O;-
coated P2-Na,/;[Ni;;3Mn, 3]0, had good cycling performance
for 300 cycles with approximately 72% retention in a voltage
range of 2.5-4.3 V. Although the detailed mechanism related to
this high capacity retention remains unclear, structural stabili-
zation of the host material by the coating was suspected.

2.1.7. Na,_,TiO, and derivatives. NaTiO, was first synthe-
sized by Hagenmuller et al. and Maazaz et al. evaluated its
potential as a Na' insertion/extraction material."”*****> This
material underwent phase transformation from 03 < 0’3, in
which the chemical composition reaches Na,,TiO, (approxi-
mately 75 mA h g™ ') on desodiation, showing an average
operating voltage of 1 V, which is suitable for an anode.
In contrast to the other materials, the electrode exhibited a
low operating voltage of ~1 V, followed by the Ti**'** redox
reaction. When a solid solution is formed with NaNiO,
(Na[Niy 5Tiy.5]O,) as suggested above by Yu et al., the material
is sufficiently stable for long-term cycling as a cathode because
Ti enables significant structural stability and the Ni*"*" redox
couple contributes to capacity delivery.®®

2.1.8. Na; ,CrO, and derivatives. The first study of
03-NaCrO, showed limited capacity, which was desodiated to
Nay g5CrO,."%® Miyazaki et al. also investigated Na* desodiation
via chemical and electrochemical methods, in which extraction
facilitated the formation of Nay 4CrO,."”” They also confirmed
the formation of Cr*" for desodiated Na,sCrO,, as analyzed
based on magnetic susceptibility. Recently, Komaba et al
revisited O3 type layer-structured NaCrO,, in which Na ions
could be inserted into/extracted from the host structure.'®® In
contrast to LiCrO, in Li cells, NaCrO, could deliver a capacity of
approximately 110 mA h g~ " in the voltage range of 2-3.6 V due
to the greater inter-slab distance provided by the presence of
large Na* ions in the Na layers. Despite the high theoretical
capacity of about 250 mA h g™, the practical reversible capacity
was approximately 110 mA h g~ " (Na;_,CrO,, 0 < x < 0.5), with
a flattened voltage plateau at 3 V (Fig. 10a). Dahn’s group also
reported that desodiated Na, sCrO, has excellent thermal stability
in Na-based non-aqueous electrolytes.’** However, NaCrO,
electrodes suffer from capacity fading during cycling.'>%"*°

In consideration of synthetic conditions, NaCrO, is usually
produced in a reducing atmosphere to retain the oxidation
state of Cr at 3+. This condition enables carbon coating, which
can dramatically improve electrode performance. Ding et al.
found that citric acid-assisted carbon coating slightly improved
the cycling stability of NaCrO, electrodes.”*® Although the
cycling performance of carbon-coated NaCrO, was improved
compared to the bare material, operation at high rates was not
possible, presumably due to inhomogeneous or excessively
thick carbon layers. The XANES study revealed that Cr*" is oxidized
to a higher chemical state on charge. The above results are not
satisfactory for use in practical applications because of rapid
capacity fading (ca. 80% in the 50th cycle) and disappointing
rate capability. Yu et al. modified the surfaces of the NaCrO,

This journal is © The Royal Society of Chemistry 2017
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particles via carbonization of pitch, which improved the elec-
trical conductivity to approximately 10™* S cm '.'*' The
carbon-coated NaCrO, electrode exhibited excellent cyclability
and an ultrafast rate capability of up to a 150C-rate (Fig. 10b).
High electrical conductivity successfully promotes reversible
insertion and extraction of sodium ions accompanied by a
facile complementary redox reaction of the Cr**/Cr*" couple
as confirmed by XANES (Fig. 10c-e). The NaCrO, electrode was
also sufficiently stable in an intermediate temperature ionic
liquid, NaFSA-KFSA, at 363 K.'** Excellent electrochemical per-
formance of these cathodes was demonstrated in both half and
full sodium ion cells. Apart from the electrode performance, the
carbon coating layer also delays exothermic decomposition
by preventing oxygen evaporation from the crystal lattice;
specifically, the lower heat generation from the desodiated
Na, sCrO, was ascribed to the suppression of oxygen evolution
during the exothermic reaction, which results from the presence
of carbon coating layers.

A major challenge associated with sodiated cathode materials
is immediate water absorption after exposure to air. This leads
to the formation of NaOH and Na,CO; on the surface of active
materials. The sodium diffuses to the surface, and electro-
chemically inactive parts are formed within the particles. Even
worse, the NaOH and Na,CO; formed are electrical insulators.
The carbon coating can prevent moisture uptake due to its
hydrophobic characteristics.

2.1.9. Na,; ,VO, and derivatives. Among several Na, ,VO,
compounds, only two compositions, x = 0 and x = 0.3, have been
identified;****** the former represents O3 and the latter, P2.
However, 03-NaVO, reacts in air for a few seconds, leading to
desodiated Na;_,VO, phases.'** NavO, shows highly reversible
Na' insertion and extraction in a voltage range of 1.2-2.4 V
(Fig. 11a). The first charge plateau is a typical characteristic of
the biphasic domain until the composition reaches Na,;;VO,.
Complicated behavior is observed upon further sodiation,
showing three voltage plateaus. Approximately 120 mA h g*
was delivered. Upon desodiation, the O3 structure transforms
into the 0’3 structure via monoclinic distortion. Na* extraction
above x = 0.5 in Na;_,VO, deteriorates electrode performance,
resulting from the migration of vanadium ions into interslab
vacancies. This phenomenon is similar to Na,_,CrQ,.'*%3°
Despite considerable voltage variation and oxygen sensitivity,
capacity fading was negligible for 15 cycles, as reported by
Hamani et al™®® In P2-Na,,VO,, the resulting charge and dis-
charge behavior is very reversible in a voltage range of 1.2-2.6 V,
delivering approximately 105 mA h g~ (Fig. 11b). In contrast to
the Fe- and Mn-based compounds presented in Sections 2.1.2
and 2.1.6, the related phase transition is more or less compli-
cated (Fig. 11c and d). An abrupt voltage drop occurs due to the
single phase domain and the plateaus are associated with the
solid solution reaction. Hence, four single phase domains and
solid solutions are present between the single phase domains,
which have been identified in XRD studies."*® Similarly, these
multi-domains are also observed in P2-Na,C00,.%? Since NavO,
is stable in a reducing atmosphere, carbon coating of NavO,
could further minimize oxygen uptake in air. Successful carbon

Chem. Soc. Rev., 2017, 46, 3529-3614 | 3545
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(a) Charge and discharge curves of O3-NaCrO,. (Reprinted from ref. 128, Copyright 2010, with permission from Elsevier.) (b) Rate performances

of 3.4 wt% carbon-coated O3-NaCrO,. (c) Ex situ XRD patterns obtained during charging and discharging, Cr K-edge XANES spectra obtained during
(d) charging and (e) discharging. (Reproduced with permission from ref. 130, Copyright 2015 The Royal Society of Chemistry.)

coating will provide additional high electric conductivity,
which may facilitate improvement in electrode performance
even at high rates.

2.1.10. Na,RuOj;. The Na,MO; (M: metal) layer structure,
an analogue of Li,MOj3, has alternative layers in a cubic close-
packed oxygen array. Na,RuO; shows metallic conduction and is
crystallized in layer structures consisting of Na and Na;;;Ru,/3
slabs.’®” The crystal structure is indexed as hexagonal R3m
without ordering of the superstructure, unlike Li,MnOs;. The
first discharge capacity was approximately 150 mA h g~ at the first
cycle and this capacity was maintained throughout the cycling
test. For Na' insertion and extraction, the electrochemical

3546 | Chem. Soc. Rev., 2017, 46, 3529-3614

reaction proceeded via a two-phase reaction with hex-I and
hex-II phases. Although further studies are needed to elucidate
the structural evolution during Na' insertion and extraction,
the use of layered Na,MO; is an important approach for
exploring new transition metal oxides.

2.2. Two- or three-dimensional layer transition metal oxides
and fluorides

Na-deficiency or Na-free transition metal oxides are interesting
because of their reversible Na' insertion and extraction. These
compounds usually have an open structure to allow Na' ions
into their crystal structure. Particularly in three-dimensional

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Voltage—composition curves of (a)

P2-Na,VO;: (c) the limits of the biphasic domains and the solid solutions (d) in situ X-ray diffraction data recorded during the galvanostatic intermittent

titration technique experiments. (Reproduced by permission from ref. 136, Nature Publishing Group, Copyright 2013.)

Many of these compounds are synthesized at low temperatures,
such that their large surface area with small particles contributes

fast Na*

migration is possible relative to two-dimensional structures.

)

structures, Na' ions can diffuse in x, y, and z directions
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(a) The crystal structure of Nag 44MnO, perpendicular to the ab—plane. (Reproduced with permission from ref. 141, Copyright 2007 American

Chemical Society.) (b) Discharge curves of NTP-C/NMO full cells in two-electrode configuration at different C-rates. (Reproduced from ref. 145 with
permission, Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.) (c) The crystal structure of a-MnO, along the [001] direction (top) and B-MnO, along
the [001] direction (bottom) and (d) the resulting initial charge and discharge curves of a-MnO, (top) and B-MnO, (bottom). (Reproduced with permission

from ref. 146, Copyright 2013 The Royal Society of Chemistry.)

to unexpectedly high rate performance. Since the ionic size of
Na' is larger than that of Li', the host structure should be
sufficiently rigid or have a large tunnel size to facilitate the
entry of large ionic species. Otherwise, the crystal structure
could collapse upon repetitive Na® insertion and extraction.
These electrodes are active compared to Na metal; however, the
main difficulty is that a sodiated anode is needed to construct
a full cell. Recent research introduced low voltage operating
P2-Nay 6,[Tio 37Cro.63]0, anode materials.'*® Plenty of possibili-
ties remain regarding the development of full cells utilizing
these transition metal oxides and sodiated anode materials.
2.2.1. Manganese oxides. Several types of Na-Mn-O com-
pounds were introduced by Parant et al®*°° A lower Na/Mn
ratio results in adoption of a three-dimensional structure
such as Nay ,Mn0O,,”° Nay 4Mn0,,* or Na, 4,MnO, (space group
Pbam).8>°%139715 Among these, Nagy 44MnO,, which is isostructural

3548 | Chem. Soc. Rev., 2017, 46, 3529-3614

with Na,Mn,TisOqs, is particularly interesting because of its
cycling stability with a reasonable capacity, ~120 mA h g™ .
Doeff et al. first examined the Na' insertion properties of
Nay_4,MnO, with a solid-state polymer electrolyte at 85 °C.">%"*°
The crystal structure consists of four MnOg octahedral sites
with Mn*" and one MnOj; square-pyramidal site with a half of
Mn®" (Fig. 12a). These are connected by corner sharing to form
two types of tunnels. Each unit cell contains a large S-shaped
tunnel with four sodium sites, as well as two identical penta-
gonal tunnels. The Na sites in the small tunnels are nearly fully
occupied, while the large tunnel sites are partially occupied:
Na1l and 2 sites in the S-shaped tunnels, half-filled; Na3 sites
with an inner position in the small tunnels, fully-filled. Both
Na' ions are highly mobile along the c-axis, contributing to
capacity. Sauvage et al. performed carbon coating of Nay 4,MnO,,
which led to a capacity of 140 mA h g *.'*! They speculated

This journal is © The Royal Society of Chemistry 2017
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that the Nal and Na2 sites located in the S-shaped tunnels
were very accessible in the range of 0.22 to 0.66 in Na,MnO,,
while the Na" ions located in the Na3 site were not generally
extracted. An in situ XRD study revealed the structural evolution
during the electrochemical reaction in Na cells. A biphasic
reaction was found upon reduction in the range of x = 0.2-0.44
in Na,MnO,. In a range of x = 0.44-0.612 Na,MnO,, not a single
solid solution, but several multiphase reactions were associated
with the electrochemical oxidation. Unfortunately, the high rate
test caused a drastic capacity drop (to ~107'® S em™") due to
some kinetic limitations, as calculated by Cao et al."** Kim et al.
suggested that the composition of Na, ,4,MnO, and Na, 5sMnO,
in a voltage range of 2.6-2.8 V is unfavorable because of electro-
static repulsion, which causes slow Na® diffusion.'*® They
suggested that Jahn-Teller distortion was another parameter of
electrode performance decay. Recent work of Cao et al. reported
the synthesis of single crystalline Na, ,4MnO, nanowires with a
reversible capacity that could be maintained for over 1000 cycles."*>
High crystallinity provided the long-term durability for Na*
insertion and extraction and the reduced diffusion path also
contributed to excellent capacity retention.

The application of Naj44MnO, electrodes has also been
highlighted in aqueous systems. Whitcare et al. documented
a full cell with a Na, 44MnO, cathode and an activated carbon
anode in a 1 M NaSO, aqueous electrolyte.'** Despite a smaller
capacity in the aqueous solution relative to the aprotic ones, the
full cell could be tested without apparent capacity loss over
1000 cycles. In the NaTi,(PO,)/Nay 44,MnO, system, the cell was
capable of operation at over 100C-rates and stable cycling for
over 1000 cycles (Fig. 12b)."*

Nay,MnO, consists of a 2 x 3 tunnel structure called
romanechite.’® Ba* and water molecules have been introduced
to stabilize the large tunnel structure. Although the Na' inser-
tion and extraction mechanism remains unclear, 0.3 mol of the
Na' ion could be inserted into the host structure.

Few studies have explored Na-free MnO, for Na* insertion.
Because of the relatively large tunnel size of a- and B-MnO,, Na*
insertion is also possible for both o- and B-MnO,. a-MnO,,
which is called hollandite, is composed of double chains of
edge-sharing MnOg octahedra that are linked at the corners to
form a 2 x 2 and 1 x 1 tunnel structure (Fig. 12c). Because
of the large size of the 2 x 2 tunnel, Na' insertion into the
empty tunnel is possible, as suggested by Su et al.**® and Islam
et al."” (Fig. 12d). A relatively large capacity of approximately
280 mA h g~ was obtained at the first discharge in o-MnO,
nanorods, whereas the retained capacity was only 75 mA h g™*
after 100 cycles. In contrast, rutile-type B-MnO, shows a 1D
channel 1 x 1 tunnels along the c-axis composed of individual
chains of the MnOg octahedral units. In general, insertion of
ion species, i.e., Li', is not easy due to the small size of the 1 x 1
tunnels."® Su et al. also tested B-MnO, in Na cells, which
delivers approximately 300 mA h g " during the first cycle."*®
In comparison with a-MnO,, the f-MnO, nanorods exhibited a
higher discharge capacity of approximately 145 mA h g~ " after
100 cycles. They attributed the better electrochemical perfor-
mance of f-MnO, to the large number of empty tunnels that
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accommodate the Na* ions. Since both o- and p-MnO, have a
different tunnel structure, both materials should exhibit differ-
ent charge and discharge behavior.'*® Nevertheless, the same
voltage profiles showing sloppy discharge curves are more likely
to be related to pseudo-capacitance behavior. A-Type MnO,,
which is produced by electrochemical delithiation of LiMn,0y,
showed discharge of approximately 200 mA h g~ during the
first cycle with reasonable capacity retention.”® The A-type
MnO, phase was transformed into O’3 NaMnO, via electro-
chemical cycling and showed stable cycling performance.

2.2.2. Vanadium oxides. Vanadium oxides have been inten-
sively studied as cathode materials for lithium-ion batteries. In
Na cells, o-, B-Na,V,0s, and Na,, V305 were investigated for Na*
ion insertion by West et al. in the 1980s. 0-V,05 and Na;.,, V304
have layered structures, and p-Na,V,0s has a three-dimensional
structure with wide channels.’®" In experiments, upon Na* ion
insertion, a-V,05 underwent a phase transition resulting in a
new structure. Meanwhile, sloppy charge and discharge curves
were obtained for B-Na,V,0s. Na' ion insertion in Na;_,V;04
proceeded as a multi-phase reaction. Although structural evolu-
tion did not occur during Na' insertion, the absence of a
plateau on Na' extraction indicates the slow kinetics of Na
extraction. Nevertheless, the capacity retention was above 98%
for 100 cycles in a voltage range of 1-3.5 V.

Recently, Tapavcevic et al. reintroduced layered o-V,05 using
a nanostructured bilayer concept, of which the interslab distance
was approximately 13.5 A, which is significantly larger than that
of conventional V,05; showing 4.4 A.'*?> This was possible
because they used electrochemical deposition from aqueous
vanadyl sulfate on a Ni foil substrate followed by heat treatment
at 120 °C for removal of water molecules present in the interslabs
(Fig. 13a). The electrode was activated by a V°"/** redox reaction
in a voltage range of 1.5-3.8 V, but showed sloping charge-
discharge curves. The electrode delivered a reversible capacity of
approximately 250 mA h g™, which is close to the theoretical
capacity, with excellent cyclability of 300 cycles (Fig. 13b).

Surface modification of VO,(B) using reduced graphene oxide
(rGO) substantially improved repetitive Na* insertion ability.">
Although it has an open bronze structure to accommodate ion
species into the empty channels, structural collapse or amorphi-
zation was observed in Na cells. The charge and discharge curves
were sloppy, delivering approximately 150 mA h g%, in which
the V**** reaction was related to the electrochemical reaction.
Both Na' insertion into VO,(B) and pseudo-capacitive behavior
were confirmed via XRD and XAS studies.

2.2.3. Metal fluorides. Fluorine compounds have a high
discharge voltage due to their ionic metal-ligand bonds.
Perovskite-type metal trifluorides with a corner-sharing matrix
(R3¢) have large bottlenecks in diffusion pathways for ion
carriers such as Li* and Na'. Although they have a high
theoretical capacity (~200 mA h g™ "), their electrochemical
performance is affected by the low electric conductivity of metal
fluorides. Success has been achieved through mechanical
milling and compositization with nanosized carbons. Okada’s
group introduced several metal fluorides (metal: Fe, V, Ti, Co,
and Mn) including sodiated compounds.”> "7 A reversible
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discharge cycles of bilayered V,0s5 and orthorhombic V,Os and (b-2) the
Copyright 2012 American Chemical Society.) (c) Initial charge and discharge
from Elsevier.)

Fe>"?" redox reaction achieved Na' insertion and extraction,

which could deliver 150 mA h g~* during the first cycle. All MFj
compounds except FeF; (M: V, Ti, Co, and Mn) exhibited
disappointing Na' storage. They further developed sodiated
metal fluoride crystallized into the perovskite structure, NaMF;
(M: Fe, Mn, Ni). Among those materials, NaFeF; had a relatively
a large discharge capacity (128 mA h g~ ') with an average cell
voltage of 2.7 V (Fig. 13c), while NaNiF; and NaMnF; suffered
from capacities below 40 mA h g~ with sloppy voltage decay.
Even when the synthesis method was switched from mechano-
milling to a solution-based method, the resulting capacity
did not exceed the prior report at the same current density
(0.2 mA cm™ '), but instead reached 180 mA h g ' at a rate
of 0.01C."™" The strong ionic character of the M-F bond
must be overcome to achieve a high capacity even at high
rates. Homogeneous dispersion of nanosized metal fluoride
materials onto a conducting carbon matrix might facilitate high
rate performance.

2.3. Three-dimensional polyanion compounds

In comparison with oxide and fluoride systems, transition
metal polyanion materials have shown significant thermal
stability, which is supported by the presence of covalent bonds
such as P and O, in particular cathodes are in a deeply-charged

3550 | Chem. Soc. Rev., 2017, 46, 35293614

(a) Synchrotron XRD and SEM images of electrodeposited bilayered V,Os (top) and orthorhombic V,Os (bottom) and (b-1) first four charge—

cycle life of bilayered V,Os. (Reproduced with permission from ref. 152,
curves of NaFeFs (reprinted from ref. 155, Copyright 2009, with permission

(oxidized) state. Oxygen evolution is common in layered
compounds at temperatures above 200 °C;>"#>1%87162 however,
such behavior is dramatically suppressed by the presence of
P-O covalent bonds in the crystal structure. These phenomena
prevail in Li cells and also apply to Na systems, since the related
material chemistry during electrochemical reactions does not
vary significantly from Li systems with the exception of the
charge carrier, Na‘, in Na cells. Polyanion-based materials
usually exhibit lower electric conductivity relative to oxides,
such that surface modifications using electro-conducting
carbons, which contribute to a dramatic increase in electrical
conductivity, improve electrochemical performance. The basic
form begins from NaFePO,; interestingly, some factors such as
(i) variation in the charge carrier number of Na in Na sites,
(ii) partial or full replacement of Fe by the other transition
metals, (iii) a mixed anion system with F, OH, CO,, and
(iv) extension towards mixed phosphate (PO4)’~ and pyrophos-
phate (P,0,)'” ions also stabilize the crystal structure in
the Na system. Unfortunately, because moisture absorption
occurs easily in these polyanion systems, avoiding hydration
and formation of NaOH on the surfaces of particles can be
a challenge. Heterogeneous surfaces may lead to misinterpreta-
tion of the electrode performance in Na-containing aprotic
electrolytes.

This journal is © The Royal Society of Chemistry 2017
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2.3.1. Phosphates and fluorophosphates. Maricite NaFePO,
is a thermodynamically favored phase because it can be synthe-
sized at high temperatures. Avdeev et al. demonstrated that
chemically sodiated triphylite (olivine) NaFePO, exhibited an
irreversible phase transition from olivine to maricite NaFePO, at
around 480 °C, resulting in a significant volume shrinkage."'®®
Crystal structures of both polymorphs consist of slightly
distorted FeOg octahedra and PO, tetrahedra. The maricite
NaFePO, has edge-sharing FeOg units that share corners with
neighboring PO,. There are no cationic channels for Na" move-
ment (Fig. 14a)."°* In contrast, triphylite NaFePO, has corner-
sharing FeOg, which is linked with the PO, edge (Fig. 14b).
A one-dimensional Na" diffusion channel is clearly seen along
the b-axis in the crystal structure. The difference between these
two polymorphs is the corner sharing and edge sharing FeOq
chains for triphylite and maricite, respectively. However, direct
synthesis of triphylite NaFePO, is not possible. Thus, chemical
and electrochemical sodiation are effective ways to insert Na*
into heterosite FePO, (space group, Pnma).

Electrode performance is dependent on the crystal structure.
Amorphous NaFePO, exhibited a high discharge capacity of
~150 mA h g™, but operated at a low voltage (2.4 V) with a sloping
discharge profile.'®> Maricite NaFePO, is electrochemically

Voltage / V

Fig. 14

L

0 1 1
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inactive, as the structure blocks Na' extraction and insertion.'®®
Olivine NaFePO, shows a relatively high operating voltage (2.8 V)
with two distinct voltage plateaus, delivering over 120 mA h g™ *
capacity (Fig. 14c)."®*™'7? During the electrochemical reaction,
the oxidation state of Fe is systematically altered followed by
a redox reaction of Fe*”**, as confirmed by the XAS studies
performed by Ali et al.'”? Carbon coating led to excellent long-
term cyclability. An interesting feature of triphylite NaFePO,
is the appearance of intermediate Na,,FePO,, which has
the same crystal structure as the triphylite NaFePO,, during
electrochemical testing, whereas this phase is not found in
LiFePO,. Moreau et al. suggested that the advent of Na, ;FePO,
could be related to cationic ordering in the crystal structure.'®*
Similar behavior is also observed in Na,C00,%* in comparison
with Li,C00,.'”* Casas-Cabanas et al. demonstrated that Na*
ion insertion into FePO, occurs via the intermediate phases due
to large volume mismatches between FePO, and NaFePO,."”°
Therefore, three phases, FePO,, Na,,FePO,, and NaFePO,,
appear simultaneously on discharge, while they are separated
into two first-order phase transitions on charge, which may
be related to Na'/vacancy ordering in the crystal structure. In
comparison with LiFePO,, the charge transfer resistance of
NaFePO, is high, and the diffusion coefficient of Na" ions is
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(@) The crystal structure of maricite NaFePO,4 and (b) olivine NaFePO,. (Reproduced with permission from ref. 164, Copyright 2010 American

Chemical Society.) (c) Charge—discharge profiles of NaFePO,4 for 50 cycles. (Reprinted from ref. 169, Copyright 2012, with permission from Elsevier.)
(d) Structure of NayFePO4F along the [100] direction, iron octahedra: blue and the phosphate tetrahedral: yellow, and Na (1) in green and Na (2) in pink.
(Reproduced by permission from ref. 176, Nature Publishing Group, Copyright 2007.) (e) Charge/discharge curves of the NaFePO,F cell cycled at a rate
of 6.2 mA g~ (Reprinted from ref. 178, Copyright 2012, with permission from Elsevier.)
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approximately 2 orders of magnitude lower.'”” Recent density
functional theory calculation revealed that the migration
energy of Na* ions in NaFePO, is 0.05 eV higher than that of
Li* ions in LiFePO,, which reflects the slow Kkinetics in
NaFePO,.'”* The large ion size of Na* relative to Li" is asso-
ciated with slow diffusion of Na' ions into the crystal structure.
An extension of NaFePO,, Na[Fe, sMn, 5]PO,, could be synthe-
sized;'®® however, the electrode did not show voltage plateaus,
but rather a sloping curve due to the high interface strain
between the Na-rich and Na-poor phases that was ascribed
to the large size of Na' ions, allowing 0.6 mol Na' into
Na,[Fe, sMn, 5]PO,. Since large Na' ions are associated with
migration, minimization of the interface energy is essential to
the utilization of the other transition metals such as Co, Mn,
and Ni, among others.

The ionicity of fluorides over oxides and sulfides is ascribed
to their higher electronegativity, which thus increases the
operating voltage of the electrodes. This concept was success-
fully applied to the discovery of Na,FePO,F, which is applicable
to both Li and Na systems.'”® This material crystallizes in
orthorhombic structures with a Pbcn space group (Fig. 14d).
Bioctahedral Fe,O,F, units comprising face-sharing FeO,F,
octahedra are connected via bridging F atoms to form a chain,
and are joined by PO, tetrahedra to form FePO,F layers. The
two Na cations located in the interlayer enable facile two-
dimensional migration pathways. However, structural evolution
from the layer structure to a tunnel one occurred (space group
P2,/n) when Fe was substituted for Mn greater than 25%. In
the case of the tunnel structure, the Na cations are located
within channels.””” Notwithstanding the advantages of high
operating voltage relative to NaFePO,, the strong ionicity lowers
the intrinsic electric conductivity. Hence, the bare Na,FePO,F
delivered almost no capacity. Surprisingly, the carbon-coated
Na,FePO,F could deliver approximately 110 mA h g~ ', which
corresponds to a 90% theoretical capacity.'”® Two voltage
plateaus are evident with small polarization. As anticipated from
the crystal structure, Tripathi et al. predicted Na* ion conduction
in Na,FePO,F, which occurs along the two-dimensional inter-
layer with low activation energy.'”® However, further investiga-
tion is needed to improve cycling performance by adding more
carbon to provide better electron conduction. Carbon-coated
Na,[Fe, sMn, 5]PO,F (6 wt% of carbon) also showed a reversible
capacity of 110 mA h g™, confirming the feasibility of Na* ion
migration into/out of the tunnel structure."®® Polarization of the
Mn redox is clearly greater than that of the Fe*"”** redox, which is
similar to those observed in LiFePO, and LiMnPO,.

In place of divalent transition metal elements, a trivalent
element is also available in the form of NavVPO,F. Barker et al.
first introduced the material as an electrode material for
hybrid-ion cells in 2003."®" During the initial charging, Na*
ions are extracted from the host material while Na* ions are
plated on the surface of the Li metal anode in a Li cell. This
process releases an atomically equivalent amount of lithium
back into the electrolyte. Therefore, Li* ions are reinserted into
the host material during the first discharge because Na is
immobilized on the Li metal surface. NavVPO,F has tetragonal

3552 | Chem. Soc. Rev., 2017, 46, 3529-3614

View Article Online

Chem Soc Rev

symmetry with a I4/mmm space group, which is an isostructure
of 0-NasFe,(PO,),F;."®* This structure demonstrates facile Na*
ion diffusion through an extended three-dimensional frame-
work constructed from VO,F, octahedra and PO, tetrahedra
(Fig. 15a). Na' ions are present in the empty channel and
diffuse along the c-axis. Coupling with a hard carbon anode,
NaVPO,F, led to two-step voltage responses (Fig. 15b), while the
delivered discharge declined to less than 50% of the initial
capacity (approximately 82 mA h g~ ). Zhao et al. found another
crystal system in this compound: monoclinic (C2/c) as the
low temperature form and tetragonal (I4/mmm) as the high
temperature form.'®® Cr-doping into the V site of NaVPO,F
crystallized to the monoclinic phase showed a discharge capa-
city of 80 mA h g~* with 91% retention for 20 cycles.'%'8°
Sauvage et al. reinvestigated Na-V-P-O-F materials because the
structural parallelism between NaVPO,F and NazAl,(PO,),F phases
was not straightforward owing to the difficulties encountered
in determining the stoichiometry."®® They found that a 10 wt%
excess of NaF could yield a single phase. Reliable refinement
results were obtained assuming a crystal structure of NazV,(PO,),F,
which can be presented as Na, sVOPO,F, 5 instead of NaVPO,F. In
this structure, Na' ions are disordered across two sites (8h and 8j)
and the oxidation state of V is 4+ (Fig. 15¢). The crystal structure is
composed of a VOsF octahedral and PO, tetrahedra sharing
O vertices parallel to the ab-plane. Along the c-axis direction,
VOsF octahedra are connected via F vertices located in the same
ab-plane as the disordered Na atoms. This structure could accom-
modate 0.56 Na* (approximately 87 mA h g~ ') per formula unit in
Na, sVOPO,F, s with two different voltage plateaus, 3.6 and 4 V
(Fig. 15d). In consideration of the theoretical value (156 mAh g™ )
assuming a V*"*" reaction, the delivered capacity can be improved
further with electro-conducting coating layers. Due to structural
and electrolytic instability, the capacity retention in the upper
voltage region is not promising compared to the capacity
delivered at the lower voltage plateau. These results, including
capacity and retention, agree with an earlier report by Barker
et al.'® The oxidation state of V was lowered to 3.8+ in
Na, sVPO, sFo5.'®” In comparison with Na; sVOPO4F, 5,"%® the
oxygen content was reduced slightly, but the equivalent content
of F increased. Although structural refinement was performed
based on space group P4,/mnm, the XRD pattern, including the
Bragg peak position, is the same for both compositions.
Na, sVPO, gF, - is comprised of tetrahedral PO, and VOsF/VO,F,
octahedral units that share corners, which yields a three-
dimensional open framework with Na* ions located at interstitial
sites (Fig. 15e). Na; sVPO, gF,; provided a discharge capacity of
approximately 137 mA h g~ based on the V>*"* redox reaction
(1.2 mol Na" per formula unit in Na, sVPO, ¢F, ) with excellent
cyclability for 500 cycles (Fig. 15f).

To further lower the average oxidation state of V efforts were
made employing Na,;V,(PO,);F; with space group P4,/mnm."881%°
Very recently, Bianchini et al. revisited the Na;V,(PO,);F; com-
pound to clarify its crystal structure, although the structure was
successfully refined by Le Mine et al. in 1988."°" They claimed
that structural discrepancies in the literature originated from the
possible existence of F and O mixing in the structure,'82185719

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 (a) The crystal structure of a-NazAlL(POy4),Fs along the a-axis. (Reprinted from ref. 182, Copyright 1999, with permission from Elsevier.)
(b) Electrochemical performance data for a typical hard carbon//NaVPO,F cell. (Reproduced with permission from ref. 181, Copyright 2003 The
Electrochemical Society.) (c) The crystal structure of Na;sVOPO4Fg s in the (ac) plane and (d) the P.I.T.T. curve of the composite Na; sVOPO4Fq5/C
recorded at a 1Na/100 h rate. (Reprinted from ref. 186, Copyright 2006, with permission from Elsevier.) (e) The crystal structure of Naj sVPO4gFo7 and
two different local environments for V4* and V3* ions (i.e., VOsF and VO4F, octahedra, respectively): Na (yellow), V cyan), P (purple), O (red), and F (green)
atoms and Na layers denoted as dashed boxes and (f) charge—discharge profile at a C/10 rate for the Na; sVPO4 gF 7 cathode (voltage window: 2.0-4.5V
vs. Na*/Na) appeared with the average voltage (3.8 V vs. Na*/Na) as a horizontal dotted line. (Reproduced with permission from ref. 187, Copyright 2013
American Chemical Society.) (g) Synchrotron radiation diffraction data in the P4,/mnm space group (top) and in the low-symmetry orthorhombic group
Amam (bottom). (Reproduced with permission from ref. 191, Copyright 2014 American Chemical Society.) and (h) first charge and discharge curves for
NasV,(PO4),Fz a rate of 0.2 mA cm™2. (Reprinted from ref. 190, Copyright 2013, with permission from Elsevier.)
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A high-resolution diffraction study using synchrotron radiation
revealed a suitable orthorhombic structure with space group
Amam rather than a tetragonal structure with space group P4,/
mnm (Fig. 15g). Interestingly, when F was absent, the structure
was crystallized to NASICON-type rhombohedral NazV,(PO,);
with space group R3¢, which will be addressed in Section 2.3.4.
Similar to Na; sVOPO,F, 5'*® and Na, VPO, ¢F, ,,"®” the presence
of fluorine with phosphorus ions raises the operating voltage
originating from the strong inductive effects of the anion group,
even though the V**** redox couple is available for delivery of
high capacity (approximately 120 mA h g™') in NasV,(PO,4);F;
compounds, with two voltage plateaus at 3.7 and 4.2 V (Fig. 15h).
Computational calculations revealed that Na* ions located at the
Na2 site are more readily extracted due to the lower diffusion
barrier. Compared with two earlier reports by Barker et al.*®' and
Sauvage et al.,'® this work is notable because variation in the
anion configuration and the content of oxygen fluorine dramati-
cally improved electrochemical performance, even at high rates.

2.3.2. Pyrophosphates. Na' insertion was introduced in
(M00,),P,0, in 2003.'°* The crystal structure was stabilized
in an orthorhombic system with a Pnma space group, which is
the same as olivine LiFePO,. The presence of an empty channel
enabled Na' insertion into (Mo00,),P,0,, with a discharge
capacity of 190 mA h g~' corresponding to 3.1 mol Na* per
formula unit in (M0O,),P,0, although the rate capability was
limited due to the large ionic size of the Na* ion.

In 2008, Adam et al.'®® introduced the crystal structure of
Li,MnP,0,, and it was confirmed using Li" intercalation cathode
materials.'***°®> Recent developments in SIBs have motivated
the exploration of facile Na' intercalation materials towards
pyrophosphates. Na,FeP,0; with triclinic P1 was first studied
by Honma et al'®® and Barpanda et al,'”” and the crystal
structure was stabilized into the triclinic P1 phase (Fig. 16a).
The structure was comprised of corner-sharing FeOg octahedra
creating Fe,0,; dimers, which are interconnected via corner-
sharing and edge-sharing with P,O, pyrophosphate groups.
FeOg octahedra and PO, tetrahedra are connected in a stag-
gered fashion, thus creating large tunnels along the [110]
direction, which accommodate Na atoms at four distinct sites.
However, these materials are not competitive cathode materials
because of the two phosphate groups per transition metal in
terms of capacity (theoretical capacity approaching 97 mAh g™ %)
even though the related material chemistries are interesting.
The appearance of stepwise voltage plateaus (roughly at 2.5 and
3 V) may indicate the presence of Na'/vacancy ordering in the
structure (Fig. 16b). An ex situ study suggested that a two-phase
reaction prevails in the upper voltage plateau and a single
phase reaction is dominant in the lower voltage region.'®®
According to calculation by Clark et al.,'*® low activation energy
was found for long-range diffusion in all crystallographic
directions in Na,FeP,0, (M: Fe and Mn), indicating three-
dimensional Na® ion diffusion. Therefore, electrochemical
studies indicated moderate performance at high rates, which
is related to the availability of three-dimensionality and low
migration energy for Na' ion diffusion in Na,FeP,0,. The good
electrode performances of Na,FeP,0, were further evidenced
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in an inorganic ionic liquid NaFSA-KFSA (FSA: bis(fluoro-
sulfonyl)amide) at 363 K.>%°

Ha et al. extended the composition to Najz,Fe; 34(P,05),,
which can be represented as Na; ¢¢Fe; 17,P,0,, of which the
crystal structure is identical to Na,FeP,0;, but the new compo-
sition is able to increase the theoretical capacity to approxi-
mately 110 mA h g '.>°' The first irreversible capacity was
negligible and the lower voltage was shortened. The electrode
performance was superior to that of Na,FeP,O, in terms
of capacity retention and rate capability up to a rate of 10C.
However, Naj 3,[FeqsMng 5]5.34(P207), and Naz ;,Mn, 34(P,05),
had very low capacities, which was a controversial result of the
computational study of Clark et al."*° The poor electrochemical
activity seems to be similar to that of LiIMnPO,, which requires
strategies for nanosizing and doping with the other divalent
elements to improve electric conductivity.

Recent work of Barpanda et al. identified a new polymorph
of B-Na,MnP,0,, which was also stabilized into a triclinic
structure, P1.>°* The structure consists of distorted MnOg
octahedral and PO, tetrahedral blocks creating tunnels accom-
modating Na atoms along the [001] direction. The structure has
corner-sharing MnOg-MnOg (Mn,04,) dimers, which are in turn
connected by PO,-PO, (P,0;) diphosphate units in a mixed-edge
and corner-sharing fashion (Fig. 16¢). A galvanostatic test of the
electrode provides a reversible discharge capacity of 80 mAh g ™"
associated with an average operating voltage of 3.6 V (Fig. 16d).
This coincided with earlier DFT calculations suggesting that
this compound can undergo a Mn>"** redox reaction at around
3.65 V."° The sloppy discharge curve is the signature of
B-Na,MnP,0;, which is different from Na,FeP,0, operating
with two distinct voltage plateaus. Structural investigation is
further required to elucidate the reaction mechanism. They
also suggest a new pyrophosphate oxyanionic framework com-
pound, tetragonal Na,(VO)P,0, with space group P4bm.>**> This
material belongs to the fresnoite family consisting of a VO5 or
(VO)O, square pyramid and PO, tetrahedral units (Fig. 16e).
Each VO5 pyramid is connected to four independent PO tetra-
hedra in a corner-sharing fashion, thus forming [VP,0;] units.
Also, each PO, tetrahedron is connected to two VO3 units and
one PO, unit that share corners. The delivered capacity was
approximately 80 mA h g™, which is close to the theoretical
capacity (93 mA h g™') (Fig. 16f). The discharge curve was
sloppy with the V°"** redox reaction showing an average
operating voltage of 3.8 V. Apart from the above-mentioned
compounds, the other pyrophosphates with Ni(u), Cu(r), Ti(u),
Co(u) and higher transition metal oxidation states have not yet
been explored as host materials for Na* insertion.

2.3.3. Mixed phosphates. Mixed phosphates are composed
of phosphate (PO4)’~ and pyrophosphate (P,0,)*". This phase
was recently discovered in a Na,M;(PO,),P,0; (M: Mn, Co, Ni)
system by Sanz et al.?>** These compounds crystallize in the
orthorhombic structure with a Pn2;a space group. The struc-
ture is built up from MOg octahedra and PO, groups with
shared corners. M3;P,0;; blocks parallel to the bc plane are
linked with the P,0, unit along the a-axis (Fig. 17a). Four Na"
sites are located in the three-dimensional channel, which can

This journal is © The Royal Society of Chemistry 2017
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(a) The crystal structure of Na,MP,O5. (Reproduced with permission from ref. 199, Copyright 2014 The Royal Society of Chemistry.) (b) Discharge

capacity of NayFeP,O- as various current densities. (Reprinted from ref. 197, Copyright 2012, with permission from Elsevier.) (c) The crystal structure of
B-NaxMnP,0O; polymorph consisting of MnOg octahedra (pink), PO, tetrahedra (light purple) and Na atoms (yellow) along [—110] projection in which the
possible sodium migration tunnels are highlighted by black dotted rectangles and (d) charge and discharge profiles of the B-Na,MnP,O; cathode at a rate
of C/20. (Reproduced with permission from ref. 202, Copyright 2013 The Royal Society of Chemistry.) (e) The crystal structure of Na,(VO)P,O;: corner-
sharing between (VO)O,4 and PO, units (top) and the side and top view of the (VO)O4 square pyramid (bottom) and (f) the resulting charge and discharge
curves of Nay(VO)P,O; at a rate of C/20. (Reproduced from ref. 203 with permission, Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.)

provide better Na* diffusion in comparison with a one-dimensional
channel. Double chains are formed from simple parallel chains
along the [010] direction. Kim et al. first utilized the mixed
phosphate framework by introducing Fe* in the M sites to
form Na,Fe;(PO,),P,0,.2% Their first principles calculations
demonstrated a low activation barrier for Na" diffusion lower
than 0.8 eV for all directions. This suggests that rapid Na*
diffusion is possible, because all Na sites are connected with

This journal is © The Royal Society of Chemistry 2017

reasonably low activation barriers. More specifically, the lowest
activation barrier was found in the large tunnel along the b-axis.
The material could deliver a capacity of 105 mA h g~ ' with an
average operating voltage of 3.2 V (Fig. 17b). Nose et al. investi-
gated Na,Co;(PO,),P,0, instead of the compound with Fe to
improve the energy density.”°® Knowledge obtained from experi-
ments with LiCoPO,, which exhibits a high operating voltage from
the Co*** redox reaction, was applied to Na,Co3(PO,),P,0,.2”
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(a) Schematic representation of NasFes(PO,4),(P,0O;) and (b) galvanostatic charge/discharge profiles of NasFez(PO4)>(P,O-) under a C/40 rate and

the calculated average voltage at each region, where the inset shows the dQ/dV curve of initial charge/discharge profiles. (Reproduced with permission
from ref. 205, Copyright 2012 American Chemical Society.) (c) Galvanostatic charge/discharge curves at 1st, 10th and 50th cycles of NasCoz(PO4),P,05.
(Reprinted from ref. 206, Copyright 2012, with permission from Elsevier.) (d) The projected crystal structure along the c-axis: gray tetrahedrons, PO4; red
octahedrons, VOg; yellow spheres, Na atoms. The (VP,0)4PO,4 unit is denoted as a dashed circle and (e) galvanostatic profiles of Na;V4(P,07)4PO4
measured at C/20 and C/40 in the first cycles. (Reproduced with permission from ref. 208, Copyright 2014 PNAS.)

Although stepwise charge and discharge curves were observed,
the average operating voltage was approximately 4.5 V, which
is the highest value that has ever been observed in the Na
system (Fig. 17¢c). In contrast to Na,Fe;(PO,),P,0-, the appear-
ance of a stepwise curve would be ascribed to the presence of
Na'/vacancy ordering in the crystal structure. The material could
deliver a capacity of approximately 80 mA h ¢~" even at 25C-rates
(4.25 A g "). This superior electrochemical performance was
attributed to the help of the three-dimensional Na" diffusion

3556 | Chem. Soc. Rev., 2017, 46, 3529-3614

pathways in the crystal structure. In an attempt to mitigate the
multistep voltage plateaus, they synthesized Na,[Co, sMn, 3Nij 3]-
(PO,4),P,0,. The material also exhibited an average operating
voltage of 4.5 V, and a 103 mA h g ' discharge capacity was
obtained at a rate of 5C. As expected, partial replacement of Co by
Ni and Mn led to sloppy charge and discharge curves. In addition,
not only Co, but two substituents, Ni and Mn, participated in the
electrochemical reaction in a voltage range of 2-5 V according
to an XAS study.

This journal is © The Royal Society of Chemistry 2017
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Another interesting compound, Na,V,(P,0,)PO,, was suggested
by Lim et al.*>*® This material has a crystallized tetragonal structure
with a P42,c space group. The crystal structure has a basic
unit, (VP,0-,),PO,, which is composed of a central tetrahedron
[PO,] that shares corners with four [VOg] octahedra, and each
diphosphate group [P,0-] bridges the two adjacent [VO¢] octa-
hedra with shared corners. The interconnected (VP,0,),PO, units
comprise a three-dimensional channel for Na“ ion diffusion
(Fig. 17d). Based on the V**" redox reaction, Na,V,(P,0,)PO,
exhibited a flat plateau at 3.88 V associated with a biphasic reaction
governed by the first-order transition, delivering approximately
90 mA h g~ " (Fig. 17€). Addition of rGO further extended its cycle
life to 1000 cycles with 78% capacity retention.

2.3.4. NASICON type phosphates. Na;V,(PO,);, which crystal-
lizes to a rhombohedral structure with a R3¢ space group, has a
NASICON-type framework built up from isolated VOg octahedra
and PO, tetrahedral units interlinked via corners to form a frame-
work anion, [V,(PO,4);]>". Two different Na atoms are located
in the empty channels of the framework with two different

View Article Online

Review Article
oxygen environments (Fig. 18a).2%° Early work by Gopalakrishnan
et al. demonstrated the possibility of Na' extraction to form
V,(PO,); using chlorine in CHCI, at room temperature.*'® Electro-
chemical Na* extraction was investigated by Masquelier®'" and
Plashnitsa et al.>'* and two voltage plateaus were found at 3.4
and 1.6 V. The latter work also tested a full symmetric cell,
adopting NazV,(PO,); for both cathodes, but the performance was
unsatisfactory. Jian et al. modified the surface of NazV,(PO,);
using electro-conducting carbons derived from sugar.>*® The
NazV,(PO,)3/C electrode exhibited improved capacity in both
the upper and lower voltage regions compared with earlier
works (Fig. 18b). They further reduced the irreversible capacity,
changing the conventional electrolyte to NaFSI/PC from the
PC-based compound. The new combination electrolyte increased
the initial Coulombic efficiency above 98%.>"* Saravanan et al.
employed a solution-based template method using CTAB as a
cationic surfactant that left approximately 6 wt% of carbon
after synthesis in a reducing environment.>'* They demon-
strated stable long-term cyclability for over 30000 cycles at a
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Fig. 18

(a) The crystal structure of NasV,(POy)s. (Reprinted from ref. 209, Copyright 2012, with permission from Elsevier.) (b) TEM bright-field image of

carbon-coated NazV,(PO,)s. (Reproduced from ref. 213 with permission, Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.) (c) Charge and discharge
curves in a voltage range of 1.0 to 3.8 V for carbon-coated NazV,(PO4)s. (Reprinted from ref. 209, Copyright 2012, with permission from Elsevier.) (d) Long
term cycle life and Coulombic efficiency for 30 000 cycles at a rate of 40C for carbon-coated NazV,(PO,)s. (Reproduced from ref. 214 with permission,

Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA)
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rate of 40C (4.68 A g~ ') with superior rate capability (Fig. 18c).
Their symmetrical cell also evidenced the cycling stability for
over 5000 cycles. Jian et al. further analyzed the crystal structure
during the electrochemical reaction.>’® As mentioned in
Fig. 18a, Na atoms are localized to two different sites (6b, M1
and 18e, M2) in NazV,(PO,);. The flat curve during desodiation
of Na;V,(PO,); indicates a biphasic reaction based on the v**/**
redox reaction as a result of Na* extraction at the M2 site, which
is related to the formation of NaV,(PO,), in which only one Na
(6b, M1) resides in the crystal structure. NMR further revealed
that, in NazV,(PO,)s, the Na atoms were not randomly distributed
at M2 sites, but appeared in an ordered arrangement locally; an
Na' ion at the M2 sites in Na;V,(PO,); is mobile, whereas an
Na' ion at the M1 site is immobile, corresponding to 2 mol Na*
per formula unit in NazV,(PO,)s, while 1 mol Na" per formula
unit in NagV,(PO4); can retain the framework during the
electrochemical reaction.

2.3.5. Sulfates, fluorosulfates, and carbonophosphates.
Substitution of (SO,)*~ for the (PO,4)*~ anion results in a higher
operating voltage because of the greater ionicity. When successful,
this improves the operating voltage in a tavorite-type material,
leading to an OCV increase of 0.6-0.8 V in LiFeSO,F compared to
LiFePO,F.** Similarly, this substitution is also applicable in Na
systems, namely, NaMSO,F (M: Fe, Co, and Mn), as suggested by
Barpanda et al.>"” The compounds are crystallized in a monoclinic
structure with a P2,/c space group (Fig. 19a). Tripathi et al
calculated the activation energy for Na' diffusion. Although
NaFeSO,F has a three-dimensional structure in only one direc-
tion, [010], it has relatively low activation energy (0.6 eV).>*® The
measured ionic conductivity of the compound was sufficiently
high at approximately 10~ S cm™'. Notwithstanding, the elec-
trode delivered only 6% of the theoretical capacity (137 mAh g™ %)
(Fig. 19b). Barpanda et al further developed a sulfate-based
sodiated iron compound, which was crystallized to an alluaudite-
type sulfate framework, Na,Fe,(SO,)s, with a P2,/c space group.”*®
In this case, the crystal structure was similar to earlier work on
NaMSO,F, while the resulting volume of the unit cell was larger
by over two-fold. In contrast to A,M,(XO,);-type compounds,
which usually have NASICON-related structures, Na,Fe,(SO,);
does not contain [M,(X0,);] units, but has a unique structure
with an alluaudite type framework (Fig. 19c). FeOgs octahedra
share edges, forming Fe,0,, dimer units. These Fe ions could
be assigned to two distinct groups, Fe(1) and Fe(2), since local
structures of Fe(1) and Fe(2) were found to have two doublets
in the Mossbauer spectra. The Fe,0,, dimers were linked with
SO, units in a corner-sharing fashion, generating a three-
dimensional network framework with large tunnels along the
c-axis, with Na located in the tunnels. Electrochemical testing
of the material revealed that a Fe?"** redox reaction led to a
high operating voltage of 3.8 V on average, the highest that
appeared in the Fe*"*" reaction, which confirms strong ionicity
when (SO,)>” anions occur in the crystal structure instead of
(PO,)*". Based on one-electron transfer, the material could deliver
approximately 85% of the theoretical capacity (120 mA h g~ ') with
a moderate rate capability (Fig. 19d). The structure may be able
to extend to several family compounds, adopting not only Fe,

3558 | Chem. Soc. Rev., 2017, 46, 3529-3614
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but the other transition metal elements such as Ni, Co, V, and
Mn, among others.

Sodiated metal carbonophosphates, such as sidorenkite
Naz;MPO,CO; (M: Mg, Mn, Fe, Co, Ni, and Cu), were recently
introduced as a new intercalation cathode by Chen et al.>****!
Two different series of (PO,);- and (CO,)*-ions have bonds
with M in Na;MPO,CO; compounds, which are stable with a
sidorenkite structure and a P2,/m space group (Fig. 19e). In
Na;MnPO,CO;, the MnOg octahedra are connected by a PO,
tetrahedra to form a double layer. The CO; group shares an
oxygen edge with MnOg. The two-dimensional interslab accom-
modates two Na atoms at two different interstitial sites, where
Nal and Na2 coordinate with seven and six O atoms, respectively.
As anticipated, their computations suggested that the sidorenkite
structure may have good intercalation properties.*>> Carbopho-
sphate showed high discharge (125 mA h g~ ') (Fig. 19f), which
represented 66% of the theoretical capacity (191 mA h g~ "). It is
interesting that Na;MPO,CO; underwent a topotactic solid
solution reaction during cycling, activated by a two-electron
electrochemical reaction of Mn?"*" and Mn*"** redox couples.

2.3.6. Cyanides and organic compounds. Prussian blue and
its analogues were investigated as hosts for alkali ions, but those
works received less attention due to low energy density com-
pared with the above-mentioned materials.****** Recently, Cui
and coworkers reported potassium copper hexacyanoferrate to
intercalate Na* ions in aqueous solution at less than 2 v.?**7%7
In an attempt to increase the operation voltage, Wang et al.
utilized KMFe[CN]¢ (M: Fe and Mn, which are divalent with high
spin), which exhibited high operation voltage plateaus at 3.8 V
for charge and 3.5 V for discharge.””® Their extended work
varied the concentration of Na in the MFe[CN]s perovskite
framework: Na, ;MFe[CN]s (Fm3n) and Na; 5,MFe[CN]s (R3m).>*°
The double-perovskite ordering of both the anion orientations and
the cations introduces a rhombohedral site symmetry along each
of the four [111] axes that would stabilize alkali-ion displacement
along a cubic [111] axis toward the more octahedral-site complex.
The four-fold degeneracy of these displacements keeps the
cubic phase at higher temperature and lower Na concentration,
but a cooperative Na displacement at higher Na concentration
reduces the crystal symmetry to rhombohedral, stabilizing the
rhombohedral phase (Fig. 20a). Note that the larger is the concen-
tration of Na' ions in the compound, the higher is the tem-
perature of transition from rhombohedral to cubic symmetry.
Electrochemical reactions occurring at low and high voltage are
the redox reactions of low-spin Fe*"’?* and high-spin Mn**/?*,
respectively. The post-cycled electrode did not show a notable
structural change after 50 cycles. Na, ;,MFe[CN]s reacted at a
rate of 40C (Fig. 20b). Replacement of Mn with Fe, FeFe[CN]g,
lowered the operation voltage of the lower voltage plateau to
3.1 V on charge and 2.8 V on discharge, delivering a discharge
capacity of approximately 120 mA h g~ *.>*° The electrode was
substantially stable over 600 cycles with excellent capacity
retention. Na,Fe[CN]s was electrochemically active in Na cells,
showing approximately 90 mA h g™ ' on discharge with a flat
voltage plateau at 3.4 V.”*' The lower capacity is due to the one-
electron reaction by the low-spin Fe**"** redox.

This journal is © The Royal Society of Chemistry 2017
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Fig. 19 (a) Crystal structure of Monoclinic sodium-based metal fluorosulphates and (b) the electrochemical voltage profile of NaFeSO4F cycled in a
sodium cell with a metallic Na anode and a 1 M Na-TFSI: PC electrolyte at a rate of C/20. (Reproduced with permission from ref. 217, Copyright 2010
American Chemical Society.) (c) Crystal structure of NayFe,(SO4)s projected along the c-axis and (d) galvanostatic charging and discharging profiles of the
Na,_xFe,(SO4)s cathode cycled between 2.0 and 4.5 V at a rate of C/20 (2 Na in 20 h) at 25 °C. First (1st) cycle is shown in dashed black line, and 2nd—-5th
cycle in solid black lines. (inset) The differential galvanostatic profiles (dQ/dV) of the Na,Fe,(SO4)3 cathode. (Reproduced by permission from ref. 219,
Nature Publishing Group, Copyright 2014.) (e) The structure of NasMnPO4COs3 viewed along [001]: Mn octahedra, brown; PO, tetrahedra, blue; COs
triangular planar, black; sodium, green (Nal site) and yellow (Na2site) spheres and (f) the resulting voltage curves of NasMnPO,4COs at the first, second,
and 10th cycles with a C/100 rate. (Reproduced with permission from ref. 221, Copyright 2013 American Chemical Society.)

Organic molecules can undergo a reversible electrochemical —resource renewability.>**>*> Recently, Wang et al. reported the
redox reaction. The advantages of such a reaction are struc- electrochemical performance of 2,5-dihydroxyterephthalic acid
tural diversity, flexibility, molecular level controllability, and (Na,DHTPA), Na,CgH,O¢, with enolate and carboxylate groups

This journal is © The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 3529-3614 | 3559
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(c) Electrochemical redox reaction mechanism of Na™ ions with Na,CgH,Og/NasCgH,Og at potentials of 2.3 V and (d) the resulting initial discharge/
charge profiles of NasCgH>Os/Na half cells at a rate of C/10 (19 mA g~%). (Reproduced from ref. 236 with permission, Copyright 2014 Wiley-VCH

Verlag GmbH & Co. KGaA.)

as the cathode material for room temperature SIBs (Fig. 20c).>*®
They demonstrated that two reversible Na' ion electrochemical
reactions occurred with redox couples of Na,CgH,0¢/Na,CsH,04
as the cathode at 2.3 V, with a capacity of 180 mA h g~" and
excellent cyclability (Fig. 20d). Na,C¢Os>*” and aniline-nitroaniline
copolymer**® also exhibited high rechargeable capacity over
170 mA h g~ ! with good cyclability.

3. Anode materials

As mentioned in Section 2, several platforms of cathode materials
have been introduced for SIBs.>*° Simultaneously, as the cathode
counterpart, the recent development of anodes for SIBs has
been achieved by the use of selected carbonaceous materials,
transition metal oxides (or sulfides) and intermetallic and

3560 | Chem. Soc. Rev., 2017, 46, 3529-3614

organic compounds, as anodes.”*® Research on the above
anode materials for SIBs has been developed in three main
categories, based on the reaction mechanism during sodiation/
desodiation processes: (1) the insertion reaction, (2) the con-
version reaction, and (3) the alloying reaction. Carbonaceous
materials and titanium-based oxides have been introduced
as insertion anode materials.>*"***> Recent efforts expand the
applications towards transition metal oxides (TMOs) or transi-
tion metal sulfides (TMSs) that are driven by a conversion
reaction.*® Also, Na-Me (Me = metal) alloying compounds of
group 14 or 15 elements motivated by the alloying reaction are
recommended as possible candidate materials with the help of
an electro-conducting carbon matrix to improve their specific
capacity and cyclability.>**?**> Such conversion and alloying
reaction materials are known to deliver high capacities but
suffer from huge volume expansion of the host materials due to

This journal is © The Royal Society of Chemistry 2017
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the continuous self-pulverization of the electrode materials.”**>*3
More seriously, to compete with lithium ion batteries, a great
challenge to overcome is the sluggish reaction kinetics from the
large ionic size of Na" ions (1.02 A), which impedes fast Na*
storage.’®>*%?*¢ Therefore, scientists should make more efforts to
improve the electrode performances. In this section, we discuss
present research progress in anode materials for SIBs.

3.1. Insertion materials

Based on an insertion reaction, carbonaceous and titanium-based
oxides have been extensively studied as anodes for SIBs. Several
carbon-based materials such as graphitic and non-graphitic
carbons have been investigated for Na* storage.** These carbon
materials are widely accepted because of their ability to accom-
modate Na' ions into their structure. In particular, hard carbon is
interesting because of its reasonable capacity of ~300 mA h g *
and low operating potential (almost zero, ~0 V vs. Na'/Na).******
However, the Na’ storage mechanism in a disordered carbon
structure is still controversial.>*”~?** On the other hand, titanium-
based oxide compounds have been widely studied because of
their low operation voltage and cost as well.>*> Analogous to LIBs,
titanium-based oxide anodes, including various polymorphs
titanium dioxide (TiO,), spinel-lithium titanate (Li;Ti5O1,)
and sodium titanate (Na,Ti,0O;), were reported as promising
anode materials.

3.1.1. Carbon-based anode materials

3.1.1.1. Graphitic carbon (graphite). During the electro-
chemical reduction, Li" ions are inserted between graphene
layers, and Li-graphite intercalation compounds (Li-GIC) are
formed through stage transformations in Li cells.>*>*** Since
the 1980s, the electrochemical behavior of graphite with Na*
ions has been studied based on the graphite/polyethylene oxide
NaCF;SO3/Na cell®® (Fig. 21a). However, Na* insertion into
graphite is significantly impeded and degradation of electrolyte
and/or electrode materials was observed®® (Fig. 21b). First-
principles calculation results of the formation energy for
Na-GIC exhibited that Na hardly intercalates into graphite
because of the energetic instability of the Na-GICs. Graphite
is stressed when some Na" intercalates into graphite because of
the thermodynamic instability of binary Na-intercalated GICs
(b-GIC), which is assumed to be the result of an unfavorable
mismatch between the graphite structure and the size of the Na
ion.”*® Namely, due to the unfavorable formation of NaCq and
NaCg that are thermodynamically unstable at the first stage of
Na-graphite intercalation compound (Na-GIC) formation in SIBs,
the capacity of natural graphite is limited.***>°® As a recent
breakthrough, Jache et al. facilitated Na-ion storage in graphite
using solvated-Na-ion intercalation, forming ternary GICs. That
is the intercalation of solvated alkali ions ‘“co-intercalation”
by reduction of graphite according to the following equation:
C,+te +A"+ysolv « A'(solv),C, .>*® Zhu et al. also confirmed
that solvated Na' ions intercalate into graphite via a stage-
evolution process, forming a set of ternary graphite intercalation
compounds.>®® Ether-based electrolytes with a high donor
number can form stable Na* solvated species with non-polar
characteristics for co-intercalation into natural graphite.*¢°2¢

This journal is © The Royal Society of Chemistry 2017
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Kim et al. reported a reversible phase transition during inter-
calation and deintercalation processes of solvated-Na-ions in
natural graphite via an operando X-ray diffraction analysis®®*
(Fig. 21c). They investigated the unusual Na storage behavior in
natural graphite through Na'-solvent co-intercalation using
different solvents (EC/DEC, DME, DEGDME and TEGDME)
and Na salts (NaPF,, NaClO,4, NaCF;S0;). Ether-based electro-
Iytes could suppress electrolyte decomposition, resulting in the
formation of a negligible SEI film on the graphite surface,
enabling Na'-solvent transport to the graphite lattice. In con-
trast, carbonate-based electrolytes (EC/DEC) form relatively thick
insulating SEI layers on the graphite surface, which block
Na*-solvent transport®®* (Fig. 21d). As a result, under the limited
conditions using ether-based electrolytes, the natural graphite
delivered a capacity of 150 mA h g~' with reasonable retention
for 2500 cycles, and produced over 75 mAh g ' at 10 A g™ ' in the
DEGDME electrolyte containing NaPF4 salt. On the other hand,
Wen et al. proposed expanded graphite with an enlarged inter-
layer lattice distance of 4.3 A. Note that graphite has a typical
interlayer space of 3.4 A.?®® Their in situ TEM study revealed
reversible insertion and extraction of Na' ions during the
electrochemical reaction (Fig. 21e). As a result, the expanded
graphite could exhibit a moderate capacity of approximately
284 mA h g ' at a current of 20 mA g " with good capacity
retention over 2000 cycles (Fig. 21f). Recently, Kang et al. reported
the sodium ion intercalation behavior of expanded graphite oxide
(GO) as an anode material. According to their report, the electro-
chemical properties of GO strongly depend on the amounts and
ratios of different functional groups.”®*

3.1.1.2. Non graphitic carbon (hard carbon). In 1993, Doeff
and co-workers first reported the Na storage performance of
disordered soft carbon prepared by pyrolysis of petroleum
coke®' (Fig. 22a). They demonstrated the extent of the Na*
insertion/extraction reaction into the soft carbon and discussed
the possibility of its application for SIBs. Stevens and Dahn
reported the insertion mechanism of Na' ions into disordered
hard carbon (Fig. 22b).>>**?*” The suggested mechanism was
the “house of cards” for Na* ion storage, which is composed of
the two domains in a disordered hard carbon structure without
staging transition. First, Na' ions are inserted between parallel
graphene sheets (in the sloping voltage region) upon increasing
the interlayer space. Second, Na' ions fill the nanopores (in the
plateau region) of the disordered carbon structure.”*>*>*° The
hard carbon prepared by carbonization of glucose showed a
reversible electrochemical reaction in Na cells and it delivered
a high specific capacity of approximately 300 mA h g~* with a
low operating potential of about ~0 V. Later, Komaba and
co-workers performed a systematic study on electrochemical
sodium insertion into hard carbon to understand the related
structural change.>” Upon reduction to 0.2 V (in the sloping
region), the resulting XRD peaks shifted to lower angles,
indicating that the interlayer spacing between the graphene
sheets was expanded due to the sodium insertion (Fig. 22c).
They also confirmed the reversible Na" insertion process into
the nanopores via small angle X-ray scattering measurements
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Fig. 21 (a) Graphite current—potential curve in the graphite/PEO-NaCFzSO3/Na cell at 82 °C. (Reprinted from ref. 254, Copyright 1988, with permission
from Elsevier.) (b) Li* and Na* insertion mechanisms in graphene and graphite. (Reproduced by permission from ref. 255, Nature Publishing Group,
Copyright 2015.) (c) In operando synchrotron X-ray diffraction analysis of the structural evolution of the ternary Na—ether—graphite system. (Reproduced
with permission from ref. 261, Copyright 2015 The Royal Society of Chemistry.) (d) Different Na storage mechanisms in natural graphite between in NaPFg
in EC/DEC (top) and NaPFe in DEGDME (bottom). (Reproduced from ref. 262 with permission, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.)
(e) In situ TEM investigation of the sodium storage mechanism in the EG-1h sample. (f) Electrochemical performances of PG, GO, EG-1h and EG-5h in
organic 1.0 M NaClOy in a polycarbonate solvent liquid electrolyte. (Reproduced by permission from ref. 263, Nature Publishing Group, Copyright 2014.)

(SAXS) in the voltage range of 0.2 V to 0 V (in the plateau region) enlarged interlayer spacing (d-spacing = 3.8 A) or the smaller
upon reduction. From these results, they suggested that the crystallite size of the parallel graphene within hard-carbon in
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Fig. 22 (a) First cycle of the Na/DME, NaClO4/(ground) petroleum coke cell. (Reproduced with permission from ref. 251, Copyright 1993 The
Electrochemical Society.) (b) Sodium potential profiles of glucose pyrolyzed to 1000 °C. The insets show details of the low-potential region. (Reproduced
with permission from ref. 247, Copyright 2000 The Electrochemical Society.) (c) Ex situ XRD patterns of hard-carbon electrodes: (1) pristine electrode,
galvanostatically reduced to (2) 0.40 V, (3) 0.20 V (4) 0.10 V, (5) 0.00 V, and (6) oxidized to 2.00 V after reduction to 0.00 V (e PVdF binder, ? unknown).
(Reproduced from ref. 27 with permission, Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA.) (d) Potentiogram and schematic of the proposed
Na-ion three part storage mechanism. (Reproduced with permission from ref. 250, Copyright 2015 American Chemical Society.) (e) Typical potential vs.
capacity profile of hard carbon when tested against sodium metal counter electrodes. (Reproduced with permission from ref. 249, Copyright 2015
The Electrochemical Society.) (f) Specific capacities (C/5, Na-insertion) upon cycling for different carbons and Coulombic efficiency for the templated
carbon at room temperature. (Inset image: the SEM image of templated carbon.) (Reproduced with permission from ref. 266, Copyright 2012 The Royal
Society of Chemistry.)

comparison to those of the graphite (d-spacing = 3.354 A) is —16 ppm was ascribed to the appearance of Na* ions in hetero-
responsible for the sodium insertion. In addition, the >>Na NMR  geneously distributed closed nanopores in hard carbon.?®® In
study demonstrated the reversible electrochemical reaction 2011, Wenzel and co-works demonstrated high capacity carbon
mechanism of Na" ions with hard carbon: (i) two resonance anode materials with an excellent rate capability of 100 mAh g *
peaks at 9.9 ppm and 5.2 ppm were ascribed to reversible at C/5 at room temperature for the first time>®° (Fig. 22f). They
sodium present between disordered graphene sheets in hard prepared templated carbon with hierarchical porosity via the
carbon and (ii) one broader resonance peak between —9 and nanocasting route by using pitch carbon and investigated the

This journal is © The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 3529-3614 | 3563
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co-relationships between the physico-chemical properties and
the electrochemical properties with commercially available
porous and non-porous carbon materials (porous carbon:
Timrex 100, 300, 500 and activated carbon, non-porous carbon:
graphite). The highest surface area (1041 m> g~ ) of activated
carbon and the highest pore volume (1.008 cm® g™ ') of Timrex
500 show the low reversibility with Na" ions. Meanwhile, their
templated carbon controlled by microstructural approaches
minimized the diffusion lengths within the electrode (surface
area: 346 m”> g~ ', pore volume: 0.798 cm® g™ '). As a result, the
carbon matrix showed excellent electrochemical activity for Na*
ions. Their results imply that high capacity and rate capabilities
cannot be simply achieved by enlarging the surface area or by
increasing the porosity. On the other hand, Tsai et al. further
confirmed the reaction process through an ab initio study
showing that a larger interlayer distance is not the only factor
that helps Na intercalation. Additionally, the vacancy defects
(MV: mono-vacancy and DV: di-vacancy) in hard carbon can
greatly enhance the Na' ion intercalation because of the strong
ionic binding energy between the Na' ions and the defects,
which effectively overcomes the van der Waals interaction.>*®
Further, Bommier et al. discussed the new storage mechanism in
the sloping region (as a function of the charge-discharge curve),
which can be explained through Na’ ion storage at defect
sites.”>® They also confirmed that Na* ions can be intercalated
into the hard carbon lattice particularly in the low voltage
plateau region. These findings suggest that the Na' storage is
related to a three-step process (Fig. 22d) rather than the two-step
storage mechanism proposed in the card-house model (Fig. 22¢);
(i) Na* ions are adsorbed at defective sites in the slope-voltage
region, (ii) Na" ions are intercalated in the hard carbon lattice,
and (iii) Na" ions are adsorbed at the pore surface in the plateau
region. Such research results show that the Na* insertion mecha-
nism into a disordered structure is still controversial. Therefore,
further theoretical and experimental investigation should be
conducted to clarify the related reaction mechanism for devel-
opment of hard carbon materials.

To date, hard carbons have been the most widely used carbon
source of SIB anodes and have been proved to significantly
improve the electrochemical performance of SIBs. However, there
are a lot of challenges facing the development of hard carbon
anodes for practical applications. The reversibility of the hard
carbon was found to depend on the carbon precursor, particle
sizes and manufacturing processes. And, the appropriate low pore
volumes and surface areas can achieve the higher reversible
capacities. The suitable additives and electrolytes are highly desir-
able for reversibility of Na' storage. Therefore, based on a number
of previous studies, we should consider some factors, including
particle sizes, additives, electrolytes, vacancy defects and porosity
measurements, to develop the high irreversible capacity and high
rate capability in hard carbons. Furthermore, we should investi-
gate the relationship between the electrochemical characteristics
of hard carbon and solid electrolyte interphase (SEI) layer
formation. At the same time, the computational works such as
DFT calculation and ab initio calculation should be conducted to
predict and support the experimental results.
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3.1.1.3. Non graphitic carbon (graphene). Graphene, unique
two-dimensional carbon materials, has great physical and chemical
advantages such as a large surface area, superior electronic con-
ductivity, and chemical stability.”®” Such advantages of graphene
can bring shorter paths for fast ion diffusion and produce a large
exposed surface offering more ion insertion channels.”®® Therefore,
for LIBs and SIBs, graphene can be considered as an anode
material for energy-storage systems>>>>%*’* (Fig, 21b). Moreovet,
graphene or reduced graphene oxide (RGO) help to improving
the Li and Na storage capability in its composite anodes.
Recently, Wang et al. demonstrated the reversible sodium ion
storage performances in reduced graphene oxide (RGO).*”*
RGO possesses higher electrical conductivity and active sites
with large interlayer distances and provides a disordered struc-
ture enabling it to store a larger amount of Na" ions. In their
study, RGO anodes exhibited a moderate specific capacity of
141 mA h g~ " at 40 mA g~ " with stable cycle retentions for over
1000 cycles. Ding et al. synthesised different kinds of few-layer
graphene at different carbonization temperatures (600-1400 °C)
and investigated the Na' ion storage mechanism in their
graphene structure.>”> At a higher carbonization temperature
of 1100 °C, they obtained an optimized highly ordered pseudo-
graphic structure having a large interlayer spacing of 0.388 nm,
which exhibited promising Na" insertion performances. On the
other hand, Datta et al. reported that the presence of defects
enhances the adsorption of Na atoms in graphene sheets.>”®
However, such defects of graphene represent a serious draw-
back such as low Coulombic efficiency that may cause Na metal
plating on the rGO surfaces.”*®

3.1.1.4. Heteroatom doping. As an effective strategy to enhance
the electrochemical properties of carbonaceous materials as
anodes, heteroatom (such as N, B, S and P) doped hard carbon
and graphene (or graphene liked materials) are introduced.”””>%*
Hetero atom doping into a carbon structure tends to create a
defect site to absorb Na' ions and improves the electrode-
electrolyte interaction by functionalizing the carbon surface.
Commonly, nitrogen doping into a carbon structure significantly
improves ion transport and charge-transfer processes.>”**®
Wang et al. proposed a 3D interconnected structure of free-
standing flexible films composed of nitrogen-doped porous
nanofibers that exhibited 212 mA h ¢! at 5 A ¢~ " with stable
capacity retentions of 99% after 7000 cycles*®> (Fig. 23a). In a
recent work, sulfur-doped disordered carbon was proposed as
an anode material for SIBs. Sulfur doping into the carbon
structure provided additional reaction sites for accommodation
of Na" and/or contributing to facile ion diffusion by enlarging the
interlayer distance. Li et al. synthesized a sulfur-doped disordered
carbon that has a high sulfur doping level (~26.9%) and a
unique 3D coral-like structure. The as-prepared sulfur-doped
carbon exhibited a high reversible capacity of 516 mA h g~*
with excellent rate capability as well as superior cyclability for
1000 cycles*®® (Fig. 23b).

3.1.1.5. Biomass derivatives. As mentioned above, disordered
carbon appears to be the most suitable anode material for SIBs.

This journal is © The Royal Society of Chemistry 2017
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Fig. 23 (a) HAADF image and the elemental mapping of N-CNF (left). Long term cycling performance of N-CNF at a current density of 5 A g~ (right).
(Reproduced from ref. 282 with permission, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.) (b) HR-TEM image and EDS elemental mapping of
DC-S (left). Electrochemical performances of DC-S (right). (Reproduced with permission from ref. 288, Copyright 2015 The Royal Society of Chemistry.)
(c) The preparation process of NDCS derived from okara (left). High rate capability and long cycling stability of the NDCS at 4.5C for 2000 cycles (right).
(Reproduced from ref. 296 with permission, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.)

Biomass-derived disordered carbon materials have been widely
investigated due to their low production cost and low energy
consumption during the synthesis procedures.””>**>”>°” Wood
carbon anodes were derived from natural woods via a simple
carbonization process, which functions as a binder-free and
current collector-free anode material.”’*> This material exhibited
a high areal capacity of 13.6 mA h cm ™ with a high mass loading
of 55 mg cm™ 2. A recent work, reported by Yang et al., showed a
sustainable route using a biomass byproduct, okara, as a natural
nitrogen fertilizer possessing high content N-doped carbon
sheets.?”® Okara was carbonized and exfoliated to expand
between carbon sheets that led to a high specific surface area.
This benefits facile intercalation and deintercalation of Na* ions
into the carbon structure upon cycling. This unique structure
and large surface area were responsible for the high capacity of
approximately 292.2 mA h g~" with stable cycling performances
for over 2000 cycles (Fig. 23c). From the green and recycle points

This journal is © The Royal Society of Chemistry 2017

of view, using biomass (bio-waste) is of great significance for the
future direction of material development.

Such works present that carbonaceous materials exhibit
promising Na' ion storage performances as anodes for SIBs.
Notwithstanding, the initial irreversible capacity, limited capa-
city, poor rate capability, and low mass loading should be
resolved for cell balancing for practical battery applications.
Herein, we have mentioned few relevant ones and suggest the
possible propositions as follows. The irreversible capacity upon
the initial cycle is the most critical issue as it severely hindered
the practical cell energy density achievable. Attaining an attrac-
tive rate capability is another important factor for a practical
energy storage system. In addition, tap density is also a crucial
parameter determining the volumetric energy density of
the cells. The appropriate low pore volumes and surface areas
were required for higher reversible capacities. Using suitable
electrolytes, additives, and binders is also an effective approach

Chem. Soc. Rev., 2017, 46, 3529-3614 | 3565
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for decreasing the initial irreversible capacity. And morphology
and size control is a substantial strategy to facilitate mass
transport and storage, which can significantly improve the
rate capability. Most of all, for developing practical SIBs using
high mass loading electrodes, a comprehensive study of
the impact of the electrode thickness on the rate capability,
energy and power density and long-term cycling behavior is
required.*®

3.1.2 Titanium based oxides. In general, the low operational
potential can cause safety issues for practical applications; such as,
metallic sodium plating and sodium dendrite formation on the
surfaces of anodes,>*">*7249:250347 Analogous to LIBs, metal oxide
compounds have been studied as Na' ion insertion host materials.
Titanium-based oxides are particularly interesting as anodes due
to their reasonable operation voltage, cost, and nontoxicity;***>%
representatively, titanium dioxides,>****  spinel-lithium
titanate,®***® and sodium-titanate compounds.**”*** Note
that these compounds are driven by a Ti*"*" redox couple in
Na cells. Recently, most related works have focused on finding
the sodiation/desodiation mechanism and improving the electro-
chemical performance of such materials.

3.1.2.1. Titanium dioxides. The several TiO, polymorphs,
including anatase-Ti0,,**' %3163 rytile-Ti0,,*****® brookite-
Ti0,,%2%?%%%3? and bronze-TiO,*** have been investigated as
anode materials for SIBs***>°® (Fig. 24a-d). Among them, most
research results were reported using anatase TiO, because the
activation barrier for Na* insertion into the anatase lattice is
comparable to that of lithium, which is rather remarkable
considering its significantly larger ionic radius.**'* Xiong et al.
reported the feasibility of electrochemically-grown amorphous
titanium dioxide nanotube electrodes in Na cells for the first

aO—Lh

View Article Online

Chem Soc Rev
time*** (Fig. 25a). On the other hand, Mattsson et al. claimed
that high crystalline and/or micronized TiO, cannot easily
support Na* insertion because of the ionic size of Na" and a
much higher sodium diffusion barrier compared with Li.>*®
Recently, high electrochemical activity of TiO, with Na' ions
was achieved by reducing the particles to the nanometer size for
shortening of the migration length for Na" insertion. Xu et al.
used anatase nanocrystalline TiO, for Na* storage.’*® Wu et al.
interpreted the reaction process during Na' insertion and extrac-
tion, highlighting the substantial influence of the electrolyte
composition (salt and solvent) and cut-off potential*®” (Fig. 25b).
Through NMR and electrochemical studies, Gonzalez et al
explained the irreversible process (electrolyte decomposition)
up to 0.3 V observed at the first Na* insertion process in the TiO,
electrode.>°® Kim et al. observed that anatase TiO, nanorods can
be stored in the host structure through the Na' insertion and
extraction reaction coupled with the Ti*"/Ti*" redox reaction
via ex situ XRD and XAS studies®” (Fig. 25c and d). Their
carbon coating on the anatase TiO, nanorod surface played an
important role in improving the capacity and rate capability.
Furthermore, they also suggested that the presodiation technique
was an effective way to minimize the initial irreversible reaction of
the TiO, anode. Recently, Passerini’s group found that only the
(de-)insertion of Na" ions in the newly formed amorphous sodium
titanate phase appears to be reversible (uptake/release 0.41 Na per
TiO,), while all the other processes (metallic titanium, sodium
superoxide, and oxygen evolution) appear to be irreversible
(Fig. 25e and f).*'° Usui et al. investigated rutile-TiO, that showed
the reversible reaction of Na' insertion and extraction into and
from the crystal lattice of rutile Ti0,**° (Fig. 26a). In addition, the
appropriate amount of Nb doping (0.06 mol%) on rutile TiO,
materials could substantially improve the electronic conductivity.

d

Fig. 24 Crystal structures of TiO,. (a) Rutile, (b) anatase, (c) bronze, (d) brookite. (Reprinted from ref. 299, Copyright 2015, with permission from Elsevier.)
Crystal structures of (e) spinel-type LisTisO1, and (f) Na,TizO-. Li and Na atoms are represented by green and yellow spheres, respectively. (Reproduced
with permission from ref. 300, Copyright 2016 The Royal Society of Chemistry.)
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(a) Charge/discharge galvanostatic curves of amorphous 80 nm I.D. TIO,NT in Na half cell (red for discharge and black for charge). (Reproduced

with permission from ref. 304, Copyright 2011 American Chemical Society.) (b) Galvanostatic investigation of the influence of the lower cut-off potential
based on Coulombic efficiency (dis-)charge capacities. (Reprinted from ref. 307, Copyright 2014, with permission from Elsevier.) (c) Ex situ XRD patterns
and (d) XANES K-edge spectra of 2.9 wt% carbon-coated anatase nanorod TiO,. (Reproduced with permission from ref. 309, Copyright 2014 American
Chemical Society.) (e) In situ XRD analysis of the (de-)sodiation mechanism of anatase TiO, nanoparticles, (f) scheme of the reaction mechanism.
(Reproduced from ref. 310 with permission, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.)

As a result, the Tig 04Nby 060, electrode exhibited excellent cycling
performance with a reversible capacity of 160 mA h g™ " at the
50th cycle. Later, Zhang et al. proposed rutile TiO, micro-
spheres anchored by nanoneedle clusters, which exhibited a
capacity retention of 83.1% after 200 cycles at a current density
of 0.1C-rate.**” Huang et al. found that one of the polymorphs,
the low crystalline brookite-TiO, was available for Na‘ ion
storage.”*® Pioneer works of unusual TiO, polymorphs, includ-
ing the brookite-phase, the bronze-phase and their mixture
phase, are recently investigated.**°%3

This journal is © The Royal Society of Chemistry 2017

However, sodium storage of TiO, suffers from the sluggish
sodium kinetics due to the larger ionic size of Na' ions.
To overcome this drawback, strategies such as the nano-
architecture modified by metallic Ti and high conductivity
carbon additives were introduced.**®?*'*?%331 Kim et al
fabricated pitch carbon-coated anatase TiO, nanorods, which
exhibited a high capacity of 193 mA h g~' and superior rate
capability.’®® Recently, Zhang et al. proposed graphene-rich
wrapped petal-like rutile TiO, tuned by carbon dots, which
exhibited the outstanding sodium-storage performances.**®
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(a) Cycling performances of thick-film electrodes consisting of Ti;_,Nb,O, with rutile and anatase structure in Na cell. (Reproduced with permission from

ref. 326, Copyright 2015 American Chemical Society.) (b) Long-term cycling performance of G-TiO,(B) electrode at a current density of 500 mA g~ Inset image
represent the illustration of partially bonded graphene—TiO,-B (001) interface. (Reproduced by permission from ref. 331, Nature Publishing Group, Copyright 2015.)

(c) Charge—discharge voltage curves of TiO,, TiO,-F, and TiO,-F on CNT at 0.

1C-rate. (Reprinted from ref. 312, Copyright 2015, with permission from Elsevier.)

(d) Rate capability of TiO, and S-TiO, at various C-rate. (Reproduced from ref. 323 with permission, Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA))

Chen et al. proposed a chemically bonded graphene (G)-TiO(B)
composite as a long-cycle life material. Kinetics analysis reveals
Na' intercalation pseudo-capacitive behaviour in the G-TiO,
sodium cell, which is highly beneficial to fast charge storage
and long-term cyclability®** (Fig. 26b).

Doping to reduce the average oxidation state of Ti is another
interesting strategy to enhance the reversible Na storage per-
formances of TiO,.*'*31331%323 Hwang et al. reported ultrafast
sodium storage performance in fluorine-doped anatase TiO,
nanoparticles embedded on carbon nanotubes®*'* (Fig. 26c).
Nanosized anatase TiO, partially doped with fluorine (TiO,_sF;)
to form electro-conducting trivalent Ti** led to facile Na* inser-
tion into an anatase TiO, structure. In addition, TiO,_sFs was
modified by electro-conducting carbon nanotubes (CNTs) to
further enhance the electric conductivity. Boron doping can also
enhance the photocatalytic activity of TiO, due to or partly due to
the formation of Ti** ions induced by oxygen vacancies which
can increase the conductivity of TiO,.>'> Recently, Wang et al.
prepared B-doped TiO, via the facile hydrothermal method and

3568 | Chem. Soc. Rev., 2017, 46, 3529-3614

demonstrated a high reversible capacity of 150 mA h g ' at a
high current rate of 2C with stable cycling performance for over
400 cycles.*"® Ni et al. introduced self-supported S-doped TiO,
nanotubes with high electronic conductivity*** (Fig. 26d). When
S is incorporated into TiO,, the S 3p states will be partially
delocalized. The S 3p states can contribute to the formation of
the valence band, and thus increases the width of the valence
band, resulting in a decreased band gap energy (S-TiO,: 2.6 €V,
TiO,: 3.0 eV).>** The high conductivity assisted in decreasing the
band gap energy, which enabled delivery of a high capacity of
320 mA h g~ ' at 33.5 mA g~ with a stable capacity retention of
91% for over 4400 cycles at a high current density of 3.35 A g~ "

3.1.2.2. Lithium titanate. A spinel Li,Ti;O;, has been extensively
studied as one of the most promising anode materials for long-life
stationary LIBs because it has a flat and high potential around 1.5 V
(vs. Li/Li") during charge and discharge and an excellent cycle life
due to the negligible volume change.*** Recently, Zhao et al. revisited
spinel Li,Ti;O;, as a Na' insertion host material for SIBs**%3®

This journal is © The Royal Society of Chemistry 2017
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Fig. 27 (a) Crystal structure of spinel LisTisO1, viewed from the [110] crystallographic direction showing separated Ti and O columns. (b) STEM imaging
of a three-phase coexistence region. HAADF, ABF images and ABF line profile of Li4TisO15 (Li4), Li;TisO1, (Li7) and NagLiTisO1, (NagLi) phase. (Reproduced
by permission from ref. 337, Nature Publishing Group, Copyright 2013.) (c) First discharge—charge curve of carbon-coated Li;TisO1, and it indicating the
places where ex situ XRD and XPS measurements were carried out; (d) ex situ XRD patterns (left) and (e) XPS profiles of carbon-coated LisTisO1, (right).
(Reprinted from ref. 339, Copyright 2015, with permission from Elsevier.) (f) The charge—discharge curve of Na storage into the crystallite size distribution
of nanosized (r = 44 nm, r = 120 nm) and submicrosized (r = 440 nm) LisTisO1,. (Reproduced with permission from ref. 340, Copyright 2013 American
Chemical Society.) (g) TEM, HR-TEM images of G-PLTO (grapheme-wrapped porous LisTisO1,) and long-term cycling performance of G-PLTO at
3C-rate for 12000 cycles. (Reproduced from ref. 343 with permission, Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.)

Specific Capacity / mAh g

(Fig. 24e). A reversible capacity of 145 mA h g~' was delivered and Li;TisOy, as the final product after Na® insertion. Later,

with a relatively low insertion/extraction potential of 1.0 V. Also, they ~ Sun et al. precisely interpreted the Na* insertion behavior via DFT
suggested an unexpected mechanism with a mixture of LiNa¢Ti;O;,  calculations and advanced electron microscopy™” (Fig. 27a and b).
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They also improved the electrochemical properties of Li,TisO;,
by varying the electrolyte and binders. Usually, for LIBs, Li"
insertion into the Li,TisO;, anode occurs through a two-phase
reaction between spinel Li Ti5sO;, and rock-salt Li; Ti5;O;,. In Na
cells, Na' insertion into Li,TisO;, results in a three-phase
reaction. Due to the different ionic sizes of Li* and Na®, the
Na' ions are favorably occupied in the 16c site of the Li,TisO4,
lattice, and they simultaneously induce phase separation into
two rock-salt phases of LiNagTisO;, and Li;TisO;, as follows:
2Li,TisO1, + 6Na* + 6~ « Li,Tis0;, + NagLiTisO,,. Later,
Kim et al. observed the structural evolution and the chemical
state of Ti at the initial cycle based on ex situ XRD and XPS
measurements®*® (Fig. 27c-€). Yu et al. observed three phase
transition behavior of Li;TisO;, during Na" insertion through
in situ X-ray diffraction. They also investigated a size-dependent
sodium storage mechanism in LisTi50;,.>*® For 440 nm size
LisTis0;,, only a small amount of Na can be inserted (0.27Na"
per formula unit of Li,Tis0;,), which corresponds to a specific
capacity of 16 mA h g~ *. While the degree of the reversible Na*
insertion into 44 nm size Li,Ti;O;, was greatly increased (3Na"
ion per formula unit of Li,TisO;,) and nearly reached its
theoretical capacity of 175 mA h g™' (Fig. 27f). They claimed
that downsizing the Na* host structure of Li,TisO;, is a crucial
factor to improve the sluggish Na' ion diffusion kinetics.
Analogous to this scenario, Hasegawa et al. reported nano-
sized Li,TisO,, materials with hierarchically porous structures
and flower-like morphologies.**' According to their reports,
Na' insertion/extraction capability is strongly dependent on
their nanoarchitectural design and calcination temperature.
These nanostructured Li, Ti;O;, electrodes calcined at 700 °C
displayed a flower-like porous structure and exhibited a remark-
ably high rate performance of 146 mAh g ' and 105 mAh g ' at
10C and 30C-rates, respectively, even without carbon-coating.
On the other hand, Yu et al. reported Na* ion transport kinetics
and coupled pseudocapacitive charge in thin film Li,Ti;O,,
electrodes.>** The synergistic effect of typical Na* insertion and
the extra pseudocapacitive charge storage produced an unexpected
high capacity of 225 mA h ¢™" in thin film Li,Ti;O,, electrodes.
They claimed that the pseudocapacitance effect on a typical
insertion electrode is a potential solution to overcome the capacity
limit for Na* insertion anodes.

Another approach to improve the electrochemical performances
is combining carbon additives with Li,TisO;, materials. Kim et al.
proposed pitch carbon-coated Li,TisO;, nanowires, which signifi-
cantly increased the electronic conductivity and delivered a high
capacity of 168 mA h g™' at 0.2Crate.® Chen et al fabricated
porous Li,TisO,, nanofibers confined in a highly conductive 3D-
interconnected graphene framework for SIB anodes** (Fig. 27g).
This unique structure of porous Li,TisO;, nanofibers wrapped with
3D graphene offers not only short pathways for Na" diffusion and
highly conductive networks for electron transport but also abundant
Li,TisO;,-¢lectrolyte (solid-liquid) and Li,TisO;,-graphene (solid—
solid) interfacial sites for Na* adsorption, giving rise to additional
interfacial Na* storage, a high reversible capacity of 1995 mAh g™"
at a 0.2C-rate (exceeding the theoretical capacity based on the
Na" insertion reaction) and a long cycle life of 12 000 cycles.
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3.1.2.3. Sodium titanate. The Na,Tiz;O, structure has been
most investigated as a promising anode with the lowest operat-
ing potential for SIBs**”~?>* (Fig. 24f). Senguttuvan et al. firstly
reported that sodium titanate, Na,Ti;O,, can reversibly uptake
2 mol of Na' ions per formula unit with a low operating
potential plateau at 0.3 V vs. Na/Na*>*" (Fig. 28a). A plateau
with this voltage can be quite advantageous in a full cell with a
suitable cathode in terms of energy density compared to the
other oxide type anodes. Typical voltage profiles of carbon black
and a composite of Na,Ti;O; with carbon black indicated an
irreversible electrochemical process at ca. 0.7 V vs. Na/Na',
which corresponds to the reaction of carbon black and a
reversible plateau around 0.3 V vs. Na/Na' with concomitant
intercalation of additional 2Na" ions in the structure. Xu et al.
reported the computational and experimental results for an
in-depth understanding of the sodium storage mechanism of the
Na,Ti;O, structure.*® Based on the calculations of the electro-
static interaction in the crystal structure, 2 mol of Na' ions
are intercalated into the Na,Ti;O, structure to form Na,Ti;O-
producing strong electrostatic repulsion, leading to structural
instability and low operating voltage. Also, this strong electro-
static repulsion in the fully sodiated state induces the self-
relaxation phenomena. In addition, they observed the Ti*"/Ti**
redox couple upon cycling via the XAS technique (Fig. 28b).
Furthermore, their carbon-coated Na,Ti;O- electrodes delivered
a theoretical capacity of 177 mA h g~ * (corresponding to uptake
of 2 Na" ions per Na,Ti;0).

Rudola et al. investigated the physicochemical and electro-
chemical properties of Na,Ti;O, and calculated the diffusion
coefficient of Na* ions in the Na,Ti;O,/CB electrode.>*® Later,
Rudola et al. observed the intermediate phase of Na;_,Ti;O;
during the sodiation/desodiation process®>® (Fig. 28c). During
the sodiation process, based on the ex situ XRD results,
two discharge plateaus revealed the following two phase
reactions: Na,Ti;O, — Na;,Tiz;O, (black curve in Fig. 28c)
and Na; ,Ti;0, — Na,Ti;O, (red curve in Fig. 28c). The lower
discharge plateau causes an irreversible transformation that
leads to the loss of the sodium storage pathway in subsequent
cycles. By controlling the cut-off potential from 0.01-2.5 V
(with low plateaus) to 0.155-2.5 V (without low plateaus), the
Na,Ti;0; & Na;_,Tiz;O; pathway has the lowest redox voltage of
0.2 V vs. Na/Na" with a moderate capacity of 89 mA h g~ *. In
addition, it showed excellent rate performance up to 80C-rate
and a good cycle life for over 1500 cycles. On the other hand,
Pan et al. observed that nanosized Na,Ti;O; intermediate phase
is avoided and Na,TizO, directly translates to Na,TizO; during
the Na™ extraction process.*®' They also discussed two main
reasons for the low Coulombic efficiency and continuous
capacity fading of the Na,Ti;05 electrode: (i) partial decomposi-
tion on the Na,Ti;O; particle surface (instability of the SEI layer)
and (ii) structural distortion upon Na' insertion/extraction. Later,
Mufioz-Marquez et al. observed the instability of SEI formation
during the charge process and precisely investigated the com-
position and evolution of the solid-electrolyte interphase
in Na,TizO, electrodes.’® Although Na,Ti;O, is considered
as a promising anode with the lowest operating potential for

This journal is © The Royal Society of Chemistry 2017
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(a) Voltage versus composition profile for the electrochemical reduction of carbon black (blue curve) and composite electrodes containing Na,TizO,

and 30% carbon black (red curve). (Reproduced with permission from ref. 347, Copyright 2011 American Chemical Society.) (b) Normalized Ti K-edge XANES

for Na,TizO; at pristine state (red), after discharged to 0.10 V (blue), and after
Copyright 2014 The Royal Society of Chemistry.) (c) Representative C/5 cycling
from ref. 350, Copyright 2015, with permission from Elsevier.) (d) Charge—discha
Na*. (Reproduced with permission from ref. 355, Copyright 2013 The Royal Soc

discharged to 0.01 V (green). (Reproduced with permission from ref. 348,
of Na,TizO; = Nas_,TizO7 and Na,TizO; = Na,TizO; pathways. (Reprinted
rge curves of Na,TigO13 at 0.2C-rate in the voltage range of 0.5-2.5V vs. Na/
iety of Chemistry.) (e) Crystal structure change at different Na* insertion into

the Nay,4TigO13 structure based on the DFT calculations. (Reproduced with permission from ref. 356, Copyright 2015 American Chemical Society.)
(f) Comparison of the amount of cycled Na in voltage windows with lower cut-off voltages from 0.6-0.8 V. (Reproduced with permission from ref. 361,
Copyright 2015 The Royal Society of Chemistry.) (g) The 1st, 50th and 200th discharge/charge curves at a current rate of C/10 (10.6 mA g™ in the voltage
range of 0.4 and 2.5 V versus Na*/Na. (Reproduced by permission from ref. 362, Nature Publishing Group, Copyright 2013.)

Na-ion batteries, poor capacity retention remains the serious
drawback. Therefore, further investigation including reducing
the catalytic activity of Na' ions with titanium and application
of protective coating of active materials should be conducted to
improve the electrochemical performances of Na,Ti;O; electrodes.

Other types of sodium titanates were also widely studied as
potential anodes for SIBs.>***%* Trinh et al. reported reversible
electrochemical activity of Na,TigO;; in sodium cells with less

This journal is © The Royal Society of Chemistry 2017

than half a mole of sodium per formula unit.*** Based on the ex situ

XRD measurements in the voltage range of 0.5-2.5 V, Rudola et al.
reported the sodium insertion/extraction mechanism of Na,TicO13
as follows: Na,TigO;3 + xNa" + xe~ «> Na,,, TigOq3 with x = 0.85.3%°
Later, Shen et al. show that the capacity of the Na,TisO;3; anode
material can be enhanced from 49.5 mA h g~" (Na,,;,TigO13)
to 196 mA h g~ ' (Na,.4TigOy3) by lowering the cutoff voltage
from 0.3 to 0 V.**® Simultaneously with experimental works,
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Shen et al. predicted the structure and average voltage change
of reduced phases at various compositions of Na,.,TigO13
(x = 0-4) by using density functional theory (DFT) calculations
(Fig. 28e). Shirpour et al. suggested layered sodium titanate,
structurally identical to sodium nonatitanate, which was
capable of reversibly intercalating Na* ions at a low potential
of about 0.3 V vs. Na/Na".**” During the discharge process,
typical voltage curves of a dehydrated nonatitanate electrode
had a reversible capacity of 125 mA h g~ at 30 mA g
accompanied by irreversible decomposition of the electrolyte
which includes formation of a SEI layer in the voltage range of
0.3-0.9 V similar to the other titanium-based oxides.

The sodium titanate form of Na,TisO;, has been investigated
as the two crystal structures of trigonal Na,Ti5O,, (T-Na,Tis0;,)
and monoclinic Na,Ti;0;, (M-Na,Tis0;,) by Woo et al. and
Naeyaert et al., respectively.>*®**® T-Na,Ti;O;, has a tunnel-
structured three-dimensional framework, whereas M-Na,TisO,
has a quasi-2D layered structure. Both electrodes can incorporate
intercalated Na" ions into their structures, however, 2D channels
with partially occupied Na sites, providing broader pathways, can
deliver higher reversible capacity than T-Na,TisO;,. The tunnel
structured sodium titanate form of Na,Ti,O,5; was also investi-
gated as a possible Na' insertion host material for SIBs anodes.
Li et al. proposed Na,Ti,O,5 nanotubes on the Ti net substrate,
which exhibited a high reversible capacity of 258 mA h g™ " at
50 mA g ' and an excellent capacity retention of 96% after
200 cycles at 1.0 A g~ %%

Recently, as promising anode materials, layered struc-
tured sodium titanate compounds of 0O3-NaTiO, and P2-
Nag g6[Lig22Tig75]0» were introduced.*®*>** Through the
in situ X-ray diffraction studies, Wu et al. demonstrated the
reversible O3-0’3 phase transition of 03-NaTiO, and proposed
the Na' insertion/extraction mechanism (Fig. 28f). In an opti-
mal voltage window of 0-1.6 V, approximately 0.5 mol of Na*
can be reversibly intercalated in NaTiO,, showing a reversible
capacity of 152 mA h g ' and stable cycle retention after
60 cycles.*®" For P2-Nag g6[Lio22Tio.75]02, a reversible capacity
of 116 mA h g ' was delivered at an average storage voltage
of 0.75 V*** (Fig. 28g). In addition, it exhibited zero strain
characteristics of only ~0.77% volume change during sodium
insertion-extraction, ensuring a potentially long cycle life for
over 1200 cycles.

3.2 Conversion materials

Some kinds of transition metal oxide (TMO),**>™*%° transition
metal sulfide (TMS)'*°*** and transition metal phosphide
(TMP)**>7*¢ compounds can adopt Na* ions through conver-
sion reactions. Unlike intercalation and alloying reactions,
where metal atoms are reversibly shuttled in and out of a host
lattice, conversion reactions involve the chemical transforma-
tion of one or more of the atomic species into a host lattice to
form a new compound.**® Depending on the transition metal,
insertion-extraction or alloying-dealloying was combined
with conversion reactions. Analogous to the reaction in LIBs,
conversion materials have been considered as potential anode
materials for SIBs due to their high theoretical specific capacities.
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However, large volume expansion/contraction upon the sodiation—
desodiation process accelerated tremendous damage of electrodes,
which led to the loss of electrical contact and subsequently
rapid capacity fading. Moreover, sluggish mobility of Na* ions
due to the large ionic size (1.02 A) is still a challenge to
fully utilize their theoretical capacity. In recent years, to deal
with such problems, strategies such as advances in the nano-
technology and/or carbon-conducting technique have been
introduced, facilitating the development of high performance
conversion materials as anodes for SIBs. In this section,
the recent research achievements for transition metal oxides,
transition metal sulfides and transition metal phosphide as Na
conversion hosts are summarized and discussed.

3.2.1 Transition metal oxide (TMO) based anode materials.
Alcantara et al. first introduced the conversion material concept
by using NiCo,0, spinel oxide as an anode material for SIBs>®>
(Fig. 29a). Alcantara et al. described a reversible conversion
reaction of sodium with a metal oxide in which Na,O and metals
are formed: NiCo,0, + 8Na — Ni + 2Co + 4Na,0. Subsequent to
this work, many research groups have proposed various transi-
tion metal oxides (TMOs) such as iron oxide (Fe;04, Fe,03),>°°>77
cobalt oxide (C0;0,),>’®7%* tin (di)oxide (SnO, Sn0Q,)***3%°
copper oxide (Cu0),**'*°® molybdenum oxide (M00,),**” nickel
oxide (NiO, NiO/Ni),**®?%° and manganese oxide (Mn;0,).>*®

3.2.1.1. Iron oxides (FesO, Fe,03). Komaba et al. reported
applicability of Fe;O, in Na batteries through the insertion
reaction in the voltage range of 1.2-4.0 V.**® Recently, Hariharan
et al. proposed the possibility of Fe;O, materials in the conver-
sion reaction mechanism with Na* ions at a discharge voltage
of 0.04 V: Fe;0, + 8¢~ + 8Na" « 3Fe + 4Na,0.*®” Through the
conversion reaction, a discharge capacity of 643 mA h g~ ' was
delivered during the initial cycles with a high Coulombic
efficiency of 57%. Oh et al. suggested pitch carbon as a coating
additive for nano-sized Fe;O, (Fig. 29b). Oh et al. also observed
the conversion reaction of the C/Fe;O, electrode upon the
sodiation-desodiation process®' (Fig. 29¢c). To further ensure
electric conductivity, Park et al. introduced a composite of
C/Fe;0, embedded on carbon nanotubes, which delivered
440 mA h g for the first discharge and 321 mA h g~ for the
first charge with a high Coulombic efficiency of 73%.>*® More
recently, Liu et al. synthesized extremely small Fe;0, quantum
dots on hybrid carbon nanosheets, which demonstrated a high
capacity of 416 mA h g~ at 0.1 A ¢ ' and a superior cycle
retention of 70% for 1000 cycles at 1.0 A g .**° Fe,0, has
also been considered to be a promising electrode material for
SIBs due to its excellent chemical stability, high capacity, easy
fabrication, low cost and nontoxicity.>”>”” Similar to Fe;O,4
materials, sodium storage in Fe,O; is mainly achieved via a
reversible conversion reaction, by forming Fe nanoparticles
dispersed in the Na,O matrix.

3.2.1.2. Cobalt oxides (Co30,). Rahman et al. proposed the
reversible conversion reaction mechanism of Co;0, with
sodium ion via cyclic voltammogram and ex situ XRD analyses:
Co;0, + 8Na' + 8e~ « 4Na,O + 3C0.>”® Based on the XRD

This journal is © The Royal Society of Chemistry 2017
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(a) Voltage profile of Na/NaClO4(EC:DMC)/NiCo,04 cell between 3.3 and 0.01 V. (Reproduced with permission from ref. 365, Copyright 2002

American Chemical Society.) (b) The first charge—discharge cycle of a Na/C—FesO, cell at a constant current density of 20 mA g~* (0.1C-rate, 0-2 V) and
related differential capacity curves (inset). (c) Ex situ XRD analysis of the C-FezO,4 electrode at different discharging and charging state in (b) and scheme
of the electrochemical process of the C-FezO,4 cell. (Reproduced with permission from ref. 51, Copyright 2014 American Chemical Society.) (d) Cycling
performance of CNTs, Coz0,4 and Coz04/CNTs electrodes. (Reproduced with permission from ref. 379, Copyright 2015 The Royal Society of Chemistry.)

results of the first cycle and after 20 cycles, Rahman et al
suggested that the conversion reaction is not completed in the
first discharge to 0.01 V, and the conversion reaction tends to
continuously occur during further cycling. Following the con-
version reaction, a reversible capacity of 447 mA h g~ ' and
~86% capacity retention were demonstrated after 50 cycles.
Later, to improve the electrochemical performances of Co30,,
Rahman et al. fabricated a carbon composite architecture of
Co3;0,/CNTs by combining a molten salt precipitation process
and liquid plasma.’”® CNTs as carbon additives in this compo-
site anode provided several advantages during the sodiation-
desodiation process: (1) significantly decreases the absolute
stress/strain, (2) accommodates a large volume change and
prevents aggregation, (3) its CNT matrix provides electronic
conductivity and stability, and (4) reduces the ion or electron
transfer time. The results showed a high capacity of 403 mAh g™*
at 50 mA g ' and a superior rate capability of 190 mA h g~ * at
3.2 A g ' (Fig. 29d).

3.2.1.3. Tin oxides. Recently, various nanostructured tin-based

oxide (SnO, SnO,) materials and their composites have been
proposed.®®73% Gu et al. visualized the sodiation-desodiation

This journal is © The Royal Society of Chemistry 2017

process and investigated the failure mechanism of SnO, nano-
wire anodes via an in situ TEM technique®®® (Fig. 30a). At the
initial stage of the Na insertion process into SnO,, a displace-
ment reaction occurs, leading to the formation of amorphous
Na,Sn nanoparticles dispersed in the Na,O matrix. Further
sodiation led to crystallization to Na;5Sn, (x = 3.75) from Na,Sn.
At this stage, the nanowire experiences a huge volume expan-
sion from 67 to 145 nm in diameter with the sodiation. Upon
desodiation, Na,Sn transforms into Sn nanoparticles. Asso-
ciated with dealloying, pores are formed, leading to a structure
of Sn particles confined in a hollow matrix of Na,O. These pores
greatly increase electric impedance, therefore accounting for
the poor cyclability of SnO,. Later, Lu et al. investigated the
electrochemical properties and the sodium storage mechanism
of SnO and SnO, materials®®*® (Fig. 30b). Based on ex situ
XRD analysis and SAED pattern results, they confirmed that
SnO and SnO, are able to store sodium in their structure
through the combined conversion and alloying reactions:
(1) SnO — SnO + 2Na' + 2e~ « Sn + Na,O, Sn + Na,O +
xNa' +xe~ < Na,Sn + Na,0, (2) SnO, — SnO, + 4Na' + 4e”~ «
Sn + 2Na,O, Sn + 2Na,O + xNa" + xe~ « Na,Sn + 2Na,O
(Fig. 30c). According to their report, low oxygen contents of
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(a) TEM images of pristine, sodiated, and desodiated states of SnO, nanowire. (b) STEM Z-contrast image showing the reaction front of the SnO,

nanowire (left) and schematic drawing showing the morphology evolution of the SnO, nanowire upon Na insertion and extraction (right). (Reproduced
with permission from ref. 383, Copyright 2013 American Chemical Society.) (c) Ex situ XRD profiles of SnO (top) and SnO,/C (bottom) electrodes over
the first charge/discharge cycle. (d) Cycle life of SnO, SnO,, and SnO,/C electrodes. (Reprinted from ref. 386, Copyright 2015, with permission from

Elsevier.) (e) Cycling performance of SnO,/NG and SnO,/G composites at a current density of 20 mA g~

1. (Reproduced with permission from ref. 390,

Copyright 2015 The Royal Society of Chemistry.) (f) Cycling performance of the binder-free CuO nanorod array (CAN) electrode at a high current density
of 200 mA g~*. (Reproduced from ref. 392 with permission, Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.) (g) In situ observation of the sodiation

process in CuO nanowires using TEM. (Reproduced with 