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HIGHLIGHTS

® Na;V,(PO,),F; and Na;V,0,(PO,),F are systematically compared to elucidate the influence of subtle anion chemistry differences on
crystal structure and Na* ions diffusion pathways.

e Synthesis and modification strategies are critically evaluated to clarify the relationships among structure, properties, and performance
in fluorophosphate NASICON cathodes.

e Voltage-driven interfacial degradation mechanisms are analyzed, providing transferable insights for designing durable high-voltage

sodium-ion battery cathodes.

ABSTRACT The development of high-energy-density sodium-ion batteries places
stringent requirements on cathode materials to simultaneously achieve high operating
voltages, rapid Na* ions transport, and long-term structural and interfacial stabil-
ity. Polyanionic NASICON-type frameworks have emerged as a compelling cathode

platform due to their robust three-dimensional Na™ ions diffusion networks, strong

inductive effects, and excellent thermal stability. Within this materials family, fluoro-

phosphate NASICON cathodes offer elevated redox potentials, while targeted anion
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chemistry modulation provides an effective strategy to tune electronic structure, ion
migration, and interfacial reactivity. Representative vanadium-based fluorophosphate
cathodes, Na;V,(PO,),F; (NVPF) and Na;V,0,(PO,),F (NVOPF), exhibit closely

related crystal frameworks yet display distinct sodium storage behavior and degrada-
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tion characteristics under high-voltage operation. In NVOPF, partial substitution of F~
by O*~ enhances electronic conductivity and Na* ions transport kinetics, while NVPF
maintains a higher redox potential associated with the V**/V*#* couple. This review
critically compares NVPF- and NVOPF-based cathodes in terms of crystal structure, sodium storage mechanism, synthesis and modification
strategies, and high-voltage cathode/electrolyte interfacial stability. By correlating structural chemistry with electrochemical and interfacial

evolution, this work provides general insights and design guidelines for high-voltage NASICON-type cathodes in sodium-ion batteries.
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1 Introduction

With the increasing demand for large-scale energy storage
driven by renewable energy integration and grid stabiliza-
tion, sodium-ion batteries (SIBs) have emerged as a promis-
ing alternative to lithium-ion batteries owing to the natural
abundance, low cost, and wide geographical distribution of
sodium resources [1-4]. However, the relatively large ionic
radius of Na™ ions and sluggish reaction kinetics pose sig-
nificant challenges to the development of high-performance
cathode materials with high energy density, long cycle
life, and robust safety characteristics [5—7]. Therefore, the
rational design of cathode materials that concurrently enable
fast Na* ions transport, high operating voltage, and robust
structural stability remains a central pursuit in SIB research.

Among the various cathode material families explored
for SIBs, phosphate-based compounds have attracted exten-
sive attention due to their excellent thermal stability, strong
covalent bonding, and robust structural frameworks [8—11].
In particular, NASICON-type materials are regarded as one
of the most promising cathode systems owing to their open
three-dimensional frameworks composed of corner-sharing
MOy octahedra and PO, tetrahedra. This unique structural
motif provides continuous Na* ions diffusion pathways,
accommodates repeated ion insertion/extraction with mini-
mal lattice strain, and ensures good structural reversibility
during long-term cycling [12—14]. As a result, NASICON-
type cathodes exhibit superior safety characteristics and
structural durability compared with layered oxides and Prus-
sian blue analogues, especially under high-rate and high-
temperature conditions.

Within the NASICON family, fluorophosphate-based
vanadium cathodes, represented by Na;V,(PO,),F; (NVPF)
and Na;V,0,(PO,),F (NVOPF), have recently attracted
considerable interest due to the high operating voltages and
favorable electrochemical stability. Compared with conven-
tional NASICON cathodes (Na;V,(PO,); (NVP)), which
operates at~ 3.4 V, the incorporation of highly electronega-
tive F~ into NVPF elevates the redox potential of the V3*/
V* couple to~4.1 V via a strong inductive effect, leading to
a significantly higher energy density [15—17]. Furthermore,
the partial substitution of F~ with O?~ in NVOPF creates
a mixed-anion framework that not only maintains a high
operating voltage (~3.8 V) but also enhances electronic con-
ductivity and Na* transport kinetics, outperforming many
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phosphate-based counterparts in rate capability. While other
NASICON variants, such as iron or manganese-based phos-
phates, offer advantages in terms of cost and elemental abun-
dance, the fluorophosphates NVPF and NVOPF stand out for
their unique combination of high operating voltage, robust
structural stability, and tunable electrochemical kinetics,
making them ideal model systems for studying the interplay
between anion chemistry and high-voltage performance.

To further optimize the electrochemical performance of
fluorophosphate NASICON cathodes, NVOPF has been
developed through partial substitution of F~ with O?~ in the
vanadium coordination environment [18]. This anion sub-
stitution strategy effectively modulates the electronic struc-
ture and local bonding characteristics, resulting in enhanced
electronic conductivity and accelerated Na™ ions transport
kinetics while preserving the structural integrity of the
NASICON framework. As a consequence, NVOPF exhib-
its improved rate capability and higher accessible capacity,
making it an attractive candidate for achieving high specific
capacity at relatively high operating voltages [19]. Despite
the structural similarity, NVPF and NVOPF display distinct
electrochemical behaviors, sodium storage mechanisms, ion
diffusion characteristics, and cycling stability, highlighting
the critical role of anion chemistry in regulating the structure
and property relationships of fluorophosphate NASICON
cathodes.

Importantly, the differences between NVPF and NVOPF
extend beyond bulk electrochemical performance and are
strongly manifested in their interfacial reactivity and deg-
radation pathways under high-voltage operation. The high
operating voltage of NVPF, while beneficial for achieving
high energy density, often exceeds the thermodynamic sta-
bility window of conventional carbonate-based electrolytes,
leading to severe oxidative decomposition at the cathode/
electrolyte interface [20]. This process results in the for-
mation of cathode electrolyte interphase (CEI) layers with
high impedance, continuous electrolyte consumption, and
accelerated performance decay. In contrast, the slightly
lower operating voltage of NVOPF reduces the thermody-
namic driving force for electrolyte oxidation; however, its
distinct anion chemistry may induce alternative degradation
pathways, such as transition-metal dissolution and structural
instability triggered by interfacial side reactions. Thus, to
elucidate the long-term cycling behavior of NVPF and
NVOPEF cathodes, it is essential to understand the evolution
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of interfacial reactions at the cathode/electrolyte interface
and the associated CEI chemistry.

Although extensive studies have been devoted to opti-
mizing the synthesis methods, structural modifications, and
electrochemical performance of NVPF- and NVOPF-based
cathodes, systematic and direct comparisons between these
two materials remain relatively scarce. Moreover, key sci-
entific issues, such as the structure and property relation-
ships governing sodium storage and diffusion, the role of
anion substitution in regulating electronic structure, and the
evolution of cathode/electrolyte interfacial reactions at high
voltages have not yet been comprehensively summarized. A
clear and unified understanding of these aspects is essential
for guiding the rational design of next-generation NASI-
CON-type cathodes with both high energy density and long-
term cycling stability. In this review, a comprehensive and
critical comparison of NVPF and NVOPF cathode materials
was provided from the following key perspectives (Fig. 1):
crystal structure characteristics, sodium storage mechanisms,
synthesis strategies, modification approaches, and high-volt-
age cathode/electrolyte interfacial stability. By elucidating
the relationships among structure, properties, and interfacial
behavior, and by highlighting both the advantages and limi-
tations, this work aims to provide mechanistic insights and
practical guidance for the development of high-performance
cathode materials for advanced sodium-ion batteries.

2 Structure Driven Sodium Storage
and Transport Mechanisms

2.1 Crystal Structures of NVPF and NVOPF

NVPF was first reported in 1999 as a NASICON-structured
material analogous to NVP with the P4,/mnm space group
through a hydrothermal method. The crystal structures were
determined by X-ray diffraction, with the lattice parameters
of a=9.047 A, c=10.705 A, and V=876.2 A>. The crys-
tal structure is built from [V,0O4F;] dioctahedral and [PO,]
tetrahedra, which share oxygen atoms within the ab-plane
(Fig. 2a). The dihedral units are connected by F atoms, while
the [PO,] units are connected by O atoms. Bianchini et al.
revealed a slight orthorhombic distortion using high-reso-
lution synchrotron diffraction [21], which was refined in the
Amam space group with lattice parameters a =9.02847(3)
A, b=9.04444(3) A, and ¢=10.74666(6) A. The crystal
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structure of NVPF exhibits clear temperature dependence,
transitioning from a fully disordered tetragonal structure
at high temperatures to a partially ordered arrangement
(Fig. 2b). The NVPF adopts different polymorphs at low
and high temperatures (Fig. 2c) [22]. As the temperature
decreases, sodium-ion transition from a dynamically disor-
dered state to a statically ordered configuration, which serves
as the primary driving force for the symmetry-lowering
phase transition of the crystal structure. Although NVPF
and NVOPF both belong to the tetragonal crystal system,
the crystal structures are fundamentally different. NVOPF
was first synthesized via a hydrothermal method, and the
crystal structure was determined by single-crystal X-ray dif-
fraction [23]. NVOPF crystallizes in the tetragonal I4/mmm
space group with lattice parameters of a=b=6.3856(2) A
and c=10.6119(9) A [24].

Unlike NVPF, NVOPF is composed of [VO;F] octahedra
and [PO,] tetrahedra that are alternately connected through
shared oxygen atoms within the ab-plane, while fluorine
atoms bridge adjacent octahedra along the c-axis to form
a three-dimensional framework. Although these two poly-
morphs exhibit similar overall framework structures, the P4,/
mnm phase displays a more ordered sodium arrangement
than the I/4/mmm phase, resulting in distinct electrochemical
behavior during Na* ions insertion and extraction. The pro-
nounced structural differences between NVPF and NVOPF,
particularly in space groups, vanadium coordination envi-
ronments, and atomic connectivity, give rise to fundamen-
tally different sodium storage mechanisms and ion transport
behavior. Consequently, extensive efforts have been devoted
to developing synthesis and regulation strategies, as rational
control over crystal structure characteristics and defect chem-
istry plays a decisive role in tuning ionic conductivity, struc-
tural stability, and electrochemical performance.

In NVPF, the fluorine coordination environment of V3*
achieves a high potential of approximately 4.1 V through
strong induction effects. However, the ordered arrangement
of Na* ions induce multiple phase transitions and limits dif-
fusion kinetics. In NVOPF, O*~ substitution slightly lowers
the operating potential (~3.8 V) while enhancing intrinsic
electronic conductivity via m-electron delocalization of the
V=0 bond. Concurrently, Na* ions site disorder suppresses
intermediate-phase transitions, transforming the sodium
storage mechanism from a multiphase reaction (NVPF) to a
solid-solution behavior, thereby reducing diffusion barriers
and improving rate capability.

@ Springer
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Fig. 1 Summary and comparative study of NVPF and NVOPF cathode materials in sodium-ion batteries

2.2 Sodium Storage Mechanism

Investigating sodium storage mechanisms provides fun-
damental insight into the relationship between material
structure and electrochemical performance, thereby guid-
ing rational design strategies to overcome limitations
and enhance both energy density and cycling stability in

© The authors

sodium-ion batteries. In NVPF, sodium storage originates
from its unique NASICON-type three-dimensional frame-
work [14, 27], which features two major diffusion tunnels:
an a-axis tunnel accommodating two Na* ions at Nal sites
and a c-axis tunnel hosting one Na* ions at the Na2 site [28].
These interconnected tunnels enable multidimensional Na*
ions diffusion pathways. Among the three Na* ions in NVPF,

https://doi.org/10.1007/s40820-026-02241-5
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only two are electrochemically active, corresponding to the
reversible V3*/V* redox couple, as described by the ideal
reaction: NayV,(PO,),F; <> NaV,(PO,),F; + 2Na* +2e™.
However, NVPF cathodes typically exhibit three discharge
voltage plateaus at approximately 4.1, 3.6, and 3.3 V. The
emergence of additional low-voltage plateaus lowers the
average discharge voltage and, consequently, reduces the
energy density of both the cathode material and the full
cell. Therefore, suppressing or eliminating these low-voltage
plateaus is crucial for maximizing the electrochemical per-
formance of NVPF-based batteries. Effective strategies to
address this issue include: (i) precisely controlling the syn-
thesis conditions to suppress the formation of NaVPO,F or
Na;V,(PO,); impurity phases that contribute to low-voltage
redox activity [29]; (ii) employing elemental doping (e.g.,
Lit, Mg2+) to modulate the local coordination environment
and Na™ ions/vacancy ordering, thereby reducing the popu-
lation of Na™ ions occupying low-voltage sites [30]. These
approaches collectively aim to eliminate the parasitic low-
voltage reactions, thereby increasing the average operating
voltage and overall energy density of NVPF-based cathodes.

In NVPF, Na" ions deintercalation does not proceed
via a simple single-phase solid-solution mechanism but
instead involves a combination of multiphase reactions
and solid-solution behavior. As shown in Fig. 3a, multiple
voltage plateaus and sloping regions are observed in the
charge—discharge profiles during Na™ ions extraction from
Na;V,(PO,),F; to Na, V,(PO,),F; [31, 32]. The voltage pla-
teaus correspond to two-phase reactions occurring at spe-
cific compositions (e.g., Na, ,VPF, Na, ,VPF, and Na, VPF),
where the crystal structure undergoes phase transitions to
form thermodynamically stable intermediate phases. These
transitions are typically accompanied by Na* ions and/or
charge ordering, resulting in regular occupation of specific
crystallographic sites (Fig. 3b). In contrast, the sloping volt-
age regions are indicative of single-phase solid-solution
reactions, in which Na* ions are continuously deintercalated/
intercalated within the host framework, leading to gradual
changes in lattice parameters while preserving the overall
space group symmetry.

Unlike NVPF, Na' ions intercalation/deintercalation
in NVOPF is predominantly governed by a solid-solution
mechanism. During electrochemical cycling, the lattice
structure evolves continuously without obvious phase
separation. NVOPF contains two crystallographically
distinct Na sites: the Nal site coordinated by five oxygen
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atoms and one fluorine atom, and the Na2 site coordi-
nated by six oxygen atoms. Both sites are partially occu-
pied by disordered Na* ions forming circular arrange-
ments within the ab-plane. Electrochemically, NVOPF
exhibits two charge—discharge plateaus at approximately
3.6 and 4.0 V [33]. The lower-voltage process corre-
sponds to Na;V,0,(PO,),F = Na,V,0,(PO,),F+Na* +e™,
while the higher-voltage reaction follows
Na,V,0,(PO,),F = NaV,0,(PO,),F+Na*+e~ [33]. Dur-
ing charging, characteristic diffraction peaks (e.g., the (002)
reflection) in in-situ XRD patterns exhibit systematic split-
ting and shifting (Fig. 3c), indicating a sequential two-phase
transition (Na; — Na, — Na, ) that is consistent with the pro-
posed reaction mechanism.

2.3 Sodium-Ion Diffusion Mechanism

The rate capability and power density of Na* ions batteries
are strongly governed by the diffusion kinetics of Na* ions
within the cathode material. Therefore, a comprehensive
understanding of Na* ions diffusion pathways and associ-
ated energy barriers is essential for the rational design and
optimization of high-performance cathode materials. In
NVPEF, it has been elucidated that the efficient diffusion of
Na* ions in NVPF cathodes originates from the preferen-
tial adsorption on specific crystal planes. The adsorption
energy of Na* ions on the exposed (002) active crystal
plane (— 1.14 eV) is significantly lower than that on the
(110) plane (— 0.60 eV) (Fig. 3d), indicating a stronger
tendency for stable Na* ions adsorption on the (002)
plane, which serves as a favorable starting point for sub-
sequent inward migration [34]. Subsequently, the migra-
tion process from the crystal surface into the bulk also
differs substantially. The diffusion energy barrier for Na*
ions entering via the (002) plane is only 0.43 eV, markedly
lower than the 0.66 eV barrier associated with the (110)
plane. This suggests that the (002) plane acts as a kineti-
cally favorable entry point for Na* intercalation. Similarly,
Song et al. identified a dominant Na™ ions transport path-
way located between the (002) planes stacked perpendicu-
lar to the c-axis [35]. This continuous and well-defined
channel enables rapid, low-resistance two-dimensional
Na® ions diffusion. Therefore, enhancing the exposure
of the (002) crystal plane represents an effective strategy
to optimize Na* ions transport. Unlike NVPF, Na* ions

https://doi.org/10.1007/s40820-026-02241-5
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migration in NVOPF predominantly occurs within the ab-
plane through a vacancy-assisted mechanism. This path-
way features an exceptionally low diffusion energy barrier
(0.15-0.31 eV), effectively functioning as an “ion high-
way” [36]. In contrast, diagonal or interlayer migration is
energetically unfavorable, with activation barriers exceed-
ing 1.7 eV. In addition, six distinct Na* ions chemical
environments were identified in the intermediate charged
state, analogous to six available “seats” within the crystal
framework [36]. These environments are governed by the
local valence states of neighboring vanadium ions (V** or
V3+). V3*_rich regions exert stronger electrostatic attrac-
tion, resulting in more tightly bound Na* ions, whereas
environments with fewer surrounding V°* ions provide
weaker binding. Consequently, Na* ions occupying sites
with lower V°* ions coordination (e.g., sites A, B, and C)
exhibit faster migration kinetics, with activation energies
as low as 0.1-0.2 eV (Fig. 3e). Together, these findings
provide atomic-level insight into Na* ions transport in
NVOPF and explain its favorable electrochemical kinetics.

Overall, the Na* ions diffusion mechanisms in NVPF and
NVOPF are structurally distinct. NVPF relies on anisotropic
diffusion mediated by specific exposed crystal planes, where
the (002) plane serves as a kinetically favorable entry site with
a relatively low migration barrier. In contrast, NVOPF benefits
from intrinsic two-dimensional diffusion pathways within the
ab-plane, enabled by its tetragonal symmetry and disordered
Na* ions/vacancy distribution, resulting in lower activation
energies. The key factors governing these differences include
the space group symmetry, the local coordination environ-
ment of vanadium (V-0 vs. V-F), and the degree of Na* ions/
vacancy ordering, all of which are dictated by the underlying
anion chemistry. These fundamental insights into the distinct
diffusion mechanisms provide a theoretical foundation for tar-
geted optimization strategies, such as crystal plane engineer-
ing in NVPF and maintaining the structural integrity of the
2D diffusion planes in NVOPF, which are typically realized
through synthesis and modification approaches.

3 Synthesis Methods
The excellent specific capacity of NVPF and NVOPF

depends on factors such as material morphology and
defect characteristics, prompting investigations into their

© The authors

synthesis methods. Researchers have changed the mor-
phology and structure of two materials by adopting differ-
ent synthesis methods, such as the solvothermal method
[37, 38], sol-gel method [37], and ball milling method
[39, 40], with the purpose of obtaining structurally stable
sodium-ion battery cathodes with excellent electrochemi-
cal performance.

3.1 Hydrothermal Method/Solvothermal Method

Hydrothermal strategies, including hydrothermal and solvo-
thermal methods, are widely employed for the synthesis of
NVPF and NVOPF materials. In these processes, vanadium,
sodium, phosphorus, and fluorine precursors are dissolved
in water or appropriate solvents together with citric acid in
defined stoichiometric ratios, followed by heating and stir-
ring to form a homogeneous solution. The solution is then
transferred to a sealed autoclave and reacted at controlled
temperatures for specific durations. After the reaction, the
products are washed and calcined to obtain phase-pure mate-
rials [41, 42]. By tuning key parameters such as temperature,
reaction time, pH, and precursor concentration, the crys-
tallinity, particle size, and morphology can be effectively
regulated [38, 43-45]. As a result, NVPF and NVOPF
synthesized via hydrothermal routes typically exhibit high
discharge capacities and favorable rate performance. This
section further discusses how hydrothermal conditions influ-
ence the structural and morphological evolution of NVPF
and NVOPF materials.

In hydrothermal synthesis, temperature is a critical
parameter for precisely controlling particle size, morphol-
ogy, and phase formation. NVOPF is typically synthesized
at relatively mild temperatures ranging from 120 to 180 °C,
whereas NVPF generally requires higher temperatures of
130 to 200 °C. This difference arises because the forma-
tion of NVPF necessitates higher thermal energy to reduce
vanadium precursors to V3* and to drive the reaction toward
the thermodynamically stable, highly crystalline NASICON
structure, in contrast to the metastable, mixed-valent NVOPF
phase. Insufficient reaction temperatures fail to provide ade-
quate energy for the ordered arrangement of V, PO, 07,
and F~ ions, often resulting in incomplete reactions and the
formation of impurity phases. Conversely, excessively high
temperatures can induce fluorine loss, leading to lattice dis-
tortion and the emergence of secondary phases.

https://doi.org/10.1007/s40820-026-02241-5
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To elucidate the effect of temperature on NVOPF mor-
phology, Shen et al. synthesized NVOPF at 80, 120, 180, and
240 °C. When the temperature exceeded 240 °C, structural
collapse or excessive particle growth occurred, leading to
deteriorated electrochemical performance [46]. SEM and
TEM analyses (Fig. 4a, b) revealed a temperature-induced
morphological evolution from solid particles to hollow
structures between 180 and 240 °C. This transformation
demonstrates that hydrothermal temperature serves as a
critical parameter for tailoring the internal architecture of
NVOPEF. The resulting loose internal packing promotes hol-
low structure formation through an Ostwald ripening pro-
cess. A similar mechanism has been exploited for NVOPF
morphology control. Zhao et al. fabricated hierarchical
multi-hollow NVOPF nanospheres via a template-free sol-
vothermal route, further confirming the role of reaction tem-
perature in directing hollow structure formation. Benefiting
from the synergistic effects of hollow nanostructures and
hierarchical porosity, the resulting NVOPF-hs exhibited
ultrafast kinetics and excellent cycling stability [47].

In comparison, NVPF can form three-dimensional archi-
tectures even at relatively low hydrothermal temperatures.
NVPF@rGO/CNT composites with a three-dimensional
conductive network were synthesized via microwave-
assisted hydrothermal treatment at 130 °C (Fig. 4c) [48].
Under these conditions, uniform nucleation and controlled
growth of NVPF nanoparticles with sizes of approximately
300 nm were achieved, effectively avoiding incomplete crys-
tallization at lower temperatures as well as particle agglom-
eration or excessive grain growth at elevated temperatures.
The resulting optimized morphology provides a favorable
structural basis for the construction of an interconnected
conductive network. At a higher hydrothermal tempera-
ture of 200 °C, porous NVPF microspheres were obtained
using polyvinylpyrrolidone as a soft template (Fig. 4d) [49].
The increased thermal energy facilitates complete precur-
sor reactions, nanoparticle dissolution—reprecipitation, and
template-directed self-assembly, leading to the formation of
porous microspheres with uniform size, smooth surfaces,
and abundant internal pores. Such a hierarchical porous mor-
phology increases the specific surface area and promotes
Na™ ions diffusion, thereby enhancing electrochemical per-
formance. In summary, hydrothermal temperature plays a
decisive role in governing the morphology and microstruc-
tural evolution of NVPF materials. Systematic investiga-
tion of temperature-dependent effects is therefore one of

| SHANGHAI JIAO TONG UNIVERSITY PRESS

the most fundamental and critical steps in tailoring targeted
morphologies and optimizing the hydrothermal synthesis of
high-performance sodium-ion battery cathodes.

In addition to temperature, the concentration of the hydro-
thermal solution plays a crucial role in determining mate-
rial morphology. The influence of acid concentration on
morphology evolution was systematically investigated by
introducing HNO; with concentrations ranging from 0.4 to
2.0 mol L™! during the synthesis of NVPF@Rx (Fig. 5a)
[50]. At a relatively low HNO; concentration of 0.4 mol L,
NVPF-1 exhibits a leaf-like morphology composed of nano-
particles with sizes of approximately 300 nm. As the acid
concentration increases, the nanosheets gradually grow in
lateral dimensions and begin to stack in a two-dimensional
manner. When the HNO; concentration reaches 1.2-2.0 mol
L~!, the morphology further evolves from two-dimen-
sional nanosheets into flower-like architectures formed via
nanosheet self-assembly. At even higher acid concentrations,
intensified particle agglomeration and densification domi-
nate the growth process, ultimately resulting in the forma-
tion of dense micro-block structures.

Solution concentration strongly influences morphology
by regulating nucleation and growth kinetics [51]. At low
concentrations, weak driving forces and limited nuclea-
tion sites favor slow, anisotropic crystal growth, resulting
in low-dimensional structures such as nanowires, nanorods,
or nanosheets. In contrast, high concentrations induce rapid
nucleation and the formation of numerous crystal nuclei,
promoting the development of three-dimensional architec-
tures. Therefore, precise control over solution concentration
enables directional tuning of material morphology from low-
to high-dimensional structures. In addition to temperature
and concentration, reaction time is another critical parameter
governing structural evolution. For example, during the con-
centrated solvothermal synthesis of NVOPF using propyl-
ene glycol as the solvent, a gradual increase in microsphere
diameter and nanosheet length was observed with prolonged
reaction time [52]. The well-defined NVOPF micro-flowers
composed of assembled nanosheets were obtained (Fig. 5b)
after 24 h. This evolution can be attributed to the Ostwald
ripening mechanism, in which smaller particles dissolve
and redeposit onto larger ones, yielding thermodynamically
more stable hierarchical structures.

Overall, temperature and solution concentration are key
parameters controlling the morphology and, consequently,
the electrochemical performance of NVPF and NVOPF

@ Springer
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materials. Table 1 summarizes representative synthesis con-
ditions for hydrothermally prepared NVPF- and NVOPF-
based materials. Although the hydrothermal method is cost-
effective and facile, its reliance on high-pressure conditions
poses safety concerns and limits large-scale production.
Further optimization and technical refinement of hydrother-
mal synthesis routes are therefore required to enhance their
practical applicability.

© The authors

3.2 Sol-Gel Method

The sol-gel method is also widely used for the synthesis of
NVPEF, as it enables the preparation of uniform nanoparticles
with sizes of approximately 200 nm and offers good process
controllability. In this method, the pH of the sol is a criti-
cal parameter that strongly affects system stability and the
composition of the final product [68]. This sensitivity arises

https://doi.org/10.1007/s40820-026-02241-5
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because fluoride ions (F~) readily react with protons (H")
to form volatile HF, leading to fluorine loss. To mitigate
this issue, two primary strategies are commonly adopted:
regulating the pH to suppress HF formation, for example,
by introducing ammonia to reduce H ions concentration.
Consequently, pH control plays a decisive role in determin-
ing phase purity and electrochemical performance by gov-
erning fluorine retention in NVPF. Wang et al. proposed a
dynamic fluorine-compensation strategy using NH,F as a
dual-functional additive during the sol-gel drying process
[69]. Under strongly acidic conditions, excessive fluorine
volatilization leads to impurity phases that deteriorate oper-
ating voltage and capacity (Fig. 6a). By stabilizing the pH
at an optimized value of 4.16, fluorine loss was effectively
suppressed, yielding a high-purity NVPF phase (Fig. 6b)
with markedly improved specific capacity, energy density,
high-rate capability, and long-term cycling stability.
Beyond fluorine retention, pH regulation also influ-
ences crystal growth behavior and impurity suppression.

) SHANGHAI JIAO TONG UNIVERSITY PRESS

Adjusting the precursor pH to approximately 4.20 modu-
lates selective HY adsorption on different crystal planes,
thereby altering surface energies and growth rates of both
the NVPF main phase and the NVP impurity phase [70].
This effect effectively suppresses NVP formation and pro-
motes the growth of highly crystalline NVPF (Fig. 6¢),
eliminating the unfavorable ~ 3.4 V low-voltage plateau
associated with NVP impurities (Fig. 6d). As a result, the
optimized material exhibits a higher average operating
voltage, enhanced energy density of up to 435 Wh kg™!
(Fig. 6e), and improved cycling stability. These findings
collectively highlight pH regulation as an effective and
versatile strategy for achieving high-performance NVPF
cathode materials. In contrast, the sol-gel method is rarely
applied to the synthesis of NVOPF, primarily due to dif-
ferences in fluorine stability and precursor chemistry.
While NVPF exhibits relatively robust structural toler-
ance to synthesis conditions, the presence of V—O bonds
in NVOPF renders its precursors highly sensitive to the

@ Springer
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Table 1 Summary of temperature, solvent, and property effects in hydrothermal and solvothermal synthesis of NVPF and NVOPF

Materials Synthesis method Solvents Temperature  Electrochemical performance References
(C)
NVPF@RuO, Solvothermal HNO; 180 20 C 115.8 mAh g~! 100% [50]
HM-NVPF@CN Solvothermal EG 170 10 C 70 mAh g~! 80% [53]
c-NVPF@NC Hydrothermal H,0 170 10C 73.6 mAh g7 [54]
0.1Li-NVPEF/CNTs-Al (C) Hydrothermal H,0 130 30 C 30000 cycles 64.1% [30]
NVPF@rGO Hydrothermal H,0 170 50 C 73.7 mAh g7 [55]
NVPF-HMS Solvothermal EG 200 0.1C 119 mAh g™! [56]
NVPF@C-10PV Hydrothermal H,0 200 1C 106.1 mAh g~! 83% [49]
NVPF Solvothermal EG:H,0=2:1 200 5C67.4mAh g_] [57]
NVPF@rGO Hydrothermal H,0 130 0.5 C 126.9 mAh g™! [58]
NVPF@C@rGO Hydrothermal H,0 170 100 C 64 mAh g~ [59]
NVPF@3Dc Hydrothermal H,0 170 0.2 C 131.5 mAh g™' 86% [60]
NVPOF@G Hydrothermal H,0 180 50 C82.2mAh g ' 87.7% [61]
INVPF@C Solvothermal DMF 180 5 C 300 cycles ~80% [62]
NVPF@CNTs Hydrothermal DMF 180 02C117.6 mAhg™! [63]
NVPF/rGO Hydrothermal H,0 180 0.1C127mAhg™'99% [64]
PCNF@NVOPF NR Solvothermal DMF 180 1 A 1200 cycles 94% [65]
NVOPF Solvothermal H,0+EG 180 660 Wh kg™! [24]
NVOPF@rGO Solvothermal DMF 180 50 mA g~' 50 cycles 66.7% [36]
NVOPF Solvothermal 1,2-Propanediol 180 5 C 1000 cycles 84.8 mAh g~! [52]
Cr/Mn-NVOPF Solvothermal EG 180 20 C 87 mAh g_1 [66]
NVN,, sPOF/rGO Solvothermal DMF 180 10 C 72 mAh g7! 65.2% [67]

liquid-phase environment of the sol-gel process. Moreo-
ver, fluoride ions are prone to volatilization during thermal
treatment, leading to compositional deviations and reduced
phase purity. The hydrothermal and solvothermal methods
provide a closed reaction environment that more effec-
tively controls fluorine incorporation, making them more
suitable for the reliable synthesis of NVOPF than the more
complex and less controllable sol-gel route.

3.3 Solid-State Synthesis

Compared to hydrothermal, solvothermal, and sol-gel
methods, solid-state synthesis is a solvent-free approach.
This method eliminates issues associated with solvent/liq-
uid waste contamination, thereby reducing environmental
impact and preventing solvent-derived impurities in the final
product [71]. However, challenges such as uncontrollable
morphology, particle inhomogeneity, or coating defects
remain significant technical barriers for this technique.

In solid-state synthesis, ball milling serves as an effective
mechanical activation technique that induces physical and

© The authors

chemical transformations through applied mechanical forces.
Using this approach, NVPF/C composites were successfully
prepared via a one-step mechanochemically assisted solid-
state reaction with asphalt as the carbon source (Fig. 7a)
[72]. The synthesis involved short-time calcination at 700 °C
under an argon atmosphere. By tuning the asphalt content,
composites with different carbon loadings were obtained,
among which NVPF/C-2 with 12.14 wt% carbon exhibited
optimal electrochemical performance, delivering reversible
capacities of 103 and 95 mAh g~! at 0.2C and 10C, respec-
tively, and retaining 91.9% of its capacity after 500 cycles
at 5C. Similarly, Shen et al. developed a rapid, solvent-free
mechanochemical route for NVOPF synthesis [73]. High-
energy ball milling at 600 rpm for 30 min enabled the forma-
tion of NVOPF at room temperature (Fig. 7b), demonstrat-
ing broad adaptability to vanadium precursors with different
valence states. By optimizing the molar ratio of vanadium,
phosphorus, and fluorine sources to 1:1.5:1, a high prod-
uct yield of 94% was achieved. Importantly, this method
allows one-step in-situ incorporation of 8 wt% Ketjen Black,
producing NVOPF/8%KB nanocomposites with markedly
enhanced electronic conductivity. The process has been

https://doi.org/10.1007/s40820-026-02241-5
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successfully scaled up to 2 kg per batch, highlighting its
strong potential for industrial application.

Beyond compositional control, the introduction of suit-
able dispersants and surfactants during solid-state synthesis
offers an effective route to regulate particle morphology and
microstructure. Paraffin can act as a dispersant and, when
combined with surfactants such as Span 80, stearic acid, or
octadecyl amine (ODA), forms a quasi-water-in-oil micro-
emulsion system that enables the synthesis of individually
carbon-coated NVPF nanoparticles (Fig. 7c). By adjusting
the type and amount of surfactant, particle architecture can
be precisely tailored. The synergistic effects of nanocubic

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

morphology and uniform carbon coating promote Na* ions
migration and charge-transfer kinetics, thereby significantly
enhancing the cycling stability and rate capability of NVPF-
NC [74].

Compared with hydrothermal and sol-gel methods, solid-
state synthesis offers notable advantages in terms of low
cost, simple processing, and scalability, making it particu-
larly suitable for industrial production. While hydrothermal
routes can yield nanoscale particles, they suffer from low
productivity and potential safety concerns due to high-pres-
sure conditions. The sol-gel method enables molecular-level
mixing and excellent compositional uniformity; however,

@ Springer
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its high cost and extensive use of organic solvents raise eco-
nomic and environmental concerns. In contrast, the primary
limitations of solid-state synthesis lie in inhomogeneous
reactant mixing and relatively large particle sizes, which

© The authors

can restrict electrochemical performance. Consequently,
optimizing solid-state synthesis strategies to achieve uni-
form microstructures and enhanced electrochemical proper-
ties remains a key focus for future research.

https://doi.org/10.1007/s40820-026-02241-5
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In summary, these synthesis methods exhibit significant
differences in scalability, reproducibility, and industrial
relevance. The solid-state method holds the greatest poten-
tial for scalable manufacturing owing to a simple process,
solvent-free nature, room-temperature mechanochemi-
cal synthesis capability, and demonstrated kilogram-scale
production. However, limited morphological control and
fluorine volatilization at high temperatures remain the pri-
mary challenges. The hydrothermal/solvothermal method
enables precise morphological regulation to obtain desir-
able structures such as hollow microspheres and nanoflow-
ers, but industrial application is severely constrained by
high-pressure operation, low batch yield, and high solvent
consumption. The sol-gel method achieves homogeneous
mixing at the molecular level, but the process is complex,
requires strict pH control, and involves large amounts of
organic solvents. Furthermore, it is generally unsuitable for
NVOPF systems, leading to high costs for large-scale pro-
duction. Therefore, the practical deployment of NVPF and
NVOPEF relies on the development of continuous solid-state
synthesis, improved fluorine stability control, scalable pilot
production, and systematic evaluation of full-cell reliability
under realistic conditions, thereby bridging the gap between
laboratory performance and industrial application. The key
characteristics of these methods are summarized in Table 2.

4 Modification Methods

The crystal structures, sodium storage mechanisms, and
synthesis strategies of NVPF and NVOPF have been sys-
tematically reviewed. Although these materials show con-
siderable promise as cathodes for sodium-ion batteries,
their intrinsically low electronic conductivity remains a
major obstacle to practical application. Enhancing charge

Table 2 Comparison of synthesis methods for NVPF and NVOP

transport properties is therefore essential for improving
electrochemical performance [75, 76]. Accordingly, this
section focuses on three representative modification strate-
gies, namely surface coating, elemental doping, and nano-
structure design, to address these limitations and further
optimize the performance of NVPF and NVOPF cathodes.
While Sect. 2 elucidates the intrinsic Na* ions diffusion
mechanisms within the pristine crystal frameworks, the
modification strategies discussed here aim to overcome
kinetic limitations through external interventions. These
approaches, including surface coating, elemental doping,
and nanostructure design, primarily aim to enhance elec-
tronic conductivity, modulate the local crystal environment
to reduce migration barriers, and shorten solid-state diffu-
sion pathways, respectively.

4.1 Surface Coating

Surface coating is a widely employed strategy to mitigate
electrochemical performance degradation of cathode materi-
als arising from interfacial side reactions with electrolytes
during charge and discharge. By forming a protective layer
on the particle surface, the coating effectively isolates the
active material from direct electrolyte contact and enhances
structural stability during sodium-ion insertion and extrac-
tion. Among various coating materials, carbon-based coat-
ings have attracted considerable attention due to their high
electrical conductivity, chemical stability, and low cost. Car-
bon materials such as amorphous carbon, graphitic carbon,
and carbon fibers can uniformly cover the cathode surface to
construct continuous conductive networks, suppress inter-
facial side reactions, and thereby improve cycling stability
and rate performance.

Applicability comparison Hydrothermal/solvothermal

Sol—gel

Solid-state

Key characteristics
morphology control

NVPF 130-200 °C, tunable morphologies

NVOPF 120-180 °C, prevents F loss, ideal
for hollow structures

Common limitation Safety concerns, low yield, difficult

scale-up

Morphology control High

pH~4.2 to suppress F loss and
impurities

Rarely used, F volatilization causes
impure phases

F volatilization, complex control,
high cost

Closed system, high pressure, precise Molecular-level mixing, pH-sensitive Simple, scalable, limited morphology

control

Ball milling + carbon coating; risk of
F loss

Mechanochemical synthesis (room
temperature), scalable

Inhomogeneous mixing, large particle
size, and F loss at high temperatures

Moderate Low

SHANGHAI JIAO TONG UNIVERSITY PRESS
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Amorphous carbon coating is one of the most widely used
surface modification strategies, as it forms a thin conduc-
tive layer that enhances electronic conductivity and mitigates
interfacial side reactions [79]. This approach is typically
realized by pyrolyzing organic carbon sources such as glu-
cose, sucrose, or starch to achieve uniform carbon deposi-
tion [80]. An in-situ amorphous carbon coating on NVPF
nanosheets was reported using starch as the carbon source
(Fig. 8a) [77]. Raman analysis revealed a high I/ ratio of
1.06 (Fig. 8b), confirming the disordered and amorphous
nature of the carbon layer. Owing to its high defect den-
sity and large surface area, the amorphous carbon coating
enhances electronic conductivity and facilitates rapid Na ion
transport, thereby improving high-rate performance.

A similar effect has been observed in NVOPF systems.
Liu et al. [78] constructed an amorphous carbon layer
approximately 7 nm on NVOPF nanoparticles (Fig. 8c). This
coating not only improves surface electronic conductivity
but also serves as a mesoporous carbon matrix that intercon-
nects nanoparticles, forming a three-dimensional conduc-
tive network that promotes both electron and ion transport.
As a result, the electrode exhibits enhanced rate capability
and long-term cycling stability, maintaining high capac-
ity even at high current densities over 3000 cycles. Further
performance enhancement can be achieved by combining
amorphous carbon with crystalline carbon components. Li
et al. deposited an approximately 10 nm amorphous carbon
layer on NVOPF particles and confirmed low graphitization
degree by XPS, as evidenced by abundant C-O and O—-C=0
bonds (Fig. 8e) [26]. This amorphous layer synergistically
couples with external graphitized carbon nanofibers to
form an efficient conductive network, increasing the overall
electronic conductivity to about 107> S cm™". The resulting
heterostructure accelerates Na ion diffusion, reduces charge-
transfer resistance during de-sodiation~3.6 V, and signifi-
cantly improves cycling stability at elevated temperatures
of 60 °C (Fig. 8f).

Compared with amorphous carbon, crystalline car-
bon materials such as reduced graphene oxide and carbon
nanotubes offer higher intrinsic conductivity and structural
stability. Guan et al. constructed a three-dimensional con-
ductive network by coating reduced graphene oxide onto
NVPF nanocubes (Fig. 9a). The highly graphitized carbon
framework enhances electronic conductivity, while defect-
rich sp? and sp* carbon domains facilitate charge transport
and stabilize the electrode structure during cycling [58].

© The authors

Similarly, rGO suppresses NVPF particle agglomeration and
also constructs a continuous electronic transport network,
enhancing the electronic conductivity (Fig. 9b) [81].

In NVOPF systems, reduced graphene oxide also effec-
tively inhibits particle aggregation by forming a 3D porous
network that uniformly encapsulates NVOPF nanoparti-
cles with sizes of about 15 nm (Fig. 9c) [82]. This struc-
ture provides continuous electron conduction channels
while maintaining a low carbon content of only 3.5 wt%,
thereby preserving high electrode energy density. Carbon
nanotubes represent another effective conductive additive
due to the one-dimensional tubular structure, high electrical
conductivity, and large aspect ratio. Pi et al. introduced car-
bon nanotubes to construct a three-dimensional conductive
framework (Fig. 9d), which accelerates electron transport
and improves interparticle connectivity [83]. In addition,
carbon nanotubes partially act as reducing agents during
heat treatment, promoting the conversion of V>* to V#* and
facilitating the formation of phase-pure NVOPF.

Overall, carbon coating strategies play complementary
roles in performance enhancement. Amorphous carbon pri-
marily improves ion transport and interfacial conductivity,
while crystalline carbon materials (e.g., rGO, CNT) provide
long-range electron pathways and suppress particle agglom-
eration. The rational combination offers an effective route
to synergistically enhance the electrochemical performance
of NVPF and NVOPF cathode materials. Building upon the
foregoing discussion, composite formation with conduc-
tive carbon represents a promising strategy for enhancing
the overall electrical conductivity of electrode materials.
Notably, although carbon coatings enhance the surface elec-
tronic conductivity, it does not change the intrinsic electrical
conductivity of the material. Furthermore, optimizing the
thickness of the carbon layer presents an important direction
for future research, as it critically influences both ionic and
electronic transport.

4.2 Elemental Doping

Both NVPF and NVOPF exhibit inherently low electrical
conductivity, which restricts electrochemical performance.
Element doping is an effective strategy for tailoring mate-
rial properties by introducing trace amounts of metallic or
nonmetallic elements into the lattice. Unlike surface coat-
ing, which primarily addresses interparticle conductivity and

https://doi.org/10.1007/s40820-026-02241-5
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interfacial stability, elemental doping modifies the intrinsic
properties of the material. Doping-induced lattice distortion,
electronic structure modulation, and valence state adjust-
ment can markedly affect electrical conductivity, mechani-
cal robustness, catalytic behavior, and other key characteris-
tics. The resulting property regulation originates from local
structural perturbations and defect formation within the
crystal lattice, leading to overall performance enhancement.
Appropriate doping enhances ionic and electronic transport
by reducing the bandgap and expanding lattice channels,
while also improving structural robustness through the sup-
pression of phase transitions and volume changes. However,
excessive doping may block diffusion pathways or introduce
impurity phases, and the optimal doping level is often nar-
row and system dependent. The specific impact strongly
depends on the dopant species and concentration. This sec-
tion briefly summarizes the effects of different doping strate-
gies on material properties, with emphasis on applications in
NVPF and NVOPF [84, 85]. According to the substitution
site of the dopant ion, doping strategies can be classified
into vanadium-site doping, sodium site doping, and anion-
site doping. Doping at different lattice sites induces distinct
structural modifications and property responses.

4.2.1 Na-Site Doping

Na-site doping modulates the properties of NVPF and
NVOPF materials by introducing other ions to replace
partial sodium sites. The mechanism lies in enhancing
electronic conductivity by forming mixed valence states
of vanadium and optimizing the Na* ions migration path-
ways by altering the local electrostatic environment and
Na* ions/vacancy ordering, thereby significantly improv-
ing the rate performance of the material. Simultaneously,
the dopant ions act as structural pillars, suppressing vol-
ume changes and phase transitions during charge—discharge
cycles, thereby enhancing structural stability and cycle
life. M. Bianchini et al. introduced silver into the NVPF
framework via Ag*/Na* ions exchange [86]. The study suc-
cessfully synthesized nearly fully-doped Ag,;V,(PO,),F;
and partially-doped Ag, ;Na,;V,(PO,),F5. Silver doping
preserved the crystalline framework, and also increased
orthorhombic distortion, and elevated the cation disor-
der transition temperature within the structure (Fig. 10a).
Furthermore, silver incorporation enables the material

© The authors

to maintain high structural stability at high temperatures.
Similarly, Na, (Li, V,(PO,),F; (0.1Li-NVPF) was con-
structed by introducing Li* for Na-site doping (Fig. 10b)
[30]. Li* preferentially occupies the Nal sites, leading to
lattice contraction and charge redistribution, thereby reduc-
ing the electron density around F~ ions. Simultaneously, the
introduction of Li* weakens the Coulomb repulsion between
adjacent Na* ions through electrostatic shielding. This sig-
nificantly reduced the Na* migration energy barrier by dis-
rupting the ordered Na* ions/vacancy arrangement, thereby
promoting faster diffusion kinetics. Furthermore, Li doping
disrupts the ordered arrangement of Na* ions, promoting
Na* ions migration. Li doping is also an effective strategy
for optimizing NVOPF performance. Unlike NVPF, theo-
retical calculations indicate that Li* preferentially occupies
the Na2 site, forming a more stable structure, reducing the
bandgap, and enhancing electronic conductivity (Fig. 10c)
[87]. Introducing Na vacancies and interstitial Li through
Li doping can enhance Na® ions migration and increase the
number of Na storage sites. The battery assembled with Li
doping combined with reduced graphene oxide modification
retained 89.4% of the capacity after 500 cycles (Fig. 10d).

In summary, although Na-site doping serves as a univer-
sal strategy for optimizing both NVPF and NVOPF materi-
als, the specific mechanism depends on the structure of the
material and the dopant ions. For instance, Li*t ions tend
to occupy the Nal site in NVPF, promoting ion migration
through electrostatic shielding effects and disruption of Na*
ions ordering. In contrast, within NVOPF, Li* ions prefer-
entially occupy the Na2 site, which reduces the bandgap to
enhance electronic conductivity and increases ion migra-
tion pathways by introducing Na vacancies. These results
indicate that different doping designs based on the struc-
tural characteristics of different material systems are key to
improving electrochemical performance.

4.2.2 Vanadium-Site Doping

Vanadium-site doping enhances the structural stability of
the material while simultaneously improving both electronic
conductivity and ionic transport [88—90]. The electrochemi-
cal performance of NVPF was optimized by partially sub-
stituting V>* with Sc** [91]. Sc doping stabilizes the crys-
tal structure and suppresses the volume change during the
charge—discharge cycle. Meanwhile, it reduces the lattice

https://doi.org/10.1007/s40820-026-02241-5
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parameters, thereby promoting the diffusion rate of sodium
ions. Additionally, Sc doping increased the graphitization
degree of the carbon coating, enhanced electronic conduc-
tivity, and reduced charge-transfer impedance. When the Sc
doping amount is 0.04, the sample exhibits excellent elec-
trochemical performance, indicating the effective role of Sc
doping in regulating the ionic conductivity and structural
stability of the material (Fig. 11a). However, the high cost
of Sc would increase commercial application expenses.
Therefore, selecting a cost-effective doping element is of
critical importance. Park et al. achieved dual objectives of
performance enhancement and cost reduction by partially
substituting vanadium (V) with inexpensive iron (Fe) in
the NASICON-type cathode material NVPF [92]. Fe dop-
ing promotes efficient utilization of the V3*/V** redox pair
and enhances Na* ions diffusion coefficient by introduc-
ing an intermediate-phase buffer layer and reducing the
material bandgap (Fig. 11b, c¢). Fe doping has also been
applied to NVOPF. The material Na;(VO)Fe(PO,),F, was
successfully synthesized (Fig. 11d) by partially replacing
V** jons with Fe** jons [93]. The random distribution of
Fe** ions and V** ions effectively suppresses the ordering
of Na* vacancies. This reduced the formation energy bar-
rier for Na™ ions defects, thereby enhancing the migration
rate of Na* ions within structural channels and improving
the ionic conductivity. Although the Fe**/Fe** redox pair
has no electrochemical activity in the high-potential region
(>4.3 V) (Fig. 11e), Fe3* ions doping reduces electrode
polarization and improves rate performance. Furthermore,
the Fe**/Fe?* reaction can be activated in the low-potential
region (~ 1.5 V), enabling the insertion of approximately
0.5 Na* ions and enhancing reversible capacity. Bimetal-
lic co-doping demonstrates strong potential for optimizing
material electronic structure and ionic transport kinetics.
Through a synergistic co-doping strategy of Mn and Cr
(Fig. 11f), the NVOPF cathode material achieved perfor-
mance enhancement [66]. The introduction of Mn>* ions
primarily enhances the electronic conductivity (DFT cal-
culations show the bandgap drastically reduced from 2.15
to 0.12 eV) (Fig. 11g), while Cr** ions doping effectively
strengthens structural integrity and improves Na™ ions trans-
port kinetics. The random Co-doping of two ions at the V
site led to moderate lattice distortion, thereby expanding
the migration path of Na* ions. At the same time, it also
inhibited the ordered arrangement of vacancies of Na* ions
during the charge and discharge cycles. The results show
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that the specific capacity of NVMC-95 material at 20C is
87 mAh g~!. In summary, NVPF doping mainly focuses on
optimizing structural stability and dynamics, while NVOPF
has broader potential in enhancing electron/ion cotransport
capabilities due to the inherent tunable electronic structure.

The efficacy of vanadium-site doping is further vali-
dated in full-cell configurations. Cu?*-doped NVPF
(NVC, osPF@C) paired with hard carbon (HC) achieves
an energy density of 460 Wh kg™! (based on cathode
mass) and retains 96% of its capacity after 1000 cycles
at 10C, demonstrating that the “anchor effect” induced by
larger Cu®* ions effectively stabilizes the NVPF frame-
work under high-rate conditions [94]. In contrast, Mn/Cr
co-doped NVOPF (NVMC-95) delivers a slightly lower
energy density of ~412 Wh kg~ in full cells but exhibits
superior capacity retention of 97% after 100 cycles at 0.2C,
reflecting the intrinsic structural reversibility of NVOPF
and the synergistic role of Mn and Cr in enhancing elec-
tronic conductivity (bandgap reduced from 2.15 to 0.12 eV
by DFT calculations) while suppressing lattice volume
changes [66]. These complementary findings underscore
that NVPF benefits more from doping-induced lattice
expansion and electronic bandgap narrowing to overcome
its intrinsically lower conductivity, whereas NVOPF lev-
erages co-doping to further enhance its already favorable
Na* diffusion kinetics and structural robustness, offering
distinct pathways for optimizing each material in practical
sodium-ion full cells.

4.2.3 Anion-Site Doping

Anion-site doping primarily modulates material properties
by substituting O*~ or F~ ions within the NVPF/NVOPF
framework. In 2014, Park et al. systematically controlled the
fluorine (F) content (0 <x<1) in Na;V,0,(,_,,(PO,),F, 5,
to achieve continuous regulation of vanadium (V) valence
states (V3*/VH/V3*) (Fig. 12a), thereby establishing a com-
plete solid-solution system [39]. The introduction of fluorine
alters the anion composition within the crystal structure, and
also enhances the average operating voltage. At the atomic
level, replacing O*~ with F~ modify the ligand field around
vanadium; the higher electronegativity of F~ lowers the V
3d orbital energy levels through a stronger inductive effect,
which elevates the redox potential while narrowing the band-
gap and enhancing electronic conductivity. Furthermore, the
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insertion/extraction mechanism and phase transition behav- (F) ratio in NVOPF materials [95]. This material essentially
ior of sodium can be affected by modulating the electrostatic ~ achieves anion-site doping to form a solid solution. This
repulsion between Na* ions in the sodium layer (Fig. 12b).  adjustment of the O/F ratio influences the material elec-
Similarly, the stable regulation of mixed V**/V*" oxidation tronic structure, such as average oxidation state and charge
states was achieved by controlling the oxygen (O)/fluorine  distribution.
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However, another more direct regulatory strategy is to
alter the local coordination environment through ion sub-
stitution. Goodenough et al. focused on replacing the
“dangling” O~ ions coordinated to vanadium in NVOPFs
with less electronegative halide anions (e.g., C1~ or Br™)
(Fig. 12c, d). Theoretical calculations indicate that this
anion doping effectively weakens the covalent nature of the
V-X (X =ClI, Br) bond and reduces the Coulombic attrac-
tion between Na™ and the framework anion [96]. Conse-
quently, the desorption voltage for the third Na™ ion is sig-
nificantly lowered from the previously excessive 5.3 V to
within the electrolyte stability window (~4.8 V). Among
these, Na;V,(PO,),FCl,, formed by complete C1~ substi-
tution of O*~, is considered the most promising material.
It can reversibly insert/extract three Na* ions, raising the
theoretical energy density to 758 Wh kg™, but computa-
tional analysis also confirms the structural stability during
charge—discharge cycles. Furthermore, the voltage plateaus
can be optimized by controlling anion type and ratio (e.g.,
NVPF, sBr, s0,). Anion chemistry plays a pivotal regulatory
role in polyanionic cathode materials that extends far beyond
mere structural support. The essence depends on systemati-
cally determining the intrinsic electrochemical properties of
materials through modifying the local electronic structure
and crystal field environment. Current research has con-
firmed that adjusting the oxygen/fluorine ratio or introducing
halogen ions such as C1™ and Br™ ions can effectively control
the valence states and electronic configurations of transition
metals, thereby influencing the crystal field environment,
Na* ions migration energy barriers, and phase transition
pathways. However, complete substitution or the use of bro-
mine may still pose synthesis challenges and energy density
losses, suggesting the need for more refined doping strat-
egy design. Specifically, partially substituting PO,*~ with
SiO44_ ions, which possesses lower electronegativity and a
larger ionic radius, firstly regulates the redox energy levels
of transition metals through a stronger inductive effect [97].

In vanadium-based systems, this effectively narrows the
VH/V3* energy level gap, enabling the activation of high-
voltage plateaus to enhance energy density [98]. In iron/
manganese-based systems, it significantly optimizes the
reversibility of the Fe?*/Fe** and Mn?*/Mn>* redox reac-
tions [90]. Secondly, lattice perturbations induced by this
substitution fundamentally reduce the Na* migration bar-
rier, a key mechanism behind enhanced rate performance as
jointly verified by DFT calculations and GITT tests. More
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importantly, the chemical nature of anions directly dictates
electrode/electrolyte interface stability. The introduction of
Si0,*" or SO,* ions alters surface electron cloud distribu-
tion, impacting the composition and formation kinetics of
the CEI layer, with pronounced reductions in charge-transfer
resistance and interface film impedance clearly observed
[99]. Thus, the essence of anion chemistry lies in its ability
to simultaneously regulate three critical dimensions: bulk
electronic structure, ionic migration channels, and surface/
interface reaction kinetics, constituting an intrinsic optimiza-
tion strategy that transcends the limitations of conventional
cation doping. Despite notable achievements, the field still
possesses substantial untapped potential. Beyond O?~,  F~,
CI7, and Br, the impacts of doping with other anions such as
$%~ and N3~ ions remain insufficiently understood. Future
research should broaden the scope of anion doping and inte-
grate advanced operando characterization techniques with
theoretical calculations to provide deeper insights into the
"composition—structure—performance" relationships. Such
efforts will offer theoretical guidance and innovative design
concepts for developing the next generation of high-perfor-
mance cathode materials. To comprehensively understand
the effects of different types of dopants and substitution
points on electrochemical behavior, Table 3 summarizes a
series of ion doped NVPF and NVOPF systems, including
specific capacity and long-term cycling stability.

4.3 Nanoscale Strategy

As mentioned earlier, both surface coating and elemen-
tal doping can enhance material conductivity. Typically,
reducing material particle size to the nanoscale is another
approach to improving conductivity. Consequently, current
research focuses on developing NVPF and NVOPF with
nanostructures.

It is well known that reducing particle size to the
nanoscale significantly enhances the rapid transport of ions
and electrons within electrode materials. Furthermore, this
nanostructuring strategy increases the specific surface area
of the electrode, exposing more active sites for electro-
chemical reactions, which can accelerate reaction Kinetics
and improve specific capacity. Based on these advantages,
Song et al. incorporated graphene to suppress NVPF grain
growth, downsizing the material from the micrometer scale
(~2 pm) (Fig. 13a) to the nanoscale (=300 nm) (Fig. 13b),
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Table 3 Summary of ion-doped NVPF and NVOPF performance

Materials Dopant element Dopant site (s) Specific capacity Cycle performance References
(mAh g™

0.1Li-NVPF/CNTs Li Na 114.69 (1 C) 64.1% (30,000 cycles) at 10C [30]
NVSPF/C-0.04 Sc v 126 (0.2 C) 90.28% (1000 cycles) at 10C [91]
HE-NVPF Ca, Mg, Al, Cr, Mn \% 118.5 (0.1 C) 80.4% (2000 cycles) at 20C [100]
Na;V, 9sNb) 5(PO,),0,F/1GO Nb \Y% 106 (0.5 C) 60.8% (500 cycles) at 10C [67]
NVPF-Zr-0.02/NC Zr \Y% 119.2 (0.5 C) 90.2% (1000 cycles) at 20C [101]
NKVPF K v 128.8 (0.2 C) 60.2% (5000 cycles) at 10C [102]
NVPFCa-0.05/C Ca v 125 (0.1 C) 70% (1000 cycles) at 10C [103]
NVPOFSi,, ¢5 Si0,* PO~ 126 (0.5 C) 95.6% (1000 cycles) at 10C [98]
NVPE-Mg 5 Mg \Y% 126.8 (0.1 C) 70% (1000 cycles) at 20C [104]
NVSnPF-0.07@rGO Sn \% 126.5 (0.5 C) 92.3% (600 cycles) at 10C [105]

thus obtaining nanostructured n-NVPF [106]. This nano-
structuring engineered multiple synergistic benefits: first,
it reduces Na* ions diffusion paths; second, it increases the
specific surface area of the electrode material, providing
more electrochemical reaction sites; third, graphene con-
structs a highly efficient electronic conduction network,
compensating for the limitations of material conductivity.
NVPF nanoflower architectures were synthesized via a
pH-controlled hydrothermal method under weakly acidic
conditions (pH=2.60). The nanoflowers are composed
of self-assembled nanosheets with a uniform thickness of
approximately 10 nm, forming flower-like structures with
diameters of about 8 pm and thicknesses of 4 pm (Fig. 13c¢).
This ordered hierarchical architecture provides a high spe-
cific surface area and abundant Na* ions transport pathways,
while enabling effective electrolyte penetration through the
inter-sheet gaps. Compared with conventional nanopar-
ticle morphologies, the nanoflower structure significantly
shortens Na* ions diffusion distances and improves reaction
kinetics. As a result, the assembled cells exhibit excellent
cycling stability, with a capacity retention of 94.5% after
500 cycles (Fig. 13d) [107].

A highly ordered NVOPF nanorod array architecture was
constructed on porous carbon nanofibers (PCNF) through an
in-situ conversion strategy (Fig. 13e) [65]. In this configura-
tion, nanorods with widths of approximately 30 nm serve as
the fundamental building units and are vertically aligned on
a flexible conductive substrate, forming a three-dimensional
conductive network with a high specific surface area of 30.9
m? g~!. This nanostructured design effectively suppresses
active material agglomeration and enhances solid-liquid
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interfacial contact between the electrode and electrolyte.
Meanwhile, the PCNF framework provides continuous elec-
tronic conduction pathways and mechanical reinforcement.
Benefiting from these synergistic effects, the electrode deliv-
ers outstanding long-term cycling performance, maintain-
ing 87.6% of its initial capacity after 4500 cycles (Fig. 13f).
In addition, a multi-shell NVOPF microsphere architecture
was developed using primary nanoparticles of approximately
20 nm as building blocks, which self-assemble into hollow
microspheres with hierarchical porosity (Fig. 13g) [108].
Distinct from the temperature-driven morphological evo-
lution discussed in the context of synthesis methods, this
architecture is specifically engineered as a nanostructur-
ing strategy to optimize electrochemical performance. This
multilevel nanostructure increases the specific surface area
and exposes abundant electrochemically active sites. More
importantly, it shortens Na* ions diffusion pathways and
effectively buffers volume variations during repeated Na*
ions insertion and extraction, thereby enhancing the struc-
tural stability of the electrode.

Nanostructure design yields distinct benefits for NVPF
and NVOPF in full cells. The hierarchical hollow architec-
ture of NVOPF@KB enables an NVOPF@KBIIHC full cell
to deliver 122.3 mAh g~! at 0.1 C and retain 88.8% capacity
after 100 cycles at 1C, leveraging the hollow structure to
buffer volumetric changes [109]. For NVPF, the synergistic
combination of rGO wrapping and truncated morphology in
NVPF@rGOIIHC full cells results in stable operation at high
rates, with 80% capacity retention after 300 cycles at 5C
[110]. Notably, the two-dimensional Na™ diffusion pathways
engineered in NVPOF-80 (a derivative of NVOPF) through

@ Springer
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mild structural perturbation enable an NVPOF-80l13DSe  the superior rate capability that can be unlocked when the
full cell to achieve an ultrahigh energy density of 458.3 intrinsic diffusion kinetics of NVOPF are fully exploited.
Whkg!at 1C and 313.8 Wh kg~! at 10C [111], showcasing
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Overall, nanostructure engineering plays a crucial role in
enhancing the electrochemical performance of sodium-ion
battery cathode materials. Rational nano-architectural design
enables NVPF and NVOPF to effectively overcome intrinsic
limitations, including low electronic conductivity and slug-
gish Na* ions diffusion kinetics, leading to improved rate
capability and cycling stability.

5 Interface Stability and Electrolyte
Optimization

5.1 High-Voltage-Induced Interfacial Reactions
and Thermal Failure

The interfacial stability of NVPF and NVOPF as cathode
materials for sodium-ion batteries is a critical factor influ-
encing the cycle life, capacity retention rate, and safety
performance. In NVPF, one V atom coordinates with six
F~ ions, forming [VF] octahedra. This lowers the energy
levels of the vanadium 3d orbitals, reducing the Fermi level
[112, 113]. Consequently, NVPF exhibits a high redox
potential of approximately 4.1 V [114]. The voltage sur-
passes the thermodynamic stability window (~3.5-3.7 V
vs. Na*/Na) of conventional carbonate-based electrolytes
[115-117]. Because the interface reaction is thermodynam-
ically driven, the difference in voltage windows is prone
to thermal runaway. During thermal runaway, the reaction
proceeds moderately due to the stable crystal structure and
low tendency to release oxygen. It is primarily character-
ized by electrolyte decomposition rather than cathode deg-
radation. The electrolyte decomposition produces gases,
primarily CO, (42%), along with a considerable amount of
incompletely decomposed electrolyte solvent (e.g., DMC,
15%), and small amounts of H, (15%) and CO (10%) [118].
Meanwhile, trace amounts of HF were detected, indicating
that the decomposition reaction is mainly dominated by the
thermal decomposition of the electrolyte. Different trigger-
ing mechanisms can have a significant influence on failure
behavior. Overcharging results in the highest total gas vol-
ume and proportion of hydrogen due to the additional energy
input. In contrast, low-energy triggers such as external short
circuits result in relatively mild reactions [118].

Overall, NVPF batteries demonstrate comparatively low
thermal runaway temperatures and a narrow flammable
gas explosion range. In contrast, in NVOPF, two O~ ions
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substitute for two F~ ions in the [VF] octahedra, forming
a [VOsF] mixed-coordinated octahedron [119]. The elec-
tronegativity of O’~ ions is significantly weaker than that
of F~, and the electron cloud distribution is also different
[120]. This causes the Fermi level of the material to shift
upward, which is macroscopically reflected as an average
operating voltage of approximately 3.8 V. The degrada-
tion mechanisms of NVOPF cathode materials in sodium-
ion batteries remain inadequately elucidated. One possible
reason for the failure of the positive electrode is a voltage
drop of ~0.2 V. This reduction shifts the cathode potential
from “substantially exceeding” to “marginally surpassing”
the electrochemical stability window of the electrolyte.
Although oxidative decomposition can still occur, the ther-
modynamic driving force is reduced, and the kinetic pro-
cesses become more controlled. Simultaneously, the electro-
lyte causes the dissolution of the passivation layer (Al,O5)
on the surface of the aluminum current collector, triggering
severe pitting corrosion at high voltage [115, 121]. This
disrupts the conductive network and the corrosion products
further contaminate the electrode interface, leading to elec-
trode failure. In NVOPF, F~ ions are more likely to dissolve
into the electrolyte and combine with H' in the electrolyte
to form HF, which is highly corrosive. This in-situ-generated
HF continuously attacks the surface crystal structure of the
cathode material [122—124]. This accelerates the dissolution
of active vanadium species, resulting in direct capacity loss,
and degrades the framework, causing structural collapse,
phase transitions, and irreversible capacity fading.

Further exploration in this area can be conducted to help
researchers gain a better understanding of the failure mecha-
nism. Specifically, for NVPF, the high operating voltage trig-
gers continuous oxidative decomposition of carbonate-based
electrolytes, generating a thick and resistive CEI layer that
progressively increases interfacial impedance and acceler-
ates capacity decay. For NVOPF, while the lower voltage
reduces the thermodynamic driving force for electrolyte
oxidation, the partial substitution of F~ by O~ ions renders
the structure more susceptible to fluorine dissolution, form-
ing HF that corrodes the cathode surface and causes vana-
dium loss. These distinct chemical processes, namely CEI
overgrowth in NVPF and HF-induced corrosion in NVOPF,
directly dictate the respective cycling stability and perfor-
mance decay pathways, highlighting the need for tailored
electrolyte and interface engineering strategies for each
material system.
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5.2 CEI Driven Interfacial Failure and Capacity Decay

The cycling stability and coulombic efficiency of NVPF
and NVOPF at high voltages depend on the stability of the
CEI. As mentioned in the section on failure mechanisms, the
NVPF cathode provides a substantial thermodynamic driv-
ing force due to the high voltage, which forces the electrolyte
solvents (such as EC and DEC) and salt anions (PF¢™) to
undergo oxidative decomposition. This results in the forma-
tion of CEI film during the charging and discharging process
of NVPF [116, 125]. This layer has high impedance and
cannot effectively isolate electrons, leading to continued
decomposition reactions at the interface between the CEI
and the electrolyte. Therefore, the CEI film continues to
thicken, the internal resistance increases, and the capacity
decreases rapidly.

5.3 Electrolyte Design Strategies for High-Voltage
Interfacial Stability

The electrolyte is pivotal for resolving high-voltage inter-
face stability issues. The composition of the electrolyte is
a key factor for the electrolyte. By choosing an electrolyte
with a special composition, a protective CEI film can be
formed. At the molecular level, the preferential decomposi-
tion of electrolyte components is governed by the frontier
molecular orbital energies and coordination states within
the solvation sheath. For instance, in ionic liquid systems
such as Na[FSA]-[C;C,pyrr][FSA], the decomposition path-
way involves electron transfer from the cathode surface to
the lowest unoccupied molecular orbital (LUMO) of the
FSA™ anion and [C5C,pyrr]™ cation [126]. This triggers
S—-N and C-N bond cleavages, generating reactive radical
intermediates that polymerize or react with Na™ to form a
NaF-rich inorganic matrix embedded with sulfur/nitrogen
species. The density and uniformity of the CEI layer arise
from the balanced co-decomposition of both anion and
cation, which prevents localized overgrowth and ensures
complete surface passivation. In contrast, conventional elec-
trolyte systems rely heavily on solvation structure modu-
lation to dictate interfacial chemistry. The highly concen-
trated ether-based electrolyte (3.04 M NaPF/DEGDME/
DOL, NDD-3) exemplifies this principle [127]. Here, all
DEGDME and DOL molecules are fully coordinated with
Na* ions, forming a contact ion pair (CIP) or aggregate
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(AGQG)-rich solvation structure. This configuration elevates
the HOMO energy level of coordinated solvents, making
them less susceptible to oxidative decomposition (Fig. 14a).
Instead, PF,~ anions within the primary solvation sheath
are preferentially oxidized, decomposing to release F~ and
forming a NaF-dominant CEI. The resulting CEI, approxi-
mately 5 nm thick (Fig. 14b), exhibits high interfacial energy
and mechanical robustness, effectively suppressing solvent
penetration and transition-metal dissolution. The role of
specific functional groups in stabilizing the interface is fur-
ther illustrated by the butanedione (SN)/DEC/FEC ternary
system. SN, as the main solvent, contains nitrile groups
(—C=N) that strongly adsorb onto the NVOPF surface via
lone-pair electron donation to surface V or Na sites, creat-
ing a solvent-derived priming layer (Fig. 14c) [124]. Upon
oxidation, these nitrile groups undergo cyclotrimerization
or react with Na* to form NayN compounds, contribut-
ing to an inorganic-rich CEI. Concurrently, FEC additives
undergo defluorination at high potentials, releasing HF that
scavenges surface alkoxides and deposits NaF. The synergy
between nitrile adsorption and FEC defluorination yields an
ultrathin, insoluble CEI that blocks vanadium dissolution.
This molecular-level interplay highlights the importance of
designing electrolyte components with specific anchoring
and decomposition functionalities.

The “double-C=N group” additive strategy demonstrates
how bifunctional additives can simultaneously modulate
solvation structure and interfacial reactivity [128]. Succi-
nonitrile (SN), containing two nitrile groups, exhibits strong
chelation with Na* ions, displacing solvent molecules from
the primary solvation sheath and promoting anion-derived
CEI formation. In-situ SFG and EC-SERS analyses reveal
that SN adsorbs vertically on the cathode surface, forming
a compact monolayer that directs subsequent decomposition
of PF¢™ ions. This molecular arrangement enhances oxida-
tive stability and ensures uniform CEI deposition. Theo-
retical calculations confirm that the nitrile groups raise the
reduction potential of Na* ions -solvent complexes, thereby
suppressing solvent co-intercalation and parasitic reactions.
Moreover, the in-situ interfacial transformation strategy
using an Al,O5 sacrificial layer underscores the importance
of reactive fluorine capture at the molecular scale (Fig. 14d)
[123]. The pre-deposited Al,O; reacts spontaneously with
F~ released from electrolyte decomposition, undergoing a
conversion reaction to form AlF;. This process continuously
anchors fluorine species, preventing their accumulation as
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HF and mitigating corrosion of the Al current collector. The
resulting AlF;-rich CEI exhibits high ionic conductivity and
chemical inertness, effectively stabilizing the cathode inter-
face under high-voltage operation.

In summary, a molecular-level understanding of electro-
lyte design reveals that effective CEI formation hinges on
three interconnected factors: (i) the preferential decomposi-
tion of anions or functional groups with high adsorption
affinity, (ii) the reconstruction of solvation structures to sup-
press solvent reactivity and promote anion-derived CEI, and
(iii) the incorporation of synergistic additives or sacrificial
layers that modulate interfacial reactions in situ. Recent
studies on solvation structures, such as high-concentration
electrolytes, localized high-concentration designs, and func-
tional group engineering, provide mechanistic insights that
link electrolyte composition to CEI chemistry. Integrating
these molecular-scale considerations into future electrolyte
development will enable the rational design of high-voltage
sodium-ion batteries with extended cycling stability and
wide-temperature operability.

From a molecular-design perspective, the development of
next-generation high-voltage electrolytes should prioritize
solvents with intrinsically high oxidation resistance (e.g.,
sulfones and nitriles), sodium salts that favor inorganic
interphase formation (such as FSA™- or PF¢ -based salts),
and functional additives that promote early-stage interfacial
passivation (e.g., FEC). Concurrently, precise optimization
of electrolyte concentration and component ratios is essen-
tial to minimize free solvent molecules and promote anion-
dominated solvation structures, thus facilitating preferential
anion decomposition. Finally, the construction of multicom-
ponent electrolyte systems integrating primary solvents, co-
solvents, and targeted additives offers a viable pathway to
achieve long-term interfacial stability, high-rate capability,
and extended cycle life in high-voltage sodium-ion batteries.

6 Summary

As representative polyanionic cathode materials for
sodium-ion batteries, NVPF and NVOPF have demon-
strated considerable application potential owing to their
robust three-dimensional NASICON frameworks, rela-
tively high energy densities, and excellent thermal stabil-
ity [129, 130]. In this review, we systematically compare
the crystal structures and sodium storage mechanisms of
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NVPF and NVOPF, highlighting how anion chemistry and
local coordination environments govern their electrochem-
ical behavior. Furthermore, we summarize and contrast the
synthesis strategies of these two materials, emphasizing
that although a variety of preparation routes have been
developed, achieving precise control over phase purity and
morphology while simultaneously reducing process com-
plexity and production cost remains a critical challenge for
large-scale manufacturing.

To overcome the intrinsically low electronic conductiv-
ity of NVPF and NVOPF, a range of modification strate-
gies such as carbon coating, nanostructure engineering,
and elemental doping have been widely explored. These
approaches have proven effective in enhancing electronic/
ionic transport, alleviating kinetic limitations, and sig-
nificantly improving rate capability and cycling stabil-
ity. Beyond bulk properties, this review provides the first
comprehensive summary of the failure mechanisms and
high-voltage stability issues of NVPF- and NVOPF-based
cathodes. While the degradation behavior of NVPF under
high-voltage operation has been relatively well docu-
mented, the failure mechanisms of NVOPF remain far
from fully understood, particularly with respect to inter-
facial reactions and long-term structural evolution, high-
lighting an important direction for future investigation.

The design principles derived from this compara-
tive study, including anion-coordination regulation, Na*
ions/vacancy ordering modulation, and CEI engineering,
are broadly applicable to other NASICON-type sodium
cathodes, though their transferability is influenced by the
specific electronic structure of the transition metal and
the compatibility of synthesis routes. Looking forward,
several critical research directions warrant focused atten-
tion to accelerate the practical deployment of NVPF- and
NVOPF-based cathodes. First, synthesis process inno-
vation should prioritize scalable, cost-effective, and
environmentally benign routes. The room-temperature
mechanochemical solid-state method has demonstrated
kilogram-scale feasibility for NVOPF, yet challenges
in morphological uniformity and fluorine retention per-
sist. Developing continuous processing strategies and
establishing pilot-scale production platforms are cru-
cial steps toward industrial viability. Second, deepen-
ing the understanding of anion chemistry at the atomic
level is essential. While O>7/F~ ions substitution has
been shown to modulate redox potentials and diffusion
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kinetics, the precise roles of other anionic species (e.g.,  investigation through combined theoretical calculations
Cl™, Br™, Si0,*", SO,*) in tailoring local coordination  and advanced characterization techniques. Third, interfa-
environments, electronic structures, and phase transition  cial stability engineering requires a shift from empirical
pathways remain underexplored and warrant systematic  electrolyte formulation to mechanistic design principles.
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The composition and structure of the CEI critically deter-
mine high-voltage cycling stability; therefore, future
efforts should focus on elucidating the dynamic evolution
of CEI under realistic operating conditions and design-
ing electrolyte systems that promote the formation of
thin, inorganic-rich, and mechanically robust interphases.
Fourth, full-cell evaluation under practical conditions must
become a standard practice. Most existing studies report
half-cell performance under idealized conditions, whereas
compatibility with hard carbon anodes, electrolyte starva-
tion effects, electrode loading, and long-term cycling sta-
bility at elevated temperatures are key metrics that dictate
real-world applicability. Addressing these interconnected
challenges through interdisciplinary collaboration will be
essential to translate the intrinsic advantages of NVPF
and NVOPF into commercially viable sodium-ion battery
technologies.
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