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ABSTRACT: With the escalating demand for sustainable energy
sources, the sodium-ion batteries (SIBs) appear as a pragmatic
option to develop large energy storage grid applications in contrast
to existing lithium-ion batteries (LIBs) owing to the availability of
cheap sodium precursors. Nevertheless, the commercialization of
SIBs has not been carried out so far due to the inefficacies of
present electrode materials, particularly cathodes. Thus, from a
future application perspective, this short review highlights the
intrinsic challenges and corresponding strategies for the extensively
researched layered transition metal oxides, polyanionic compounds,
and Prussian blue analogues. In addition, the commercial feasibility
of existing materials considering relevant parameters is also
discussed. The insights provided in the current review may serve
as an aid in designing efficient cathode materials for state-of-the-art
SIBs.

1. INTRODUCTION

Global concern over climate change and the impediment of
fossil fuels has led to the emergence of green and sustainable
energy alternatives such as solar, wind, and geothermal sources
to render the ever-increasing energy demands of the growing
population. To combine these inexhaustible, intermittent
energy supplies into the grid effectively, the requirement for
an efficient electrical energy storage system (EES) is inevitable.
Amid the available energy storage technologies, rechargeable
batteries seem to be the most promising technology owing to
their environmentally friendly nature, flexibility, and high
conversion efficiency.1a−d

At present, lithium-ion batteries (LIBs) due to their superior
volumetric and gravimetric energy density and long cycle life
are deployed extensively in various electronic applications.
However, lithium metal’s large-scale demand and scarce
attainability raise concerns regarding its role in the sustainable
development of grid-scale applications. Apart from LIBs,
sodium-ion batteries (SIBs) also follow an intercalation-
based “rocking chair” mechanism, in which, during the
discharging, Li+ or Na+ ions intercalate into the cathode via
diffusing through the electrolyte from the electrochemically
oxidized anode. Meanwhile, to compensate the positive charge
of these incoming ions, electrons move toward the cathode
with the passage of an external electrical circuit. To facilitate
the charging of ion-based batteries, the above-stated process
gets reversed to support the electricity-generating activity.
Though SIBs and LIBs share a common working principle, the
former one falls behind in terms of energy density and reaction

kinetics due to its higher redox potential of −2.71 V vs SHE for
Na+/Na, heavier ion with 23 g mol−1 molecular weight, and
larger ionic radius of 1.02 Å in contrast to Li (with a redox
potential of −3.01 V, a molecular weight of 6.9 g mol−1 and
0.76 Å ionic radius). Despite foregoing drawbacks, SIBs hold
an upper hand over their counterpart owing to their inertness
to aluminum, making Al a feasible current collector, with a
larger ionic radius aiding smooth Na intercalation with a wide
range of 3d transition metals along with abundant availability
of sodium metal. Moreover, stationary storage applications are
largely determined by parameters such as cost-effectiveness
and longevity. Hence, SIBs are indicated as a potent alternative
for the chosen purpose due to sodium’s rich natural
abundance, faster charging capability, and wider temperature
operability. Furthermore, to establish the commercialization of
SIBs, extensive efforts ought to be carried out for the
development of economically viable and energy-efficient
electrode materials.
In the current scenario, exploration of suitable anode

materials for SIBs is predominantly limited by poor initial
Coulombic efficiency and cyclability. Most of the anode
material research has covered transition metal oxides,
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disordered carbons, along with alloying and conversion
materials with appropriate particle size distribution.2a,b

Recently, anode-free sodium batteries have garnered wide-
spread attention as their reduced mass would enable the
incorporation of more cathode material, which eventually leads
to the stable operation of high energy density batteries.3

Further, the cathode component acts as a pivotal and inevitable
element for SIB electrochemical performance, which accounts
for one-third of the total battery expense.4 Therefore, the ideal
cathode component must be composed of earth-abundant,
nontoxic, highly stable material.
Substantial efforts of various researchers across the globe

have resulted in distinct structured SIB cathode materials, for
instance, layered transition metal oxide (LTMO), polyanionic
compounds, Prussian blue, and its analogues (PBA). These
materials contain a certain set of inherent inefficacies such as
inferior conductivity, sluggish kinetics, and severe volume
alterations during intercalation−deintercalation cycling which
primarily prevents the present-day marketing of SIBs. There-
fore, to address these challenges, several mitigation strategies
have been adopted including structural modulation, surface
modification, and elemental doping, yet the quest for the
befitted cathode material persists.
In this short review, we have incorporated the recent

advancements of the aforementioned cathode materials and

enumerated their synthetic methods, intrinsic challenges, and
upgrading strategies. Further, their commercial aspects and
potential candidates for probable future SIB applications have
been anticipated. Moreover, the key areas lacking the
mechanistic insights among the existing materials have been
included for future implementations.

2. OVERVIEW OF CRYSTAL STRUCTURES:
CHALLENGES AND STRATEGIES

Exploration of an apt cathode material for Na-ion batteries is
an emerging research topic as the massive delving has been
experienced by several researchers all over the world, whose
efforts contributed to the evolution of the following distinct
structured materials whose electrochemical activity has been
summarized in Table 1.

2.1. Layered Transition Metal Oxides (LTMOs). The
sodium-based layered transition metal oxide with general
chemical formula NaxMO2 (M = transition metal) exhibits a
typical structure comprise of alternatively stacked edge-sharing
MO6 and NaO6 octahedral layers. These layered materials can
further be classified as O3 and P2 according to Delmas’
notation depending on the octahedral and prismatic
coordination environment of the Na+ ion, respectively. Here
“2” or “3” depicts the number of transition metal layers with a
specific kind of oxygen arrangement. A schematic illustration of

Table 1. Summary of Electrochemical Performance of SIB Cathode Materialsa

type material synthesis electrolyte electrochemical performance ref

LTMO P2-Na2/3Fe1/2Mn1/2O2 solid state 1 M NaClO4 in PC + FEC 190 mAh g−1 (12 mA g−1, 1.5−4.3 V),
79% (30 cycles), 1C = 260 mA g−1

5a

O3-Na0.9Cu0.22Fe0.3Mn0.48O2 solid state 0.8 M NaPF6 in PC + 2 vol % FEC 100 mAh g−1 (0.1C, 2.5−4.05 V),
97% (100 cycles), 1C = 100 mA g−1

6

Al2O3-modified P2-
Na2/3Ni1/3Mn2/3O2

coprecipitation 1 M NaPF6 in PC 142.6 mAh g−1 (0.05C, 2.3−4.5 V),
54.29% (100 cycles)

7

hierarchical columnar
NaNi0.6Co0.05Mn0.35O2

coprecipitation 0.5 M NaPF6 in EMS/FEC
(98:2 v/v)

157 mAh g−1 (0.1C, 1.5−3.9 V),
84% (100 cycles), 1C = 150 mA g−1

11

P2/P3-Na0.78Cu0.27Zn0.06Mn0.67O2 sol−gel 1 M NaClO4 in EC/PC (1:1) 84 mAh g−1 (1C, 2.5−4.1 V),
85% (200 cycles)

12

Na2RuO3 thermal
decomposition

1 M NaPF6 in EC/DEC (1:1 v/v) 180 mAh g−1 (30 mA g−1, 1.5−4.0 V),
89% (50 cycles), 1C = 150 mA g−1

13

polyanion polythiophene-modified NaFePO4 in situ
polymerization +
sodiation

1 M NaClO4 in DEC/PC/EC
(1:1:1 v/v)

142 mAh g−1 (10 mA g−1, 2.2−4.0 V),
94% (100 cycles)

15a

maricite NaFePO4 low-temperature
solid state

1 M NaPF6 in EC/PC (1:1 v/v) 142 mAh g−1 (0.05C, 1.5−4.5 V),
95% (200 cycles)

15b

Na4Fe7(PO4)6 spray-drying 1 M NaClO4 in EC/DEC/FEC
(1:1:0.5 w/w)

66.5 mAh g−1 (5 mA g−1, 1.5−4.2 V),
100% (1000 cycles)

16

Na3V(PO3)3N/NGO freeze-drying 1 M NaClO4 in EC/PC (1:1 v/v) +
5 vol % FEC

78.9 mAh g−1 (0.1C, 3.0−4.25 V),
100% (100 cycles), 1C = 80 mA g−1

17

Na3V2(PO4)2F3 carbothermal
reduction

1 M NaClO4 in PC 111.6 mAh g−1 (0.091C, 1.6−4.6 V),
97.6% (50 cycles)

18

alluadite Na2Fe2(SO4)3 low-temperature
solid state

1 M NaPF6 in EC/DEC (5:5 v/v) 100 mAh g−1 (0.05C, 2.0−4.5 V),
91% (30 cycles)

19a

eldefellite NaFe(SO4)2 low-temperature
solution route

1 M NaClO4 in 10% FEC in PC 80 mAh g−1 (0.1C, 2.0−4.0 V),
79% (80 cycles)

19b

Na4Fe3(PO4)2P2O7 solid state 1 M NaClO4 in PC 129 mAh g−1 (0.025C, 1.7−4.3 V),
86% (100 cycles)

20a

Na3.1V2(PO4)2.9(SiO4)0.1 sol−gel 1 M NaClO4 in PC + 5 vol % FEC 109.4 mAh g−1 (0.2C, 2.3−3.9 V),
98% (500 cycles)

20b

PBA Na1.92Fe2(CN)6 solution and
washing based
route

1 M NaPF6 in EC/DEC
(1:1 v/v) + 5 wt % FEC

157 mAh g−1 (10 mA g−1, 1.5−4.5 V),
80% (1000 cycles), 1C = 150 mA g−1

22

Na2Mn0.15Co0.15Ni0.1Fe0.6Fe(CN)6 modified
coprecipitation

1 M NaClO4 in EC/DEC
(1:1 v/v) + 8 vol %
FEC + 1 wt % AlCl3

117 mAh g−1 (0.1C, 2.0−4.0 V),
81.1% (500 cycles), 1C = 170 mA g−1

23

Na1.58Fe[Fe(CN)6]0.92 nanosphere hydrothermal 1 M NaPF6 in EC/PC
(1:1 v/v) + 5% FEC

142 mAh g−1 (17 mA g−1, 2.0−4.2 V),
90% (800 cycles), 1C = 170 mA g−1

24

aDEC, diethyl carbonate; PC, propylene carbonate; EC, ethylene carbonate; FEC, fluoroethylene carbonate; EMS, ethymethanesulfonate.
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such crystals is shown in Figure 1a,b. Here, the P2
configuration comprises two types of MO2 layers (AB and

BA), in which all Na ions are located at two kinds of trigonal
prismatic sites, namely, Naf (Na1) and Nae (Na2), which

comes in contact with two MO6 octahedra of adjacent slabs
along its face and six surrounding MO6 octahedra along its
edges, respectively. On the other hand, in the O3 orientation,
Na+ ions and 3d transition metals are occupied at different
octahedral sites owing to their larger ionic radius difference
and are composed of three types of MO2 slabs, AB, CA, and
BC, with distinct oxygen stacking. In addition, in-plane
distortion of the crystal lattice is represented by an affixed
prime symbol (′) like O′3 and P′2. Moreover, extraction of
sodium ions from both O3- and P2-type phases can be
illustrated by the following equation.

⎯ ⇀⎯⎯⎯⎯⎯⎯⎯↽ ⎯⎯⎯⎯⎯⎯⎯⎯ □ + − +−
+ −y x xNa MO Na MO ( )Na ey x y x2

reduction

oxidation
2

(1)

where y = 1, 0.3 ≤ y ≤ 0.7 for O3 and P2 phases, respectively,
and □ indicates the created structural vacancy. Generally,
sodium insertion−deinsertion from O3 and P2 phases prompts
a phase transformation. For the O3-type phase, though Na+

ions are stabilized at octahedral sites, sodium deintercalation
accompanied the vacancy formation (shown in eq 1), resulting
in the generation of energetically stable prismatic sites for Na+

ions via the gliding of MO2 slabs. Consequently, the P3 phase
with different oxygen stacking of AB, BC, and CA evolves.
Conversely, the orientation of the P2 phase transforms to O2
with AB and AC oxygen layered arrangement during sodium-
ion extraction as octahedral sites are created owing to the
sliding of MO2 layers. Therefore, the transition of O3−P3 and
P2−O2 exists during the electrochemical cycling, whereas O2
or P2 to O3 or P3 is rather unusual due to the larger energy
requirement for M−O bond breakage.

Figure 1. Crystal structures of SIB cathodes: (a) LTMO−P2-
Na2/3MO2, (b) LTMO-O3-NaMO2, (c) polyanion NaMXO4, and (d)
PBA-NaMM′(CN)6.

Figure 2. Summary of challenges: mitigation strategies and synthetic protocols of polyanions, LTMO, and PBA materials.
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The aforementioned distinct oxygen stacking arrangement
results in discrete sodium-ion intercalation sites, leading to
different diffusional mechanisms and electrochemical activities.
Particularly for O3 structured materials, sodium ions migrate
preferably via interstitial tetrahedral sites rather than hopping
directly from one octahedral site to another as the former
mechanism encounters a lower activation energy barrier in
contrast to the latter one. However, in P2-type materials,
sodium ions follow a direct passage from one prismatic site to
another through an open framework network due to the
absence of interstitial tetrahedral sites and experiences a
diffusional barrier lower than that of the O3 configuration.
From the electrochemical performance perspective, the P2-

type phase could be considered better in contrast to its counter
O3 as the spacing between the transition metal layers is larger
for the former one, which enables facile Na+-ion mobility.
Moreover, the P2-type phase maintains its structural integrity
due to the minimal transformation (P2−O2), imparting good
cycling stability, whereas the O3-type can even undergo a
complex phase transition (O3−O′3−P3−P′3−P″3) during the
charge−discharge process. However, lower initial sodium
content (<2/3) of the P2 phase leads to a reversible capacity
relatively lower than that of the O3 arrangement.
Though these materials are considered to be high-capacity

cathodes, certain drawbacks like insufficient structural integrity,
inadequate storage stability, and sluggish kinetics impede their
commercial deployment. Therefore, certain techniques to
improvise the electrochemical performance of the materials
are summarized in Figure 2.
2.1.1. Elemental Doping and Surface Modification.

Further, the accessibility of a wide range of transition elements
furnishes these materials with discrete features like plenty of
Fe, wide voltage window of Ni, the toxic nature of V and Cr,
Mn with high capacity and Jahn−Teller distorting character-
istics, high electronic conductivity with expensive Co,
structural stability imparting features of electrochemically
inactive Mg, Li, Zn, and Al, and air stability inducing behavior
of Cu. Extensive studies manifested that the synergistic effect
of these elements in terms of heteroatom doping enhances the
capacity, cyclability, and stability of the materials. Amidst
several structures, P2-type materials exhibit excellent electro-
chemical performance and high Na+-ion mobility and undergo
minor phase transformation. Yabuuchi5a et al. in 2012 depicted
the synthesis of the binary metal-doped P2-Na0.67Fe0.5Mn0.5O2
cathode with an initial discharge capacity of 190 mAh g−1 in a
1.5−4.3 V potential window at 12 mA g−1 of current density.
Around 72% of its theoretical capacity was attained employing
a single electron reaction of Fe3+/Fe4+ and Mn3+/Mn4+ redox
couples. For this material, below 3.8 V, Na+ ions could be
extracted uniformly, while at higher charge voltage, a highly
reversible P2-OP4 phase occurred. To further enhance the
electrochemical performance, multielement doping has been
practiced in recent years. Mu6 et al. synthesized an air-stable,
Co/Ni-free O3-Na0.9Cu0.22Fe0.3Mn0.48O2 cathode material
which provided around 100 mAh g−1 of specific capacity for
a span of over 100 cycles. The reversible O3−P3−P′3 phase
transformation along with the contribution of electrochemical
active copper (Cu2+/Cu3+) reinforced the performance of the
respective layered oxide. Interestingly, this material demon-
strated superior air stability contrary to other reported O3
cathode materials, which might be attributed to the fact of
formation of a new surface that protected the bulk material
from direct atmospheric contact. Along with elemental doping,

surface modification with oxide coating was devised to resolve
the issues associated with atmospheric exposure and electro-
chemical corrosion. These techniques would help to eradicate
HF and moisture content, which ultimately aids the
stabilization of the cathode−electrolyte interface. Recently,
Alvarado7 et al. successfully synthesized Al2O3-coated
Na2/3Ni1/3Mn2/3O2 material, which exhibited high Coulombic
efficiency and cyclic performance. Prior to coating, a large
number of residual salts, organic entities, and esters were
observed whose diminished content in the coated electrode
enhanced its electrochemical properties.

2.1.2. Structural Modulation. Additionally, for the sake of
performance optimization in terms of conductivity, rate
capability, and tap density, morphology control came into
practice for the construction of microsheets, nanostructures,
and radially aligned hierarchical columnar composition.
Therefore, to further improve the performance of previously
reported P2-Na0.67Fe0.5Mn0.5O2, the hierarchical nanofibrous
structure was prepared using the electrospinning technique
followed by calcination.5b The as-prepared material displayed
an initial discharge capacity of 195 mAh g−1 due to the
shortened Na+-ion passage. High-performing cathode materials
have also been designed, deploying sol−gel synthetic method-
ology as a prime tool for obtaining homogenized nano-
structured compositions.8−10 Additionally, hierarchical colum-
nar structured NaNi0.6Co0.05Mn0.35O2, synthesized by a
coprecipitation method, revealed a much better performance
with a preliminary capacity of 157 mAh g−1 at 0.1C compared
to that of its bulk counterpart.11 Until now, remarkable
contributions have been made for the performance of single
phased O3, P2, and P3 structures, but they still fall short due to
their intrinsic deficiencies of frequent phase transformations
owing to the inevitable gliding of TMO2 slabs during charge−
discharge cycling and insufficient sodium content.

2.1.3. Sodium Compensation. Though the sodium
sacrificial salt compensation technique has also been
performed, which alleviates the sodium deficiency to some
extent, it is not applicable for mass production. Therefore,
integrated layer-based composite materials have emerged as
they would mitigate the challenges of individual structures and
assimilate their advantages to achieve satisfactory sodium-ion
storage performance. Recently Yan12 et al. developed the
environmentally stable Co/Ni-free composite P2/P3
Na0.78Cu0.27Zn0.06Mn0.67O2 material which showed an elevated
working voltage of 3.6 V and stable cycling performance for
200 cycles at 0.1C. Here, the Zn substitution urged the
intergrowth of P2 and P3 phases, while copper and manganese
aided the charge compensation. Moreover, high voltage
charging (3.8 V) resulted in the formation of a new phase
termed P2(new) and inhibited the generation of disordered
ones.

2.1.4. Anionic Redox. Apart from the conventional cationic
redox of transition metals, both Na-deficit and Na-excess
materials have showcased the ability to exploit oxygen redox
activity as O2−/O2

n− for a charge compensation mechanism.
To realize cathodes with enhanced energy density, a technique
like the incorporation of alkali metal ions into transition metal
layers has been adopted. Recent work by Boisse13 et al.
displayed the impact of honeycomb cation ordering of a highly
stabilized intermediate phase for a Na2RuO3 cathode material
in instigating the anionic redox activity and providing a
capacity of 180 mAh g−1 at 0.2C with a capacity retention of
89% for over 50 cycles. More devoted efforts to realize the
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utmost potential of anionic redox ought to be carried out in the
future.
2.2. Polyanion Compounds. Primarily the structure of

polyanionic materials comprises two entities, namely, MOx
polyhedra (M = Fe, Mn, Co, etc.) and (XO4)m

n− or
(XmO3m+1)

n− anionic groups (X = P, Si, S, etc.), which are
connected by a corner- or edge-sharing scheme, as shown in
Figure 1c. The (XO4)m

n− tetrahedron group in polyanionic
materials enables the fast alkali ion conduction along with the
stabilization of transition metal ion’s redox potential. As the
oxygen atom is covalently bonded with the transition metal
and nonmetallic species, the resulting robust crystal structure
possesses higher thermal stability and redox voltage owing to
the unique inductive effect of highly electronegative anionic
groups compared to their counter layered oxide materials.
Nevertheless, these insertion compounds suffer from low
conductivity and gravimetric capacity due to the high
molecular weight of the polyanion group.14 Therefore, the
investigation of materials with a suitable balance of voltage and
capacity is of paramount importance.
To attenuate the inefficacies of the polyanionic materials,

corresponding strategies mentioned in Figure 2 have been
employed extensively. In general, the performance of the
material is greatly influenced by its intrinsic crystal structure;
for instance, NaFePO4 material exhibits polymorphic behavior
with olivine and maricite structure. The crystal structure
arrangement of the olivine phase consists of PO4 tetrahedra
and FeO6 octahedra, in which multiple FeO6 octahedra form a
layered structure as they are bridged in a common-point
orientation and PO4 tetrahedra are connected to these layers,
generating a one-dimensional channel for Na+ ion movement.
Hence, though the olivine phase is regarded as electrochemi-
cally active, it has poor electronic conductivity and low Na+ ion
mobility, making it unable to provide satisfactory performance
in its pristine form. Therefore, the induced surface
modification via a carbon or conductive polymer coating has
been investigated for performance enhancement. Ali15a et al.
demonstrated a discharge capacity of 142 mAh g−1 within the
potential window of 2.2−4.0 V for polythiophene-wrapped
olivine NaFePO4. The charge−discharge mechanism in
NaFePO4/PTh indicated the role of the Fe2+/Fe3+ redox
couple, and variation in unit cell parameters depicted a
reversible expansion/contraction phenomenon during sodia-
tion/desodiation cycling.
2.2.1. Nanostructuring. In another polymorph maricite, the

FeO6 octahedron shares edges resulting in 1D chains, while the
PO4 tetrahedra are joined to generate a 3D structure which
limits the Na+-ion transmission. Even though this structure is
considered electrochemically inactive, dimension downsizing
would aid its electrochemical performance. Kim15b et al.
reported a capacity of 142 mAh g−1 at 0.05C for 50 nm sized
maricite Na1−xFePO4, which is attributed to enhanced sodium
mobility due to its amorphous phase transformation. The
reaction mechanism illustrated the complete sodium-ion
extraction for the high-energy ball-milled maricite NaFePO4.
After the first deintercalation, the phase transformation of
maricite NaFePO4 to amorphous α-FePO4 occurred, resulting
in a decreased Na+-ion energy barrier due to the changed
coordination environment of Fe. Although these materials
exhibited high capacity, they encountered a large lattice
discrepancy and low working potential. Hence, it is
unavoidable to explore novel structured materials with large
interstitial spaces for smooth Na+-ion storage during sodiation

and desodiation cycles. A new iron-based zero-strain
Na4Fe7(PO4)6 cathode synthesized via a spray-drying mecha-
nism was reported to exhibit remarkable cyclic stability of
100% capacity retention for over 1000 cycles with a reversible
capacity of 66.5 mAh g−1 at 54 mA g−1 of current density.16

The as-synthesized material undergoes a solid-solution
reaction (single-phase transformation) and indicates the
negligible volume variation during intercalation/deintercala-
tion cycling.

2.2.2. 3D Open Framework. Construction of high-dimen-
sional channels for smooth Na+-ion mobility would be another
route toward achieving high-performance materials. NASI-
CON with the general formula Na3M2(XO4)3 aids this
transport by providing a 3D open framework yet further
investigations are required to develop a stabilized cathode
material in terms of reversibility, longevity, and conductivity.
The carbon framework either in terms of coating or support
matrix with heteroatom doping serves as an adequate solution
to the problem of concern. Chen17 et al. introduced a 4.0 V N-
doped graphene oxide covered Na3V(PO3)3N composite with
consistent carbon-coated NASICON material using a freeze-
drying technique, which revealed outstanding cycling stability
of 100% capacity retention for over 100 cycles. Topotactic
solid-solution reaction depending on single-electron transfer
was ascribed for this electrochemical behavior. Next, as the
polyanionic materials encounter low specific capacity, the
anionic substitution of heavier phosphate group with the
lighter electronegative fluorine element would be an apt
molecular design engineering solution. Song18 et al. prepared a
fluorophosphate Na3V2(PO4)2F3 material deploying the
carbothermal reduction method and demonstrated a specific
capacity of 111.6 mAh g−1 with 97.6% capacity retention for a
period of 50 cycles.
Polyanionic materials other than phosphate and pyrophos-

phates have also been developed using sulfate anionic species.
Barpanda19a et al. synthesized an alluaudite structured
Na2Fe2(SO4)3 material that presented a high operational
voltage of 3.8 V with a decent specific capacity of 100 mAh g−1

at 0.05C based on single-phase reaction with nominal volume
alterations. Another attempt was made to synthesize an
eldefellite NaFe(SO4)2 material using a low-temperature
solution route that showed a capacity of 80 mAh g−1 with a
voltage plateau at 3.3 V.19b Though these materials are based
on earth-abundant green Fe element, their practical application
is hampered due to their hygroscopic character.

2.2.3. Polyanion Mixing. Further, the combination of
various polyanionic groups enables the interesting properties
of materials, such as high energy density and strong working
voltage. To tune the metal redox, Kim20a et al. synthesized a
mixed polyanion via the combination of (PO4)

3− and (P2O7)
4−

groups to provide a 3D framework of the Na4Fe3(PO4)2P2O7
material with four discernible Na sites out of which three Na+

ions could be reversibly removed based on Fe2+/Fe3+ redox
and revealed an average voltage of 3.2 V. Recently, to enhance
the structural stability and band gap reduction, an isostructural
multivalent tetrahedral SiO4

4− substitution for PO4
3− was

carried out to obtain Na3.1V2(PO4)2.9(SiO4)0.1 polyanion
material using a sol−gel technique. This strategy improved
the capacity retention of material up to 98% for 500 cycles.20b

2.3. Prussian Blue Analogues (PBAs). The third
thoroughly researched cathode material for SIBs is Prussian
blue and its analogues with a general chemical formula of
AxM[M′(CN)6](1−y)·□y·nH2O (0 ≤ x ≤ 2, y ≤ 1; A = Na+),
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where M′ is generally occupied by Fe, while M can incorporate
a wide variety of transition metals (Co, Cu, Mn, Ni, etc.); □
denotes [M′(CN)6] vacancies which have an open framework
structure with nitrogen and carbon coordinated M′ and M
cations present high and low spin states, respectively, bonded
by cyanide groups, and their crystal structure is illustrated in
Figure 1d. Alkali ion concentration influences the crystal
structure existence of PBA materials as alkali-deficient ones
exhibit cubic structure, whereas alkali-rich prefers a monoclinic
configuration. PBAs have captivated the interest of many
researchers due to their facile synthetic method, cheap
precursors, open framework, and large redox couple. Open
channels and interstitial sites aid fasts solid-state diffusion of
alkali ions in the given structure. The above-stated structure
could accommodate up to two alkali ions per unit formula and
exhibits electrochemical activity due to the redox reaction of N
and C coordinated transition metals, as shown in eq 2.

[ ′ ] ⎯ ⇀⎯⎯⎯⎯⎯⎯⎯↽ ⎯⎯⎯⎯⎯⎯⎯⎯ + [ ′ ]+ −xA M M (CN) A M M (CN)x
x

6
reduction

oxidation
6 (2)

Further, three discrete forms of water exist in the PBA
structures, for instance, surface-adsorbed water, interstitial-
containing zeolitic water, and metal-ion-bonded coordinated
water. Out of which, the former ones are easier to eliminate
compared to the latter due to their physical and chemical
interaction with the PBA framework. Though these materials
are regarded as promising candidates, their intrinsic problems
associated with vacancies and coordinated water result in poor
capacity and rate activity, which indeed obstruct their practical
utilization. PBA encounters this detrimental effect because
sodium-ion transportation gets inhibited due to the presence of
water molecules at the interstitial sites of structures, leading to
the deterioration of cycling performance. Further, the existence
of [M′(CN)6] vacancies results in lattice distortion and
eventual collapse of the structure.
Substantive work has been done for Fe- and Mn-based PBAs

as Fe is cheaply available, yet the PBAs based on Fe experience
low energy density, whereas Mn-based compounds proffer high
operational voltage but are still retarded by their Jahn−Teller
distortion effect.

2.3.1. Dehydration Treatment. As water is undesired for
nonaqueous batteries, like SIBs, its incorporation during either
material synthesis or battery fabrication needs to be reduced.
Although infused water in the PBA framework remains stable
in ambient conditions, it undergoes dissociation during
electrochemical cycling, resulting in performance degradation.
Therefore, to eliminate this unprompted water, Goodenough’s
group proposed a postdehydration technique using high
vacuum and low-temperature heating.21 In 2015, Wang22 et
al. prepared Na1.92Fe2(CN)6 material with minimal water
composition of 0.08 H2O per formula unit using the solution
and subsequent washing route. The charge−discharge profile
of the material showcased two voltage plateaus, which existed
due to the reaction of disparate Fe spin states and revealed
high-capacity retention of 80% for over 1000 cycles. Apart
from thermal dehydration, several other strategies like
composition and surface modification, as discussed in Figure
2, have been employed to boost the reliability of PBA material.
Conventional carbon coating is, however, incompatible for
PBA as high temperature leads to its thermal disintegration; a
fusion of conductive materials like ketjen black, carbon
nanotubes, or development of passivation layer, deploying
graphene or reduced graphene oxide and conductive polymers,
would rather enhance the conductivity and water stability of
the analogue materials.

2.3.2. Heteroatom Doping. As an elemental substitution
approach tailors the composition and stoichiometric chemistry
of the rechargeable battery materials, therefore, to exploit the
s y n e r g i s t i c e ff e c t , m u l t i e l e m e n t - d o p e d
Na2Mn0.15Co0.15Ni0.1Fe0.6Fe(CN)6 PBA was synthesized via a
modified coprecipitation technique which exhibited a rever-
sible cubic−rhombohedral phase transformation and depicted
a discharge capacity of 117 mAh g−1 at 0.1C with a capacity
retention of 81.1% for over 500 cycles.23

2.3.3. Morphology Control. Nevertheless, the current sub-
micro- or micro-size-assisted morphological PBA materials are
being reported as high-performance cathode materials, but to
further enhance the rate performance of the materials,
morphology-like macro/meso/hollow nanospheres ought to
be developed to shorten the diffusion passage and enable
smooth Na+-ion intercalation and deintercalation. Conse-

Figure 3. Comparison of existing cathode materials.
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quently, Tang24 et al. prepared a hierarchical Na1.58Fe[Fe-
(CN)6]0.92 nanosphere via slow reaction between a self-
assembled hollow FeIIOx nanosphere and a Na4Fe(CN)6
precursor. The synthesized material showed a larger surface
area and mitigated cell volume alterations during electro-
chemical cycling compared to those of traditionally reported
materials. The designed structure exhibited a specific capacity
of 142 mAh g−1 at 17 mA g−1 current density based on the
intercalation of ∼1.5 Na-ion formula unit and retained 90% of
its capacity for over 800 cycles.

3. SUMMARY AND OUTLOOK
3.1. Comparison among Available Cathode Materials.

As the selection of suitable cathode material is the prerequisite
of successful SIBs, the following five parameters are considered
to scrutinize the material’s practical applicability, and the result
of each specification is demonstrated in Figure 3 for the
corresponding selected materials.
3.1.1. Scale-Up Viability. Active material’s scale-up potential

is governed by the ease of synthetic method and environmental
impact of the corresponding manufacturing process. Though
the coprecipitation method appears to be the best option for
the commercial application of LTMO and PBA as it is a single-
step method and obtains homogeneous solutions, however, the
low yield of nanosized PBAs limits their practicality. While the
solid-state technique is more suitable for polyanionic material’s
scale up as it aids high yield and low energy consumption.
Moreover, the existing established manufacturing facility of
LIBs can be easily transferred to SIB LTMOs to boost their
scalability. Further, from the environmental perspective, the
usage of toxic V and Cr inhibits the commercialization of
LTMOs and polyanionic materials, still, their employment can
be curbed by using other nontoxic high valence transition
metals, while on the other hand, the release of toxic cyanide at
high temperature and acidic conditions invoke a safety concern
for PBAs material synthesis. Therefore, LTMOs and
polyanionic compounds seem more viable for scale-up
application in contrast to PBA materials.
3.1.2. Economic Feasibility. Another factor determining the

practical utilization of respective cathodes is economic
viability, which is further dictated by the cost of raw materials
and post-treatment expenses. As PBAs are primarily based on
Fe and Mn, they are considered to be cost-efficient materials,
whereas LTMOs are the least preferred ones due to their
dependency on expensive Ni, Co, and rare elements for high
performance; additional expense of storage and transportation
for hygroscopic LTMOs also adds up a surplus amount.
Polyanionic materials exhibit an intermediate character as the
majority of them are based on rare V element.
3.1.3. Storage Stability. This factor accounts for material

stability in atmospheric exposure including moisture and CO2
contact. Degradation of electrochemical performance of
layered oxides arises from the insertion of H2O or CO2,
resulting in the formation of inactive NaOH and Na2CO3 onto
the electrode and generation of an electrically insulating
surface. Other materials are also recommended to keep in an
inert atmosphere to retain their electrochemical activity.
Hence, all materials indicate a rather similar storage character-
istic property.
3.1.4. Energy Density. The electrochemical performance of

the cathode material is controlled by its specific capacity and
redox potential. Layered oxides, particularly O3, exhibit high
energy density characteristics, whereas the performance of

polyanionic material is affected by its high molecular weight,
reducing its specific capacity, ultimately leading to lower
energy density. PBAs on the other hand showcase unsat-
isfactory specific capacity due to the presence of inherent
vacancies and coordinated water.

3.1.5. Longevity. The cyclic stability of Polyanionic
materials is far larger than its counterpart due to their open
3D framework. While LTMO could sustain its structural
integrity only for a very short period of time due to the
irreversible phase transformation. PBA material exhibits
intermediate behavior due to its robust crystal structure.
In brief, every material has distinct characteristics, and the

end application would decide the usage of the respective
material, for instance, LTMO appears as an apt candidate for
high energy density applications, while PBA would have its
implications for longer cyclic operations, and polyanionic
materials, on the other hand, would be fitting for high-voltage
consumption purposes.25a−d

Furthermore, the most probable potential candidates for
grid-scale energy storage requirements in the upcoming years
wou l d b e O3 -N a 0 . 9 C u 0 . 2 2 F e 0 . 3 0Mn 0 . 4 8O 2 , P 2 -
N a 2 / 3 F e 1 / 2 M n 1 / 2 O 2 , N a x F e [ F e ( CN ) 6 ] , a n d
Na4Fe3(PO4)2P2O7, as these materials are based on a facile
synthetic method, are earth-abundant nontoxic elements,
composed of high electronegative entities, and possess
sufficient sodium-ion reservoirs.

3.2. Prototypes for SIB Commercialization. The need
for SIB development has engrossed leading industrial
organizations beyond academic institutions into paving a
sustainable growth path for recognizing the large-scale energy
requirements. Multiple companies have addressed this cause
and attempted to generate prototypes assisting SIB commerci-
alization by deploying distinct cathode materials while keeping
hard carbon as their complementary anode.
In 2015, FARADION fabricated a 3 Ah pouch cell using

multielement-doped NaaNi1−x−y−zMnxMgyTizO2 cathode ma-
terial for powering an electric bicycle.25d Later, SHARP
Laboratories Ltd., Europe fabricated a sodium pouch cell
utilizing O3-NaNi1/3Fe1/6Mn1/3Mg1/12Sn1/12O2 as the cathode
material, which exhibited a 94% capacity retention for 150
cycles.25e Furthermore, the first cylindrical cell 18650 type was
demonstrated by The French National Centre of Scientific
Research (CNRS) and Research Network on Electrochemical
Energy Storage (RS2E) employing Na3V2(PO4)2F3 as the
cathode material, denoting an energy density of 90 Wh kg−1 for
a continuous 2000 cycles.25d Next, in 2018, NOVASIS
Energies Inc. synthesized a batch of 100 kg of PBA material
and assembled the pouch cell, which delivered capacity
retention of around 98.6% for a span of 500 cycles.25f

Recently, a California-based startup, Natron Energy, raised $35
million for the sole purpose of developing an efficient sodium-
ion battery using PBA as its cathode material due to its eco-
friendly nature and cost-effective behavior. More recently,
Contemporary Amperex Technology Co., Ltd. (CATL)
unveiled its first-generation sodium-ion battery utilizing
Prussian white as the cathode material and demonstrated an
energy density of up to 160 Wh kg−1 with their full cell for
accomplishing the aim of carbon neutrality.

3.3. Future Prospects. Several strategies have been
discerned to attain the satisfactory electrochemical perform-
ance for prevailing cathode materials as explained in previous
sections, even then the in-depth material understanding, and
novel upgrading techniques are still required to mitigate the
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existing loopholes and acknowledge the commercial aspects of
the respective materials.
For instance, although heteroatom doping has been adopted

for performance improvement of every kind of cathode
material, still it is imperative to unravel its significance in
terms of the appropriate dopant content for the precise active
site in the host material. Furthermore, the collaborative effect
of multielement doping ought to be corroborated for electrode
fabrication. In addition, various facets of heterostructured
composite materials remain uncertain, like the requirement of
a reasonable ratio adjustment among different structures.
Nonetheless, the large surface area of hollow nanostructured
materials and low volumetric energy density impair the
practical application which could be resolved by the fabrication
of multishelled structures, yet the insufficient electro-
mechanical understanding obstructs wide-scale application.
Furthermore, the recent discovery of anionic redox contribu-
tion toward the charge compensation of materials has attracted
a lot of attention, still, the inadequate understanding of the
exact mechanism garners an ambiguous perception over the
proposed concept.
Though the current review highlights cases employing

metallic sodium as a counter electrode for the sodium metal
cell yet the performance difference between the half and full
cell is well established. Therefore, besides the development of
efficient cathode materials, other aspects such as the evolution
of complementary anode and high-voltage compatible electro-
lytes, electrolyte additive, selection of suitable binder and
separator, and appropriate operational conditions are indis-
pensable. Individual components would have their impact on
the overall performance of the entire battery system, for
instance, chosen anodes, electrolytes, and separators determine
the energy density, safety, stability, and ionic conductivity
aspects. Therefore, their compatibility with the cathode
requires due attention and must be addressed in the near
future to fabricate a commercially viable sodium-ion battery.
Apart from the strategic material designing, characterization

techniques to evaluate the phase transformation, structural
change, and charge compensation mechanism for Na-ion
storage play a vital role in gaining the fundamental under-
standing of respective SIB materials. For crystal structure
evolution, researchers are practicing an integrated approach of
X-ray diffraction in situ and ex situ measurements. As the
number of transferred electrons by transition metals directly
correlate with the amount of deintercalated Na ions,
determination of the valence states of the metals in the
pristine and electrochemically transformed electrodes is critical
for the examination of the charge storage process, especially for
multielement electrode materials. Therefore, the X-ray
absorption near-edge structure spectroscopy technique has
been adopted to calibrate and acknowledge an element’s
valence states. Additionally, other characterizations such as X-
ray photoelectron spectroscopy and Mössbauer spectroscopy
are deployed to govern the electronic arrangement, valence
state, and coordination environment of SIB electrode materials.
Further, researchers should perform in situ/operando experi-
ments as they provide information regarding the component
change such as solid−electrolyte interphase formation and
solid-state alkali ion diffusion under or close to a working
environment.26a,b Moreover, future work should focus on
experimental and computational simulations jointly to
combine the electrochemical and non-electrochemical analysis
for comprehending the mechanistic insight of the respective

concept and establish accurate cell performance measuring
parameters.
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