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Nanotechnology engineering of polyanionic
NazV.(PO4),F3 cathodes toward high-performance
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Polyanionic NazV(PO4),F3 (NVPF) cathodes enable a high operating voltage for sodium-ion batteries (SIBs)
by virtue of the valence-electron decoupling properties from vanadium metal transition-metal redox
centers and polyanionic groups. However, the low intrinsic conductivity and restricted ion diffusion
kinetics have led to undesirable electrochemical performance, thereby limiting the further application of
NVPF cathodes. The appropriate nanotechnologies can address the intrinsic deficiencies of materials and
serve as a key strategy to break through performance bottlenecks. Herein, we summarize the recent
progress made to improve the comprehensive performance of NVPF-based cathode materials from the
perspective of nanoengineering, typically including nanoarchitecture, nanoscale surface modification and

nanostructure tuning to clarify the structural properties, electrochemical behavior and their interplay.
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Accepted 26th February 2026 oreover, the remaining challenges and future suggestions for the design of higher-performance

cathodes towards practical SIBs are presented. The current review provides profound insights into the

DOI: 10.1038/d5sc10141g structure—performance relationship and valuable guidance to develop polyanionic NVPF cathodes for
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1 Introduction

Lithium-ion batteries (LIBs), the most commercially popular
clean energy storage device today, have been widely used in
electric vehicles and portable/mobile electronic devices.'™
Nevertheless, LIBs face resource and cost pressures, safety and
low-temperature performance deficiencies, fast-charge tech-
nology bottlenecks and other challenges, which greatly limit the
further development.”™ Meanwhile, this also provides the
opportunity for the research and application of other clean
energy storage devices. Sodium-ion batteries (SIBs), as a result
of invention at the same time as LIBs, have better resources and
economy, a more outstanding wide temperature range and rate
performance, and higher safety and stability.”** Therefore,
SIBs possess significant research potential to make up for the
deficiencies in the intrinsic performance of LIBs, or even to
replace some of the application scenarios of LIBs. SIBs are the
same as LIBs as “rocking chair” secondary batteries, with core
components including an anode (hard or soft carbon),
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practical SIBs toward commercialization.

electrolyte (sodium hexafluorophosphate (NaPF4) as the main
solute), separator (the same as that of LIBs), current collector
(aluminum foil for lower cost), and cathode (Fig. 1)."%%%% It
needs to be noted that due to the “barrel law”, the cathode
becomes the “short board” in the release of the performance of
SIBs. The reason is that the cathode offers a lower specific
capacity, and a larger percentage of mass fraction compared to
the anode, which dominantly determines the key attributes of
SIBs such as energy density, operating life and rate perfor-
mance.*® Also, the cathode provides more space than the anode
to increase the operating voltage of the SIBs.*”*® In addition, the
cathode occupies the largest cost share among all the compo-
nent parts of SIBs. Consequently, research on the cathode
strongly influences the development trend of SIBs.

In the context of nanostructured and intercalated
electrochemistry-based studies of SIBs, researchers are actively
exploring various cathode materials for SIBs, including layered
metal oxides (LMOs), Prussian blue analogs (PBAs), and poly-
anion compounds (PACs) (Fig. 2a).*”*** Drawing inspiration
from the successive development of cathode materials such as
LiC00,, LiNi,Co,Mn,0,, and LiNi,C0,Al,O, in commercial LIBs,
researchers hold equally high hopes for LMO cathode materials
in SIBs. As one of the most promising industrialization cathodes,
LMOs can be classified into P-type (trigonal prism coordination)
and O-type (octahedral coordination) structures based on two
crystallographic criteria, namely, the coordination geometry of
sodium ions and the number of stacked layers of the crystal cell."”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the structure of a "rocking chair type” sodium-ion battery.

Specifically, the transition metal layer consists of transition metal
octahedra connected to each other in a side-sharing manner,
with sodium ions stored in the interlayer gap. The most exten-
sively studied LMOs are primarily P2-type and O3-type, exhibiting
ABBA and ABCABC arrangements respectively. Simultaneously,
the P3-type and O2-type cathode materials feature ABBCCA and
ABAC arrangements. LMO cathode materials typically provide the
largest specific capacity (150-220 mAh g~ ') of the three. However,
LMOs materials suffer from poor air stability and irreversible
degradation of the lattice structure upon Na' extraction/inser-
tion. Specifically, while the O3-type cathode possesses higher
sodium ion content compared to the P2-type cathode material
(resulting in higher initial charge-discharge capacity), sodium
ions must traverse a small tetrahedron between two adjacent
octahedra during migration. Consequently, the diffusion energy
barrier is larger, leading to slower sodium ion transport kinetics.
Furthermore, the transition of sodium ions through the narrow
sodium layer more easily triggers complex phase transformation
processes, leading to serious degradation of the LMO cathode
structure. As a consequence, the specific capacity of the cathode
material decreases rapidly during charge/discharge cycles, and
the cycle life is restricted.

Furthermore, the PBAs which were originally used as dyes
and had the lowest synthetic costs represent a class of polymers

© 2026 The Author(s). Published by the Royal Society of Chemistry

consisting of transition metals and cyanide-bridged ligands.****
The chemical formula for PBAs can be represented as Na,Mu[-
Mjg(CN)g], where M, denotes 3d transition metals such as Fe,
Co, and Ni (coordinating with N), and Mg predominantly
consists of Fe and Mn (coordinating with C). The sodium
content ranges from 0 to 2. Generally, a sodium content below 1
is considered Prussian blue, while a sodium content above 1 is
considered Prussian white. Due to the three-dimensional open
nano-framework possessed by the cyanide-based bridged cubic
lattice in its core structure, the PBAs possesses abundant
topological ion transport channels and are capable of high rate
charging and discharging. Moreover, the transition metal redox
pairs in the material undergo multi-electron reactions, enabling
the reversible insertion and extraction of multiple sodium ions,
thus contributing significantly to its high capacity. Meanwhile,
the flexible tunability of the structure and components brings
interesting material design ideas, such as high-entropy mate-
rials, which help improve the electrochemical performance of
the cathode materials. Unfortunately, PBAs inevitably introduce
crystalline water and vacancies during synthesis and operation,
making it difficult for the cathode structure to achieve an ideal
state. Crystalline water and vacancies also occupy sodium ion
sites, hindering sodium ion transport, and may even induce
electrolyte decomposition, ultimately leading to electrode

Chem. Sci., 2026, 17, 6848-6882 | 6849
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(a) Classification of cathode materials for sodium-ion batteries.**4%4* Copyright 2025, Wiley-VCH. Copyright 2018, Wiley-VCH. Copyright

2021, Springer Nature. (b) Classification of poly-anion materials.**=*° Copyright 2024, Wiley-VCH. Copyright 2024, Wiley-VCH. Copyright 2025,
Wiley-VCH. Copyright 2024, KeAi Publishing Ltd. Copyright 2025, Wiley-VCH. Copyright 2010, American Chemical Society. Copyright 2024,

Wiley-VCH.

structural collapse. Consequently, the electrochemical proper-
ties of PBA cathode materials, such as coulombic efficiency and
cycling stability, undergo degradation. The toxicity potential
associated with the thermal decomposition of cyanide has also
become a necessary consideration for researchers.

PACs represent a class of substances formed by strong
covalent bonding of polyanionic groups with transition metal
ions.”>* Benefiting from the three-dimensional rigid skeleton
resulting from the stable covalent bonding, PACs have the
highest structural stability and intrinsic safety of the three.
Typically, researchers categorize PACs into olivine, pyrophos-
phate, Na superionic conductor (NASICON), sulfate, and
fluorophosphate type structures based on the crystal structure

6850 | Chem. Sci., 2026, 17, 6848-6882

(Fig. 2b).*** The achievements in LiFePO, cathode materials
for LIBs have inspired researchers to focus extensively on
NaFePO, materials with similar structures. The same olivine
structure features a one-dimensional unidirectional ion trans-
port channel along the [010] direction, formed by the shared
corners between FeOq hexahedra and PO, tetrahedra. It belongs
to the orthorhombic crystal system with the space group Pmmb.
During the preparation of olivine-type NaFePO,, the formation
of the Maricite phase structure (electrochemically inert) occurs
at temperatures between 500 and 600 °C, which is undesirable.
Researchers therefore typically employ cation (Li/Na) exchange
methods to indirectly synthesize structures.
Pyrophosphate-type structures are formed by [P,0,]*~ polymers

olivine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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linked to transition metal octahedra, creating two-dimensional
or three-dimensional nanoframeworks. They primarily include
tetragonal, triclinic, and monoclinic phases. Pyrophosphate
cathodes achieve outstanding electrochemical performance due
to their rich crystal structures, high physicochemical stability,
and large ion channel dimensions. However, their relatively
large molecular weight yields lower reversible specific capacity,
limiting their potential for applied research. A NASICON
structure consists of transition metal octahedra connected with
[PO,] tetrahedra co-vertices, which endowed the cathode with
high ionic diffusion rates and structural framework stability.
The widely studied NazV,(PO,); (NVP) material exhibits an
operating voltage of 3.4 V and a theoretical capacity of 117 mAh
g™, Following further modification through techniques such as
nanotechnology engineering, its electrochemical performance
has been significantly enhanced. The sulfate structure consists
of FeOg octahedra connected with [SO,] tetrahedra co-vertices
and forms a three-dimensional nano-framework under the
strong SO, induced effect. Compared to other polyionic anion
groups, SO, exhibits greater electronegativity, making it
highly promising for high-voltage cathode design. Yet the poor
air and water stability of sulfate cathodes limits their perfor-
mance potential, presenting a challenge that researchers are
eager to overcome. The fluorophosphate structure consists of
[V,OgF5] double octahedra connected with [PO,] tetrahedra to
form layered nano-tetragonal channels. In parallel, the syner-
gistic reaction of multiple redox centers (e.g., V**/V*'/v*")
buffers the localized stress of the nanolattice framework, which
along with the strong covalent bonding maintains the stability
of the crystal structure backbone. Furthermore, the multi-
electron reactions inherent to the fluorophosphate structure
effectively broaden the voltage platform of the cathode material.
Consequently, the synergistic interplay of these properties
endows fluorophosphate-based cathodes with enhanced rate
performance, prolonged cycle life, and improved safety stability.
Despite these favorable attributes, PACs still face inherent
drawbacks, including poor electronic conductivity, limited
specific capacity, and high cost in certain systems, which
collectively hinder their practical implementation.

This paper reviews the progress of nanoengineering research
on Na;V,(PO,),F; (NVPF), and summarizes the multifaceted
benefits of the modification means, especially from a nanoscale
microscopic point of view of the analysis. Initially, we have
summarized the basic properties (including the crystal struc-
ture, synthesis process, etc.) of the NVPF structure. Besides, the
shortcomings and challenges of NVPF materials, especially the
comprehensive nanoscale effects, are discussed in depth in
light of the results from the investigation. To address the
aforementioned prevalent challenges, the review offers
a comprehensive categorization and progress of nano-
engineered modification strategies. Finally, the future devel-
opment prospects of NVPF materials are summarized, and an
outlook for their further application is provided. This review
will provide guidance for the nanoengineering design of NVPF
materials and practical methods for the nanoengineering
modification of NVPF cathode materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2 Overview of NVPF cathode
materials
2.1 Structure and characteristics of NVPF

NVPF, the representative fluorophosphate structure cathode in
SIBs, has a 3D nano-skeleton. The synthesis of a series of
compounds adopting the NazM,(PO,),F; (M = V**, Ga**, Ccr*’,
Al**, Fe*) structure was reported by Meins et al. for the first
time by solid-phase or hydrothermal methods in 1999, and their
crystal structures were systematically characterized.>® The
results show that NVPF has an orthorhombic crystal structure
and belongs to the Amam space group. In simple terms, the
crystal structure of NVPF corresponds to the replacement of one
PO,*” in NVP with three F~. The V,0,, double octahedral unit
in NVP crystals is replaced in NVPF by a V,0gF; double octa-
hedral unit. This double octahedral unit connected by F atoms
is alternately bridged with PO, tetrahedral units to form a stable
nano-open structure in a corner-to-corner mode (Fig. 3a).”®
Additionally, recent studies indicate that the NVPF crystal
structure contains three distinct sodium sites, which are
arranged around the vanadium atom centers in a circular
distribution.* The three distinct sodium sites denoted as Na(1)
(4c) and Na(2) (8f), both form capped trigonal prisms oriented
along the [010] and [100] directions relative to the bioctahedral
center, along with Na(3) (8f) sites—smaller trigonal prisms
aligned with the [110] direction. Each ring accommodates eight
sodium sites, with Na(2) and Na(3) exhibiting partial occupan-
cies of approximately 70% and 30%, respectively, due to their
close proximity. This occupancy distribution reflects the greater
stability of the larger Na(1) and Na(2) sites relative to the Na(3)
site (Fig. 3b).

In addition, to deeply investigate the migration paths of Na*
in the NVPF nanocrystal structure, Song et al. performed first-
principles calculations based on the density functional theory
(DFT) method.”” As shown in Fig. 3c, the migration paths in the
x, y, z directions were set, and the migration activation energy
was calculated. Based on the analysis of the computational
results, it is concluded that transport along the Na“ channel
consisting of two [V,OgF;] double octahedra and [PO,] tetra-
hedra (direction y) yields the lowest migratory activation energy,
showing the most probable mode of Na' transport in NVPF
nanocrystals. Analogously, Lin et al. also predicted three
representative diffusion paths for Na* in NVPF nanostructures
based on theoretical calculations (Fig. 3d).”® Furthermore, the
results also predicted the Na" diffusion paths between neigh-
boring nanolattice layers.

NVPF nanocrystalline materials are also attractive because of
their voltage tunability, which makes it possible to pursue
cathode materials with higher energy densities. The intrinsic
relationship between the energy density (Eq) and the intrinsic
properties of the cathode material could be defined as follows.

nxF

Ey=C xV=_"X"
a=Gx 3.6 x M,

X V = 26800 x Miwa (1)

Here, V is the average operating voltage (vs. Na'/Na), M,, is the
molecular weight (g mol™"), n is the number of transferred

Chem. Sci, 2026, 17, 6848-6882 | 6851
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(a) Schematic diagram of the NVPF crystal structure. (b) Arrangement of Na ions in the ab-plane of NVPF showing the presence of a ring-

like configuration.®® Copyright 2025, Royal Society of Chemistry. (c) The migration path of sodium ions.>” Copyright 2014, American Chemical
Society. (d) Different migration paths of Na™ in the NVPF crystal structures.®® Copyright 2023, Elsevier. (e) Schematic diagram of the reduction—
oxidation potential of the material. (f) Schematic energy levels and occupied electrons of the 3d bands of vanadium ions of V3" and V** are
presented.ss Copyright 2012, Royal Society of Chemistry. (g) Ex situ 2>Na NMR spectra of NasV.(PO4),F electrodes at different states of charge.

Copyright 2014, American Chemical Society.

electrons, F is the Faraday constant, and Cs is the specific
capacitance (mAh g~ '). The combination of high operating
potential and multi-electron reactions thus underpins the
enhanced performance of the cathode material. According to
molecular orbital theory, covalent M-O interactions in NVPF
nanomaterials induce energy level splitting, generating
bonding (e, and t,,) and antibonding (eg+ and t,g+) orbitals
(Fig. 3e).*>** Moreover, the energy gap (AE) from the anti-
bonding orbitals to the vacuum level scales proportionally with
the redox potential of the material. Typically, the enhancement
of M-O bond covalency leads to a more pronounced energy
separation between these orbitals, which in turn leads to pref-
erential electron occupation in the low-energy bonding orbitals.
In contrast, the introduction of heteroatom X with high elec-
tronegativity weakens the M-O covalent bond by strengthening
the M-O-X bond, which increases AE ultimately increasing the

6852 | Chem. Sci,, 2026, 17, 6848-6882

electrode redox potential. This phenomenon is known as the
well-known induction effect of polyanionic compounds.

Thus, the presence of fluoride ions in NVPF nanomaterials
elevates the working potential of NVPF. Since the electronega-
tivity of fluorine (4.0) is higher than that of oxygen (3.44), when
F substitutes 0>~ in PO,*” to form a [VO;F] octahedron, the
strong electron-absorbing capacity of F~ shifts the electron-
cloud density of the V-O bond toward the F. Ultimately, it
leads to a decrease in the electron cloud density around the
vanadium atom, effectively increasing the energy level of the
V¥ /V** redox pair.® In addition, the enhancement of the V-F
bond, which has a higher percentage of ionic properties in
NVPF, weakens the electron shielding effect of V**. This makes
it easier for V** to oxidize to a higher valence state (V**/vV>"), that
enhances the working potential of NVPF. Subsequently, after
conducting relevant electrochemical performance tests, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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researchers reported NVPF with 3 pairs of distinct charging and
discharging platforms (4.2/4.1 V, 3.7/3.6 V and 3.4/3.3 V). For
the NVPF structure, only two Na" are involved in the charge/
discharge process, while the third Na' in the nanostructure is
electrochemically inert. If the electrochemical activity of the
third Na' is activated, the new disordered “NVPF” phase will be
formed.® Given the higher activity of Na2 compared to Na1i, the
charging/discharging plateaus at 3.7/3.6 V and 3.4/3.3 V corre-
spond to a two-step Na' extraction process involving Na2,
whereas the plateau at 4.2/4.1 V corresponds to a single-step
extraction process involving Nal. Two redox potentials at
3.6 V and 4.2 V (vs. Na'/Na) were identified, corresponding to
the V¥*/V*" redox couple and associated with a two-phase
structural evolution. Moreover, the measured net spin
moment provides additional evidence that the electrochemical
activity of Na,V,(PO,4),F; (x is between 1 and 3) originates from
the V**/V*" redox process (Fig. 3f).>* Hence, the nanostructure
evolution of NVPF and the extraction/insertion process of
sodium ions are described by using the chemical reaction
equation.**

Na;V,**(PO,),F; < Na,V7'V¥(PO,),F; + Nat +e  (2)
Na,V*'V#(POy),F; < NaV,*"(PO,),F; + Na* +e~  (3)

Besides, researchers further probed the local structural
environment, dynamics, and electronic structure of the NVPF
cathode using characterization techniques such as solid-state
nuclear magnetic resonance (ssSNMR). This provided insights
into the extraction mechanism of Na in NVPF during electrode
charging and discharging. Fig. 3g shows the *Na NMR spec-
trum of the NVPF material under different charge-discharge
conditions.* High-resolution **Na and *'P ssNMR spectros-
copy, complemented by relaxation time measurements, enables
the distinction of different Na and P sites. These techniques
reveal the nonpreferential extraction of Na" from both the Na1
and Na2 sites, at least during the initial charging stage. As the
population of Na vacancies increases, an increasingly fast Na1-
Na2 two-site exchange motion is observed. Concurrently, elec-
tronic structural changes occur within the V,0gF; dimers that
constitute the NASICON framework. The results provide insight
into the evolution of the electrochemical profile and the
underlying reasons for the good electrochemical performance
of the Na;V,(P0O,),F; electrode. At the onset of Stage I, from x =
0 to 0.6, Nal and Na2 are removed at a ratio consistent with
their relative occupancy in the structure, indicating minimal
site preference for Na removal during this phase. This contra-
dicts earlier reports suggesting that Na2 is less stable and is
removed from the structure first.>*® The rate of Na" motion
progressively accelerates with increasing Na extraction. When
a total of 0.9 Na is removed (in Stage Ib), the two distinct Nal
and Na2 sites coalesce, corresponding to a Nal-Na2 two-site
exchange rate of ~4.6 kHz. The electrochemical behavior in
late Stage I (x = 0.6-1.0) differs markedly from that in early
Stage I (x = 0-0.6). The later stage is characterized by a steeper
potential increase, the occurrence of Na site coalescence,
a more pronounced increase in Ty, and a noticeable jump in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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*Na shift between 0.9 and 1.0 of x. The rapid reduction in
intensity observed in other in situ >*Na spectra during this stage
is largely attributable to line broadening induced by enhanced
Na" motion. The structural change in late Stage I (x = 0.6-1.0)
may therefore originate from two intimately connected drivers.
First, the high mobility of Na* between Na1 and Na2 sites helps
to alleviate local framework distortions. Second, an associated
structural distortion of the VO,F, units presumably changes the
relative t,, orbital energies, leading to the preferential removal
of electron density from a different orbital during this stage.
Stage II resembles Stage I in several aspects. Notably, the Na
hyperfine shift remains largely unaffected upon electron
removal, indicating that the electrons are likely being extracted
from the same orbital channels (tentatively the d,./d,, orbitals)
as in early Stage I. Stage III is marked by a splitting in the ex situ
*’Na resonances at x = 1.5, indicating two distinct local envi-
ronments, one richer in V** (average oxidation state: ~Vv>7%).
Vanadium oxidation is reflected in progressively decreasing
*’Na shifts and increasing relaxation times. This electronic
structure evolution coincides with a reduction in Na* mobility,
as further indicated by the decrease in Na* diffusivity extracted
from galvanostatic intermittent titration technique (GITT) data.

2.2 Synthesis methods of NVPF

Based on previous studies, the selection of the synthesis
method and the control of the synthesis conditions are crucial
for modulating the nanostructures of the electrode materials.
Regarding NVPF, the typical synthesis methods are mainly
divided into four types: including the solid-phase method,**
sol-gel method,”*”* hydrothermal/solvent-thermal route,”>”®
and others (spray drying strategy and electrospinning, etc.).”!

The solid-phase method is a common method for synthesizing
NVPF materials, which has a simple operation process for
preparing electrode materials and a relatively low production cost.
Solid-phase synthesis of NVPF typically employs sodium sources
(e.g, Na,CO; and NaF), vanadium sources (e.g., NH,VO; and V,05),
phosphorus sources (e.g., NH,H,PO,), and fluorine sources (e.g,
NaF and NH,F) as raw materials. After mechanical mixing, the
mixture undergoes high-temperature sintering in an inert atmo-
sphere, enabling nucleation and crystal growth through solid-
phase diffusion of the reactants. The basic process flow for
NVPF solid-phase synthesis includes raw material weighing and
mixing, pre-sintering treatment, high-temperature sintering, and
post-treatment. Basically, high-purity NVPF could be prepared
directly by a solid-phase reaction. Meanwhile, nanoscale raw
materials and higher calcination reaction temperatures are avail-
able to improve the product purity and synthetic preparation
efficiency. Although the solid-phase method has gained wide
acceptance in the synthesis of NVPFs, the shortcomings of the
method are obvious. During high-temperature calcination, the
particle size of NVPF nanomaterials increases, accompanied by
a decrease in component homogeneity, which is detrimental to the
electrochemical properties of NVPF. Consequently, the researchers
attempted to optimize the solid-phase synthesis strategy and
worked on obtaining NVPF with an ideal particle size distribution
and homogeneous composition.

Chem. Sci., 2026, 17, 6848-6882 | 6853
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The sol-gel method is a low-temperature synthetic route that
does not require further annealing treatment compared to the
high-temperature synthesis conditions of the solid-phase
method. Meanwhile, compared with the solid-phase method,
the prepared nanomaterials have uniform particle size and
component distribution. Specifically, the raw materials are
usually dissolved and mixed in solutions. Citric acid is also added
as a chelating agent, so that different transition metal ions are
fully mixed with the carbon source to realize in situ carbon
encapsulation synthesis. Furthermore, the gases generated from
the thermal decomposition of citric acid promote the formation
of porous structures, which ultimately significantly improves the
electrochemical kinetics of the electrode materials. The core
advantage of the sol-gel method lies in achieving atomic-level
dispersion of precursors in the liquid phase, enabling high
reactivity and uniformity. The lower reaction temperature also
effectively minimizes fluorine volatilization, maintaining precise
stoichiometric ratios. The ease of achieving in situ carbon coating
and elemental doping is another significant advantage that
should not be overlooked. The limitation of the sol-gel method is
that it is not easy to achieve precise control of the morphology
and structure of the sample. The manufacturing process is rela-
tively complex and time-consuming. The reaction consumes
large amounts of organic solvents, water, and energy, resulting in
limited production capacity while potentially releasing harmful
gases into the atmosphere.

Unlike the previous two, the solvent-thermal/hydrothermal
method is a common and effective strategy capable of
precisely controlling the morphology of NVPF. At normal
temperature and pressure, the method allows for synthesis
processes that cannot be accomplished under conventional
conditions, increasing the reaction rate and yielding specific
structures. To be specific, by adjusting the parameters during
the reaction process, NVPF cathodes with various morphologies
such as nanorods, nanocubes, and hollow microspheres could
be obtained. Moreover, under autogenous pressure generated at
reaction temperature, the products exhibit high crystallinity
and purity. It also facilitates in situ composite formation with
carbon materials, enabling superior electrochemical perfor-
mance. It is noted that in liquid systems, the solvent type,
feedstock concentration, surfactant type and pH are critical for
the controlled preparation of the morphology of the synthesized
nanocrystalline materials. Typically, the hydrothermal/
solvothermal method uses only oxide powders as feedstock.
Furthermore, although the method has a short drying time, and
high water evaporation and heat transfer rates, it exhibits poor
overall thermal efficiency and mediocre synthesis efficiency.

Spray drying and electrospinning methods, as auxiliary
technologies for synthesizing NVPF cathode materials, are
usually combined with solid-phase methods to incorporate new
advantages into the traditional preparation methods. Spray
drying is a continuous process with potential for large-scale
preparation. The solvent is dispersed into micro-sized drop-
lets by means of an atomizer, which further come into contact
with hot gas and instantly evaporated to form NVPF material
nanoparticles. The advantages of the spray-drying method lie in
the homogeneity of the prepared nanoparticles and the
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flexibility of structural design, as well as the ability of contin-
uous mass production. However, attention still needs to be paid
to the loss of the fluorine element and the control of impurities
during the preparation process.

Electrospinning is a classic technique for synthesizing one-
dimensional nanostructured self-supporting electrode mate-
rials. Through the processes of electrostatic spinning and
carbonization, the polymer solution is formed into a “Taylor
cone” by using a high-voltage electrostatic field. When the
charge repulsion exceeds the surface tension, the polymer jet is
ejected. After stretching under an electric field and by solvent
evaporation, it solidifies and coalesces into nanofibers with
uniformly dispersed particles. The synthesis provides abundant
active sites for NVPF nanomaterials by constructing carbon
fiber long-range electronic pathways. It is also possible to
prepare self-supported flexible electrodes in one step, bypassing
conductive agent and binder addition and simplifying cathode
production. Unfortunately, the electrospinning process needs
to be carried out at high temperatures and pressures, and the
environmental and equipment conditions for spinning affect
the quality of the spinning. Moreover, the time-consuming
feature of the electrospinning method is not well suited for
high-efficiency practical applications.

2.3 Challenges of NVPF

NVPF with a fluorophosphate structure has been extensively
studied and unique advantages have been demonstrated.®* Yet,
for further practical applications, NVPF still faces two major
challenges, mainly including low intrinsic conductivity and
irreversible structural evolution. Although the PO, tetrahedral
unit can provide a stable backbone structure for the transport of
sodium ions, electron transport is hindered by the insulating
PO, units, which will seriously affect the electron migration in
NVPF nanocrystals.”” Under such conditions, the electronic
conductivity of pure NVPF is as low as 10 ° to 10" S cm %,
severely limiting its performance in practical applications such
as high-rate charging. Also, numerous factors influence the
irreversible structural evolution occurring in NVPF cathodes.
The minor amount of H,O present in the battery system during
the charging and discharging process leads to the dissolution of
ions and affects the electrochemical performance of NVPF
cathodes. Liu et al. observed anisotropic changes in the lattice
parameters of cycling NVPF electrodes during the charging
process, suggesting the existence of ionic dissolution processes
in the nanocrystalline structure of the cathode material.*®
Additionally, under high temperature conditions, the [V,OgF;]
double octahedral structure was disrupted by the volatilization
of fluorine, with some F~ sites being replaced by O, . With
further loss of fluorine, a heterogeneous NazV,(PO,); phase
forms, degrading electrochemical properties such as the
working voltage plateau of the cathode. To compensate for the
charge imbalance resulting from O, replacing F~, the transi-
tion metal V undergoes oxidation. This disrupts the structural
ordering of the cathode and leads to irreversible structural
evolution during electrochemical reaction. Li et al. further
postulated a mechanism attributing capacity fade to fluorine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dissolution.®* Corrosion at the current collector interface is
caused by ion dissolution occurring in the NVPF electrode,
which makes the NVPF electrode capacity decrease. The
mechanism of NVPF based fluorinated solution driven degra-
dation could be explained as follows.

Na3V2(PO4)2F3 + xH20 - Na3V2(PO4)2F3,X + XHFT (4)

6HF + A1203 - 2A1F3 + 3H2T (5)

Recent studies have shown that the formation of the 3.3 V
plateau in the charge-discharge curve of NVPF cathode mate-
rials may also be related to the loss of elemental fluorine.*® It
was found based on F and Na nuclear magnetic resonance
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(NMR) spectra that after the spin sidebands were subtracted,
two resonance absorption peaks appeared in the spectra, which
corresponded to the two F sites in the NVPF. Last but not least,
to further increase the theoretical capacity of NVPF cathodes,
researchers attempted to achieve reversible insertion/extraction
of the third sodium ion by expanding the voltage window.
Unfortunately, the excessive oxidation of transition metal
elements triggered irreversible structural changes, sacrificing
the excellent cycling stability of NVPF cathodes.

To address the above challenges, nanoengineering studies
targeting the NVPF cathode material are essential. The aim of
this paper is to explore emerging nanoengineering research for
fluorophosphate structure NVPF cathode materials, investi-
gating the interfacial and bulk behavior of NVPF at the

| - . . -
| Surface modification and nanostructure strategies I

(8 & R N N N N _§ _§ § § & N & § _§ § _§ & § § § § N ¥ &8 ¥ § § § N ¥ 8§ § ¥ N § § 4

Solid-phase method

single particle
&

b stiming
[ s

calcinating @

C

e \2AF A,

Y —y
o B s conring

v v

bulk phase

Other methods

Element dopmg

. POy, PF-

= [GifBe 1 .

. s u, Fe, Ni, efc.)

. fisclTi|v] Mnh(u Ni |Culzn 38
b St e |Ru| R | pa | ag|co
T

e Ta |l W Re |Os] Ir [P [Aulig! 11 | Pb | Bi

Nanostructure/
crystalline face

* Dual-modification
strategies

......................................................

‘-

1 Lowtemperature
hydrothermal

Hydrolyss
CO(NH,), + H,0 == CO,7 + 2NH,

Ammonolysis »
ROH + NH; == RNH, + H,0

Yolk-shell NVPF@NC-Cu :

Capacty (MANG")

»vsassibif £

Fig. 4 The schematic diagram of the application and classification of nanoengineering in NVPF.8%8¢-9t Copyright 2022, Wiley-VCH. Copyright
2024, American Chemical Society. Copyright 2022, American Chemical Society. Copyright 2025, Wiley-VCH. Copyright 2024, Royal Society of

Chemistry. Copyright 2023, Wiley-VCH.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2026, 17, 6848-6882 | 6855


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc10141g

Open Access Article. Published on 09 March 2026. Downloaded on 6/15/2026 12:50:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

nanoscale and employing multiple synergistic strategies to
address challenges. A detailed classification review based on
different nanotechnology engineering approaches has been
presented to summarize past research findings and provide
a reference for future studies (Fig. 4).

3 Nanoscale surface modification

Taking into account the problems related to the poor intrinsic
electronic conductivity and ion solubilization of NVFP, surface
modification by nanoengineering is a common method used by
researchers.” Wrapping a nanoscale conductive coating on the
surface of the cathode material can optimize the electron transport
ability and promote the co-diffusion between ions and electrons.
Besides, the coating material with stability and mechanical
robustness serves as an anticorrosion layer to avoid the side reac-
tion of the electrolyte on the cathode. At the same time, it buffers
the volume change of the cathode material when it undergoes ion
exchange. The following review summarizes representative modi-
fication achievements in recent years and classifies them according
to their preparation and processing methods (Table 1).

3.1 Solid-phase method

The solid-phase method as a common preparation process
includes branches such as the high temperature solid state
method and mechanochemical solid state method.*”*** The
advantages include the convenience of the method, lower
energy consumption, better product purity and crystallinity, as
well as low cost with potential for scale-up preparation.’®** A
large number of nano-engineered surface modifications are
therefore carried out based on the solid-state method. Gao et al.
proposed a cathode material (NVPF@C@CNTs) prepared by the
solid-state method.** The multidimensional carbon nano-
framework is composed of amorphous carbon and carbon
nanotubes with NVPF materials by cross-linking. This delicate
design ensures that the NVPF@C®@CNTs have a suitable
particle size and shorten the sodium ion transfer pathway. The
electron transfer network was further improved, resulting in
enhanced charge transfer kinetics and superior cycling stability
of the positive electrode. The in situ X-ray diffraction (XRD)
method was used to reveal the charge/discharge mechanism of
the NVPF@C®@CNTs electrode at a current density of 0.5 C and
a voltage of 2.5 to 4.3 V (Fig. 5a and b). When the
NVPF@C@CNTs electrode is charged to 3.7 V, both the (220)
and (222) peaks are shifted to a higher angle, while the (002)
peak is shifted to a lower angle, which corresponds to a two-
phase change from NazV,(PO,),F; to Na,V,(PO,),F;. When the
voltage reaches 4.1 V, the positions of the three peaks change
more distinctly, indicating that the sodium ions are extracted by
conversion of sodium ions from Na,V,(PO,),F; to NaV,(PO,),Fs.
The exact opposite ion-exchange process is shown during
discharge, with all diffraction peaks of the NVPF@C®@CNTs
electrode shifting back to the initial position with discharge to
2.5 V. These demonstrate that a single-phase solid solution
reaction process occurs during both charging and discharging,
and that the electrochemical behavior of the NVPF@C®@CNTSs
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electrodes is a rather reversible sodium ion extraction/insertion
process, corroborating eqn (2) and (3) mentioned above. As
a result, the NVPF@C®@CNTSs cathode shows excellent electro-
chemical performance, including excellent initial specific
capacity (126.9 mAh g~ ') and cycling stability (93.9% capacity
retention over 1000 cycles at 20 C) (Fig. 5c). In addition, the
NVPF@C@CNTs//HC full cell achieves an energy density of
405.5 Wh kg~ (based on the cathode mass) and delivers great
cycling performance at high temperatures (50 °C).

Aiming at solving problems such as low energy density due
to the intrinsically low compaction density of NVPF cathode
materials, Song et al. used a high-temperature shock synthesis
strategy to prepare high-pressure, solid-density NVPF materials
with a uniform conductive network.”” Owing to the unique
preparation process, the precursors crystallize rapidly and form
large, dense particles during the rapid heating process. Further
enhancing the contact between the NVPF cathode and the
carbon coating also reduces the occurrence of side reactions
between the interface and the electrolyte. Ultimately, the
formation of heterogeneous phases and the unnecessary loss of
the F element are reduced during the preparation process,
which ensures the stability of the NVPF cathode. For demon-
strating the advantages offered by the high-temperature shock
synthesis strategy, the authors investigated the structural
evolution of NVPF in different synthesis processes. In situ XRD
showed that although the different synthesis methods pre-
sented the same reaction path (Fig. 5d), however, the charac-
teristic peak of NVP at 14° occurs using the conventional
preparation method, which is closely related to the undesired
loss of the F element. It was also found that the cathode
material decomposes to produce minor amounts of V,05 and
Na;VF during the conventional preparation process (eqn (6)
and (7)), which further weakens the electrochemical perfor-
mance of the NVPF cathode.

2VPO, + 3NaF — Na;V,(PO,),F; (6)

Na3V2(PO4)2F3 i Na3V2(PO4)3 + V203 + Na3VF6 + others
(7)

Ultimately, the modified batteries achieve excellent electro-
chemical performance over an ultra-wide temperature range
(—45-55 °C). Also, this energy-saving and efficient preparation
strategy extends the efficient preparation technology of the
cathode material. Gu et al. utilized agarose as a novel carbon
precursor to achieve a highly uniform carbon coating on NVPF
nano-positive materials.”* Not only was the electronic conduc-
tivity of the cathode material improved and the Na* migration
path of the NVPF nanomaterials shortened, the discharge/
charge plateau of the battery was also surprisingly modulated
for the first time by carbon nano-surface engineering, which led
to the improvement of the energy density and average voltage.
Test results show that when the applied voltage is 3.75 V, a two-
phase transition from NazV,(PO,),F; to Na,V,(PO,),F; is
demonstrated with the extraction of sodium ions at the full
occupied position (corresponding to the diffraction peaks of
(222) and (220), and to the new diffraction peaks formed by the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) 3D in situ XRD pattern and (b) structural evolution of NVPF@QC@CNTs electrodes. (c) Long-term cycling performances and coulombic

efficiency of all samples.®® Copyright 2022, Wiley-VCH. (d) Ex situ XRD pattern of HTS-NVPF and in situ XRD pattern of TF-NVPF during the
heating process; and full width at half maxima of TF-NVPF and HTS-NVPF at different temperatures.®” Copyright 2024, Wiley-VCH. (e) The partly
enlarged in situ XRD patterns between 27.5° and 34° with the corresponding GCD curve. (f) Rate capability and the corresponding GCD curves. (g)
Cycling performance of SIBs at 0.5C, and the insets show the practical application of HCC//NVPF@C SIFBs.?? Copyright 2020, Elsevier. (h) Quasi-
in situ Raman spectral changes. (i) The quasi-in situ XRD pattern changes.®” Copyright 2025, Royal Society of Chemistry.

merging of (222) and (213)) (Fig. 5e). As the voltage is further
increased to 4.3 V, the (220) peak is further shifted to a higher
angle and then merges with (113) to form a broad peak, which
forms a peak located at a high angle of 32.92°. This shows the
evolution of the crystal structure of Na,V,(PO,),F; converted to
NaV,(PO,),F; after the extraction of another Na ion. During the
sodiation process carried out from 4.3 V to 2.0 V, the diffraction
peaks are well restored to the original state except for a few
diffraction intensities. This indicates that the two-electron

6858 | Chem. Sci., 2026, 17, 6848-6882

reaction occurring in the lattice of the electrode material has
a high structural reversibility in the extraction/intercalation
process of sodium ions at the NVPF@C electrode material.
Furthermore, NVPF@C achieved greater specific capacity and
improved rate performance compared to NVPF materials
without nano-engineered surface modification (Fig. 5f). The full
cell assembled with hard carbon also demonstrated potential
for application in SIBs (Fig. 5g).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Apart from the above work, NVPF with a uniform carbon
coating microstructure was prepared by ultra-fast (40 min)
synthesis which used the microwave-assisted solid-phase
method by He et al.*’” Specifically, the cathode material NVPF-
microwave was prepared ultra-fast utilizing a low-cost combi-
nation of NH,F, NH,H,PO,, NH,VO;, and Na,CO; and
employing glycerol as a carbon source. Three key stages were
observed during the microwave-assisted synthesis: the initial
heating stage (to 700 °C), the intermediate reaction and sin-
tering stage (700 °C for 10-20 min), and the final sintering stage
(700 °C to completion) (Fig. 5h and i). The novel microstruc-
tures can produce a dense carbon coating and ultimately
enhance the cycling performance and high-rate performance of
the battery (only a 4.81% decay rate after 100 cycles at 2 C). In
addition, Li et al. prepared delicate nano-cubic block structures
of NVPF without obvious agglomeration traces and individually
encapsulated in carbon in situ by a simple modified solid-state
synthesis process.”® During the preparation process, paraffin as
the dispersant and the surfactant act synergistically to form
a quasi-water-in-oil medium. Delicate, stretched carbon films
were generated in situ on the NVPF surface while modulating
particle growth. The experimental results showed that different
choices of surfactant types and doses resulted in different
microstructural changes. The protective effect by the carbon
coating promoted the Na" migration and charge transfer
kinetics, resulting in good cycling and rate performance of
NVPF-NC. Also, the migration kinetics and storage mechanism
of the electrode were investigated by other tests and character-
ization studies.

Even though promising results have been achieved, there are
still some limitations in the application of the solid-state
method to nano-engineering of NVPF surfaces. Inevitably,
elemental fluorine is lost during the reaction process of high
temperature solid-state methods, which results in the produc-
tion of impurities and affects the purity of the samples. Besides,
the particle size of the product of the traditional solid-state
method is not uniform, which makes it difficult to further
carry out accurate secondary micro-regulation of nano-
structures. Yet, as the cornerstone process for the future
industrialized production of NVPF, the integration of other
advanced preparation technologies on the basis of the tradi-
tional solid-state method has tremendous potential for
application.

3.2 Sol-gel method

The sol-gel method has significant advantages in material
homogeneity, compositional regulation and low-temperature
synthesis in the preparation of NVPF cathode materials by
virtue of its uniquely advantageous liquid-phase reaction
mechanism.*”*** Meanwhile, significant breakthroughs have
also been made in the surface nanoengineering modification of
NVPF cathode materials. Sun et al. constructed a bifunctional
carbon network consisting of N-doped carbon layers and carbon
bridges around NVPF cathode nanoparticles.'®* In situ coatings
with N-doped carbon frameworks were generated by pyrolysis of
polydopamine as well as polytetrafluoroethylene and tightly

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

covered with NVPF. Besides, polytetrafluoroethylene (PTFE)
serves as an elemental fluorine reagent. Even if a trace loss of
the fluorine element occurs during the synthesis process, the
purity of the sample will be guaranteed. As presented in the
Fig. 6a, the nanocrystal structure of the prepared material NC/
C@NVPF is shown, which has a three-dimensional framework
consisting of [PO,] tetrahedra and [V,0gF;] double octahedra.
Na ions occupy interstitial positions between the [VO,F,] octa-
hedral units, favoring its migration during ion exchange. Also,
transmission electron microscopy (TEM) tests showed nice
lattice striations and crystallinity of the material, while it was
observed that the NVPF cathode material was uniformly wrap-
ped by nanometer-thick amorphous carbon (Fig. 6b). The
presence of pyrrolic nitrogen and pyridinic nitrogen associated
with defects was observed by X-ray photoelectron spectroscopy
(XPS). Their ability to provide additional sodium storage sites
for NVPF nanocrystals facilitates the transport of sodium ions.
The cathode material exhibited a high discharge specific
capacity of 125.7 mAh g~ ' at 0.2 C in a half-ell, and an
outstanding capacity retention of 92.7% over 300 cycles at 1 C.

Beyond addressing the traditional challenges of NVPF, Hu
et al. also investigated the issue of cathodic electrolyte inter-
faces associated with NVPF nanostructures.'” The research
work prepared homogeneous NVPF microspheres (HM-
NVPF@CN) assembled from carbon-coated NVPF nanosheets
and subsequently constructed a cathodic electrolyte interface
layer enriched with inorganic B and F elemental on its surface.
In the presence of a carbon coating layer, NVPF nanosheets
shorten the diffusive transport paths of Na* and e~ and provide
more electrochemical reaction sites. The strong protective layer
enhances Na" transport and inhibits parasitic reactions. The
von Mises stress distribution of spherical NVPF and nanosheet-
assembled spherical NVPF was also calculated using COMSOL
finite element simulations (Fig. 6¢). The results show that the
constructed unique two-dimensional structure effectively
buffers the stress changes induced during volume expansion
and ensures that the electrode maintains a relatively structur-
ally stable particle structure during repeated sodium ion
extraction/insertion processes. The ex situ XRD patterns of the
electrodes throughout the cycle in different charging and di-
scharging states show that the shift of the diffraction peaks
corresponds to the two-phase reaction of NVPF when the voltage
is gradually charged up to 3.8 V (Fig. 6d). When the applied
voltage was increased to 4.3 V, the diffraction peaks did not
change significantly except for a small angular shift, showing
a single-phase solid solution reaction. At the same time, when
the battery was discharged back to 2.5 V, all diffraction peaks
can be restored to the original state. Based on the calculation,
the change in the volume of a single cell during a full charge/
discharge cycle cycle is only 0.5%. The results demonstrate
the stability of the nanolattice structure of the NVPF electrode
material. Finally, the modified electrode showed impressive
cycling stability and multiplicative capacity (70 mAh g™, 80%
reversible capacity retention at 10 C after 2000 cycles) (70 mAh
g " at 20 C). The full cell achieves decent rate performance even
at 60 °C (72 mAh g~ " at 5 Q).
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To enhance the specific energy of NVPF materials, in situ N-
doped carbon-coated C-NVPF nanoparticles in mesoporous
carbon were synthesized via a scalable microwave-assisted sol-
gel route. XRD characterization confirmed the successful
preparation of pure-phase C-NVPF nanocrystals with P,,/mnm
spatial punctuation. Confocal Raman spectroscopy confirmed
the presence of disordered carbon from the decomposition of
the citric acid chelator used in the gelling process. The elements
of the NVPF nanomaterials were investigated by XPS. The
presence of a higher percentage of pyrrolidine nitrogen
enhances the electronic conductivity of the C-NVPF composites
due to the presence of lone-pair electrons, which promotes the
intrinsic electronic conductivity of the positive electrode.
Scanning electron microscopy (SEM) and selected-area electron

6860 | Chem. Sci., 2026, 17, 6848-6882

diffraction characterized the size of NVPF nanoparticles (30-160
nm) and the thickness of the modified carbon coating (6-9 nm).
The structural stability of excessively sodiated C-NVPF was
investigated using ex situ XRD. After 100 charge/discharge
cycles at different cutoff voltages, the XRD spectrum of all the
cycled electrodes maintained the square crystal structure
without the appearance of obvious secondary peaks. The shift in
the peak of C-NVPF when cycling below 2.5 V to 1.6 and 1.2 V,
however, suggests that the insertion of excess sodium ions
resulted in an increase in spacing. Eventually, in the 1.0 V
discharge state, the inherent orthogonal distortion leads to
a change of the space group to Cmcm with the appearance of
a new diffraction peak in C-NVPF. Subsequently, to probe
oxidation state evolution and local bonding interactions across

© 2026 The Author(s). Published by the Royal Society of Chemistry
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varying states of charge, V L, ;-edge, O K-edge, and F K-edge
near-edge X-ray absorption fine structure measurements were
conducted on desodiated and sodiated C-NVPF samples
(Fig. 6e). The results of the above studies strongly demonstrate
that the electrochemical kinetics of the electrodes changed
considerably at different charging and discharging depths. This
is largely attributed to the structural-mechanical and thermo-
dynamic variations of the electrode during sodium ion
extraction/insertion of C-NVPF. After matching with hard
carbon and assembling into a full cell, the C-NVPF electrode
exhibited a specific capacity of 95 h g~ * and a potential with an
average voltage of 3.8 V (Fig. 6f).

The limitations of the sol-gel method are the multi-step
process (through sol formation, gelation, drying, sintering, etc.)
and the costs associated with the raw materials used in the prep-
aration (organic chelating agents, etc.). The stability of synthesized
samples is strongly influenced by environmental factors and
challenges are faced when scaling up industrially. Lastly, incom-
pletely removed hydroxyl groups in the gel may result in the loss of
elemental fluorine. Currently, the sol-gel method was mainly
applied in laboratory grade preparation and research.

3.3 Hydrothermal method

Like the sol-gel method, in the preparation of NVPF nano-
crystals, the hydrothermal method can also provide a liquid-
phase reaction environment to provide suitable conditions for
the controlled growth of nanograins. The difference is that, in
the high-pressure environment provided by the hydrothermal
reactor, the nanocrystals easily achieve directional growth,
maintaining purity and high crystallinity. The reactor is also
equipped with an inert gas environment, which avoids the
oxidation of elemental V through a convenient process. The
relatively efficient process flow and low energy consumption
requirements of the hydrothermal method demonstrate the
potential for industrialized production and preparation.'*”*** In
this investigation, polyvinyl alcohol modulates the microscopic
interaction between NVPF nanoparticles and the nano-
protective layer through hydrogen bonding between intrinsic
hydroxyl groups and rGO."™ It was observed by TEM that an
amorphous layer about 6 nm thick could be recognized near the
NVPF nanoparticles, which could be due to the amorphous
carbon produced by polyvinyl alcohol. In the outermost region,
several rGO nano-protective layers are observed. It is demon-
strated that polyvinyl alcohol effectively bridges NVPF and rGO
to produce NVPF@C@rGO structures. In order to reveal the
potential ion transport mechanism and nanocrystal structure
changes during charging and discharging, in situ XRD tests were
performed on NVPF@C@rGO and NVPF at 0.5 C (Fig. 7a). It is
observed that NVPF@C®@rGO exhibits a more symmetrical shift
change of diffraction peaks during the test, with most of the
peaks returning to their original positions after charging. This
indicates a highly reversible extraction-embedding process with
a more stable nanocrystal structure compared to the unmodi-
fied NVPF material. The XRD data were analyzed by the Rietveld
method based on the Bragg equation. During charging, the
lattice parameters a and b gradually decrease, while the value of
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¢ gradually increases; the opposite change occurs during
discharge. Such phase transitions, as shown schematically, also
identified more minute changes in the NVPF@C@rGO lattice
parameters during charging and discharging (Fig. 7b).
Benefiting from the advantages brought by the above studies,
the prepared NVPF@C@rGO cathode has exceptional cycling
stability and rate performance (cycling capacity of 64 mAh g~ ' at
100 C and a capacity retention of 98.1% after 700 cycles at 50 C).
To improve all-climate performance for current energy storage
batteries, researchers have successfully constructed NVPF cathode
materials with two-dimensional reduced graphene oxide and one-
dimensional carbon nanotubes covering the surface.** Through
the simple hydrothermal self-assembly synthesis strategy, excel-
lent electrochemical performance was achieved even with low
carbon content in the cathode material and without the addition
of additional conductive agents. Benefiting from the unique
design of the cathode material structure and the assistance of
a multidimensional composite carbon coating, the NVPF cathode
exhibits excellent dynamic performance. Furthermore, ex situ
XRD technology was used to study the structural evolution of the
cathode during the first cycle (Fig. 7c). During the charging and
discharging process of the electrode, no disappearance of the
original diffraction peaks or generation of new diffraction peaks
occurred. The slight shift in the diffraction peaks accompanying
the insertion and extraction of sodium ions indicates a slight
change in battery volume (0.4%). When charging and discharging
return to the initial state, the diffraction peaks all return to the
initial angle, proving that the structure of the prepared cathode
material is super stable. As a result, the zero-strain cathode
material demonstrated ultra-high-rate performance (capacity of
101 mAh g at 60 C) and excellent cycle stability (capacity
retention rate of 88.4% after 6000 cycles at 10 C). Even under test
conditions with a wide temperature range of 90 °C, it still
demonstrated impressive electrochemical reversible capacity.
Zhang et al. developed an efficient hydrothermal method to
prepare carbon coated NVPF nanosheets in situ.®® Urea with water-
insoluble branched-chain starch and the NVPF precursor was first
added to deionized water to form a suspension. After a low-
temperature hydrothermal reaction, urea undergoes a hydrolysis
reaction to release ammonia. Subsequently, the polymer chains of
the branched starch react with amino groups to increase hydro-
philicity. The NVPF precursor is similarly dissolved in ammonia,
with the final reaction forming a clear solution. Moreover, NVPF
nanocrystals tend to form two-dimensional nanosheets along the
branched amylose polymer chains after the hydrothermal reaction.
Simultaneously branched starch-derived pyrolytic carbon was
coated in situ on the nanosheets to form a carbon-coated protective
layer. XRD, thermogravimetric analysis, Raman spectroscopy and
XPS showed the successful preparation of single-phase NVPF
nanocrystalline materials with an in situ carbon coating layer
(Fig. 7d). SEM and TEM as well as the corresponding elemental
mapping analyses also well corroborate the above test results, and
the samples demonstrate having a three-dimensional crosslinked
structure built from interconnected nanosheets. Ultimately, the
hydrothermal synthesis produces unique structures that endow the
nanomaterials with efficient electron transfer capabilities and
sodium storage-related electrochemical properties, in particular,
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a favorable rate performance (93 mAh g~ " at 60 C; 51 mAh g~ ' at
150 C) and long cycle stability (93% capacity retention after 500
cycles at 10 C) (Fig. 7e).

3.4 Other methods

Except for the traditional and widely used synthesis methods
mentioned above, as a complementary or auxiliary means,
researchers have investigated many novel methods for the
preparation of materials.'****>1%*1 The synergistic effect of
multiple synthesis processes is used to compensate for the
dilemma faced by a single conventional process in the prepa-
ration of materials. A special kind of three-dimensional double
carbon network interwoven NVPF nano-microsphere NVPF/
CNTs were prepared by spray drying combined with the calci-
nation method by Lei et al.*'*® By applying a carbon protective

6862 | Chem. Sci, 2026, 17, 6848-6882

layer on the NVPF surface, the electronic conductivity of the
NVPF electrode is significantly improved and the occurrence of
lattice distortion is effectively suppressed. Test results of
material characterization and electrochemical properties
demonstrate the successful preparation of NVPF/CNTs elec-
trodes and the effectiveness of the modification means. In order
to understand the charge transfer process at the electrodes of
NVPF/CNTs, electrochemical impedance spectroscopy (EIS)
measurements were performed. EIS curves of NVPF/CNTs in
different charging and discharging states, are accompanied by
a decrease in the semicircle size in the high-frequency region
during the charging process of the battery, and the opposite is
true during the discharging process. It is worth noting that the
charge transfer resistance decreases only slightly when charging
to the first plateau (3.4 V) but decreases dramatically when
charging to the second plateau (3.7 V). This indicates that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Ex situ XRD patterns of the NVPF/CNTSs electrode collected at various voltages states. (b) Charge—discharge curves at different rates.*¢

Copyright 2023, Elsevier. (c) XRD patterns of the metal MOF and results of the refined NazV,(PO4),Fs/N-PC composite with 5 wt% Co/N-PC
content using fullprof. (d) Nyquist diagram of two electrode materials during the charging process.*” Copyright 2025, Elsevier. (e) Ex situ XRD
patterns of NVPF@QC/CC in the two initial cycles. (f) The storage mechanism illustrations of the NVPF@QC/CC electrode *® Copyright 2023,

Elsevier.

a solid electrolyte interfacial layer is formed between the elec-
trolyte and the electrode during this period, which reduces the
interfacial impedance. Regarding the ex situ XRD patterns of
NVPF/CNTs electrodes during charge/discharge cycling, it was
observed that the XRD patterns of NVPF/CNTs were reproduc-
ible (Fig. 8a). The test results show that the extraction of sodium
ions from the Nal and Na, sites in the cathode material involves
a solid solution reaction, and the crystal structure remains
stable, ultimately returning to its initial state. This further
demonstrates the highly stable crystal structure of the modified
electrode during Na* extraction/insertion. As the cathode of the
SIB, the half-cell demonstrated outstanding discharge perfor-
mance, great cycle performance, and awesome low-temperature
adaptability (Fig. 8b). Plus, the assembled full cell had an energy
density of 353.4 Wh kg™ and good cycle performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Ma et al. synthesized porous nitrogen-doped carbon nano-cube
cathodes derived from bimetallic metal-organic framework
materials through a process combining spray drying and high-
temperature sintering (Fig. 8c),""” enhancing the electrochemical
performance of cathode materials through the synergistic effect
between cobalt nanoparticles and carbon coatings. The orbital
interaction between heteroatomic cobalt atoms and nitrogen
atoms reduces the sodium ion extraction/insertion barrier. In
addition, the electron-rich regions in the carbon coating attract
sodium ions through electrostatic effects, thereby increasing the
storage capacity of sodium ions and the reaction kinetics of the
electrode. The Nyquist diagram shows that the addition of the
carbon material effectively mitigates the damage caused by the
electrolyte to the cathode material, enhances interface stability,
and reduces interfacial charge transfer resistance (Fig. 8d). At
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a rate of 0.1 C, the initial specific discharge capacity of the
composite material reached 126.66 mAh g~' and it retained
91.84% of its capacity after 100 cycles. This work demonstrates
that it is feasible to modify NVPF electrode materials by utilizing
the unique structure of metal-organic framework materials and
converting them into carbon-coated materials. Ling et al. prepared
highly flexible, three-dimensional porous NVPF cathodes coated
with a nanocarbon layer using a crystal template method."*®
Thanks to the superiority of the structural design, the ordered
NVPF microporous structure facilitates the rapid diffusion and
transport of sodium ions, thereby improving the kinetic perfor-
mance of the electrode. The uniform carbon coating on the
cathode structure, combined with the conductive substrate,
provides a convenient path for the continuous transmission of
electrons. In addition, the strong chemical bonding between the
cathode material and the conductive substrate prevents the active
material from falling off and being lost, significantly improving
cycle stability. Ex situ XRD techniques were used to study the ionic
behavior of cathode materials during electrochemical processes
(Fig. 8e). Throughout the study, all diffraction peaks in the XRD
patterns could be clearly identified and correlated with their cor-
responding crystal planes. Furthermore, after two cycles, all
diffraction peaks returned to their initial states, indicating the
high stability of the prepared cathode structure. Additionally,
when using the aqueous electrolyte, the NVPF cathode is capable
of simultaneously inserting and extracting sodium ions and zinc
ions, with the corresponding charge-discharge process and
structural evolution shown in Fig. 8f. Consequently, in both SIBs
and zinc-ion battery (ZIB) systems, such carefully designed NVPF
cathodes have demonstrated outstanding electrochemical perfor-
mance. This study also suggests a reasonable strategy for utilizing
high-energy-density flexible electrodes, overcoming the structural
limitations associated with traditional loading on active materials,
and further expanding the application scope of flexible energy
storage materials in practical applications.

Nanoscale surface modification effectively enhances elec-
tronic conductivity and provides protective support for cathode
materials. Nevertheless, achieving uniform coatings is hindered
by preparation limitations, and this strategy does not funda-
mentally address the intrinsic conductivity or structural stability
of NVPF nanoparticles. Moreover, coating integrity deteriorates
under prolonged cycling. Future advances lie in expanding the
repertoire of coating materials, by leveraging composite design
and synergistic effects among multiple components—ultimately
enabling low-cost, easily prepared, and highly stable coatings.

4 Nanostructure tuning

Unlike nano-surface modification, nanostructure tuning gives
researchers great scope to tailor the design of nanomaterials,
such as defects and crystal structures. The low intrinsic
conductivity of NVPF materials could be fundamentally improved
by introducing other doping elements. The induced effect from
the doping elements also modulates the redox plateau of the
cathode. Furthermore, the kinetic performance of the electrodes
is ultimately improved by regulating the growth of dominant
crystalline surfaces, optimizing the ion nano-transport paths and
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rational nano-heterostructures. The battery's energy density is
also enhanced by tailoring the electrode material's morphology
and size for improved charge conduction (Table 2).

4.1 Element doping

The insulating structure [PO,] leads to significantly poor
conductivity of the NVPF nanocrystalline materials, which
ultimately affects the rate performance of the electrodes at
a high rate. Consequently, the intrinsic electrochemical and
kinetic properties of NVPFs could be effectively enhanced by
utilizing appropriate elemental doping.'**™**® Elemental doping
is categorized into transition metal site doping, alkali metal site
doping and polyanion site doping depending on the doping
site. Transition metal site doping, as a well-studied modifica-
tion, partially replaces V**/V*" by introducing other transition
metal ions. Due to the introduction of heterogeneous doping
elements, the redox potential of the element V is effectively
regulated, the electronic conductivity and ion diffusion rate are
improved, and the crystal structure is stabilized. For over-
coming the intrinsic deficiencies of NVPF materials by transi-
tion metal site doping, Hu et al. successfully synthesized Ti-
substituted NVPF cathodes by the sol-gel method.” Theoret-
ical calculations and comprehensive analytical characterization
demonstrate that Ti substitution effectively stabilizes the
chemical environment of the F element within the Iattice,
significantly mitigating the adverse effects of the low-voltage
plateau on the electrochemical properties of the materials. By
adjusting the energy band structure of the cathode, Ti substi-
tution optimizes the migration path of sodium ions, reduces the
diffusion energy barrier of sodium ions and improves the
electronic conductivity and the diffusion kinetic performance of
sodium ions in the material. DFT theoretical calculations and
ultraviolet-visible diffuse reflectance spectroscopy were used to
evaluate in detail the effect of Ti elemental substitution on the
electronic conductivity. The narrower band gap suggests that
the Ti element substitution promotes the electron jump from
the valence band to the conduction band, which improves the
electronic conductivity of the NVPF nanomaterials. In situ XRD
tests show that the dopant-modified crystalline material
exhibits higher stability under high-voltage conditions, which
enables it to maintain its structural stability over a longer period
of time, resulting in improved charging and discharging volt-
ages and electrochemical performance. The mechanism of the
influence on sodium ion migration from Na2 to Na3 sites in
NVPF materials by Ti substitution was also systematically
investigated by the climbing image nudged elastic band method
(Fig. 9a). The optimized NVPF nanomaterials exhibit excellent
cycle stability and multiplicity performance in the full cell.
Similarly, Li et al proposed a structural model for Fe-
substituted NVPF and investigated its optimal chemical modi-
fication stoichiometry.'* Fe** is more oxidizing (electron gain-
ing ability) than V**, which changes the microscopic electronic
energy band structure of NVPF nanocrystals. In addition, Fe
ions have three more electrons than V ions, introducing new
electronic energy levels in the forbidden band and enabling n-
type doping. The induced effects of iron ions on the crystal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 (a) Na™ diffusion pathways in NVPF-Ti-0.05.7° Copyright 2025, American Chemical Society. (b) 3D wavelet analysis of NVMPF.3*° Copyright
2025, American Chemical Society. (c) In situ XRD diagram of NVPF-Fe and NVPF-Ru.®® Copyright 2025, Wiley-VCH. (d) Scheme presenting the
NVPF crystal structure, where the Nal position is occupied by the K* cation, giving rise to the reduction of bandgap energy and faster Na*
diffusion through Ng 92Kg.0gVPF.2* Copyright 2024, Wiley-VCH. (e) Differential charge density for NVPF (left) and 0.1Li-NVPF (right). (f) Elec-
trostatic shielding diagram of 0.1Li-NVPF.**2 Copyright 2025, Wiley-VCH. (g) Operando XANES study of NVPOF-80.%** Copyright 2025, Elsevier.
(h) Ex situ XRD pattern with time—voltage curves of the (200) and (103) crystal planes for PA-NVPOF evaluated at 0.5 C during initial charging and

discharging.*** Copyright 2025, Elsevier.

structure, morphology, electronic properties and kinetic prop-
erties of modified wide forbidden band semiconductors were
systematically investigated by using a research method
combining DFT theoretical calculations and experimental tests.
The comprehensive conclusion concludes that the kinetic
properties of electrode materials are mainly influenced by the
average particle size distribution of the nanocrystals. And the
electronic properties are mainly affected by the enrichment and
charge-averaging effects of doped Fe ions, which play a crucial
role in the electrochemical performance of cathode materials.
The bottleneck of charge transfer resistance and the diffusion
coefficient of Na ions in the kinetic properties was further
investigated by using in situ EIS test results. The sample with the
optimal doping concentration achieved the highest specific
capacity of 126.7 mAh g~ ' at a rate of 0.1 C, which is close to the
theoretical specific capacity of NVPF (128 mAh g™ ') when two
Na" are extracted from the lattice.

6866 | Chem. Sci, 2026, 17, 6848-6882

Sun et al. proposed a high-entropy doping strategy using low-
concentration multielement doping to modulate the
morphology, energy band structure and coordination environ-
ment of vanadium.*° Using a combination of systematic char-
acterization and DFT theoretical calculations, the authors have
demonstrated that high-entropy doping introduces additional
energy levels into the d-orbitals of the transition metal,
shrinking the band gap by nearly 1 eV and significantly
improving the intrinsic electronic conductivity of the NVPF
material. High entropy doping likewise led to the creation of
fluorine vacancies, shortening of V-O chemical bonds, rear-
rangement of sodium ions at the Na3 site and shrinkage of
nanoparticle grains. The above changes synergistically reduce
the occurrence of deleterious phase transitions in the nano-
crystal structure and improve the diffusion kinetics of sodium
ions. Specifically, V K-edge X-ray absorption near-edge structure
analysis was performed on samples before and after

© 2026 The Author(s). Published by the Royal Society of Chemistry
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modification. A comparison reveals that the V K-edge of the
nanocrystals after high-entropy doping is significantly shifted
towards higher energies, indicating a change in the local elec-
tronic structure around the V active center. A significant peak
was observed near 1.5 A, indicating that NVMPF results from
a negative displacement of the peak associated with the V-O
bond in the R space of the M-O first coordination environment.
The V-O bond length is shortened after high-entropy doping,
which increases the V 3d-O 2p orbital hybridization. The WT
peaks of the samples were shifted to higher wave numbers after
high-entropy doping compared to those of NVPF, indicating the
successful doping of multiple transition metal atoms into the
lattice (Fig. 9b). The results of electron paramagnetic resonance
and in situ mass spectrometry tests indicate that the vacancies
around the V site in NVMPF may be derived from elemental
fluorine. The in situ XRD data demonstrated that the doping of
high entropy ions in NVPF materials effectively suppressed the
a-phase transition, thus improving the structural stability of
NVPF electrodes. DFT theoretical calculations (including
differential charge distributions, energy band structures, Na*
diffusion pathway studies, and the respective diffusion energy
barriers) have also been carried out in depth on the NVPF crystal
model of the Amam space group. Ultimately, the synthesized
NVMPF cathode material exhibits remarkable power density,
energy density and long-term cycle stability.

In a recent study, a novel strategy of theoretical prediction-
assisted chemical synthesis was proposed by Wang et al.** The
changes in the band gap of various transition metal doped
modified NVPFs were efficiently predicted and analyzed by
means of computational simulations. Furthermore, the experi-
mental results are reverse validated to quickly screen and filter
out the suitable doping elements. A series of transition metals
with 3d/4d valence electron orbitals were therefore selected and
the same stoichiometric ratio was used for V-site doping of NVPF
nanocrystals (NVPF-M). By theoretically calculating the differ-
ences in the density of states of various modified materials, the
most suitable elements are quickly screened out. Particularly, in
the elemental doping of Mn, Cu, Cd, Zn, Y, and Ag, there is no
significant distribution of electron clouds at the bottom of the
conduction band and between the Fermi energy levels of the V
atoms, which has a small effect on the electronic structure. In
contrast, the doping of Ru, Fe, Ni, Sc, Ti, Cr, Co, Zr, Nb, Mo, Tc,
Rh, and Pd decreases the energy gap, which makes it easier to
excite electrons from the valence band into the conduction band.
Combined with the results of the electron localization function of
NVPF-based materials along the (100) plane, Ru, Fe, Ni, Ti, Cr,
Mn, Cu, Nb, and Cd were further selected as the representative
elements doped in NVPF nanocrystals and experimentally veri-
fied (Fig. 9c). Amongst these, NVPF-Ru has the most favorable
electrochemical data for the combined results and possesses the
greatest application possibilities over a wide range of tempera-
tures. Considering the combination of actual production costs
and performance, the NVPF-Fe cathodes are considered to have
exceptional application potential.

Like transition metal site doping, Na" is partially replaced by
other alkali metal ions or alkaline earth metal ions, thus realizing
alkali metal site doping of NVPF. The doped NVPF cathode

© 2026 The Author(s). Published by the Royal Society of Chemistry
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possesses a larger sodium ion transport channel and can
increase the conductivity of sodium ions. Moreover, the intro-
duction of additional sodium vacancies in the lattice significantly
improves the diffusion coefficient of sodium ions. Dopant ions
with stable valence and a suitable radius can also play the role of
“pillars” to stabilize the lattice structure and improve the cycling
stability. Benefiting from the above advantages, Wu et al. intro-
duced K ions as a doping element in situ to partially replace
sodium ions in the NVPF cathode material (Fig. 9d).*** The
changes in the crystal structure, electronic properties, kinetic
properties and electrochemical properties of NVPF after in situ
substitution of K" were investigated. The in situ characterization
revealed that the addition of heterogeneous potassium ions
occupied part of the Nal site. While the migration kinetics of
sodium ions was improved, potassium ions as the “supporting
framework” did not participate in the charge/discharge electro-
chemical behavior of the electrode. Additionally, doping of
potassium ions reduces the bandgap energy of the electrode and
improves the electronic conductivity. With a suitable doping
amount, the larger size of heterogeneous alkali metal ions
enlarges the transport channel of sodium ions, which effectively
improves the overall electrochemical and kinetic properties of
the electrode. Consequently, owing to this effective modification
idea, the specific capacity of the prepared anode is as high as
128.8 mAh g~" at 0.2 C, and still exhibits excellent multiplicity
performance at 10 C. During the transport of sodium ions in
NVPF cathode materials, the strong coulombic attraction of F~
and the electrostatic repulsion of adjacent sodium ions greatly
reduce the performance of NVPF electrodes. In response to this
situation, Lin et al. introduced the lithium element into alkali
metal sites to regulate the electronic environment within the
sodium ion diffusion channel."®* Theoretical calculations indi-
cate that lithium doping reduces the electron cloud density
around the dangling F~ and alleviates the repulsive force between
adjacent sodium ions (especially sodium ions from inactive Nal
sites) through electrostatic shielding effects. This creates a nearly
neutral diffusion path, improving the migration ability of sodium
ions (Fig. 9e and f). Concurrently, given the similar physical and
chemical properties of lithium and sodium, lithium integrates
seamlessly into the NVPF crystal lattice without triggering
significant crystal phase transitions that could disrupt the
stability of the crystal structure. In situ XRD technology was
employed to reveal the crystal structure evolution of NVPF
materials during charging and discharging processes, effectively
demonstrating the robust structural stability of the modified
cathode material. Lithium doping also disrupts the ordered
arrangement of sodium ions, reducing the energy barrier for ion
migration. In situ electrochemical impedance spectroscopy and
relaxation time distribution techniques confirm that the modi-
fication reduces charge transfer resistance during sodium ion
insertion/extraction. This can be attributed to the formation of
a more stable and interface-compatible cathode electrolyte
interface (CEI) membrane, which effectively reduces ion trans-
port barriers and improves the kinetic performance of the elec-
trode. Ultimately, the synergistic benefits of the above advantages
have resulted in the outstanding electrochemical performance of
half-cells and full cells.

Chem. Sci., 2026, 17, 6848-6882 | 6867
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In addition to the above two doping sites, further doping at
the polyanionic sites likewise improves the electrochemical
performance of the NVPF cathode.’*"® The core idea is to
increase the electronic conductivity by anion energy band engi-
neering, and optimizing ion transport channels via modulation
of lattice size. Vacancies may also be introduced through the
charge compensation mechanism after heteroatom doping to
modulate the chemical valence state and ultimately increase the
kinetic performance of the electrode. Yu et al. found that struc-
tural deformation of multidimensional sodium ion transport
pathways in cathode materials leads to slow sodium ion trans-
port.*** The authors initially defined the independently accessible
sodium ion diffusion pathways in crystal structures as sodium
ion diffusion degrees of freedom (df [Na']) and explained that
higher sodium ion diffusion degrees of freedom represent
superior sodium ion transport kinetics. Subsequently, the
authors used the critical temperature synthesis method to
prepare F-doped Na;V,(PO,)O,F by performing a small amount
of F/O substitution at vacant sites while maintaining the V
valence state. By introducing minor perturbations into the
cathode crystal structure to align the energy barriers in both
directions, the intrinsic arrangement of sodium ions was di-
srupted, thereby broadening the df [Na'] of the cathode. Studies
using in situ synchrotron radiation, various spectroscopic tech-
niques, and density functional theory simulations have shown
that, compared to the slow two-phase insertion/extraction
process found in traditional cathode materials, the modified
cathode material with double df [Na'] exhibits altered solid
solution behavior in the first redox platform, as well as higher
bonding relaxation rate in the framework (Fig. 9g). Additionally,
the more prominent transition metal redox utilization and six
times higher sodium ion diffusion rate have achieved unprece-
dented sodium storage performance (68.6 mAh g~ ' capacity at
100 C and 98.3% capacity retention after 1300 cycles at 20 C). Gao
et al. synthesized layered polyaniline-coated NazV,(PO,)O,F
nanoparticles through elemental doping at polyanionic sites,
achieving this under solvothermal conditions below the
temperatures required for high-temperature sintering.** Ex situ
XRD analysis indicates that the prepared cathode material
undergoes a two-phase reaction during charging and discharging
(Na;V,(PO,)O,F < Na,V,(PO,)0,F; Na,V,(PO,)0,F < NaV,(PO,)
O,F) and achieves highly reversible structural evolution (Fig. 9h).
The NazV,(PO4)O,F cathode obtained through in situ aniline
polymerization exhibited a high average operating voltage of
3.69 V (vs. Na'/Na), high-rate capability of 65.3 mAh g~ " at 10 C,
excellent reversible specific capacity of 129.5 mAh g™, and high
energy density of 478 Wh kg™ ".

To further enhance the effectiveness of modification strate-
gies, researchers often adopt the method of simultaneously
doping polyanion sites with multiple sites to obtain the
maximum synergistic effect. Given the dynamic effects of elec-
trostatic interactions and sodium ion ordering on polyanion
cathodes, Yu et al. decoupled these two intertwined factors and
conducted relevant research."® This allowed them to clarify the
respective roles and dominant factors of each, thereby realizing
the electrochemical potential of phosphate-based cathode
materials. Researchers synthesized cathode materials doped

6868 | Chem. Sci,, 2026, 17, 6848-6882
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with Zn** or Mg". Crystal structure characterization and theo-
retical calculations revealed that introducing a small amount of
Zn>" (accounting for 0.6% of the sodium content) into sodium
sites, accompanied by sodium vacancies, could form a stable
crystal structure. Correspondingly, when Mg>" is co-doped at
sodium and vanadium sites at ten times the above Zn>" content,
this will introduce additional sodium ions to achieve charge
balance. Performance testing shows that Mg”*-doped polyanion
cathode materials exhibit a sodium ion diffusion coefficient up
to three times higher than that of Zn**-doped control materials,
significantly improving their sodium storage performance,
despite the need to overcome a larger ionic repulsion energy
barrier. This work confirms that, in such material systems,
regulating structural order through doping strategies is an
effective way to optimize the defect formation energy of
phosphate-based cathode materials, and this advantage can be
extended to other polyanion cathode materials. In a similar
manner, Wang et al. introduced Fe** and fluoride ions into the
polyionic cathode in a quantitative manner and synthesized the
cathode material NagV; g4Feq16(PO4)F3 (x = 0.16)."” The
introduction of heterogeneous impurity atoms significantly
reduces the original band gap and energy barrier of the cathode
material, as confirmed by density functional theory calcula-
tions. A series of experiments were conducted to elucidate the
sodium storage mechanism associated with the three-phase
transition of the prepared nano-positive electrode material.
When the material with a doping concentration of x = 0.16 is
used as the cathode material for sodium-ion batteries, the
diffusion coefficient of sodium ions is significantly enhanced,
exhibiting lower activation energy. Therefore, the assembled
battery has excellent dynamic and electrochemical perfor-
mance. It takes only 2.39 minutes to fully charge at a current
density of 10 C, while maintaining low energy loss in various
rigorous self-discharge tests. In addition, the low intrinsic
electronic conductivity caused by PO,*>” severely hinders the
practical application of NVPF cathodes. Zhou et al. simulta-
neously doped F~ and PO,’~ at the polyanion sites, obtaining
NazV,(PO4)1.05(Si04)0.050,F."** Combining theoretical calcula-
tions and experimental testing analysis, this dual anion
substitution doping strategy optimizes the material's electronic
conductivity while widening the sodium ion transport channel,
synergistically promoting improvements in ion/charge diffu-
sion kinetics. Plus, the SiO,*~ groups that were added make the
crystal structure more stable, which helps with reversible two-
electron reactions and boosts energy density by increasing the
average discharge voltage. Therefore, the prepared nano-sized
cathode material exhibits significantly improved high-rate
performance (75.5 mAh g~ ' at 30 C) and shows almost no
capacity decay after 1000 cycles at 10 C. When assembled into
a full cell with a hard carbon anode, the cathode achieves high
energy density (280 Wh kg™ ") and exceptional long-term cycling
stability (92.3% capacity retention after 300 cycles at 5 C).

4.2 Nanostructure/crystalline face modulation

As an effective means of nanostructure tuning, the nanolattice
structure could be modulated by heterostructure complexation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This also could be realized by regulating the exposure and
growth of the dominant crystalline surfaces. In order to
contribute to a better solution to the problems faced by NVPF
nanomaterials, the kinetic properties of the electrode materials
are improved by means of rational modifications to optimize
the electron/charge transport paths, shorten the transport
distances and lower the energy barriers.”***** The effective
exposure and growth of high-energy crystalline surfaces
enhances the reaction between suitable chemical bonds and
functional groups to promote the generation of dominant
structures. Nanostructure optimization might also be used to
reduce the bulk strain during ion transport and suppress the
generation of vacancies from undesired lattice distortions.

Xie et al. composited NVPF with LiNijgCo0y1Mng 0,
(NCM811), a common LIB cathode, and realized a high-
performance cathode material through the nano-structural
modulation between the two conformational materials."*> The
modified materials were subjected to ex situ XRD testing. Based
on the analysis of the plots of the composites at different volt-
ages, we can find that the characteristic diffraction peaks shift
from the space group Amam to I,/mmm in the charging state of
4 V. Upon further charging to 4.3 V, the crystal structure was
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transformed into the Cmc2, space group (Fig. 10a). A completely
opposite diffraction peak shift process was demonstrated upon
discharge, proving the structural stability of the nanocrystalline
material. Besides, the introduction of NCM811 brings about an
earlier voltage shift and improves the discharge plateau voltage
of the cathode material. Meanwhile, other test results illustrate
that the modified composite material stores and releases more
energy during the charging/discharging process, which ulti-
mately leads to an increase in the specific energy of the cathode
material. The EIS of the modified cathode is significantly
reduced and the diffusion coefficient is improved. The
improved kinetics ultimately enhances the rate performance
and long-term cycle stability of the battery. Zhao et al. intro-
duced polytetrafluoroethylene and NazV,(PO,); into NVPF,
thereby forming a two-phase NazV,(PO,);/NVPF hetero-
structure.® X-ray absorption fine structure (XAFS) indicates that
the prepared composite heterostructure cathode exhibits
a lower V valence state, thereby releasing more reversible
capacity. The shorter V-O bond allows the VO4 octahedron to
maintain a stable crystal structure. Nuclear magnetic resonance
proves that the additional Na sites in NVPF in the cathode are
activated, indicating that more active sodium ions participate in
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(a) Structural evolution of NVPF during the charging and discharging processes.**? Copyright 2025, Elsevier. (b) Schematic crystal

structures (top) and density of states (bottom) of NazV,(POy,)s (left), NazVa(PO4),F3 (middle) and NazV,(PO4)s/NazV,(PO4),F3 (right).*° Copyright
2025, Elsevier. (c) SEM image of PB/NV@APT. (d) Cycle performance of PB, PBQAPT, PB/NV, and PB/NV@APT at 100 mA gt and 1 A g%,
respectively.’** Copyright 2025, Elsevier. (e) Contour plots of in situ XRD results.*** Copyright 2024, American Chemical Society. (f) Adsorption
energy and schematic diagram.*** Copyright 2024, Royal Society of Chemistry.
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the electrochemical reaction, improving the specific capacity of
the cathode. The two extended and reversible charging plat-
forms above 3.7 V and a merged discharging platform in the
charge-discharge curve also confirm the improvement in
specific capacity and energy density. Ex situ XRD and XPS were
used to comprehensively study the evolution of the crystal
structure and charge compensation mechanisms, further
demonstrating the advantages of the NVPF composite cathode
in terms of high electrochemical reversibility and near-zero
structural strain. Meanwhile, ex situ high-temperature XRD
revealed the intrinsic formation mechanism of the NVP/NVPF
heterostructure. Due to the work function difference between
NazV,(PO,4); and NazV,(PO,),F3, a self-enhanced built-in electric
field is constructed at the heterointerface to achieve accelerated
transport of electrons and ions. The self-enhanced built-in
electric field of the heterostructure, which regulates the multi-
electron reaction of the electrode, was also demonstrated by
combining density of states theory with various testing and
characterization methods (Fig. 10b). As a result, the prepared
heterostructure composite NVPF cathode exhibited an ultra-
high specific capacity of 139.8 mAh g ' and excellent rate
performance and cycling performance.

Wang et al. successfully prepared a nanocrystalline material of
a Prussian blue composite with NVPF and used it as a cathode for
SIBs (PB/NV@APT)."*® Nano-structural modification enhances
the average operating voltage of the cathode material and
improves the electrochemical performance. SEM and TEM were
used by the authors to observe the morphology and microstruc-
ture of the prepared nanocrystals. As shown in Fig. 10c, the
morphology of PB/NV@APT is a nano-cube with layered hollow
cavities. The unique cavity structure provides more channels and
active sites for the exchange of sodium ions, thus improving the
charging and discharging performance of the positive electrode.
Meanwhile, the test results of measured tap density show that the
modified nanocrystalline materials exhibit significantly
enhanced tap density. This shows that more volume of the active
material can be filled in a limited battery space, thus increasing
the volumetric energy density of the battery. Owing to the above
unique design, the reversible charge/discharge specific capacity
and cycle stability of the modified electrode are significantly
improved. At a current density of 100 mA g, the electrode
provides an initial capacity of 124.9 mAh g~ and has a capacity
retention of 85.7% after 200 cycles (capacity decay is one-third of
that before modification) (Fig. 10d). Also, Kumari et al. proposed
a method to prepare a high-performance composite cathode by
co-sintering NVPF and the sodium super-ionic conductor (Nas-
Z1,Si,P0O,,, NZSP) at high temperature, which was successfully
applied to all-solid-state sodium batteries."”® The modified
composite cathode can establish tight contact between the
cathode active substance and the electrolyte while maintaining
interfacial stability (chemical, thermal and electrochemical). XRD
and SEM confirmed that the heterogeneous composite modified
cathode material has no obvious elemental diffusion and has
good structural stability. The co-sintering step also significantly
reduced the interfacial resistance at the NZSP/NVPF interface.
Finally, the design and assembly of the full cell was carried out,
and the constructed full cell had 85% capacity retention and 99%
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coulombic efficiency after 500 cycles at 0.1 C. To address issues
such as poor electronic conductivity, slow reaction kinetics, and
large volume changes during charging and discharging inherent
in NVPF cathodes, Ma et al. intentionally added a certain amount
of pretreated multi-walled carbon nanotubes during the prepa-
ration process."** A one-pot solid-state reaction method was used
to synthesize a biphasic polyanion phosphate material composed
of NVPF and a small amount of NVP. Benefiting from the struc-
tural superiority brought about by heterostructure modification,
the improved electronic conductivity and kinetic performance of
the cathode material achieved remarkable cycle stability and
significant charge-discharge performance. The composite elec-
trode exhibits capacities of 114.8 and 78.6 mAh g~ under test
conditions of 20 and 5000 mA g~ ', respectively, and retains
75.7% of its capacity after 10 000 cycles. In situ XRD test findings
confirm that the NVPF composite cathode maintains a stable
crystal structure during sodium ion insertion and extraction, and
its excellent structural reversibility contributes to the electrode’s
long cycle life (Fig. 10e). Even more importantly, this dual-phase
heterogeneous cathode material also exhibits surprising electro-
chemical performance across a wide operating temperature
range of —20 to 50 °C, driving further practical applications.

Furthermore, facilitating the exposure of dominant active
crystalline surfaces by means of nano-structural modification is
also an effective measure to enhance the performance of NVPF
nanocrystal electrodes. Li et al. synthesized NVPF with different
(002) active surface exposure rates, in which the surface energy
is regulated by using carbon clusters as inducers, ultimately
controlling the growth rate of different crystal surfaces."** The
differences in crystal morphology are generally considered to be
mainly due to the anisotropy of crystalline materials. During the
growth of crystals, the growth rate of crystal faces with high
surface energy is faster than that of low surface faces, leading to
the optimal growth of crystalline materials. The researchers
analyzed the growth mechanism of NVPF nanocrystals under
the adsorption of carbon clusters using DFT theoretical calcu-
lations with relevant test predictions (Fig. 10f). Further theo-
retical studies of Na* adsorption, diffusion, and storage indicate
that the exposed (002) crystal faces have more stable Na* storage
sites, which results in lower energy barriers for the Na* diffusion
process. A combined analysis of synchrotron X-ray absorption
spectroscopy and electrochemical tests further elucidated the
promotion of enhanced Na' transport kinetics and associated
electrochemical stability.

4.3 Dual-modification strategies

The performance improvement of NVPF nanocrystalline by
using single nano-engineering strategies is of limitation. The
dual modification approach combining nanoscale surface
modification with nano-structural modification provides more
flexible design strategies, more significant results and greater
application potential.®»****3>'” Iron-doped NVPF was prepared
by a hydrothermal method by Yang et al.”” The introduction of
iron is beneficial in reducing the agglomeration phenomenon
of particles and refining the cathode nanoparticles. The transfer
of Na* was further facilitated, and the irreversible degradation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the nanocrystal structure was mitigated. Simultaneously,
benefiting from the establishment of a three-dimensional
carbon framework constructed by using N-doped carbon
nanotubes and carbon layers, a protective layer was formed
around the NVPF material, which reduces the excessive changes
in the lattice volume during the charging and discharging
process. The carbon protective layer also acts as a conductive
network to further enhance the electron transfer capability of
the cathode material (Fig. 11a). Batteries assembled with
modified electrodes achieved 98% capacity retention in rate
performance tests from 0.1 C to 10 C. Zhou et al. proposed
a strategy to synthesize copper-substituted NVPFs with a unique
yolk-shell structure by the spray-drying method.* In parallel,
a nitrogen-modified carbon coating (polyvinylpyrrolidone as the
carbon source) was applied on the surface of NVPF. Improve-
ment of intrinsic and interfacial conductivity in NVPF nano-
crystals was observed by synergizing nanoscale surfaces
engineering and nanocrystal structural tuning. The structural
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evolution of the modified electrode during the electrochemical
reaction was investigated in real time using the in situ XRD
technique (Fig. 11b). The characterization results illustrate the
presence of interphase changes in the cathode material during
cycling, following a reversible sodium-ion storage and removal
mechanism multiphase change, rather than a solid-solution-
reaction mechanism. DFT theoretical calculations predict that
the substitution of copper introduces new impurity energy
levels in the band gap, allowing electrons in the valence band to
easily jump to the conduction band, ultimately increasing the
intrinsic conductivity of NVPF (Fig. 11c). The optimized cathode
with an egg yolk shell structure provides 117.4 mAh g " at 0.1 C
with ultra-high cycling stability.

Guo et al synthesized a series of scandium-doped
NazV, ,Sc,(PO,),F3;/C materials using the sol-gel method.**®
This strategy aims to improve the electrochemical performance
of NVPF cathodes and modify their surface using citric acid as
a chelating agent and carbon source, which improves their
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replacing vanadium element. (c) Density of states of NVPF and modified NVPF.8° Copyright 2024, Wiley-VCH. (d) Density of states calculations for
NVSPF/C-0.04. (e) 2D contour plot showing the evolution of the reflections at around 12° 26 with the corresponding GCD curve at 0.2.%*
Copyright 2025, American Chemical Society. (f) High-resolution N 1s and (g) Mo fragments obtained by TOF-SIMS. (h) PMA adsorption on the (0

01),(110), and (1-1 0) surfaces.” Copyright 2023, Wiley-VCH.
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electronic conductivity. Research has found that, compared
with V, Sc is more environmentally friendly. As a non-
electrochemically active element, Sc partially stabilizes the
crystal framework, reduces crystal deformation during the
sodium ion insertion/extraction process, improves ion diffusion
in the material, and reduces polarization. The optimized NVPF
electrodes exhibit favorable electronic conductivity and cycling
stability, with the NVSPF/C-0.04 electrode demonstrating the
highest discharge specific capacity, remarkable rate perfor-
mance, and cycling stability. Density functional theory results
indicate that the band gap of the modified electrode is signifi-
cantly reduced, suggesting that the electron transport capability
from the valence band to the conduction band in Sc-doped
NVPF is significantly enhanced, confirming that Sc doping
effectively improves the intrinsic electronic conductivity of the
homogeneous phase of NVPF (Fig. 11d). In situ XRD data indi-
cate that the modified electrode undergoes a phase transition
during charging/discharging at 0.2 and 2 C and reveals the
reason for the capacity decline at 5 C (Fig. 11e). Finally, the full
battery matched with hard carbon exhibited outstanding
discharge specific capacity (112 mAh g™ " at 1 C).

The rational use of a variety of modification methods often
achieves unexpected results. Liang et al. developed a phospho-
molybdic acid-assisted hydrothermal synthesis of NVPF.” The
morphology of NVPF nanocrystals changed with the addition of
phosphomolybdic acid as an inducer of crystalline facets under
van der Waals forces using phosphomolybdic acid, and the
surface was covered with a nitrogen-doped carbon nano-
interface layer. XPS spectroscopy revealed distinct N 1s and C
1s peaks, confirming the formation of an N-doped carbon layer
on the NVPF electrode (Fig. 11f). Moreover, a three-dimensional
view of the modified NVPF was obtained by time-of-flight
secondary ion mass spectrometry, showing a large amount
of V and Na ions, as well as trace amounts of Mo ions diffusing
throughout the entire bulk phase (Fig. 11g). Although the
content is low, the presence of Mo is still observed in the test
results, indicating that phosphomolybdic acid is evenly
distributed in NVPF. The effect of the structure and morphology
of NVPF nanoparticles on electrochemical properties was
investigated using comprehensive characterization and testing.
In addition, the impact of the introduction of phosphomolybdic
acid on the molding of NVPF was analyzed using DFT theory
calculations (Fig. 11h). It is predicted from the theoretical
calculations that the addition of the facet inducer leads to faster
NVPF crystal growth due to the increased adsorption energy and
increased surface energy. As a result, rectangular NVPF grains
with a continuous diffusion path of Na® are formed. Also,
kinetic performance tests showed that the nano-interfacial layer
prepared by the coating process improved the electron and ion
transport capacity of the cathode. Ultimately, this combined
approach of nanocrystal structure modulation and nano-
surface modification yielded enhanced electrochemical prop-
erties of the cathode material. Carbon-coated, magnesium ion-
doped NVPF (labeled Na;V, ,Mg,(PO,),F;@C) was synthesized
by a facile sol-gel method by Zhang et al.*** The effects of the
modified NVPF crystal structure and electrochemical properties
were comprehensively investigated by means of comprehensive
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characterization experiments and electrochemical tests. The
moderate introduction of magnesium ions leads to an equal
amount of V** being compensated for by V** charge, which
improves the extra capacity and voltage plateau of the electrode.
In addition, the doping of magnesium ions reduces the aggre-
gation effect during the preparation of the material, shortens
the bond lengths of the V-O and V-F bonds, reduces the cell
volume, and creates a more stable channel for the transport of
sodium ions in NVPF. The synergistic effect of the disordered
carbon layer on the surface provides more paths for the trans-
port of sodium ions, improves the electronic conductivity of the
surface, effectively reduces the electrode polarization phenom-
enon and charge transfer impedance during the charging and
discharging process, and ultimately enhances the comprehen-
sive performance of the material. The NazV;.95Mgo.05(PO4)2-
F;@C sample has a specific capacity of 126.8 mAh g " at 0.1 C
and an impressive 96.72% capacity retention after 100 cycles. At
10 C, the initial discharge capacity is 102.3 mAh g™, with 70%
retention after 1000 cycles and an overall cycle life of over 2000
cycles. Wang et al. introduced potassium and magnesium
elements in NVPF nanocrystalline particles possessing
nitrogen-doped carbon protective coatings using a binary co-
doping strategy.'** Materials modified with nanoscale interfa-
cial layers not only form a porous structure but also introduce
additional defects and active sites. This modification improves
the reaction kinetics and simplifies the electrochemical process
by increasing electrolyte interactions through the enlarged
specific surface area. A two-element doping strategy targeting
NVPF nanocrystals acts on both alkali and transition metal
sites. The introduction of potassium ions with a larger radius
enlarges the transport channel for sodium ions, which facili-
tates the transport of sodium ions and improves the reaction
kinetics. The substitution of magnesium ions in the V sites
creates holes and improves the electronic conductivity of the
material. Meanwhile, the inactive magnesium ions significantly
inhibit the occurrence of lattice distortion and improve the
cycling stability of the electrode.

The integrated design of nanoscale interfacial and structural
modification offers a promising route for addressing the
inherent challenges of NVPF electrodes. On one hand, refined
nanostructuring shortens ion transport distances. On the other
hand, interfacial coatings optimize charge transfer, reduce
fluorine loss, and suppress side reactions. Together, these
modifications stabilize the lattice structure, accommodate
nanoscale volume fluctuations, and improve overall cathode
stability. Nevertheless, critical obstacles persist: kinetic limita-
tions impede Nal site activation essential for enhanced energy
density; irreversible phase transitions driven by high-valence
vanadium upon deep desodiation remain unaddressed; and
the economic viability of exogenous modifications must be
carefully evaluated.

5 Summary and prospects

In summary, various advanced nanotechnologies were
employed to promote the interfacial stability, bulk structure

and electrochemical performance of polyanionic cathodes for
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SIBs, contributing to great progress from the perspectives of
both basic research and industrial applications in this field,
which can be well evidenced by the increasing publications in
the past few decades (Fig. 12a).***** We further conducted
research hotpot analysis by selecting core keywords in public
databases, typically including nanotechnology engineering,
cathode materials, polyanionic phosphates and electrochemical
performance parameters related to SIBs (Fig. 12b), which
confirms the extensive research interests and will expand
research direction space in the future.

Specifically, polyanionic NVPF serving as a cathode can
deliver a high working voltage and large reversible capacity, and
is regarded as one of the most promising cathodes for SIBs.
However, the intrinsic structure deficiency, low electronic
conductivity, sluggish Na* kinetics, structural deterioration and
serious side-reactions during high-cut-off-voltage cycling finally
contribute to unsatisfactory rate capability and cycling
stability.’®> It is of significant importance to overview the
previous research progress and current application prospects of
NVPF. Therefore, we systematically reviewed the intrinsic
structure properties, synthesis routes, the remaining challenges
and the nanoengineering modification strategy of NVPF-based
cathodes toward practical SIBs. We especially focus on nano-
structure design, physical characterization, electrochemical
mechanisms, and practical application, which can render an
elucidation of the relationship between the structure and
performance and advance commercialization of NVPF cath-
odes. Meanwhile, for nanotechnology engineering, through
rational multidimensional nanoscale electronic structure
regulation, conductive network construction, and micro-nano
structure design, scientists have made progress in addressing
key challenges with NVPF, including its poor intrinsic electronic
conductivity and structural irreversibility. The purpose of this
review is to identify the commonalities and special features of
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these outstanding achievements and to inspire more
researchers to conduct relevant research. Despite some exciting
breakthroughs having been achieved, three perspectives are
presented from the perspective of nanotechnology engineering
to further improve the comprehensive performance of NVPF
cathodes for practical SIBs in the future (Fig. 13).

(1) Advanced auxiliary research tools: at present, the research
approach of combining theoretical calculations and experi-
mental testing analysis has become widely used. Therefore,
more advanced research tools are needed to conduct in-depth
research on NVPF materials, thereby solving key issues related
to electrode materials and improving their overall performance.
The development of advanced research tools for the future
broadly includes multidimensional dynamic characterization
techniques, multiscale computational simulations, and
machine learning-driven multidirectional design.

Innovations in multidimensional dynamic characterization
techniques mainly include in situ structural analysis techniques
and dynamic visualization engineering of three-dimensional
structures and element distribution, for example, by
combining in situ XRD, in situ TEM, and in situ selected area
electron diffraction analysis to conduct in-depth research on
the actual structural evolution process of NVPF cathode mate-
rials under operating conditions. Concurrently, in situ spectro-
scopic techniques such as in situ Raman spectroscopy and in
situ solid-state nuclear magnetic resonance spectroscopy
provide detailed analysis of changes in functional groups and
chemical bonds during nanoengineering modifications. The
further development of X-ray computed tomography and X-ray
energy-dispersive imaging techniques has also advanced
researchers’ understanding of nanoscale structural evolution
and elemental valence state changes within electrodes.

With the deepening development of simulation computing
capabilities, multi-scale simulation methods have become a key
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tool for revealing the intrinsic characteristics and performance
optimization mechanisms of NVPF materials. The core of this
method lies in the deep integration of atomic-scale calculations
and macroscopic phase field simulations. By connecting density
functional theory, first-principles molecular dynamics, and
phase field simulations, it is possible to predict the changes in
NVPF electrodes from the atomic orbital to the macroscopic
structural stress in a manner that is closer to reality. Thus, it is
possible to verify or predict the results of subsequent experi-
mental tests, thereby achieving more effective NVPF cathode
nanoengineering modification.

Besides, the traditional “trial and error” research model is
being replaced by big data-driven research, and machine
learning is driving closed-loop optimization from theoretical
prediction to experimental verification in the nanoengineering
design of NVPF materials. By establishing a materials genome
engineering network, high-throughput screening will be ach-
ieved from “input feature values” to “performance result
predictions,” ultimately realizing “reverse analysis and multi-
directional design,” which will greatly improve the efficiency
of scientific research work. Furthermore, by optimizing algo-
rithms and adjusting spatial parameters in combination with
active learning strategies, the material synthesis pathway is
ultimately optimized, enabling high-efficiency synthesis
pathway analysis with “intelligent navigation”. In summary, the
development of advanced research tools is profoundly trans-
forming the research paradigm of NVPF and other materials,
enhancing the depth and scope of research.

(2) Comprehensive performance evaluation criteria: in the
study of NVPF cathodes, there are phenomena such as

6874 | Chem. Sci,, 2026, 17, 6848-6882

“differences in electrolyte systems, differences in voltage
windows and test conditions, differences in the threshold
settings of specific parameters in the material characterization
process, and arbitrariness in full cell matching”. In response to
the issues of fragmented testing methods, poor comparability
of experimental data, and an incomplete evaluation system in
the aforementioned basic scientific research, it is necessary to
establish standardized comprehensive performance evaluation
criteria for related research to better apply NVPF cathodes in
future actual production.

Specifically, for the electrolyte systems that are currently
being studied (ester electrolytes, ether electrolytes, and new
fluorinated solvents), it is necessary to establish a unified
performance comparison benchmark. In addition, the type of
solvent in the electrolyte, the concentration of sodium salt, and
the proportion of additives also have a significant impact on
battery performance. Research on different electrolytes for
different applications can also be managed using standardized
databases, which will facilitate further studies on NVPF-based
sodium-ion batteries in the future. Also, the voltage window
and test temperature benchmarks should be set in a standard-
ized way. As we know, the charge-discharge behavior of elec-
trode materials like NVPF is really sensitive to voltage and
temperature. For battery testing, parameters like “voltage
window, temperature gradient, and high-rate polarization
compensation” need a benchmark to guide future performance
comparison studies. At the same time, electrochemical and
other basic test program parameters also require a standardized
protocol to guide research, thereby making the data obtained
more comparable, for example, in constant current charge-
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discharge tests in electrochemical testing, the requirements for
setting the cycle activation stage and cycle stage, in electrode
structure characterization, the critical point of structural phase
transition, the threshold for fluorine loss, and parameters for
structural integrity after cycling, etc. The matching of the full
battery is highly dependent on the choice of the anode. For the
type of anode, the choice of anode precursor, the pre-sodiation
process, and the control of the N/P ratio all require a standard-
ized scheme for effective full battery performance evaluation.
Only by setting standardized test conditions or standardized
performance evaluation standards can the true effective
performance of NVPF-type batteries be more clearly reflected.

Furthermore, establishing standardized databases and
model sharing mechanisms will also help accelerate the
industrialization process. For example, a dedicated database for
NVPF materials could be constructed, including a “material
gene” library, performance degradation charts, and failure case
analysis data collection. Simultaneously, performance predic-
tion models based on standardized data collection will be
developed to enable prediction and analysis of the results of
NVPF cathode material nano-interface modification and nano-
structure modification, thereby further improving the research
efficiency of scientists. In this way, the industrialization
assessment system and standard formulation will be promoted.

(3) Integration of applied batteries: except for focusing on
improving the intrinsic properties of NVPF-type cathode mate-
rials, it is also necessary to broaden the research scope to include
the development of application-oriented batteries (including
solid-state batteries, wide-temperature-range batteries, and
multi-scenario integrated applications), thereby achieving
a transition from modified nanotechnology to solving macro-
level scientific problems. In integrated solid-state battery
systems, contact issues at solid-solid interfaces (electrode inter-
face-electrolyte interface) have long been a major challenge for
researchers. Poor physical contact between solid interfaces leads
to a shift from the original “surface contact” to partial “point
contact” on the electrode side. The micron- and nanometer-scale
gaps between interfaces result in the formation of uneven inert
layers at the electrode interface, which negatively affects the
electrochemical performance of the battery. Furthermore, the
expansion coefficients of the two solid interfaces are typically
mismatched. This leads to issues such as interface separation
during cycling, which causes battery failure. So, for the future
development of solid-state batteries, it's really important to
optimize the composite electrolyte and interface layer together
and control the ion behavior at different scales (like controlling
the electric field and ion concentration gradient).

The design strategies for wide-temperature-range batteries
mainly include improving the intrinsic stability of materials,
matching the interface chemistry of wide-temperature-range elec-
trolytes, and studying the failure mechanisms and regeneration
strategies at extreme temperatures. Currently, NVPF materials are
constrained by both ion diffusion retardation and decreased
interface stability at low temperatures. First, further improving the
intrinsic structural stability (low temperature/high temperature) of
NVPF electrode materials through appropriate nanoengineering
modification is the fundamental way to enhance their wide

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

temperature range application. Second, attention should also be
paid to the interface chemistry matching with wide temperature
range electrolytes, and the relationship between the physical and
chemical properties of the interface CEI and its electrochemical
performance should be studied. Finally, the failure mechanism at
extreme temperatures and the regeneration/repair strategies for
failed cathode materials should also be given attention.

Further development of NVPF electrodes should also consider
their application in multi-dimensional integrated application
systems. NVPF electrodes modified through nanoengineering offer
advantages such as high voltage, long cycle life, and economic
versatility. As a supplementary energy storage device, NVPF elec-
trodes will help promote the development of grid-level energy
storage systems, special power supplies (for special vehicles,
aerospace applications, etc.), and economical electric vehicles.

In the future, the nanotechnology engineering of NVPF cath-
odes will be guided by the principles of "atomic-level precision
control, multi-nano-scale coordination, deepened understanding
of mechanisms, and scalable application. The practical applica-
tion of NVPF cathodes from laboratory research to actual
implementation should be advanced. Furthermore, the universal
application of nanotechnology engineering to other energy
storage fields should be extended, adapting to local conditions to
achieve more breakthroughs.
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