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exploring chemistry, reaction mechanisms, and
prospects for next-generation energy storage
systems

Han Zhang,a Liguang Wang *b and Pengjian Zuo *c

Lithium-ion batteries (LIBs) have been powering portable electronic devices and electric vehicles for over

three decades. However, growing concerns regarding the limited availability of lithium resources and the

subsequent surge in costs have prompted the exploration of alternative energy storage systems beyond

LIBs. Among these alternatives, sodium-based batteries, with their similar intercalation chemistry, have

emerged as the most promising alternative due to their cost-effectiveness and the abundance of sodium

reserves in nature. Developing sodium-ion batteries (SIBs) that possess high energy density, long

lifespan, and high-rate capability necessitates a comprehensive understanding of the reaction

mechanisms, especially the intricate chemistry involved in cathode materials. In this review, we delve

into the reaction mechanisms of the most commonly used cathode materials for SIBs, which include

layered transition-metal oxides, polyanionic compounds, Prussian blue analogues, etc. We also highlight

the specific physicochemical properties that have been uncovered through the application of advanced

operando characterization techniques. Building upon the insights gained from this comprehensive

review, we put forth future perspectives on the development of novel cathode materials for SIBs. By

leveraging the extensive knowledge generated, we aspire to pave the way for further advancements in

sodium-ion battery technology.
1. Introduction

Over the past decade, the escalating need for a sustainable
environment and viable energy sources has sparked profound
interest in the development of energy storage techniques.1 While
lithium-ion batteries (LIBs) have demonstrated exceptional
success in powering portable electronics and electric vehicles, it
is imperative to reassess the feasibility of relying exclusively on
lithium resources in light of the growing costs and constrained
availability.2–4Despite its widespread distribution throughout the
Earth's crust and sea, lithium is not deemed an abundant
element. Furthermore, themajority of the easily accessible global
lithium reserves are situated in remote or politically sensitive
areas.5–7 The exponential surge in demand for lithium in energy
storage applications is expected to drive up the price of lithium
compounds, notwithstanding its inherent attributes of high
energy density and long cycle life.
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In contrast, sodium boasts nearly limitless availability and
ranks as the Earth's 6thmost abundant element within its crust.
Despite its higher redox potential (−2.71 V vs. SHE) and over
threefold molar mass when compared to lithium,8 sodium-ion
batteries (SIBs) have emerged as the prime alternative to LIBs
for large-scale power storage, while only slightly compromising
energy density, as evidenced in Table 1.9,10 Although SIBs were
initially explored alongside LIBs in the mid-1980s, their devel-
opment was impeded by the successful commercialization of
LIBs by Sony in 1990. Nevertheless, in the past decade,
researchers have redirected their focus to SIBs due to the
escalating demand for extensive energy storage solutions.11–15

This review aims to provide an in-depth understanding of
the comparable behaviors and distinct electrochemical mech-
anisms exhibited by Na+/Li+ ion batteries, focusing specically
on cathode materials commonly employed, including layered
transition-metal oxides, polyanionic compounds, and open-
frame-work materials. Moreover, we aim to delineate the
discrepancies in electrochemical performance between SIBs
and LIBs. Additionally, we present a comprehensive overview
and discussion of computational studies investigating the
differential mobility of Na+/Li+ ions within solid-state lattices, as
well as the utilization of in situ and ex situ methodologies to
unravel the intricate aspects of SIBs. It is worth acknowledging
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30971

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta03748k&domain=pdf&date_stamp=2024-11-16
http://orcid.org/0000-0003-3000-3256
http://orcid.org/0000-0001-8777-5105
https://doi.org/10.1039/d4ta03748k
https://rsc.66557.net/en/journals/journal/TA
https://rsc.66557.net/en/journals/journal/TA?issueid=TA012045


Table 1 Comparison of physical properties and abundance in the
Earth's crust for lithium and sodium9,10

Element Li+ Na+

Relative atomic mass/(g mol−1) 6.94 23.00
Shannon's ionic radii/Å 0.76 1.02
E0 (vs. SHE)/V −3.04 −2.71
Theoretical capacity of
metal electrodes/mA h g−1

3861 1166

Material abundance/ppm 20 23 600
Distribution 70% in South America Everywhere
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the existence of numerous outstanding review articles pub-
lished in recent years.16–32 Hence, our focal point lies in differ-
entiating the electrochemical behaviors and elucidating the
phase transformation mechanisms unique to sodium-based
systems, in contrast to LIBs.

2. Cathode materials: a brief
introduction

SIBs operate on the fundamental principle known as the
“rocking chair” mechanism, which is analogous to that of LIBs.
In this mechanism, sodium ions traverse between the cathode
(positive electrode) and anode (negative electrode) electrodes
through an aprotic electrolyte solution, typically employing
organic carbonate ester solvents combined with sodium salts
(Fig. 1). The cell architecture, constituent components, and
underlying reaction mechanisms of SIBs closely resemble those
observed in LIBs. Initially, during the 1980s, the development of
SIBs progressed in tandem with the advancements made in
lithium-ion battery technology. However, the comparatively
lower energy density of SIBs, resulting from their reduced
potential, gradually diminished research interest when
Fig. 1 Schematic illustration of Na-ion batteries.
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compared to the commercially prevalent LIBs. In recent times,
the escalating demand for large-scale power sources has
rekindled researchers' pursuit of sodium-ion battery innova-
tions. Inspired by the achievements of LIBs, cathode materials
for SIBs have predominantly been derived from analogues
materials utilized in LIBs, encompassing layered structure
materials, polyanionic compounds, and other related
counterparts.33–35 In addition, the exploration of Prussian blue
analogues as a novel class of cathode materials for SIBs has
captivated the attention of numerous researchers, leading to
extensive investigations in this area.36–38 Hence, this review will
primarily focus on a comprehensive analysis of these cathode
material categories, namely layered structure materials, poly-
anionic compounds, NASICON compounds, and Prussian blue
analogues.

The remarkable commercial success achieved by layered
oxides cathodes in LIBs has sparked signicant scientic
interest in the case of layered NaMO2 materials (M = Co, Fe,
Mn, Ni, etc., or their combinations).39–46 Particularly, the low or
cobalt-free layered materials, including those based on envi-
ronmentally friendly iron and manganese, have demonstrated
exceptional reversible capacity and prolonged cycle life. These
contributions augment the promising application potential of
layered oxides cathodes for large-scale energy storage systems.
Layered structures typically consist of stacked sheets
comprising edge-sharing MO6 octahedra. According to the
classication proposed by Delmas et al., Na-layered oxides can
be categorized into distinct structures based on the
surrounding Na environment, namely O3-type (ABCABC), P2-
type (ABBA), O2-type (ABAC), and P3-type (ABBCC) structures,
as illustrated in Fig. 2a.26,32,48 The labels “O” and “P” denote the
accommodation of Na+ ions at octahedral and prismatic sites,
respectively. The indicators “3” or “2” signify the number of
transition metal layers in a repeating stacking unit, while the
prime symbol (0) represents the monoclinic distortion phase. It
is worth noting that in lithium-containing layered compounds,
the smaller ionic size of Li+ ions prohibits their occupation of
trigonal prismatic sites.

Polyanionic compounds have garnered signicant attention
in the eld of LIBs due to their excellent thermal stability and
higher redox potential resulting from the inductive effect of
the XO4 or XO3 polyanion. These advantageous properties have
spurred extensive investigations into polyanionic framework
compounds, including phosphates,49–51 uorophosphates,52–54

sulfates,55,56 and other novel polyanionic cathode systems for
Na+ ions.34,57 In addition, the presence of facile Na+ diffusion
pathways and the tunability of local coordination environ-
ments present key benets for SIBs. The exploration of poly-
anionic framework compounds for SIBs nds inspiration from
their successful implementation in LIBs. However, it is
important to note that many Na-based polyanionic cathode
materials exhibit unique properties compared to their lithium-
ion counterparts. For example, naturally occurring phosphate
NaMPO4 (M = Fe, Mn, Co, etc.) adopts the thermodynamically
stable maricite structure, which lacks free Na+ migration
pathways and exhibits negligible electrochemical perfor-
mance, unlike the olivine-structured LiMPO4. The latter
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Crystal structures of (a) O3 and P2-type NaMO2 (M= transition metal). Reproduced from ref. 47 with permission from AAAS, copyright
2020. (b) Prussian blue, (c) olivine (d) capacity–voltage plot of three representative cathodes for SIBs.
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demonstrates one-dimensional lithium transport paths,
leading to superior electrochemical performance.50,58,59 This
discrepancy arises from the inverse positioning of transitions
metal M2+ ions and alkali metal Na+ ions in the maricite
structure, in contrast to olivine structure materials. Conse-
quently, although various olivine NaMPO4 cathode materials
for SIBs have been reported (Fig. 2c),50,60,61 most of them
necessitate chemical or electrochemical Li/Na exchange
methods to be synthesized from LiMPO4.

NASICON compounds, characterized by their open 3D
frameworks, feature corner-sharing MO6 octahedra and XO4

tetrahedra, which create abundant Na+ diffusion tunnels.
Originally recognized for their fast Na+ ion transport proper-
ties,62 these materials have more recently gained attention as
cathode materials. In fact, NASICON phosphate materials were
initially explored as hosts for Li intercalation by Padhi et al.,63

utilizing redox couples such as V4+/V3+, V3+/V2+, Fe3+/Fe2+, Ti4+/
Ti3+, Nb4+/Nb3+, and Nb5+/Nb4+. For instance, Li3V2(PO4)3 (P21/n)
features a three-dimensional structure consisting of mildly
distorted metal octahedra and phosphorus tetrahedra, inter-
connected through shared apical oxygen atoms to form a (M–O–
P–O)n bonding framework. One Li(1) ion forms a tetrahedron
with four surrounding oxygen atoms, while Li(2) and Li(3) adopt
highly distorted tetrahedral environments.64,65 In contrast, the
typical NASICON-type Na3V2(PO4)3 (R�3c) material consists of
isolated VO6 octahedra and PO4 tetrahedral units inter-
connected through corner sharing, creating the framework
anion [V2(PO4)3]

3−. One Na+ ion occupies the M1 (6b) site, while
the other two reside in the M2 (18e) site within the interstitial
This journal is © The Royal Society of Chemistry 2024
positions.49,66 These distinct structural characteristics
contribute to the unique physical and electrochemical proper-
ties exhibited by NASICON Na-ion compounds, necessitating
comprehensive investigations. Additionally, the introduction of
uorine (F) elements into phosphates can form uo-
rophosphates with higher redox potentials, attributed to the
presence of highly electronegative uorine atoms.52

The intercalation and extraction of Na+ ions in cathode
materials generally result in a larger lattice volume expansion or
contraction compared to that observed in LIBs due to the larger
ionic radius of sodium (1.02 Å) compared to lithium (0.76 Å). As
a result, Prussian blue analogues (PBAs) have garnered atten-
tion as promising alternative cathode materials for SIBs in
comparison to the layered oxides and polyanion structures,
owing to their relatively open framework structure (Fig. 2b).67

This framework provides benets in terms of volume expansion
and structural stability during the insertion and extraction of
Na+ ions.68–72 An exemplary Prussian blue, K[FeIIIFeII(CN)6]$
yH2O, (y z 1–5), features a cubic framework (space group
Fm�3m) with alternating Fe(II) and Fe(III) ions occupying the
corners of corner-shared octahedra, bridged by linear (C^N)−

ligands.73 This arrangement allows the low-spin Fe(II) ions to
bond with C atoms, while the high-spin Fe(III) ions bond with N
atoms. Moreover, the cyano ligands expose the faces of the
elementary cubes, providing pathways for Na+ ions to travel
between the half-lled body-center positions.74 Although PBAs
can accommodate reversible intercalation of both lithium and
sodium ions, their behavior during the insertion and extraction
process differs, which will be discussed later.75,76
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30973
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3. Energy storage mechanism in Na-
ion batteries

The intercalation/de-intercalation mechanisms of battery
materials have a direct impact on their physical and electro-
chemical performance. In the case of cathode materials for
SIBs, the mechanisms involved in sodium insertion and
extraction are oen more intricate compared to their LIBs
counterparts. This complexity arises from multiple factors,
including the larger radius of sodium ions, the presence of
distinct ion diffusion pathways and barriers, and voltage vari-
ations, among others. Gaining a comprehensive understanding
of the fundamental energy storage and phase transformation
mechanisms is paramount for the development of advanced
cathode materials tailored specically for SIBs. Therefore, in
this review, we provide a detailed summary of the electro-
chemical reaction mechanisms of cathode materials for SIBs,
drawing comparisons with analogous systems employed in
LIBs.
3.1. Layered oxides cathodes

3.1.1. NaCoO2. In the 1980s, layered cobaltates garnered
renewed scientic interest due to reports of exceptional ther-
moelectric properties exhibited by the NaCo2O4 crystal material,
as well as the discovery of superconductivity in the P2-Na0.35-
CoO2$1.3H2O hydrated compound. As a result, researchers
directed their efforts towards studying the structure and phys-
ical properties of materials within this system, which is char-
acterized by a complex phase diagram with numerous phases
possessing similar sodium concentrations. The vast body of
research on this material family encompasses over six hundred
papers, demonstrating the extensive exploration within the
NaxCoO2 system. The phase diagram of P2-NaxCoO2 has been
extensively investigated for x$ 0.5 using in situ X-ray diffraction
technique in conjunction with electrochemical processes.
These studies have revealed a sequence of single-phase or two-
phase domains during the electrochemical processes.77Notably,
narrow ranges of sodium composition (0.5 # x # 1) have been
identied, demonstrating distinctive Na+/vacancy ordering at
room temperature. The NaxCoO2 phases exhibit notable voltage
plateaus, which sharply contrast with the solid-state de-
lithiation/lithiation process observed in LixCoO2.78 The
dissimilar phase transitions and biphasic behavior between
NaxCoO2 and LixCoO2 can be attributed to the presence of
similar charge ordering (electron–electron interaction). The role
of sodium ions in these distinctions has been thoroughly
investigated, and the content and ordering of Na+ ions have
been carefully analyzed to understand their inuence on the
phase transitions.28 In the case of the O3-type phase, only
octahedral sites exist between CoO2 layers, while the P2-Nax-
CoO2 phase presents two distinct prismatic sites. The intricate
Na ordering within the crystal plane stems from the interplay of
repulsive interactions, including sodium–sodium and sodium–

cobalt interactions that are specic to the P2 phase.
3.1.2. NaxMnO2. The acquisition of the layered LiMnO2

phase is solely achievable through Li/Na exchange from its Na
30974 | J. Mater. Chem. A, 2024, 12, 30971–31003
phase. However, due to the high mobility of Mn2+, the LiMnO2

phase tends to undergo a transformation into spinel following
the initial charge or discharge process.79 This occurrence stands
in stark contrast to the behavior of NaMnO2 material in SIBs.
NaMnO2 exists in two primary phases: the low-temperature a-
NaMnO2 with an O03 layered structure, and high-temperature
orthorhombic b-NaMnO2. Similar to O3-LiCoO2, the crystal
structure of a-NaMnO2 also exhibits a layered conguration,
rendering it stable during the reversible insertion and extrac-
tion of Na+ ions. The a-NaMnO2 phase exhibits a distorted
version of the a-NaFeO2 structure, resulting from the
pronounced distortion of MnO6 octahedra due to the Jahn–
Teller effect. The Jahn–Teller effect is a lattice distortion
phenomenon that breaks the local crystal symmetry, prompting
a structural rearrangement through certain bond length
distortions that lowers the energy of a system.80 For NaxMnO2,
the Jahn–Teller effect can induce lattice distortions and irre-
versible phase transition that affect the electrochemical
behavior of NaxMnO2. Such distortions can lead to lower
reversible capacity and cycling performance of NaxMnO2

cathode materials.81 In contrast, b-NaMnO2 differs from the
conventionally observed NaMO2 type structures, as it comprises
MnO2 sheets consisting of a double stack of edge-sharing MnO6

octahedra. Both a- and b- NaMnO2 have undergone electro-
chemical testing as positive electrode materials since 1985.82

Among the two, a-NaMnO2 material has been extensively
investigated due to its superior chemical stability.83 It is proved
that 0.85 Na can be de-intercalated with a reversible intercala-
tion of 0.8 Na, as shown in Table 2.86 Notably, the sequence of
phase transformation during charge and discharge is dissim-
ilar, consistent with the strong rst-order character of the phase
transformations-a typical characteristic of reactions involving
signicant phase transformation barriers. Consequently,
nucleation may not occur symmetrically when the two phases
on each side of the transition are distinct.109 The precise factors
contributing to the pronounced transitions in a-NaMnO2

remain unclear at present. Moreover, the charge–discharge
curves distinctly exhibit prominent features, such as strong
voltage steps and plateau, indicating phase transitions upon de-
sodiation. This phenomenon suggests a larger hysteresis
compared to the lithium de-intercalation/intercalation
observed in LIBs. These multiple voltage plateaus and phase
transformation features resemble the behavior observed in
NaCoO2, as mentioned earlier, but are in contrast to their
lithium-ion intercalation systems.

3.1.3. NaVO2. Due to their intriguing physical properties
arising from the coexistence of V4+ and V3+ ions in the rutile and
corundum structures, respectively, vanadium oxides (V2O3 and
VO2) garnered signicant attention in the 1970s.110,111

Researchers have explored the possibility of developing a new
family of highly correlated electron materials by incorporating
these ions into a layered structure.90 However, the facile
reducibility of V3+ ions posed challenges in the investigation of
NaxVO2 materials. Initially, substantial efforts were dedicated to
studying the O3-NaVO2 phase, but its synthesis oen yielded
impurities. In 2008, O3-NaVO2 was successfully synthesized by
a solid-state reaction method, and a comprehensive structural
This journal is © The Royal Society of Chemistry 2024
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study was reported.112 Subsequently, an in situ X-ray diffraction
experiment during the charge and discharge process provided
a phase diagram for the P2-NaxVO2 system, revealing four
primary single phases within 0.5 < x < 0.9 range.90 Analogous to
the P2-NaxCoO2 system, the curves (Table 2) displayed multiple
potential plateaus, characteristic of biphasic systems and
continuous solid solutions. Notably, the charge–discharge
curves exhibited distinct compositions with special structures
at 2.40 V, 2.07 V and 1.84 V for P2-Na1/2VO2, P2-Na5/8VO2 and P2-
Na2/3VO2, respectively. Further investigations encompassed
both Na2.46V6O16 (NVO) and Li2.55V6O16 cathodes, with primary
focus on the structural evolution using operando synchrotron X-
ray diffraction.113 During cycling between 4.0 and 1.6 V, NVO
demonstrated reversible Na-ion occupation in two different
crystallographic sites, a and b. However, discharging to 1.0 V led
to additional Na-ions occupation in interstitial sites, inducing
irreversible structural changes and a subsequent capacity
decrease. Furthermore, the incorporation of aminor Li+ into the
crystal structure contributed to the stabilization of the layered
structure, effectively mitigating irreversible structural damage.

3.1.4. NaNiO2. Despite extensive research on LiNiO2 as
high-capacity positive electrode material over the years,
achieving a perfect stoichiometric LiNiO2 phase experimentally
has proven to be a rare accomplishment. Instead, the more
commonly obtained phase is an off-stoichiometric Li1−xNi1+xO2,
where Ni2+ partially occupies the lithium site.114 This occurrence
is attributed to the charge disproportionation reaction Ni3+ /
Ni2+ + Ni4+ or the Ni3+ Jahn–Teller effect in the NiO2 layer,
leading to distortion of the LiO6 octahedron.115,116 Regrettably,
the presence of Ni2+ in the lithium layers signicantly
compromises the electrochemical performance of LiNiO2

compounds. In contrast, NaNiO2 materials exhibit a stronger
propensity for synthesis in a layered structure due to the larger
difference in ionic radius between the transition metal and
sodium. Furthermore, the larger Na+ ion effectively impedes
charge disproportionation and Ni3+ Jahn–Teller distortions. The
pioneering investigation of NaNiO2 in both electrochemical and
structural aspects dates back 1982, wherein the analysis
revealed multiple phase transitions mechanism occurring up to
approximately 3.7 V.117 These transitions correspond to the de-
intercalation of only 0.2 Na ions during the initial charge
process. Upon electrochemical cycling of the NaNiO2

compound, multiple plateaus are observed, attributed to
complex phase transitions, structural distortion, or Na redis-
tribution in the interlayer.118 In situ XRD experiments have
conclusively demonstrated several phase transitions from O03
/ P03 / P003 / O003 / O0003.119 The composition of the O0003-
phase corresponds to Na0.83NiO2, representing the closest
composition to the fully sodiated phase during the discharge
process to date. Nevertheless, even aer the initial discharge
process, a fully sodiated phase (NiO2 composition) remains
elusive, and the underlying reasons for this phenomenon have
not yet been denitively elucidated.

3.1.5. NaFeO2. The extensive research on LiFeO2 has
primarily focused on its layered analogue, LiCoO2, the corru-
gated phase, and compounds based on ramsdellite and hollan-
dite structures.120 Unfortunately, none of these materials have
This journal is © The Royal Society of Chemistry 2024
exhibited the required structural stability or prolonged cycling
capability when used solely as electrode materials.121 Further-
more, there have been no reports of direct synthesis of LiFeO2

with O3-type layered structures through high temperature solid-
state reaction to date. This occurrence can be attributed to the
similarity in ionic radii between Li+ and Fe3+, leading to the facile
formation of a cation-disordered rock-salt phase during solid-
state reactions at elevated temperatures, a phenomenon analo-
gous to that observed in LiNiO2 as mentioned above. Although
successful synthesis of a single phase of LiFeO2 was achieved via
a mixed-alkaline hydrothermal method, the resulting material
proved as electrochemically inactive.122 In contrast, NaFeO2

stands as a prominent example of an O3-type layered structure
and can be readily prepared through conventional solid-state
reactions.123 In 1994, during the charge process, a monoclinic
structure distorted phase (O03) with a space group C2/m was
observed in NaFeO2.124 This structural distortion at the fully
charged state was attributed to the loss of Na ions and Jahn–
Teller effect of Fe4+. To assess the electrochemical reversibility of
sodium extraction/insertion processes for the single phase of O3-
type NaFeO2, experiments were conducted in aprotic sodium
cells. The extent of reversibility was found to be signicantly
inuenced by the cut-off voltage conditions applied during the
charging process, as detailed in Table 2. While the charging
capacity exhibited an increase with the cut-off voltage, the
reversible capacity declined when charged beyond 3.5 V. Notably,
up to approximately 70% of Na was extracted from O3-type
NaFeO2 until oxidation reached 4.5 V. However, the material's
activity was severely compromised when excessive Na ion
extraction occurred, rendering it nearly electrochemically inac-
tive. Furthermore, in situ advanced synchrotron XRD on NaFeO2

revealed a new hexagonal phase (O003) at the charged state. This
discovered phase was identied as a sodium-decient topotactic
phase and demonstrated reversibility when sodium was rein-
serted into the material aer discharge.125

3.1.6. NaCrO2. Cathode materials based on chromium (Cr)
have garnered considerable interest due to their multiple elec-
tron transfers, offering the prospect of higher energy storage
capacities. However, initial investigations of LiCrO2, which
shares the same structure as LiCoO2, revealed limited reversible
lithium intercalation.126 This was attributed to the tendency of
the charged state Cr4+ ions to disproportionate into Cr6+ and
Cr3+, adopting stable electronic congurations of d0 and d3,
respectively. Consequently, during cycling, Cr ions readily and
reversibly migrated into the octahedral lithium sites, resulting
in a notable irreversible capacity.127,128 The atomic-level crystal
structure instability of LiCrO2 was directly visualized using
high-angle-annular-dark-eld transmission electron micros-
copy (HAADF-TEM).129 Comparing the structures of LiCrO2 and
NaCrO2 revealed that the interstitial tetrahedron in LiCrO2,
which shares faces with CrO6 octahedra, aligns more favorably
with the tetrahedron CrO4

2− compared to NaCrO2. This struc-
tural mismatch in NaCrO2 hinders the occupation of the
interstitial tetrahedron by Cr6+ ions, preventing the observed
irreversible migration of Cr ions in LiCrO2.93,130 Consequently,
in Na-containing systems, the small Cr6+ ions encounter diffi-
culties in migrating into the relatively large tetrahedral sites
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30979
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within Na layers, leading to the energetic stabilization of Cr6+,
Cr4+ in NaxCrO2.93 In-depth structural investigations of NaCrO2

during intercalation/extraction were conducted using ex situ
and in situ XRD techniques. These studies have elucidated
a notable transformation sequence within O3-NaCrO2, tran-
sitioning from its initial O3 type to an O03 structure, and
subsequently to P03 during electrochemical desodiation.131,132

Deep charging prompts O3-NaCrO2 to transition from the
crystalline P03-NaxCrO3 phase to a disordered phase, charac-
terized by Cr migration into interlayer spaces. XANES analysis
conrms the presence of Cr(VI), resulting from the dispropor-
tionation of Cr(IV). Additionally, PDF analysis indicates the
positioning of Cr on tetrahedral sites. This Cr migration
impedes Na-ion reinsertion, leading to irreversibility in the
electrochemical process. Operando PDF analysis further reveals
that despite expectations of solid solution behavior, a rst-order
transition is observed, with disordering occurring at higher
states of charge, up to 3.8 V.133 Notably, when a reversible phase
transition occurs at 3.8 V, a distinct electron paramagnetic
resonance (EPR) spectral signature is unequivocally identied,
attributed to the dissolution of Cr5+ ions during the surface
reconstruction process.134
3.2. Polyanionic compounds

Olivine-type LiFePO4 has garnered signicant attention as
a highly competitive material for LIBs used in electric vehicles,
owing to its exceptional thermal stability, which was rst re-
ported by Goodenough in 1997.135 The superior thermal safety
of LiMPO4 (M = Fe, Mn, Co, et al.) is attributed to the
remarkably strong covalent bonds (P–O) present in the tetra-
hedral (PO4) structure. In the case of olivine LiFePO4, lithium
ions are believed to diffuse along the (010) direction, following
a one-dimensional pathway, and involve a two-phase diffusion
process.136,137 On the other hand, NaFePO4, in contrast to its
celebrated lithium counterpart, crystallizes in the more ther-
modynamically stable maricite structure, which unfortunately
lacks free pathways for Na ions transportation.138–140

Currently, it is feasible to prepare electrochemically active
olivine-type NaFePO4 through a low-temperature Li/Na ion
exchange process from LiFePO4 while retaining the olivine-
type structural features.141 However, the charge–discharge
curves of NaFePO4 in SIBs exhibit a distinct intermediate
phase of Na0.7FePO4 (Table 2).101 Nevertheless, the electro-
chemical kinetics of NaFePO4 are notably slower compared to
those of LiFePO4, mainly due to the substantial volume
change occurring between the reduced and oxidized phases.
Furthermore, the absence of a metastable phase and solid-
solution behavior contributes to the relatively sluggish elec-
trochemical kinetics of NaFePO4, while LiFePO4 benets from
the presence of a solid solution phase, accounting for its
excellent kinetics in LIBs.142,143

NASICON compounds, known for their open 3D framework,
have been extensively explored as solid electrolytes and as
promising host materials for Li+ and Na+ ions.62 Among these
compounds, Li3V2(PO4)3 adopts a thermodynamically stable
monoclinic phase, which distinguishes it from the
30980 | J. Mater. Chem. A, 2024, 12, 30971–31003
rhombohedral or NASICON form. The NASICON Li3V2(PO4)3 is
commonly obtained through ion exchange from its sodium
analog, Na3V2(PO4)3, and undergoes a distinctive two-phase
transformation process between Li3V2(PO4)3 and LiV2(PO4)3.144

Notably, Na3V2(PO4)3 with its NASICON structure has gained
attention due to its remarkable thermal stability in the charged
state, exhibiting a remarkably at voltage prole with a pro-
longed plateau at around 3.4 V vs. Na+/Na, akin to the behavior
observed in LiFePO4 vs. Li

+/Li.66,104 This suggests an extraction/
insertion of approximately two Na ions per formula unit during
the process (as presented in Table 2). In-depth investigations
have revealed the coexistence of two distinct Na sites, namely 6b
and 18e, each exhibiting different coordination environments
within Na3V2(PO4)3. However, it is noteworthy that only Na ions
occupying 18e sites can be effectively extracted from the lattice,
leading to the formation of the charged state NaV2(PO4)3.145,146

Electrochemical cycling of the Na3V2(PO4)3 cathode involves
a one-site Na extraction/insertion process, resulting in the
characteristic two-phase transformation between the dis-
charged state of Na3V2(PO4)3 and the charged state of
NaV2(PO4)3. Interestingly, even upon charging the voltage up to
4.5 V (vs. Na+/Na), a fraction of Na ions remains unextracted
from the structure through the electrochemical method.

Various hydrated sulfates, including polymorphs of Na2-
Fe(SO4)2,147,148 Na2FeM(SO4)3 (M = Fe, Mn, Ni),56 and
Na2+2dFe2−d(SO4)3,149 along with their dehydrated derivatives,
have demonstrated notable electrochemical activity. Na2Fe2(-
SO4)3@C@GO was synthesized by a straightforward freeze-
drying method, achieving a discharge capacity of
107.9 mA h g−1 at a rate of 0.1C, and maintains over 90%
capacity retention at a higher rate of 0.2C even aer 300 cycles.
In situ synchrotron powder diffraction reveals minimal volume
change during cycling, which is crucial for its excellent cycla-
bility. The voltage prole, as presented in Table 2, showcases
a continuous sloping trend across the entire range of Na
composition, indicating a single-phase (solid-solution) electro-
chemical reaction mechanism with minimal volume change for
Na2Fe2(SO4)3. This characteristic is highly promising for
potential applications in advanced SIBs.106

Fluorosulfates represent an alternative class of sulfates
employed in SIBs. Their open framework exhibits a pronounced
inductive effect, leading to a signicant increase in potential, up
to 0.8 V higher than their phosphate counterparts, thus offering
distinct advantages. However, it is essential to note that uo-
rosulfates are highly sensitive to moisture, necessitating the use
of a non-aqueous medium for their synthesis. This requirement
has led to the discovery of a corner-shared NaFeSO4F frame-
work.150,151 Nevertheless, it is crucial to consider the distinctive
ion conduction behavior exhibited by NaFeSO4F, where it
functions as an effectively 1D ion conductor, in stark contrast to
LiFeSO4F, which features 3D Li+ ion migration pathways.152 The
limited ion mobility of NaFeSO4F, combined with a substantial
volume change during redox processes, contributes to its
comparatively poorer electrochemical properties when
compared to its lithium-based counterpart. Although the
NaFeSO4F cathode materials exhibited satisfactory electro-
chemical activity and remarkable redox potential of
This journal is © The Royal Society of Chemistry 2024
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approximately 3.7 V, their intricate synthesis process renders
the practical application.153
3.3. Prussian blue analogues (PBAs)

PBAs are characterized by the general chemical formula of
Na2−xMA[MB(CN)6]1−y$,y$zH2O, wherein different transition
metals (MA and MB) can be incorporated, and the hex-
acyanometallate vacancies (,y) are incorporated into the
[MB(CN)6]

4− moieties. Among PBAs, the hexacyanoferrates (MB

= Fe) have gained considerable popularity in SIBs owing to their
cost-effectiveness and facile synthesis.154–156 In 2012, Good-
enough et al. introduced the KMFe(CN)6 family (M = Mn, Fe,
Co, Zn, Ni) as promising cathode materials for SIBs.67 Notably,
the charge–discharge curves of these materials exhibit two
voltage plateaus at 3.5 V and 2.8 V, respectively. The lower
potential plateaus are associated with the high-spin Fe3+/Fe2+

redox couple bonded to N atoms, while the higher voltage
plateaus correspond to the low-spin Fe3+/Fe2+ redox couple
bonded to C atoms. Another signicant PBA-based cathode
material of interest is “Prussian white”, predominantly
composed of Fe(II) ions, balanced by a high sodium content
within the Na2−xFe[Fe(CN)6] framework. A noteworthy contri-
bution includes the synthesis of a novel. Air-stable sodium iron
hexacyanoferrate (R–Na1.92Fe[Fe(CN)6]) with a rhombohedral
structure, accompanied by a comprehensive elucidation of the
electrochemical reaction mechanism during cycling.157 Highly
crystalline Na2−xFeFe(CN)6 microcubes, synthesized via a scal-
able co-precipitation method, demonstrated a stable rhombo-
hedral structure. In situ synchrotron powder X-ray diffraction
(PXRD) unveiled three distinct phase transitions – rhombohe-
dral, cubic, and tetragonal structures-occurring during Na+

intercalation/deintercalation processes. Thanks to its structural
stability, Na1.73Fe[Fe(CN)6]$3.8H2O showcased a high initial
coulombic efficiency of 97.4%. Furthermore, it exhibited
a capacity retention of 71% aer 500 cycles, with a capacity of
70 mA h g−1 at a high current density of 2000 mA h g−1.158 This
underscores the promising potential of this material for high-
performance SIBs.
4. Modification strategies and their
effect on electrochemical properties

The practical utilization of most current cathode materials for
SIBs oen results in lower-than-expected capacities. To over-
come this challenge and unlock the full potential of most
cathode materials, concerted efforts are required to delve
deeper into the intricate intercalation and deintercalation
processes of sodium ions within the structure. By gaining
a comprehensive understanding of these fundamental mecha-
nisms, researchers can devise targeted strategies to enhance the
electrochemical performance of cathode materials, ultimately
leading to the development of more efficient and high-
performance SIBs. To this end, the fundamental electro-
chemical behaviors of these cathode materials are summarized
in this section.
This journal is © The Royal Society of Chemistry 2024
4.1. NaxCoO2

Both O3-type and P2-type layered NaxCoO2 materials can be
easily synthesized and demonstrate excellent reversibility in the
battery system. Furthermore, the P3-type NaxCoO2 (xz 0.62) can
be produced at a low temperature, characterized by distorted
monoclinic phase at room temperature.159 Notably, these mate-
rials demonstrate signicant reversible capacities, with the O3-
type phase achieving ∼140 mA h g−1, the P3-type phase
achieving ∼130 mA h g−1, and the P2-type phase achieving
120 mA h g−1. Table 2 presents the corresponding electro-
chemical reversibility of sodium extraction/insertion processes
for selected O3-type layered materials. The pure Na0.71CoO2

cathode materials were successfully synthesized using the solid-
state reaction route. This Na0.71CoO2 materials demonstrated
a specic capacity of 70.4 mA h g−1 within a voltage range of 2.0
to 3.5 V at 0.08C, and achieved a coulombic efficiency of 90% in
the initial cycle. The voltage prole revealed multiple voltage
plateaus, primarily attributed to the slight reordering of sodium
ions within the layers of the material. Furthermore, the CV test
results of the prepared Na0.71CoO2 indicated the presence of
eight couples of peaks during cathodic and anodic sweeps, which
correspond closely to the voltage prole observed during the
charge–discharge process.160 Na0.60Ca0.07CoO2 cathode materials
were synthesized through the substitution of Ca2+ for Na+ using
a solid-state reaction method. The doping of Ca2+ did not alter
the P2-phase of Na0.73CoO2. The Ca

2+ ions, which are doped and
located between CoO6 slabs, inuence the phase transition
behaviors during the charge–discharge process. This has signif-
icantly enhanced the cycle stability of the cathode material.
During the 60 charge–discharge cycles, the capacity decay per
cycle for the Ca2+-doped Na0.60Ca0.07CoO2 cathode materials is
0.06 mA h g−1, while the Na0.73CoO2 material without Ca2+

doping experiences a decay of 0.56 mA h g−1 per cycle.161
4.2. NaxCrO2

The electrochemistry of NaxCrO2 was initially investigated in
1982, revealing only limited reversibility with a cycling capacity
of 0.15 Na.162 However, upon reevaluation, it was observed that
the material could achieve an approximate discharge capacity of
120 mA h g−1, corresponding to ∼0.48 Na, with a long voltage
plateau at 3 V, operating between 3.6–2.0 V (as shown in Table
2). Therefore, maintaining the cycling performance of the fully
charge–discharge process (one Na) remains challenging due to
the irreversible structural evolution when x < 0.5. The latest
study showcased that the inclusion of Sb5+ into the NaCrO2

lattice serves as an effective means to inhibit the migration of
Cr, even under high charging voltages of up to 4.1 V (vs.Na+/Na).
Remarkably, at a low current rate of C/20, the O3-type Na0.72-
Cr0.86Sb0.14O2 cathode material demonstrated a notable specic
capacity of approximately 175 mA h g−1. This corresponds to
72% of Na+ undergoing deintercalation in NaCrO2 structure.163
4.3. NaxMnO2

NaxMnO2, an early and extensively studied member of layered
oxides,82 exhibits metallic or semiconducting behavior
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30981
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contingent on the M–M bond distance and the degree of
d orbital overlap. These parameters critically govern the kinetics
of the material. NaxMnO2 can be classied into two structural
categories: 3D structures (tunnel structures) denoted by x = 0.4
and 0.44, which have been extensively explored, notably in the
context of aqueous electrolytes,164–166 and 2D structures repre-
sented by x = 1.0 and 0.7. The latter encompasses three distinct
phases: P2-Na0.7MnO2+y,167 a-NaMnO2,86 and b-NaMnO2.87 The
synthesis of P2-Na0.6MnO2 employed a sol–gel method incor-
porating Mn(acetylacetonate)3, Na2CO3, and propionic acid to
form the resin framework.167 The correspondence between the
discharge and charge proles during the initial cycle under-
scores the material's ability to consistently furnish a specic
capacity of ca. 140 mA h g−1 at a current density of 0.1 mA cm−2

within the voltage window of 3.8–2.0 V. Recent reexamination of
the electrochemical behavior of monoclinic a-NaMnO2 has
yielded insights.86 It demonstrated an initial discharge capacity
of 185 mA h g−1 at a rate of 0.1C, stabilizing at 132 mA h g−1

aer 20 cycles. Noteworthy is the deintercalation/intercalation
of approximately 0.85/0.8 Na from/into NaMnO2 during poten-
tiostatical intermittent charge/discharge processes, yielding
a signicantly elevated capacity compared to prior investiga-
tions of a-NaMnO2. While precise determinants underpinning
this unexpected augmentation (185 mA h g−1) remain elusive,
the electrolyte composition (NaPF6 in EC–DMC) has been
posited as a potential contributing factor. Furthermore, the
scrutiny delved into b-NaMnO2, characterized by a distinct
structure compared to extensively studied NaMnO2 polymorphs
and compounds.87 It showcased a substantial capacity of
Fig. 3 Structural characterizations and electrochemical performances
Na0.67MnO2. (b) Charge/discharge profiles of Na0.67MnO2 and P2-Na0
Na0.67MnO2 at mA g−1. Reproduced from ref. 172 with permission from

30982 | J. Mater. Chem. A, 2024, 12, 30971–31003
approximately 190 mA h g−1 at a rate of C/20 (as tabulated in
Table 2), concomitant with commendable rate capability of
142 mA h g−1 at a current rate of 2C and robust capacity
retention of 100 mA h g−1 aer 100 charge–discharge cycles.

Nevertheless, the structural instability exhibited by NaxMnO2

due to the pronounced volume uctuations during de/
intercalation process remains a pivotal challenge. Further-
more, the distortion in NaxMnO2 structures arising from the
presence of high spin Jahn–Teller active Mn3+ ions engenders
electronic localization and depresses the diffusion coefficient,
thus posing intricate electronic and kinetic hurdles.168–170 To
address this issue, strategic intervention have been pursued,
such as controlled partial substitutions involving Li, Ni and Co
in lieu of Na in NaxMnO2. These substitutions hold the promise
of inducing an orthorhombic or ideal P2 structure, thereby
enhancing the structural resilience and stability of the mate-
rial.171 An alternative avenue involves the judicious incorpora-
tion of electrochemically insert elements in lieu of transition
metals. An illustrative example is the introduction of Al3+

doping, which effectively increases the spacing between Na+

layers and mitigates Jahn–Teller distortions within Na0.67Alx-
Mn1−xO2, as shown in Fig. 3a. Notably, even at a modest Al3+

content of 10%, signicant improvements were observed. This
included the smoothing of charge–discharge proles and the
preservation of a high specic capacity (Fig. 3b and c).172

Incorporating Li into the transition metal (TM) layer of P2-
Na0.67Li0.1Fe0.37Mn0.53O2 (NLFMO) introduces additional oxygen
redox activity, particularly at elevated charging voltages.173 Fig. 4a
illustrates the presence of the OP4 phase, acting as a boundary
of Al3+ doped Na0.67MnO2. (a) Structural illustration of Al3+ doped

.67Al0.1Mn0.9O2 at 12 mA g−1. (c) Cycling performance of Al3+ doped
Wiley-VCH GmbH, copyright 2019.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) The diagram illustrates the LiO6/TMO6 distortion in the charged P2-Na0.67Li0.1Fe0.37Mn0.53O2 (NLFMO) structure, as observed along the
(001) direction, with red, blue and green balls representing O, TM and Li atoms, respectively. (b) In situ XRD patterns for the NLFMO cathode were
obtained during the initial two charge–discharge cycles within the voltage range of 2.0–4.3 V. (c) The galvanostatic charge/discharge profiles of
the NLFMO cathode indicate that increasing the lower cut-off voltage from 2.0 V to 1.5 V results in improved specific energy density. (d and e)
The electrochemical profiles of the NLFMO cathode and hard carbon anode measured in a three-electrode cell within voltage windows of 2.0–
4.3 V (c) and 1.5–4.3 V (d). Reproduced from ref. 173 with permission from Springer Nature, copyright 2024.
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phase between the P2–OP4 and OP4–O2 intergrowth structures.
Understanding the nuanced inuence of the O/P intergrowth
structure and precisely dening the OP4 boundary phase holds
signicant potential for enhancing both the reversible capacity
and structural stability of P2-type cathodes. Further insights into
reversible phase transitions were garnered from XRD patterns
(Fig. 4b), conrming the presence of the OP4 phase at a charge
cut-off SoC of 4.3 V. Despite the Jahn–Teller effects associated
with Mn3+, successfully extending the discharge cut-off voltage
from 2.0 V to 1.5 V led to a notable increase in the cathode's
specic energy density. This enhancement is striking, with the
specic energy density rising from 480W h kg−1 to an impressive
This journal is © The Royal Society of Chemistry 2024
550 W h kg−1 (Fig. 4c). Moreover, by seamlessly integrating
a hard carbon (HC) anode, full NLFMO‖HC batteries were
assembled in a three-electrode conguration. Operating within
a cathode voltage window of 4.3 to 2.0 V vs. Na/Na+ (Fig. 5d), the
specic energy density based on the weight of active materials
was 230 W h kg−1. Expanding the cathode cycling range to 4.3–
1.5 V and reducing the N/P ratio to 1.09 led to a further increase
in specic energy density, reaching 270 W h kg−1 (Fig. 5e).
4.4. NaNiO2

The O3-phase conguration of NaNiO2 exhibits an optimally
hexagonal crystalline structure at temperatures surpassing
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30983
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Fig. 5 (a) Galvanostatic charge–discharge curves at a rate of 0.1C and (b) corresponding CV curves at 0.1 mV s−1 of O3-phase NaNi0.5Mn0.5O2;
(c) galvanostatic charge–discharge curves at a rate of 0.1C and (d) corresponding CV curves at 0.1 mV s−1 of Al3+ doped NaNi0.5Mn0.5O2.
Reproduced from ref. 174 with permission from Elsevier, copyright 2023.
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220 °C, transitioning into a distorted monoclinic arrangement
below this thermal threshold. The synthesis of O3-type NaNiO2

was initially accomplished by Braconnier et al.117 in 1982,
elucidating a modest de-intercalation of 0.2 Na per formula
unit. In recent times, a renewed investigation into the electro-
chemical attributes of O3-type NaNiO2 has yielded noteworthy
insights. The inaugural cycle revealed a high capacity (charge
capacity: 147 mA h g−1, discharge capacity: 123 mA h g−1)
between 3.75–1.25 V at 0.1C – a discernible advancement
compared to previous reports.88 NaNiO2 showcased a de-
intercalation of 0.85 Na juxtaposed with an intercalation of
0.65 Na (equating to the charge/discharge capacity 199 and
147 mA h g−1, respectively) during cycling spanning 4.5 and
2.0 V at 0.1C. In consonance with initial observations, multiple
voltage plateaus were manifest, maintaining delity to ante-
cedent ndings. However, it is noteworthy that rapid capacity
degradation and a low coulombic efficiency of 86.3% at the 20th
cycle were apparent. This conspicuous decline in capacity can
be attributed to the inability to achieve a fully sodiated phase
(characterized by a NaNiO2 composition) during the initial
discharge process. A more comprehensive explication of this
phenomenon, coupled with an in-depth exploration of the
multifaceted phase transitions that transpire during cycling,
30984 | J. Mater. Chem. A, 2024, 12, 30971–31003
will be expounded upon in ensuing sections of this compre-
hensive review.

Thorough structural and electrochemical investigations into
the incorporation of Li, Ti, Al, and Mn into NaxNiO2 have illumi-
nated a dual enhancement strategy, characterized by augmented
structural stability and distinct (de)intercalation mechanisms
within the material.174–177 The typical charge/discharge curves of
NaNi0.5Mn0.5O2, as shown in Fig. 5a, demonstrate four distinct
plateaus. The characteristics of the cyclic voltammetry (CV) curves,
depicted in Fig. 5b, are consistent with the plateaus of the charge/
discharge curves, indicating a complex phase transformation
process of O3hex � O3

0
mon�P3hex � P

0
3mon�P3

0
hex�O3

0
hex during

the charge/discharge process.174 Further doping with Al3+ leads to
smoother charge/discharge curves for Al-doped NaNi0.5Mn0.5O2

(Fig. 5c), which now exhibit only three plateaus. Correspondingly,
the CV curves (Fig. 5d) also reect these changes. Following Al3+

doping, the capacity retention rate of O3-NaNi0.5Mn0.5O2 improves
from 40.9% to 86.2% aer 200 cycles at 0.5C.174 The integration of
titanium-doped structure, on the other hand, yields a distinct
advantage of enhanced cycling stability, albeit accompanied by
a marginal reduction in the initial reversible capacity.175 A repre-
sentative exemplar, Na2/3Ni1/3Mn1/2Ti1/6O2, demonstrates
a commendable reversible capacity of 127 mA h g−1, accompanied
This journal is © The Royal Society of Chemistry 2024
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by an average discharge voltage of ca. 3.7 V, as observed in the
initial cycle. Noteworthy is the discernible modication in voltage
proles for Na2/3Ni1/3Mn2/3O2 upon titanium substitution. This
shi serves as an indicative signal of the amelioration of Na/
vacancy ordering, electronic/magnetic ordering, and/or phase
transitions throughout the sodium intercalation process.97

The strategic introduction of a minor quantity of lithium
substitution within the transition metal oxide layer emerges as
a pivotal advancement, particularly in addressing the multi-
faceted intricacies inherent to multiple plateau behavior and
the ensuing complex phase transitions.178 Notably, the incor-
poration of a minute faction of lithium into Na0.85Li0.17Ni0.21-
Mn0.64O2 yielded marked enhancements in charge–discharge
performance, underscored by an average voltage of 3.4 V. The
ensuing voltage prole portrayed a seamlessly evolving
discharge/charge curve, indicative of singular-phase intercala-
tion. In this context, Li within the transition metal site is poised
to orchestrate a pivotal role in the electrochemical reaction
mechanism. Remarkably, an exceptional rate capability was
demonstrated, as evidenced by a reversible capacity of
65 mA h g−1 at the current density of 1600 mA g−1 (25C).
Furthermore, materials exhibiting an average capacity within
95–100 mA h g−1 range experienced only a marginal 2% dimi-
nution of their initial capacity subsequent to 50 cycles at
a current rate of 15 mA g−1. This gradual attenuation in capacity
can be attributed to a conuence of factors, including the
pronounced rst cycle irreversible capacity loss and subsequent
coulombic inefficiency stemming from side-reactions with Na
metal, in conjunction with the associated challenge of Na
plating during the charge process. The indispensable role of
lithium substitution in the context of Nax[LiyNizMn1−y−z]O2 (0 <
x, y, z < 1) was further underscored through insights garnered
from neutron diffraction, nuclear magnetic resonance (NMR)
spectroscopy and in situ synchrotron X-ray diffraction, as
delineated in forthcoming sections of this comprehensive
review.176

In the pursuit of elevating specic capacity, meticulous
investigation has centered on the Li-rich layered oxide, serving
as a high-energy density cathode for LIBs.179,180 A comprehensive
examination has been conducted on a corresponding SIBs
cathode, involving the activation of oxygen activity. An electro-
chemical Li/Na exchange strategy of the lithium analogous has
revealed an approximate extraction of 1.08 Li ions and inter-
calation of 0.76 Na (equivalent to 239 mA h g−1) within the host
structure. This phenomenon transpires across a voltage range
of 4.5–1.7 V at a current density of 5 mA g−1.181 Kataoka et al.182

prepared the Li-rich Na0.95Li0.15(Mn0.55Co0.10Ni0.15)O2 cathode
using the similar approach. This material delivered a high
capacity of 238 mA h g−1 within 1.0–4.2 V cycling and coulombic
efficiency of 71% (corresponding to 85% of the second
discharge capacity) aer 40 cycles. The Na0.95Li0.15(Mn0.55-
Co0.10Ni0.15)O2 material retained its O3-type layered structure,
exhibiting a substantial volume change of 20% during charging,
accompanied by the formation of a second phase that shares
the similar structure as Na0.95Li0.15(Mn0.55Co0.10Ni0.15)O2 at
elevated voltages.
This journal is © The Royal Society of Chemistry 2024
4.5. Olivine NaMPO4

Olivine NaMPO4 is not a thermodynamically stable structure,
unlike LiMPO4 (M= Fe, Mn, Co, etc.). However, the stable phase
maricite NaMPO4, in which the sites for Na+ and Fe2+ are
opposite to those in olivine LiMPO4, demonstrates limited
electrochemical activity as mentioned before. The electro-
chemical performance of maricite NaFePO4 has been signi-
cantly improved by encapsulating them within an thin carbon
layer (m-NFP@C).100 The optimized m-NFP@C cathode main-
tained a reversible capacity of 101.4 mA h g−1 aer 100 cycles,
corresponding to a high capacity retention of 90.5%. Due to the
ultrane nanostructure of the m-NFP@C particles and their
uniform carbon coating, the sodium-ion full cell demonstrates
remarkable cycling stability and maintain 90.6% of its initial
capacity through 250 cycles when coupled with a Bi@NC-MF
anode. Both the ultrane nanostructure and uniform carbon
coating effectively facilitate Na+ diffusion and enhance elec-
tronic conductivity, thereby resulting in the achievement of
excellent electrochemical performance. Additionally, olivine
NaFePO4 has been successfully obtained through electro-
chemical Na insertion into heterosite FePO4, a process achiev-
able through chemical or electrochemical delithiation of olivine
LiFePO4.140,178 In contrast to LiFePO4, olivine NaFePO4

undergoes an intermediate phase transition to Na0.7FePO4 at
2.95 V during the charging process, as illustrated in Fig. 6a and
b.183 Notably, the voltage proles during charging and dis-
charging exhibit a consistent voltage progression, indicative of
a continuous single-phase redox reaction.186,187
4.6. NASICON-type compounds

In the years 1987–1988, Delmas et al. unveiled the electro-
chemical activity of NASICON-type compounds, such as
NaTi2(PO4)3, in a reversible manner.188,189 Subsequently, Yamaki
and co-workers rstly reported on electrochemical activity of
Na3V2(PO4)3, which can deliver discharge capacity of
140 mA h g−1 between 1.2–3.5 V. This capacity was ascribed to
the participation of the V3+/V4+ and V2+/V3+ redox couples, with
the V3+/V4+ conversion contributing 90 mA h g−1 to this total
capacity.190 Specically, the charge–discharge proles man-
ifested two distinct redox voltage plateaus at 3.4 V (V3+/V4+) and
1.6 V (V2+/V3+). However, only the higher voltage plateaus can
deliver a reversible capacity while the lower redox voltage
plateaus is hard to offer capacity in the practical battery
systems. The typical electrochemical proles of the NASICON
Na3V2(PO4)3 cathode are presented in Table 2.103 Despite the
constraints posed by the inactive M1 lattice sites during the
insertion/extraction process, the reversible capacity based on
the two-electron reaction mechanism remains unsatisfactory.
To tackle this challenge, a facile electrostatic spray deposition
method was developed for fabricating self-supporting 3D
porous Na3V2(PO4)3(NVP) materials with adjustable crystallinity
on carbon foam substrates. By precisely controlling the crys-
tallinity, efficient activation of the V5+/V4+ redox couple has been
achieved, enabling three-electron reactions in NVP for sodium
storage. Remarkably, a disorder structured NVP displays
a discharge capacity of 179.6 mA h g−1, attributing to the two-
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30985
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Fig. 6 (a) Equilibrium-voltage and transient voltage profiles vs. Li composition in C–LixFePO4 obtained from GITT. (b) The comparison
measurement for C–NaxFePO4. Reproduced from ref. 183 with permission from the Royal Society of Chemistry, copyright 2013. (c) The initial
charge–discharge curves and (d) Cycle performance of the NVP-S700, NVP-E700, and NVP-E600 at 0.2C. Reproduced from ref. 184 with
permission fromWiley-VCH GmbH, copyright 2023. (e) Charge–discharge curves at 0.1C and (f) cycling performance at 0.5C of Na2FePO4F and
FeCu-0.05. Reproduced from ref. 185 with permission fromWiley-VCHGmbH, copyright 2023. Sodium storage capability of Na2Fe(SO4)2@rGO/
C (g) voltage-energy density profiles at 0.05C rate for initial three cycles. (h) Cycle performance and (i) charge–discharge curves of the HC/G//
Na2Fe(SO4)2@rGO/C full cell. Reproduced from ref. 148 with permission from Elsevier, copyright 2020.
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electron redox reactions involving V4+/V3+ and V5+/V4+ redox
couples (Fig. 6c and d).184 The strategic incorporation of highly
electronegative uorine atoms into the covalent polyanionic
framework signicantly enhances the voltage of active redox
couples, as demonstrated by compounds such as Na2FePO4F,185

Na3V2(PO4)2F3,191,192 and Na1.5VPO4.8F0.7.193 Na2FePO4F shows
great potential for improved sodium storage performance due
to its robust structural stability, advantageous two-dimensional
Na+ transfer pathways, and elevated working voltage. However,
the limited number of active sodium sites and poor intrinsic
electronic conductivity result in compromised rate capability
and reduced reversible capacity. The substitution of Cu2+ leads
to an elongation of the Na–O/F bond, reducing the effect of
coordinated O near Na. This decrease the overpotential of the
30986 | J. Mater. Chem. A, 2024, 12, 30971–31003
material facilitates the activation of Na ions. Consequently,
Na2Fe0.95Cu0.05PO4F/C cathode demonstrates an impressive
rate capacity at a high current density of 20C (74 mA h g−1) and
a relatively high capacity of 119 mA h g−1 at a low rate of 0.1C
(Fig. 6e).185

Na3V2(PO4)2F3 (NVPF) distinguishes itself with its remark-
able sodium-ion conductivity and a noteworthy operating
voltage of 3.95 V (vs. Na+/Na), coupled with a theoretical specic
capacity of 128 mA h g−1. However, the practical utilization of
NVPF is hindered by its inferior electronic conductivity, attrib-
uted to the presence of [PO4] tetrahedral units within its
structural matrix. To overcome this difficulty, a strategic
approach involving surface modication with an N-doped
carbon layer has been employed. The modied product is
This journal is © The Royal Society of Chemistry 2024
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called c-NVPF@NC which has signicantly enhanced the elec-
trochemical behavior of NVPF, evidenced by a notable specic
capacity of 121 mA h g−1 at 0.2C, 73.6 mA h g−1 at 10C, and
maintaining 82% of its initial discharge capacity aer 500 cycles
at 5C and 78% aer 1000 cycles at 10C.191 Na1.5VPO4.8F0.7 offers
an energy density of approximately 600 W h kg−1, a feat
accomplished through a combination of multielectron redox
reactions (involving 1.2 e− per unit) and the elevated potential
of 3.8 V inherent to customized vanadium redox couple of V3.8+/
V5+. Operating at a 0.1C rate, the discharge capacity of around
134 mA h g−1 surpasses the theoretical capacity
(129.7 mA h g−1) predicated on a one-electron transfer process.
This material further underscores it excellence in cycling
performance, preserving 95% of the initial capacity even aer
100 cycles. Moreover, its prowess extends to prolonged usage,
retaining over 83% and 84% of the initial capacity aer 500
extended cycles at room temperature and a higher temperature
of 60 °C, respectively.193
4.7. Sulfates

Barpanda and co-workers unveiled a remarkable discovery in
the form of a previously unknown material bearing a unique
composition and structure, termed Na2Fe2(SO4)3. This extraor-
dinary material showcases an unprecedented Fe3+/Fe2+ redox
potential, soaring to 3.8 V (vs. Na, and thus equivalent to 4.1 V
vs. Li).55 Notably, this achievement surmounts the previously
established record in the Li-ion system, exemplied by Li1−x-
FeSO4F (with a potential of 3.9 V vs. Li, corresponding to 3.6 V
vs. Na).194 It is noteworthy that, in contrast to uorosulphate
cathodes, this elevated redox voltage was achieved without
resorting to the inclusion of electronegative F− units, oen
utilized to bolster the voltage of active redox couples. For Na2-
Fe2(SO4)3, the inaugural discharge capacity, a commendable
102 mA h g−1 at a rate of C/20, corresponds to 85% of the
theoretical one-electron capacity (ca. 120 mA h g−1), predicated
on the Fe3+/Fe2+ redox couple. This capacity retention has been
demonstrated across 30 cycles, encompassing diverse discharge
rates spanning from C/20 to 20C. The electrochemical process
of desodiation–sodiation unfolds seamlessly, evident from the
smooth and gradual charge–discharge proles conned within
a narrow voltage range of 3.3–4.3 V. This phenomenon attests to
a unied, homogenous reaction mechanism. In a comparative
analysis, the electrochemical activity of Na2Fe(SO4)2$4H2O was
explored in both Na and Li cells.195 However, the modest
reversible capacities exhibited by the Na2Fe(SO4)2$nH2O
compounds (n = 0 and 4), falling below 100 mA h g−1, limits
their practical utility as electrode materials. Hierarchical Na2-
Fe(SO4)2@rGO/C with 4.12 wt% carbon content, which was
synthesized by Yao et al., exhibits a brief voltage platform at
around 3.75 V and achieves high energy density of
∼330 W h kg−1 in the initial three cycles at 0.05C (Fig. 6g).
Furthermore, the rate performances of Na2Fe(SO4)2@rGO/C is
exceptional, which can be fully veried by its ability to deliver
reversible specic capacities of 40 mA h g−1 and 22 mA h g−1

even at higher current rates of 5C and 10C, respectively, as
shown in Fig. 6h. Then a full cell, designated as HC/G//
This journal is © The Royal Society of Chemistry 2024
Na2Fe(SO4)2@rGO/C, was assembled by the hard carbon/rGO
composite as the anode and paired with the Na2Fe(SO4)2@-
rGO/C cathode. And it exhibits a capacity of 67 mA h g−1 and
an energy density of 196.67 W h kg−1 at 0.1C (calculated based
on the mass of the cathode material), as illustrated in Fig. 6i.148
4.8. Prussian blue

The electrochemical activity and electrochromic behavior of
Prussian blue (PB) were rst unveiled by Neff in 1978.196 The
presence of water and vacancies plays a pivotal role in inu-
encing the electrochemical performance of PB as cathode
materials for SIBs. In the case of PB, the presence of [Fe(CN)6]
vacancies can substantially reduce electronic conductivity,
leading to a disordered lattice during cycling and potentially even
causing framework collapse. In response to this challenge,
researchers proposed high-quality PB crystals with a low crystal
water content and a minimal number of [Fe(CN)6] vacancies.197

This achievement was accomplished through the use of Na4-
Fe(CN)6 as the sole iron-source precursor, employing a straight-
forward synthetic method. The precipitation process from an
acidic medium was meticulously controlled to yield materials of
varying quality. Specically, the material synthesized through
a slower growth process resulted in high-quality (HQ)-NaFe
nanocubes, characterized by a more crystalline structure. As
a consequence, HQ-NaFe demonstrated an impressive specic
capacity of 170 mA h g−1, achieved through a two-electron reac-
tion mechanism. Furthermore, it exhibited remarkable cycling
stability, sustaining its capacity without discernible degradation
over 150 cycles. An electrochemically deposited thin lm of the
PB analogue, Na1.32Mn[Fe(CN)6]0.83$3.5H2O, has emerged as
a promising cathode for SIBs.198 This lm showcased a charge
capacity of 128 mA h g−1, closely approaching the theoretical
value of 109 mA h g−1 expected for a two-electron reaction.
Remarkably, even aer 100 cycles, the capacity retention
remained at an impressive 87% of its initial capacity.

Furthermore, a versatile sodium composition denoted as
Na2−xFe[Fe(CN)6] was synthesized through a facile procedure
employing Na4[Fe(CN)6] as the precursor. A series of sodium-
rich Na2−xFeFe(CN)6 compounds were synthesized via the
chemical precipitation method. Among these, Na1.73Fe
[Fe(CN)6]$3.8H2O exhibited exceptional cycling stability,
notable initial coulombic efficiency, and outstanding rate
capability. Moreover, on a larger scale, a synthesized PB variant
sustained an impressive lifespan of 1000 cycles within a pouch
full cell.158 While these compounds showcase exceptional elec-
trochemical properties, are non-toxic, and cost-effective,
potential environmental concerns associated with their
production processes or precursor materials warrant further
scrutiny. Moreover, the challenge of precisely controlling water
content during synthesis remains a pivotal factor signicantly
inuencing their energy storage performance.158

The role of water in Prussian white (PW) systems signi-
cantly impacts their electrochemical performance during
sodium ion storage. Maddar et al. expanded their investigation
beyond material-level dehydration to encompass water-
processed composite electrodes. They discovered that the
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30987
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Fig. 7 SEM images of Prussian white (PW) electrodes dried for 0 (a and b), 15 (d and e), 24 (g and h) and 48 hours (j and k) at 170 °C; first charge/
discharge curves of the PW electrodes dried for 0 (c), 15 (f), 24 (i) and 48 hours (l) at 0.1C. Reproduced from ref. 199 with permission from the
Royal Society of Chemistry, copyright 2023.

Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 2
1 

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

5 
10

:3
1:

38
. 

View Article Online
dehydration process, inuenced by variables like temperature
and heating rate, becomes more intricate for composite elec-
trodes. This complexity is evidenced by the delayed transition
from hydrated monoclinic to dehydrated rhombohedral phases
under low vacuum conditions. Optimal dehydration is achieved
at temperatures between 170 °C under an efficient vacuum,
yielding a material dominated by the rhombohedral phase with
a capacity of 140 mA h g−1 (Fig. 7).199

Berlin green can be synthesized from Prussian white by
employing a chemical sodium extraction process. Similar to
Prussian blue, Berlin green is highly sensitive to water content.
Ojwang et al. systematically investigated Berlin green
(Na0.30(5)Fe[Fe(CN)6]0.94(2)$nH2O) with varying water content (10,
8, 6, and 2 wt%). Their results demonstrate that thermal
dehydration signicantly improves cycling stability. The fully
dehydrated Berlin green exhibits a high specic capacity of
30988 | J. Mater. Chem. A, 2024, 12, 30971–31003
approximately 60 mA h g−1 and achieves long-term cycling
performance over 300 cycles with a coulombic efficiency
exceeding 99.9%.200
5. Advanced characterizations for
cathode materials

A thorough understanding of the intricate reactionmechanisms
that transpire during charge–discharge processes is best facili-
tated by harnessing the power of in situ/operando and ex situ
measurement techniques. In view of this, we have meticulously
compiled a comprehensive overview of these techniques as they
are applied to cathode materials within sodium-ion batteries.
This compilation is poised to provide valuable insights into the
underlying intricacies of these processes, thereby enabling
This journal is © The Royal Society of Chemistry 2024
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a more nuanced comprehension of battery performance and
behavior.
5.1. X-ray diffraction

X-ray diffraction (XRD) is a methodology grounded in the
phenomenon of X-ray scattering by atoms arranged in a peri-
odic manner within a crystal lattice, yielding a distinctive
diffraction pattern corresponding to the crystallographic
arrangement. Within the realms of both in situ and ex situ
approaches, XRD serves as an invaluable tool for tracking the
dynamic structural changes experienced by the material during
the desodiation–sodiation process. By leveraging the XRD
technique, the evolving structural characteristics of the material
can be meticulously monitored and deciphered throughout
these electrochemical processes.201

In the realm of investigating the charge–discharge process of
P2-NaxCoO2, a comprehensive exploration was carried out
utilizing in situ synchrotron XRD measurements, as elucidated
in Fig. 8a.77 This insightful study, uncovered noteworthy nd-
ings. From the initial as-deintercalated state to the ultimate
discharge state situated below 2.3 V vs. Na+/Na, a distinct trend
emerged in the displacement of the (008) diffraction peak,
manifesting as a shi towards higher 2q angles. This prevalent
phenomenon, commonly encountered in the domain of AxMO2

layered oxides,203,204 offered a clear indication that the decrease
in the chex. parameter could be attributed to an enhancement in
the cohesiveness of the structural framework, facilitated by
sodium intercalation. Simultaneously, a marginal elevation in
the ahex. parameter underscored the augmentation of the M–M
distance within the slabs, a consequences of M4+ reduction.
Throughout the discharge process, a fascinating occurrence
emerged – the (008) diffraction peak intermittently split into
two, signifying the presence of a two-phase domain. This
intriguing behavior coincided with potential plateaus discern-
ible in the discharge curve. Notably, each potential drop was
intricately linked to a solitary (008) diffraction peak. The subtle
shi observed in its 2q position provided a glimpse into the
adoption of a slight solid-solution behavior within the single-
phase domain. In contrast, a steadfast and unchanging 2q
position during the potential drop offered irrefutable evidence
of the existence of a singular phase characterized by a precisely
dened composition.

The investigative potential of in situ and ex situ XRD tech-
niques was harnessed to unravel the intricate electrochemical
reaction mechanism underlying the NaNiO2 cathode material.
This comprehensive study offered profound insights into the
material's behavior.119 Notably, a multitude of stacking cong-
urations, encompassing various distorted O3 and distorted P3
transitions were observed during the initial charge/discharge
process (Fig. 8b).97 An intricate evolution unfolded during
cycling, with the emergence of two distinct phases: a mono-
clinic O3 structure (referred to as O0003) during the charge (and/
or conclusion of discharge) process, and a P3 structure (termed
P0003) at 3.38 V, manifesting solely during the charging process.
Signicantly, the composition of the newfound O0003-phase
corresponded to Na0.83NiO2, standing as the closest to achieving
This journal is © The Royal Society of Chemistry 2024
a fully sodiated phase during the discharge process. Further-
more, the novel P0003-phase was approximately reective of
Na0.50NiO2 in composition. These insightful discoveries not
only shed light on the complex phase transitions but also
enhance our understanding of the underlying electrochemical
mechanisms governing the behavior of NaNiO2 as a cathode
material.

The investigation into the Na-driven structural trans-
formations and (de)intercalation mechanisms of NaxNi1/3Co1/
3Mn1/3O2 was conducted via in situ XRD during the rst charge
process.205 This meticulous study, provided valuable insights
into the evolving phase landscape during the sodium dein-
tercalation. The in situ XRD prole disclosed an initial rhom-
bohedral O3-type phase accompanied by a minor presence of
O1-type monoclinic phase. As the sodium deintercalation pro-
gressed, a notable shi emerged, characterized by diminishing
O1 phase intensity alongside a concomitant rise in P3 (rhom-
bohedral) phase intensity. This shi was indicative of the
emergence of a biphasic domain (O1 + P3) corresponding to
a range of 0.9 < x < 0.82. Upon reaching x = 0.67, a distinct
monoclinic peak splitting at 54° was observed, signifying the
transition to the P1 phase. This transition was followed by the
appearance of a small biphasic region (P1 + P3) for 0.67 < x < 0.6.
Subsequently, for x values at and below 0.6, a solid solution of
P3-type emerged. The XRD proles, aligned with the voltage
prole, exhibited a staircase-like pattern, each step being
associated with the formation of distinct phases, including O3,
O1, P3, and P1. The reinsertion of sodium in NaxNi1/3Co1/3Mn1/

3O2 led to sequential phase transitions encompassing both
biphasic and monophasic domains. This composition-driven
structural evolution in NaxNi1/3Co1/3Mn1/3O2 followed
a sequenced progression: O3/ O1/ P3/ P1 phases, with an
observed increase in the c parameter, while the a parameter
remained relatively stable. These ndings illuminate the
nuanced interplay between composition and structural
dynamics, underscoring the intricate mechanisms at play
within this cathode material.

An insightful analysis into the electrochemical degradation
of Fe-based layered oxides in SIBs was demonstrated utilizing in
situ XRD measurements.125 The study provided valuable
insights into the nuanced phase transitions underlying the
observed battery behavior. The investigation highlighted an
overarching trend in phase transition, characterized by a rela-
tively smooth and continuous progression. Specically, the
appearance and disappearance of the monoclinic structure
(referred to as m-N1−xFO) exhibited a remarkable symmetry,
reverting seamlessly during both charge and discharge
processes. This symmetrical evolution, integral to the material's
behavior, played a pivotal role in comprehending its perfor-
mance degradation. Notably, the m-N1−xFO phase emerged
towards the end of the charging step and gradually dissipated
during discharge. However, a distinct asymmetry characterized
the phase evolution of the O003-N1−xFO phases between the
charge and discharge processes. It was only at the termination
of the discharge phase that the O003 phase transformed into the
O3 phase. This asymmetry persisted across subsequent charge
and discharge cycles (Fig. 8c). Although the signal intensities in
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30989
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Fig. 8 (a) Synergy between electrochemistry and in situ XRD through sodium ion intercalation in P2-NaxCoO2. Reproduced from ref. 77 with
permission from Springer Nature, copyright 2011. (b) In situ XRD patterns of the electrode during the 1st charge/discharge process and voltage
composition curve with corresponding phase transitions. Reproduced from ref. 119 with permission from Elsevier, copyright 2014. (c) 2D bird's
eye view of in situ SXRD patterns at selective 2q angles during initial cycles. The blank region during the first charge step exists because of the
interruption of the synchrotron X-ray beam during measurement. (d)Operando high-resolution synchrotron X-ray diffraction during the charge
process. Reproduced from ref. 202 with permission from American Chemical Society, copyright 2015.
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the subsequent cycles were diminished due to the reduced Na+

ions cycling, the asymmetric phase transition behavior of the
O003 phase remained conspicuous. By employing in situ XRD
analysis, the intricate phase dynamics that underlie the
performance degradation of Fe-based layered oxides in SIBs was
successfully uncovered. This investigation contributes to
a deeper understanding of the material's behavior and sets the
stage for further advancements in sodium-ion battery
technology.

The sodium extraction mechanism from Na3V2(PO4)2F3 has
long been characterized in the literature as a straightforward
solid solution process. However, recent investigations have
hinted at a more intricate phase diagram, prompting a deeper
exploration into its complexity. In this context, comprehensive
studies were conducted to elucidate this intriguing phase
diagram, uncovering a series of intermediate crystallizations
that deviate from the conventional narrative (Fig. 8d).202

Signicantly, the lower voltage region of the phase diagram
exhibited behavior that deviated from the conventional solid
solution progression. Instead, it revealed three distinct biphasic
reactions, each comprising two intermediate phases: Na2.4V2(-
PO4)2F3 and Na2.2V2(PO4)2F3. Particularly noteworthy was
stabilizing inuence of Na2.4V2(PO4)2F3, which engendered an
ordering extending over a longer range, evidenced by a d-
spacing of approximately 18 Å, indicative of a superstructure
arrangement. Subsequently, the phase Na2V2(PO4)2F3 emerged
at the conclusion of the rst voltage plateau, hinting at
a possible superstructure resulting from sodium and/or charge
ordering. The higher voltage plateaus region introduced
another layer of complexity, featuring a biphasic reaction
leading to the disappearance of Na2V2(PO4)2F3. Subsequently,
a wide solid solution range encompassing compositions deno-
ted as NaxV2(PO4)2F3 (1.8 # x # 1.3) emerged, characterized by
sodium-disordered arrangements. Ultimately, the terminal
NaV2(PO4)2F3 end-member emerged through yet another
biphasic reaction. Remarkably, this structure exhibited
a distinctive Cmc21 space group, marked by a fully occupied
sodium site and, intriguingly, two distinct vanadium environ-
ments within each bioctahedron, representing a V3+–V5+

couple.206–208 The comprehensive study underscored the sig-
nicanceof improved angular resolution and high-intensity
diffraction data, pivotal factors enabling the direct observa-
tion of intricate reaction pathways within electrode materials.
The insights gained through this investigation proved invalu-
able in comprehending the intricate (de)intercalation mecha-
nisms underpinning SIBs.
5.2. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) serves as a powerful
analytical tool for discerning the local geometric and electronic
attributes of a material, thereby facilitating a more profound
comprehension of the redox processes inherent to battery
systems.209 This technique dissects the absorption spectra into
two primary regions, namely the X-ray near-edge spectroscopy
(XANES) and the extended X-ray absorption ne structure
(EXAFS). XANES imparts insights into the oxidation state of the
This journal is © The Royal Society of Chemistry 2024
material, furnishing a nuanced understanding of its electronic
conguration. This facet of XAS aids in unraveling the intricate
interplay of electron transfer and charge redistribution during
battery cycling. In contrast, EXAFS serves as an invaluable
conduit for obtaining intricate molecular structure informa-
tion. By scrutinizing the subtle deviations from perfect crystal-
linity, EXAFS facilitates the characterization of local
coordination environments and bond distances, thereby
enhancing our grasp of the intricacies governing redox reac-
tions within battery materials. By capitalizing on the unique
advantages offered by both XANES and EXAFS, X-ray absorption
spectroscopy emerges as a pivotal tool for unraveling the
multifaceted electrochemical transformations occurring within
battery electrode materials.

The Mn K-edge XANES spectra of Zn-doped NaxMnO2 (NZM)
and pristine NaxMnO2 (NM) electrodes exhibit distinct features,
including pre-edge peaks (P1 and P2), a shoulder peak (A), and
a main white-line peak (M) (Fig. 9a–c). These features reect
alterations in the electronic structure during redox reactions.
Upon charging, the intensities of the pre-edge peaks (P1 and P2)
increase in the NZM electrode, indicating heightened structural
disorder due to reactive redox involving oxygen within the lattice.
The subsequent restoration of pre-edge peak intensities upon
sodium insertion suggests the high reversibility of Mn redox in
NZM. Conversely, the interval between P1 and P2 decreases in
the NMmaterial, indicative of structural changes consistent with
HEXRD (high-energy X-ray diffraction) ndings. The peak
labeled A corresponds to the hybridization of 4p–3d states. The
reduced peak A intensity aer initial charging indicates an
increase in Mn 3d states, suggesting electron transfer from the
2p states of oxygen to the 3d states of Mn. The primary peak M
shis to higher energy upon initial charging, signifying Mn
oxidation, and shis to lower energy during discharge, reecting
a reduction in the valence state of Mn ions. Smaller energy shis
of peakM in NZM compared to NM indicate a higher Mn valence
in NZM. In situ EXAFS spectra revealed that peaks at z1.3 and
2.5 Å corresponded to Mn–O bonds and Mn–Mn atom pairs,
respectively. The Mn–O bond positions and intensities changed
slightly in NZM, suggesting stable local MnO6 octahedra. In
contrast, the EXAFS peak intensities for NM varied signicantly,
indicating structural changes during cycling, consistent with
HEXRD results (Fig. 9d–f). Overall, the X-ray absorption spec-
troscopy results provided insights into the electronic and struc-
tural changes in both NZM and NM electrodes during redox
reactions, highlighting the differences in their behavior and
stability during charge and discharge cycles. This in-depth study
demonstrates the pivotal role of XAS in understanding the
reaction mechanisms of battery materials that involve both
chemical and physical structures.210
5.3. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) stands as a versatile tech-
nique that harnesses the magnetic properties inherent to
specic atomic nuclei, thereby enabling the extraction of valu-
able insights into the physical and chemical attributes of atoms
or molecules. This powerful method capitalizes on the nuclear
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30991
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Fig. 9 (a–c) In situ Mn K-edge XANES spectra, and (d–f) the Fourier transformed EXAFS spectra of the NZM electrode during the initial charge
process, initial discharge process, and second charge process, respectively. Reproduced from ref. 210 with permission from Wiley-VCH GmbH,
copyright 2020.
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magnetic resonance phenomenon to furnish comprehensive
data concerning the structure, dynamics, reaction states, and
chemical milieu of molecules. By probing the distinct local
electronic environments of nuclei such as 7Li and 23Na, NMR
holds the capability to adequately unravel pertinent details
about the surrounding environment of lithium or sodium
atoms. Consequently, NMR analysis provides an intricate
window into the electrochemically induced structural changes
that transpire within electrode materials throughout the cycling
process.

The pivotal role of Li substitution in P2-Nax[LiyNizMn1−y−z]
O2 (0 < x, y, z < 1) cathode materials has been deciphered
through a combination of neutron diffraction, in situ XRD, and
ex situ nuclear magnetic resonance (NMR) and XAS measure-
ments.176 The multi-faceted approach allowed for a compre-
hensive understanding of the intricate interplay of Na-ion
dynamics and site occupation changes within the material. Ex
situ NMR investigations were carried out on samples at various
states of charge/discharge, facilitating the tracking of alter-
ations in Li-ion site occupancy. Detailed 1D slices of the 7Li
isotropic shis provided a visual representation of the evolving
7Li local environments as a function of state of charge. Notably,
the 7Li NMR spectra obtained during charging at 4.1 V and
discharging at 2 V closely resembled the spectrum of the pris-
tine sample. However, signicant shis in the relative occupa-
tion of Li local environments were observed within the voltage
range of 4.1 to 4.4 V during charge. A particularly intriguing
nding was the mobility of Li ions within the material. Some Li
ions exhibited migration from the transition metal layer to the
30992 | J. Mater. Chem. A, 2024, 12, 30971–31003
sodium layer at higher voltages, yet this phenomenon demon-
strated a remarkable degree of reversibility. These intriguing
observations hold the potential to shape novel design principles
for sodium cathode materials, grounded in an atomistic
understanding of the underlying electrochemical process.

In the pursuit of comprehending the electrochemical reac-
tion mechanisms, the NMR technique was extended to b-Nax-
MnO2 during the dynamic charge–discharge processes,
unraveling essential insights into the underlying phenom-
enon.87 The 23Na NMR spectra, acquired at varying sodium
compositions, painted a revealing picture of evolving sodium
environments within the material. Remarkably, the relative
intensities of the two major peaks exhibited a continuous
decline as sodium was progressively extracted from the system.
What's noteworthy is the differential rate of decease between
the peak corresponding to the b environment and the peak
associated with sodium at stacking faults. This contrast hinted
at the selective extraction of sodium from the b-NaMnO2 phase,
instigating the formation of more planar defects as sodium ions
were removed. Consequently, this structural alteration led to
a reduction in the concentration of Na+ ions in pure b environ-
ments, while concurrently increasing the Na+ presence in the
stacking fault environment. Spectral integration unveiled a near
2 to 1 ratio between two major Na environments, signifying
their coexistence within the material. Further exploration via
23Na NMR not only highlighted the occurrence of intermediate
Na sites nestled between the ideal a and b polymorphic forms
but also elucidated their presence in the vicinity of planar
defects bridging the two polymorphs. This complex interplay
This journal is © The Royal Society of Chemistry 2024
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had implications for the material's electrochemical properties.
Specically, the collapse of the long-range structure order at low
Na content was anticipated to compromise the reversibility of
the charge and discharge processes. These ndings collectively
contribute to a deeper comprehension of the intricacies gov-
erning the electrochemical behavior of SIB cathode materials.

5.4. Mössbauer spectroscopy

Indeed, akin to NMR spectroscopy, Mössbauer spectroscopy
serves as a powerful tool for investigating minute alterations in
the energy levels of atomic nuclei in response to their
surroundings. Within this technique, two distinct types of
nuclear interactions come into play: the isomeric shi, also
referred to as the chemical shi, and the quadrupole interac-
tion. These interactions provide invaluable insights into the
valence state and electronic conguration of the Mössbauer
atom, ultimately shedding light on the intricate details of its
atomic environment. By harnessing these spectroscopic
nuances, researchers are empowered to unravel the complex
interplay between atomic nuclei and their surrounding elec-
tronic structures, enriching our understanding of the under-
lying nature of materials and their behavior.

The role and stability of Fe4+ within the charged NaxFeO2

electrodes were meticulously scrutinized using ex situ Mössba-
uer spectroscopy, a technique that offers insights into nuclear
interactions.125 In the pristine electrode spectrum, a symmetric
absorption doublet was discernible, emblematic of the quad-
rupole splitting of Fe3+. However, the charged material at a state
of charge of 0.46 exhibited an asymmetry spectrum, resonating
with the nominal composition of Na0.54FeO2. This asymmetry
pointed to the presence of Fe4+ species. Intriguingly, the
quantication of Fe4+ concentration (40.2%) through peak
integration fell short of the anticipated value (46%) for nominal
Na0.54FeO2. This discrepancy hinted at the involvement of
parasitic reactions, such as solid–electrolyte interface (SEI)
formation, that had an impact on the Fe4+ concentration.
Notably, aer a 2 days period of storing, the relative concen-
tration of Fe4+ species declined to a mere 32%, a substantial
reduction compared to that of Na0.5FeO2. This signicant
diminution in Fe4+ concentration subsequent to open-circuit
storage in a charged state corroborates the chemical insta-
bility of Fe4+ species within Na1−xFeO2. These ndings under-
score the intricate chemical dynamics at play within the
electrode materials and their implications for the overall elec-
trochemical performance.

5.5. Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful
microscopy technique that involves transmitting a beam of
electrons through a sample, enabling the construction of
atomic-scale images. The in situ TEM technique holds the
capability to detect atomic-scale structural changes occurring
during battery operation. Additionally, electron diffraction and
electron energy loss spectroscopy (EELS) can be employed to
glean insights into the local composition and structure of
materials. Notably, the pioneering work by Huang et al. in 2010,
This journal is © The Royal Society of Chemistry 2024
focusing on a single SnO2 nanowire, marked the inception of in
situ TEM studies.211 Since then, numerous investigations have
been conducted on nanostructured electrodes, primarily for
lithium-ion batteries (LIBs) and anode materials in sodium-ion
batteries (SIBs). These endeavors have provided invaluable
insights into the dynamic behavior of materials at the nanoscale
during electrochemical processes, paving the way for enhanced
battery design and performance optimization.

TEM stands as a remarkable technique that enables the
examination of the atomic-scale structural evolution of elec-
trode materials operando conditions. Notably, ex situ TEM
experiments have been conducted on NaxCrO2 to unravel the
intricate processes of intercalation and de-intercalation.212 The
electron diffraction patterns have unveiled a series of structural
transformation steps encompassing O3 NadCrO2, P03 Na0.4CrO2

and rock-salt CrO2 phases. A two-step progression characterizes
this transformation: (i) the transformation of the P03 structure
of Na0.4CrO2 into an O3 structure, which involves layer sliding
and the extraction of Na+ ions, and (ii) the disproportionation of
Cr4+, resulting in the formation of Cr6+ species. The Cr6+ ions
then proceed to move into the tetrahedral sites within the Na
layer of the intermediate O3 structure. The formation of inter-
mediate phase with compositions approximating Naz2/3FePO4

has been observed in NaFePO4. Ex situ TEM studies have been
instrumental in shedding light on the crystal structure of these
intermediate phases. Notably, a supercell structure has been
observed, formed through Na/vacancy and charge ordering
mechanisms, enhancing our comprehension of these intricate
electrochemical processes.60
5.6. Transmission X-ray microscopy

Transmission X-ray microscopy (TXM) stands as a real-space
imaging technique that enables direct, non-destructive investi-
gation of material properties at the nanoscale. Its potential is
magnied when coupled with X-ray absorption spectroscopy
(including X-ray absorption near edge structure, XANES and
extended X-ray absorption ne structure, EXAFS) or X-ray uo-
rescence techniques, facilitating the spatial acquisition of
chemical information on battery particles. This approach sheds
light on the distribution of chemical states within thematerial.213

Notably, the excellent penetration capabilities of synchrotron-
based X-ray sources empower operando TXM experiments
during battery operation. These experiments yield fresh insights
into the electrochemical reaction mechanism, thereby guiding
improved battery materials and electrode designs.214

Leveraging advanced synchrotron-based real-space imaging
techniques, we have delved into the realm of SIB battery mate-
rials to unravel the intricacies of electrochemical reaction
mechanisms at the particle length scale. For instance, our
investigations shed light on the inhomogeneous phase trans-
formation mechanism known as “core–shell” reaction within
layered oxides NaNiO2 during the initial (de)sodiation processes
(Fig. 10a).215 The integration of quantication analysis with
TXM-XANES mappings enabled us to conrm the composition
of the irreversible phase formed at a high cut-off voltage of 4.5 V
as x = 0.17 in NaxNiO2. Our operando TXM technique provided
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30993
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Fig. 10 Operando TXM-XANES results. Chemical phase mappings of NaNiO2 during (a) the initial charge and (b) discharge processes.215 (c) TXM
image and chemical phase mappings of Na1−dNi1/3Fe1/3Mn1/3O2 during the initial charge. Reproduced from ref. 216 with permission fromWiley-
VCH GmbH, copyright 2016.
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insight into relatively sluggish reaction kinetics coupled with
irreversible phase transitions, pinpointing the root cause of the
initial substantial capacity loss. In another exploration, we
examined the ternary layered oxides (NaNi1/3Fe1/3Mn1/3O2) and
revealed a substitutional solid solution reaction mechanism
prevailing in the Na-poor range. Our operando TXM-XANES
mappings further unveiled several mixed-phase regions exist-
ing at various charging states (Fig. 10b).191 These ndings
underscore the profound impacts of TXM-XANES as a valuable
tool that not only elucidates the complexities of electrochemical
reactions but also guides the design of improved battery
materials and electrode congurations.
5.7. Other characterization techniques

In the realm of advanced battery materials characterized by
intricate morphology and unique structural features, conven-
tional analytical techniques may oen prove inadequate in
elucidating the underlying intricate electrochemical mecha-
nisms. To address these challenges, innovative research
30994 | J. Mater. Chem. A, 2024, 12, 30971–31003
paradigms and cutting-edge techniques have emerged, geared
towards unraveling these complexities and advancing our
comprehension. These novel approaches serve as a bridge
between the complexity of advanced materials and our quest for
deeper insights into their behavior. By embracing these
progressive methodologies, researchers can navigate the intri-
cacies of these materials and pave the way for breakthroughs in
understanding, ultimately propelling the development of next-
generation energy storage systems.

A pioneering optical microscopy-based platform was inge-
niously employed for the in situ investigation and comparative
analysis of Li and Na ion transport properties within a singular
nanowire structure, as shown in Fig. 11.217 Notably, a discernible
trend emerged, indicating that the conductivity degradation
induced by Na+ ion intercalation surpassed that observed in Li+

ion system, particularly in the second conguration where only
a fraction of the nanowire remained exposed to the electrolyte.
This intriguing observation undergoes the more pronounced
deterioration in the case of Na+ ions, hinting at a higher degree of
This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) The overview of the device. (b) The dark field optical microscopic image of the nanowire electrode. Schematic illustration and
conductivity retentions of three sections after reaction with Li and Na. (c and d) The conductivity properties of various Sections 1–4 after cycling
with Li and Na ions for (e) configuration 1 and (f) configuration 2, respectively. Reproduced from ref. 217 with permission fromAmerican Chemical
Society, copyright 2015.
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degradation compared to their Li+ counterparts during electro-
chemical processes. In the layered structure of the H2V3O8

nanowire, both Li+ or Na+ ions predominantly navigate through
the interstitial spaces amidst the stacked layers along a axis.
Interestingly, analogous behavior is observed when the charge
carriers are either Li+ and Na+ ions, suggesting a shared elec-
trochemical reaction mechanism within layered electrodes for
both lithium and sodium chemistry. However, a crucial disparity
comes to light – the crystal structure degradation induced by Na
ions is notably more severe than that initiated by Li ions during
electrochemical processes. This discrepancy can be attributed to
the substantially larger volume of Na ions and the attendant
higher energy barrier encountered within the conned interlayer
spaces, leading to their more pronounced impact on the crystal
structure.
This journal is © The Royal Society of Chemistry 2024
We have compiled an overview of the prominent operando/in
situ and ex situ techniques that have been instrumental in the
exploration of cathode materials for SIBs. It is worth noting that
there are additional noteworthy in situ/operando and ex situ
techniques, including transmission X-ray microscopy
(TXM),215,218,219 Bragg coherent X-ray diffraction imaging
(BCDI),220,221 etc. These methods have found utility in systems
involving lithium and certain anode for SIBs, yet their applica-
tion to cathode materials in the sodium systems remains rela-
tively uncharted territory. Furthermore, it is pertinent to
mention that the realm of in situ methods in LIBs research has
also received comprehensive attention.222,223 This underscores
the evolving landscape of research methodologies that continue
to shape our understanding of energy storage materials.

Characterization techniques possess their own distinctive
advantages and application limitations. Among these, in situ
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30995
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XAS can study the local atomic or electronic structure of
sodium-ion battery electrode materials in real-time. In situ TXM
can reveal the heterogeneity of the material's reaction and the
spatial distribution of metal elements at the scale of tens of
nanometers. In situ XRD can explore the average structural
transformations of the bulk material, which is particularly
necessary for materials based on multi-phase transition reac-
tion mechanisms. In situ TEM has signicant advantages in the
real-time detection of material morphology, phase transitions,
and quantication of volume changes. However, in situ XRD has
limitations in characterizing non-crystalline materials, and the
restricted resolution of in situ TXM prevents its observation at
the atomic scale. Therefore, it is necessary to combine other
techniques to compensate for these shortcomings. To more
reliably and comprehensively explain the electrochemical
phenomena of SIBs, different in situ and operando characteristic
techniques are supposed to consider combining. High-
resolution TEM excels in probing nanomaterials at the atomic
or nanoscale, but it usually only reveals local information. TXM-
based characterization enables the investigation of material
behavior at scales from tens of nanometers to tens of microm-
eters, thereby supplementing the local results of TEM better.
Furthermore, by incorporating in situ XRD information on
crystal structure evolution and in situ XAS data on changes in
local chemical environments, the integration of these diverse
characterization methods signicantly enhances our under-
standing and knowledge of the sodium storage mechanisms in
cathode materials. Indeed, this is the case, as more and more
researches are now combining two or even more advanced in
situ testing techniques to systematically investigate the elec-
trochemical behavior of sodium-ion batteries.
6. Computation studies of Na ion
mobility

A comprehensive review has adeptly consolidated the formi-
dable capabilities of computational methodologies in delving
into the intricate atomic-level characteristics of positive elec-
trode materials designed for alkali ion batteries.224 In broad
strokes, the analytical landscape largely comprises two
predominant categories of techniques: those rooted in inter-
atomic potential-based methodologies, and those leveraging
electronic structure techniques, with density functional theory
(DFT) standing out as a prominent representative.

To elucidate the intricacies of diffusion mechanisms within
P2 sodium layered oxide materials, researchers harnessed the
power of ab initio molecular dynamics simulations and the
nudged elastic band (NEB) calculations.225 Their comprehensive
exploration has unveiled compelling insights. The outcomes
unveil a common thread: both P2 and O3 phases exhibit
commendable sodium conductivities, spanning a wide array of
sodium concentrations. However, P2-type materials take center
stage, boasting higher conductivity compared to O3-type coun-
terparts, barring the domain of high sodium concentrations. In
the context of P2 diffusion, a mesmerizing narrative unfolds –

a two-dimensional honeycomb lattice pattern is brought to life,
30996 | J. Mater. Chem. A, 2024, 12, 30971–31003
intertwining diverse Na sites. Within this intricate arrange-
ment, Na1 and Na2 sites synchronize in an alternating dance.
The exquisite choreography of sodium movement within this
honeycomb sublattice, illustrated in Fig. 12a, emerges as a stark
departure from diffusion dynamics observed in O3-type
materials.

By substituting low-valence cations (Li) in Na layered oxides,
the electronic and crystal structures of the oxide cathode Nax-
Cu0.11Ni0.11Fe0.3Mn0.48O2 (CNFM) were modulated, resulting in
the stable synthesis of the high-entropy oxide Na0.89Li0.05-
Cu0.11Ni0.11Fe0.3Mn0.43O1.97F0.03 (LCNFMF) cathode material.
This substitution increases the ratio of Na+ content to the
available charge transfer number (ACTN) of transition metals
(TMs) compared to that of CNFM. First-principles calculations
indicated that the substitution of low-valence Li+ ions Na
layered oxides upshi of the Mn 3d band center. Additionally,
the substitution of F− alleviates the increased covalency of the
TM–O bond, which results from the signicant elevation of the
valence state of TMs in the charged state. This, in turn,
contributes to improved structural reversibility.227

A transformative exploration ensued, orchestrated through
the DFT method, to uncover the enigmatic phase transition
from P2 to O2. Anchored in the realm of quantum mechanics,
the NEB methodology was harnessed to unravel the intricacies
of activation barriers within the Nax[Ni1/2Mn2/3]O2 matrix.
Within the P2 structure, a captivating Na-ion path – adorned
with minimal energy signatures – unveils itself, meandering
through the shared face connecting two proximal Na prismatic
sites (Fig. 12b).226 However, an intriguing twist emerges as the
Na-ions navigate the terrain: traversing the tetrahedral junction
between two octahedral sites, facilitated by the dextrous diva-
cancy mechanism.228 Notably, the diffusion journey necessitates
a mere 170 meV of energy activation. This remarkable feat
materializes within the concentration range of 1/3 to 2/3,
exhibiting a palpable contrast with its O3-Li counterpart
(Fig. 12c and d). The calculated energy threshold positions this
P2-type compound in a favorable light, forecasting a higher Na+

diffusivity in comparison to the O3-type Li compound – a note-
worthy revelation.227

Indeed, computational techniques have proven indispens-
able in the study of various sodium-based polyanion
compounds.229–232 In a noteworthy effort, researchers compared
the intercalation behaviors of Na-ion and Li-ion compounds by
delving into three crucial battery attributes: voltage, phase
stability, and diffusion barriers.226 Their calculations unveiled
that the voltages associated with Na-based compounds are
lower by 0.18–0.57 V compared to their corresponding Li-ion
counterparts (Fig. 12e). This phenomenon, attributed to
a cathodic effect, can be linked to the lesser energy gain from
sodium insertion into the host structure as opposed to lithium
insertion. Delving further into phase stability, it was observed
that open structures like layered and NASICON structures,
which can better accommodate the larger Na+ ions, commonly
offer both Na and Li versions of the same compound. In
contrast, within closed-packed AMPO4 structures, lithium
favors the olivine structure, while sodium predominantly
prefers the maricite structure, aligning with earlier
This journal is © The Royal Society of Chemistry 2024
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Fig. 12 (a) Na ions diffusion pathways in P2 Na0.56CoO2. Reproduced from ref. 225 with permission from American Chemical Society, copyright
2014. (b) Comparison of Na voltage vs. Li voltage for different structures obtained by theoretical calculations. Reproduced from ref. 226 with
permission from the Royal Society of Chemistry, copyright 2011. (c) Crystal structure of Na24Li1Cu6Fe9Mn11O53F1. (d) Calculated projected
density of states for transitionmetals in Na24Cu6Fe9Mn12O54, Na24Li1Cu6Fe9Mn11O54, and Na24Li1Cu6Fe9Mn11O53F1. (e) Schematic diagram of the
electronic structure adjustment of CNFM and LCNFM, EF: Fermi level. Dotted box: electronic occupancy in the 3d orbitals of Mn3+ and Mn4+.
Reproduced from ref. 227 with permission from American Chemical Society, copyright 2023.
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experimental observations. Intriguingly, the computational
analyses indicated that the barriers governing Na+ migration
could potentially be lower than those for Li+ migration in the
context of layered structures.226 Additionally, rst-principle
calculations hinted at the possibility of Na-vacancy ordering
within Na-intercalation compounds, both layered structures
and polyanionic compounds. This ordering could potentially
This journal is © The Royal Society of Chemistry 2024
give rise to the formation of stable intermediate phases, leading
to distinct electrochemical mechanisms that diverge from
conventional expectations.77,193

Incorporating potential-based methods, a study was con-
ducted to contrast the Na conduction characteristics of olivine-
type NaMPO4 (M = Fe, Mn) with layer-structured Na2FePO4F
(Fig. 12f–i).233 Within the olivine framework, the migration of
J. Mater. Chem. A, 2024, 12, 30971–31003 | 30997
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sodium ion is primarily conned to the [010] direction,
following a curved trajectory akin to LiMPO4. However, this
migration entails a lower energy barrier of 0.3 eV. Conversely, in
Na2FePO4F, Na+ ion conduction is envisaged as a two-
dimensional network residing within the ac plane of the
orthorhombic Pnma structure, offering a comparably low acti-
vation energy (Fig. 12f–i). The ndings also underscore the
paramount signicant of volume expansion-induced strain
during the process of (de)intercalation, a phenomenon that is
more pronounced for the relatively larger Na+ ions in compar-
ison to Li+. This notion delineates that materials with
substantial volume discrepancies between their end member
phases are inclined to exhibit inadequate rate capacity and
quicker capacity degradation.
7. Summary and outlook

In recent years, SIBs have garnered signicant attention as
a promising energy storage technology. While their energy
density typically falls short of that achieved by lithium-ion
batteries (LIBs), SIBs exhibit certain advantages that position
them as competitive alternatives, particularly in domains such
as large-scale electricity storage and smart grid applications.
These advantages primarily stem from their inherent cost-
effectiveness, which renders them particularly suitable for
cost-driven scenarios. However, it is important to acknowledge
that despite their potential, the commercial viability of sodium-
ion batteries is not without its formidable challenges. Several
critical issues must be addressed to fully realize their practical
implementation. These challenges can be succinctly outlined as
follows:

(i) New materials. The current landscape of cathode mate-
rials for SIBs presents a series of challenges. Layered transition-
metal oxides exhibit high specic capacities, operational volt-
ages, and extended cycle lives exceeding 1000 cycles. However,
they still face several key challenges, such as irreversible phase
transitions and excessive reactivity to moisture; polyanionic
compounds show high operating voltages and structural
stability. However, they are compromised by their limited ionic
and electronic conductivities, as well as a reduction in specic
capacity due to their large molecular structures; PBAs are
capable of achieving high energy densities and can be synthe-
sized at relatively low temperatures. Nevertheless, their
synthesis in aqueous media typically results in the incorpora-
tion of coordinated or interstitial water, leading to an accu-
mulation of capacity loss. To address these issues, researchers
are compelled to explore multifaceted solutions. On one hand,
the scientic community must devise strategies to mitigate the
aforementioned problems by developing effective protective
measures against air reactivity, enhancing voltage plateaus, and
optimizing overall electrochemical stability. On the other hand,
there is a pressing need to identify novel materials that boast
innovative structural attributes. These materials should not
only enhance energy density, but also facilitate swier charge–
discharge rates and protracted cycle life, thereby pushing the
envelope of sodium-ion battery performance to new heights.
30998 | J. Mater. Chem. A, 2024, 12, 30971–31003
(ii) Synthesis methods. While many synthesis methods
applicable to LIBs electrode materials can be adapted for
sodium-based materials, certain cathode materials, like olivine
NaMPO4 (M = Fe, Mn, etc.), pose unique challenges that
necessitate fresh approaches. These distinct materials cannot
be readily synthesized using conventional methods tailored for
LIB cathode materials. Consequently, there is a compelling
need to innovate and develop novel synthesis techniques to
effectively address the specic demands of sodium-ion battery
materials. These advanced methods should be tailored to
accommodate the novel structures and morphologies of
emerging materials, thereby fostering enhanced capabilities for
sodium-ion batteries. By spearheading the development of
innovative synthesis strategies, researchers can unlock new
horizons for material design and performance optimization in
the realm of sodium-ion batteries.

(iii) Operando/in situmeasurements. The utilization of and in
situ measurement techniques holds paramount signicance in
advancing the comprehension of battery materials, be it for
lithium-ion batteries or sodium-ion batteries. Over the recent
years, a plethora of methods have been cultivated to probe the
intricacies of battery materials, encompassing in situ trans-
mission electron microscopy (TEM), in situ transmission X-ray
microscopy (TXM), and in situ X-ray tomography. Notably,
these techniques have predominantly been employed in the
study of lithium-ion battery materials, with their application in
cathode materials for sodium-ion batteries still relatively
limited. Of particular note are in situ TXM and X-ray tomog-
raphy techniques, which offer real-time imaging capabilities
endowed with both temporal and spatial resolution precision.
These innovative methodologies provide the unique advantage
of furnishing dynamic insights into the structural dynamics
and chemical composition of battery materials during cycling.
To expedite the progress of sodium-ion battery research, further
exploration and deployment of these advanced operando and in
situmeasurement techniques, particularly within the domain of
cathode materials, are imperative. This concerted effort will
undoubtedly contribute to unveiling hitherto unexplored facets
of battery behavior and performance, thereby catalyzing
advancements in sodium-ion battery technology.

(iv) Simulation techniques. The synergy between experi-
mental and computational methodologies presents a formi-
dable avenue for expediting the discovery and characterization
of electrode materials, alongside fostering an enhanced
comprehension of the intricate structural evolution mecha-
nisms during charge–discharge processes. The realm of
computational modeling is pivotal in prognosticating and
designing novel electrode materials, amplifying the analysis of
experimental ndings, and facilitating an intrinsic under-
standing of evolutionary phenomena that might elude
conventional experimental approaches alone. This symbiotic
interplay between experimental and computational domains
holds the promise of unraveling unprecedented insights, ulti-
mately propelling advancements in electrode material science.
As such, the integration of simulation techniques with empir-
ical investigations stands poised to foster an enriched
This journal is © The Royal Society of Chemistry 2024
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understanding of battery materials and catalyze the develop-
ment of high-performance sodium-ion battery systems.
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