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1. INTRODUCTION

Rechargeable lithium batteries that are so-called a Li-ion
battery, LIB, consisting of two lithium insertion electrodes and
lithium-ion conducting electrolyte, free from lithium metal,
have become successful and sophisticated energy storage
devices since the first commercialization of lithium-ion
batteries, carbon//LiCoO, cell, in 1991. LIBs were originally
developed as a high-energy power source for portable electronic
devices, and their energy is typically limited to less than 100
Wh as a single battery pack. Cobalt/nickel-based layered
materials are often used as positive electrodes for the high-
energy but small-sized batteries. LIBs with electric motors are
now used as an alternative power source for combustion
engines with a fuel tank; (plug-in hybrid) electric vehicles
equipped with large-scale LIBs as power sources have been
introduced to the automotive market, which could reduce the
energy dependence on fossil fuels for a transportation system in
the future. The energy of a battery module is increased to
5000—20 000 Wh for (plug-in hybrid) electric vehicles (EVs).
To reduce the battery cost, high-energy cobalt-based materials
as positive electrodes cannot be used for large-scale application.
In addition, recently, the demand for advanced energy storage
technology is rapidly emerging throughout the world. A large-
scale energy storage system for the grid is necessary to utilize
electrical energy with high efficiency and for peak shift
operation." Indeed, some battery companies have already
developed LIBs with megawatt hour (MWh) scale and plan to
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begin a demonstration test for electrical energy storage (EES).
Such MWh-class batteries are also probably used to store
electricity generated from solar cells and wind turbines as green
and renewable energy resources.

Although LIBs potentially provide a solution to meet these
tough challenges to realize sustainable energy development
through the increasing market for electric vehicles and an
emerging market for EES, we must reconsider the feasibility of
lithium,” which is certainly the inherent element in LIBs.
Lithium is widely distributed in the Earth’s crust but is not
regarded as an abundant element. The relative abundance of
lithium in the Earth’s crust is limited to be only 20 ppm as
shown in Figure 1. Indeed, the materials cost (the price of
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Figure 1. Elemental abundance in the Earth’s crust. Data derived from
ref 3.

Li,CO;) was steeply increased during the first decade of this
century.” Moreover, lithium resources are unevenly distributed
(mainly in South America); therefore, production of LIBs
depends on the import of lithium from South America. In
contrast to lithium, sodium resources are unlimited everywhere,
and sodium is one of the most abundant elements in the Earth’s
crust. The infinite sodium resources are also found in the
ocean. Additionally, sodium is the second-lightest and -smallest
alkali metal next to lithium as shown in Table 1. On the basis of
material abundance and standard electrode potential, recharge-
able sodium batteries (or Na-ion battery, NIB, if we follow the
terminology of LIB) are the ideal alternative to LIBs.*”°
NIBs are operable at ambient temperature, and metallic
sodium is not used as the negative electrode, which is different

from commercialized high-temperature sodium-based technol-
ogy, e.g., Na/S” and Na/NiCL® batteries. These batteries utilize
alumina-based solid (ceramic) electrolyte, and high-temper-
ature operation (~300 °C) is required for maintaining the
electrodes in the liquid state to ensure good contact with the
solid—electrolyte. Since molten sodium and sulfur are used as
active materials at such high temperature, safety issues of these
batteries have not been completely satisfied for consumer
appliances. In contrast, NIBs consist of sodium insertion
materials with aprotic solvent as electrolyte and, therefore, are
free from metallic sodium unless there are unfavorable reactions
(e.g, overcharge) causing the failure in batteries. Structures,
components, systems, and charge storage mechanisms of NIBs
are essentially the same except that lithium ions are replaced
with sodium ions as shown in Figure 2a.*> A NIB consists of two
sodium insertion materials, positive and negative electrodes,
which are electronically separated by electrolyte (in general,
electrolyte salts dissolved in aprotic polar solvents) as a pure
ionic conductor. The battery performance depends on battery
components selected, and many different NIBs for different
purposes can be assembled.

Historically, studies of Li*/Na* ions as charge carriers for
electrochemical energy storage at ambient temperature started
before 1980. Electrochemical lithium insertion into TiS, and its
application for energy storage devices were first proposed in
1970s.>'° Immediately after this report, electrochemical and
highly reversible sodium insertion into TiS, at room temper-
ature was also demonstrated in 1980."" The electrode
performance of lithium cobalt oxide, LiCoO,, which is a
lithium-containing layered oxide and is still widely used as high-
energy positive electrode materials in LIB, was first reported in
1980."2 Similarly, the electrochemical properties of sodium-
containing layered oxides, Na,CoO,, were also reported.'> The
early history of sodium insertion materials was reviewed in the
literature published in 1982.'*'® Nevertheless, in the past three
decades, significant research efforts have been conducted only
for LIBs, and studies on sodium insertion materials for energy
storage once almost disappeared.

This big rush of Li battery research after 1980 could originate
from the fact that available energy density was believed to be
much higher for the Li system compared with the Na system.
Figure 3 compares typical charge/discharge curves of Li/
LiCoO, and Na/NaCoO, cells. Since an ionic radius of cobalt
is relatively fairly small (0.54 A) compared with those of both

Table 1. Comparison of Physical Properties for “Lithium” and “Sodium” as Charge Carriers for Rechargeable Batteries”

Li*
relative atomic mass 6.94
mass-to-electron ratio 6.94
Shannon’s ionic radii/A 0.76
E° (vs SHE)/V —3.04
melting point/°C 180.5
theoretical capacity of metal electrodes/mAh g™ 3861
theoretical capacity of metal electrodes/mAh cm™ 2062
theoretical capacity of ACoO,/mAh g™ 274
theoretical capacity of ACoO,/mAh cm™ 1378
molar conductivity in ACIO,/PC/S cm? mol™" 6.54
desolvation energy in PC/kJ mol™! 218.0

coordination preference

octahedral and tetrahedral

Na* K Mg**
23.00 39.10 24.31
23.00 39.10 12.16
1.02 1.38 0.72
—=2.71 -2.93 —1.5§
97.7 63.4 650.0
1166 685 2205
1131 591 3837
235 206 260 as Mg, sCoO,
1193
7.16
157.3 572.3

octahedral and tetrahedral

octahedral and prismatic

“Some sets of data are also compared for potassium and magnesium. Data for ionic radii derived from ref 34; data for molar conductivity from ref 35

and data for desolvation energy from ref 30.
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Figure 2. (a) Schematic illustration of Na-ion batteries, and (b) a
number of publications, related to the sodium for energy storage
devices, published in the past three decades. Data was derived from ref
26. The number in 2014 is limited to the articles published from
January to March.
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Figure 3. Comparison of charge/discharge curves of Li/LiCoO, and
Na/NaCoO, cells. Schematic illustration of Li(Na)CoO, is also
shown. Data of Li/LiCoQ, cell derived from ref 12. Data of Na/
NaCoO, cell derived from ref 13.

lithium (0.76 A) and sodium (1.02 A) ions as shown in Table 2,
layered materials with both Li and Na are easily prepared.
Although both samples have the same crystal lattice built up by
sheets of edge-sharing CoOg octahedra, the operating voltage of
LiCoO, for the region at the end of discharge (start of charge)
is >1.0 V higher than that of NaCoO,. When both cells are
charged to >100 mAh g7, the difference in voltage is decreased

Table 2. Comparison of Abundance in the Earth’s Crust and
Ionic Radii for Li*, Na*, and 3d Transition-Metal Elements
(Ti**—Ni**) Used as Electrode Materials for Rechargeable
Batteries”

element material abundance (ppm) Shannon’s ionic radii (A)
Li* 20 0.76
Na* 23 600 1.02
Ti** 5600 0.67
V3 120 0.64
Cr* 102 0.615
Fe®* 56300 0.645 (high spin)
Mn* 950 0.645 (high spin)
Co** 25 0.54S (low spin)
Ni#* 84 0.6 (high spin)

“Data for elemental abundance in the Earth’s crust derived from ref 3
and data for ionic radii from ref 34.

to approximately 0.4 V, which is similar to the difference in the
standard electrochemical potential for Li (3.04 V) and Na (2.71
V) as shown in Table 1. The reduction of voltage becomes
more significant as Na content in the structure increases. As a
result, the available energy density is much lower for the Na
system when the same chemistry (redox species and host
crystal structures) with the Li system is used as the comparison
between LiCoO, and NaCoO, in Figure 3. This fact also
suggests that the different chemistry from the Li system is
needed to overcome the problem of low energy density for
NIBs.

The important second reason was the absence of suitable
negative electrodes for a long period of time. In the mid 1980s,
carbonaceous materials have been found to be promising
candidates for Li insertion (intercalation) hosts, which are
currently widely utilized as ne§ative electrode materials for
LIBs, e.g,, disordered carbons'®"” and graphite."®™>° Research
interest of LIBs is further accelerated by the finding of graphite,
which delivers high reversible capacity (theoretically 372 mAh
g~") with a low and flat operating potential of 0.1—0.2 V vs Li/
Li'. Unfortunatelzr, §raphite cannot be used as an insertion host
of sodium ions.”"** Only a few studies were available as
potential negative electrode materials for NIBs before 1990s,
for instance, Na—Pb alloy>*** and disordered carbon.*?
However, it was clear that the energy density as a battery
system was inferior to that of LIBs with graphite as negative
electrode materials.

As the first turning point in the research for NIBs, Stevens
and Dahn were reported in 2000 that a high reversible capacity
of 300 mAh g™, close to that for lithium insertion in graphitic
carbon, has been demonstrated with hard carbon in a Na cell
even though its cyclability was insufficient for battery
applications at that time. Hard carbon is now extensively
studied as a potential candidates as a negative electrode material
for NIBs. As the second important discovery, Okada and co-
workers reported that NaFeO, is electrochemically active in Na
cells based on the Fe’*/Fe*" redox couple.”® This discovery
may correspond to the finding of LiCoO,, which is still used as
the most important electrode material for high-energy LIBs, in
1980."> The Fe*/Fe*" redox is unique chemistry for the Na
system and never reported as active for LiFeO, in the Li
system. Utilization of the Fe"/Fe*" redox is an important
subject to realize the high-energy and cost-effective NIBs in the
future. Now, research interest for sodium ions is completely
attractively changed on the basis of these important findings

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682
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and because of the increasing worldwide demand for EVs and
EES with large-scale batteries.

In this review, recent research progress on NIBs is reviewed.
In the past few years, many different sodium insertion materials
have been found (and revisited) by many different research
groups. In fact, the number of publications on NIBs has
drastically increased in recent years after 2010, as shown in
Figure 2b. Negative electrode materials have been also newly
found in the past few years. The important difference is noticed
in the chemistry between Li and Na in aprotic polar solvents.
For instance, surface passivation processes are clearly different
in both systems. The design of better electrolyte and suitable
interphase for the Na system is quite important to realize long
cycle life.

Recently, review articles related to NIBs also have been
published by different g.;1roups.4’6’27’28 Our review provides
detailed and comprehensive research progress for sodium-ion
battery technology in the past three decades. The similarity and
difference between Li and Na systems for different electrode
materials, including crystallography, kinetics (solid-state ionic
diffusion and desolvation process), and thermodynamics of Li-
ion and Na-ion chemistry, including the passivation process in
aprotic polar solvent etc., are also summarized. Moreover, the
possibility and difficulty of NIBs are also shown in this review,
from which we further discuss whether or not NIBs will be the
competitive and attractive battery system for a LiCoO,/
graphite system as the most widely used high-energy 4 V-class
LIBs.

2. WHY ARE SODIUM IONS IMPORTANT AS CHARGE
CARRIERS FOR ENERGY STORAGE?

The material’s abundance is a simple and clear reason as to why
sodium ions are attractive as charge carriers for rechargeable
batteries. A decrease in the theoretical gravimetric and
volumetric reversible capacity is also a clear disadvantage
when compared between Li and Na metal electrodes as shown
in Table 1. The electrochemical equivalent of Na*/Na is more
than three times heavier than that of Li*/Li. However, the
difference in the theoretical reversible capacity becomes smaller
when compared for LiCoO, and NaCoO, as layered oxides
with the same crystal structure. When one-electron redox of the
cobalt ion (Co*/Co* redox) is assumed to occur, the
theoretical capacity is calculated to be 274 and 235 mAh g~!
for LiCoO, and NaCoO,, respectively. As a result, reversible
capacity is reduced by only 14%. The sacrifice is found in the
voltage difference as shown in Figure 3. This problem can be
potentially solved if the material’s innovation is realized in the
future, and current research progress to overcome this problem
is shown in this review. Similarly, the volumetric capacity of Li
metal is much larger than that of Na metal because of the large
difference in the molar volume of Li and Na metals (21.3 A® per
Li atom and 39.3 A® per Na atom; AV = 18 A?). The difference
in the volumetric capacity becomes much smaller when
compared for LiCoO, and NaCoO, because the difference in
the molar volume for LiCoO, and NaCoO, is small (32.3 A?
per LiCoO, and 37.3 A’ per NaCoO,; AV = § A®). If the final
target is to realize the battery technology based on the sodium
ions, not metal, the energy sacrifice can be potentially reduced,
and therefore, NIBs are expected to be the competitive battery
system for LIBs.

Additionally, sodium ions as relatively large ions offer the
possibility to increase the flexibility of materials design. The size
gap of ionic radii for Na* and Me* is large, and therefore,

layered oxides with different stacking manners from many
different 3d transition metals (Sc—Ni) are easily prepared as
shown in a later section. In addition to the oxides, a wide
variety of crystal structures is known for polyanionic
compounds and the structural chemistry of the Na system is
much more complicated in comparison to the Li system.
Moreover, many natural minerals containing sodium ions are
known, and crystallographic information is recorded in the
database. Many materials with different crystal structures are
easily prepared under thermodynamic equilibrium conditions.
Indeed, so far, many sodium-containing compounds have been
prepared and used as precursors to obtain new lithium insertion
materials by Na*/Li* ion exchange.”

Another merit from larger ionic radii is found to be a weak
solvation energy in polar solvents, which has been evidenced by
systematic and theoretical studies on Li’, Na’, and Mg*
together with different aprotic polar solvents.>® Since the
desolvation energy highly influences the kinetics of alkali-ion
insertion processes at the electrolyte interface,>"** the relatively
low energy for desolvation is an important finding to design
high-power batteries. Small lithium ions have a relatively high
charge density around ions when compared with sodium ions
as the same monovalent ions. Lithium ions are, therefore,
energetically stabilized by accepting/sharing more electrons
from/with the solvated polar molecules, namely, Li* is classified
as a relatively strong Lewis acid. As a result, a relatively large
energy for the desolvation process is required for Li" compared
with Na* (Table 1).*° Similarly, results of first-principles
calculation suggest that the activation energy of Na* diffusion is
relatively small for NaCoO, when compared with LiCoO,.**
Since the ionic radius of magnesium ions (Mg*") as a divalent
ion is similar to that of lithium ions as a monovalent ion (Li*
0.76 A and Mg** 0.72 A at 6-coordinated site®*), the surface
charge density of Mg** ions is also significantly increased
(strong Lewis acid). This fact indicates that Mg** ions are
stabilized by the further electron donation from polar
molecules, resulting in the high desolvation energy when
similar aprotic polar solvents, e.g., alkyl/alkylene carbonate, are
used as the electrolyte. It is also expected that potassium ions
(K*) have a further smaller desolvation energy compared with
the Li and Na systems in aprotic solvents. However, further
energy sacrifice is also unavoidable for the potassium system
due to heavy atomic weight.

Lastly, the high ion conductivity of Na*-based electrolyte is
also beneficial to increase the battery performance compared to
Li* electrolyte.’> A comparative study of the molar conductivity
of NaClO, and LiClO, has revealed a relatively low viscosity of
NaClO, solutions with aprotic solvents, and conductivity is also
high (10—20%) in comparison to LiClO, solutions. These facts
also probably originate from the size difference between Na and
Li in relation to the solvation energy and solvated states of ions
in aprotic polar solvents.

3. POSITIVE ELECTRODE MATERIALS
3.1. Layered Oxides

Since 2010, many publications have appeared in relation to the
electrode materials as the sodium insertion host in Figure 2b.
The positive electrode materials, especially for the layered
oxides, are the most extensively studied topic in the research of
NIBs. Early contributions to layered oxides for the sodium
system have been made mostly by Delmas, Hagenmuller, and
co-workers in the early 1980s."> LiMeO, (Me = 3d transition

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682
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metals) is typically inactive or has a tendency to undergo
unfavorable and irreversible phase transitions by the lithium
extraction, except Co®* and Ni**, which are fairly small-sized
cations when compared to Li*. In contrast, from Ti to Ni as 3d
transition metals, all elements with layered structures are highly
active as sodium insertion host. In this section, sodium-
containing layered oxides (Na,MeO, as a general formula) are
reviewed including the early studies.

3.1.1. Classification of Layered Structures. The most
common layered structures are built up of a sheet of edge-
sharing MeOg octahedra. Polymorphisms appear when the
sheets of edge-sharing MeOg octahedra are stacked with
different orientations along the c-axis direction. Sodium-based
layered materials can be categorized into two main groups using
the classification proposed by Delmas et al.:** O3 type or P2
type, in which the sodium ions are accommodated at octahedral
and prismatic sites, respectively, as shown in Figure 4.

R~~~
Naions —> @ % %
=
“((i C

s ¥

Octahedral
site

Prismatic
site

(1/3,2/3,0)

02 type

P2 type

Figure 4. Classification of Na—Me—O layered materials with sheets of
edge-sharing MeOjg octahedra and phase transition processes induced
by sodium extraction. See text for more details.

Schematic illustrations of crystal structures used in this review
were drawn using the program VESTA.*” O3-type NaMeO,
consists of a cubic close-packed (ccp) oxygen array in which
sodium and 3d transition-metal ions are accommodated at
distinct octahedral sites because the ionic radius of sodium ions
(1.02 A) is much larger than those of 3d transition-metal ions
with a trivalent state (<0.7 A).>* O3-type layered phases are
classified as one of the cation-ordered rock-salt superstructure
oxides.*® Edge-shared NaOg and MeOg octahedra order into
alternate layers perpendicular to [111], forming the NaO, and
MeO, slabs, respectively. As a layered structure, NaMeO, is
composed of crystallographically “three” different MeO, layers
(AB, CA, and BC layers in Figure 4, and the layered stacking
manner of MeQ, is isostructural with that of CdCl,) to describe
the unit cell, and sodium ions are accommodated at the
“octahedral” (O) sites between MeQ, layers. The structure is,
therefore, classified as an O3-type layered structure. The
structure is also classified as a 3R phase with a space group of
R3m. P2-type Na MeO, also consists of “two” MeO, layers (AB

and BA layers). However, the sodium environment is different
from the O3 type. Since the size of sodium ions is much larger
than that of lithium ions, sodium ions can be also located at
trigonal “prismatic” (P) sites. When a sodium off-stoichiometry
condition (typically 0.6 < x < 0.7 in Na,MeO,) is applied to
materials synthesis, the P2-type phase is empirically known to
be structurally stabilized. The P2-type layered structure is also
often classified as a 2H phase with a space group of P6;/mmc.
Moreover, a prime symbol (') is added to the abbreviation
when the crystal lattice contains in-plane distortion, such as
O’3-type NaMnO, with a monoclinic lattice (space group C2/
m)* and P'2-type NaMnO, with a orthorhombic lattice
(space group Cmcm).*

Sodium extraction from O3- and P2-type phases generally
induces phase transitions. Sodium ions in the O3-type phase
are originally stabilized at edge-shared octahedral sites with
MeOyg octahedra. Na ions at prismatic sites become energeti-
cally stable when sodium ions are partly extracted from the O3-
type phase, associated with formation of vacancies, similar to
the P2-type phase. Formation of prismatic sites is achieved by
the gliding of MeO, slabs without breaking Me—O bonds.'**°
As a result, oxygen packing changes from “AB CA BC” to “AB
BC CA” and this phase is classified as a P3-type phase as
shown in Figure 4. It is also possible to directly crystallize this
P3-type phase by solid-state reaction without electrochemical
sodium extraction in Na cells in some cases. For instance, P3-
and P2-type Na,5[Ni, ;Mn,,;]O, are known as low- and high-
temperature phases, respectively.*' The phase transition from
P3/03- to P2-type phase is, however, impossible in Na cells
because its phase transition is only achieved by breaking/
reforming Me—O bonds and is therefore required for higher
temperature environment.

Instead, the P2 phase changes into an O2-type phase in Na
cells (Figure 4). Since large prismatic sites in the P2-type phase
are energetically stabilized by large sodium ions, MeO, slabs
move (glide) to form octahedral sites after extraction of sodium
ions*** (and also by Na‘/Li* ion exchange**). Such MeO,
gliding leads to formation of a new phase with a unique oxygen
packing, “AB AC AB” (Figure 4). This phase contains
crystallographically two different MeO, layers with AB and
AC oxygen arrangements. Vacancies left in between AB and AC
layers are octahedral sites, that is, the O2-type phase. Both O3-
and O2-type phases have close-packed oxygen arrays. In the
O3-type phase with the ccp array (ABC-type oxygen arrange-
ment), NaO, layers share only edges with MeO, layers on both
sides. In contrast, the O2-type phase is locally composed of
ABA-type and ACA-type (Figure 4) oxygen arrangements,
namely, local structures are classified as a hexagonal close-
packed (hcp) oxygen array. On the basis of oxygen packing, the
O2-type structure is classified as an intergrowth structure
between ccp and hcep arrays. Note that two glide vectors of
MeO, slabs, (1/3, 2/3, z) and (2/3, 1/3, z), exist to form the
02 phase. This fact often induces formation of stacking faults
after sodium extraction from the P2 phase.*” Although only a
few studies on the P2—O2 phase transition in Na cells have
been reported so far,*** several reports on the P2—O2 phase
transitions by Na"/Li* ion exchange, including formation of a
variety of stacking faults, are available in the literature.*"**~*
Additionally, stacking faults and/or intergrowth between P2
and P3 phases are also reported for manganese-based materials,
highly dependent on the materials synthesis conditions.””*!

3.1.2. Iron- and Manganese-Based Layered Oxides.
LIBs are now widely used for (plug-in hybrid) electric vehicles.

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682



Chemical Reviews

Since cutting the cost of the battery module is a key issue to
reduce the total cost of electric vehicles, a choice of electrode
materials is also limited by the cost of materials. Although the
available energy density is inevitably lower when compared with
that of cobalt/nickel-based layered materials used for small-
sized batteries, spinel-type LiMn,0,>" is often used in
present large-scale batteries used for electric vehicles.
Manganese-based materials, more preferably iron-based materi-
als, are used because the elemental abundance in the Earth’s
crust (Figure 1) is relatively high (and therefore low cost).
Iron- and manganese-based electrode materials as the sodium
insertion host, therefore, provide great advantages in
application for large-scale batteries, especially electrical energy
storage (EES) systems.

3.1.2.1. O3-Type NaFeO,. a-NaFeO, is known as a typical
example of a O3-type layered structure and easily prepared by
conventional solid-state reaction.® In contrast, there are no
reports of direct synthesis of LiFeO, with O3-type layered
structures by solid-state reaction. Since the ionic radii of Li* and
Fe>" are similar to each other (Table 2), a cation-disordered
rock-salt phase is easily obtained by solid-state reaction at
higher temperatures. Although a single phase of LiFeO, was
successfully obtained by hydrothermal treatment at 230 °C
with concentrated KOH aqueous solution, thus synthesized
LiFeO, was electrochemically inactive in Li cells.”” Instead,
triphylite-type LiFePO, was extensively studied as iron-based
positive electrode materials for LIBs.*® Electrochemical
reversibility of sodium extraction/insertion processes for a
single phase of O3-type NaFeO, is shown in Figure Sa.
Electrochemical Na extraction from NaFeO, in nonaqueous Li/

@) x in Na,FeO,
5500 01 02 03 04 05 06 07
451 1
>
>
8 35f 4
o
>
25} 4
80 mAh g Na / NaFeO, cells
15 0 50 100 150
Capacity / mAh g
(b)
A
B
(L) o0
06560 = 6 (°° = 6
A

A face-shared vacant
tetrahedral site is formed
by Na extraction.

Fe3* is stable at
octahedral sites.

Fe3* migrates into the
vacant tetrahedral site.

Figure S. (a) Galvanostatic charge/discharge curves of Na/NaFeO,
cell. (b) Proposed mechanism of the iron migration process on sodium
extraction. (a) Reprinted from ref 61 with permission of The
Electrochemical Society of Japan. Copyright 2012. (b) Reprinted from
ref 62 with permission from IOP Publishing. Copyright National
Institute for Materials Science (NIMS). CC BY-NC-SA.

NaFeO, cell was first demonstrated by Takeda and co-
workers.”” Reversible charge and discharge processes for a
Na/NaFeO, cell were first reported by Okada and co-workers
as mentioned above.”>* Reversibility in electrode materials is
significantly influenced by cutoff conditions upon the charge
(sodium extraction) process as shown in Figure S. Although
charging capacity, corresponding to amounts of sodium ions
extracted from the crystal lattice, increases as a function of
cutoft voltage, reversible capacity obviously decreases when
charged beyond 3.5 V. Excellent reversibility with small
polarization is observed with a cutoff voltage of 3.4 V.
Reversible capacity observed reaches 80 mAh g™/, indicating
that approximately 0.3 mol of Na is reversibly extracted from
NaFeO, and inserted into the Na,,FeO, host structures. Such
deterioration of the electrode properties beyond 3.5 V
originates from the irreversible phase transition as suggested
by ex-situ X-ray diffraction (XRD)®' and X-ray absorption
spectroscopy (XAS).®* These facts suggest that part of the Fe**
ions could migrate into the neighboring tetrahedral sites as
shown in Figure Sb. When sodium ions are extracted from the
crystal lattice, vacancies are created at face-shared tetrahedral
sites with FeOg octahedra. Since trivalent iron ions are
energetically stabilized at tetrahedral sites, iron ions easitl)y
migrate to the face-shared sites, similar to LiCo,Fe; ,O,. 3
Solid-state diffusion of sodium ions is easily disturbed by the
iron at tetrahedral sites, leading to degradation of electrode
properties. As a result, a reversible range of Na,FeO, is limited
to be narrow. This reversible process in the Na cell is expressed
as follows

oxidation

NaFeO, = [, .Na,-FeO, + 0.3Na’ + 0.3¢~
2 0.3 0.7 2 (1)
reduction

where the open square denotes the vacant sites created in the
structure. The energy density available as electrode material is
also limited to be small (300 mWh g™ vs Na). Although its
reversible range is narrow, quite small polarization between
charge/discharge processes with submicrometer-sized particles
is the attractive character as shown in Figure 6. Additionally, the
thermal stability of Na,sFeO, was reported to be better than
that of Li;s,CoQ, in aprotic solvents.*® The rate capability of
Na,FeO, in Na cells is also shown in Figure 7a. The cell can
deliver >50% of discharge capacity at 1 C rate (the C rate is
defined as the current that delivers a nominal capacity in 1 h,
and the nominal capacity here is defined by one-electron redox
of iron, i.e, 241 mA g™'). Another major drawback of NaFeO,
as electrode material is Na*/H" ion exchange when NaFeO, is
in contact with water.®* NaFeO, changes into FeOOH and
NaOH (Na,CO; and/or NaHCO; by uptake of CO,). Such
Na*/H" ion exchange is generally observed in O3-type
NaMeO,.

3.1.2.2. O'3-Type NaMnO, and P2-Type Na,MnO,. O'3-
type NaMnO, with a monoclinic lattice (space group C2/m)>
and P'2-type Na,MnO, with a orthorhombic lattice (space
group Cmcm)*® are prepared as thermodynamically stable
polymorphs of layered Na—Mn oxides. Nondistorted P2-
Na,MnO, with a hexagonal lattice (space group P6,/mmc) is
also obtained by controlling the synthesis conditions.*’ Herein,
layered Na—Mn oxides are only described, and the structural
complexity of Na—Mn oxides will be further discussed in a later
section. Electrochemical reversibility of Na extraction/insertion
from/into O'3-type NaMnO, was first reported in 1985.%° A
very narrow reversible range (x < 02 in Na,_,MnO,) was,
however, reported in this original publication. The electro-
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Figure 6. Comparison of galvanostatic charge/discharge curves of
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from ref S1.

chemical properties of O’3-type NaMnO, were revisited in
2011,%° and it was found that O'3-type Na,_ MnO, shows a
much wider reversible range (x < 0.8). Although this reversible
range is much wider than that of Na,_ FeO,, cyclability in the
Na cell is insufficient as an electrode material. A large reversible
capacity rapidly declines by subsequent electrochemical cycles.
Selected charge/discharge curves of O’3-type NaMnO, are
shown in Figure 6. The Na/NaMnO, cell delivers 120—130
mAh/g of reversible capacity (approximately 50% of Na ions
are extracted/inserted) with small polarization. The operating
voltage of Na, ,MnO, is relatively lower than that of
Na,_,FeO, as shown in Figure 6.

The electrode performance of P2-NaMnO, was also
examined in some early studies.*”®® Its reversible domain for
Na extraction/insertion is wider than that of O’3-Na,;_ MnO,.
Over 150 mAh g™ of reversible capacity in the Na cell was
reported in the early study.® The reversible limit is highly
increased, Ax < 0.8 in P2-Na,MnO, when the battery grade
(high-purity with <20 ppm of water) electrolyte solution is
used.®” Approximately 190 mAh g~! of reversible capacity with
good capacity retention is obtained as shown in Figure 6. The
electrode performance of P2-Na,MnO, is much better than
that of O’3-Na;,_,MnO,. While in-plane conduction of
electrons/holes in MnO, layers must be essentially the same
for both polymorphs, the difference is expected to originate
from in-plane Na-ion conduction manners between MnO,
layers. Schematic illustrations of in-plane Na-ion conduction

in different phases are compared in Figure 8. For the O3-type
layered system, since direct hopping from one octahedral site to
an adjacent octahedral site requires high activation energy to
overcome barriers, sodium ions migrate throu§h interstitial
tetrahedral sites (similar to O3-type Li,C00,%), which are
face-shared sites with MeOg octahedra in MeO, layers.
According to the results of first-principles calculations, a
diffusion barrier of sodium ions (vacancies) in a O3-type
layered framework structure is relatively small (180 meV for
03-type Na,C00,).** The diffusion barrier of sodium ions is
expected to be slightly smaller than that of Li in O3-type
Li,CoO, (205 meV).*® In contrast to the O3-type layered
system, since the P2-type layered framework has an open path
for Na ions, a lower diffusion barrier than that of the O3-type
phase is probably expected. Sodium ions migrate from one
prismatic site to adjacent sites through open square bottlenecks
surrounded by four oxide ions (and thus a smaller repulsive
interaction from oxide ions is expected.””) because of no
interstitial tetrahedral sites dissimilar to the O3 structure.
Indeed, a higher ionic conductivity of the P2-type layered
material than that of O3-type layered materials is observed
when similar sodium/vacancy chemical compositions are
formed.”” Note that O3—P3 and P2—02 phase transition
could alter the mechanism of in-plane Na-ion diffusion. For
instance, according to the first-principles calculation, the
activation energy of Na-ion diffusion in P2-type
Na,[Ni,/;Mn, 3]0, (2/3 > x > 1/3) significantly increases
(>100 meV) in O2-type Na,[Ni, ;sMn,,;]0, (1/3 > x > 0)”°
even though the P2—O2 phase transition is unavoidable for
Na,[Ni,;;Mn,/;]O, in Na cells. On the other hand, O3-type
Na,[Fe,/,Co,,,]O, shows excellent rate capability in Na cells,
which could originate from the faster ion conduction for the P3
phase formed by the O3—P3 phase transition on the
desodiation process.”" Note that the local environment of Na
ions at prismatic sites and diffusion pathway in the P2 and P3
phases are different as shown in Figure 8 It is expected,
therefore, that the mobility of Na ions in both phases could be
different. Although a NMR study on P2 and P3 Na,CoO,
suggested that the mobility of Na ions in both phases is clearly
different on the NMR time scale,”” the difference in Na-ion
mobility as the electrode materials is not known so far. Further
systematic studies on the diffusion process of Na ions in these
different phases are necessary.

3.1.2.3. 03-Type Nal[Fe;; ;Mn,;,;,]JO, and P2-Type
Na,[Fe,;Mn;,,]O,. The electrode performance of P2-Na MnO,
is promising based on the reversible capacity as shown in the
previous section. The average operating voltage with a Mn®'/
Mn* redox couple is, however, limited to less than 3 V vs
metallic Na. The average operating voltage of O3-NaFeO, with
a Fe**/Fe*" redox couple is much higher (3.2—3.3 V) than that
of P2 Na,MnO,, even though the reversible range is narrower
associated with irreversible iron migration. From these pieces of
experimental evidence, P2-type Na/FeO, is predictably
considered to be a possible candidate as high-capacity and
high-energy electrode materials. All of our trials, however, failed
because Fe** cannot be stabilized in the oxide—ion framework
under ambient conditions.”> Therefore, manganese ions have
been partly substituted for iron to stabilize the P2-type phase,
and finally, we succeeded in the synthesis of P2-type Fe-based
layered oxide, Na, 5[Fe, ,Mn, ,]O,.>" P2-Na, ;[Fe, ,Mn, ,]0,
can be easily prepared by solid-state reaction of Na,O, (or
Na,CO,), Fe,03;, and Mn,0O; at 900 °C for 12 h.>' The
electrode performance of P2-type Na,;[Fe;/,Mn,/,]O, in the

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682



Chemical Reviews

50—
(a)
40r cr0
(121mAgh)
>
= 30f / .
@
g
% 20} oLV ]
> 2c 1C Cr \cno
(42mAg")  cCI5
1.0F q
0.0l L L . L
0 25 50 75 100
Capacity / mAh g
5.0
(c)
40
> cro
® 301 (12mag]
o
S
o 20 4
> \ \
\ \ c/5 CI1o
1.0F 5C 4
10C 1c
(41mAg")
ook L L

0 25 50 75 100 125 150
Capacity / mAh g

50— T T T T
(b)
40
>
> 30 1110c  120C 1
(<) (13 mA/g)
S
o 20
>
\ \ A\
10F 4c 2¢ 112C 1/5C
(1040 mA/g)
1C (260mA/g)
0.0 L L L L
0 50 100 150 200
Capacity / mAh g
5.0 T T T T
(d)
40t

1/20C
3.0 /

(12 mAlg)
\
11100
20 \usc

\ ic

1.0F 30C  \10C\ (241 mA/g) |
: 5C

723N 0

Voltage / V

0.0l L s s L
0 50 100 150 200

Capacity / mAh g

Figure 7. Comparison of the rate capability of (a) Na/NaFeO,, (b) Na/Na,;[Fe;,Mn,,]O,, (c) Na/Na,/;;C00,, and (d) Na/Na[Fe,,Co,,,]O,
cells. Na/NaFeO, cell was charged (oxidized) to 3.4 V at a rate of 12.1 mA g~ and then discharged (reduced) to 2.5 V at from 1/20 (12.1 mA g™")
to 2 C (484 mA g') rates. Sample loading of NaFeO, electrode used was 1.3 mg cm ™2 Na/Na, 5[Fe, ,Mn, ,,]O, cell was charged to 4.2 V at a rate
of 13 mA g ' and then discharged to 1.5 V at different rates from 1/20 (13 mA g™") to 4 C (1040 mA g™'). Sample loading on Al foil was 8.4 mg
cm 2, which is much heavier than that of the NaFeO, electrode. Na/Na, ;C00, and Na/Na[Fe, ,Co, ,]O, cells were charged to 4.0 V at a rate of 12
mA g~ and then discharged at different rates; from 1/20 (12 mA g™') to 30 C (7260 mA g™ '). Sample loading of Na,;;Co0O, and Na/
Na[Fe, /,Co,,,]0, on Al foil was 2.2 and 2.4 mg cm >, respectively, as the active material. (a, ¢, and d) Reprinted with permission from ref 71.
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voltage range of 1.5—4.2 V is also shown in Figure 6. P2-
Na, 3[Fe,,Mn, ,]O, delivers large reversible capacity, similar
to P2-NaMnO,, in the Na cell. The reversible capacity
(reversible range) of P2-Na, ;[Fe;,,Mn,/,]O, is much higher
(wider) than that of O3-NaFeO,. The rate capability of P2-
Na, 5[Fe,,Mn, ,]O, is also better than that of O3-NaFeO, as
compared in Figure 7. Additionally, the operating voltage is also
increased in comparison to P2-Na,MnO,, which will be
discussed in a later section.

O3-type Na[Fe,;,Mn,/,]O, can be also prepared by
changing the ratio of sodium/(iron and manganese).51 The
electrode performance of O3-Na[Fe,,,Mn, ,]O, in the Na cell
is shown in Figure 6. Large polarization (>1 V) between
oxidation (charge) and reduction (discharge) processes is
observed when the Na cell is cycled in the voltage range of 1.5—
4.2 V. In comparison with the O3 phase, the P2 phase clearly
shows larger reversible capacity. Since the P2 and O3 phases
have similar particle morphology (Figure 6), the kinetic
limitation related to the diffusion length is not responsible for
the difference in performance. Research interest for the Na—
Fe—Mn system as a high-capacity electrode material is rapidly
increasing, and now the electrode performance for P2- and O3-
Na,[Fe Mn,_,]O, with different chemical compositions is also

L T 7476
reported in the literature.

Charge compensation mechanisms on the sodium extraction
process were further analyzed by XAS. XANES spectra of P2-
Na,[Fe, ,Mn, ,]O, at the iron K-edge are shown in Figure 9a.
When Na,[Fe,,Mn,,,]O, is oxidized from 3.8 to 4.2 V, the
shift in the iron K-edge absorption spectrum is obviously found
in the higher energy region. The shift could be due to
complicated situations, including the changes in the local
structures, for example, sodium extraction from the iron face-

11643

shared sites and phase transitions.”* Therefore, EXAFS spectra
during sodium extraction were further analyzed. The change in
the radial distribution around iron during oxidation to 4.2 V is
shown in Figure 9b. The radial distribution around iron is not
affected by oxidation to 3.8 V, and the interatomic distance of
Fe—O remains unchanged (2.00 A for the as-prepared and 1.99
A for the 3.8 V charged state). The Fe—O local environment is
markedly changed after oxidation to 4.2 V. The intensity for
both the first and the second coordination shells, Fe—O and
Fe—Fe(Mn), is reduced, indicating the distortion around Fe.
The distortion also influences the neighboring manganese
ions.”" The interatomic distance of Fe—O is clearly shortened
after oxidation to 4.2 V (1.90(1) A). A large Debye—Waller
factor indicates the distortion by a noncooperative Jahn—Teller
effect of high-spin Fe*" (t)’¢,'). Mdssbauer spectroscopy
further supports the oxidation of Fe** to Fe*, as shown in
Figure 9c. Oxidation of Fe*" was also reported for O3-NaFeO,
by Missbauer spectroscopy.”*® The results indicate that Fe**
in P2-Na,[Fe,,Mn,,,]O, is electrochemically active in the
sodium system based on the Fe**/Fe** redox. Note that O3-
LiFeO, is never electrochemically active on the basis of the
Fe**/Fe** redox,”” or the reaction seems to be dominated by
the oxygen removal process at the solid/electrolyte interface.
Indeed, nanometer-sized O3-type LiFeO, is electrochemically
active associated with the Fe?*/Fe* redox.”” As the Fe** 3d
orbital is strongly hybridized with the oxygen 2p orbital in the
Li system, oxygen removal is favorable rather than oxidation to
Fe*', similarly to the Li,MnOj; system. In general, the sodium
system shows a lower redox potential when compared with the
lithium system as shown in Figure 3. Sodium ions are strongly
ionized when compared with lithium ions, resulting in the
lower covalency with oxygen. Iron and oxygen gain more (net)
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electrons when compared with the lithium system. As a result,
the electrochemical potential of the Fe**/Fe** redox is relatively
low compared with the lithium system. Thus, the Fe’*/Fe*
redox in P2-Na,[Fe,,,Mn,,,]O, could be accessible without
oxygen loss and used as an electrode material with a relatively
high operating voltage in the Na system.

As described above, the available reversible capacity of P2-
Na,[Fe, ,Mn,,]O, reaches 190 mAh g' with an average
voltage of 2.75 V versus sodium metal. The energy density is
estimated to be 520 mWh g™' vs Na, which is comparable to
that of LiFePO, (about 530 mWh g~ versus Li) and slightly
higher than that of LiMn,O, (about 450 mWh g™'). The
density of P2-Na,[Fe, ,Mn, ,,]O, estimated from XRD is 4.1 g
cm™>, which is higher than that of LiFePO, (3.6 g cm™), and
the submicrometer-sized primary particles are electrochemically
active without carbon coating. In addition, the feature of
stepwise voltage change observed for P2-/O’3-Na,MnO, is not
observed for P2-Na,[Fe,,,Mn,,,]O, (Figure 6). The appear-
ance of voltage plateaus is closely correlated with in-plane
sodium/vacancy ordering (presumably coupled with charge
ordering in MnO, layers). Stabilization of the Na/vacancy
ordering also results in biphasic reactions (two phases with,
generally, different unit cell volume coexist in the single
particle, namely, first-order phase transitions) in the region of
voltage plateaus. Rate capability in the electrode materials could
be restricted because of the phase boundary movement for two-
phase regions.”' Partial Fe substitution for Mn effectively
reduces the tendency for in-plane sodium/vacancy ordering.
These characters are highly beneficial to increase the energy

and power density of the electrode materials in the sodium
batteries.

Although the P2-type Na—Fe—Mn system is a promising
candidate as a high-capacity positive electrode material for
NIBs, three major drawbacks are known for electrode materials:
(1) a large volume change (11.3% shrinkage after charge to 4.2
V) during electrochemical cycles, (2) its hygroscopic character,
which restricts sample handling in moist air (as-prepared P2-
Na, 3[Fe,,Mn, ,]O, is somewhat oxidized by water, forming
P2-Na, ,[Fe;,Mn,/,]O, and NaOH, and it is also reg)orted
that water molecules can be intercalated into P2 phases®), and
(3) the sodium deficiency in the as-prepared sample which
limits the charge capacity in a full-cell configuration, unless an
additional source of sodium ions is added. In the first discharge
process, the sodium ions in part inserted beyond the starting
composition of x = 2/3 in Na,[Fe,;,;Mn,/,]O,. The excess
amount of sodium is estimated to be 0.2 (~50 mAh g'),
forming the P’2-Naggg[Fe;/,Mn, ,]O, in the fully discharged
state.>" Tt is difficult to directly prepare this sodium-rich phase
because this phase is metastable. O3 and/or O’3 phases are
thermodynamically stable. Compensation for the deficient
sodium ions is, therefore, needed to use the full capacity of
P2-Na,[Fe,;;Mn, ,]O, for NIBs. One idea to compensate for
the sodium ions is addition of sacrificial salts. For instance,
NaNj electrochemically decomposes into sodium ion and N,
gas, and this reaction is irreversible. Mixing of P2-
Na, /;[Fe,/,Mn, ,]O, with NaNj, therefore, increases the initial
charge capacity and thus effectively compensates for the sodium
deficiency for the P2 phase in the initial state.*’ Further
optimization is needed to overcome these disadvantages of the
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electrode materials and to realize large-scale and high-energy
NIBs in the future.

3.1.3. Other 3d Transition-Metal Oxides with Layered
Structures. 3.1.3.1. 03-, P3-, and P2-Type Na,CoO,. Layered
Na,CoO, is known as the oldest layered oxide studied as the
sodium insertion host."> Similar to manganese, both O3- and
P2-type layered phases are easily prepared and both samples
show high reversibility as an electrode material. In addition, the
P3-type Na,CoO, (x =~ 0.62) can be prepared as a low-
temperature 8phase (with monoclinic distortion at room
temperature).”> The first NIBs were demonstrated with P2-
and P3-type Na,CoO, as positive electrode materials and a
composite of poly(p-phenylene) and Na[Pb as the negative
electrode in 1988.% Research interest for layered Na,CoO, in
the past decade has been mainly focused on the thermoelectric
properties**** and superconductivity for the hydrate phase.*®
Figure 10 compares the charge/discharge curves of O3-, P2-,
and P3-type Na,CoO, in Na cells. Many voltage plateaus
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Figure 10. Comparison of typical charge/discharge curves of Na cells
with layered polymorphs: O3-, P’'3-, and P2-type Na,CoO,. Similar
profiles are observed for three polymorphs except the region with high
sodium content (x > 0.7). Data derived from ref 13 and 82.

similarly appear for Na,CoO, phases regardless of the
difference in stacking sequence of CoQ, layers. Large reversible
capacities of 140 mAh g~ for O3, 130 mAh g™ for P3, and 120
mAh g™ for P2 phases are observed. The biphasic behavior
with several sets of plateaus is a characteristic feature of
Na,CoO,. This character is clearly different from Li,CoO, as
shown in Figure 3. Although a monoclinic phase transition is
observed for Li,CoO, (x ~ 0.5) with the presence of a short
voltage plateau, it is easily noticed that Na,CoO, shows much
more complicated phase transitions on sodiation/desodiation.
Since similar charge ordering (electron—electron interaction) is
expected for Na,CoO, and Li,CoO,, the sodium ions would be
responsible for the difference in the phase transitions with
biphasic behavior. A relatively large repulsive interaction for
large and highly ionized Na® is expected compared with Li".
Detailed studies on sodium-ion ordering have been published
so far, especially for P2-type Na,CoO,. A phase diagram of P2-
type Na,CoO, in relation to the Na" content and ordering has
been predicted by first-principles calculation®” and experimen-
tally studied by in-situ XRD coupled with an electrochemical
method.® Typical examples of in-plane Na® ordering are
compared in Figure 11. Crystallographic sites for Na® are
different for the O3 and P2 phases. For the O3 phase, only
octahedral sites, which share three edges with CoOg4 octahedra,
exist between CoO, layers, whereas for the P2 phase, two
distinct prismatic sites are present, i.e., edge shared (prism A (e-
e) in Figure 11b) and face shared (prism B (f-f) in Figure 11b)
prismatic sites with the CoOg octahedra. The complication for
in-plane Na ordering arises from two different repulsive
interactions, sodium—sodium and sodium—cobalt interaction
for the P2 phase. Clustering of Na* for P2-type Na,,;Co0, at
edge-shared sites was predicted by first-principles calcula-
tion®”® and experimentally evidenced.*****° Part of the
sodium ions are also located at the face-shared sites as shown
in Figure 11, suggesting that the in-plane sodium—sodium
interaction can be highly influential in comparison to the
sodium—cobalt interaction at the face-shared sites. This
speculation is further supported by the observation of sodium
ordering in P2-type NaysC00,.°*”" Only one-half of the
sodium ions are located at the edge-shared sites, and the rest of
them are found to be at the face-shared sites in the case of the
P2-type structure as shown in Figure 11e. The sodium ions are
uniformly distributed in the two-dimensional triangle (pris-
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Figure 11. Schematic illustrations of sodium/vacancy ordering: (a)
sodium/vacancy ordering observed for O’3-NayVO,, (b) four
different prismatic sites in P2- and P3-type layered structures, (c)
full occupation of prismatic sites in P2 and P3 phases (a hypothetical
model), and sodium/vacancy ordering observed for (d) P2-Na,,;CoO,
and (e) P'2-Na,/;,C00O,, P'2-Na, ,VO,, and P’3-Na, ;,CrO,. (a) Data
derived from ref 114, (d) data from ref 90, and (e) data from ref 91.

matic) lattice, probably to minimize the in-plane repulsive
interaction.

Note that the voltage profile, operating voltage, and phase
transition behavior for three different layered polymorphs, O3,
P3, and P2, are very similar as seen in Figure 10. It is very
difficult to distinguish the kind of phases only from the voltage
profiles in the figure. Recently, the electrochemical properties
of three Li, CoO, polymorphs, 02, O3, and O4, have been also
reported.*”> Some differences for the phase transition
behavior and voltage profiles for the Li system have been
found, and the phase transition associated with Li ordering is
more evidenced for the O2 phase. For the O3-type Na,CoO,,
the O3—P3 phase transition occurs when a small amount of Na
ions is extracted. P3 phase has two prismatic sites (prism C (e-
f) and prism D (f-e) in Figure 11b), but both are
crystallographically identical sites. The ordering of Na* in the
P3 and P2 phases is expected to be very similar as discussed in
the former section, and therefore, three different polymorphs
show very similar voltage profiles with the biphasic reaction. A
difference in the voltage profile is observed for a high sodium
content region (x > 0.8 for Na,Co0O,). In this region, the O3
phase is energetically stabilized, resulting in the difference in the
phase transition and Na* ordering for the P2- and O3-phases.
Among the three polymorphs of Na,CoO,, the O3 phase
experimentally shows wider reversible range when compared
with the P2 phase, probably because of the difference in the
kinetics in the high sodium content region. The trend is clearly
reversed compared with the Na—Fe—Mn system. Further
systematic studies are needed to explain the origins of these
differences in layered polymorphs with different elements.

Xia and Dahn recently reported the thermal stability of P2-
type Na,CoO, by accelerating the rate calorimetry.”> In
addition to the reaction with aprotic solvents, Na,CoO, reacts
with the electrolyte salt (NaPFy), leading to formation of
NaCoF;. Such chemistry has not been found in Li,CoO,.*
From these results they proposed that proper selection of
electrolyte salts is also an important factor to design safe
batteries without such unfavorable reaction.

3.1.3.2. 03-Type NaCrO, and O’'3-Type NaNiO,. The
electrode performance of O3-type NaCrO, and O’3-type
NaNiO, was first reported in 1982, and both samples show the
complicated phase transition on sodium extraction.”® The
reversibility of the Na extraction/reinsertion process was
revisited in 2009 and reported to be that approximately 50%
of sodium ions can be reversibly extracted from NaCrO, with
small polarization based on the Cr**/Cr* redox as shown in
Figure 122977 A voltage plateau at nearly 3.0 V vs Na metal is
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Figure 12. Comparison of galvanostatic charge/discharge curves of
layered O3-type NaMeO, (Me = Cr, Ni, V, and Ti) samples.
Morphology of particles for O3-type Na,MeO, (Me = Cr and Ni) is
also compared. Data of NaCrO, (a) and NaNiO, (b) derived from refs
96 and 95, respectively. Data of NaVO, (c). Reprinted with permission
from ref 114. Copyright 2012 American Chemical Society. Data of
NaTiO, (d) Reprinted with permission from ref 116. Copyright 1983
Springer.

observed in the high sodium content region, and the voltage
shifts up gradually to 3.3 V. An additional plateau at 3.6 V
appears near x = 0.5 in Na,_,CrO,. Further sodium extraction
beyond 50% results in the loss of reversibility because of the
irreversible phase transition similar to NaFeO,.”” The reversible
range is slightly wider than that of NaFeO, (less than 40%).
Although a Li counterpart, LiCrO,, also crystallizes into the
layered structure, reversibility as electrode materials is quite
low.”*%° For the Li system, Cr** is oxidized into Cr®* and small
Cr® migrates into and stabilized at the tetrahedral sites in the
lithium layers.'” Small Cr® is expected to be difficult to
migrate into the relatively large tetrahedral sites in Na layers,
and instead of formation of Cr®, Cr* could be energetically
stabilized in Na,CrO,.°® Additionally, O3-type NaCrO,
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translates into the P3 phase by sodium extraction,'”" and

migration of Cr is an unlikely consequence because of no
tetrahedral site in the Na layer when the P3 phase is formed.
Na,;CrO, has a monoclinic lattice, namely, P’3-type
NayCrO,. The monoclinic phase is stabilized coupled with
in-plane Na* ordering. Although the local site environment for
P3 and P2 phases is different as discussed above, the in-plane
Na* ordering manner for P'3-type Na,sCrO, is essentially
identical to that observed for P2-Na,CoO, in Figure 11.%%

An important finding of O3-NaCrO, as an electrode material
is the thermal stability. A study on the thermal stability of
NaysCrO, by accelerating rate calorimetry has revealed that
Na, ;CrO, is surprisingly more stable than Li FePO, as one of
the most thermally stable electrode materials in the Li
system.'”> The electrode performance of 03-NaCrO, at
elevated temperature (80 °C) has been recently reported in
pure ionic liquid, alkali metal ions (Na" and K*) as cations, and
bis(fluorosulfonyl)amide (FSA) as an anion, and excellent
cyclability and rate capability have been demonstrated.'*"'*®
No structural degradation and long cycle life at elevated
temperature are a consistent result with the excellent thermal
stability as an electrode material.

LiNiO, is also extensively studied as high-capacity positive
electrode materials for LIBs. Synthesis of really stoichiometric
LiNiO, has never been achieved. Instead, an off-stoichiometric
Li;_,Ni,,,O, phase is more easily obtained with a trace of Ni**
in the lithium site.'®* Moreover, the electrode performance is
drastically deteriorated by the presence of Ni** in the lithium
layers. In contrast, stoichiometric NaNiO, can be prepared with
a monoclinic distortion because of the presence of low-spin
Ni** as Jahn—Teller ions, whereas even nearly stoichiometric
Li,_,Ni,,O, (x =~ 0.02) has a rhombohedral lattice, and only a
local distortion is found by EXAFS analysis.'® Similar to O3-
NaCrO,, O’3-NaNiO, has been also revisited and its electrode
performance is found in the literature.'® Since Ni?* cannot be
located in Na sites for NaNiO, because of the large size gap,
good electrode performance is obtained as shown in Figure 12.
Several voltage plateaus are observed similar to other layered
phases. Reversibility is quite high when the cutoff voltage is
limited to 3.7 V vs Na metal, and 50% of sodium ions is
reversibly extracted/reinserted in the lattice. Although nearly all
of the Na ions are electrochemically extracted by charge to 4.5
V vs Na metal, reversibility as an electrode material is
deteriorated.'®® The O’3—P’3 phase transition depending on
the sodium content in Na;_,NiO, was also reported.%’10

3.1.3.3. 03- and P2-Type Na VO, and O3-Type NaTiO,.
The electrochemical properties and changes in the crystal
structure for LiVO, as an electrode material were first reported
in 1980s. The original layered structure transforms into a
cation-disordered rock-salt phase because of vanadium
migration induced by lithium extraction,'”” leading to the
inferior electrode performance. Recently, LiVO, (Li/V off-
stoichiometric samples) has been proposed as a negative
electrode with low voltage, 0.3 V vs Li metal. LiVO, is reduced
by further insertion of Li to form Li,VO,,"**'% where 2 mol of
lithium ions are accommodated between VO, layers, namely,
the Tl-type phase as observed for Li,NiO,.""" The electro-
chemical properties of NaVO, in Na cells were not published
before 2010. The electrode performance of O3-NaVO, was first
reported by two individual research groups.''"''* The
electrochemical properties of P2-Na,,VO, in Na cells were
also reported and compared with O3-type phase."'> 03-NavO,
and P2-Na,,VO, delivers approximately 120 and 100 mAh g™*

of the reversible capacity, respectively. The operating voltage is
located near 2 V vs Na, which would be slightly low as a
positive electrode and relatively high as a negative electrode
(Figure 12) for the aprotic electrolyte system (however, this
system could be potentially used as the negative electrode for
the aqueous electrolyte system discussed in a later section). Na
extraction beyond x = 0.5 in O3-Na,_, VO, results in the
deterioration of electrode performance,''! similar to O3-
Na,;_,CrO,. Although a relatively wider reversible range for
the O3 phase was reported (0 < x < 0.5 in Na,_,VO,), slightly
large hysteresis (0.2 V) was observed in the high sodium
content region (0 <x<1/3). Such hysteresis was not observed
in the P2 phase in Na cells.'"?

In-plane Na® ordering in P2-Na, VO,'"? and O’'3-
NagsVO,"'* has been also studied. The Na* ordering found
in P2-Na, VO, is essentially the same as that of P2-Na;CoO,
(Figure 11). Additionally, vanadium ions in P2-Nay VO, form
pseudotrimers with very short V=V distances (two at 2.58 A
and one at 2.69 A).""® Since the only edge-shared octahedral
sites with VOg octahedra are present in the O’3 phase, a cation
ordering pattern for O’3-Nay,VO, is different from P2-
NaysVO,. Zigzag-type ordering at the octahedral sites (Figure
11a) has been experimentally evidenced for O’3-Na, ;VO,, and
this ordering has been proposed to be stabilized by coupling
wig14 formation of V=V dimers with a short distance of 2.64
A

By comparing the V** system, a few studies are found for the
Ti** system as an electrode material, and instead, the Ti**
system has been extensively studied as an electrode material,
which will be discussed in the next section. Since the ionic radii
of Li* (0.76 A) and Ti** (0.67 A) are similar in size, LiTiO,
generally crystallizes into a cation-disordered rock-salt phase.
However, according to the literature, there are non-cation-
disordered polymorphs of LiTiO,.""> Although the electrode
performance of LiTiO, is not well known, the cation-disordered
rock-salt phase could show insufficient performance in Li cells
without preparation of nanoarchitectured samples. The
electrode performance of NaTiO,, which has a strong reducing
character, was found in the literature.''® High reversibility with
small polarization was reported when the voltage was limited to
1.6 V in the Na cell. The original O3 phase changes into the
O’'3 phase by sodium extraction with a relatively low operating
voltage (0.8—1.6 V vs Na metal). A low operating voltage based
on Ti**/Ti* redox is suitable for negative electrode materials as
shown in a later section.

3.1.4. Binary/Ternary Metal Oxides with Layered
Structures. 3.1.4.1. O3-Type Iron-Based Materials. In the
former section, the electrode performance of O3-NaFeO, with
a narrow reversible range has been described. Recently, some
iron-based layered materials have been also reported with a
wider reversible range in comparison to O3-NaFeO,. In these
materials, Ni, Mn, and Co ions are partly substituted for Fe
ions.”"17712% Metal substitution effectively changes the
electrochemical phase transition behavior for NaFeO,. For
the pure iron system, the crystal structure of NayFeO, was
reported as an O’3-type phase with monoclinic lattice
distortion.”> O3—P3 phase transition is not evidenced for
Na,FeO,, and therefore, such iron migration to the adjacent
face-shared tetrahedral sites is probably unavoidable. The O3—
P3 phase transition in Na cells, however, is generally observed
for the metal-substituted Na[Fe;_,Me,]O, samples with
relatively wide reversible range. Since iron migration to the
large prismatic sites is expected to be unlikely, formation of the

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682



Chemical Reviews

P3 phase is expected to effectively extend reversible ranges as
the electrode materials in Na cells. Stabilization of the P3 phase
has been also theoretically predicted for Na,;MeO, (Me = Nj,
Mn, and Co)."”! Among layered materials with 3d transition-
metal ions, the P3-type phase is significantly stabilized for
Na,Co0,,"*" and excellent electrode performance has been
reported for Na[Fe,,,Co,/,]0,”" (Figure 13) and Na-
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Figure 13. Comparison of galvanostatic charge/discharge curves of
layered Na,MeO, samples with different structures. Morphology of
particles for each sample is also compared (right). Data of O3-
Na[Co, ,Fe,/,]O, derived from ref 71, O3-Na[Fe,,Nij3;Mng;]O,
from ref 117, O3-Na[Ni,;,Mn,;,]O, from ref 125, and P2-
Na, ;[ Ni;3Mn, 3]0, and P2-Na, ;5[ Ni, sMn, ,Ti; 5]O, from ref 131.

[Ni1/3C01/3Fe1/3]OZ.H9 Micrometer-sized and dense O3-Na-
[Fe,/,Co,/,]O, surprisingly shows excellent rate capability,
which is much better than that of O3-NaCoO,, as shown in
Figure 7. Over 60% of reversible capacity is preserved at the 30
C rate (72 A g') for O3-Na[Fe,,,Co,,,]O,, while such
superior rate capability is not observed for O3-NaCoO,. It has
been proposed that the excellent rate capability originates from
the difference in the phase transition behavior related to
formation of the P3 phase.”' From a stepwise voltage profile
observed for 03-Na,CoO,, limited rate capability is expected
because the phase boundary movement for two-phase regions is
required. Additionally, the tendency of Na/vacancy ordering
could energetically stabilize the sodium ions at the prismatic
sites, probably leading to the relatively slow kinetics for solid-
state diffusion of Na*. Although some voltage plateaus are still
observed for Na[Fe, ,Co, ,]O,, structural analysis revealed that
a two-phase region for Na[Fe,/,Co,/,]O, existed only at the
beginning of charge process as O3—P3 phase transition,”" and

thus, it is expected that excellent rate capability is achieved. The
Co-free system, e.g, Na[Fe;,Nij;Mng;]O,, also shows the
03—P3 phase transition and good electrode performance with
small polarization as shown in Figure 13. The rate capability of
Na[Fe, 4Nig3Mn,;]O,""” is, however, inferior to that of the Co-
substituted system.”""'” The results probably originate from
the superior in-plane electrical conductivity of Co as
experimentally observed for Li,CoO,"** and Na,Co0O,.**

3.1.4.2. O3-Type and P2-Type Na,[Ni,,,Me;,,]O, (Me = Mn
and Ti). LiNi, ,Mn, ,0, containing Ni** and Mn*" is one of
the most widely studied electrode materials for LIBs.'>?
LiNi; ,Mn, ,0, delivers large reversible capacity (approx-
imately 200 mAh g™') based on the Ni*’/Ni*" redox (and
Mn*" is inactive). However, ionic radii of Li* and Ni** are
similar in size; formation of antisite defects (cation intermixing
between Li* and Ni**) is unavoidable. The nickel ions in the
lithium layer lead to slow kinetics for solid-state diffusion of
lithium ions. To solve this problem, LiNi,;,Mn,,,0, ideally
without the antisite defects was prepared by Na'/Li* ion
exchange from O3-type Na[Ni;;,Mn,/,]0,.*""** O3-type
Na[Ni,/,Mn, ,]O, can be also utilized as a positive electrode
material for NIBs.””'** Typical charge/discharge curves of O3-
Na,_,[Ni,;;,Mn;,,]O, are shown in Figure 13.
Na,_,[Ni; ,Mn,/,]O, delivers large reversible capacity (~18S
mAh g™') based on Ni**/Ni*" redox with the O3—P3 phase
transition. Almost all of sodium ions are extracted by charge to
4.5 V vs Na without irreversible structural change. Good
capacity retention is achieved when the voltage range is limited
below 3.8 V.'*® P3-type N::12/3[Ni1/2Mn11/2]O2 can be also
prepared as a low-temperature phase."*® The electrode
performance of the Co-substituted system, O3-type Na-
[Co,/3Ni; 3Mn, 3]0, was also reported as an electrode
material.

LiNi, ,Ti; ,0,, which contains Ni** and Ti", instead of
Mn*, crystallizes into the cation-disordered rock-salt phase
because the ionic radius of Ti*" is quite close to those of Li* and
Ni**. The electrode performance of LiNi,/,Ti,;,O, is not
attractive as a positive electrode material."*® In contrast,
Na[Ni, ;,Ti, ,]O, crystallizes into the O3-type layered phase.
This fact is also another example of the increase in the flexibility
of materials design as electrode materials for the Na system.
The electrode 1performance of O3-Na[Nj, ,Ti; ,] O, is found in
the literature. *”'*® Approximately 50% of sodium ions is
reversibly extracted/reinserted into Na,_,[Ni, ;,Ti,,]O, with a
relatively high operating voltage using the redox reaction of
nickel.

P2-type Na,3[Ni;/;Mn,;;]O, was also first prepared as a
precursor to synthesize the new layered material for the Li
system, ie., T2-type Li,;3[Ni; /3Mn2/3]02.41 The electrode
performance of Na,/;[Ni;;Mn,/;;]O, in Na cells was also
reported.**** All sodium ions are reversibly extracted based on
the Ni**/Ni*" redox, which realizes high operating voltage as a
sodium insertion host. A long voltage plateau at 4.2 V vs Na
metal appears in the range of 1/3 < x < 2/3 in
Na,/;_,[Ni;;sMn,/;]O,, as shown in Figure 13. The two-
phase coexistence of P2-Na,;;[Ni,;;Mn,,;]O, and O2-
[Ni;/3Mn,/5]O, (the sample seems to have stacking faults,
but a clear decrease in the interlayer distance from 11.4 A for
the P2 phase and 8.9 A for the O2 phase was observed) has
been evidenced by in-situ XRD in the plateau region.”” A large
volume change (more than 20%) is unavoidable in this region
associated with the O2-phase transition, and therefore,
cyclability is insufficient as electrode materials as shown in
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Figure 13. Its cyclability as electrode materials is drastically
improved in the electrochemical cycle in the region of 0 < x <
1/3 in Na,/;_,[Ni; 3Mn, ;] O, without the phase transition into
the 02 phase.”® P2-Na, ;5[ Ni; ,;Mn, 3]0, is stable in moist air,
and water molecules cannot be inserted into the structure.®

Sufficient cyclability can be demonstrated by titanium
substitution for manganese ions, i.e., P2-type
Na, 3[Ni; ;Mn, ;. Ti,]O,."*" Although titanium substitution
reduces the reversible limit, the P2—O2 phase transition is
effectively suppressed, leading to good cyclability.
Na, 5[ Ni, ;sMn, , Ti; /5]O, delivers 127 mA h g™" of reversible
capacity with ca. 3.7 V of average discharge voltage vs Na metal
(Figure 13). A relatively high operating voltage as sodium
insertion host is highly beneficial to increase the energy density
for the NIBs. The estimated energy density as positive
electrode materials reaches 470 Wh kg™' based on metallic
sodium as a negative electrode."’

Additionally, many different P2-type layered materials were
newly synthesized, and the electrode performance in Na cells
was provided: Co—Mn,"**!3 Co—Ni—Mn,"**'** and Fe—Ni—
Mn."*® Not only these transition-metal ions but also lithium
ions can be also substituted for the nickel and manganese ions.
P2-type Na, ¢Liy,Nij,sMng ;505 (this composition can be
reformulated as P2-type Nag[Li;/sNis/4Mns,5]O,) has been
proposed as a potential positive electrode material for NIBs."*”
The sample delivers about 100 mAh g™" of reversible capacity
based on Ni**/Ni*" redox in the voltage range of 2.0—4.2 V.
Moreover, the sample shows excellent rate capability without
cobalt ions."*” Available reversible capacity is further increased
to 200 mAh g™! after charge to 4.8 V.* Such anomalous large
capacity has been also evidenced for the Li-substituted
manganese system, P2-type Nas4[Li;/4sMn;/,]O,, even without
nickel ions, whereas similar electrochemical reaction to
Li,MnOs in the Li cell is observed.®”

3.2. Other Oxides as Na Insertion Host

3.2.1. Iron-Based Oxides. NaFeO, with trivalent iron ions
crystallizes into two different polymorphs. The electrode
performance of the low-temperature phase, a-type (O3-type)
NaFeO,, has been described in a former section (Figure 6).
Synthesis at higher temperature (>760 °C) easily results in the
phase transition into f-type NaFeO, as the high-temperature
polymorph. The crystal structure of f-NaFeO, is related to the
mineral wurtzite. Packing of oxide ions is a hexagonal close-
packed array, and both sodium and iron ions are located at
tetrahedral sites (Figure 14a)."*® The electrode performance of
P-NaFeO, was examined in Na cells. Charge/discharge curves
of a Na/f-NaFeO, cell are shown in Figure 15a. f-NaFeO,
seems to be electrochemically inactive as an electrode material
in the voltage range of 2.0—4.0 V vs Na metal. From these
results it is speculated that Fe®* at tetrahedral sites could be
difficult to oxidize to the Fe* state, which could be
energetically stable only at octahedral sites.

Inverse spinel-type Fe;O, (and p-type Fe,0;) and
corundum-type (a-type) Fe,O; were also examined as host
materials for sodium insertion. A reduction in particle size to
the nanoscale often activates the electrode reversibility of
transition-metal oxides, which had been thought to be inactive
in Li cells."*>"* Similar to the Li system, nanosized Fe;O, and
Fe,O; are reported to be electrochemically active in Na
cells'*"'** even though micrometer-sized Fe;O, (and other
oxides) are electrochemically inactive. The reversible capacity is
less than 10 mAh g' for the submicrometer-sized Fe;0,,
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Figure 14. Comparison of crystal structures for miscellaneous iron/
manganese-based oxides: (a) -NaFeO,, (b) Fe;0,/y-Fe,05 (c) f-
NaMnO,, (d) Nag4MnO,, (¢) a-MnO,, and (f) Nay,MnO,.

whereas the rechargeable capacity reaches 190 mAh g™, which
corresponds to the 1.6 mol of Li in Fe;O,, for the nanosized
Fe;O, particles prepared by a precipitation method.'*"'**
Similar to the Li system, the nanocrystalline Fe;O, powder is
electrochemically active in the NaClO, electrolyte.'*"'** The
400 nm Fe;O, sample is electrochemically inactive in the Na
system, similar to the Li system. For the nanocrystalline Fe;O,
powder, the reversible capacity increases to 170 mAh g~
Although the reversible capacity of 10 nm sample is slightly
smaller compared to the LiClO, electrolyte, acceptable capacity
retention for the 30 cycle test was observed in the NaClO,
electrolyte. The electrochemical reactivity of the Fe;O, powder
is activated by controlling the size of particles for both Li and
Na systems. Recently, it has been demonstrated that a binder-
free nanocomposite with carbon nanotube and nano iron
oxides shows excellent electrode performance as an electrode
material in Na cells.'** Further reduction to 0 V vs Na metal
results in the partial conversion reaction: reversible formation
of nanosized Na,O and Fe metal.'**'*

3.2.2. Manganese-Based Oxides. Early studies on Na—
Mn—O ternary compounds as a sodium insertion host are
found in the literature published in the 1980s.>® The structural
chemistry of Na—Mn—O ternary compounds is complicated,
and many different phases, including polymorphs, are obtained
as the atomic ratio of Na to Mn changes.146 Two different Na—
Mn layered phases, O’3-type NaMnO, and P2-type Na,MnO,
(x = ca. 0.7), have been described in the former section. Two
polymorphs are known for NaMnO,: one is a-type (O’3-type)
NaMnO, as the low-temperature phase and another is S-type
NaMnO, as the high-temperature phase.146 p-NaMnO, is
prepared at >900 °C, and the crystal structure is different from
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P-NaFeO, with the wurtzite-related structure. Packing of oxide
ions for f-NaMnO, is the same as that of a-NaFeO, with the
ccp lattice, and the distribution of Na and Fe at octahedral sites
in the ccp lattice is different. The crystal structure of f-
NaMnO, is the same with orthorhombic LiMnO,, a so-called
zigzag-type layered phase (Figure 14c). The electrode perform-
ance of f-NaMnO, in a Na cell was also reported.”® The
potential difference between charge/discharge processes in the
Na cell seems to be relatively small, similar to a-NaMnO,
(Figure 1Sb).

When the fraction of sodium to manganese ions is reduced,
two different phases, Na, ,,MnO, and Na; ,MnO,, are obtained.
Na insertion properties of Nay,,MnO, (Na,MngO;) were first
examined in 1990s at 85 °C with solid-state polymer
electrolyte'*”'*® and revisited in 2007 to be examined at
room temperature with aprotic solvent.'*’ A crystal structure of
Nay 4, MnO, is also shown in Figure 14d. The framework
structure of Nag,,MnO, (space group Pbam) consists of four
MnOy octahedral sites and one MnOjg square-pyramidal site.
Trivalent manganese ions are energetically stabilized at the
square-pyramidal sites. These octahedral and square-pyramidal
sites are connected to each other by either edge or corner share
(vertex share), forming the complicated framework structure
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with two different tunnels along the c-axis direction. Sodium
ions are accommodated at three different sites in the framework
structure, and sodium ions in both large and small tunnels are
highly mobile.'*® However, trivalent manganese ions at the
square-pyramidal sites cannot be oxidized to the tetravalent
state,"*° and thus, 20% sodium ions cannot be extracted from
the framework structure. During the discharge (reduction)
process, Na,MnO, is reversibly uptaking sodium ions to form
Nay;MnO,, and approximately 120 mAh g~' of reversible
capacity is obtained as electrode materials. Complicated phase
transitions occur in the insertion/extraction processes of
sodium ions as expected from the galvanostatic charge/
discharge curves in Figure 15¢.'* Detailed configurations of
sodium-ion ordering in Na,MnO, upon electrochemical cycles
have been studied by first-principles calculations."*° Recently, a
well-crystallized and uniform nanowire (diameter ~ 50 nm and
the growth orientation along [001]) of Nay,MnO, was
prepared (Figure 15d) by a polymer-pyrolysis method.">" The
Nay44MnO, nanowire shows relatively good rate capability and
excellent capacity retention as shown in Figure 1Se.
Approximately 100 mAh g™" of reversible capacity is obtained
even after 100 cycles in Na cells.

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682
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Other manganese (di)oxides studied for lithium insertion
materials, such as @-MnQO, and $-MnQO,, were also tested as
sodium insertion host materials.">* The framework structure of
both @-MnO, and #-MnQO, consists of MnOg4 octahedra that
are connected by both edge and corner sharing. The structure
of f-MnO, is classified as rutile type with relatively small 1 X 1
tunnels along the c-axis direction, which is built up with chains
of edge-shared MnOg octahedra. Alkali ions, even small lithium
ions, cannot be inserted into the small tunnels of bulk f-
MnO,.">* However, nanosized $-MnO, with ordered meso-
pores is electrochemically active in Li cells.'>* A large reversible
capacity of >250 mAh g~' is obtained using nanosized f-MnO,.
Although the crystalline phase is lost (changes into an
amorphous phase) after electrochemical cycles, the electrode
performance of f-MnO, is effectively activated using such
nanoengineered samples. Therefore, it is also expected that this
methodology could be used for Na insertion materials, similar
to iron oxides as described in the former section. Indeed,
recently it has been reported that f-MnO, nanorods with a
diameter of 100 nm, which preferably grows along [001],
deliver large reversible capacity (>200 mAh g™!) in a Na cell.">*
Since the size of sodium ions is much larger than that of lithium
ions, phase transitions from the rutile structure are expected to
take place in Na cells. Although a large reversible capacity is
obtained with the #-MnQO, nanorod, note that the difference in
voltage between the charge/discharge in Na cells is much larger
compared with Na insertion reactions in highly crystallized
particles based on the topotactic reaction

a-Type MnO,, which is called hollandite as a group of
minerals, has been also studied in a Na cell. The structure of a-
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MnO, shown in Figure 14e is built up with edge- and corner-
shared MnOg octahedra, similar to f-MnO,. Large 2 X 2
tunnels are formed with double chains of edge-shared MnOg
octahedra. The open tunnels in a-MnO, are generally stabilized
by incorporation of large cations, such as K', and sodium
migration in the open diffusion path is expected to be eflicient.
Although a-MnO, nanorods show a large reversible capacity of
>200 mAh g' in a Na cell, polarization between charge/
discharge curves seem to be large similar to A-MnO,
nanorods.>* Results of the DFT calculation suggest that
migration barrier of Na ions in @-MnO, is comparable to or
slightly smaller than that of Li ions.">* -Type MnO,, prepared
from spinel-type LiMn,O,, is also used as an electrode material
for Na cells."*>'*® The phase transition behavior is unique in
Na cells; A-type MnO, partly translates into the O’3-type
layered phase on electrochemical cycles.

Manganese oxides with an even more open path for Na
migration, 2 X 3 tunnels consisting of double and triple MnOg
chains, are also found in a mineral called romanechite as shown
in Figure 14f'%" Large Ba®* ions and water molecules are
incorporated as a template to stabilize such large tunnels in
romanechite. A Na*-substituted sample for Ba** and H,O in
romanechite, Nay,MnQO,, is also prepared by a simple solid-
state method.*'*® The sample shows quite small polarization
in a Na cell even though the sodium insertion mechanism into
Naj4,MnO, with 2 X 3 tunnels is not fully understood. At least
0.3 mol of sodium ions are reversibly inserted/extracted into/
from the framework structure of romanechite with the large
tunnels.*

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682



Chemical Reviews

Figure 17. Crystal structure of phosphate-based compounds with Fe(II): (a) Na(Li)FePO, (triphylite-type), (b) NaFePO, (maricite-type), (c)

Na,Fe(P,0,), and (d) Na,Fe;(PO,),(P,05).

3.2.3. Vanadium-Based Oxides. Vanadium pentoxide was
studied as a sodium insertion host in 1980s,">® similar to the Li
system. The layered structure of a-V,Os is built up with edge-
and corner-shared VO square pyramids as shown in Figure
16a. Both Li* and Na" are inserted into @-V,Oj with the layered
structure, and a large discharge capacity is obtained regardless
of the difference in the size of alkali ions. Na,V,0; bronzes are
also electrochemically active in Na cells."*® Recently, a-V,04
has been revisited as a positive electrode material."”>® The
electrode performance of a-V,Oy is exhibited in Figure 16b. A
large initial reversible capacity of over 200 mAh g™ is obtained
with well-crystallized a-V,05 particles. The electrode perform-
ance of V,0js is significantly increased using nanostructured
V,0,, which was synthesized by electrochemical deposition.
Thus, prepared V,0s has a wide interlayer distance of
approximately 13.5 A and a morphology of nanoribbons with
highly porous structure. Nanostructured V,0; electrodes
deliver theoretical reversible capacity based on formation of
Na,V,0; (approximately 250 mAh g~') with good cyclability.
Energy and power density reaches over 700 Wh kg™" and 1200
W kg™!, respectively, with metallic sodium as the negative
electrode."” Vanadium phosphates and fluorophosphates are
further reviewed in a later section.

3.2.4. Oxides of 4d Transition Metals. Compared with
3d transition-metal oxides, limited research has been conducted
for 4d transition-metal oxides so far. Some early studies on
molybdenum-based materials, mainly for sulfides, as the sodium
insertion host were published before 1990.'°~"%> Molybdenum
sulfides MoS;'®° and Chevrel phases MogSs_,L.'%* were
reported to be electrochemically active as the sodium insertion
host. Recently, layered MoS,, in which Mo is located at
prismatic sites formed by sulfide ions, has been also studied as a
Na insertion host.'®> MoS, shows a low operating voltage
(approximately 1.0 V) in Na cells and can be classified as
negative electrode materials. In addition to sulfides, molybde-
num trioxide'®* and sodium-containing layered molybdenum
oxide'" are also electrochemically active. The crystal structure

of a-MoO; with hexavalent molybdenum ions is shown in
Figure 16¢c. The framework structure of @-MoOj is built up
with 1D zigzag chains formed by edge-shared MoOg octahedra.
The 1D zigzag chains share each corner, forming the 2D MoO;
layers. Relatively large sodium ions can be electrochemically
inserted between MoO; layers bridged by van der Waals forces.
The voltage profile changes almost linearly from 3.0 to 1.0 V vs
Na metal (Figure 16d). Approximately 1 mol of Na is
reversibly inserted/extracted into/from MoOj even though the
cyclability was reported to be inferior to the lithium system in
the original publication in 1995."** A clearly different behavior
has been reported in layered Na,Mo,0, (x ~ 1.0 for the as-
prepared sample).'®" Several sets of voltage plateaus,
presumably associated with sodium ordering and biphasic
behavior, were found in Na,Mo,0, (0.55 < x < 1.9) as
electrode materials.

The electrode performance of Na,RuO; with the O3-type
layered structure has been recently reported.'®® Na,RuO;
delivers approximately 150 mAh g™ of reversible capacity
with good capacity retention based on the redox reaction of
ruthenium ions. The average operating voltage is slightly lower
than 3 V with the slope profile. Two-phase coexistence has
been found only in the narrow range (0.5 < x < 0.6 in
Na,_,Ru0,).'*

3.3. Polyanionic Compounds

3.3.1. Phosphates with Fe(ll) and Mn(ll). Since the
layered lithium iron(III) oxide, LiFeO,, shows unimpressive
battery performance based on the Fe?*/Fe** redox couple after
oxygen loss in the Li cells as discussed above, polyanionic
compounds of iron were extensively studied based on the use of
the FeX'/Fe* redox couple.”® Lithium iron(II) phosphate,
LiFePO,, is the most widely studied polyanionic compound as
a positive electrode material for LIBs because of the interest for
practical applications.'® A crystal structure of LiFePO, is
classified as the triphylite-type structure (space group Pnma)
with a distorted hcp oxygen lattice. The structure is closely
related to the olivine-type structure, and two cations (lithium

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682
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and iron ions in the case of LiFePO,) are located in two distinct
octahedral sites in the common framework structure composed
of XO, (X = Si, P, Mo etc.) tetrahedra. Phosphate ions,
(PO,)* tetrahedra, share one edge and four corners with FeO,
octahedra, forming the framework structure of triphylite-type
FePO, as shown in Figure 17a. Formation of edge-shared sites
between FeOy4 octahedral and PO, tetrahedral units relatively
stabilizes the energy of the Fe**/Fe®* redox couple through the
inductive effect, resulting in the high-voltage (3.45 V vs Li
metal) positive electrode materials as iron-based compounds
based on the Fe?*/Fe** redox.’®'%¢ Although the FeOyq
octahedra share corners in the triphylite-type structure (Figure
18a), electrical conductivity is still too low to use it as an
electrode material. The electrode performance of LiFePO, is
significantly improved by carbon coating'®” and shortening of a
Li diffusion path with nanosized particles. Such engineered
nanosized particles deliver large reversible capacity in Li cells,
which now almost reaches its theoretical limit (170 mAh g*).
Conduction mechanisms of Li ions in triphylite-type LiFePO,
have been extensively studied.'®'®® LiOg octahedra are
connected to each other by edge-sharing along [010], forming
1D chains as shown in Figure 18c. Li ions can migrate with a
low diffusion barrier (~150 meV**) along the 1D chains
throughout particles if formation of antisite defects between Li
and Fe sites is negligible.169

A sodium counterpart, NaFePO,, is also studied as an
electrode material for NIBs.'”® NaFePO, crystallizes into
maricite-type structure as the thermodynamically stable phase.
Its crystal structure is also closely related to the olivine-type
structure with a distorted hcp oxygen lattice. A large gap in the
size of ionic radii between Na and Fe results in significant
distortion in the hcp oxygen lattice (Figure 18b) in comparison
to triphylite-type LiFePO,. Iron ions are located at octahedral
sites, and FeOy octahedra share edges, forming 1D chains as
shown in Figure 18d. The structure of 1D chains of FeOy in the
maricite phase is essentially the same with the 1D LiOg chains

in the triphylite phase. Sodium ions are located at large
tetrahedral sites (note that this site is also regarded as an
irregular site coordinated by 10 oxygen within 3 A'”"), which
share corners with PO, tetrahedra (Figure 18b). Since sodium
sites are isolated in the structure as shown in Figure 18b, a large
barrier for sodium migration is expected in the maricite-type
NaFePO,. Indeed, the reversibility of Na extraction/insertion
for maricite-type NaFePO, seems to be unacceptable as an
electrode material.'”*'”?

In contrast, triphylite-type NaFePO,, which is a metastable
polymorph of NaFePO,, is electrochemically active.'”"”?
Triphylite-type NaFePO, can be prepared by an ion-exchange
method from LiFePO,. Li ions are chemically (and electro-
chemically) extracted from triphylite-LiFePO, without destruc-
tion of its core structure, forming heterosite-type FePO,.
Chemical (and electrochemical) Na insertion into heterosite-
type FePO,, which possesses the same framework structure
with triphylite-LiFePO,, results in formation of triphylite-type
NaFePO,. Triphylite-type NaFePO, is stable below 480 °C
under steady nitrogen flow and transforms into maricite-
NaFePO, by further heating above 480 °C.'”*'”* Charge/
discharge (oxidation/reduction) curves of triphylite-NaFePO,
in a Na cell'” are shown in Figure 19a. Nearly 1 mol of Na
ions is reversibly inserted/extracted into/from triphylite-
NaFePO,. Since the ionic radius of the sodium ion is much
larger than that of the lithium ion, the unit cell volume of
triphylite-NaFePO, is approximately 10% larger than that of
triphylite-LiFePO,. Two voltage plateaus are observed on
discharge (Figure 19a). The open-circuit voltage on the
plateaus is observed to be between 2.87 and 2.97 V,'”* which
is slightly lower than that of ~3.1 V vs Na expected from
LiFePO, (3.45 V vs Li). The voltage difference between Li and
Na cells is, however, less significant than those typically
observed for the layered oxides (Figure 3). The appearance of
two voltage plateaus originates from formation of an
intermediate phase (a sodium-ion ordered phase) as
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Nay4FePO, (point B in Figure 19a). Such an intermediate
phase is not generally found for Li,FePO, under equilibrium
conditions. The larger interaction of Na ions, in comparison to
Li ions, could result in the occurrence of an intermediate
phase,"”*'”* similar to layered oxides. According to the DFT
calculation, a barrier of sodium migration in narrow 1D chains
is much larger (270 meV) compared with Li ions (150 meV).*?
Diffusion barriers highly correlate with diffusion paths in the
host structures. Indeed, the experimentally measured sodium
insertion kinetics in triphylite-Na,FePO, seems to be much
slower compared with Li ions.'”®

A thermodynamically stable phase of NaMnPO, is also
maricite type.'”” Similar to triphylite-NaFePO,, it is also
expected that lithiophilite-type NaMnPO,, which is isostruc-
tural with triphylite-type Li(Na)FePO,, could be obtained by
ion-exchange reaction and/or related soft chemical methods. It

has been demonstrated that lithiophilite-type NaMnPO, is
prepared by topochemical reaction below 100 °C from
NH,MnPO,-H,O as the precursor."’” The electrode perform-
ance of triphylite-NaMn, ,,Fe, ,PO, 7Erepared by the top-
ochemical reaction was also reported.'”” Electrode reversibility
of lithiophilite-NaMnPO, could be limited without preparation
of nanoengineered particles, similar to LiMnPO, because of
formation of antisite defects'”®'”® and/or the slow nucleation
rate for the delithiated (desodiated) phase.'®

3.3.2. Pyrophosphates with Fe(ll) and Mn(ll). After the
reports on lithium iron(II) pyrophosphate, Li,FeP,0O,, as a
positive electrode material for LIBs,'*"'®* many studies have
been published in relation to the pyrophosphate system. Use of
pyrophosphate, instead of phosphate, as the framework
structure has been further extended to the Na system, ie.,
Na,FeP,0,."%371% Na,FeP,0, is isostructural with one of the
polymorphs of Na,CoP,0, with space group P1."%¢ The crystal
structure of Na,FeP,0, contains corner-shared FeOg octahedra
(Fe,0,, units), which are connected by P,0, units, forming the
3D framework structure with an open sodium diffusion path
(Figure 17c). Na ions are located at large distorted square-
pyramidal sites. One Na ion is reversibly extracted from
Na,FeP,0, based on the Fe**/Fe** redox couple, and reversible
capacity reaches 90 mAh g~' (theoretical capacity 97 mAh g™')
as shown in Figure 19b. Although the available energy density is
lower than that of triphylite-NaFePO,, direct synthesis of
Na,FeP,0- is possible by conventional solid-state methods.
Additionally, the rate capability seems to be much better for
Na,FeP,0, even though FeO4 octahedra and FeOjg square
pyramids are completely isolated by the pyrophosphate ions in
the framework structure. This result is probably because of the
presence of an open diffusion path formed by pyrophosphate
ions. Na diffusion barriers in NaFeP,0O, have been also
calculated by the first-principles calculation.'®> Sodium ions can
diffuse through 1D paths along [011] with a relatively low
migration barrier (~480 meV), and all Na sites are
interconnected by 1D/2D paths with a diffusion barrier
below 540 meV.

Recently, it has been reported that one of the Na,MnP,0O,
polymorphs, f-Na,MnP,0,, which is isostructural to
Na,FeP,0,, also shows good electrode performance in Na
cells.'®” Although polarization seems to be large, Na,MnP,0, is
potentially used as a 3.6 V-class electrode material. Off-
stoichiometric synthesis for sodium metal pyrophosphates
induces formation of Na-rich phases."®® Thus, the prepared
sample shows better electrode performance compared with the
stoichiometric samples without nanosizing and carbon coating.
Pyrophosphate-based electrode materials containing other
transition-metal elements have been reviewed in the
literature."®’

An interesting character to design the electrode materials for
NIBs is the high structural complexity of sodium-based
compounds, e.g, the P2-type layered structure as mentioned
in the former section. It is impossible to prepare the P2-type
layered structure for the Li system (O2/T2-type structures
related to the P2-type structure are prepared by the soft-
chemistry technique*"*#*>%°). Similarly, a unique framework
structure, with mixed polyanion groups of phosphate (PO,)*~
and prylophosphate (P,0,)*" ions, is also stabilized in the Na
system (and it is not known in the Li system). Recently,
Na,Fe;(PO,),(P,0;) was synthesized as the first mixed
polyanion compound with Fe(I[)."”® The structure is
isostructural to Na,Me;(P0O,),(P,0,) (Me = Co, Mn, and
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Ni) with space group Pn2,a.**" FeOy octahedra are connected
to each other by edge and corner shares, and PO, tetrahedra
also share one edge and two corners with the FeOg4 octahedra,
forming a layer-like unit along the b—c direction. These layer
units consisting of FeO4 and PO, are further connected by
P,0, pyrophosphate ions, forming the crystal structure of
Na,Fe;(PO4),(P,0,) as shown in Figure 17d.
Na,Fe;(PO,),(P,0,) delivers approximately 100 mAh g~ of
reversible capacity, which is higher than that of Na,FeP,0O,
(Figure 19c). Three Na ions are reversibly extracted from
Na,Fe;(PO,),(P,0,) based on the Fe?*/Fe** redox. The
sample shows good capacity retention as an electrode material
in the Na cell.”°

3.3.3. Fluorophosphates, Carbophosphates, and Flu-
orosulfates with Fe(ll) and Mn (ll). A mixed anion system
containing fluoride and phosphate ions is also utilized as an
electrode material for NIBs. The layered fluorinated iron
phosphate, Na,FePO,F, was widely examined as a positive
electrode material for rechargeable batteries.'”>'** The crystal
structure of Na,FePO,F is isostructural to the Na,CoPO,F-
type structure'™ (or Na,FePO,(OH) type) as the two-
dimensional layered fluorophosphates (Figure 20a). Na ions
are accommodated between FePO,F layers, in which FeO,F,
octahedra share edge and corners. According to the results of
first-principles calculation, sodium ions migrate between
FePO,F layers with two-dimensional paths.'"”> The crystal
structure of Na,MnPO,F is different from Na,FePO,F."*® All
MnO,F, octahedra share each corner and form 1D Mn,F,Oq
chains. The chains are connected by PO, tetrahedra with
corner sharing, forming a less dense 3D framework structure
(Figure 20b). Na,[Fe,Mn,;_,]PO,F (0 < x < 1.0) samples were
also synthesized, and it was found that the Na,MnPO,F-type
3D structure is thermodynamically stable at x < 0.75 in
Na,[Fe Mn,_,]JPO,F.'"?

The electrochemical behavior of the carbon-coated
Na,FePO,F and Na[Fe,;,Mn, ,]JPO,F in Na cells is compared
in Figure 21."°7"% Na,FePO,F shows a relatively high
operating voltage (ca. 3.0 V vs Na) and fair reversibility. The
carbon-coated Na,FePO,F sample can deliver approximately
110 mAh g™ of reversible capacity, which corresponds to
approximately 90% of the theoretical capacity based on the one-
electron redox of iron (Fe**/Fe®*). Two well-defined voltage
plateaus, which are centered at 3.06 and 2.91 V with small
polarization, are observed in Figure 2la. The Na/
Na,[Fe, ,Mn, ,]JPO,F cell also shows a high reversible capacity
of 110 mAh g' (Figure 21b). In addition, from the operating
voltage, the reaction in the Na cell consists of three different
regions. Differential capacity dQ/dV plots of both samples are
also shown in Figure 21a and 21b (insets). On the discharge
process for the Na/Na,[Fe, ,Mn,,,]PO,F cell, three peaks are
clearly observed at 3.36, 3.04, and 2.86 V. A redox couple
centered at 3.53 V is found in the dQ/dV plot of
Na,[Fe, ,Mn, ,]JPO,F, which could be assigned to the Mn**/
Mn*" redox reaction. The polarization of the Mn redox is
clearly larger compared with that of Fe**/Fe®*, similar to the
iron/manganese phosphates. Although the layered framework
structure seems to be preferable for the sodium migration
process in the fluorophosphates system, carbon-coated and
nanosized Na,[Fe,,,Mn,,]PO,F samples show good reversi-
bility as an electrode material in Na cells."”®

Recently, the synthesis and electrode performance of
sodium-based carbonophosphates, Na;MePO,CO;, which are
a new series of mixed anion compounds used as electrode
materials similar to Na,Fe;(PO,),(P,0,), have been re-
ported."””?**° Na;MePO,CO; contains two different anions of
carbonate (CO;)*~ and phosphate (PO,)*” ions, and its Mn
compound, Na;MnPO,CO;, is found in the natural mineral
called sidorenkite."”® The crystal structure of Na;MnPO,COj is
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Chemical Reviews

(a) 5 T T T
41 i
>
—~
P 3F-Y=———mmm—r s c e e e m == = =]
g —~ 10
s
% 2L Tg’ 05 4
> < oo
1 | 2»0.5 J
© -1.0
15 20 25 30 35 40 45
0 Voltage / V
0 50 100 150
Capacity / mAh g"
(b) 5 T T
41 ]
>
—
PRl ey e
g _ 08
= Ll 2 o0s i
o £
> < 00
1L g-ovs i
® 0
15 20 25 30 35 40 45
0 ) Volltage/V )
0 50 100 150
Capacity / mAh g
(C) 45 10th 2nd 1st
E 4.0
o
<
¥
S 35
'd
2
S 30
c
Q
°
o 25
10th 1st
2.0 1 1 1 1 1 1 J

L L
0 20 40 60 80 100 120 140 160 180 20
Capacity (mAh/g)

Figure 21. Charge/discharge curves of the (a) Na/Na,FePO,F cell,
(b) Na/Na,[Fe,,,Mn, ,,]POF cell, and (c) Na/Na;MnPO,CO; cell.
(a, b) Reprinted with permission from ref 198. Copyright 2012 The
Electrochemical Society of Japan. (c) Reprinted with permission from
ref 199 Copyright 2013 American Chemical Society.

shown in Figure 20c. FeOy octahedra and PO, tetrahedra share
each corner, and CO; triangles share one edge with FeOyq
octahedra, resulting in the large distortion of FeOy4 octahedra.
Na;MnPO,CO; can be prepared by hydrothermal reaction at
120 °C."* Two Na ions are extracted from Na;MnPO,CO,
based on the Mn*"/Mn*" two-electron redox reaction, resulting
in a large initial charge capacity (Figure 21c). Although the
initial charge capacity is large (~200 mAh g'), it has been
reported that the sample shows a relatively large irreversible
capacity (~75 mAh g') at the initial cycle with acceptable
capacity retention in following continuous cycles.'””

Metal fluorosulfates are also a potential framework structure
for the Na insertion host. Recently, sodium iron fluorosulfate,
NaFeSO,F, was successfully prepared, and its electrode
performance was examined in Na cells. The crystal structure

of NaFeSO,F is isostructural to the mineral called tavorite,
LiFe(PO,)OH.”*" Although the results of first-principles
calculation suO%gest diffusion of sodium ions in the 1D path
along [101],>% the reversibility of NaFeSO,F as an electrode
material is limited to a narrow range.zo1 Very recently, a new
alluaudite-type Fe-based sulfate, Na,Fe,(SO,);, was synthesized
and exhibits ca. 100 mAh g~ of reversible capacity with the
highest operating voltage of 3.8 V vs Na/Na* among all Fe-
based insertion compounds.**® They successfully increased the
operating voltage by replacing phosphate PO;*~ with sulfate
SO,*" units having higher electronegativity and forming edge-
sharing FeOy octahedra.

Some other phosphates with Fe(II) and Mn (II), which are
often found in natural minerals, were also reported as host
materials for Na insertion. These materials have been further
reviewed in the literature.%>

3.3.4. Polyanionic Compounds with Other Transition
Metals. 3.3.4.1. Vanadium System. Sodium vanadium (III)
phosphate, Na;V,(PO,),, has the NASICON-type framework
structure consisting of corner-shared FeOg octahedra and PO,
tetrahedra with a 3D network.(Figure 22a) The name of
NASICON originates from Nay, Zr,P; Si,O),, which has
superior sodium-ion conductivity”** and is called “Na* super
ionic conductor (NASICON)”. For Na;V,(PO,);, ordering of
Na ions is observed in the NASICON-type framework
structure.”® Full sodium-extracted phase, V,(PO,),, is obtained
by chemical oxidation using Cl, gas without destruction of the
framework structure.”°® Additionally, Li;V,(PO,); can be
prepared by Na*/Li*-ion exchange from Na,V,(PO,);, and its
electrode performance in Li cells was reported.”®® The
electrode performance of Na;V,(PO,); was also found in the
literature.”®” Approximately 2 mol of Na are extracted based on
the V¥*/V* redox from Na;V,(PO,); with 3.3 V of flat
operating voltage. One mole of Na® is also inserted into
Na;V,(PO,); based on the V**/V3* redox at around 1.5 V.>%
This reaction with relatively low potential is used as the
negative electrode material, and Na;V,(PO,); is, therefore,
used as an electrode material for a symmetrical Na;V,(PO,),/
Na,V,(PO,); cell?®® Recently, carbon-coated nanosized
Na,V,(PO,); has been prepared by a one-pot method.””
The carbon-coated sample delivers 120 mAh g~ of reversible
capacity (Figure 23a) with excellent capacity retention.*'’
Sodium insertion and diffusion mechanisms are extensively
found in the literature.”""

Vanadium fluorophosphate, NaV(PO,)F, was proposed as a
positive electrode material for NIBs in 2003.>"* NaV(PO,)F
can be prepared by solid-state reaction of VPO, and NaF. Two
polymorphs of NaV(PO4)F exist as the low-temperature
monoclinic phase and high-temperature tetragonal phase.”'?
The crystal structure of tetragonal NaV(PO,)F seems to be
related to Na;V,(PO,),F; as described below. Tetragonal
NaV(PO,)F delivers approximately 100 mAh g™' of reversible
capacity (theoretical capacity 143 mAh g~' based on V**/V*")
with relatively high voltage and is used as a 4 V-class electrode
material. Capacity retention in Na cells is improved by partial
substitution of aluminum®'* and chromium®"® for the vanadium
in the low-temperature phase.

In 2006, the electrode performance of an additional two
compounds as sodium insertion materials was reported: sodium
vanadium(III) fluorophosphate, Na;V,(PO,),F;*'¢ and sodium
vanadium(IV) oxyfluorophosphate, Na;V,(PO,),0,F.*"” Struc-
tures of both phases are crystallographically the same as each
other and isostructural with Na,Fe,(PO,),(OH),E.*'® The
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Figure 22. Crystal structures for vanadium-based polyanionic
compounds: (a) Na;V,(PO,); (NASICON-type), (b) Na,V,(PO,),F;,
and (c) Na,V,(P,0,),PO,.

framework structure of Na;V,(PO,),F; consists of VO,F,
octahedra and PO, tetrahedra, while that of Na,;V,(PO,),0,F
consists of VOJF octahedra and PO, tetrahedra. The VO,F,
and VOF octahedra share four corners with PO, tetrahedra,
forming V,(PO,),0,F and V,(PO,),F; layers. The VO,F, and
VOGF octahedra in the V,(PO,),0,F and V,(PO,),F; layers
further share corners, forming the framework structure with a
two-dimensional path for sodium along the a—b plane (Figure
22b). Recently, Na;V,(PO,),F; has been revisited, and
excellent electrode performance has been reported.”'”**°
Na,V,(PO,),F; delivers 120 mAh g™' of reversible capacity
(Figure 23b) with excellent cyclability and rate capability with
the appearance of two voltage plateaus at 3.6 and 4.1 V.>* The
2D diffusion path for sodium ions in Na;V,(PO,),F; was also
evidenced by the results of first-principles calculation.”*® Since
Na,V,(PO,),F; and Na,V,(PO,),0,F are isostructural, a solid
solution phase can be also obtained.””' As one composition of
the solid solution phase between Na,V,(PO,),F; and
Na,V,(PO,),0,F, Na,V,(PO,),0,F,, has been prepared
and excellent electrode performance has been demonstrated.”**
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Figure 23. Comparison of electrode performance of different
polyanionic compounds: (a) Na;V,(PO,);, (b) Na,V,(PO,),F;, and
(¢) Na,Co,4Mn(;Niy;3(PO,),P,0;. (a) Reprinted with permission
from ref 210. Copyright 2013 WILEY-VCH Verbg GmbH&Co.
KGaA, Weinheim. (b) Reprinted with permission from ref 219.
Copyright 2013 Elsevier. (c) Reprinted with permission from ref 225.
Copyright 2013 Elsevier.

Na;V,(PO,),0, ¢F, 4 can deliver approximately 130 mAh g~ of
reversible capacity with excellent capacity retention even at 60
°C. The excellent capacity retention is proposed to originate
from the small volume expansion (less than 3%) on
electrochemical cycling.**

Similar to Na,Fe;(PO,),(P,0,), the mixed polyanion system
of phosphate (PO,)*~ and pyrophosphate (P,0,)*" ions is also
found in the vanadium system. Recently, the electrode
performance of Na,V,(P,0,),PO, in Na cells has been
reported.”*® All vanadium ions at octahedral sites in
Na,V,(P,0,),PO, are isolated by corner-shared P,0, and
PO, units. Na,V,(P,0,),PO, can be reversibly oxidized to
Na,V,(P,0,),PO, via NayV,(P,0,),PO, as the intermediate

dx.doi.org/10.1021/cr500192f | Chem. Rev. 2014, 114, 11636—11682



Chemical Reviews

Review

phase. Na,V,(P,0,),PO, shows nearly 3.9 V flat operating
voltage even though the reversible capacity is limited to 80
mAh g~".

3.3.4.2. Cobalt-Based System. Na,Co,(PO,),P,0,, which is
isostructural with Na,Fe;(PO,),(P,0;) shown in Figure 17c,
has been also proposed as a potential candidate as a high-
voltage positive electrode for NIBs.”** Approximately 95 mAh

~! of reversible capacity is observed for a Na/
Na,Co;(PO,),P,0; cell. This capacity corresponds to 2.2
mol of sodium-ion extraction from Na,Co;(PO,),(P,0,), and a
high operating voltage of >4 V has been also reported based on
Co’*/Co® redox. Similar to the O3- and P2-type layered
Na,CoO, system, several sets of voltage plateaus appear in the
Na/Na,Co,(PO,),P,0; cell, indicating the complicated phase
transitions associated with the sodium-ion ordering.

Partial substitution of Mn and Ni for Co is possible in
Na,Co,(PO,),P,0, and the electrode performance of the
manganese- and nickel-substituted sample,
Na,Co, 4;Mn,;Niy ;(PO,),P,0,, has been reported.”**
Na,Co, ;Mn,;Nij;(PO,),P,0, shows more than 100 mAh
g”' of reversible capacity, and surprisingly, some extent of
discharge capacity in the voltage region of 5.0—4.5 V (5.34—
4.84 V vs Li metal) has been reported (Figure 23c). The origin
of the anomalously high voltage has been suggested to be the
contribution of the nickel-ion redox in the polyanionic
framework structure.”*®

3.3.4.3. Polyanionic Compounds with 4d Transition
Metals. Only a few studies are available for oxoanion
compounds with 4d transition metals as sodium insertion
materials. NASICON-type Fe,(MoQ,); is electrochemically
active in both Li and Na cells based on the Fe?*/Fe* redox.”*®
Additionally, the electrode performance of molybdenum
oxypyrophosphate, Mo,0,P,0,, in Li and Na cells was
reported.””” Approximately 3 mol of sodium ions are reversibly
inserted/extracted into/from Mo,O,P,0 in a voltage range of
3—2 V. Electrode performance (rate capability and cyclability)
seems to be better in the Li cells.

3.4. Miscellaneous Na Insertion Materials as Positive
Electrode Materials

Iron trifluoride, FeF;, has been studied as a potential candidate
to achieve high energy density as an iron-based electrode
material in Li cells. The electrode performance of FeF; in Li
cells was first examined by Arai and co-workers.**® Fe—F bonds
in FeF; are strongly polarized because of the high electro-
negativity of fluorine in comparison to that of oxygen. Electrons
are, therefore, localized in FeF;, resulting in insufficient
electrical conductivity as an electrode material. FeFg octahedra
share all corners, forming the framework structure with open
channels (Figure 24a). The structure of FeF; is isostructural to
distorted ReO; (it is also classified as an A-site deficient
perovskite structure). Although FeF; has an open structure with
three-dimensional pathways for lithium insertion, the electrode
performance of micrometer-sized FeF; is limited by its
insulating character. The electrode performance of FeF; in Li
cells is significantly improved using nanocomposite materials
consisting of FeF; and conductive carbon.”*” This concept has
been extended to the Na system, and it was demonstrated that
FeF;/C nanocomposite delivers a large reversible capacity
(~150 mAh g™') in Na cells (Figure 25a).° Since LiFeF, is
formed as a metastable phase by electrochemical (or chemical)
reduction of FeF; in Li cells, it is impossible to prepare directly
LiFeF; by a simple solid-state method. Such lithiated phase is

FeS
(c) °
S-S
bond
C
a b

Figure 24. Comparison of crystal structures for (a) NaFeFs; (b)
Na,MnFe(CN),, and (c) FeS, (pyrite).

preferable as a positive electrode material to assemble a full cell
combined with carbonaceous materials as a negative electrode.
In contrast to LiFeF;, NaFeF; is easily prepared as a
thermodynamically stable phase because the large Na ions are
energetically stabilized at A sites of the perovskite structure
(and the sites are too large for Li ions) as shown in Figure 24a.
Nanosized NaFeF; is electrochemically active in Na cells and
used as a positive electrode even though a relatively Iar%e
polarization for charge and discharge cycles was observed.”*"*>*

Na ions are apparently coordinated by four fluoride ions at
bottleneck sites when the Na ions migrate across the
perovskite-type framework structure. Therefore, use of cyanide
ions has been proposed to reduce the activation energy at the
bottleneck sites for the Na migration process.”** Moreover, the
cyanide ions as strong-field ligands drastically influence the
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Figure 25. Electrode performance of (a) FeF;, (b) Na MnFe(CN)j,
and (c) FeS, (pyrite) in Na cells. (a) Reprinted with permission from
ref 231. Copyright 2009 Elsevier. (b) Reprinted with permission from
ref 233. Copyright 2013 WILEY-VCH Verbg GmbH&Co. KGaA,
Weinheim. (c) Reprinted with permission from ref 239. Copyright
2007 Elsevier.

crystal field splitting for the 3d orbital of iron ions. Recently,
Prussian blue analogues, which have a similar framework
structure to that of perovskite as shown in Figure 24b, have
been studied as the Na insertion host structures. The iron and
manganese system with potassium ions, KFe,(CN)¢ and
KMnFe(CN)>** and the iron(III) system without alkaline
metal ions, Fe,(CN),>** shows 80—120 mAh g™ of reversible
capacity as positive electrode materials in Na cells. Polarization
of Prussian blue analogues in the Na cells is much smaller than
that of the perovskite system with fluoride ions. Goodenough’s
research group has reported the Na-enriched iron manganese
system, Na,,,MnFe(CN)y (an ideal crystal structure without
sodium vacancies is illustrated in Figure 24b), as a potential
positive electrode material for NIBs.”*> Magnetic measure-

ments of Na,,,MnFe(CN), suggest the presence of low-spin
Fe(1I) coordinated by carbon, and the low-spin Fe(1I)/Fe(III)
is redox active in Na cells.”*® Reversible capacity reaches 130
mAh g~ with an average operating voltage of 3.2 V. The
sample also shows excellent rate capability in the Na cell as
shown in Figure 25b. The electrode performance of a similar
sodium manganese ferrocyanide has been also recently
reported.”*® The activation energy of the charge transfer
reaction for Na insertion into Prussian blue analogues highly
depends on the electrolyte solution used, and an extremely
small activation energy (S kJ mol™") in water-based electrolyte
solution has been reported.”*” Additionally, sodium ferrocya-
nide, Na,Fe(CN),, was reported to be electrochemically active
in Na cells. The sample delivers ~90 mAh g™' of reversible
capacity with a flat voltage plateau at 3.4 V.*** This reversible
capacity nearly corresponds to the capacity defined by one-
electron redox reaction of iron for Na,Fe(CN)s.

Pyrite, FeS,, which is the most common sulfide minerals, is
also utilized as an electrode material for Na cells even though
its reaction mechanism is not classified as an insertion
reaction.”® FeS, consists of Fe?* and S,*~ (persulfide ions),
and clear evidence for the presence of a S—S bond is found in
the structure as shown in Figure 24c. On the reduction process
in Na cells, Fe*" is reduced to metallic Fe and S,>” is potentially
reduced to form Na,S. If this reaction (so-called conversion
reaction*”) is a reversible process, the theoretical capacity
exceeds 950 mAh g™'. Although a large initial discharge capacity
was obtained (Figure 25c), reversibility is insufficient as an
electrode material. Use of the conversion reaction could be one
strategy to design the battery system with a high energy density
provided that round trip efficiencies and capacity retention
upon cycling can be improved.

In this section, many different positive electrode materials
have been reviewed. The energy density of selected materials,
oxides and polyanionic compounds, are plotted in Figure 26.
Here, the energy density was estimated by calculation with the
assumption of 300 mAh g~' for hard carbon as a negative
electrode material as full cells, as further discussed in the next
section. Combined with hard carbon, the estimated energy
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Figure 26. Average voltage (V,,.) and energy density (Wh kg™')
versus gravimetric capacity (mAh g™') for selected positive electrode
materials for NIBs. Energy density was calculated with the hard carbon
(reversible capacity of 300 mAh g~ with V. = 0.3 V vs Na metal, see
Figure 27) as negative electrode materials. Data derived from refs 51,
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density of NIBs with some of the electrode materials almost
reaches and/or exceeds 300 mWh g~ based on the mass of
active materials (Note that carbon materials are in general
needed to increase the electrode performance). The gravimetric
energy density of NIBs is now competitive to the graphite/
LiMn,O, system. Research progress on positive electrode
materials will further enhance the energy density of NIBs in the
future. The possibility of NIBs as full cells will be further

discussed in a later section.

4. NEGATIVE ELECTRODE MATERIALS

Research on negative electrode materials for NIBs has been
developed on the four different categories, which are basically
identical to those for LIB: (1) carbonaceous materials, (2)
oxides and polyanionic compounds (such as phosphates) as
topotactic insertion materials for sodium, (3) p-block elements
(metals, alloys, phosphorus/phosphide) showing reversible
sodiation/desodiation, and (4) oxides and sulfides with
conversion reaction. In this section, recent research progress
on negative electrodes for NIBs is summarized. The electrode
performance of different electrode materials in Na cells is given
focusing on the reaction mechanisms for sodiation/desodiation
processes. Since the electrode potential is generally low around
0-1 V vs Na*/Na (ie, from —3 to —2 V vs NHE),
decomposition of electrolyte solution at the negative electrode
is a severe issue to realize long cycle life for battery applications.
Selection of binders, additives, and electrolyte, therefore, has a
significant impact on the electrochemical behavior of negative
electrodes, associated with formation of surface passivation
layers, namely, solid electrolyte interphase (SEI).**’ Potential
breakthroughs in negative electrode materials and practical
issues are also provided to discuss the possibility of NIBs
without metallic sodium in the future.

4.1. Carbon-Based Electrode Materials

4.1.1. Na Insertion into Hard Carbon. For LIBs, graphite
is widely used as a negative electrode material in comparison
with other carbon materials because of its high gravimetric and
volumetric capacity. Graphite electrodes deliver a reversible
capacity of more than 360 mAh g~!, comparable to the
theoretical capacity of 372 mAh g™'.**' By electrochemical
reduction, Li* ions are inserted between graphene layers and
Li—graphite intercalation compounds (GIC) are formed with
stage transformations.*® At the first stage, all graphite layers are
completely filled by Li, forming LiC4 at the end of the
electrochemical reduction process.242 However, graphite is
electrochemically less active in Na cells. Although a small
amount of Na atoms seems to be inserted into the graphite by
heating with Na metal under helium or vacuum atmosphere
and by electrochemical reduction, resulting in formation of
NaCy,,>"** the Na insertion amount is much smaller than that
for Li and K insertion into graphite. In 2014, the reversible Na
intercalation into graphite in diglyme-based electrolyte was
demonstrated.”** Although Na® ions probably cointercalate
with diglyme into graphite and the Na//graphite cell exhibits
100 mAh g~ of reversible capacity with excellent capacity
retention, the reversible capacity is still less than that of a Li//
graphite cell.

The relatively larger reversible capacity of carbonaceous
electrode materials in Na cells was first reported by Doeff et
al* in 1993 using a soft carbon prepared by pyrolysis of
petroleum cokes; however, cells were cycled at 86 °C. Soft
carbon in general consists of a disordered structure and is

graphitizable at high temperature above 2800 °C. The soft
carbon carbonized at 600—700 °C delivers a larger reversible
capacity than that of graphite in Li cells. Although soft carbon
electrodes exhibit high capacity and good rate performance in
Li cells, a large irreversible capacity was observed at an initial
cycle due to electrolyte decomposition on the surface of soft
carbon. As another disordered carbon material, hard carbon
(so-called nongraphitizable carbon) is also intensively studied
as a negative electrode materials of LIBs, especially for the high-
power application. Hard carbon has a disordered structure
similar to soft carbon. Although many structural models have
been proposed so far,”** 7> the detailed structure of soft and
hard carbon is, however, still a debatable subject. The structure
of hard carbon depends on the synthesis conditions such as
carbon sources and carbonization temperatures, resulting in the
difficulty to construct a universal structural model of hard
carbon. In all of the proposed models hard carbon is composed
of two domains, that is, carbon layers (graphene-like) and
micropores (nanosized pores) formed between disorderly
stacked carbon layers.

Hard carbon had been utilized as a negative electrode in the
first commercial Li-ion battery, and the hard-carbon electrodes
deliver comparable reversible capacity without a staging
transition due to the structural disorder. The reversible capacity
exceeds the theoretical capacity of graphite,256 even though the
volumetric capacity is lower than that of graphite. The
electrochemical reversibility of Na insertion/extraction into/
from hard carbon at room temperature was first reported by
Stevens and Dahn in 2000.>*” They prepared a hard-carbon
sample by carbonization of glucose at 1000 °C. The hard-
carbon electrodes delivered ca. 300 mAh g™ of reversible
capacity in Na cells. In contrast to graphite, a much higher
amount of Na ions can reversibly insert into hard carbon by
electrochemical reduction in Na cells.

Charge and discharge curves of a Na cell with hard carbon
which was synthesized by carbonization of sucrose at 1300 °C
are shown in Figure 27. An irreversible reduction plateau at
around 0.8 V is observed at only an initial reduction (sodiation)
process, indicating decomposition of electrolyte solvent, salts,
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Figure 27. Charge/discharge curves of hard-carbon electrodes, derived
from sucrose carbonized at 1300 °C, at a rate of 25 mA g™' in 1 mol
dm™ NaClO, dissolved in PC:FEC (98:2 in vol %), and its capacity
retention is also shown in the inset. Reprinted with permission from
ref 364. Copyright 2014 PCCP Owner Societies.
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and additives associated with formation of a passivation layer
on the surface of hard carbon. The potentiogram slopes down
from 1.2 to 0.1 V during the initial reduction, followed by a
long plateau region at about 0.1 V vs Na, approaching 300 mAh
g™ of reversible capacity. During the following oxidation, a
reversible capacity of approximately 200 mAh g~ ' is observed
near 0.1 V vs Na/Na* and then the potential gradually increases
to 1.2 V, suggesting reversible Na insertion/extraction for hard
carbon. Hard-carbon electrodes exhibit good capacity retention
during the subsequent cycles with fluoroethylene carbonate
(FEC) as an electrolyte additive (Figure 27, inset). Detailed
studies on electrolyte and additives are described in a later
section in this review.

Extensive research efforts have been devoted to studying the
reaction mechanisms for Li and Na (de)insertion into the
disordered carbons to explain the origin of the anomalous high
capacity, and mainly two reaction models have been proposed.
Sato and Yata et al. proposed the model based on the LiC,
stage as a GIC where Li" ions are accommodated at ionic sites
and Li, “covalent” sites between the carbon layers.****® The
second model, that is, Li insertion into micropores, is more
broadly accepted as the lithium insertion mechanism to explain
the anomalously high reversible capacity for disordered carbon
materials. During the reduction process, lithium and sodium
ions are intercalated into the interstitial space sandwiched with
hexagonally bonding carbon layers (interlayer distance is
generally extended in comparison to that of §raphite) at first
and then further inserted into the micropores.”>”**° Li and Na
insertion into micropores is supported by small angle neutron
and X-ray scatterin§ analysis in the Li and Na systems,
respectively.>>5>*%>%! The potentiogram can be divided into
two regions: the slope region above 0.2 V and the plateau
region close to the equilibrium potential of Na/Na® as
described above (see Figure 27) and Li or Na insertion
between carbon layers and into micropores of hard carbon
occurs in the slope and plateau regions, respectively. Although
their insertion process for Li and Na would proceed in a similar
way, each capacity in the two regions is different for the Li and
Na systems when the same hard carbon is used as an electrode
in Li and Na cells.’ This fact suggests that suitable micropore
size and interlayer distances of hexagonally bonding carbon
layers are not the same for the case of Li and Na insertion.’
Furthermore, the presence of quasi-metallic Li clusters at the
fully Li inserted state observed by ’Li NMR was
reported.*>"*®72%* In contrast, formation of quasi-metallic
Na clusters was not evidenced by 2>Na NMR so far.”*® The
finding might originate from the difference in the insertion and
stabilization mechanisms for Li and Na in micropores.
Therefore, the electrode performance of hard carbon could
be further improved through optimization of structures. Indeed,
recently, more than 300 mAh g™ of reversible capacity for hard
carbon derived from a sucrose precursor in Na cells has been
reported,”**">% even though the volumetric capacity is still low
in comparison to that of graphite electrode in the Li system.

4.1.2. Electrolyte and Additive for Na Cells. By
designing better electrolyte it is possible to enhance the
energy/power density and cycle life of hard-carbon electrodes
in Na cells. In the case of LIBs, various electrolytes, such as
organic electrolyte solution, solid polymer electrolyte, gel
polymer electrolyte, inorganic solid electrolyte, molten salt
including ionic liquid, aqueous solution, etc., have been studied
to date, and their development is still in progress. It is thought
that one of the most successful electrolyte media is organic
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electrolyte solution based on carbonate ester polar solvents
where lithium salts are dissolved with small portions of
functional additive(s) for practical LIBs, due to its wide
potential window, high ionic conductivity, good temperature
performance, low toxicity, etc. Therefore, it is reasonably
expected that carbonate ester-based solution containing sodium
salts is one of the most appropriate electrolyte media for battery
applications. In this section, the major focus is the impact of
carbonate ester electrolyte solutions as well as sodium salts and
additives on the electrode performance of hard carbon in Na
cells.

An early study on electrolyte solutions for hard-carbon
electrodes for Na cells was reported by Alcantara et al.”*® The
electrode performance of hard-carbon electrodes was tested and
compared in different solvents: ethylene carbonate (EC)/
dimethyl carbonate (DMC) as a mixed cyclic and linear
carbonate system, which is a conventional system in the Li
system, tetrahydrofuran (THF) as a cyclic ether, EC/THF (1:1
by v:v), and 12-dimethoxyethane (DME). However, the
capacity decline within a few initial cycles was unavoidable
regardless of the difference in the electrolyte solutions.”®

Some of the authors of this review recently reported
systematic studies on electrolyte solvents with NaClO, as the
electrolyte salt.” The electrochemical cycling test of commer-
cially available hard carbon was carried out in propylene
carbonate (PC) and binary solvent electrolyte based on
ethylene carbonate (EC) and linear carbonate esters containing
NaClO, in beaker-type cells as shown in Figure 28a. When PC
and EC/diethyl carbonate (DEC) mixed solution is used, the
hard-carbon electrodes exhibit a high reversible capacity of
more than 200 mAh g~ with excellent capacity retention over
100 cycles. On the other hand, in the case of EC/DMC and
EC/ethyl methyl carbonate (EMC), the cycle performance in
beaker-type cells is insufficient. Moreover, the cycle perform-
ance of the hard-carbon electrodes in coin-type cells is
compared using the PC-based electrolyte solution containing
different electrolyte salts in Figure 28b. Despite the fact that the
beaker-type cell with NaClO, in PC shows good capacity
retention, the decrease in capacity is observed using a coin-type
cell in which a thin glass fiber separator is soaked with a
minimal amount of electrolyte solution sandwiched between
the Na metal foil and the hard-carbon electrodes. On the other
hand, the coin-type cells with NaPF4 and NaTFSA dissolved in
PC solutions exhibit better cycle performance. Palacin et al. also
tested various electrolyte solutions with different Na salts
(NaClO,, NaPF,, and NaTFSA), solvents (PC, EC, DMC,
DME, DEC, THF, and triglyme), and solvent mixtures (EC/
DMC, EC/DME, EC/PC, and EC/triglyme) using three-
electrode Swagelok cells.””® The results are in good agreement
with the previous study;’ the best cycle performance was found
to be in the case of NaClO, dissolved in cyclic carbonates, EC
and PC. Note that powder of NaClO, is shock sensitive. If
solutions are allowed to dry out there is a risk of violent
decomposition. This is not an issue with NaPF4 as the
electrolyte salt.

Another key material to improve the performance of hard-
carbon electrodes is electrolyte additives. The film-forming
additives into electrolyte solutions are widely known to
improve the electrode properties for the LIBs.””'">’* Vinylene
carbonate is the most widely used film-forming additive in the
practical LIBs with the graphite negative electrode.””>*”® FEC
is also known as an effective electrolyte additive for improving
SEI films and passivation, especially used for lithium metal and
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Figure 28. (a) Capacity retention for hard-carbon electrodes in the
beaker-type cells with 1 mol dm™ NaClO, dissolved in different
solvent mixtures. (b) Capacity retention for hard-carbon electrodes in
the coin-type cells with PC-based electrolyte solvent containing
different Na salts; 1 mol dm™ NaPF, LiTFSA, and NaClO, at a rate
of 25 mA g~'. Reprinted with permission from ref 5. Copyright 2011
WILEY-VCH Verbg GmbH&Co. KGaA, Weinheim.

silicon-based electrode materials.””>*"**”” The influence of the
addition of FEC into electrolyte solution on the electrode
performance of hard-carbon electrodes in Na cells has been also
reported (Figure 29).27% When a small amount of FEC is added
into 1 mol dm™ NaClO,/PC solution, an additional voltage
plateau at ca. 0.7 V appears during the first reduction due to
decomposition of FEC. By FEC addition, capacity degradation
as observed for the electrolyte without FEC is sufficiently
suppressed.”’® Indeed, FEC addition is noticeably effective to
achieve good reversibility of the Na insertion, presumably
associated with formation of a stable passivation layer at the
surface of hard carbon (and sodium metal*”®). Ponrouch et
al.**® recently compared the electrochemical performance of
hard-carbon electrodes in 1 mol dm™ NaClO, EC:PC
electrolyte solution with and without FEC additive. A decrease
in the reversible capacity and Coulombic efficiency by FEC
addition has been demonstrated. The reduction process would
not be able to access the low potential plateau (at ca. 0.1 V vs
Na'/Na) region probably due to the high resistive nature of the
surface layer formed by FEC addition with EC:PC mixtures.
Water contamination might affect the different influence of
FEC in the literature. Both the purity of the electrolyte solution
and the atmosphere of the Ar-filled glovebox in which Na cells
are assembled influence the amount of contaminated water in
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Figure 29. Initial galvanostatic reduction/oxidation curves for hard-
carbon electrodes in 1 mol dm™ NaClO,/PC solution (a) without and
with (b) 2 and (c) 10 vol % FEC. (Inset) Oxidative capacity retention
for the hard-carbon electrodes. Commercial hard-carbon powder was
used as electrode materials. Reprinted with permission from ref 278.
Copyright 2011 American Chemical Society.

electrochemical cells, leading to the difference in the passivation
process. The amount of electrolyte (relative amount of additive
to hard carbon and/or sodium) would also influence the
passivation process. An increase in the polarization by 5% FEC
addition into 1 mol dm™ NaPF PC solution is observed when
Na carboxymethyl cellulose (CMC) binder is used as further
described in the next section. Further optimization of the
additive amount with a suitable combination of solvents and
salts is necessary for each electrode material to enhance the
electrode performance for battery applications.

Since the issue associated with the flammability of carbonate-
and ether-based solvent cannot be ignored, ionic liquids have
attracted much interest as electrolyte due to their flame
retardancy (nonvolatility), thermal stability, and wide electro-
chemical windows.””*"**" Fukunaga et al. examined the hard
carbon in several ionic liquids without conventional solvent at
relatively high temperature (90 °C) with different compositions
of NaFSA and C,C,pyrFSA (FSA, bis(fluorosulfonyl)amide;
C,C;pyr, N-methyl-N-propylpyrrolidinium).*** The hard-car-
bon electrode exhibited a good reversible capacity of 260 mAh
g~ at a constant rate of SO0 mA g~' with high Coulombic
efficiency (>99.9%) for 40 cycles at 90 °C. The cell also shows
good rate capability at a rate of ~1000 mA g~'. Further studies
on the possibility of surface film formation by decomposition of
ionic liquids (with organic cations) are necessary to understand
the detailed sodium insertion mechanism of hard carbon in the
pure ionic liquid.**

4.1.3. Binders. Since Li-ion batteries became commercially
available in 1991, poly(vinylidene fluoride) (PVdF) has been
widely used as a binder to form an electrode layer from
powdery electrode materials on metallic foil because of its good
chemical and electrochemical stability for long-time use.
However, this polymer is relatively costly and requires the
use of volatile organic solvents to make a slurry paste that is
often toxic such as N-methyl pyrrolidone (NMP) in the
processing. Moreover, defluorination from PVdF is observed
when the polymer is attacked by alkali hydroxides.*** In
contrast, water-soluble binders such as sodium carboxymethyl
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cellulose (CMC), which is derived from cellulose as natural
polymers, provide an environmentally friendly and cost
effectiveness for battery manufacturing.”*>™>*"  Additionally,
adhesive strength as binders and dispersion of active materials
in the slurry are efficiently improved using water-soluble
binders having a carboxzrlic group, for instance, CMC,
polyacrylates, etc.”””?**7*! Selection of suitable binders is
also an important factor to maximize the electrode performance
of active materials in Na cells, similar to Li cells.

Figure 30 compares the influence of PVdF and CMC binders
on the electrode performance for hard-carbon electrodes in 1
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Figure 30. Cycle performance of hard-carbon electrodes with (a)
CMC and (b) PVdF binders in 1 mol dm™ NaPF4 PC solution
without FEC and with $% FEC. Reprinted with permission from ref
292. Copyright 2014 Elsevier.

mol dm™ NaPF,/PC with the effect of the FEC additive.*** In
the case of PVAF without the FEC additive, the reversible
capacity significantly declines on electrochemical cycles. In
contrast, the hard-carbon electrodes with the CMC binder
show excellent capacity retention, >96.5% even after 100 cycles
in the coin-type cell. Furthermore, the initial and averaged
Coulombic efficiency is improved by use of the CMC binder.
Nevertheless, in the combination of the CMC binder and FEC
additive, the capacity retention and Coulombic efficiency are
deteriorated. An XPS study reveals that the CMC binder
effectively covers the surface of hard-carbon particles, and the
layer is expected to partly work as a passivation film. Therefore,

the decomposed compounds of the FEC additive would form
excessive surface films on the binder layers and increase the
resistance of the electrodes, leading to the lower reversible
capacity. From these results it is proposed that the CMC binder
effectively improves the electrode performance of the hard-
carbon electrodes, probably related to formation of uniform
passivation layers on the surface of hard-carbon particles.*”>

4.1.4. Solid Electrolyte Interphase. In the former
sections it has been shown that solvents, electrolyte salts,
additives, and binders highly influence the electrode perform-
ance of hard carbon (potentially other negative electrode
materials) in Na cells, and the difference originates from
decomposition of electrolytes and formation of surface films
(ideally passivation). Generally, almost all polar aprotic
solvents, including EC and PC, are not thermodynamically
stable at ~0 V vs Na/Na". Therefore, passivation must play a
key role to realize the stable cycle performance of electrode
materials with high reversibility. Currently, there is much
knowledge on passivation for negative electrodes in LIBs, so-
called solid electrolyte interphase (SEI). As broadly accepted,
the thin stable surface layer is formed on the surface of
carbonaceous materials, which suppresses additional electrolyte
decomposition. The concept of SEI was first introduced by
Peled.**® According to Peled’s study,*** alkali and alkali-earth
metals are always covered by a surface layer and SEI should
meet the following terms: (i) this surface layer protects a direct
and free contact between the electrode and the solution, and
(i) electrons are not allowed to pass through the interphase
(the SEI is a pure cationic conductor).

Although the surface passivation process has been extensively
studied in the Li system, only a limited number of results were
published in the Na system before 2010. Moshkovich et al.***
studied and compared the surface films formed on the noble
metals in aprotic solvent (PC) containing Li and Na ions
(LiClO, and NaClO,). The major finding is incomplete
passivation of a noble metal surface and dissolution of surface
films for the Na system. The results suggest that the solubility
of the electrochemical decomposition products of the carbonate
ester-based electrolyte solutions in the Na system is higher than
that of the Li system. This fact probably originates from the
difference in the Lewis acidity of Li* and Na* ions. As discussed
in the former section, since the Lewis acidity of lithium ions is
stronger than sodium ions, the Coulombic interaction of
lithium ions with negatively charged species or lone pair
electrons is notable compared with that of sodium ions,
resulting in the difference in the solubility for the electrolyte
decomposition products. One simple fact is that Li,COj; is
hardly soluble in water, whereas Na,CO; is highly water
soluble. According to previous studies about SEI formed at the
surface of carbon materials in Li cells,”®* several lithium
compounds, such as Li,COj, lithium alkylcarbonate(s), lithium
alkoxide(s), LiF, and so on, are found in the SEI layer as
insoluble components on carbon and Li metal deposited by
electroreductive reaction at approximately 0.8 V vs Li
Considering the difference in the Lewis acidity and solubility
between lithium and sodium, it is reasonable to point that
formation of the SEI passivation layer is more difficult in Na
cells because of the higher solubility of the decomposition
products in Na*-based electrolyte solution.

This fact also indicates that the Na metal and sodium-
inserted carbon suffer from corrosion (i.e., chemical oxidation)
due to insufficient passivation. Indeed, the electrochemical
reversibility of Na metal deposition/dissolution is generally
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lower than that of lithium metal. Additionally, the surface layers
formed on the hard-carbon particles are also expected to be
different in the Li and Na systems. Therefore, surface layers for
hard carbon in Na and Li cells have been comparably studied
by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and time-of-light secondary ion mass spectroscopy (TOF-
SIMS) with electrochemical measurements including self-
discharge tests.®> To clarify the surface layers on hard-carbon
electrodes, hard-carbon electrodes with the PVAF binder were
cycled in 1 mol dm™ NaClO, and LiClO, PC electrolyte
solution. From the TEM observation, the surface film formed
on the tested hard carbon in the Na cell has a thickness of
approximately 30 nm in dry condition, and the morphology of
the surface films was found to be clearly different in the Li and
Na systems.” In the case of Na, the rough and nonuniform
deposit layer was observed on the surface. On the other hand,
the uniform layer covered the surface in the Li cell. The
difference of the surface film components between Li and Na
systems is further evidenced by TOF-SIMS as shown in Figure
31A. In the Na cell, a small number of fragment peaks was
observed, their intensity is markedly higher in comparison with
that of the Li cell, and the fragments were mainly assigned to
the inorganic fragment components. On the contrary, a large
number of fragments at every m/z = 1 were observed in the Li
cell, and most of them were assigned to organic fragments.
These results prove that the surface film in the Li cell was
mainly composed of the organic compounds, while that in Na
was composed of the inorganic compounds. The above results
confirm that a passivation layer different from the Li-based
negative electrode exists for the Na-based electrode because the
organic compounds formed in Na cells could be more soluble
compared to those formed in Li cells as already described, and
the hardly soluble inorganic compounds are mainly deposited
on the surface of hard carbon. XPS measurements also reveal
the similar difference of the surface layers formed by the
electrochemical cycling in Li and Na cells. In Figure 31B, a
strong peak at 284.5 eV in the spectra was assigned to the sp*
carbon in —C—C— of hard carbon. The other peaks are
expected to originate from the PVAF binder (—CF,— at 290.8
eV) and various functional groups on the hard-carbon
electrodes.***** After the electrochemical tests the peak at
284.5 eV almost disappeared, indicating that hard carbon in
both cells is covered with the decomposition products of the
electrolyte. The apparent difference for electrodes cycled in Na
and Li cells was observed in 285.5 eV; the peak intensity in
—CH,— is stronger for the Li cell than that in the Na cell. Since
—CH,— would be assigned to the alkyl and alkylene groups and
polymer species, the larger amount of hydrocarbon compounds
was found in the surface film formed in the Li cell as also
evidenced above by TOF-SIMS. To examine the passivation
property of the fully Na-inserted hard carbon and stability of
the surface layers formed on the hard carbon, self-discharge
tests of the hard-carbon electrodes after full Na and Li insertion
at the 10th cycle were further conducted as seen in Figure 31C.
There is unimportant self-discharge since the discharge capacity
is approximately 80% after a month, and a similar trend in both
Na and Li cells was found.

These results indicate that the surface film works as a
passivation film (and the findings satisfy the requirements for
“SEI” described above), which similarly protects the Na- and
Li-inserted hard carbon from chemical reactions with the
electrolyte at the interface, whereas the morphology and
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Figure 31. (A) TOF-SIMS positive-ion spectra for the hard-carbon
electrodes after the first galvanostatic cycle in Na and Li cells. (B) XPS
carbon 1s spectra for the hard-carbon electrodes tested in (a) Na and
(b) Li cells after the first cycle and (c) pristine electrode. (C) Self-
discharge tests of the hard-carbon electrodes after full insertion of (a)
Na and (b) Li at the 10th cycle. Reprinted with permission from ref S.
Copyright 2011 WILEY-VCH Verbg GmbH&Co. KGaA, Weinheim.

chemical composition of the surface film are different between
Li and Na cells. Electrolyte salts, additives, and binders also
influence the components of surface layers of hard carbon, as
expected from the data shown in Figures 28—30. Although
NIBs are analogous to LIBs on the basis of the energy storage
mechanism, understanding the characteristic behavior at bulk,
surface, and interface of sodium insertion electrodes in the Na
system is necessary to further improve the NIB performance.

4.2. Ti-Based Compounds as Negative Electrode Materials
Titanium-based compounds, especially for titanium oxides
(TiO, polymorphs) and Li titanate (spinel-type Li[Li,/;Tis/3]-
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O,), have been extensively studied as potential negative
electrode materials for rechargeable LIBs. Numerous tita-
nium-based materials are known to be electrochemically active
as host materials for Li insertion. In contrast, only two
materials, NASICON-type NaTiz(PO4)3296’297 and TiS,,'"*"®
were reported for the Na counterpart before 2010. Researchers
in the field of battery materials have explored the titanium-
based materials as potential negative electrodes for NIBs, and
many publications have appeared in the past few years.”** ">
In this section, recent research achievements for titanium
oxides and phosphates as Na insertion hosts are reviewed.
4.2.1. Titanium Oxides and Titanates. 4.2.1.1. TiO,
Polymorphs. The most common form of titanium compounds
is titanium dioxide, TiO,. TiO, consists of TiO4 octahedra with
tetravalent titanium ions. Polymorphisms of TiO, appear to be
related to the difference in the linkage of TiO4 octahedra.
Tetravalent titanium ions have no d electron, and all TiO,
polymorphs are therefore electrical insulators. Titanium
dioxides, exceptionally stable, nontoxic, inexpensive, and
abundant materials, have attracted significant attention as
typical intercalation negative electrode materials for LIBs.
Several TiO, polymorphs have been synthesized and tested as
insertion hosts for Li ions so far.*>~*'” Among the polymorphs
of TiO,, anatase-type TiO,, which is found as a natural mineral,
is known as one of the oldest host structures studied for Li
insertion.>'® TiOg octahedra in anatase-type TiO, share four
edges with other octahedra, forming the three-dimensional
framework structure with the distorted cubic close-packed
(ccp) oxygen lattice (Figure 32a). Microsized anatase-type
TiO, can store reversibly 0.5 mol of lithium ions per formula.
Although the first-principle calculations of Li and Na diffusion
in the anatase-type lattice suggest that diffusion barriers for
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both ions are similarly small,*"’ micrometer-sized anatase is
electrochemically inactive in Na cells. Recently, nanosized
anatase (<30 nm) has been reported to be electrochemically
active in Na cells.****! Shortening of the migration length for
Na insertion is an effective method to improve the electrode
performance of TiO,. A large reversible capacity of more than
150 mAh g™" is obtained (corresponding to approximately 0.5
mol of sodium insertion) in the voltage range of 0—2.0 V vs
Na/Na* even though a large surface area of nanosized anatase
inevitably results in low Coulombic efficiency (42%) in the
initial cycle as shown in Figure 33a. The voltage profile of
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[Li; 5Tis/3]O, electrodes with PVdF, NaAlg, and CMC binders. (c)
Electrode performance of the Na,Ti;O, electrode. (d) Charge/
discharge curves of a P2-Najgs[Lig,,Tig75]O, electrode and
Na;Ti,(PO,); electrodes cycled in the voltage range of (e) 2.5—2.0
and (f) 2.0 and 0.0 V. (a) Reprinted with permission from ref 320.
Copyright 2013 The Royal Society of Chemistry. (b) Reprinted with
permission from Macmillan Publishers Ltd.: (Nature Communications)
(ref 302), copyright 2013. (c) Reprinted with permission from ref 308.
Copyright 2011 American Chemical Society. (d) Reprinted by
permission from Macmillan Publishers Ltd.: (Nature Communications)
(ref 331), copyright 2013. (e, f) Reprinted with permission from ref
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nanosized anatase in Na cells is a sloping curve, and voltage
plateaus are not observed. Note that similar voltage profiles are
also reported for amorphous TiO,*** and nanosized bronze-
type TiO,,>*® which is often described as TiO,(B). Such
behavior remlnds us of the particle size dependency of rutile-
type TiO,>** which consists of only corner-shared TiOg
octahedra and is known as the most energetically stable
polymorph of TiO,, as the Li insertion host. Micrometer-sized
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rutile-type TiO, is less active in Li cells, while nanosized sample
is highly active. Moreover, a similar sloping voltage profile to
that of nanosized TiO, in Na cells is reported.*** Very recently,
Passerini’s research group®>' investigated the electrochemical
performance dependence of TiO, electrode on various
electrolyte compositions (different salts and solvents). The
best electrochemistry performance (specific capacity, cycling
stability, and Coulombic efficiency) was obtained using NaClO,
salt in EC:PC binary solvents. Further systematic study is
needed to understand the size dependency and voltage profile
for the TiO, polymorphs as Na/Li insertion host materials.

4.2.1.2. Lithium Titanate, Li[Li;;Tis;3]O, The most widely
studied Li titanate is spinel-type Li[Li; 5Tis/3]O, (space group
Fd3m). This framework structure is classified as a cation-
ordered rock-salt phase in which one-quarter of Li ions and all
titanium ions are located at octahedral sites. The octahedral
sites share edges, forming three-dimensional tunnels in the
structure. Remaining Li ions are originally located at tetrahedral
sites in the spinel framework structure as shown in Figure 32b.
When Li* ions are electrochemically inserted into Li-
[Li,sTis/3]O,, lithium ions at tetrahedral sites migrate into
the adjacent octahedral sites, finally forming Li,[Li; ;3Tis;3] O,
accompanied by reduction from Ti(IV) to Ti(Ill). The most
interesting character is no volume change of the unit cell after
Li insertion, which is well known as a “zero-strain” negative
electrode material.**>**® Zero strain as an electrode material is
highly beneficial, especially for long-term cycling. Additionally,
the operating potential of Li[Li, 3 Tis/3] O, is relatively high as a
negative electrode: 1.55 V vs Li/Li". Therefore, Li[Li, 5Tis/3)-
O, is free from the electrolyte decomposition and the risk of
unsafe Li plating and dendritic growth even though the energy
density is inevitably lower than carbonaceous materials.

Recently, Zhao et al. reported for the first time electro-
chemical Na insertion into Li[Li, ;3 Tis/;]O,°°" The reversible
capacity in a Na cell is approximately 155 mAh g~' with a
relatively low insertion/extraction voltage with a plateau at 0.7
V for discharge and the good cyclability as the oxide-based
negative electrode material. Because of the lower potential
operation of less than 1V, electrolyte decomposition including
the film-forming process is, however, inevitable in Na cells,
leading to the lower Coulombic efficiency.’® Similar to
carbonaceous materials described in the former section,
selection of binders is, therefore, important to improve the
cyclability. Figure 33b compares the initial discharge and charge
curves of Li[Li, 5Tis/;]O, electrodes with PVdF, Na alginate
(NaAlg), and CMC binders cycled in 1 mol dm™ NaFSA
EC:DEC electrolyte solution. The electrode with the NaAlg
binder displays a relatively low discharge capacity (159 mAh
g™') and Coulombic efficiency of 75%, while the electrode with
the CMC binder exhibits a high discharge capacity of 170 mAh
g™ and Coulombic efficiency of 81%. The capacity of
Li[Li, 5Tis/3]O, electrodes rapidly fades for the conventional
PVdF electrode. In the case of the electrode with NaAlg binder,
a relatively low reversible capacity is obtained in the initial few
cycles; in subsequent cycles, the reversible capacity increases
and reaches a stable value of approximately 150 mAh g™ after
20 cycles. Similarly, the electrode with the CMC binder exhibits
a stable capacity of ~155 mAh g™' with excellent cyclic
performance.

According to Sun et al,, a reduction product of Li[Li, ;3 Tis3]-
0, (Li,TisOy,) in Na cells is a mixture between Li,[Li; /3 Tis,3)-
0, (Li;TisOy,) and Na,[Li; 5Tis /3]0, (NagLiTisOy,) as shown

in eq 2 as a result of the segregation of Li and Na in the spinel
framework structure.**>**?

2Li, TisO,, + 6Na* + 6e” — Li,TiO,, + Na,LiTi,0,,
@)

Diffusion of large Na* ions in the narrow tunnels for the
spinel framework structure and phase transition, however,
require large barriers, and thus, the rate capability is also limited
compared with the Li counterpart. The nanosize effect of Na
insertion in Li[Li, ;3 Tis/;] O, has been systematically studied,**®
and the nanosize effect would be another important aspect for
searching new materials for titanates.

4.2.1.3. Sodium Titanates. Several compounds which are
formed by the Na oxides, Na,O, with TiO, can be represented
as a composition series of Na,O-nTiO,. Crystal structures for
the series of Na titanates were studied in 1960s.>*"~**
Recently, Na,0-nTiO, (n = 3), Na,Ti;O,, has been studied
as the host material for Na insertion.*®® A crystal structure of
Na,Ti;0; is shown in Figure 32c. The basic unit consists of a
two-dimensional sheet of the composition (Ti;O,)*~ with edge-
shared triple octahedral chains. Na jons are accommodated
between the sheets of (Ti;O,)*". Na,Ti;O, has the ability to
reversibly accommodate two Na ions per formula unit (0.67 Na
per Ti with 200 mAh g~', corresponding to the reduction of 2/
3 of the Ti*" to Ti’*) at an average potential of 0.3 V vs Na
(Figure 33c), which is the lowest voltage ever reported as
topotactic insertion into oxide electrodes in Li/Na-ion
batteries.

The Na,Ti;O,/carbon black composite electrodes also have
delivered large capacity at slow cycling rates with a small
amount of capacity fade per cycle (177 mAh g~! at C/10).**
Additionally, nanosized Na,Ti;O, samples show high charge/
discharge rate capability,**>**° which seems to be much better
than that of the spinel-type Li titanate. DFT calculation also
suggests the relatively low diffusion barrier (0.18—0.22 eV for
the adjacent site) for sodium ions in Na,Ti;0,>*° An
important challenge for low-potential oxides is the reduction
of irreversible capacity at the initial cycle and to extend cycle
life. A large irreversible capacity is typically observed in the
initial cycle, presumably related to electrolyte decomposition
and the film-forming process at the titanium oxide surface (and
carbon black) similar to carbon materials discussed above.>*>*%®
Capacity degradation probably originates from insufficient
surface passivation of the particle of Na,Ti;0,.%*°

The electrode performance of Na,O-nTiO, (n = 6),
Na,Tiz0,; has been also reported.306 Structural similarity
between Na,Ti;O, and Na,TigO,; was discussed in the
literature.**® Both samples are composed of the same unit of
(Ti;0,)*". The chain of (Ti;0,)*” is isolated in Na,Ti;O5,
forming the two-dimensional layered structure. In contrast, the
unit of (Ti;0,)>” shares each corner of TiOg octahedra,
forming the tunnel-type structure (Figure 32d). The electro-
chemical properties and reaction mechanisms have been
examined; it can accommodate 0.85 mol of Na per formula
unit and delivers a discharge capacity of more than 65 mAh g™
with a flat plateau at approximately 0.8 V. Na,TisO,; composite
electrodes with carbon additives show stable cycling and good
rate performance, which can be used for 5000 cycles at 20 C
rate with acceptable capacity retention even though the energy
density is much lower compared with layered Na,Ti;O,.

Another layered sodium titanate has been prepared from
NaTi;04(OH)-2H,0.*°* The dehydrated form of Na-
Ti;0¢(OH)-2H,0 can store approximately 1.3 Na* ions per
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formula unit of the active material. A voltage plateau is
observed at a low average potential of about 0.3 V vs Na. This
sodium titanate is also used as the lithium insertion host and
delivers a large reversible capacity (~200 mAh g™') with a
linear voltage profile from 0 to 1.5 V vs Li.***

Recently, a Li/Na-mixed titanate, Naggs[Lig,,Tig75]O, is
also studied as the insertion host for Na ions.”*' A crystal
structure of Naggg[Lig,,Tig75]O, is classified as the P2-type
layered structure. Titanium and lithium ions, which have similar
ionic radii, are located at the edge-shared octahedral sites,
forming [Lig,Tig75] 0, layers. Na* ions are located at six
oxygen-coordinated prismatic sites between the [Lig,,Tig7s]-
0,%%" layers as shown in Figure 32e. The theoretical capacity
is calculated to be 104 mAh g~' based on the vacant sites in Na
layers, and the observed reversible capacity nearly reaches the
theoretical value using well-crystallized micrometer-sized
particles. The average voltage of 0.75 V in Na cells is rather
high compared to layered Na,Ti;O,. It is noted that the volume
change during Na insertion and extraction is quite small, less
than 1.0%. Such a nearly zero-strain character with a single-
phase reaction could be the remarkable advantage of
Nay¢6[Lig2,Tig75]O, as the electrode materials with good
cyclability (Figure 33d). Indeed, long cycle life, more than 1200
cycles, with a fair capacity retention of 75% has been reported.
The activation energy of Na diffusion in Nagg[Lig,,Tig75] O,
has been calculated to be relatively small, less than 0.4 eV. This
result is also supported by the good rate capability in Na cells.
Open diffusion paths for Na,Ti;O, and Nag [ Liy,,Tig75] O
are beneficial as Na insertion hosts. Micrometer-sized
Nay ¢6[Lig,Tig75] O, with zero-strain character on the charge/
discharge process is a good candidate for cost-effective
stationary use with a long cycle life.

The Na layered oxide, NaTiO,, with Ti(IlI) has been
described in the former section (Figure 12).

4.2.2. Titanium Phosphates. Similar to the vanadium (III)
phosphate in the former section, NASICON-type NaTi,(PO,),
can be used as an electrode material for NIBs. Delmas et al. first
reported reversible electrochemical Na insertion into NASI-
CON-type NaTi,(PO,);.****”7 TiO4 octahedra are isolated
from each other by corner-shared PO,, forming the open
structure with some sets of vacant sites for alkali ions. Four
moles of sodium ions are accommodated in the framework
structure of Me,(PO,); (Figure 32f). For the case of
NaTi,(PO,);, 2 mol of sodium ions are electrochemically and
reversibly inserted based on a Ti’*/Ti*" redox couple, forming
Na,Ti,(PO,)s.

The theoretical capacity is calculated to be 133 mAh g™ if
two Na* are reversibly inserted/extracted. A large reversible
capacity, corresponding to nearly theoretical capacity, is
experimentally obtained in Na cells,*®* with a flat operating
voltage of 2.1 V (Figure 33e). The operating voltage (vs Na) is
higher compared to the oxide materials because of the inductive
effect in phosphate when the same redox couple is used, in this
case, Ti**/Tit.'9¥1%% A detailed crystal structure of the
sodiated phase, Na;Ti,(PO,);, has been also reported.**’
Na,;Ti,(PO,); has the perfect ordering of sodium ions in the
three-dimensional NASICON-type framework structure at
room temperature.

Recently, Senguttuvan et al.>'* reported that an additional
plateau appears at 0.4 V by further electrochemical reduction of
Na,;Ti,(PO,); (Figure 33f), most likely corresponding to partial
reduction of Ti** to Ti**. One additional Na* is inserted into
Na,;Ti,(PO,);, forming Na,Ti,(PO,);. An interesting trial is a

2

symmetrical Na;Ti,(PO,); cell using Ti**/Ti* and Ti*'/Ti**
redox couples as positive and negative electrodes, respectively.
It has been demonstrated that the averaged operating potential
is 1.7 V using the symmetrical phosphate cell.*’* The flat
voltage of 2.1 V could restrict its use for battery application for
NIBs with aprotic electrolyte. The disadvantage has turned into
a benefit: Ti* can be reversibly reduced to Ti** in neutral
aqueous solution without decomposition of water.>*'%33* A
comparative study of the electrode performance of Na-
Ti,(PO,); in nonaqueous and aqueous electrolyte suggests
excellent electrode performance with aqueous electrolyte at
neutral pH.*'® Quite small polarization between reduction and
oxidation with excellent rate capacity has been reported in
aqueous electrolyte, which presumably originates from the
small activation energy for the desolvation (dehydration)
process and high ionic conductivity in aqueous electrolyte.
Moreover, the cost of batteries could be reduced with aqueous
electrolyte even though the sacrifice for energy density is
unavoidable.

4.3. Na Alloys and Other Sodiatable Compounds as
Negative Electrodes

In the former section, Na insertion materials, which show
relatively small volume expansion by sodiation, were reviewed.
In this section, electrode materials that accompany the Na
insertion reaction with destruction and reconstruction of
framework structures, such as Na—Me alloying electrodes, are
reviewed.

4.3.1. Background of Na Alloys and Compounds.
Group 14 and 15 elements (Figure 34a), including metals (Sn,
Pb, Bi), metalloids (Si, Ge, As, Sb), and polyatomic nonmetal
(P), are known to form binary compounds with Na. These
electrode materials, alloying with Na or forming Na binary
compounds, have been recently studied as potential negative
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Figure 34. (a) Elements of groups 14 and 15 in the Periodic Table to
form binary compounds with Na, and schematic illustrations of the
most Na-rich phases for Si and Ge (a), Sn and Pb (b), and P, As, and
Sb (c). Data derived from ref 348.
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Table 3. Space Group, Density, and Theoretical Volume Expansion of Binary Na—Me Compounds®

element space densit;r V/E (A3/ reduction products
(E) group (g/cm*) E) (RP)
Na
Si Fd-3m 2.33 20.0 NaSi
Sn I4,/amd 7.29 27.1 NaysSn, (Nay,sSn)
Sb R-3m 6.70 30.2 Na,Sb
P 2.16 23.8 Na,P

space densitzr V/RP (A3/ AV AV/Na (A%/

group (g/cm?) RP) (%) Na)
Im3m 0.97 39.3 39.3
C2/c 1.75 48.5 143 28.5
1-43d 2.40 141.8 423 30.6
P6;/mmc 2.67 118.6 293 29.5
P6,/mmc 1.78 93.3 292 23.2

“Me = Si (NaSi), Sn (Na,sSn,), Sb (Na;Sb), and P (Na;P). Data of Na metal are also shown for comparison. Phosphorus shows anomalously small
volume expansion by sodiation (23.2 A%/Na) as the binary Na—Me system. Reprinted with permission from ref 349. Copyright 2014 WILEY-VCH

Verbg GmbH&Co. KGaA, Weinheim.

electrodes for rechargeable NIBs**73%° and have the

particularity to interact with a larger number of Na (compared
to insertion materials), leading to a much higher capacity than
hard carbon and titanium oxides.

In the past decade, Li alloys and binary compounds as
electrode materials have been extensively studied, especially for
the Li—Sn and Li—Si systems because of the much higher
reversible capacity than that of the Li—graphite system, which
now almost reaches its theoretical limit in practical LIBs.>*'~3**
In addition to the group 14 and 15 elements, aluminum as a
group 13 element forms a binary alloy with Li. Copper is,
therefore, used as a current collector for negative electrode
materials for rechargeable Li batteries, while an aluminum
current collector is used for a positive electrode. In contrast, Na
does not form an alloy with aluminum that can be used as the
current collector for rechargeable Na batteries. Use of cost-
effective aluminum is an additional practical advantage of the
NIB system, which could reduce the total cost of batteries,
compared to LIBs.

Electrochemical lithiation of silicon to form lithium silicide,
Li¢Siy (Lis5Si), is known as the most Li-rich phase, which has
been evidenced experimentally in numerous studies, whereas
NaSi (Figure 34b) is known as the most Na-rich phase of Na—
Si binary compounds.** The capacity estimated based on
formation of NaSi is inevitably lower than that of the Li system
with Liy;sSi. Furthermore, to the best of our knowledge,
electrochemical formation of NaSi in a Na cell has not been
reported experimentally so far.>***”

Additionally, Chevrier and Ceder pointed out the signifi-
cantly lower volumetric energy density for the Na-based alloys
in comparison to the Li-based alloys.>*® The volumetric
capacity of Na alloys with Pb and Sn is limited to ~1130
mAh cm ™. The volume occupied by Na atoms in a series of
Na—Me alloy system during sodiation is essentially independ-
ent of Me (Si, Ge, Sn, and Pb as group 14 elements) and
sodiation level, which is constant at 30.3 A® per a Na atom,
corresponding to 18.2 mL/mol as the molar volume of Na in
the Na—Me alloys (see also Table 3).>*® The volume change is
more than twice as large as that of Li (14.8 A*/Li and 8.9 mL/
mol).>*! This fact inevitably results in difficulty in utilizing the
alloy-based negative electrode materials for energy storage
devices, in comparison to insertion-based negative electrode
materials. Such huge volume expansion could restrict the long-
term continuous cycling as an electrode material. The large
volume expansion, depending on the amount of Na ions
incorporated into the structures, is unavoidable in this system,
while in many cases the volume expansion for Na insertion
materials does not exceed 120%. Therefore, during successive
cycles of charge/discharge the material suffers from high
mechanical stress and repeated passivation. The cracking in the

composite electrodes leads to a loss of electrical contact and
results in capacity loss.

Several strategies have been developed to overcome these
problems in relation to the large volume change as shown in
the next section, including binders, electrolyte additives,
preparation of nanoarchitectured samples, etc. Note that the
pioneering early research was published in 1987 by Jow et al.**
A Na—Pb binary alloy, showing large volume expansion
(>400%) on electrochemical cycling, shows surprisingly stable
cycles in Na cells. A lead composite electrode with a conductive
polymer, poly(p-phenylene), and a nonfluorinated polymer as
the binder shows excellent cyclability in Na cells.”’ Although
lead as a heavy element could limit its use in the practical
application, achievement of excellent cyclability using the Na
alloy is the first important discovery in this topic. Another
recent important discovery would be that reversible three-
electron redox of phosphorus has been demonstrated in Na
cells.****%%% Phosphorus boosts gravimetric energy density up
for the Na system (theoretical capacity based on the three-
electron redox reaches approximately 2600 mAh g~') as shown
in Figure 35a. Moreover, some improvement of volumetric
capacity, beyond the limit of molar volume of metallic Na, is
also anticipated (Figure 35b) as further discussed in a later
section.

4.3.2. Tin and Antimony as Alloy Electrode Materials.
Tin and antimony form binary alloys with sodium. Electro-
chemical alloying/dealloying for the Na—Sn system occurs in a
series of steps, Sn, Naj¢Sn, Na,,Sn (amorphous), NasSn,, and
Na,sSn, at 25 °C.>*" When the Sn forms Na,sSn, by sodiation,
the theoretical capacity reaches 847 mAh g~'. Formation of
Na,sSn, phase after full reduction of Sn in the Na cell has been
experimentally observed.**”**'™>3 In addition, formation of
crystalline NaSn and an unidentified phase, Na,Sn (x &~ 2.25),
has been reported in Na cells at 90 °C.>** This phase was later
identified as NasSn, with a hexagonal lattice.*>"

Recently, it has been demonstrated that the reversibility of
the alloying/dealloying for Sn electrodes is effectively improved
by use of a polyacrylate (PAA) binder.**” The Sn—PAA
electrode delivers a high reduction and oxidation capacity of
880 and 760 mAh g™', respectively (Figure 36). The specific
capacity and Coulombic efficiency are effectively improved by
adopting the PAA binder instead of PVdF as seen in Figure 36.
The averaged operating potential is remarkably low for the Sn
electrode, which is advantageous to increase the energy density.
Nevertheless, the Sn—PAA electrode shows insufficient capacity
retention, most probably due to the inevitable volume change
of the electrode material and electrolyte decomposition at the
active surface of Na—Sn alloys. When a small amount of FEC is
added to electrolyte, the performance of the Sn electrode with
PAA is further improved, similar to hard carbon and titanium
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permission from ref 349. Copyright 2014 WILEY-VCH Verbg
GmbH&Co. KGaA, Weinheim.

oxides as discussed above. As shown in Figure 36, the Sn
electrode delivers 700 mAh g™" of reversible capacity for more
than 20 cycles, which is more than two times larger reversible
capacity compared with a hard-carbon electrode.

Qian et al. prepared an Sb/C composite electrode by
mechanical ball milling of Sb powder with conductive
carbon.>®* They found that the Sb/C electrode delivers a
reversible capacity of 610 mAh g™, which corresponds to the
capacity based on three-electron redox of Sb and alloying with
Na (Figure 37a). Good rate capability is also demonstrated;
50% of capacity is retained at a high current of 2000 mA g™
with long-term cycle stability. Although the Sb/C electrode in
the FEC-free electrolyte can only be cycled in the first 50
cycles, the cyclability is highly improved by adding 5% FEC
into the electrolyte solution, similar to the Sn electrode. In the
optimized electrolyte, the Sb/C electrode demonstrates a long-
term cycling stability with 94% capacity retention over 100
cycles (Figure 37b).
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Figure 36. (Top) Initial galvanostatic reduction and oxidation curves
and (bottom) reversible capacity variation of (a) Sn—PAA, (b) Pb—
AA, (c) Si—PAA, (d) Sn—PVdF, and (e) Sn—SNO3—PANa.
Reprinted with permission from ref 364. Copyright 2014 PCCP
Owner Societies.

The reaction mechanism of Sb in Na cells has been studied
by an in-situ XRD method.*** Crystalline Sb is electrochemi-
cally reduced to form Na,Sb as an amorphous phase.
Amorphous Na,Sb is further reduced to crystalline Na;Sb
with a hexagonal lattice through formation of cubic Na;Sb as a
metastable intermediate phase. Crystalline Na;Sb is oxidized in
Na cells and changes into amorphous Sb as the oxidation
product.

An alloy of Sn and Sb was also examined as a negative
electrode in Na cells.**® A composite electrode of SnSb/C was
prepared using a high-energy mechanical milling method. The
SnSb/C electrode demonstrated high initial capacity (540 mAh
g™') with good cyclability: 80% capacity retention over SO
cycles. In addition, compared with the simple metals, Sn/C and
Sb/C composite electrodes, the SnSb/C electrode shows better
capacity retention and good rate capability. Moreover, the
charge/discharge profile is sloping, and no voltage plateaus are
observed in the SnSb/C electrodes. The electrochemical
behavior of the Sn—Sb alloy is clearly different from each metal.

Recently, Monconduit and co-workers reported reaction
mechanisms of SnSb alloy in the Na cells.*** Reduction of the
SnSb alloy in Na cells results in formation of an amorphous
phase (and/or nanocrystalline phase with low crystallinity),
which is clearly different from the character observed for the
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Figure 37. (a) Charge/discharge curves of the Sb/C composite
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(b) cycle retention and SEI film resistances of the Sb/C with (red) and
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simple metals of Sn and Sb (formation of crystalline phases
after full electrochemical reduction).

4.3.3. Phosphorus-Based Materials. Phosphorus, a
nonmetallic element of the group 15 in the periodic table,
has three main allotropes: white, red, and black phosphorus.
Red phosphorus is a relatively stable allotrope of phosphorus,
and both amorphous and crystalline phases are known to be
present. As electrode materials for Na cells, in 2012, the three-
electron reversible redox process of red phosphorus electrodes
was reported in Na cells (theoretical capacity is calculated to be
approximately 2600 mAh g™') and its potential application in
rechargeable Na batteries has been demonstrated.*>” Very
recently, similar results using phosphorus—carbon composites
have also been reported as electrode materials for Na
cells.****° One can note that Na,P as the reduction product
releases flammable and toxic phosphine, PH;, upon hydrolysis.
This will inevitably restrict and limit its practical use, similar to
Na/S batteries. Nevertheless, phosphorus electrodes have
interesting and important characteristics as electrode materials
in Na cells. Briefly, it is the anomalously small volume
expansion during the sodiation process that is different from
other Na-based alloys.>**** Since Na atoms have covalent
character in Na;P as the reduction product, the apparent molar
volume of Na is reduced to 77% and 59% based on the Na—Me
alloys and metallic Na, respectively.3’49 Therefore, the
theoretical volumetric capacity of phosphorus electrodes
exceeds 27% of the capacity for metallic Na (Figure 35b and
Table 3).

Although the expected volume expansion by sodiation is
lower than other Na alloys, a severe problem of electrolyte
decomposition has been also found at the highly reactive
surface of Na;P. Cyclability is much better for a Li counterpart,
Li,P.>* Similar to the Sn and Sb systems as Na alloys, the
reversibility of formation of sodium phosphide in Na cells is
successfully improved by utilizing nonfluorinated binders, such
as sodium polyacrylate (PANa)>**** and sodium carbox-
ymethyl cellulose (CMCNa)**® with electrolyte additives such
as FEC***** as shown in Figure 38a and 38b. As recently
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Figure 38. Electrochemical properties of red phosphorus//Na cells at
a rate of S0 mA g™'. (a) Galvanostatic charge/discharge curves with
different phosphorus concentration and binders (PVdF or PANa). (b)
Comparison of capacity retention with or without FEC. (c) Electrode
performance of the phosphorus electrodes with an upper cutoff voltage
of 0.8 V. (d) Capacity retention of the Na cells. (e) Hard X-ray
photoelectron spectra of red phosphorus electrodes. Electrolyte
decomposition products are enriched at the electrode surface with
FEC-free electrolyte. (f) Soft X-ray absorption spectra of red
phosphorus electrodes with different cutoff voltage. Compounds
containing monovalent phosphorus are accumulated in the surface
layer when cutoff voltage is limited to 0.8 V. Surface layer is clearly
changed by oxidation to 2.0 V, probably leading to degradation of
capacity retention as shown in d. Reprinted with permission from ref
349. Copyright 2014 WILEY-VCH Verbg GmbH&Co. KGaA,
Weinheim.

reported, X-ray photoelectron spectroscopy reveals that
phosphorus species are incorporated in the surface film, and
electrolyte decomposition is effectively suppressed by the use of
FEC (Figure 38e).**” Cyclability is further improved by
lowering the cutoff voltage to 0.8 V as shown in Figure 38c
and 38d. It has been found (by X-ray photoelectron
spectroscopy) that surface layers containing phosphorus species
are easily oxidized on charge to 2.0 V as found by soft X-ray
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photoelectron spectroscopy (Figure 38f), resulting in the loss
of reversible capacity. Cyclability is also significantly improved
using NaPF, as salts of electrolyte instead of NaClO,.
Acceptable capacity retention of more than 50 cycles and
good rate capability have been reported using the NaPF4-based
electrolyte solution with well-optimized phosphorus/carbon
composite electrodes.>***>°

Black phosphorus is the least reactive allotrope and has
higher electrical conductivity compared with white and red
phosphorus.>****? Black phosphorus can be prepared from red
phosphorous by high-pressure synthesis under 4.5 GPa at high
temperature (900 °C). It is also prepared by mechanical milling
with mixer mill and planetary ball-mill apparatuses.*®® Similar
to red phosphorus, black phosphorus is reported to show high
lithiation capacity as a neéative electrode for Li cells.**"*%* For
instance, Park and Sohn®®* reported that black phosphorus with
an orthorhombic lattice shows a large initial capacity above
2000 mAh g_l. Similar to this work, Marino and co-workers>®®
developed a phosphorus/carbon composite electrode with
ordered mesoporous carbon, which showed improved capacity
retention as an electrode material in Li cells. In 2013, the
electrode performance of black phosphorus in Na cells was also
reported.>° However, electrode performance seems to be
insufficient compared with the amorphous phase. Very recently,
it was demonstrated that a black phosphorus electrode with the
PANa binder shows high sgeciﬁc capacity and excellent cycling
performance in Na cells.*** The black phosphorus electrode
with PANa binder shows high initial charge and discharge
capacities of 2050 and 1620 mAh g~', respectively, at rate of
125 mAh g in 1 mol dm™ NaPF, EC:DEC. Averaged
Coulombic efficiency reaches 97% from the second cycle. The
charge/discharge capacities of the black phosphorus electrode
slowly decrease during a continuous cycle test. Cyclability in 1
mol dm™ NaPF¢ EC:DEC solution is further improved using
the FEC additive.***

Similar to allotropes of elemental phosphorus, phosphorus-
containing compounds, such as nickel phosphide (NiP;), are
also electrochemically active in Na cells. Fullenwarth et al.**®
reported that NiP; electrode shows good capacity retention
with a high reversible capacity of over 900 mAh g~". It has been
proposed that formation of Na;P embedding Ni nanoparticles
is the final reaction product after full electrochemical reduction.
The voltage profile of NiP; in Na cells resembles that of
elemental phosphorus with an average desodiation potential
between 0.3 and 0.8 V vs Na/Na, which is slightly higher than
that of hard-carbon electrodes. This character could be
beneficial to improve the safety as a negative electrode for
NIB applications because of the lower chance of Na plating on
charge.

In conclusion, the main problem of Na alloy and compounds
as electrode materials lies in the volume expansion of electrode
materials correlated with destruction of structures of starting
materials in reaction with Na. There are more tough challenges
in the Na system compared with the Li system because the
molar volume of Na is much larger than that of Li. The current
research is essentially to control at least the unfavorable effects
of volume changes of the electrodes during cycling and to
suppress the loss of electronic conduction in the composite
electrodes. These issues greatly penalize the life and kinetics of
the charge/discharge reaction for batteries on these electrode
materials. Further optimization of alloy compositions and
structures and careful study of the structural changes for the
different alloy phases during the electrochemical reactions will

11671

lead to further improvement of the electrochemical perform-
ance 3377339:350353,365,366 11, 4 ddition, further understanding the
interphase of the electrode materials,**’ coupled with studies
on binders and electrolyte, will be an important subject as
shown in this review.

In this section, many different negative electrode materials
have been reviewed. The reversible capacity, average voltage,
and estimated energy density as NIBs (full cells) for these
electrode materials are plotted in Figure 39. Herein, high-
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Figure 39. Average voltage (V) and energy density (Wh kg™") versus
gravimetric capacity (mAh g™') for negative electrodes materials for
NIBs: (black circles) carbonaceous materials, (red circles) oxides and
phosphates as sodium insertion materials, (blue circles) alloy, (green)
phosphide/phosphorus, and (gray circles) oxides and sulfides with
conversion reaction. Energy density based on weight of active
materials in positive and negative electrodes is calculated using their
reversible discharge capacity. Positive electrode is assumed to be
Na, 3[Ni; ;sMn, ,Ti; s]O, for the calculation. Data derived from refs
11, 145, 163, 239, 244, 301, 305—307, 320, 331, 332, 340, 346, 349,
354, 356, 364, 365, and 367—375.

voltage Na,;;Ni, ;Mn,; /2T11/602131 shown in Figure 13 is
hypothetically used as a positive electrode material for NIBs
as the full cells. The estimated energy density for hard carbon
reaches 300 mWh g™' based on the mass of active materials.
The electrode materials based on the insertion reaction (and
conversion reaction) show relatively low energy density, except
Na,Ti;0,. The gravimetric energy density of NIBs potentially
increases to 350 mWh g~' using Sn and P. Although
phosphorus shows high reversible capacity, the estimated
energy density as NIBs is similar to Sn. The reversible capacity
for both Sn and P is much larger than that of the positive
electrodes, and therefore, the energy density of NIBs highly
depends on the reversible capacity and operating voltage of
positive electrode materials. For instance, even for the case of
Sn, NIB consists of 80% of the positive electrode material (ca.
200 mAh g') vs 20% of Sn as the negative electrode material
(ca. 800 mAh g™") to balance the capacity for both electrodes.
In this case, the operating voltage becomes an important
parameter in comparison to the reversible capacity. The
operating voltage of tin is slightly lower vs Na metal (higher
as the NIBs) than that of phosphorus. High-capacity positive
electrode materials, which are suitable to combine with the
high-capacity phosphorus electrodes, are clearly needed to
further increase the energy density of NIBs.
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5. ORGANIC COMPOUNDS AS ELECTRODE
MATERIALS

On the basis of the material abundance, organic compounds
without transition metals are also an attractive candidate as
electrode materials. Many different organic systems with
conjugated structures have been proposed in the Li system.*”®
Historically, organic electrode materials for energy storage
devices with metallic lithium started from a p-type conductive
polymer with anion doping for charge compensation.””’ Since
this type of reaction is not influenced by cation species, these
electrode materials can be easily applied to the Na system.
Indeed, aniline/o-nitroaniline conductive copolymer delivers a
large reversible capacity of 180 mAh g~' with an average
potential of 3.2 V in Na cells and remains at 170 mAh g~ after
50 cycles.*”® Polytriphenylamine also shows similar electrode
performance in the Na cells.*” Recently, bipolar porous
organic electrode (BPOE), with a porous-honeycomb and
polymeric framework consisting of benzene rings and triazine,
has been also reported as a potential positive electrode
material.>*® However, the change in the concentration of the
salt in the electrolyte is unavoidable on electrochemical cycles
in the anion doping system, similar to electrochemical double-
layer capacitors.

Organic molecules and polymers with conjugated carbonyl
groups have been also studied as potential positive electrode
materials in the Li system. Dilithium rhodizonate (Li,C4O¢) has
been proposed as high-capacity organic electrode materials for
rechargeable lithium batteries.>®" The conjugated carbonyl
group (>C=0) is reversibly reduced in the Li cells with
aprotic solvent, and lithium ions are inserted (absorbed) for the
charge compensation to form a lithium methoxide (>C—O—Li)
group. After this work, the electrode performance of disodium
rhodizonate (Na,C4O) in Na cells has been also reported with
a reduction of conjugated carbonyl groups as shown in Figure
40a and 40b.*®” The Na,COg electrode exhibited good
electrochemical properties (Figure 40b): a high reversible
capacity of 170 mAh g~ with good cycle performance when the
voltage range was carefully controlled. The electrochemical
properties of disodium croconate (Na,C;Os) in Na cells have
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been also found in the literature.*®* Recently, the electrode
performance of indigo carmine, which has conjugated carbonyl
groups, has been also reported.**> A major problem of
disodium rhodizonate, presumably also for other organic
molecules, is found in relatively high solubility in aprotic
solvent and inferior electrical conductivity. A relatively large
amount of conductive carbons is needed in the composite
electrode to increase the electrode performance. As a polymer-
based material with conjugated carbonyl groups, poly-
(anthraquinonyl sulfide) has been recently studied as an
electrode material in Na cells.>”® Solubility would be lowered
using such polymers even though the reversible capacity is also
lowered compared with disodium rhodizonate.

Organic molecules with conjugated carboxyl groups have
been proposed as potential negative electrode materials for the
Li system. For instance, Armand et al. studied conjugated
dicarboxylate-based materials, such as dilithium terephthalate,
as organic negative electrodes for Li batteries.*** Similar to the
Li system, the electrode performance of disodium terephthalate
(Na,CgH,0,) in Na cells as organic materials has been
reported.*”*%%% Disodium terephthalate can reversibly insert
two sodium ions in terephthalate as shown in Figure 40c and
40d. In addition, electrode performance is potentially
modulated by the molecular design with different functional
groups and regioisomerism in the structures.>®’”

The discharge profile of a disodium terephthalate electrode
shows a voltage plateau at 0.3—0.5 V (Figure 40d) even though
irreversible electrolyte decomposition to form the surface layers
results in lower Coulombic efficiency (approximately 60%) at
the first cycle*”” The operating potential of disodium
terephthalate in Na cells is found at around 0.4 V, which is
beneficial as a negative electrode similar to the phosphorus
electrode. Disodium terephthalate delivers a large reversible
capacity (over 250 mAh g™') with good capacity retention in
Na cells, 367385386

The organic tetrasodium salt of 2,5-dihydroxyterephthalic
acid (Na,CgH,0Oq4) containing both conjugated carbonyl and
carboxyl groups has been proposed as a bifunctional material as
a positive (based on redox of Na,CgH,04/Na,CgH,04 at 2.3 V
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vs Na metal) and negative (redox of Na,CgH,04/NazCgH,Oq
at 0.3 V at Na metal) electrode with approximately 200 mAh
g~! of reversible capacity.**® This material can be used as the
electrode material for transition-metal-free and symmetrical
organic NIBs, even though the volumetric energy density is
relatively low when compared with transition-metal oxides,
polyanion compounds, and carbonaceous materials.

Recently, polymeric Schiff bases have been also reported as
potential negative electrodes.’®” In the polymeric Schiff base,
—N=CH— and Ar—CH=N— (Ar = aromatic group) are
an active part for the electrochemical reduction process.
Polymeric Schiff bases are reversibly reduced at 0.59 and 1.04
V versus Na*/Na in Na cells. The reversible capacity reaches
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350 mAh g~! when the composite electrode is optimized with
carbon materials.>®

6. FUTURE OUTLOOK OF NIBS

Research interest to use sodium ions as ion carriers for energy
storage at ambient conditions was considered to be unattractive
since materials innovations for the Li system and commerci-
alization of LIBs were realized in 1990s. However, now research
interest for sodium ions is completely changed with increasing
worldwide demand for high-energy batteries. In this review,
many different electrode materials for NIBs have been
reviewed. Metallic sodium is generally used as a counter
electrode to evaluate the electrode performance of the sodium
insertion material (it is called a half-cell). The electrode
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performance in half-cells is often different compared with full
cells with two sodium insertion materials (Figure 2a).
Moreover, it could be difficult to use metallic sodium for
rechargeable battery applications because of potential safety
risks. To the best of our knowledge, the first full cell without
metallic sodium (i.e., sodium-ion batteries) was demonstrated
in 1988.%> Good cyclability for 300 cycles (Figure 4la) was
reported with lead (embedded in conductive polymer matrix)
as the negative electrode and P2-Na,,;;Co0, as the positive
electrode, even though the limited voltage range (1.5-3.3 V)
was used. The full cell with P2-Na,,;C00O, and carbon material
was also proposed with solid polymer electrolyte operating at
100 °C in 1993.>* After Dahn’s pioneering finding of hard
carbon as a high-capacity material in the Na system, a full cell of
hard carbon//NaV(PO,)F was also proposed.”’* The possi-
bility of 4 V-class NIBs was first demonstrated using this system
(Figure 41b) even though the preliminary results show
insufficient cyclability (50% of retention after 30 cycles).*'*

After 2010, several publications in relation to full cells with
Na ijons as charge carriers have emerged and battery
performance is significantly improved when compared with
the early studies. Now, the gravimetric energy density of NIBs
as full cells operable at room temperature have become
competitive to that of state-of-the-art LIBs with graphite and
layered oxides (Figure 26). Komaba et al. reported the full cell
with hard carbon/Na[Ni, ;,Mn, ;,]O, and demonstrated accept-
able battery performance with approximately 3 V of operating
voltage as shown in Figure 41c.’ The estimated gravimetric
energy density reaches 60% of the high-energy graphite/
LiCoO, system. Similar to this work, the full cell with hard
carbon/Na[Fe, 5Ni; ;;Mn, ,;]O, also shows over 3 V of average
operating voltage with good capacity retention. The full cell can
deliver >100 mAh g~ of reversible capacity (based on the
positive electrode) over continuous 150 cycles.''® The
possibility for further improvement of energy density in the
material base has been also discussed in the former section. P2-
type Na,/3[Ni;;sMn, /3]0, and its derivatives*! are potential
candidates for high-voltage positive electrodes with Ni**/Ni**
redox in the framework structure of oxide ions (Figure 13). The
energy density of P2-type Na,/5[Ni;sMn, 3]0, exceeds 540
Wh kg™ (based on metallic sodium as negative electrode) even
though its insufficient cyclability, associated with a large volume
change for the P2—O2 phase transition, is needed to be
improved. Gravimetric/volumetric energy density is expected
to be superior to those of LiFePO, and LiMn,O,. Power
density would be also enhanced when compared with the Li
system. Although the size of Na is relatively large compared
with Li, the rate capability is not limited by size as shown in this
review. Micrometer-sized and dense O3-Na[Fe,;,Co,,,]O,
shows excellent rate capability (Figure 7); over 60% of
rever7s}b1e capacity is preserved even at the 30 C rate (7.2 A
g ).

Research progress on full cells is also reported in the
phosphate system. Na;V,(PO,); has been used as the positive
electrode and assembled the 3 V-class full cell with the hard-
carbon negative electrode in the NaFSA/PC electrolyte.’™
Hard carbon/Na;V,(PO,),F; as 4 V-class full cells with
optimized electrolyte (EC:PC:DMC = 0.45:0.45:0.1) shows
good capacity retention of more than 100 cycles.””® The first
4.5 V-class full cell with hard carbon/Na,Co;(PO,),P,0, has
been also demonstrated.”** Further possibility for the
increase in energy density is expected from
Na,Co, 4,Mn,3Niy;(PO,),P,0, that surprisingly shows some

extent of discharge capacity in the voltage region of 5.0—4.5V
(5.34—4.84 V vs Li metal) as shown in Figure 23c. This
anomalously high voltage probably originates from the nickel
ion redox in the polyanionic framework structure.”*> In
addition to the positive electrode materials based on the
insertion reaction, interesting chemistry of oxygen molecules in
aprotic solvents has been reported. Reversible electrochemical
reaction between oxygen/sodium superoxide has been
demonstrated with quite small polarization.*®’ Such unique
chemistry for the Na system is an important scientific finding to
realize a high-energy system in the future.

A bright and optimistic future is expected for the positive
electrode side. However, as the full cells, tough challenges
remain for the negative electrode side to compete with the Li
system. As shown in Figure 35, the volumetric energy density of
hard carbon is smaller than that of graphite in the Li system
even if the same gravimetric discharge capacity is obtained. One
potential candidate is titanium oxides (or other oxide- or
phosphates-based negative electrode materials); Na,Ti;O;
delivers a relatively high gravimetric capacity (200 mAh g™')
with low voltage (0.5 V vs Na).*® Since the density of titanium
oxides is much higher than carbonaceous materials, the
volumetric energy density is at least, theoretically, further
enhanced. Although a low operating voltage as electrode
materials is beneficial to increase the energy density as full cells,
passivation of the materials surface is an important issue to
solve. Indeed, the Coulombic efliciency in the first cycle is
limited to less than 50% for Na,Ti;0,.°°>*% Studies on
electrolyte solutions, additives, and binders to effectively
passivate the surface of oxides and carbonaceous materials
added as a conductive agent, which are exposed to the highly
reducing condition, are needed. Full cells with titanium oxides,
Li[Li; 5 Tis/3]0,** and Nagg[LigTig75]05>" which show
relatively good Coulombic efficiency in the initial cycle,
assembled with Na;V,(PO,); have been also reported. Three-
electron redox of phosphorus in Na cells is also a recent new
finding and could be used as a negative electrode for NIBs.
However, passivation on the surface of the electrode material
with a large volume change is the toughest challenge, similar to
silicon in the Li system.

Leaving aside the energy density, another important research
topic of NIBs is cost-effective batteries, especially for electrical
energy storage (EES). Considering the design of better
batteries for EES, the primary importance is elemental
abundance (cost) with acceptable battery performance (energy
density, cycle life, safety, etc.). In this regard, Fe and Mn as the
Earth-abundant elements are important key elements. P2-type
Na,[Fe, ,Mn,,]O, delivers approximately 190 mAh g™ of
reversible capacity and is one candidate as a positive electrode
material for EES even though the compensation for deficient
sodium ions is needed to use full capacity.’’ The full cell
consisting of only abundant elements with Naj,,MnO, and
carbon has been also demonstrated.">’ The full cell with
pyrolyzed carbon/Naj,,MnO, retains over 70% of reversible
capacity after 100 cycles. In addition to the electrode active
materials, expensive battery components and production cost
also influence the total cost. Replacement of a current collector
from copper foil for the Li—graphite system to aluminum for
the Na system is a great advantage to reduce the battery cost
because sodium metal cannot form the binary alloy with
aluminum. Similar to the Li system, since the aprotic polar
solvent and salt with a porous membrane is used as electrolyte,
the cost advantage is small for the sodium system. As recently
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reported by Whitacre and co-workers, water-based electrolyte
has been also proposed as a cost-effective system and the
carbon/manganese oxide aqueous battery system has been
commercialized for the EES application by Aquion Energy.*”*
Activated carbon with electrochemical double-layer charge/
discharge is used as the positive electrode, and therefore, this
system is classified as a hybrid sodium-ion capacitor, not NIBs.
Additionally, a hybrid potassium-ion capacitor with Prussian
blue and activated carbon as positive and negative electrodes,
respectively, has been also proposed.**> NaTi,(PO,),/
Nay44MnO, full cell with aqueous electrolyte has been
proposed as a cost-effective and high-power system.’** The
full cell shows excellent rate capability as shown in Figure 41d.
A symmetric Na,CgH,Oq cell as all organic materials without
transition metals has been also proposed. Two V-class all
organic NIBs with Na,CgH,O4 exhibit good capacity retention
with acceptable rate capability (Figure 41e). Although many
approaches are proposed as an alternative technology for
conventional NIBs with aprotic polar solvents, the energy
density is significantly reduced compared with the aprotic
system because of the lower operating voltage of aqueous and
current organic systems. Since the limitation of space to store
batteries could not be a critical issue for EES compared to those
of electronic devices and transportation systems, “Wh” per
“cost of batteries” is, therefore, of primary importance with
acceptable volumetric energy density. Therefore, the strategy of
battery design for EES is needed to balance both the increase in
energy density and the decrease in the total cost of batteries.

As discussed in this review, many layered oxides are
hygroscopic, and such materials require dry conditions in the
sample handling. This problem is similarly found in LiNiO, and
layered oxides containing Ni** in the Li system. Materials
design without hygroscopic character may be required to
assemble cost-effective NIBs because PVAF binders and current
collectors are easily damaged by the presence of alkali ions in
the slurry at ambient conditions. Cycle life is also another
important factor to reduce the total cost. After 2010, the
cyclability of the electrode materials in Na cells was significantly
improved. However, the Coulombic efliciency per each cycle
still needs to be improved, presumably because of the
insufficient passivation in aprotic polar solvents when compared
with the Li system.”®® This fact may originate from the
difference in chemistry of the passivation process. Recently, a
theoretical approach has been applied to investigate the
interphase between electrode/electrolyte with an additive in
an atomic scale in the Li system.*** Such approach will be also
quite beneficial to understand the passivation of the electrode
materials in the Na system. Further understanding of the
passivation layers (so-called SEI) is required to further extend
the battery calendar life in the future.

The thermal stability of electrode materials (especially as
practical applications) is also an essential issue because volatile
and flammable aprotic solvents are used as electrolyte.
Inorganic ionic liquid has been proposed as a potential stable
electrolyte for NIBs. The NaFSA-KFSA (FSA; bis-
(fluorosulfonyl)amide) system can be used as electrolyte
without organic molecules at 90 °C.'*"*%*3% Although the
operating temperature is slightly high because of the limitation
of the melting point of the inorganic ionic liquid, the electrolyte
design without organic molecules is a simple and an efficient
strategy to overcome the safety issues without the sacrifice of
energy density. Moreover, the solid electrolyte is an ideal goal
as the stable electrolyte, and it could remind us that research

development of the Na system for energy storage started from
the solid electrolyte, i.e., molten sodium/sulfur batteries with -
alumina as the solid electrolyte. f-Alumina is a potential
candidate for the solid electrolyte (ionic conductivity reaches
1073 S cm™ at room temperature), but sintering at 1800 °C is
needed to reduce the resistance of the grain boundary.*®” The
difficulty to form solid—solid contact between electrolyte and
active materials also restricts the battery performance. The
phosphate-based all-solid-state symmetrical cell, Na;V,(PO,)/
NASICON/Na;V,(PO,), has been proposed, and electrode
performance at 80 °C has been reported.’®® However, the
symmetrical cell shows inferior performance even at 80 °C
when compared with the aprotic solvent system. Recently, a
sulfide glass-ceramic (NasPS,) has been proposed as the new
solid-state electrolyte, and the all-solid-state NIB operable at
room temperature, prepared by mechanical cold press without
sintering at hi§h temperature, has been demonstrated as shown
in Figure 41£>°7 Use of sulfides is one approach to reduce the
high resistance of the grain boundary and contact with active
materials even though some extent of sacrifice for energy
density is unavoidable. Since the high-energy density and safety
risk as batteries are complementary to each other, inorganic
ionic liquid, solid electrolyte, and other chemically stable
electrolyte systems will be important materials to realize high-
energy NIBs without the safety risk.

7. CONCLUSIONS

Research interest for NIBs has rapidly increased since 2010 as
shown in Figure 2b, and many positive and negative electrode
materials have been newly found in the world. Some similarity
and differences in the chemistry between the Na and the Li
systems are also found as summarized in this review. By
studying and understanding the similarity and difference in
crystallography, kinetics (solid-state ionic diffusion and desol-
vation process), and thermodynamics of Li-ion and Na-ion
chemistry, including the passivation process in aprotic polar
solvent, we can realize and design better battery performance,
including new chemistry and new technology for both Li ion
and Na ion. It is anticipated that demonstration for NIBs as
rechargeable batteries at the industrial level will start in the near
future even though we still have many tough challenges.
Competing with the state-of-the-art and high-energy LIBs
(graphite/LiCoO, system) does not seem to be easy, especially
for the volumetric energy density. Innovations of materials are
still needed. Nevertheless, sodium-ion-based technology has the
great advantage for both high-power and cost-effective systems
as discussed in this review. NIBs can be potentially used as
battery systems for hybrid electric vehicles and electrical energy
storage, which requires high-power and cost-effective batteries,
respectively, if the cycle life of batteries and safety are being
competitive for the lithium system. It is believed that NIBs will
become the vital rechargeable battery system in our daily life,
complimentarily with the high-energy lithium system.
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