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Abstract: [ Background] With the consumption of global lithium resources and the ever-increasing demand for large-scale energy
storage systems,sodium-ion batteries (SIBs) are gaining more attention due to the wide distribution,low cost,and abundance of Na
resources. In addition, the working principle and production equipment of SIBs are similar to those of lithium-ion batteries, providing
exceptional advantage for SIBs in the commercial large-scale chemical energy storage. Cathode materials play a crucial role in SIBs,as
they constitute the major cost component, while their physicochemical and electrochemical properties can also significantly determine
the energy density, power density,and safety of SIBs. So far,a variety of cathode materials have been developed and optimized by
researchers, which can be broadly categorized into three groups:layer-structured transition metal oxides,Prussian blue analogues.and
polyanionic compounds. Among these, the polyanion compounds exhibit notable structural stability. excellent safety characteristics,
and facile realization of batch production, rendering them one of the most promising cathode materials for commercialization.
[ Progress] Generally, the polyanionic cathode material consists of polyanion (XO,)" (X=P,S,etc.) tetrahedra and TmOs (Tm:

transition metal element) octahedra, forming a three-dimensional framework structure through strongly covalently bonds for the
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reversible Na' migration. The difference of Tm and X elements results in the diversity polyanionic cathode materials. During charge
and discharge processes, the strong electronegativity of the X element in the anionic group improves the redox potential of the
materials through the inductive effect, resulting in the high working voltage of polyanionic compounds. Various X elements in the
anionic group,such as P,S,Si,and B,endow diverse properties of polyanion-type materials. Phosphate-based polyanionic compounds
have emerged as extensively investigated alternatives owing to their exceptional electrochemical performance. In fact, the strong
covalent bonding between polyanion tetrahedra and TmQ; octahedra contributes to the exceptional structural stability and high
operating voltage of phosphate-based polyanion compounds. However, it also reduces their electronic conductivity, impeding further
advancement in capacity and the rate performance. Herein, the structural characteristics, preparation technology, sodium storage
mechanism.and electrochemical behavior of typical phosphate-based polyanion compounds were comprehensively reviewed with a clue
of structures, such as NaMPO, with olivine structure, Na,M,(PO,); with Na super ionic conductor ( NASICON) structure,
Na,M,P,O; with pyrophosphate structure,and mixed phosphates. Moreover, the modification strategies for addressing their inherent
limitations in electrical conductivity and specific capacity were systematically analyzed. such as coating, doping. morphological
control, and other methods. The relationship between the chemical composition or modification strategy and the performance
optimization of polyanionic materials is elucidated through a comprehensive summary. Compared to other SIB cathode materials,
phosphate-based polyanionic cathode materials possess advantages such as high stability, good rate performance, and low cost.
However,due to limitations imposed by their theoretical specific capacity,the energy density of phosphate-based polyanionic cathode
materials is generally low. Currently, it is necessary to enhance the comprehensive properties of these materials to meet practical
application requirements. Although NaFePO, exhibits relatively high specific capacity, its complex preparation method and low
working voltage pose challenges for practical implementation. NASICON demonstrates excellent electrochemical performance and a
stable structure but often contains costly metal elements like V during actual production processes. Iron-based mixed phosphates offer
great commercialization prospects at a lower cost,but the capacity of materials needs to be further improved. [ Perspective] Therefore, the
next step in development is to modify the material in order to achieve a specific capacity that closely aligns with theoretical values,
thereby emphasizing the low-cost and stable advantages of phosphate-based polyanionic anode materials. In terms of fundamental
research,our focus lies on understanding the sodium storage and dynamic mechanisms of these materials, while also optimizing their
conductivity and electrochemical properties at a deeper level. The prospects for commercializing phosphate-based polyanionic cathode
materials are examined, highlighting key challenges and outlining future development directions, thus providing theoretical guidance
to facilitate their continued advancement and industrialization.

Keywords: sodium-ion battery; polyanionic compound; cathode material
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Fig. 1 Comparison of key properties of cathode materials for sodium-ion batteries™'" (a) , comparison of potential and

capacity of cathode materials for sodium-ion batteries™ (b) , comparison of specific capacity and

thermal stability of cathode materials for sodium-ion batteries!'*) (¢)
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Fig. 4 Electrochemical impedance spectroscopy of NaVP,; in its initial state (hollow) and after 20 cycles (solid)®* (a),

charge and discharge curves of Na, FeP; O; material**! (b) , rate capacity and cycling performance of Na; FeP, O, /C

(4. 8% s by mass) material®! (¢ — d) s comparison of CV curves of Na, MnP,O; and Na, FeP, O; materials** (e) ,

comparison of power density between diverse polyanion-type materials™® ()
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Tab. 1 Electrochemical performances of different phosphate-based PACs

" ik L4/ (mAh - g ) TEFAERE

e AV g WH ORISR/ fiRE/C
NaFePO, " 4.0 115 155 800 91.3 1
NaFePO, /C*” 3.8 111 155 240 90 0.1
NaFePO, 4.0 142 155 200 95 0. 05
NaFePO, @C=% 4.0 145 155 6 300 89 5
NaFePO, @C &k H % 4.3 149. 2 155 5 000 95 10
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