
Sodium Superionic Conductors (NASICONs) as Cathode 

Materials for Sodium-ion Batteries 

Qingbo Zhoua, Linlin Wanga*, Wenyao Lib*, Kangning Zhaoc, Minmin Liua, Qian Wua 

Yujie Yanga, Guanjie Heb, Ivan P. Parkin,b Paul R. Shearingb, Dan J. L. Brettb, Jiujun 

Zhanga* and Xueliang Sund 

 

a Institute for Sustainable Energy/College of Science, Shanghai University, Shanghai 

200444, China. 

b Electrochemical Innovation Lab, Department of Chemical Engineering, University 

College London, London WC1E 7JE, United Kingdom. 

c Laboratory of Advanced Separations (LAS) École Polytechnique Fédérale de 

Lausanne (EPFL) Sion CH-1950, Switzerland. 

d Department of Mechanical and Materials Engineering, University of Western 

Ontario, 1151 Richmond St, London, Ontario, N6A 3K7, Canada. 

E-mails: wlinlin@mail.ustc.edu.cn; wenyao.li@ucl.ac.uk; jiujun.zhang@i.shu.edu.cn 

mailto:wlinlin@mail.ustc.edu.cn
mailto:wenyao.li@ucl.ac.uk


Abstract: Sodium-ion batteries (SIBs) have developed rapidly owing to the high 

natural abundance, wide distribution, and low cost of sodium. Among the various 

materials used in SIBs, sodium superion conductor (NASICON)-based electrode 

materials with remarkable structural stability and high ionic conductivity are one of 

the most promising candidates for sodium storage electrodes. Nevertheless, the 

relatively low electronic conductivity of these materials makes them display poor 

electrochemical performance, significantly limiting their practical application. In 

recent years, the strategies of enhancing the inherent conductivity of 

NASICON-based cathode materials have been extensively studied through coating the 

active material with a conductive carbon layer, reducing the size of the cathode 

material, combining the cathode material with various carbon materials, and doping 

elements in the bulk phase. In this paper, we review the recent progress in the 

development of NASICON-based cathode materials for SIBs in terms of their 

synthesis, characterization, functional mechanisms and performance 

validation/optimization. The advantages and disadvantages of such SIB cathode 

materials are analyzed, and the relationship between electrode structures and 

electrochemical performance as well as the strategies for enhancing their electrical 

conductivity and structural stability are highlighted. Some technical challenges of 

NASICON-based cathode materials with respect to SIB performance are analyzed, 

and several future research directions are also proposed for overcoming the challenges 

toward practical applications. 
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1. Introduction 

With the rapid increase in energy demand, the fast consumption and depletion of 

fossil fuels as well as the increase in environmental pollution have become concerns 

in recent years [1-4]. To mitigate and develop alternative solutions to the energy 

supply, new clean energy sources, such as solar, wind, falling water, and sea waves, 

have been identified as sustainable candidates for electrical energy generation [5,6]. 

To fully utilize such weather-dependent and intermittent electrical energy, the 

development of energy storage technologies, such as batteries, supercapacitors, and 

water electrolysis for hydrogen generation, is necessary [7-9]. Regarding batteries, 

lithium-ion batteries (LIBs) have high energy/power densities, relatively long 

lifespans, and are environmentally friendly; thus, they have been extensively 

developed and commercialized [10-15]. However, lithium has a natural reserve of 

only 0.0065% in Earth’s crust, which is not enough for large-scale and sustainable 

commercialization [16,17]. Therefore, research on sodium-ion batteries (SIBs) has 

been increasing and has become a hot research topic due to the plentiful natural 

abundance and low cost of sodium on Earth [18-24].  

Regarding SIBs, cathode materials play a critical role in energy/power densities and 

cycle life [25]. Currently, the most widely studied SIB cathode materials are layered 

transition metal oxides [26-32] and polyanions [33-37]. For example, layered 

transition metal oxides, such as NaCoO2 [38,39] and NaxMnO2 [40], exhibit fast 

Na+-ion insertion/extraction reactions, but the materials undergo significant structural 

changes and bulk expansion during the charge/discharge processes of SIBs. These 

structural changes are due to the absence of structural stability, resulting in rapid 

decreases in the cycle life and cell voltage. Polyanion materials with an open 

three-dimensional frame structure show high potential for use in SIBs [35,41-45]. The 



typical polyanion material has superionic conductivity for Na+ ions; thus, this material 

is called a sodium superionic conductor (NASICON). The total formula of 

NASICON-type materials can be described as NaxMM'(XO4)3 (M or M' = V, Fe, etc. 

X = P or S, X = 0~4). The unit structure consisting of angular sharing MO6 (M'O6) and 

polyhedral XO4 groups can provide Na+-ion diffusion channels. This frame structure 

helps the sodium ions spread reversibly and rapidly in the bulk phase of the material 

without an obvious volume change in the main structure of the crystal. Among 

NASICON-type SIB cathodes, Na3V2(PO4)3 and Na3V2O2x(PO4)2F3-2x have been well 

studied. However, the relatively low electronic conductivities of such materials make 

them display poor electrochemical performance, which significantly limits their 

practical application. To implement additional research studies, this review 

summarizes recent research progress in NASICON-type SIB cathode materials with a 

focus on the material synthesis, characterization, functional mechanism and 

electrochemical performance validation/optimization. Several technical challenges in 

developing NASICON-type cathode materials are proposed, and possible research 

directions are also analyzed to overcome the challenges of using NASICON-type 

cathode materials in practical applications. 

2. NASICON-type cathode materials 

2.1 Charge and discharge processes of sodium-ion batteries 

The working principle of sodium-ion batteries (SIBs) is very similar to that of 

lithium-ion batteries (LIBs). Basically, the Li+ ions in LIBs are replaced by Na+ ions, 

and the mutual conversion between chemical energy and electrical energy is realized 

by the insertion and extraction of Na+ ions between the cathode and anode electrode 



materials. In this regard, the working principle of SIBs is similar to that of LIBs 

except that the Li+ ions involved in the insertion and extraction reaction are replaced 

by Na+ ions. As shown in Fig. 1a, when the SIB is charged, an oxidation reaction 

takes place on the cathode electrode, with Na+ ions deintercalating from the cathode 

electrode, passing through the electrolyte-saturated separator, and subsequently 

intercalating into the anode electrode; the electrons travel through an external circuit 

to the anode and form a sodium metal adduct to complete the charge process. When 

the SIB is discharged, the anode is oxidized with Na+ ions released from the anode 

material into and passing through the electrolyte separator and inserted into the 

cathode with electrons traveling through an external circuit to the cathode, forming a 

Na+ ion-containing cathode material to complete the discharge process. 

2.2 NASICON-type Na3V2(PO4)3 cathode materials 

Among numerous NASICON-type materials, Na3V2(PO4)3 (NVP) is one of the most 

representative cathode materials [46-48]. The three-dimensional skeletal structure of 

NVP makes it exhibit high thermal/chemical stability. Compared to other transition 

metal materials with NASICON structures, NVP has the advantages of easy 

preparation, large capacity and a high voltage window. These excellent features make 

NVP a very promising material in SIB applications. However, the low conductivity of 

this material can lead to poor rate performance and low cycling stability as SIB 

cathodes [49,50]. Therefore, many strategies have been proposed and carried out to 

solve this issue, as shown in Fig. 1b. These strategies include reducing the NVP 

particle size, coating NVP particles with a conductive carbon layer or transition metal 

oxide, combining NVP particles with various carbon materials and doping other ions 



to increase charge carrier transport kinetics. These strategies are beneficial to 

improving the surface conductivity and bulk phase conductivity. The intrinsic 

conductivity of NVP is usually adjusted by ion doping. In this section, these strategies 

for improving NVP conductivity will be presented in terms of the NVP crystal 

structure, reaction mechanisms, and surface/bulk structure modifications for 

increasing performance as SIB cathodes. 

 

 

Fig. 1 a Schematic showing the charge and discharge processes of a sodium-ion 

battery (SIB). b Strategies for improving the conductivity of NASICON-type SIB 

cathode materials. 

2.2.1 Crystal structure and storage mechanism of NVP 

NVP has a three-dimensional open frame structure with a rhombic crystal structure 

and a space group of R 3 c [51]. Its primitive cell is composed of a VO6 octahedron 

and PO4 tetrahedron, which share oxygen atoms at the vertex and connect to each 

other to form the basic [V2(PO4)3] skeleton unit. Each formula unit may contain up to 

four univalent sodium ions. Fig. 2a shows that there are two types of sodium ions 

with oxygen atom coordination in the crystal of NVP: Na1 (6b sites) and Na2 (18e 
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sites). By analyzing the spatial structure of the two active sites, it can be concluded 

that the space at the Na1 site is smaller and that sodium ions may not be able to 

reversibly intercalate or deintercalate. Therefore, only Na2 ions in the crystal of NVP 

have electrochemical activity. Fig. 2b reveals the possibility of the migration scheme 

of Na+ ions. This scheme can reasonably explain the theoretical specific capacity of 

117.6 mAh g-1 for NVP. In this regard, Song et al. [52] used the first-principles theory 

and calculated the activation energy of NVP and obtained the migration energy of Na+ 

ions with different diffusion paths in the crystal during the charging and discharging 

processes. The three possible Na+ ion diffusion paths are shown in Fig. 2c. The first 

diffusion path is that Na+ ions pass through the channel between two PO4 tetrahedrons 

and diffuse along the x-axis. The corresponding migration energy is 0.0904 eV. The 

second diffusion path is that Na+ ions diffuse along the y-axis through the gap 

between the PO4 tetrahedron and VO6 octahedron, and the corresponding migration 

energy is 0.11774 eV. The third diffusion path is that Na+ ions diffuse through the 

channel between the adjacent PO4 tetrahedron and VO6 octahedron and diffuse along 

the z-axis, and the corresponding migration energy is 2.438 eV. Jian et al. [51,53] 

studied the reaction mechanism of NVP by both in situ XRD (Fig. 2d) and spherical 

aberration correction TEM (Fig. 2e) and further analyzed the crystal structure during 

the electrochemical reaction process. There were two different occupancies of sodium 

sites: 6b sites (Na1, M1) and 18e sites (Na2, M2) in the Na3V2(PO4)3 crystal cell. 

These results suggested that there were two typical phase reactions in the process of 

charging and discharging. Only sodium atoms occupying M2 sites could be 

deintercalated, indicating that two sodium atoms were able to be deintercalated from 

the NVP structure. The volume change of the crystal in the reaction process was 

8.26%. Fig. 2e shows the ABF-STEM images of Na3V2(PO4)3 (upper left) and 



NaV2(PO4)3 (upper right) along with the [111] projection; additionally, their 

corresponding line profiles are under the images. In the ABF-STEM image of 

NaV2(PO4)3, no sodium atom occupies the M2 sites, whereas a Na atom is visible in 

the ABF-STEM image of Na3V2(PO4)3. The corresponding red line profiles were also 

studied by inverting the image contrast of the dark dots and displaying them as peaks. 

The results show only one peak instead of the two obvious peaks of sodium atoms in 

Na3V2(PO4)3. However, there is no peak that can be observed in the corresponding 

sites of NaV2(PO4)3, suggesting that although there are numerous vacancies, Na atoms 

cannot completely occupy the M2 sites of Na3V2(PO4)3. This result confirms the 

previous view that the storage mechanism of sodium ions in the NVP structure is a 

two-electron reaction system; that is, only sodium ions at the Na2 sites participate in 

the reaction, while sodium ions at the Na1 sites are inert and do not participate in the 

reaction. 

 



 

Fig. 2 a Crystal structure of Na3V2(PO4)3, b Na+ ion occupation based on the 

calculated [Na3V2(PO4)3]2 unit mode. c Possible Na+ ion migration paths along the x, 

y, z directions [52]. Copyright 2014, Royal Society of Chemistry. d In situ XRD 

patterns of Na3V2(PO4)3 during the charge/discharge processes [53]. Copyright 2013, 

WILEY-VCH. e Projection for Na3V2(PO4)3 and NaV2(PO4)3
 
along the (111) plane 

(the blue and yellow circles are Na atoms at the M1 and M2 sites, respectively, the 

blue arrow represents Na atoms at the M2 site.) and the red line curves are from the 

inverted image contrast of the dark dots in the ABF images [51]. Copyright 2014, 

WILEY-VCH. 

2.2.2 Strategies for improving the performance of NVP 

As mentioned previously, NASICON-type cathode materials have the advantages of a 



stable structure, high working voltage and good thermal stability. However, the low 

conductivity of these materials limits their electrochemical performance. In view of 

this, researchers usually adopt many strategies to improve the conductivity to enhance 

their rate performance and cycle life, such as size reduction, surface coating, ion 

doping and designing three-dimensional flexible electrodes[54-57].  

2.2.2.1 Nanocrystallization 

Usually, the cathode material in a battery is not fully involved in the electrochemical 

reaction because of the existence of dead corners. For a cathode material, the larger 

the particle size, the more dead corners that cannot participate in the reaction, 

resulting in larger capacity loss. In addition, larger particles can also result in a lower 

tap density and a lower energy density. Moreover, the synthesis process of NVP 

inevitably involves high-temperature calcination, in which the precursor particles can 

form large secondary particles or even bulk materials, which can seriously affect the 

rate of ion diffusion and prevent the improvement in electrochemical performance. 

Therefore, reducing the particle size of the NVP material should be an effective way 

to improve the capacity and energy density [58-60]. With this approach, the diffusion 

distance of Na+ ions can be reduced in the solid phase, and the active sites of Na+ ion 

exchange with electrons and electrolyte can also be increased, therefore leading to an 

NVP material with enhanced electrochemical behavior. 

Duan et al. [54] prepared NVP-based composites (NVP@C nanoparticles) by a 

sol-gel-assisted hydrothermal method. The morphology of this product was 

nanoparticles with a radius of approximately 30 nm. Fig. 3a-c displays the schematic 

diagram of the model for both ion and electron conductance. By studying and 

contrasting the electrochemical characteristics of large-sized NVP and NVP/C 

particles and NVP@C nanoparticles, they found that the large-sized NVP particles 



had an unfavorable diffusion distance for Na+ ions in the bulk phase due to the larger 

particle size. The redox reaction could only occur in the outer layer of the bulk phase; 

thus, electron conduction was also impeded. For large-sized NVP/C particles, 

although the coated carbon could enhance the conductivity, most of the particles were 

in an inactive state. However, NVP@C nanoparticles exhibited a much higher 

conductivity. Fig. 3d shows the corresponding dQ/dV plots. The oxidation and 

reduction peaks of the three samples attributed to the V4+/V3+ redox couples can be 

clearly seen. Notably, NVP@C nanoparticles exhibit the most highly symmetrical 

sharp peaks with a small potential polarization (E) value of 31 mV. Such a small E 

exactly proves the lower polarization of the electrode and fast migration of Na+ ions, 

which can be attributed to the effects of the nanosized particles and conductive 

coating. The cyclic performances of the three samples at 0.5C are compared in Fig. 3e. 

After 50 charge and discharge cycles, the capacity retentions of the NVP@C 

nanoparticles, large-sized NVP/C, and NVP are 99.6%, 87.6%, and 63.6%, 

respectively. This result indicates that small nanosized particles can realize the high 

utilization of active materials; thus, enhanced electrochemical performance is 

achieved. 

 



 

Fig. 3 Schematic diagram of electron conduction and Na+ ion transport paths within a 

large-sized NVP, b large-sized NVP/C, and c NVP@C nanoparticles. Electrochemical 

properties of d the corresponding dQ/dV plots and e cyclic performance of different 

cathodes at 0.5C [54]. Copyright 2014, Royal Society of Chemistry. 

 

In the synthesis of nanomaterials, surfactants are often used to adjust the 

morphology and size of the product. Jiang et al. [61] synthesized one-dimensional 

NVP nanowires with a mesoporous core-shell structure (NVP@C-CNW) by 

controlling the amount of cetyl trimethyl ammonium bromide (CTAB), as shown in 

Fig. 4a. This material shows a large specific surface area that can fully contact the 

electrolyte. It can reduce the diffusion distance of Na+ ions, conduct electrons and 

transfer ions while also having enough space for volume expansion in the course of 

repeated charge and discharge cycling. In addition, its core-shell structure can 

effectively inhibit the formation of larger particles over the course of the annealing 



process and ultimately form nanoparticles inside the nanowires. This nanowire 

structure also increases the electronic conductivity of NVP and improves the rapid 

charging performance. Therefore, NVP@C-CNW shows excellent rate performance 

(62.2 mAh g-1 at 60C) and a superlong lifespan (96 mAh g-1 after 1000 cycles at 1C 

and 74.4 mAh g-1 after 1000 cycles at 20C with a low decay of 1.79% per cycle, as 

shown in Fig. 4b-c). Yu et al. [62] prepared NVP@C-N nanoparticles through a facile 

hydrothermal-assisted sol-gel route. During the synthesis process, they used PEG-400 

as the surfactant to adjust the particle size. The obtained product (NVP@C-N150) 

delivered both excellent rate performance and cycle life. Even at a high rate of 80C, 

NVP@C-N150 could reach a specific capacity of up to 71 mAh g-1, while the specific 

capacity of NVP@C was below 20 mAh g-1. From these studies above, it can be 

concluded that surfactants can not only be selected as an effective way to adjust the 

size of the product but also be used as the carbon source to produce a carbon layer on 

the NVP product after carbonization, efficiently preventing agglomeration between 

particles. 

 



 

Fig. 4 a Schematic showing the experimental process to fabricate NVP@C-CNW. b 

Cycling performance of all samples at 1C for 1000 cycles, c specific capacity of 

NVP@C-CNW at a rate of 20C for 1000 cycles and the coulombic efficiency of 

NVP@C-CNW for 1000 cycles at 20C [61]. Copyright 2016, Wiley-VCH. 

2.2.2.2 Surface coating 

(1) Heteroatom-doped carbon coating 

The most commonly used surface coating strategy is to coat active substances with a 

conductive carbon layer or metal oxide [63-65]. These two types of coatings can give 

the substrate material different performances. First, for pure-phase NVP materials, the 

conductivity is generally low. In this case, coating the surface of active material with 

amorphous carbon can increase its conductivity to improve electrochemical 

performance. In recent years, the heteroatom doping of nitrogen (N), phosphorus (P), 



boron (B) and sulfur (S) into carbon materials has been proven to be an effective 

strategy to adjust their electrical properties [66-70]. Heteroatom doping can introduce 

a large number of external defects and active sites to enhance the electronic 

conductivity of carbon materials and decrease the energy barrier of ion penetration. 

Among these heteroatoms, nitrogen is the most widely studied because nitrogen 

doping can generate external defects, leading to enhanced reactivity and electrical 

conductivity. Jiang et al. [71] designed 3D flower-like Na3V2(PO4)3 composites 

coated with N, B codoped carbon (NVP@C-BN), as shown in Fig. 5a. The special 

architecture and large available area of this material can facilitate both Na+ ion 

diffusion and electronic transport (Fig. 5b). NVP@C-BN also demonstrates excellent 

electrochemical properties (Fig. 5c), indicated by its better cycle life than NVP@C 

even at a high rate of 20C. In addition, as shown in Fig. 5d, this material can deliver 

an outstanding rate capability when compared to that of NVP@C. NVP@C-BN has 

an outstanding capacity even at 100C (84 mAh g-1 can be retained). XPS analysis was 

also conducted to reveal the mechanism of the doping effect of B and N. Several 

combinations, namely, B4C, BC3, N-B, BC2, and BCO2 exist after doping, and BC3 is 

found to be able to enhance the conductivity of the carbon layer. The other types 

produce a large number of defects and active sites in the carbon layer and boost Na+ 

ion absorption and ultrafast Na+ ion diffusion on the surface of carbon during the 

electrochemical reaction. Therefore, the electrochemical performance can be 

significantly improved. 

 



 

Fig. 5 a Schematic diagram showing the structure of NVP@C-BN. b Na diffusion 

pathway and electron conduction in the material. c Lifespan of NVP@C and 

NVP@C-BN at 20 °C for 3000 cycles. d Rate capacities of the two electrodes from 

1-100 °C [71]. Copyright 2018, WILEY-VCH. 

(2) Coating with metal oxides 

Normally, contact between the active substance and electrolyte can cause side 

reactions during the charging and discharging processes of batteries [72]. These 

reactions will result in the generation of HF and other substances in the electrolyte 

and cause corrosion of the active material. If the cathode material is coated with a 

metal oxide on the surface, the hydrogen fluoride in the electrolyte can be at least 

partially neutralized by the conversion of the metal oxide into fluoride, thereby 

greatly reducing the acidity of the electrolyte and delaying cathodic corrosion during 



cycling [73]. In this regard, Klee et al. [73] prepared Na3V2(PO4)3 by the sol-gel 

method and then deposited carbon and MxOy (MxOy =Al2O3, MgO or ZnO) onto the 

surface of such a material by ultrasonic stirring technology, as shown in Fig. 6a, c. 

XPS and TEM measurements confirmed the successful coating of MxOy on the 

Na3V2(PO4)3 surface to form C+MxOy@Na3V2(PO4)3. According to Fig. 6b, the 

capacity and stability of the sample coated with 1.5% metal oxide can be significantly 

improved. 

 

 

Fig. 6 a TEM image and b rate capability of C+MxOy@Na3V2 (PO4)3. c XPS spectra 

of the electrodes (MxOy =Al2O3, MgO or ZnO) [73]. Copyright 2016, American 

Chemical Society. 

2.2.3 Hybrid with different kinds of carbon materials 

Compositing conductive carbon-based materials with NVP precursors can also 

improve the electrical conductivity of NVP. In this regard, graphene is a kind of 

two-dimensional carbon nanomaterial with a hexagonal shape and honeycomb lattice 



formed by carbon atoms with sp2-hybridized orbitals. Because of its excellent optical, 

electrical, and mechanical properties, graphene is widely used as a composite/loaded 

matrix material for electrode materials, similar to other highly conductive carbon 

substrates, such as carbon nanotubes [74-77]. Rui et al. composited reduced graphene 

(rGO) with NVP and obtained 3D hierarchical meso- and microporous 

NVP@C@rGO nanocomposites using a simple freeze-drying-assisted method, as 

shown in Fig. 7a, b [78]. The obtained NVP@C@rGO cathode shows both excellent 

rate capacity (86 mAh g-1 at 100C) and long cycling life (retained 64% after 10000 

cycles at 100C). Hen et al. [79] prepared NVP microspheres modified with carbon 

nanotubes (CNTs) as a cathode material by using spray drying combined with the 

carbon thermal reduction method. As shown in Fig. 7c, the microspheres are encased 

and embedded by carbon nanotubes, and the surface is also wrapped by an amorphous 

carbon layer, revealing that a carbon network consisting of CNTs is formed in the 

material. Fig. 7d shows that at 0.5C, the electrode has a capacity of 103.2 mAh g-1, 

and when increased to 20C, the discharge capacity is as high as 91.2 mAh g-1. Even at 

a high current density of 60C, the capacity is still approximately 80 mAh g-1. These 

results demonstrate that the carbon nanotube modification can reduce the resistance of 

the material. Compared with the original NVP electrode without CNTs, the 

polarization of the 10 wt% CNT-modified NVP (NVP/C10) electrode is much smaller. 

Furthermore, the addition of CNTs can adjust the NVP particle size, increasing the 

contact area of NVP with the electrolyte and the Na+-ion diffusion coefficient. 

 



 

Fig. 7 a Schematic of NVP@C@rGO including pathways for both electrons and Na+ 

ions and the crystal structure. b Schematic of the freeze-drying-assisted method to 

fabricate the NVP@C@rGO composite [78]. Copyright 2015, WILEY-VCH. c SEM 

images and d rate performance of CNT-decorated NVP [79]. Copyright 2018, 

American Chemical Society. 

 

In addition to compositing with highly conductive graphene or carbon nanotubes, 

NVP can also be composited with highly ordered mesoporous carbon, which is named 

the CMK-3 substrate (NVP@C@CMK-3) [80]. As demonstrated by Jiang et al. [81], 

CMK-3 is an ideal template for the synthesis of mesoporous carbon matrix composite 

electrode materials. They used a mesoporous molecular sieve (SBA-15) as a template 

to prepare CMK-3 mesoporous carbon, as shown in Fig. 8a. In their synthesis, 



glucose is mixed with the raw material precursor to achieve the surface carbon 

coating of NVP. After calcination in CMK-3, the two-dimensional 

core-shell-structured NVP@C@CMK-3 is obtained. As the cathode for SIBs (Fig. 

8b), the reversible specific capacity of NVP@C@CMK-3 is 103 mAh g-1, which is 87% 

of the theoretical specific capacity. Even at a current density of 20C, its first discharge 

specific capacity can still reach 102 mAh g-1 while retaining 67.3% after 1000 cycles. 

Additionally, the coulombic efficiency is very close to 100% throughout the cycle 

process. This outstanding performance is attributed to the core-shell structure 

contained in the ordered mesoporous carbon matrix, which can be conducive not only 

to the rapid transmission of electrons but also to the full penetration of electrolyte, 

promoting the rapid transfer of Na+ ions. 

 

 



Fig. 8 a Schematic diagram showing the fabrication process of NVP@C@CMK-3 

and b electron conduction and Na+ ion transport process [81]. Copyright 2015, 

WILEY-VCH. 

2.2.4 Element doping 

A carbon coating cannot improve the electron conductivity of the bulk phase of active 

materials; however, the conductivity of the bulk phase can be improved by doping 

ions into the structure. At present, the doping of bulk phase NVP mainly involves the 

partial substitution of V, polyanion and Na positions. The Na site is generally doped 

with Li+ or K+. The V site is generally doped with transition metal elements such as 

Fe2+ [82,83], Mn3+ [84-86], Mg2+ [87, 88], Ga3+ [89], Ni2+ [90], Ca2+ [91], Al3+ [92], 

Cr2+ [93, 94], and Mo6+ [67]. The doping of polyanion positions commonly uses 

nonmetallic elements such as oxygen and fluorine [45, 95, 96]. 

Liu et al. [82] prepared an Fe-doped NVP@C cathode material using organic iron 

sources. The process is shown in Fig. 9a. The decomposition of organic iron can 

promote the formation of graphitized carbon and porous structures, facilitate the 

penetration of electrolyte, and shorten the diffusion distance of ions. Electrochemical 

measurements revealed that the rate performance and cycle life of the Fe-doped 

NVP/C electrode could be significantly improved. In particular, 

Na3V1.85Fe0.15(PO4)3@C could deliver a high capacity of 103.69 mAh g-1. The 

capacity retention could be maintained at 91.45% after 1200 cycles at 1.0C, while 

showing a capacity of 94.45 mAh g-1 at 20C. The optimal performance could be 

achieved when the doping amount of Fe was 1.5%. As shown in Fig. 9b, the cathode 

can stably undergo 1000 cycles at a rate of 5C while maintaining a capacity of more 

than 90 mAh g−1. They also carried out DFT calculations and found that the most 

stable position of Fe atoms was the V position, and the appropriate displacement of Fe 



in the V position could reduce the bandgap from 2.19 to 0.43 eV, greatly improving 

the conductivity of the material. 

Li et al. [88] synthesized Mg-doped Na3V2-xMgx(PO4)3/C composites. The SEM 

image and rate capabilities are shown in Fig. 9c-d. The electrochemical performance 

of the materials are strongly dependent on the controlled amount of Mg2+ (x=0, 0.01, 

0.03, 0.05, 0.07 and 0.1). Their results show that the doping of Mg2+ will not change 

the crystal structure of NVP. When the doping amount was 5%, 

Na3V1.95Mg0.05(PO4)3/C was able to deliver an initial capacity of 106.4 mAh g-1 at 

20C and finally stabilized at 86.2 mAh g-1 after 50 cycles. In contrast, the initial 

discharge capacity of the Na3V2(PO4)3/C sample was only 10 mAh g-1 at the same rate, 

which demonstrates the outstanding capacity retention of the Mg-doped 

Na3V1.95Mg0.05(PO4)3/C composite. They also analyzed the mechanism and found that 

the doping of Mg2+ could accelerate the diffusion rate of Na+ ions and increase the 

conductivity of the material, thus enhancing the electrochemical properties of the 

Na3V2-xMgx(PO4)3/C cathode material. 

As identified, introducing fluorine at polyanion sites can improve the working 

voltage of the material because of the high electronegativity of fluorine [97]. Chen et 

al. reported a promising nanoscale Na3V2(PO4)2.93F0.07@C composite, which was 

fabricated through a solid-phase method [97]. The doping of F inhibited the structural 

degradation of Na3V2(PO4)3 to V2(PO4)3 and improved the structural stability. Their 

results showed that an appropriate F content could provide inductive effects, which 

then boosted Na+ ion diffusion and decreased electrode polarization; as a result, the 

kinetic behavior of the F-doped composite was significantly improved. The HRTEM 

images in Fig. 9e suggest that F was successfully introduced into the NVP phase. 

Compared with the undoped NVP/C sample, the discharge capacity of the 



F-0.07-NVP/C composites reaches 113 mAh g-1 at 10 mA g-1, which is very close to 

the theoretical capacity (117 mAh g-1). In terms of the cycling performance in Fig. 9f, 

the electrode can achieve a reversible capacity of 97.8 mAh g-1 and maintain 86% of 

the initial capacity after 1000 cycles at 200 mAh g-1. This excellent electrochemical 

performance is attributed to the synergistic effect between the enhanced kinetic 

behavior and structural stability after F doping. 

Moreover, doping alkali metal elements [98, 99] such as Li+ and K+ at Na sites 

instead of V sites in the NVP lattice has also been investigated. For example, Lim et 

al. [100] doped K+ ions into the position of Na+ ions in Na3V2(PO4)3. The radius of K+ 

ions is much larger than that of Na+ ions, resulting in an enlarged Na+ ion diffusion 

channel and an increased lattice volume along the c-axis. Fig. 9g-h shows that the rate 

performance of K+-doped NVP is greatly enhanced, especially when the doping 

amount is 9%; this material shows the best electrochemical performance. 

K-0.09-NVP/C exhibits the best rate performance, and the initial capacity is 110.8 

mAh g-1 at 0.1C. Furthermore, they also revealed that K+ ions did not participate in 

the reaction processes of the electrode, suggesting that K+ could stabilize the structure 

of NVP and did not cause obvious volume changes or degradation of the lattice 

structure. This work provided a good strategy for widening the ion intercalation 

reaction channel. In addition, from these studies, the intrinsic conductivity of 

materials can be enhanced by element doping, thus demonstrating excellent 

electrochemical performance. 

 



 

Fig. 9 a Schematic illustration of Fe2+-doped NVP/C and its b long cycle life [82]. 

Copyright 2019, American Chemical Society. c SEM images and d rate capacity of 

Mg2+-doped NVP/C [88]. Copyright 2015, Royal Society of Chemistry. e HRTEM 

image of the Na3V2(PO4)2.93F0.07/C sample and the f long cycle life of F--doped 

NVP/C [97]. Copyright 2017, Elsevier. g Schematic diagram showing the structural 

stabilization and h rate capacity of K+-doped NVP/C [100]. Copyright 2014, Royal 

Society of Chemistry. 

2.2.5 Design of three-dimensional (3D) flexible electrodes 

Flexible energy storage devices have attracted increasing attention due to their 

flexibility, shape diversity and light weight. At the present stage, wearable watches, 

flexible screens, and flexible mobile phones, especially the advent of 5G folding 

mobile phones, have pushed the fast development of flexible batteries. To provide 

sufficient power to flexible wearable devices, energy storage systems should also 

have excellent cycling stability, good rate performance, a light weight, a low price and 

a high energy density. Although considerable efforts have been made to develop 

flexible energy storage systems [101, 102], this field is still in its early stage. The 

development direction of flexible batteries should consider the following three aspects: 

(1) can be repeatedly bent or folded without internal short circuits; (2) can maintain 



good contact between the electrode, separator and electrolyte; and (3) when bending 

or folding, the battery should maintain a high energy density, long cycle life, and no 

attenuation. Therefore, improving these three aspects is the key to the evolution of 

flexible batteries. 

There are many reported studies on flexible anodes [103-111], but few reports have 

focused on cathodes [13, 57, 112]. The main reasons may be the following: (1) 

traditional cathode electrode materials such as LiFePO4 and LiCoO2 have a weak 

ability to nucleate and grow on three-dimensional substrates; (2) most cathode 

materials need to be calcined at a high temperature of approximately 700-900 °C in an 

air atmosphere, and it is difficult for conventional substrates to maintain structure and 

conductivity in an air atmosphere [87]. Materials, such as those that are NVP-based, 

need to be calcined in an inert atmosphere during the preparation process to avoid the 

oxidative decomposition of their 3D carbon substrate; thus, an inert calcination 

atmosphere is a precondition for the preparation of flexible NVP electrode materials. 

Guo et al. [113] prepared a precursor through the sol-gel method, in which the sol 

was dropped on a carbon cloth (CC) several times. After calcination, an 

NVP@C@CC flexible electrode was obtained, as illustrated in Fig. 10a. The loading 

mass of active material obtained by this method is high, and the material demonstrates 

favorable properties. As shown in Fig. 10b, the prepared NVP@C@CC electrode in a 

sodium half-cell displays a high rate performance of 96.8 mAh g-1 at 100C and 69.9 

mAh g-1 at 200C, along with excellent cyclability and 82.0% capacity retention after 

2000 cycles at 20C. Additionally, the NVP@C-CC electrode can be obtained with a 

higher load of active material, which also causes the cell to have a fairly high energy 

density of 396 W h kg-1 and a higher power density of 97 kW kg-1. 

Some researchers also tried to mix the precursor solution with polymer solution to 



form a spinning solution and then prepare a flexible film by electrostatic spinning. For 

example, Liu et al. [114] prepared NVP@C nanofibers by electrospinning and 

calcination in a N2 atmosphere, as shown in Fig. 10c. The morphology of the product 

is uniform thin nanofibers. In Fig. 10d, the NVP@C nanofiber electrode exhibits an 

initial charge capacity of 103 mAh g-1 and a discharge capacity of 101 mAh g-1 at 

0.1C and retains a stable discharge capacity of 58 mAh g-1 at a high current density of 

10C. In addition, because of the three-dimensional highly conductive network that is 

formed by the nanofibers of the NVP@C electrode, the transport distance of Na+ ions 

is obviously shortened; thus, the electrode shows a high rate capability even when 

charged or discharged at high currents (up to 20C). By changing the current collection 

to make an integrated electrode without a binder, not only can the disadvantage of the 

binder on the conductivity and ‘dead volume’ be reduced but also the devices can be 

used in high power output applications. 

 

 

Fig. 10 a Preparation process of the NVP@C-CC electrode and b rate capability of 



NVP@C-CC [113]. Copyright 2017, Elsevier. c Schematic illustration showing the 

synthesis process for the Na3V2(PO4)3/C hierarchical nanofiber and d rate capability 

of the Na3V2(PO4)3/C electrode [114]. Copyright 2014, Royal Society of Chemistry. 

2.3 NASICON-type Na3V2O2x(PO4)2F3-2x cathode materials 

As identified, V3+ ions in the NVP structure cannot be oxidized into a higher valence 

state, making it difficult to realize whether all Na+ ions at the Na2 site are extracted 

from the crystal lattice; thus, this NVP structure cannot achieve higher sodium storage 

performance. An effective strategy in achieving an NVP material with higher 

operating voltage is to enhance the bond ionicity of the anionic groups by introducing 

high electronegative anions (such as F-) into the lattice to reduce the covalency of the 

V-O bond. This strategy increases the valence state of V (from V3+ to V4+) and the 

working plateau voltage of the material. If the V-O bonds can be partly superseded by 

V-F, an increased redox voltage can be achieved with the valence change of V during 

Na+ intercalation/deintercalation. For example, a new NASICON-structured sodium 

vanadium fluorophosphate can be formed after introducing F- into the NVP lattice 

[115]. A type of chemical formula for this substance can be described as 

Na3V2O2x(PO4)2F3-2x (0 ≤ x ≤ 1), indicating that one-third of the PO4
3- in the NVP 

structure is replaced by F- and O2- in different proportions. The theoretical specific 

capacities of these materials are between 120-130 mAh g-1. 

2.3.1 Crystal structure and sodium storage mechanism of Na3V2(PO4)2F3 

The representative materials with two extreme phases of x = 0 and x = 1 are 

Na3V2(PO4)2F3 and Na3(VO)2(PO4)2F, and these materials have recently attracted 

extensive interest for use as SIB cathodes due to their high operating voltages. When 

three F- replaces one PO4
3- (x = 0 in the general formula), the corresponding 



NASICON-type Na3V2(PO4)2F3 (NVPF) will have a high theoretical energy density of 

507 W h kg-1. The crystal structure of NVPF is relatively stable, and the working 

plateau voltage is enhanced due to the extremely strong electronegative property of F
-
. 

Thus, it shows excellent electrochemical properties. Le Meins et al. [116] studied the 

crystal structure of NVPF and found it had the P42/mnm space group and adopted an 

identical three-dimensional [V2(PO4)2F3]
3- network consisting of PO4 tetrahedra and 

V2O8F3 bioctahedra (one apex fluorine bridges two octahedra) by sharing their 

corners through F; moreover, Na+ ions were statistically distributed inside the 

resulting channels. Liu et al. [117] studied the local structure and kinetics of the 

NVPF material used for SIB cathodes. The corresponding crystal structure is 

presented in Fig. 11a. There are two-dimensional channels for Na+ ions to 

insert/extract, ensuring that Na+ ions can quickly migrate. They also studied the 

dynamics of 23Na and proposed that there were three different electrochemical 

processes of NVPF during the charging process, as shown by the ex situ NMR results. 

The ex situ 23Na NMR patterns (Fig. 11b) indicate that the minor resonances under 50 

ppm decrease gradually in Stage I (0<x<1.0). The resonance intensities of Na1 and 

Na2 decrease at the same time, and the line width clearly becomes wider after x = 0.3. 

In Stage II (1.0<x<1.4) and Stage III (1.4<x<2.0), the Na1 resonances gradually 

disappear, while the Na2 resonances increase. The ex situ 23Na NMR results indicate 

that at the Na1 and Na2 sites, there is no obvious resonance for Na deintercalation (or 

intercalation) during the preliminary stage of charge (or at the end of discharge), 

which is not consistent with earlier literature reports [118,119]. They pointed out that 

there are distinct Na sites in the lattice of NVPF, i.e., the fully occupied Na1 site and 

the partially occupied Na2 site. At the beginning of the charging process, Na+ ions are 

randomly extracted from both sites with no relative priority. The lattice parameter a 



(=b) of NVPF will continue to increase while c gradually decreases, showing the 

overall characteristics of a solid-solution reaction. Bianchini et al. [120] further 

studied the reaction mechanism of NVPF in the electrochemical process and pointed 

out that a series of very complex phase transition processes could occur during 

Na+-ion release. They performed operando high angular resolution synchrotron 

radiation diffraction measurements on SIBs during the charging progress (Fig. 11c), 

revealing that NVPF has four different intermediate phases: Na2.4VPF, Na2.2VPF, 

Na2VPF, and Na1.8~1.3VPF. Only the Na1.8~1.3V2(PO4)2F3 phase undergoes a 

solid-solution reaction process, indicating a small volume change. A minute volume 

change can be detected from Na3VPF to NaVPF, which qualifies Na3VPF as an ideal 

material for long-term cycling stability. Song et al. [121] systematically studied the 

ion diffusion path and migration mechanism of the NVPF cathode material in SIBs by 

combining theoretical calculations and experimental validation. They also proposed 

that three Na+ ions in each lattice cell had two Na positions. As shown in Fig. 11d, 

there are two symmetrical plateaus found in the charge/discharge curves. During 

charge/discharge within the voltage range of 1.6~4.6 V, both Na ions can participate 

in the insertion/extraction reactions, and the corresponding reaction center is the 

V3+/V4+ redox transition. The average working voltage of the NVPF cathode material 

in the SIB is approximately 3.9 V with a theoretical specific capacity of 128 mAh g-1, 

and the corresponding energy density is approximately 500 Wh kg-1, which is higher 

than that of the NASICON-structured NVP cathode material (400 Wh kg-1). Therefore, 

NVPF is a very competitive, high energy density SIB cathode material. 

 



 

Fig. 11 a Schematic of the Na3V2(PO4)2F3 structure projected along the c-axis. b Ex 

situ 23Na NMR spectra of Na3V2(PO4)2F3 electrodes at different states of charge [117]. 

Copyright 2014, American Chemical Society. c High angular resolution synchrotron 

radiation diffraction spectrum of the Na3V2(PO4)2F3 cathode electrode [120]. 

Copyright 2015, American Chemical Society. d Electrochemical voltage-composition 

profile of the Na3V2(PO4)2F3 sodium-ion battery at 0.91C in the voltage range of 

1.6-4.6 V during the second cycle [121]. Copyright 2014, American Chemical 

Society. 

 



2.3.2 Preparation and modification of the NVPF cathode material 

The theoretical specific capacity of NVPF (128 mAh g-1) is higher than that of NVP 

(117 mAh g-1). In addition, the working voltage plateau is also higher than that of 

NVP; however, the conductivity of NVPF is just as low as that of NVP, which limits 

its electrochemical performance. In this subsection, the modification strategies of 

NVPF will be introduced with a focus on improving the conductivity of the NVPF 

cathode material. The modification strategies include surface coating, size reduction, 

combination with carbon-based materials, and bulk doping. Carbon coating for 

material property modification is one of the common methods to enhance the 

conductivity of electrode materials, being relatively simple, efficient, safe, and 

pollution-free [122,123]. For example, Song et al. [124] prepared NVPF@C by a 

carbon-thermal reduction method. The specific capacity of this material reached 115 

mAh g-1 at 1.82C, and the capacity retention was 96% after 100 cycles. Qi et al. [125] 

synthesized NVPF nanoflowers by adjusting the pH value of the solution before 

undergoing a low-temperature hydrothermal process. As shown in Fig. 12a-c, the 

prepared NVPF nanocrystals exhibit excellent cycling stability. They were cycled 500 

times at a rate of 0.2C and demonstrated a capacity retention of up to 94.5%, showing 

promising application prospects. Zhu et al. [126] prepared an NVPF 3D graphene 

conductive network (NVPF@GN) by a facile sol-gel method to improve their 

electrochemical properties, as shown in Fig. 12d-e. The particle size of NVPF after 

combining with the graphene conductive network was significantly smaller. 

Electrochemical performance tests showed that the cycling performance of 



NVPF@GN significantly improved; it could reach up to 100 mAh g-1 even after being 

cycled 1000 times at a high current density of 10C, and the capacity retention was as 

high as 80%. The high conductivity and smaller particle size of NVPF@GN, which 

could be beneficial to the deintercalation/intercalation of Na+ ions, were thought to be 

responsible for the improved electrochemical performance. Cai et al. [127] designed a 

cross-linked graphene-caged NVPF microcube (NVPF@rGO) composite through a 

one-pot hydrothermal method and subsequent freeze-drying and heat treatment. As an 

SIB cathode, NVPF@rGO exhibited outstanding cycling stability and rate 

performance, as well as good low-temperature adaptability. The structural evolution 

and diffusion kinetics during the repeated Na+ ion deintercalation/intercalation 

process in the NVPF@rGO electrode were also investigated. In addition, an 

operational SIB full cell was fabricated using an NVPF@rGO cathode and an 

N-doped carbon anode. This full cell delivered excellent cycling performance with a 

capacity retention of 95.1% after 400 cycles at 10C, a high energy density of 291 Wh 

kg-1 and a power density of 192 W kg-1. These results prove that reducing the particle 

size and combining with carbon-based materials are effective ways to enhance the 

electronic conductivity of polyanionic materials. Furthermore, they can not only 

enhance the conductivity of the material but also inhibit the growth of particles, 

reduce the agglomeration of particles, increase the solid (active particles)-liquid 

(electrolyte) contact area, and shorten the ion diffusion path. 

 

 



 

Fig. 12 a SEM images of the NVPF nanopieces from nanoflowers. b 

Charge/discharge profiles and c cycling capability of the NVPF nanoflowers [125]. 

Copyright 2016, Royal Society of Chemistry. d TEM images and e cycling 

performance of the NVPF 3D graphene conductive network [126]. Copyright 2017, 

American Chemical Society. 

 

Element doping can also improve the performance of NVPF [128, 129]. Liu et al. 

[130] prepared NVPF by a sol-gel method and partially replaced the V position with 

the Y element. It was found that the improvement in electrochemical performance 

required an appropriate amount of Y doping, and the obtained Na3V1.9Y0.1(PO4)2F3/C 

could give an optimal electrochemical performance with a specific capacity of 

approximately 80 mAh g-1 at 50C, which was higher than the 17 mAh g-1 of 

Na3V2(PO4)2F3/C materials. The enhanced electrochemical performance was 

attributed to an increase in electronic conductivity and the fast migration of Na+ ions. 

Yi et al. [128] doped Ti into the crystal lattice of NVPF and investigated its influence 

on the electrochemical performance by controlling the Ti doping content and valence 



state, as shown in Fig. 13a-b. Doping different valence states and different contents of 

Ti can induce different influences on the electrochemical performance of NVPF. 

When doped with Ti4+ (0.1 mol ratio), the obtained NVPF-Ti4+ shows both excellent 

specific capacity and rate capability during the charge and discharge processes. The 

improvement in electrochemical performance is mainly because doping a small 

amount of Ti can inhibit the growth of NVPF particles during the high-temperature 

sintering process and reduce the particle size. Additionally, it can be seen from Fig. 

13c that the band gap is reduced by 0.118 eV, indicating that the electrons in the 

Ti-doped NVPF more easily transfer from the valence band to the conduction band. 

Therefore, Ti doping can effectively improve the intrinsic electron conductivity in 

bulk NVPF, leading to the improved electrochemical performance of NVPF. 

 

 



Fig. 13 a Schematic illustration showing the synthesis of NVPF-Ti𝑦
𝑧+ samples, b rate 

performance of NVPF-Ti4+, and c crystal structure model of pristine and Ti-doped 

NVPF along with the band structures of pristine (left) and Ti-doped NVPF (right) 

[128]. Copyright 2018, Elsevier. 

2.3.3 NASICON-type Na3V2(PO4)2O2F cathode material 

According to the literature [131], F in Na3V2(PO4)2F3 can be replaced by O, forming 

Na3V2(PO4)2O2F (NVOPF). As identified, a lower F content demonstrates weaker 

inductive effects, which facilitates Na+ ion diffusion and reduces the polarization of 

the cathode [132]. As shown in Fig. 14a, [V2O10F] bioctahedra (i.e., two [VO5F] 

octahedra corners-sharing one F atom) are bridged by [PO4] tetrahedra to form a 

layered structure with Na+ ions intercalated between these layers in the lattice 

structure of Na3V2(PO4)2O2F [133]. The crystal structure of NVOPF was studied in 

detail by Nguyen et al. [134]. They pointed out that NVOPF was well indexed in the 

I4/mmm space group and contained a fully occupied Na1 site and a half-occupied 

Na2 site with a distance of 2.374 Å between the two closest Na2 sites. By adjusting 

the oxygen content, the multielectron transfer of vanadium in the redox reaction could 

be realized. The partial oxygen substitution for fluorine could lead to the oxidation of 

V3+ to V4+ and form strong covalent vanadyl-type bonds. This can be confirmed by 

Fig. 14b. The [V4+O5F] unit can be formed when y'=2 (y' represents the oxygen 

content) [134]. 

The phase transition process and mechanism of the NVOPF cathode during the 

charging/discharging processes were investigated and analyzed by time-resolved in 



situ synchrotron XRD data. Sharma et al. [131] pointed out that in the initial course of 

the charging process, distinct evidence of a two-phase transition existed, which was 

consistent with the characteristics of the first or lower potential plateau during the 

charging profile (Fig. 14c). The phase transition process and mechanism of 

Na3V2O2(PO4)2F during the charging and discharging processes is shown in Fig. 14c-f. 

It can be concluded that in the course of the charging process, an initial solid solution 

of phase P (the sodium-rich phase) and two two-phase regions, including the phase 

transition process of P to P'(less sodium-poor phase) and P' to P'' (more sodium-poor 

phase), are related to most of the lower voltage plateau; additionally, an extended 

solid-solution region of the P'' phase (the higher potential plateau) and another 

two-phase reaction before the charged process is finished (or P‴ phase) is observed. 

The phase transition process and mechanism of the discharging process are obviously 

different; notably, the solid-solution processes and two-phase reaction behavior are 

involved but at markedly different points. The discharging process specifically 

includes a solid-solution P‴ phase at the higher potential plateau, a two-phase reaction 

during the transition from the higher to lower potential, and a solid-solution reaction 

and two two-phase reactions for the lower potential plateau before attaining the 

discharged state (P). Therefore, there exists an asymmetric process in the structural 

evolution of the cathode during charging and discharging. Notably, the main structure 

remains unchanged in the course of all the related reactions. However, during the 

phase transition process, the content and distribution of sodium will change along 

with the phase transition even within the same structural framework. Therefore, the 



change in sodium in NVOPF can directly reflect the electrochemical reaction process 

and structural change of the cathode. 

 

Fig. 14 a Crystalline structure of Na3V2O2(PO4)2F (NVOPF) [133]. Copyright 2019, 

Elsevier. b Hahn echo 31P MAS NMR spectra of the Na3V
3+

2-y'V
4+

y'(PO4)2F3-y'Oy' 

(0≤y'≤2) samples [134]. Copyright 2019, American Chemical Society. c In situ 

synchrotron XRD data with selected 2θ regions from 12.3° to 14.7°, including the 220, 

113 lattice planes (left) and 311, 222 lattice planes (right). d Magnified region from 



12.32° to 12.92° and e magnified region from 12.47° to 12.79°. f Reaction mechanism 

evolution of the Na3−yV2O2(PO4)2F electrode over the course of charging/discharging 

[131]. Copyright 2014, American Chemical Society. 

 

Although NVOPF has a high theoretical capacity (~130 mAh g-1), it also has the 

same low conductivity problem as NVP and NVPF. To improve its conductivity, 

various strategies have been widely studied, such as designing novel electrode 

structures, compounding with graphitized carbon materials, and optimizing the 

preparation process on a large scale. For example, Chao et al. [87] employed 2D 

geometry in a 3D architecture by reconfiguring the electrode material. A 3D matrix of 

electrode material configured in an appropriate geometry can deliver an improvement 

in power density and long-term cycling by shortening the ion transport distance and 

increasing the electronic conductivity; furthermore, the energy density can be 

improved by enhancing the mass loading per unit area. A 3D single-crystalline 

NVOPF array was prepared by using a VO2 array as a seed layer on graphene foam 

(GF), as shown in Fig. 15a. The realized GF-NVOPF cathode electrode composed of 

3D arrays shows flexible self-support, high rate performance and long cycle life 

characteristics. As shown in Fig. 15b-c, the electrochemical tests show that the 

GF-NVOPF cathode shows both high rate performance (charge/discharge in 60 s) and 

a long cycle life (10000 cycles at 50C) for Na+ ion storage. 

 



 

Fig. 15 a SEM images of the GF-VO2 nanosheet seed layer precursor and GF-NVOPF 

array electrode. b Rate performance of the GF-NVOPF array. c Long-term cycling 

performance of the GF-NVOPF array electrodes at 50C [87]. Copyright 2018, 

WILEY-VCH. 

 

In general, graphitized carbon materials have good electrical conductivity. By 

combining NVOPF with graphitized carbon, enhanced electrochemical performance 

can be realized. For example, Yin et al. [136] constructed a robust NVOPF/rGO 

microsphere composite via a spray-drying method and subsequent calcination process. 

As shown in Fig. 16a, the well-crystallized NVOPF particles are uniformly embedded 

in the three-dimensional graphene framework. As a result, the obtained NVOPF/rGO 

can deliver a high reversible rate performance (Fig. 16b-c) and shows superior 

cycling performance with 83.4% capacity retention after 2000 cycles at 30C (Fig. 

16d). These results reveal that the combination of electrode materials and graphitized 

carbon materials is an effective way to enhance the electrochemical performance of an 



electrode. 

 

 

Fig. 16 a Synthesis process of the NVOPF/rGO microsphere composite. b High rate 

performance and c corresponding charge-discharge curves. d Long-term cycling 

performance of NVOPF at 30C [136]. Copyright 2017, Elsevier. 

 

Most electrode materials are difficult to widely use because of the cost limitations 

in electric vehicles and energy storage systems. Therefore, the preparation process of 



electrode materials needs optimization in terms of their large-scale manufacture. Qi et 

al. [137] proposed a facile one-step room-temperature strategy, with integrated 

extraction-separation and material-preparation, for the scalable fabrication of NVPOF 

multishelled microspheres to further reduce the cost, as shown in Fig. 17a-b. An 

enhanced electrochemical performance could also be achieved based on the large 

specific surface area corresponding to more electrochemical reaction sites and short 

diffusion paths for both ions and electrons. Impressively, the NVPOF multishelled 

microspheres were self-assembled by nanocrystals. In addition, superior Na-storage 

performance could be achieved without any additional high-temperature sintering, 

nanosizing, or carbon coating. As shown in Fig. 17c, the prepared NVPOF exhibits 

superior rate performance, displaying a discharge capacity of 81 mAh g-1 at 15C and 

retaining 70% of its initial capacity after 3000 cycles. This is probably the first time 

that NVPOF microspheres can be fabricated by a fast, facile, and controllable 

large-scale room-temperature synthesis method, showing great practical significance; 

furthermore, this method can also be applied to the preparation of other materials. 



 

Fig. 17 a Possible self-assembly formation mechanism of NVPOF microspheres. b 

SEM image of multishelled NVPOF microspheres. c Cycling performance of the 

NVPOF electrode at 15C [137]. Copyright 2018, Elsevier. 

2.4 Other NASICON cathode materials 

Except for NVP, NVPF and NVOPF cathode materials, many other interesting 

materials conform to the chemical formula NaxMM'(XO4)3 (M or M' = V, Fe, etc., X 

= P, S, x = 0~4), for instance, NaVPO4F, Na2TiFe(PO4)3, and Na3Fe2(PO4)3 [116, 138, 

139]. Among these cathode materials, Fe-based NASICON cathode materials have 

been studied relatively more often because of their abundant valence states and 

multielectron reaction mechanism [140, 141]. The representative material is 

Na3Fe2(PO4)3 (NFP), which has a crystal structure similar to that of NVP. It also has 

the properties of a stable structure with low electronic conductivity, similar to all other 



NASICON-structured materials. In this regard, carbon coating is commonly used to 

improve electron conductivity [142, 143]. For example, Rajagopalan et al. [144] 

prepared NFP cathode materials by carbon coating (SIP-C) with a simple solid-phase 

method, as shown in Fig. 18a-b. The charge transfer resistance (Rct) of this material 

can be represented by the Nyquist plots shown in Fig. 18c. The results show that 

SIP-C has the smallest semicircle, suggesting it has the lowest Rct value and enhanced 

electronic conductivity compared to SIP. Therefore, SIP-C has an excellent cycle life 

with an initial discharge capacity of 96 mAh g-1 at 1C; additionally, its capacity 

retention can reach 96%. 

 

 

Fig. 18 a SEM image and b TEM image of SIP-C. c Nyquist plots (inset: the 

equivalent circuit) and d cycling performance of the SIP and SIP-C electrodes at 1C 

[144]. Copyright 2017, WILEY-VCH. 
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In summary, the relevant electrochemical performance of the discussed NASICON 

cathode materials are listed in Table 1 for comparison. 

  



Table. 1 Comparison of NASICON-type cathode materials in terms of storage properties. 1 

Electrode material 
Rate performance Cycle performance 

Ref. 
Capacity (mAh g-1) Rate Capacity retention Cycle number 

NVP@C-GF 56 200C 91% 1000 cycles at 50C [80] 

NVP@C-CC 69.9 200C 82% 2000 cycles at 20C [113] 

PCL-NVP 83 20C 94.4% 4500 cycles at 10C [145] 

NVP@C@rGO 86 100C 64% 10000 cycles at 100C [78] 

NVP@NC/CC 80. 50C 81% 5000 cycles at 20C [57] 

NVP@C/MWCNT 63.2 80C 95.3% 5000 cycles at 20C [146] 

3D graphene-capped NVP-NFs 75.9 200C 62.5% 30000 cycles at 50C [147] 

CNT-decorated NVP 91.2 20C 92.6% 150 cycles at 10C [79] 

NVP@C 72 40C 82.8% 1000 cycles at 1C [148] 

Nano-NVP@pC 45.7 100C 89.5% 1000 cycles at 10C [55] 

PL-NVP@C 92 50C 91.3% 2000 cycles at 10C [149] 

NVP@C 101.77 30C 88% 700 cycles at 30C [150] 

Na3V2-xCax(PO4)3@C 93 500C 93% 1000 cycles at 1C [151] 

NVP@C+N@CNTs 70 70C 88% 700 cycles at 5C [77] 

Na3V1.95Mg0.05(PO4)3/C 94.2 30C 81% 50 cycles at 20C [88] 

NVP@C microspheres 96 30C 80% 5000 cycles at 10C [152] 

HP-NVP@SC 95 30C 91% 2500 cycles at 20C [153] 

NVP/GO 70.1 30C 86% 300 cycles at 5C [154] 

NVP@C 80 50C 78% 3000 cycles at 50C [155] 

NVP/CGO 70.4 20C 95% 1000 cycles at 2C [74] 

NVP@rGO 80 100C 71% 10000 cycles at 30C [156] 



NVP@C-NS-FL 77 80C 84.4% 1000 cycles at 100C [157] 

NVP@C–N150 71 80C 91% 5000 cycles at 20C [62] 

NVPF@C fibers 78.9 30C 81.8% 2000 cycles at 20C [158] 

NVPF@C@NCNT 76 100C 55% 1500 cycles at 40C [159] 

NVPF@CD 116 10C 41% 5000 cycles at 100C [160] 

NVPF microcubes 71 20C 69% 2000 cycles at 20C [127] 

NVPF@rGO 95 30C 71% 5000 cycles at 20C [161] 

NVPF nanoparticles 74 15C 28.5% 5000 cycles at 30C [162] 

NVPF-SWCNT 100.7 10C 96.7% 500 cycles at 10C [163] 

NVPF@C nanoparticles 64 70C 60.8% 4000 cycles at 30C [164] 

NVPOF@P/N/C 128 0.5C 118.7% 100 cycles at 0.5C [165] 

NVOPF array 80 30C 56.7% 10000 cycles at 50C [87] 

RuO2-coated NVOPF nanowires 105 20C 95% 1000 cycles at 20C [166] 

Na3(VO0.5)2(PO4)2F2/graphene 82 20C 51% 1000 cycles at 51C [167] 

NVOPF@C nanocuboids 70 45C 56.7% 1000 cycles at 45C [132] 

NVPOF particles 85.9 20C 105.8% 500 cycles at 1C [168] 

NVOPF microsphere 81 15C 56.7% 3000 cycles at 15C [137] 

Na3V2(PO4)2O1.6F1.4 77.3 30C 81% 1000 cycles at 5C [169] 

Ru-doped NVOPF 102.5 20C 55% 7500 cycles at 20C [170] 

NVOPF cuboid arrays 56 20C 66% 500 cycles at 5C [171] 

NVOPF/rGO 95 100C 77% 1000 cycles at 20C [172] 

Na3Fe2(PO4)3 23 5C 54% 200 cycles at 1C [142] 

MCNT-reinforced Na3Fe2(PO4)3 101 0.1C 96% 500 cycles at 0.1C [173] 

Porous Na3Fe2(PO4)3 90.2 0.1 A g-1 71.5% 1000 cycles at 0.5 A g-1 [174] 



3. Conclusion and perspectives 2 

In summary, as one of the most promising alternatives to LIBs, SIBs have attracted 3 

increasing attention for use in next-generation high-energy batteries. Among reported 4 

SIB cathode materials, NASICON-type materials impressively demonstrate a stable 5 

structural framework and high ionic conductivity, showing promising application 6 

prospects. 7 

  In this review, based on the crystal structures of NASICON-type cathode materials, 8 

we summarized the research progress regarding the modification methods for 9 

improving material conductivity and electrochemical performance. The following 10 

strategies are used to obtain high-performance NASICON-based SIB cathode 11 

materials: (1) carbon coating and combining with carbon-based materials to improve 12 

the electronic conductivity of NASICON cathode materials; (2) exploring innovative 13 

synthesis methods to synthesize cathode materials with small particle sizes to improve 14 

the diffusion rate of ions; (3) realizing multielectron transfer in the electrochemical 15 

reaction by element doping; and (4) replacing anions to obtain a cathode material with 16 

a higher working voltage and more stable structure. 17 

  Although SIBs have progressed rapidly in recent years, there are still some 18 

remaining unresolved challenges that are still keeping SIBs far from 19 

commercialization. These challenges are summarized as follows: 20 

(1) Insufficient material synthesis methods, especially for large-scale production. The 21 

current research remains mainly at the laboratory scale, and the main challenge is how 22 

to expand NASICON-type cathode materials from laboratory-scale research to 23 

industrially compatible production. One of the challenges involved in this process is 24 

probably due to the currently used material preparation methods, namely, the 25 

solid-phase, hydrothermal, freeze-drying and spray-drying methods. These methods 26 



need a long production period while being expensive, showing insufficient efficiency 27 

and demonstrating high energy consumption during the annealing process. Thus, these 28 

methods limit the actual application of SIBs in large-scale energy storage and 29 

conversion systems. Therefore, it is urgent to explore more alternative strategies and 30 

develop an innovative preparation method that is inexpensive and easy to conduct 31 

along with demonstrating low energy consumption, and significantly improved 32 

material performance. 33 

(2) Insufficient fundamental understanding of the functional mechanisms of materials. 34 

The detailed structural evolution and reaction mechanism of the multielectron 35 

reactions in NASICON cathode materials are still not fully understood. Therefore, the 36 

selection of cathode materials capable of conducting multielectron reactions is still 37 

limited. Thus, more theoretical calculations and in situ experimental characterization 38 

should be fully utilized to study the reaction mechanism, thereby promoting the 39 

adoption of effective strategies to enhance the electrochemical characteristics of 40 

existing materials and to find additional alternative materials. 41 

(3) Insufficient exploration of high-voltage electrolytes to realize multielectron 42 

transfer at high voltage with NASICON-based cathode materials. Regarding this idea, 43 

some novel electrolytes that can be compatible with NASICON-based materials 44 

should be developed for high-performance SIBs in terms of energy/power densities 45 

and cycle life. 46 

(4) Insufficient design and fabrication of NASICON-based IB full cells for 47 

performance optimization. The performance of SIBs is strongly affected by the 48 

battery design and configuration. At present, there are relatively few studies on SIB 49 

full cells. It seems that the traditional graphite anode is no longer suitable for SIB 50 



systems. Therefore, it is particularly important to match NASICON-based cathode 51 

materials with suitable anode materials and safer and more cost-effective electrolytes. 52 

(5) Unoptimized operating conditions of NASICON-based cathode materials in SIBs. 53 

Currently, NASICON-based cathode materials are mainly studied at room 54 

temperature, and their electrochemical reaction mechanisms and sodium-ion storage 55 

mechanisms at high or low temperatures have not been thoroughly studied. Therefore, 56 

further research is needed in this field. 57 

Overall, it is certain that this type of NASICON-based cathode material should 58 

have good prospects in the field of SIBs in terms of their practical application in 59 

electrochemical energy storage systems. 60 
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