Proceedings of CONF-MSS 2026 Symposium: Advanced Composite Materials and Polymer Chemistry
DOL: 10.54254/2755-2721/2026.AD32618

Recent Advances on Cathode Materials for Sodium-Ion
Batteries

Yujie Zhang

College of Chemistry and Chemical Engineering, Tarim University, Aral, China
1239091088@qq.com

Sodium-ion batteries, owing to their advantages such as abundant sodium
resources and low cost, have emerged as one of the most promising next-generation
technologies for large-scale electrochemical energy storage. The cathode material plays a
critical role in determining both energy density and cycle life. Currently research efforts are
primarily focuses on three systems: layered oxides, Prussian blue analogues, and polyanion
compounds. This review systematically summarizes the mechanism of three cathode
materials in the sodium-ion battery, latest research progress in modification strategies such
as element doping, interface modification, high-entropy design, and bottleneck problems of
these cathode materials, aiming to provide perspectives on future development directions.
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Traditional energy sources, such as coal and oil, are under intense pressure with the two strategic
imperatives: of the global transition of energy systems and as the growing need for environment
protection. More importantly, their non-renewable reserves are increasingly insufficient to meet the
rising energy demands of human society. This demand has brought the development of sustainable
new energy system as the key solution to the aforementioned challenges. Among various
electrochemical energy storage technologies, lithium-ion batteries have become one of the hotspots
in the past decades due to their high energy density. However, their further development is
constrained by some notable limitations, such as the finite reserves of lithium resources and their
uneven geographical distributions. In addition, the high reactivity of lithium rises concerns of
operating safety. Researchers around the world actively seek alternative energy storage materials
that can replace lithium. Sodium-ion batteries have emerged as a promising candidate due to the
abundance low cost, and environmental compatibility the sodium resources, indicating the potential
for future development and practical usage. Cathode materials are an important component of
sodium-ion batteries. They are generally classified into three main categories, including layered
oxides, polyanionic compounds and Prussian blue compounds. Layered oxides are characteristic by
high theoretical specific capacity, low cost and tunable structure. However, the large radius of
sodium ions results in high migration resistance. The polyanionic compounds have unique three-
dimensional structure, high operating voltage and long cycle life. Nevertheless, they have low
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theoretical specific capacity. Prussian blue analogs offer advantages of broad ion migration channels
and low production cost, which facilitat rapid sodium-ion mobility. But the presence of crystal water
and lattice defects readily lead to the capacity loss. In general, these three categories of materials
have a trade-off in a particular capacity, cycling stability, cost-effectiveness, and complexity of
synthesis. This review summarizes the current developments on such cathode materials, and offers
perspectives on the future development direction.

Layered metal oxides (A MO,)have a typical two-dimensional layered structure in the group of
transition metal oxides. Among them, sodium-ion layered metal oxides (Na, TMO,) possess a crystal
structure made out of the alternating layers of Na and transition metal oxide. Sodium ions are
located in the interstitial positions formed by oxygen polyhedra, a structure that can facilitate the
rapid sodium ions diffusion along planar pathways during charging and discharging. This enables
reversible intercalation and deintercalation, allowing for efficient energy storage and release, thereby
offering a high theoretical specific capacity and excellent rate performance. One notable advantage
of this material lies in its compatibility with low cost metals like iron, manganese and nickel, owing
to the abundant availability of these raw materials [1,2]. This design does not depend on the scarcity
of cobalt metal, in line with the requirements of large-scale energy storage applications. Moreover,
the structure diversity of the layered metal oxides enables performance optimization through
strategies such as structural design, surface engineering, and element engineering, offering the
highly tunable electrochemical properties. These advantagesmake layered metal oxide materials one
of the most promising cathode materials in the present sodium-ion batteries (SIBs). Sodium-ion
layered metal oxides [3] can be divided into P2-type and O3-type according to the different
environments of coordination of sodium ions andstacking patterns of the crystals. P2-type materials
have demonstrated superior rate capability and cycling stability owing to the reduced migration
barrier and shorter diffusion pathways for sodium ions during charging and discharge [4]. On the
contrary, O3-type materials possess a greater amount of sodium, which theoretically offers greater
specific capacity. But in the deionization process, they frequently undergo multiphase transitions,
leading to dramatic change in volume and the formation of minor cracks, which ultimately reduces
their long-term repetitive ability [5].

Recent studies on sodium-ion layered metal oxide cathode materials has primarily focused on
enhancing structural stability, inhibiting phases transition during charging and discharging, air
stability, and prolongation of the cycle life. One of several methods that have been used to address
these challenges is element doping. Because it is a powerful tool to adjust the electronic structure
and lattice parameters of host materials. For example, doping with high-valence Sb’" not only
strengthens the M-O covalent bonds but also facilittates the formation of a P2 / O3 biphase structure.
This doping strategy consequently enhances electrochemical reversibility, particularly under high-
voltage operating conditions [6].. Doping P2-Na,..MnO, with Zr provides enhances both ite
structural stability and electrochemical performance. The Na,Mn,,Zr, O, electrode exhibits
excellent cycle stability, retaining 86.5% of its initial capability after 500 cycles with a release
capacity of 105 mAh-g'. This doping strategy improves the Na“ (de)intercalation kinetics and
structural stability. Furthermore, Mg doping has been demonstrated to be effective in enhancing the
air the stability of P2-type layered oxides. The introduction of Mg into P2-Na, .,O, significantly
enhances its structural stability in humid conditions, thereby improving battery performance. Mg
doping shortens M-O bonds, stabilizes the crystal structure, excessive interlayer expansion, and
inhibits the ordered phase transition of Na’ vacancies. These combined effects consequently
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enhances the performance of the cycle [7]. There are also other structural modification and interface
engineering techniques, which have had remarkable impacts. Surface coating is a widely employed
strategy for interface stabilization. This approach serves as an effective strategy to inhibit
detrimental side reactions at the electrode-electrolyte interface.. For example, an Al,O, layer
deposited via atomic layer deposition greatly improves the cycling stability of the
NaNji, ;Mn, ;Fe, ;0,. Within a voltage window of 2.0 -4.2 'V, the capacity retention of the coated
material remains at 89% after 200 cycles as compared to 68% of its uncoated counterpart [8].

Prussian blue analogues (PBAs), with the chemical formula A M, 'nH,O, constitute a class of
coordination compounds featuring an open three-dimensional framework. PBAs can also be used as
positive electrode materials for sodium-ion batteries, and their advantages lie in: (1) Excellent ionic
kinetics. The three-dimensional open framework composed of bridging metal ions and cyanide
ligands contains wide channels and cavities that provide efficient pathway for the rapid insertion and
extraction of sodium ions, resulting in outstanding rate and fast-charging performance; (2) Low cost.
Their synthesis primarily relies on the utilization of earth-abundant metals such as iron and
manganese, thus reduce the usage of rare materials like cobalt and nickel;(3) Capable of large-scale
production. The PBAs are typically prepared through co-precipitation method under room
temperature, which offers the advantages of facile scale-up and industrial viability; (4) Excellent
structural stability. This three-dimensional framework exhibits minimal volume change (less than
1%) during repeated cycling, enabling an extend cycle life It has been reported that the optimized
PBAs systems achieve enhanced cycling stability and capacity retention [9, 10]..

The electrochemical reaction in PBAs involves the redox of transition metals, denoted as M1 and
M2. For instance, Fe*'/Fe*" redox couple is the major charge storage used. Nevertheless, the intrinsic
water molecules and vacancies of the PBAs materials severely hinder Na* diffusion kinetics, thus
inhibiting the specific capacity and cycling stability of the materials. Furthermore, the dissolution
phenomenon of transition metal ions during the cycling process can lead to capacity degradation.

PBAs can be classified the into low-, medium- and high-entropy categories according to the
entropy of their elemental composition. Traditional PBAs, such as Na,FeFe(CN), and
Na,MnFe(CN), [11], belong to the low-entropy type. In recent years, high-entropy PBAs have
emerged as a new class of materials. Researchers have successfully incorporated five or more
principal elements in a high-entropy PBAs [12], including composite systems with Fe, Mn, Ni, Co,
Cu, etc. The high-entropy design enhances structural stability as well as thermodynamic tolerance.
Moreover, this design further enhances the configurational entropy effect of the material and
effectively suppresses Jahn-Teller distortion and local phase transitions. This strategy provides a
promising pathway to the next generation sodium-ion cathodes featuring better performance and
enhanced safety [13].

Polyanionic compounds represent an important class of cathode materials for sodium-ion batteries,
characterized by a structural framework composed of multiatomic anionic groups (e.g., PO,”, SO,
SiO,*) connected by strong covalent bonds. These materials have attracted considerable research
interest due to their excellent thermal stability, elevated operating voltage, and low volume strain
characteristics. As sodium-ion battery cathode materials, their working principle is similar to that of
PBAs. During charging, Na” is released from the lattice while transition metal ions (e.g., Fe*"/Fe’",
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V¥/V*) [14] are oxidized,, releasing electrons; the reverse occurs during discharge. Due to the
presence of strong M—O-P covalent bonds, the electronic state of oxygen atoms is effectively
stabilized, substantially mitigating oxygen release at high temperatures and thereby enhancing
safety. Compared with layered oxides and Prussian blue analogues, the rigid three-dimensional
framework and low strain characteristics of polyanionic compounds confer superior structural
stability making them suitable for high-power and long-life application. Moreover, the "induction
effect" exerted by polyanionic compounds enables tuning of the redox potential of transition or
nonmetal elements, which can lead to higher output voltages and improve energy density. Based on
the different crystal structure and anion types, polyanionic materials are classified into three major
categories: NASICON type [15], olivine type, and sulfate/silicate systems. NASICON type
materials (such as Na,V,(PO,),) are highly regarded due to their three-dimensional open framework
structure. It is composed of VO, octahedra and PO, tetrahedra sharing oxygen atoms, forming
continuous Na' diffusion channels, and providing excellent ion conductivity (up to 10-3 S-cm™).
Nevertheless, the toxicity and high costs of vanadium have motivated the development of
vanadiumfree alternatives, e.g., iron-based Na,Fe,(PO,); or manganese-based derivatives, which
retain the favorable NASICON structure [16,17]. Olivine-type phosphate, (such as NaFePO,), adopt
a stable two-dimensional layered network. However, their main drawbacks are low electronic
conductivity and tendency to form amorphous phases during synthesis. To address these issues,
strategies such as carbon coating and nanostructuring have been widely employed. Carbon coating is
an effective modification strategy, which involves constructing a conductive carbon layer on the
surface of NaFePO, active material particles. The nanomization strategy aims to reduce the particle
size of the active material to the nanoscale to fully utilize the advantages of nanomaterials [17].
Other polyanionic systems including pyrophosphate (Na,MP,O.,), sulfate (Na,Fe,(SO,),), and
silicate (Na,MSi0,) often exhibit higher theoretical voltages or lower raw material costs. However,
their practical application is hampered by slow ion diffusion kinetics and insufficient cycling
stability [18].

This review systematically summarizes recent advances in three types of cathode materials for
sodium-ion batteries: layered oxides, PBAs, and poly-anionic compounds. Layered oxides offer high
capacity and low cost, yet are hindered by structural phase transitions and sensitivity to ambient air.;
PBAs exhibit excellent rate performance and potential for low cost production, but their
performance is compromised by crystalline water and inherent lattice defects; Poly-anionic
compounds are known for their high voltage and high safety, but they have issues such as low
conductivity and limited capacity. Future research efforts should prioritize precise structural control,
elucidation of key degradation mechanisms, and optimization of large-scale preparation processes.
Through various synergistic effects, the comprehensive performance can be further enhanced,
accelerating of sodium-ion batteries towards the practical applications that meet the demands of high
energy density, long cycle life, enhanced safety, and low cost.

[11 Zhao, Y., Liu, Q., Zhao, X., Mu, D., Tan, G., Li, L., Chen, R., & Wu, F. (2023). Structure evolution of layered
transition metal oxide cathode materials for Na-ion batteries: Issues, mechanism and strategies. Materials Today,
62, 271-295. https: //doi.org/10.1016/j.mattod.2022.11.024

[2] Su, H., Jaffer, S., & Yu, H. (2016). Transition metal oxides for sodium-ion batteries. Energy Storage Materials, 5,
116-131. https: //doi.org/10.1016/j.ensm.2016.06.005

48



Proceedings of CONF-MSS 2026 Symposium: Advanced Composite Materials and Polymer Chemistry
DOI: 10.54254/2755-2721/2026.AD32618

[3] Liu, R. (2024). Research on Multiphase Structure Synergy Mechanism of Layered Oxide Cathode Materials for
Sodium Ion Batteries. (Master's thesis, Qingdao University). https: /doi.org/10.27262/d.cnki.gqdau.2024.000086.

[4] Tang, K., Huang, Y., Xie, X., Cao, S., Liu, L., Liu, H., Luo, Z., Wang, Y., Chang, B., Shu, H., & Wang, X. (2020).
Electrochemical performance and structural stability of air-stable Na0.67Ni0.33Mn0.67-xTixO2 cathode materials
for high-performance sodium-ion batteries. Chemical Engineering Journal, 399, 125725. https:
//doi.org/10.1016/j.cej.2020.125725

[5] \Gao, H., Zeng, J., Sun, Z., Jiang, X., & Wang, X. (2024). Advances in layered transition metal oxide cathodes for
sodium-ion batteries. Materials Today Energy, 42, 101551. https: //doi.org/10.1016/j.mtener.2024.101551

[6] Jamil, S., Mudasar, F., Yuan, T., Fasehullah, M., Ali, G., Chae, K. H., Voznyy, O., Zhan, Y., & Xu, M. (2024). Sb-
Doped Biphasic P2/03-Type Mn-Rich Layered Oxide Cathode Material for High-Performance Sodium-Ion
Batteries. ACS Applied Materials & Interfaces, 16(12), 14669—14679. https: //doi.org/10.1021/acsami.3c15667

[7] Hakim, C., Sabi, N., & Saadoune, 1. (2021). Mixed structures as a new strategy to develop outstanding oxides-
based cathode materials for sodium ion batteries: A review. Journal of Energy Chemistry, 61, 47—60. https:
//doi.org/10.1016/j.jechem.2021.02.027

[8] Zhao, X., Liu, Q., He, W., Mu, D., Li, L., Chen, R., & Wu, F. (2025). Uniform A1203 coating for improved cycling
stability of O3-type sodium-ion batteries cathode: Mechanisms and performance insights. Journal of Energy
Storage, 131, 117548. https: //doi.org/10.1016/j.est.2025.117548

[9] Liu,J., Liu, J., Tang, M., Fu, J., Kuang, X., & Ma, J. (2024). Boosting Sodium Storage in Prussian Blue Analogs
Through Iron Vacancies and Copper Doping. Advanced Functional Materials, 34(17), 2314167. https:
//doi.org/10.1002/adfm.202314167

[10] Fan, S., Liu, Y., Gao, Y., Liu, Y., Qiao, Y., Li, L., & Chou, S. (2023). The design and synthesis of Prussian blue
analogs as a sustainable cathode for sodium-ion batteries. SusMat, 3(6), 749—780. https: //doi.org/10.1002/sus2.170

[11] Tang, W. (2019). Synthesis and performance of Prussian blue analogues as cathode materials for sodium ion
batteries (Master's thesis, Shanghai Jiao Tong University). https: //doi.org/10.27307/d.cnki.gsjtu.2019.000814

[12] Liu, S., Yu, H., Zhao, Y., Sun, J., He, Y., Zhu, D., Song, Z., Xu, S., Sun, R., Yang, Y., Tong, S., Zhang, R., Chen, G.,
& Li, Q. (2025). Inhibiting Phase Transitions of Prussian Blue Analogs with High-Entropy Strategy for Ultralong-
Life Sodium-Ion Battery Cathodes. Small, 21(31), 2504893. https: //doi.org/10.1002/sm11.202504893

[13] Liu, Z., Peng, Y., Meng, T., Yu, L., Wang, S., & Hu, X. (2022). Thermal-triggered fire-extinguishing separators by
phase change materials for high-safety lithium-ion batteries. Energy Storage Materials, 47, 445-452. https:
//doi.org/10.1016/j.ensm.2022.02.020

[14] Kim, D., Kang, S., Slater, M., Rood, S., Vaughey, J. T., Karan, N., Balasubramanian, M., & Johnson, C. S. (2011).
Enabling Sodium Batteries Using Lithium-Substituted Sodium Layered Transition Metal Oxide Cathodes.
Advanced Energy Materials, 1(3), 333-336. https: //doi.org/10.1002/aenm.201000061

[15] Li, C. (2024). Research of Cathode Materials for Sodium-lon Batteries. Highlights in Science, Engineering and
Technology, 116, 283-289. https: //doi.org/10.54097/jpaw4474

[16] Q. Zhou et al., “Zhou, Q., Wang, L., Li, W., Zhao, K., Liu, M., Wu, Q., Yang, Y., He, G., Parkin, 1. P., Shearing, P.
R., Brett, D. J. L., Zhang, J., & Sun, X. (2021). Sodium Superionic Conductors (NASICONSs) as Cathode Materials
for Sodium-Ion Batteries. Electrochemical Energy Reviews, 4(4), 793—823. https: //doi.org/10.1007/s41918-021-
00120-8

[17] Liao, H., Zhang, Z., Zheng, Y., & Gao, Y. (2024). NaFePO4 for sodium-ion batteries: Mechanism, synthesis and
optimization strategies toward commercialization. Energy Storage Materials, 65, 103157. https:
//doi.org/10.1016/j.ensm.2023.103157

[18] Cao, Y., Liu, Y., Zhao, D., Zhang, J., Xia, X., Chen, T., Zhang, L., Qin, P., & Xia, Y. (2019). K-doped
Na3Fe2(P0O4)3 cathode materials with high-stable structure for sodium-ion stored energy battery. Journal of Alloys
and Compounds, 784, 939-946. https: //doi.org/10.1016/j.jallcom.2019.01.125

49



