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Abstract

Sodium-ion batteries (SIBs) are regarded as an important complementary technology to
lithium-ion batteries due to their abundant resources and low cost, demonstrating broad
application prospects, especially in large-scale energy storage. As a core component of
SIBs, the cathode material directly determines key performance indicators such as energy
density, cycling stability, and rate capability. Currently, the main cathode material systems
under extensive research include transition metal oxides, polyanionic compounds, and
Prussian blue analogues (PBAs), each exhibiting distinct characteristics in terms of crystal
structure and electrochemical performance. Transition metal oxides have attracted signifi-
cant research interest owing to their high specific capacity, while polyanionic compounds
are known for their excellent structural stability and operating voltage. PBAs, on the other
hand, have gained considerable attention due to their open framework structure and simple
synthesis process. In recent years, modification strategies such as nanostructure engineer-
ing, surface coating, and elemental doping have significantly enhanced the electrochemical
performance of these cathode materials. Future research should focus on addressing critical
scientific challenges, including low intrinsic electronic conductivity and poor interfacial
stability, while also exploring novel composite cathode material systems to facilitate the
practical application of sodium-ion batteries.

Keywords: sodium-ion battery; cathode material; oxide; polyanionic compounds;
prussian blue

1. Introduction

In the global transition to low-carbon energy [1], the intermittent nature of wind and

W) Check for updates solar power challenges grid stability [2], making efficient large-scale energy storage a key

Academic Editor: Christian Julien research priority. Amid the global transition towards a low-carbon energy system, efficient

Received: 24 January 2026 and reliable electrochemical energy storage technologies have become a critical pillar for

Revised: 10 February 2026 grid balancing and accommodating [3] the intermittent output of renewable energy sources,
Accepted: 11 February 2026 such as wind and solar power. Currently, lithium-ion batteries dominate the consumer
Published: 27 February 2026 electronics, electric vehicle, and high-end energy storage sectors due to their high energy
Copyright: © 2026 by the authors. density and well-established industry chain [4]. However, their prospects for large-scale
Licensee MDPI, Basel, Switzerland. application face dual constraints: on the one hand, the geopolitical concentration and finite

This article is an open access article Sl : . .
reserves of lithium resources raise profound concerns regarding long-term supply chain

distributed under the terms and . - . X . .

security and cost stability [5]; on the other hand, in the pursuit of higher energy density and
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attention for their potential in constructing flexible devices, suppressing lithium dendrite
growth, and enabling all-solid-state batteries [6], yet these explorations are confronted
with common challenges such as ionic conductivity and interfacial stability. Against
this backdrop [7], the development of complementary energy storage technologies that
leverage abundant resources and offer low cost has become a pressing strategic imperative.
Conventional lead-acid batteries suffer from a short lifespan and low energy density, while
lithium-ion batteries face constraints due to limited lithium resources. These limitations
have accelerated the development of novel battery technologies, among which electrode
materials play a decisive role in commercialization.

Sodium-ion batteries (SIBs) demonstrate significant advantages for large-scale energy
storage. Abundant and evenly distributed sodium resources lead to lower manufacturing
costs, and SIB production is compatible with existing lithium-ion battery manufacturing
processes [8]. Moreover, SIBs exhibit enhanced safety and a wider operating temperature
range. Although their energy density is somewhat lower than that of lithium-ion bat-
teries [9], SIBs align well with the critical requirements of grid energy storage—stability,
cost-effectiveness, and safety—making them highly suitable for applications such as smart
grids. The commercialization of SIBs largely depends on electrode materials. Hard carbon
is considered the preferred anode material, while research on cathodes primarily focuses
on three major types. Among them, iron-manganese-based cathodes offer low cost and
high capacity but still face challenges such as capacity degradation [10]. Existing modifica-
tion strategies have shown promise in improving their cyclic stability. From an industrial
perspective, this article analyzes the characteristics, mechanisms, recent advances, and
optimization strategies of these three cathode materials, aiming to provide guidance for
promoting the large-scale commercialization of sodium-ion batteries.

2. Transition Metal Oxides

The structural evolution of sodium-ion battery cathode materials Na,MO, (where M
= transition metals such as Co, Mn, Fe, Nj, etc.) exhibits a strong correlation with their
sodium content (0 < x < 1) [11]. This relationship fundamentally arises from the complex
balance of electrostatic interactions under varying sodium concentrations. At high sodium
contents (x > 0.5), the material tends to form a layered structure with two-dimensional ion
diffusion pathways, whereas under low sodium content conditions (x < 0.5), the system is
more prone to adopting a tunnel structure with three-dimensional ion transport paths [12].
This structural transition directly influences the ionic transport kinetics and electrochemical
activity of the material [13]. Regulating synthesis conditions and chemical composition can
optimize sodium storage performance: the layered structure facilitates ion transport, while
the tunnel structure offers enhanced stability [14]. This unique structural tunability renders
the NayMO; system an ideal model for elucidating sodium-ion transport mechanisms,
while also offering valuable insights for designing and developing novel high-performance
electrode materials [15].

2.1. Layered Oxides

Owing to their unique crystal structures, transition metal layered oxides are regarded
as promising cathode materials for sodium-ion batteries [16]. Their structural charac-
teristics are defined by the diversity of oxygen stacking sequences (ABBA or ABCABC)
and the coordination environment of sodium ions (either octahedral, O, or prismatic, P).
Among the common polymorphs, the P2-type phase features an ABBA stacking sequence
with prismatic sodium coordination [17], while the O3-type phase exhibits an ABCABC
arrangement with octahedral sodium coordination. This layered architecture facilitates
sodium ion diffusion with lower energy barriers compared to lithium [18], owing to the
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rigid framework of transition metal octahedra and well-defined two-dimensional diffusion
pathways. The structure is stabilized by edge-sharing octahedra, which enable reversible
sodium (de)intercalation.

Sodium-based layered oxides NayTMO, (0 < x < 1) are constructed by stacking edge-
sharing TMOg, octahedral layers with Na* ions intercalated between them. Based on Na*
coordination and oxygen layer stacking, they are primarily classified into P2-type (0.3 < x < 0.7)
and O3-type (0.7 < x < 1), where “P” and “O” denote Na* occupancy at prismatic and
octahedral sites, respectively, and the numbers indicate the number of TM layers per unit cell.

The P2-type features an ABBA oxygen stacking sequence (space group P63/mmc).
Upon desodiation, it can reversibly transform via TMOg layer gliding into an O2-type
structure (ABAC stacking, with reduced interlayer spacing) or an OP4-type structure
(alternating octahedral and prismatic layers). It possesses more open diffusion channels
and a lower Na* migration energy barrier.

The O3-type exhibits an ABCABC oxygen stacking sequence (space group R3m).
During desodiation, it reversibly transforms into a P3-type structure (ABBCCA stacking)
via TMO; slab gliding. This process stabilizes prismatic sites through vacancy formation
without breaking TM-O bonds (Figure 1) [19].
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Figure 1. Schematic illustration of typical crystal structures of NayTMO, for (A) P2, (B) O2, (C) OP4,
(D) O3, (E) P3 phase. The purple, yellow, and red spheres represent transition metals, Na*, and O2,
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respectively [19].

2.1.1. The Fundamental Properties of Single-Metal Oxides

Transition metal oxide cathode materials exhibit unique structure-property relation-
ships in sodium-ion batteries. The NaCoO; structure is analogous to the layered structure
LiCrO; in lithium-ion cathodes, yet the larger ionic radius of Na* leads to distinct per-
formance differences. Microsphere architectures can enhance rate capability and cycling
stability, whereas conventional microplate structures perform poorly, highlighting the
critical role of morphological engineering. In manganese-based oxides, the Na,MnO,
structure undergoes a transformation dependent on sodium content (tunnel structure
at x < 0.45, layered structure at x > 0.45). The Nag44MnO, material delivers an initial
capacity of 190 mAh/g but suffers from capacity fading due to manganese’s Jahn-Teller
effect. Nanosheet architectures such as the NSG-Nag 44MnO, developed by He et al. [20]
significantly improve electrochemical performance. The O3-NayMnO, phase offers a ca-
pacity of 185 mAh/g [21], yet it exhibits poor capacity retention due to structural collapse
during cycling—a problem also observed in P2-Nag 7MnO, and O2-NaMnO, systems [22].
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Among iron-based oxides NayFeO,, the P2-type demonstrates good cycling stability but
limited capacity, while the O3-type delivers higher capacity but undergoes severe structural
degradation. Moreover, these materials are often susceptible to moisture. In the Na,CoO,
system, the O3 phase exhibits higher ionic diffusion coefficients than its P2 counterpart,
though both remain lower than those of lithium in Li,CoO,.

Chromium-based oxide NaCrO, provides a reversible capacity of 110 mAh/gat3V,
though deep desodiation limits its practical use [23]. The NaNiO, material shows a capacity
of 120 mAh/g at 3.75 V, which declines upon overcharging to 4.5 V.

In summary, although single-metal oxides can be tuned to improve certain properties,
inherent limitations remain. These shortcomings have prompted a shift toward polyanionic
and multi-metal oxide systems. Future material design must integrate multi-dimensional
optimization strategies to develop next-generation cathode materials.

2.1.2. The Basic Properties of Polymetallic Oxides

Cathode materials based on polymetallic oxides have become a research focus in
sodium-ion batteries due to their structural tunability and rich redox chemistry. In nickel—-
manganese-based oxides, the O3-Na[Nig5Mn5]O, system exhibits a multi-metal syner-
gistic effect, while Ni?* /Ni** provides electrochemical activity and structural stability,
delivering a reversible capacity of 125 mAh/g within 2.2-3.8 V with 75% capacity reten-
tion after 50 cycles. When the charging cutoff voltage is increased to 4.5 V, the capacity
reaches 185 mAh/g; however, interlayer expansion leads to solvent co-intercalation, result-
ing in a rapid decline in capacity retention to 60% after 20 cycles, highlighting challenges
in structural stability at high voltages. Element substitution strategies have been em-
ployed to improve performance. Iron substitution, as in Na[Nip4Mng 4Feq2]O;, yields an
initial capacity of 131 mAh/g within 2.0-4.0 V with 95% retention after 30 cycles. The
Na[Nip 4Mng 4Fep 2]O, material exhibits a reversible capacity of 140 mAh/g at 0.1 C, main-
taining 85 mAh/g even at 10 C, with 90.4% retention over 50 cycles. Cobalt incorporation
shows more pronounced effects: Na[Nij,3Mng 25Fe50]O; delivers a stable capacity of
120 mAh/g between 2.0 and 3.75 V with almost no decay over 50 cycles, attributed to the
synergistic effects of Ni** /Ni?*, Ni**/Ni**, and Co**/Co>".

In this system, exemplified by Naj;,3Ni; ;3Mn;,30, as a representative cathode, it
has long been believed that the capacity contribution around the 4.2 V plateau primar-
ily originates from the Ni**/Ni*" redox couple. However, during the initial discharge
process, the material undergoes significant irreversible capacity loss. Numerous studies
on Nay/3Nij ,;3Mny /30, propose that the capacity within the voltage range of 2.2-4.1 V is
associated with the Ni** /Ni** redox couple, while the plateau capacity near 4.2 V is linked
to the Ni** /Ni*" redox couple. However, this viewpoint has recently been challenged.
Nay 78Nig23Mng 69O, [24] compound with transition metal defects, demonstrating that
when charged to 4.1 V, Ni?* is oxidized to Ni**, and the plateau above 4.2 V mainly stems
from the O?~ /O, redox reaction induced by transition metal migration.

The electrochemical test results of the Na[LaxNig3Mng 55_xCug1Tig05]O» material in
sodium half-cells are as follows: The initial CV curves (Figure 2A) show two pairs of redox
peaks (~2.9/2.64 V and ~4.24/3.7 V), corresponding to P3—03 and P3—monoclinic phase
transitions, respectively. The reduction peak of NLMCT-1 at 3.7 V is sharper, indicating
that La doping enhances the reduction kinetics. In the second CV cycle, a new oxidation
peak appears in NMCT within 3-3.5 V (likely due to the P3—P3’ phase transition). This
peak is gradually suppressed with increasing La content and completely disappears in
NLMCT-1 (Figure 2B). Charge/discharge tests (Figure 2C,D) show that NLMCT-1 delivers
an initial discharge capacity of 183 mAh g~ ! at 0.1 C. It exhibits excellent rate performance:
a reversible capacity of 84.2 mAh g~! at 5 C, which recovers to 170 mAh g~! when the rate
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is returned to 0.1 C. Outstanding cycling stability is observed: capacity retention of 84.2%
after 150 cycles at 1 C (Figure 2E). Kinetic studies (Figure 2F,G) reveal that the Na* diffusion
coefficient (DNa*) of NLMCT-1 ranges from 107 B t0 107" em? 571, higher than that of
NMCT (10715 to 107! cm? s~ ). The DNa* of NMCT drops by four orders of magnitude
during charging at ~4.25 V, while this phenomenon is absent in NLMCT-1. The apparent
activation energy of NLMCT-1 (34.2 k] mol 1) is lower than that of NMCT (53.5 k] mol 1),
indicating a lower energy barrier for interfacial charge transfer. In situ EIS (Figure 2H)
shows that the interfacial resistance of NLMCT-1 remains consistently low, and the charge
transfer impedance is stable at low voltages, suggesting effective suppression of structural
transitions. Full-cell tests (cathode: NLMCT-1; anode: hard carbon) demonstrate an initial
Coulombic efficiency of 80% within 1.5-4.19 V. Good rate performance is achieved with
capacities of 118 to 44 mAh g~ ! at rates from 0.1 to 5 C. Excellent long-term cycling stability
is observed, with a capacity retention of 95.5% after 250 cycles at 2 C (Figure 2I-K). The
results indicate that this material holds great promise for practical applications [25].
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Figure 2. (A) The first and (B) the second CV curves of NMCT and NLMCT-1 at 0.05 mVs~! between
1.5 and 4.5 V. (C) The initial charge—discharge profiles of Na[LaxNig3Mngs5_xCug1Tip 05102 (x =0,
0.005, 0.01, 0.2, and 0.3, named as NMCT and NLMCT-y, y = 0.5, 1, 2, and 3, respectively). (D) Rate
performance of NMCT and NLMCT-y. (E) Cycle performance of NMCT and NLMCT-1 at 0.5 and 1 C
between 1.5 and 4.5 V. (F) Na* diffusivity in NMCT and NLMCT-1 as a function of charge and discharge
states calculated by GITT; demonstration of a single titration during GITT measurement as inset image.
(G) Arrhenius plots of logi0 versus T — 1 for the NMCT and NLMCT-1 electrodes at a potential of 2.65 V.
The lines are the linear fitting results. (H) The RCEI and the Rct values of the NMCT and NLMCT-1.
(I) The initial charge—discharge profile of Na ion full cell of NLMCT-1//hard carbon at 0.1 C (the inset is
a digital photograph of LED strips lit by the full cell). (J) Charge—discharge profile of Na ion full cell of
NLMCT-1/ /hard carbon. (K) Cycling performance of NLMCT-1/ /hard carbon at 0.5, 1, and 2 C [25].
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The iron—-manganese-based oxide P,-Najy,3[Fe;,,Mn; ,,]O; offers a high capacity of
190 mAh/g but suffers from a 20% capacity loss over 30 cycles due to phase transitions,
which can be mitigated by limiting the voltage window to 2.0-4.0 V. This material is
also highly air-sensitive; exposure to CO, and moisture leads to carbonate insertion and
oxidation of Mn** to Mn**, increasing polarization and reducing capacity, underscoring
the importance of controlled storage conditions.

Lithium doping also demonstrates unique advantages. The P2-Naj gLig 2Nig 25Mng 7505
material provides a stable capacity of 100 mAh/g within 2.0-4.2 V [26] with no degradation
over 50 cycles, while the electrochemically exchanged O3-Nag ¢5[Lig 15Mng 55C00.10Nig 15]O2
exhibits a high capacity of 200 mAh/g. Recently developed P2/03 biphasic material [27]
Nay g6 Lip.18Mng 71 Nig 21C00 080244 successfully combines the advantages of both phases,
delivering a high capacity of 200 mAh/g at 0.1 C and retaining 134 mAh/g at 1 C, with
84% capacity retention after 50 cycles.

In terms of modification strategies, various elemental dopants play distinct roles [28]
in enhancing performance. Notably, significant progress has been made in developing envi-
ronmentally friendly variants [29]. The performance data of these materials are specifically
shown in Table 1.

Table 1. Representative Manganese-Based Layered Oxide Cathode Materials Utilizing Anionic
Redox Reactions.

Operating Voltage Initial Capacity Reversible Capacity

Materials W) (mAg-1) (mAhg—1)@Cycles References
P2-N32/3Nll /3Mn2/302 2.6-4.3 140 ~80@100 [23]
P3-Na0.7gNiO.23Mno_6902 2.0-4.5 140 ~120@20 [24]
PZ-Na0.72Li0_24M1‘10.702 1.5-45 271 ~210@30 [25]
P2-Nay,3Mg; ;3Mny /30, 1.5-45 210 ~150@50 [26]
PZ—Na0.67Mg0.28Mno,7zOz 2.0-4.5 170 ~160@50 [27]
P3-Nag 6;Mg; ;3Mny /30, 1.5-4.4 224 ~150@30 [28]
P2—Na0_67Zn0.1 Mn0_902 1.5-4.4 203 ~163@50 [29]

2.2. Tunnel Oxide

The tunnel-type NayMO, cathode material, characterized by its three-dimensional
open framework structure, provides excellent ion transport pathways for sodium-ion bat-
teries. Its representative material, Nag 44MnQO,, offers a theoretical capacity of 121 mAh/g.
Structurally, M** ions and a portion of M3+ occupy octahedral sites (MOg), while the re-
maining M3* reside in square-pyramidal positions (MOs). These are interconnected via
MOs units and share vertices with triple/double octahedral chains, forming an S-shaped
tunnel that facilitates highly efficient sodium-ion diffusion along the c-axis [30].

The synthesis method significantly influences electrochemical performance. Materials
prepared via conventional solid-state reaction exhibit severe polarization, delivering a
reversible capacity of only 80 mAh/g with poor cycling stability [31]. In contrast, single-
crystalline nanowires synthesized through hydrothermal methods achieve capacities of
115 mAh/g at 0.42 C and 103 mAh/g at 8.3 C. Submicron plates obtained via sol-gel
methods retain over 120 mAh/g after 100 cycles. Recently developed tunnel-type material
Nay 61 Tip.48Mng 500, demonstrates an average operating potential of 2.9 V and a discharge
capacity of 86 mAh/g, offering new insights for structural design [32].

Studies indicate that rational control of morphology and crystallinity can substantially
enhance material performance, providing a promising strategy to address the kinetic
limitations of sodium-ion batteries [33].
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2.3. Problems of Transition Metal Oxides

Layered transition metal oxides, as promising cathode materials for sodium-ion bat-
teries, exhibit a strong correlation between their crystalline structural features and electro-
chemical performance. From a structural chemistry perspective, these materials primarily
adopt three typical polymorphs: P2, P3, and O3 [34], which differ mainly in the coordi-
nation environment of sodium ions [35] (prismatic or octahedral sites) and the stacking
sequences of oxygen layers (ABBA, ABBC, or ABCA) [36].

It is noteworthy that although the O3-type structure possesses a higher initial sodium
content (Nag9gCago1[Nig5Mng5]O;) [37], enabling a greater reversible capacity, it often
undergoes complex phase transitions upon deep desodiation, leading to structural degra-
dation [38]. Particularly, P2-type materials (Nag ¢7Nip 33Mng 470,) suffer from insufficient
initial sodium content [39], which can cause abnormally high Coulombic efficiency in
half-cell tests [40]—a phenomenon that may lead to capacity loss in practical full-cell appli-
cations. Although pre-sodiation strategies can mitigate this issue, their cost-effectiveness
and scalability remain limited [41].

Meanwhile, the P3-type phase can be obtained as a thermodynamically stable com-
pound at moderate synthesis temperatures (<800 °C), yet its electrochemical performance
is often unsatisfactory [42]. From a thermodynamic perspective, the electrochemical inter-
conversion between P3/03 and P2 [43] phases is generally hindered due to the high bond
energy of transition metal-oxygen bonds [44].

These structural evolution characteristics underscore that developing high-performance
layered cathode materials requires a holistic approach addressing critical factors such as
sodium content regulation [45], phase transition management, and structural stability
optimization [46]. This remains a major challenge in current research efforts [47].

In summary, the core challenge of layered transition metal oxides stems from the
inherent contradiction between their structural type and sodium stoichiometry. The O3-
type structure, despite its high initial sodium content which provides a foundation for
achieving high specific capacity, suffers from complex multiphase transitions during deep
charge—-discharge cycles that severely compromise its cycling stability. Conversely, the
P2-type structure, due to its open prismatic site coordination and lower initial sodium
content, typically exhibits smoother electrochemical behaviour and better structural re-
versibility. However, its inherent sodium deficiency directly limits its reversible capacity.
This “capacity-stability” trade-off fundamentally constrains the performance ceiling of
single-phase, homogeneous P2 or O3 materials from a thermodynamic perspective. Conse-
quently, strategies to break through this bottleneck are no longer confined to modifying a
single phase. Instead, they are shifting toward more complex design paradigms, such as
tuning intrinsic stability through elemental doping or constructing multiphase composite
structures to achieve complementary properties.

2.4. Methods to Improve the Performance of Transition Metal Oxide Batteries
2.4.1. Element Optimization

Iron-manganese-based layered oxide cathode materials [48] have attracted significant
attention due to their elemental abundance and low cost, yet they suffer from challenges such
as metal dissolution, structural distortion, and irreversible phase transitions. To address these
issues, researchers have proposed an alkaline-site substitution strategy. The introduction of
large-radius alkali metal ions (K*) into P2-Nag 412K0,056MnO; [49] facilitates the formation
of stable Na* vacancies, enabling a specific capacity of 240.5 mAh/g. This performance
enhancement is attributed to the reinforced MnOg octahedral framework, reduced vacancy
formation energy, and reversible phase transitions in the low-voltage region.
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A more breakthrough approach involves transition metal pinning effects [50]. For
instance, in material Nag 7Mng 5Cog 4Fe( 1O; [51], the occupation of Fe3* at Na* sites—as
confirmed by STEM-EDS and in situ XRD—results in a “zero-strain” characteristic with
only 0.6% volume variation, delivering 71% capacity retention after 1000 cycles. Similar
stabilizing effects have been achieved through divalent ion substitutions at alkaline sites,
such as in systems Mg2+, 7Zn?* and Ca?*.

High-entropy design has emerged as a promising direction. The O3-type material [52]
NaNig 12Cug 12Mgp 12Fep 12C00.15Mng 1 Tip 15n9.1Sbg 040> utilizes entropy stabilization to
enable reversible O3-P3 phase transitions, retaining 83% capacity over 500 cycles [53].
Meanwhile, the P2-type compound Nag g;Mng ¢7Nig 23Cu0,0sMgo 07 Tip.01 O2 exhibits excep-
tional longevity, maintaining 75.4% capacity after 2000 cycles [54]. High-sodium design has
also been employed to mitigate the inherent sodium deficiency in P2-type materials [55].
The composition Nays /54114 /54Nisg/54Mn34 /5409, stabilized in a single P2 phase, achieves
68% capacity retention after 3000 cycles [56].

These advances represent significant progress in overcoming the fundamental limitations
of iron-manganese-based cathodes, accelerating the commercialization of sodium-ion batteries.

2.4.2. Structural Design

The commercialization of sodium-ion batteries is currently constrained by perfor-
mance bottlenecks in cathode materials, with multiphase composite design and nanos-
tructure engineering emerging as promising strategies for breakthrough. Constructing
P2-0O3 [57]or layered—-tunnel composite phases enables synergistic complementarity [58]:
the P2 phase ensures structural stability [59], the O3 phase provides high sodium con-
tent [60], and the tunnel phase enhances environmental tolerance. For instance, material
Nay 76Ni 33Mng 5Feq 1 Tig 0707, comprising 58.91 wt% P2 [61]and 41.09 wt% O3 phases,
exhibits 75.4% capacity retention after 500 cycles. Similarly, the layered—tunnel composite
material Nag goMng 99 Tig 1002 demonstrates 87.9% capacity retention [62], validating the
synergistic effect of combined 3D and 2D ion transport pathways [63].

The introduction of lithium enables structural modulation: in material
[NAg396Li0.044][Mng 97Lig 03]O2, the “pillar effect” of Li* suppresses phase transitions and
constructs a 3D ion transport network [64], enabling a full cell to deliver 71.5 mAh/g
after 900 cycles. In nanostructure engineering, hollow P2-Naj,3Nij ;3Mn, /30, nanofibers
prepared via electrospinning achieve 80.8% capacity retention over 500 cycles [65], while
pearl-necklet-like Nag 76Cug 22Fep 30Mng 480, nanostructures deliver 56.5 mAh/g even at
20 C. The shale-like S-NMO material synthesized via a water-mediated method exhibits
a “zero-strain” characteristic with only 1.96% volume variation [66], achieved through
interlayer spacing regulation. It retains 83% capacity after 3000 cycles [67], a performance
validated in Zn/Fe-doped systems, demonstrating broad applicability [68]. This study [69]
provides critical insights [70] for developing high-performance cathode materials [71] for
sodium-ion batteries [72].

2.4.3. Surface Engineering

Surface modification strategies for layered cathode materials in sodium-ion batter-
ies have demonstrated remarkable effectiveness in enhancing electrode cycling stability
through the construction of functional protective interfaces [73]. For instance, the AIPO,
coated Nal[Lig o5Mng 50Nig 30Cu9.10Mgo.05]O2 material achieves dual protection via interfa-
cial [74] engineering [75]: it not only mitigates electrolyte corrosion and transition metal
dissolution but also maintains efficient ion transport, resulting in a capacity retention of 95%
after 400 cycles [76]. The modified surface layer effectively [77] suppresses HF attack and
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inhibits the formation of side reaction products (NayCO3), while significantly improving
environmental tolerance [78].

Current research focus has shifted from ex situ coating techniques [79] such as atomic
layer deposition toward in situ interfacial [80] engineering, which offers greater potential
for industrial scalability [81]. By optimizing coating composition and structural design [82],
in situ strategies simultaneously address interfacial stability and challenges related to
uniformity and cost in large-scale production [83]. Future efforts should prioritize the
development of self-healing coatings, gradient interfacial structures [84], and hybrid pro-
tective layers with simultaneous ionic and electronic conductivity [85]. These innovations
are expected to provide critical technical support for the commercial application of high-
performance sodium-ion batteries [86].

The effectiveness of the carbon coating is closely correlated with its micro-morphology
and thickness. Though commonly referred to as a “carbon layer”, it mostly presents as
a discontinuous coating of amorphous carbon in terms of microstructural characteristics.
From the perspective of functional thin films, its thickness is tailorable via rational process
regulation. Literature reports indicate that the thickness of carbon coatings prepared by
liquid-phase impregnation combined with pyrolysis mostly falls in the range of 5-20 nm,
which is sufficient to construct a conductive percolation network. In contrast, an ultrathin
modified layer with a thickness of 1-5 nm can be obtained through vapour deposition or
precise control of precursor dosage. When compounded with carbon nanomaterials, the
carbon “layer” at the interface may be thicker or exhibit an irregular morphology. The goal
of optimizing carbon coating thickness is to strike a balance between ensuring sufficient
electronic conductivity and avoiding the impediment of ion diffusion.

3. Polyanionic Compounds

Polyanionic compounds have emerged as a prominent class of cathode materials
for sodium-ion batteries due to their tunable structures, exceptional stability, and high
operating voltages [87]. Through the strong electron-withdrawing effect of anionic groups
(such as PO43~, P04, and SO4%7), these materials not only elevate the electrode reaction
potential but also effectively suppress structural degradation during cycling.

Widely studied systems include phosphates, pyrophosphates, fluorophosphates, and
sulfates. These compounds possess well-defined crystalline frameworks that provide stable
pathways for reversible sodium ion (de)intercalation, demonstrating significant potential
for practical applications.

In the pursuit of high-stability, high-operating-voltage cathode materials for sodium-
ion batteries, phosphorus occupies a strategic and central role due to its ability to form a
variety of strongly covalent-bonded anionic groups [88]. These phosphorus-based frame-
works represent its key application form in advanced electrochemical energy storage. The
rigid polyhedra formed by phosphorus and oxygen serve not only as structural units for
constructing stable crystal frameworks but also effectively elevate the reaction voltage of
transition metal redox couples through a strong effect [89]. Consequently, phosphorus-
based polyanionic compounds such as phosphates, pyrophosphates, and fluorophosphates
have emerged as a crucial branch of materials for achieving low-cost, long-life energy
storage systems. This chapter will systematically review the structural characteristics, elec-
trochemical performance, and optimization strategies of these representative phosphorus-
based polyanionic materials (Figure 3).
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Figure 3. The calculated diffusion trajectory of Na ion along (a) pathway 1 and (b) pathway 2 in
NazV,(POy)3, and the corresponding diffusion energy barriersalong conduction path [90].

Polyanionic compounds are a typical class of inorganic cathode materials for sodium-
ion batteries, featuring a stable crystalline framework constructed by covalent-bonded
polyanionic groups and transition metal cations. Different from polyelectrolytes, PACs
exhibit excellent structural stability during Na* intercalation due to the strong inductive
effect of polyanionic groups, which is the core characteristic making them promising
cathode candidates for SIBs.

3.1. Phosphates
3.1.1. Sodium Superionic Conductor (NASICON)NazV,(POy4)3

The NASICON-structured Naz V,(PO4)s (NVP) material has attracted significant atten-
tion in the field of sodium-ion battery cathode materials due to its unique crystal structure
and exceptional sodium ion conduction properties [89]. This material consists of VO
octahedra [91] and POj tetrahedra interconnected through corner-sharing, forming a three-
dimensional open framework that provides ideal diffusion pathways for sodium ions. Stud-
ies have shown that NVP exhibits a high theoretical energy density of up to 400 Wh kg ~!
and favourable thermal stability [92], making it a highly promising cathode material candi-
date. However, its intrinsically low electronic conductivity (approximately 1077 S cm™1)
severely limits its electrochemical performance [93]. To address this, researchers have
developed various modification strategies. Morphological engineering, such as the hollow
microsphere composite (NasMnTi(POy)3) prepared via spray drying, delivers a specific
capacity of 160 mAh-g~! with 92% capacity retention, and maintains 75.9 mAh-g~! even
at 200 C [94]. The rGO-composited NVP retains 70% capacity after 15,000 cycles at 50 C.
Elemental doping, exemplified by Ni-doped material (Nag 3 V1.97Nig 03(PO4)3/C), achieves
84% capacity retention at 5 C [95].

To investigate the effect of boron (B) substitution on battery performance, half-cells
were tested at various rates within the voltage range of 2.5-4.0 V. Figure 4a shows that
the NagVyP3_«BxO1s (x =0, 1/10,1/6, 1/3) electrodes all delivered a similar capacity of
approximately 105 mAh g~! at 1 C, regardless of boron content. However, significant
differences in high-rate performance emerged at rates above 3 C. The sample withx =1/6
exhibited the best rate capability, achieving capacities of 100 mAh g~! and 70 mAh g~ ! at
5 C and 10 C, respectively.
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Figure 4. (a) Rate capability of the NazV,P3_,BxO1 (x =0, 1/10, 1/6, 1/3) electrodes at various
current density, and charge—discharge profile of the NazV,P3_4BxO1y (b) (dotted lines for x = 0, solid
lines for x = 1/6), cycling stability of the samples at (c) 1 C and (d) 5 C [90].

As shown in Figure 4b, a flat voltage plateau around 3.4 V was observed at 1 C,
corresponding to the theoretical capacity of two sodium ion (de)intercalation events, with
minimal polarization. As the rate increased, the unmodified NazV;(POy)3; showed a more
pronounced capacity drop and a larger potential gap compared to the x = 1/6 sample,
indicating that boron substitution alleviated kinetic limitations at high rates.

In terms of cycling performance (Figure 4c), the x = 1/6 sample retained 98.4% of its
initial discharge capacity after 200 cycles, slightly higher than the 97.2% retention of the
pristine material. However, under high-rate cycling at 5 C (Figure 4d), the difference became
more pronounced: the boron-substituted sample maintained 98.7% capacity retention,
significantly outperforming the pristine material at 91.8%. These results demonstrate that
boron substitution effectively enhances the cycling stability of the battery, particularly
under high-rate conditions [90].

3.1.2. Triphylite-Type Structure and Olivine-Type Structure

Sodium iron phosphate NaFePO4 has emerged as a promising cathode candidate for
sodium-ion batteries due to its excellent thermal stability, high operating voltage, and envi-
ronmental friendliness. It primarily crystallizes in two polymorphs: the thermodynamically
stable triphylite phase and the electrochemically active olivine phase.

The triphylite-type NaFePOj is usually prepared by electrochemical sodiation of the
delithiated LiFePO,, which undergoes a phase-transition during the charging process
and obvious voltage drop during the discharging process, finally leading to undesirable
electrochemical performance and low energy density. However, when composited with
acid-etched carbon cloth, it delivers a reversible capacity of 142 mAh/g. A hybrid material
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consisting of the triphylite phase and an amorphous phase, prepared via high-energy ball
milling, shows a low capacity decay rate of only 0.0109% per cycle at 1 C.

The olivine phase NaFePQy, isostructural to the lithium cathode analogue LiFePOy,
holds great potential but tends to transform into the triphylite phase at elevated tem-
peratures. An olivine-phase NaFePO,/C composite synthesized via electrochemical re-
placement in an aqueous LiFePO,/C [96] solution demonstrates 90% capacity retention
after 240 cycles. Similarly, a polythiophene-coated NaFePO4 composite achieves an initial
discharge capacity of 142 mAh-g~! with 93% retention over 100 cycles.

Current challenges include enhancing the intrinsic activity of the triphylite phase,
improving the synthetic stability of the olivine phase, and boosting the overall electronic
conductivity. Future efforts should focus on developing mild-condition synthesis routes
for high-purity olivine phases and designing efficient composite modification strategies to
facilitate practical applications.

3.2. Pyrophosphate

The pyrophosphate system NapMP,O7 (M = Fe, Co, Mn, Cu) represents a class of
high-quality cathode materials for sodium-ion batteries, characterized by their polymorphic
crystal structures. The triclinic phase of NayFeP,Oy consists of Fe;O1; dimers and P,Oy
groups, forming three-dimensional Na* migration pathways with five distinct sodium
storage sites. It operates at a stable voltage around 3.0 V and delivers a reversible specific
capacity of 82 mAh/g.

First-principles calculations have revealed complex phase transitions in NayFeP,O7
within the voltage window of 2.0-4.5 V [97]. To enhance performance, researchers devel-
oped Mn-substituted solid solutions Nay.oFey, « /2(P207)7 (2/3 < a < 7/8) by modulating
the ratio between transition metals and Na*. Carbon-coated Nagz 3,Fe; 34(P>,0O7)7/C exhibits
a specific capacity of 100 mAh/g at 0.1 C and retains 92.3 mAh/g after 300 cycles at 0.5 C.

Among other transition metal-based pyrophosphates, Na,MnP,0O7 allows structural
modulation via the Jahn-Teller effect. When modified with graphene, it demonstrates an
initial Coulombic efficiency of 90%. Significant progress has also been made in the study
of the three polymorphs of Na,CoP,0O7 [98]. A novel hybrid phosphate-pyrophosphate
NayFe3(PO4),P,07 (NFPP), was composited with multi-walled carbon nanotubes, deliv-
ering a discharge capacity of 115.7 mAh/g at 0.1 C and maintaining 109.9 mAh/g after
1200 cycles. This provides valuable insights for the development of high-performance
cathode materials.

3.3. Fluorophosphates

Fluorophosphates represent an important class of cathode materials for sodium-ion
batteries, leveraging the strong electronegativity of fluorine to elevate redox potentials.
Major systems include Fe-, Mn-, and V-based compounds.

The Fe-based Na;FePO4F offers a theoretical capacity of 135 mAh/g and features
2D Na* diffusion channels, undergoing a two-phase transition involving NayFePO4F,
Naj 5FePO4F, and NaFePO4F during cycling. A carbon-coated porous hollow NayFePO4F
retains 80% capacity after 750 cycles. The Mn-based Na;MnPO4F exhibits high theoretical
capacity and thermal stability but suffers from poor conductivity. A hollow spherical
NayMnPO4F prepared by spray drying delivers a reversible capacity of 122.4 mAh/g at an
operating voltage of 3.6 V.

V-based systems display diverse structures, including NaVPO4F, NazV,(POy4),F3, and
Na3(VO1.xPO4),F1 42, most featuring open 3D frameworks. NagV,(POy),F3 [99] provides
a theoretical capacity of 192 mAh/g with charge/discharge plateaus at 3.7 V and 4.2V,
corresponding to two-step Na* (de)intercalation. A sol-gel derived NazV,(PO,),F3/C
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achieves a discharge capacity of 119.2 mAh/g at 0.1C, while Na3(VOPO4),F nanoparticles
synthesized via a solvothermal method at low temperature retain 90% capacity after
1200 cycles [100].

Despite their promise, these materials suffer from intrinsically low electronic con-
ductivity, necessitating nano-engineering and carbon compositing for performance en-
hancement. Future efforts should focus on developing novel synthesis methods, precise
structural control, and interface optimization. The electrochemical performance of specific
polyanion-type cathode materials is shown in Table 2.

Table 2. Electrochemical Performance of Polyanion Cathodes.

Rate Performance

Capacity

Materials Morphology Method (mAg-1) Retention References
Solid state o
Na3V,(POy),F3 cubes method 122 86.4% (300 cycles) [99]
NazV,(POy)3 plates Modified sol-gel 75.5 92.5% (500 cycles) [91]
embedded in - o

NazV,(POy)3 carbon nanofibers Electrospinning 88.9 93% (300 cycles) [92]
Na3V5(POy)3 rGO-CNT spf;;C(’:lre(;)s:)z,iicon 82 96% (2000 cycles) [93]
NazV,(POy)3 n;r?gf)iobrelrs Electrospinning 63 88.6% (150 cycles) [95]
NaFePOy, etched Sol-gel 64 100% (5000 cycles) [98]

carbon cloth

3.4. Sulfates

Sulfate-based cathode materials have attracted interest in sodium-ion batteries due to
their high operating voltage and Earth-abundant constituents, primarily adopting struc-
tures such as the alluaudite-type (NayFe(5O4)7).

However, their practical application faces severe challenges: these materials tend
to decompose below 450 °C, releasing toxic gases (SO;), which complicates synthesis
and manufacturing processes. Moreover, their intrinsic electronic conductivity is poor.
Although performance improvements have been achieved through graphene/carbon layer
compositing and leveraging the structural stability of the alluaudite framework [101],
conventional carbon coating remains insufficient to fully address these issues.

Polyanionic sulfates possess open frameworks, high energy density, and good thermal
stability, yet their poor electrical conductivity continues to limit practical use. Existing
strategies such as compositing with carbon materials (reduced graphene oxide) and cationic
substitution (Mn or Ni) still fall short of commercial requirements. Future efforts must
focus on developing more effective material designs and synthesis strategies to overcome
these bottlenecks [102].

3.5. Problems of Polyanionic Compounds

The root cause of the extremely low intrinsic electronic conductivity of polyanionic
compounds can be explained from the perspective of their crystal and electronic structures.
First, the highly electronegative anionic groups exert a significant “inductive effect”, which
lowers the energy level of the 3d orbitals of transition metals (TM), resulting in minimal
overlap of d-d orbitals between TM ions, high electron localization, wide-bandgap semi-
conductor characteristics, and extremely low intrinsic carrier concentration. Second, in
the crystal structure, anionic groups act as “insulating spacers” that separate the redox-
active TM-O octahedra from each other, hindering the hopping conduction of electrons
through the TM-O-TM pathway. Finally, such materials lack delocalized electronic energy
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bands, and charge transport relies heavily on discrete TM ion sites. These physical essences
determine that their electronic conductivity is usually lower than 10~ S em~!, which
becomes a key bottleneck restricting their rate performance. Therefore, subsequent perfor-
mance improvement strategies mainly focus on constructing external conductive networks,
shortening internal transport pathways, and regulating intrinsic electronic structures.

Polyanionic compounds (PACs) have demonstrated significant potential as cathode
materials for sodium-ion batteries (SIBs) owing to their structural stability and tunable
electrochemical performance [103]. Their general formula is typically NaxMy (XO4)m (Where
X =5/P), and their crystal structures consist of XO4"~ and their derivatives, forming open
frameworks that facilitate Na* diffusion. The rigid polyanionic framework also ensures
minimal volume variation during cycling. For instance, NagFe7(POy)q exhibits a volume
strain of only 0.24%, enabling stable operation for over 1000 cycles without significant
capacity decay.

The strong inductive effect of anionic groups (POy4, SO4) contributes to high operating
voltages. The introduction of highly electronegative groups (e.g., in fluorophosphates) can
further elevate the voltage above 4.2 V, though this remains limited by the availability of
compatible high-voltage electrolytes. Despite these advantages, the practical application
of PACs faces challenges such as low theoretical capacity (118 mAh/g for NagV,(POy)3
and 120 mAh/g for NayFe;(SO4)3 and poor intrinsic electronic conductivity [104]. Current
modification strategies include carbon compositing, nanostructuring, and elemental substi-
tution. Future research should focus on exploring multi-electron reaction mechanisms and
optimizing molecular structures to synergistically enhance their performance.

3.6. Methods to Improve the Performance of Polyanionic Compound Batteries
3.6.1. Forming Composite Materials

Carbon composite modification is an effective strategy to enhance the electrochemical
performance of polyanionic compounds (PACs) by constructing conductive carbon layers
on their surfaces, which improves electronic conductivity, provides structural protection,
and stabilizes interfaces. This can be achieved through in situ pyrolysis of carbon-containing
precursors or mechanical mixing with carbon nanotubes, reduced graphene oxide (rGO),
etc. [105]. Among these, the in situ carbonization method holds greater potential for
industrialization due to its simple process and low cost.

The carbon layer effectively suppresses side reactions between the material and
air/electrolyte, prevents transition metal oxidation, and inhibits particle agglomeration.
For example, an rGO-modified NasFe;(PO4)(P,07) composite exhibits 89.7% capacity
retention after 6400 cycles, compared to only 62% for the unmodified sample. Dual-
carbon synergy strategies demonstrate even better performance: a dual-carbon-coated
NazMn,(P,O7)(POy4) material [106] prepared via freeze-drying establishes a 3D conductive
network, retaining 73% capacity after 500 cycles with a volume strain of only 0.87%. Fur-
thermore, porous carbon matrix designs enhance environmental stability. For instance, a
sodium alginate-derived Nag 12Fe; 44(P20O7)2 /rGO aerogel maintains structural integrity
after 100 days of air exposure and shows less than 12% capacity decay over 5000 cycles.
Carbon composite engineering provides critical technical support for the application of
PACs in sodium-ion batteries.

The core of carbon composite modification lies in constructing a continuous electronic
percolation network on the exterior of active material particles. Whether via in situ polymer-
ization carbonization or mechanical compounding with carbon nanotubes/graphene, the
technological basis of both approaches involves establishing a stable colloidal dispersion
system of active particles-carbon sources or carbon materials in the liquid phase. The
stability of this system, along with the interfacial compatibility between carbon compo-
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nents and the surfaces of active particles, directly determines the homogeneity of biphasic
distribution and the interfacial compactness in the final composite material. An optimized
and stable interface not only provides rapid electron transport pathways but also acts as a
physical barrier to mitigate electrolyte corrosion of active materials, thereby synergistically
improving the rate capability and cycle life of the material.

3.6.2. Composition Tailoring

Element substitution has been demonstrated as an effective strategy to significantly
enhance the intrinsic electronic conductivity of polyanionic compounds (PACs), while
simultaneously suppressing lattice strain and improving structural stability. The original
NayVMn(POy)3 electrode [107] exhibited only 47% capacity retention after 1000 cycles,
whereas samples doped with Mg?*, AI** and Ti** achieved significantly improved retention
rates of 86.6%, 92%, and 87.2%, respectively. Doping with AI** forms strong Al-O bonds
that effectively suppress the Jahn—Teller distortion. The NayVgAly2Mn(POy); cathode
undergoes a solid-solution reaction below 3.5 V and a two-phase reaction between 3.5 and
3.8 V, exhibiting a low volume change of 8% and excellent cycling stability.

In pyrophosphate systems, the introduction of Najz12Fep 44(P2O7); into Mg2+ not
only enhances electrical conductivity but also promotes the formation of a stable cathode-
electrolyte interphase (CEI). The Mg-doped sample retains 79.1% capacity after 3000 cycles
and 95.3% after 400 cycles at 60 °C. Under elevated temperatures, it further forms a pro-
tective surface reconstruction layer with self-healing capabilities. The NasFe3(PO4),P,07
material, which combines the advantages of phosphates and pyrophosphates, features
3D Na™* channels conducive to Na* migration, yet suffers from low conductivity. While
traditional doping with inactive metal ions (A1**, Mg?*) improves performance, it often
sacrifices specific capacity.

In contrast, doping with electrochemically active Mn?2* in the NagFes , Mn, (PO,),P,07 /1GO
composite [108] reduces ion migration barriers and narrows the bandgap, resulting in
97.2% capacity retention after 2000 cycles. This material exhibits continuous optimization
of both crystal structure and interface properties during cycling, demonstrating a “better-
with-cycling” behaviour. In NASICON-type materials, increasing the Mn content in the
Najg,2xMny,4Ti;_x(POy4)3 system elevates the average operating voltage and enables more
than three-electron redox reactions. The Nas 3sMn; 15Tig g5(PO4)3 material delivers a specific
capacity [109] of 180.6 mAh/g (corresponding to 3.17 Na* per formula unit), retaining
76.5% of its initial energy density after 1000 cycles.

Precise element substitution provides a powerful pathway for developing high-
performance cathode materials for sodium-ion batteries.

3.6.3. Structure and Surface Design

Surface coating and nanostructure engineering are critical strategies for enhanc-
ing the performance of polyanionic compound electrodes. For instance, material
Najs 12Fep 44(P2O7), [110] modified with an ultrathin AlF3 coating (1.2 nm) utilizes strong
F-C3 bonding with the carbon layer [111] to maintain open ion diffusion pathways while
suppressing electrolyte corrosion, retaining 70% capacity after 6000 cycles at 50 °C.

In terms of nanostructural design, 150 nm platelet-like NayFe3(PO,),P,O7 (NFPP-E) [112]
prepared via sol-gel method exhibits significant nano-size effects, demonstrating 69.1%
capacity retention after 4400 cycles. An electrospun carbon nanobelt composite forms
an interconnected conductive network that facilitates rapid electron transport [113]. This
200 nm-structured material achieves 72% capacity retention after 5000 cycles at 50 C, and
delivers a reversible capacity of 84.5 mAh/g even at —15 °C [114].
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Precise control of interfaces and nanostructures provides a synergistic approach to
addressing the performance limitations of polyanionic compounds (PACs) [115].

4. Prussian Blue Analogues

Prussian blue analogues (PBAs, AxM;[M,(CN)g]-nH;O) represent an important class
of cathode materials for sodium-ion batteries. Their crystal structure contains alkali metal
ions (A), transition metal ions (M1/M2), water of crystallization, and vacancies [116].
Based on sodium content, they are classified into sodium-poor (Na < 1) and sodium-rich
(Na > 1) types, with the latter being more advantageous due to the absence of an external
sodium source.

PBAs adopt a face-centred cubic structure, where Na* ions reside in three-dimensional
channels formed by transition metal ions and coordinate with C and N atoms in the
ferrocyanide framework, forming an open framework conducive to ion diffusion.

Prussian blue analogues (AxM;[M3(CN)g]-nH,O), where M = Fe, Mn, etc. [70]) offer
advantages such as high operating voltage and long cycle life. However, they also suffer
from drawbacks including low initial Coulombic efficiency, inferior rate capability, and
insufficient cycling stability. These limitations primarily stem from crystalline water and
vacancy defects [117]. Precise control of crystal structure and composition to optimize
electrochemical performance is currently a major research focus.

In this study, we synthesized a potassium-based Prussian blue cathode material
(KFeHCF) with low water content and used it as the precursor for ion exchange. By
precisely controlling the duration of the ion-exchange process, we successfully prepared a
series of potassium-sodium mixed iron-based Prussian blue cathode materials (KNaFeHCF).
This strategy aims to utilize the larger ionic radius of potassium ions (K*) to pre-stabilize
the crystal framework, reduce lattice vacancies and water occupancy, thereby enhancing the
intrinsic ionic conductivity and structural stability of the material. Subsequently, through
a mild ion-exchange process, part of the K* was replaced by Na* without damaging the
original high-crystallinity framework. Ultimately, a sodium-ion battery cathode material
with low water content, high structural integrity, and excellent electrochemical performance
was obtained. As illustrated in Figure 5 [118], low-water-content, high-crystallinity K-based
Prussian blue was employed as the precursor framework, and K* in the framework was
substituted with Na* via ion exchange to produce KNaFeHCF materials.
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Figure 5. Schematic diagram of the synthesis process [118].
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4.1. Prussian Blue Derivatives

Prussian blue analogues A Fe[Fe(CN)s], AxM1[M3(CN)¢]-nH,O) have garnered sig-
nificant attention due to their cost-effectiveness and high theoretical specific capacity.
Recent advancements in material design and synthesis optimization have led to remarkable
progress in their electrochemical performance. Crystallinity and defect control are key to
enhancing their properties.

Yan et al. [119] prepared low-defect Naj g1 Fe[Fe(CN)glo.s3-2.04H,O crystalline mate-
rial, which delivers a reversible capacity of 140 mAh/g and retains 78% capacity after
3700 cycles, demonstrating exceptional long-term cycling stability. Qin’s team [120] devel-
oped a highly crystalline NayFe4[Fe(CN)4]3 material via an innovative chemical inhibition
strategy. It maintains a capacity of 78 mAh/g even at an ultra-high rate of 100 C, with 62%
retention over 2000 cycles, setting a new performance record for this class of materials.

Precise regulation of crystallinity [121], defect concentration, and crystal structure [17]
can significantly improve the sodium storage performance [122] and cycling stability of PBAs.

4.2. Manganese-Based Prussian Blue Analogues

Researchers such as Liu et al. [123] prepared a Na;Mn gFey ;Fe(CN)g material through
Fe?* doping, which demonstrated a capacity retention rate of 70% after 100 cycles at 0.2 C,
along with excellent rate capability stability across a wide current density range from 0.1 C
to 5 C [124]. These research efforts have not only advanced the performance optimization
of manganese-based Prussian blue materials [125], but have also provided new insights for
a deeper understanding of the interaction mechanisms among transition metals [126].

4.3. Cobalt-Based Prussian Blue Analogues

Cobalt-based Prussian blue analogues AxCo[Fe(CN)g] [127] occupy an important po-
sition in the research of sodium-ion battery cathode materials [128] due to their unique
high-voltage characteristics and reversible two-sodium-ion (de)intercalation mechanism.
In these materials, iron and cobalt elements exhibit mixed valence states and demon-
strate differentiated coordination capabilities toward O and CN ligands, which provides a
structural basis for tuning their electrochemical performance [129]. Numerous research ad-
vances have also provided critical scientific insights and technical pathways for developing
high-performance cobalt-based Prussian blue cathode materials.

4.4. Nickel-Based and Copper-Based Prussian Blue Analogues

Current research on nickel-based and copper-based Prussian blue analogues ANi[Fe(CN)g]
and A,Cu[Fe(CN)g] is primarily focused on aqueous battery systems [130]. Their applica-
tion in sodium-ion batteries remains exploratory but demonstrates unique scientific value.
Future studies should emphasize elucidating the transition metal valence change mecha-
nisms and their influence on material crystal structure [131]. Additionally, developing safer
and more environmentally friendly synthesis methods is essential to address the adverse
effects of crystalline water and vacancy defects on ion/electron transport [132], thereby
further improving specific capacity and Coulombic efficiency. These efforts will provide
important theoretical guidance and technical support for developing a new generation of
high-performance cathode materials for sodium-ion batteries [133].

4.5. Problems of Prussian Blue Analogue Compounds

Prussian blue analogues (PBAs) have emerged as promising cathode materials for
sodium-ion batteries due to their open framework and rapid alkali metal ion migration
capabilities. Their three-dimensional channels provide abundant active sites and pathways
for Na® insertion/extraction. While commonly synthesized via coprecipitation [134], this
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method often introduces numerous defects and vacancies. An innovative “one-stone-two-
birds” technique has been developed to convert rusted iron products into PBAs, delivering a
specific capacity of 145 mAh/g and retaining 59% capacity after 3500 cycles, simultaneously
enabling resource recycling.

The traditional view that crystalline water is solely detrimental requires revision; an
appropriate amount of water can actually support the structure and facilitate ion transport.
It is recommended to develop “water molecule engineering” strategies to construct efficient
hydrogen bond-assisted ion channels.

PBAs face challenges such as defects hindering ion transport and triggering side
reactions. Dehydration must be carefully balanced, as excessive removal leads to struc-
tural collapse [135]. Phase transitions during charge/discharge and irreversible changes
in sodium sites affect stability. Although rapid charge transfer involving low-spin iron
above 4 V and high-spin iron around 3.35 V benefits kinetics, it may compromise cy-
cling performance. A sufficient amount of sodium at the cubic 24d sites is crucial for
maintaining structural stability [136]. Balancing phase transition reversibility and volume
changes remains a central issue, providing critical theoretical guidance for developing
high-performance PBA materials.

4.6. Methods to Improve the Performance of Prussian Blue Analogue-Based Batteries
4.6.1. Redox Component Regulation

Transition metal substitution is a key strategy for optimizing the electrochemical
performance of Prussian blue analogues (PBAs). Iron-based and manganese-based PBAs
have become research priorities due to their excellent cycling stability, yet they suffer
from inherent capacity limitations. Precise control of the nitrogen-coordinated metal
composition can modify the material’s lattice and redox behaviour [137]; however, high-
content substitution with electrochemically inactive elements (Ni, Co) may reduce specific
capacity or increase costs.

Chen’s team synthesized copper-doped FeHCF via a co-precipitation method. Al-
though the inactive Cu?* does not participate in redox reactions, it stabilizes the monoclinic
structure and enhances low-spin Fe activity, maintaining high capacity with a decay rate of
only 0.047% per cycle [138]. Zinc doping introduced Zn2* to form FeZn-PB, which increased
the content of electrochemically active components, reduced defects and crystalline water,
and enhanced high-/low-spin discharge capabilities [139]. This resulted in an increased
sodium diffusion coefficient and a cycle decay rate of 0.05% over 500 cycles. Embedding
alkali metal ions such as K™ and Li* can elevate the redox potential. Zhao et al. regulated
K* concentration to prepare K-doped PBAs ([K 444(1)Nay 414(1)][Mn3 /4Fe5 /4](CN)g), which
exhibited a capacity retention > 78% after 1800 cycles at 3.65 V [124].

4.6.2. Architecture and Interface Engineering

The structural and surface engineering of Prussian blue analogue (PBA) electrode
materials play a decisive role in their redox kinetics and cycling stability [140]. In terms
of structural regulation, Wang’s team developed uniform micro-cubic particles through
a controlled precipitation method [141], achieving tailored growth from nanoparticles to
sub-microcubes and finally to well-defined micro-cubes. This highly crystalline material
not only improves electrode coating quality but also significantly suppresses side reactions.
PBA materials produced via this scalable technology [142], when assembled into pouch
cells with hard carbon anodes, demonstrate 78% capacity retention after 1000 cycles.

Core-shell structural design offers an innovative solution to balance the trade-off
between high capacity and stability in PBAs [143]. Gebert et al. [144] employed a one-
pot method to prepare a Mn-rich core/Ni-rich shell structure. By precisely controlling
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elemental distribution, the material maintained a reversible capacity of 93 mAh g’1 while
achieving 96% capacity retention over 500 cycles. Zhao’s team utilized the kinetic exchange
properties of Cu?* and Mn?* to construct a gradient Cu-functionalized layer on the surface
of Mn-based PBAs, nearly tripling the cycling stability.

These research breakthroughs demonstrate that precise control over crystal morphology—
equally critical as crystallinity—along with the construction of multi-scale composite structures
can synergistically address key challenges in the electrochemical performance and structural
stability of PBA materials.

4.6.3. Lattice Water Control

Prussian blue analogues (PBAs) possess crystallization water that is critical to their
electrochemical performance. Although reducing water content can mitigate side reactions,
PBAs typically contain over 10 wt% water due to their crystal structure, which exists as
adsorbed water, interstitial water, and coordinated water. Currently, the core objective
of controlling crystal water in PBAs has shifted from “complete elimination” to “precise
optimization.” This requires innovative synthesis and post-treatment methods to achieve
fine-tuned regulation of water content, its existing forms, and distribution. The ideal goal is
to maximally remove unstable free water and excess interstitial water that may trigger side
reactions, while deliberately retaining essential structural water to leverage its positive role
in stabilizing the framework, thereby achieving an optimal balance among the material’s
capacity, cycling stability, and rate performance.

Adsorbed water is prone to decomposition under high voltage. The roles of interstitial
and coordinated water remain debated: Hu et al. [145] found that interstitial water can act
as a structural pillar, suppressing volume changes during desodiation/sodiation, enabling
the material to retain 91% capacity after 1300 cycles. However, pouch cell swelling suggests
that side reactions between water and the electrolyte may produce gas.

Beyond thermal treatment, innovative synthesis methods also help control water
content: Geng et al. [146] used microwave-assisted solvothermal synthesis with anhydrous
ethanol to obtain PBAs free of interstitial water, which demonstrated superior performance
over 500 cycles. Peng’s group developed an “ice-assisted” strategy to fabricate spherical
PBAs with few defects and low water content, achieving a high capacity of 123 mAh g~!
and excellent stability over 3000 cycles [147], providing valuable insights for balancing
water content and structural stability in PBAs.

5. Conclusion and Prospect
5.1. Conclusion

Sodium-ion batteries have emerged as a potential solution for grid-scale energy storage
due to their material cost advantages and sustainability. Iron/manganese-based cathode
materials have become a research focus owing to their abundant resources and environ-
mental friendliness. These materials exhibit promising electrochemical activity through
multi-valent redox reactions, such as Fe?* /Fe?* and MnZ* /Mn3* /Mn**.

Layered transition metal oxides deliver a reversible specific capacity of up to
200 mAh g~ !, offering high energy density. Polyanionic compounds and Prussian blue
analogues (PBAs) provide capacities between 100 and 150 mAh g~! but demonstrate su-
perior cycling stability, with some systems exhibiting less than 0.5% capacity decay per
100 cycles over 5000 cycles. However, a gap remains between laboratory performance
and practical application, necessitating collaboration between academia and industry to
address engineering challenges.

The cycling stability of Fe/Mn-based cathodes remains a bottleneck for commercializa-
tion. Capacity degradation originates from structural evolution, interfacial side reactions,
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and environmental sensitivity. For instance, when exposed to HyO and CO,, the material
surface readily forms inert layers such as carbonates (Na,COs). Researchers are developing
modification strategies including elemental doping and surface coating. Future efforts
should focus on clarifying the synergistic effects of degradation mechanisms.

Among layered transition metal oxides, P2-type structures exhibit good cycling sta-
bility but suffer from sodium deficiency, while O3-types possess sufficient initial sodium
content yet are prone to phase transitions. Both issues stem from structural instability and
may be mitigated through approaches such as elemental doping. Polyanionic compounds
offer excellent thermal stability but suffer from poor electronic conductivity, whereas PBAs
facilitate sodium ion transport but face challenges related to lattice water. Moving forward,
a deeper understanding of material properties and the development of scalable synthe-
sis technologies are essential to advance the commercialization of sodium-ion batteries.
Summary of Morphology and Synthesis Methods for Different Cathode Materials in Table 3.

Table 3. Summary of Morphology and Synthesis Methods for Different Cathode Materials.

Material

Morphology Average Voltage (V) Capacity Retention Reference

Layered oxides

Tunnel oxides
Phosphates
Fluorophosphates

Prussian Blue
Analogues

NajyFe[Fe(CN)g

NaMnO, Zig-zag layer 2.7 73.7% (100 cycles) [22]
C-NaCrO, Plate 3.0 71.4% (50 cycles) [25]
Nag 44MnO, Nanofiber 2.8 67.8% (140 cycles) [30]
NaFePO, EtChifofﬁrb"“ 25 100% (5000 cycles) [98]
Na3V,(POy)3 Plate 34 92.5% (500 cycles) [91]
NazV,(POy4),F3 cubes 35 86.4% (300 cycles) [100]
Highly crystalline Y
Microcubes 3 70% (100 cycles) [119]

5.2. Prospect

Looking ahead, the relationship between sodium-ion batteries and lithium-ion bat-
teries will evolve from a complementary dynamic based on resource and cost to one
characterized by both competition and synergy across next-generation technological fron-
tiers. The emergence of solid/quasi-solid electrolytes, particularly phosphorus-containing
polymers, represents a pivotal avenue for overcoming the inherent energy density and
safety limitations of conventional liquid systems, owing to their superior safety profiles and
processability. This underscores the profound significance of conducting direct, parallel
comparisons of Li/Na systems utilizing these advanced electrolytes. While both systems
confront shared fundamental challenges—such as enhancing ionic conductivity and stabiliz-
ing interfaces—their divergent opportunities are paramount. The distinct physicochemical
properties of sodium ions may engender unique coupling interactions with polymer ma-
trices and ion transport mechanisms, thereby unlocking a novel molecular design space
for crafting sodium-specific, high-performance electrolytes. Furthermore, the intrinsic
electrode material cost advantage of SIBs necessitates a comprehensive re-evaluation of
the full-cell’s economic equilibrium when integrated with potentially higher-cost polymer
electrolyte systems. This reassessment could crystallize SIBs” unique value proposition
for specific, cost-sensitive, large-scale energy storage applications. Consequently, future
research must actively probe the compatibility of SIBs with novel electrolyte chemistries,
especially functionalized polymers. The ultimate objective is not for SIBs to universally
surpass LIBs, but to achieve a precisely defined technological niche by leveraging their
distinct chemical affinities and cost structures, thereby co-creating a more diversified and
sustainable energy storage ecosystem.

This review posits that for SIBs to transition into a mainstream solution for grid-scale
storage, future endeavours must forge a synergistic, multi-dimensional innovation chain
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spanning from atomic-scale mechanisms to macroscopic systems. Material innovation
serves as the cornerstone, encompassing the exploration of ultra-high-sodium-content cath-
odes, novel multi-electron-transfer polyanionic/organic systems, and the application of
machine learning for rational material design. A deeper fundamental understanding of pro-
cesses such as anionic redox is equally critical. Performance breakthroughs are contingent
upon atomic-level mechanistic insights. The deployment of advanced in situ/operando
characterization techniques is imperative to resolve real-time Na* (de)intercalation kinet-
ics, phase transition pathways, and solid-electrolyte interphase evolution, enabling the
establishment of quantitative structure-property-performance relationships. Concurrently,
industrially oriented engineering is indispensable. Efforts must concentrate on developing
scalable, low-energy manufacturing processes and overcoming mass/charge transport limi-
tations in high-areal-loading thick electrodes. The development of novel, highly compatible
electrolyte systems is also essential for ensuring robust full-cell integration and cycle life.
Finally, the research scope must extend beyond the single cell. This entails constructing
multi-scale safety and simulation models, formulating application-relevant testing and
lifetime evaluation protocols, and pioneering green recycling routes to realize a closed-loop,
low-environmental-impact lifecycle. In essence, the advancement of SIB technology hinges
on interdisciplinary convergence across materials science, electrochemistry, and engineer-
ing, elevating its role from a capable complement to LIBs to an indispensable pillar within
future low-carbon energy infrastructure.

Notwithstanding significant laboratory-scale advancements in SIB cathode materials,
their path to commercialization is fraught with formidable engineering and system-level
integration hurdles. Practical deployment necessitates bridging the critical gap from
gram-scale synthesis to ton-scale production and from coin cells to kilowatt-hour-level
battery packs—a transition often overlooked in fundamental research. Commercial-grade,
high-loading thick electrodes impose severe constraints on ion and electron transport,
rendering the exceptional rate performance metrics obtained from laboratory thin electrodes
difficult to replicate. This gap underscores the urgent need for developing large-scale,
high-uniformity electrode manufacturing processes tailored to specific material systems.
Moreover, the practical assembly of “sodium-deficient” full-cells demands meticulous
balancing of the irreversible capacity loss at the cathode, the insufficient initial Coulombic
efficiency of hard carbon anodes, and limited electrolyte volume. Any mismatch in the
negative-to-positive capacity ratio (N /P ratio) or electrolyte-to-capacity ratio can precipitate
irreversible sodium loss and rapid capacity fade.

The environmental robustness and long-term reliability of materials—including their
stability in ambient air, gassing behaviour, and performance across wide temperature
ranges—must be rigorously assessed over extended periods within full-cell configurations
employing commercial electrolytes. These characteristics serve as the ultimate litmus test
for a material’s practical viability. Ultimately, market competitiveness will be dictated
by cost control and supply chain maturity across the entire value chain, encompassing
factors from the purity and cost of industrial-grade raw materials and the energy con-
sumption/yield of thousand-ton-scale synthesis processes, to stringent quality consistency
control during mass production.

Therefore, propelling industrialization forward mandates not only the continued
exploration of novel high-performance materials but, more pressingly, a deepened sym-
biotic integration between academia and industry. Collaborative efforts must focus on
application-oriented material and electrode design, establish testing and failure analysis
standards that mirror real-world operating conditions, and jointly tackle the core process
challenges inherent in scale-up manufacturing.
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