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HIGHLIGHTS

® Optimization strategies for high-performance Na;V,(PO,); (NVP) cathode material are well summarized and discussed, including

carbon coating or modification, foreign-ion doping or substitution and nanostructure and morphology design.

e The foreign-ion doping or substitution is highlighted, involving the Na, V, and PO,*~ sites, which include single-site doping, multiple-
site doping, single-ion doping and multiple-ion doping.

® Challenges and future perspectives for high-performance NVP cathode material are presented.

ABSTRACT Na;V,(PO,); (NVP) has garnered great attentions as a prospective
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cal performance of NVP cathode material. In this review, the latest advances

in optimization strategies for improving the electrochemical performance of NVP cathode material are well summarized and discussed,
including carbon coating or modification, foreign-ion doping or substitution and nanostructure and morphology design. The foreign-ion
doping or substitution is highlighted, involving Na, V, and PO,>~ sites, which include single-site doping, multiple-site doping, single-ion
doping, multiple-ion doping and so on. Furthermore, the challenges and prospects of high-performance NVP cathode material are also
put forward. It is believed that this review can provide a useful reference for designing and developing high-performance NVP cathode

material toward the large-scale application in SIBs.
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1 Introduction

Lithium-ion batteries (LIBs) have been predominant in the
energy storage due to their high energy density and energy
conversion efficiency compared to other energy storage tech-
nologies. However, it is challenging to satisfy the escalating
demand of markets for electric vehicles, portable electronic
devices and energy storage systems at the same time, origi-
nating from the burgeoning consumption and volatile prices
of lithium resources [1-4]. To tackle these issues, sodium-
ion batteries (SIBs) have been widely proclaimed to be the
up-and-coming candidates for grid-scale energy storage
systems because of earth-abundant reserves and widespread
distribution of sodium resources [5-8]. The energy storage
mechanism and battery components are similar for LIBs and
SIBs, which enables the fabrication of SIBs to accommodate
for the available process equipment of LIBs. More impor-
tantly, the cathode and anode of SIBs can adopt cheaper alu-
minum foil as current collector without involving alloying
reaction between Al and Na and overcharging phenomenon,
thereby satisfying low-cost and high-safety requirements of
energy storage systems [9, 10]. Nevertheless, there remain
some challenges and inadequacies in the application of
SIBs, including low energy density and unfavorable long-
term cycling stability, which limit the popularization and
practical application of SIBs [11]. The oversized radius of
Na*t (1.02 nm) compared to Li* (0.76 nm) generates larger
resistance and volume change during the sodiation/de-sodi-
ation processes, resulting in sluggish diffusion kinetics and
diminished electrochemical performance. In addition, the
higher redox potential of Na/Na* (—2.71 V) has an intrinsi-
cally negative effect on the energy density of SIBs compared
with Li/Li* (= 3.02 V) [12-14].

The electrode materials greatly affect the electrochemical
performance of SIBs. Up to now, a myriad of researchers
have endeavored to seek for appropriate electrode materi-
als for high-performance SIBs [15-20]. The choice of cath-
ode material has a significant effect on the improvement
of energy density of SIBs. At present stage, the advanced
cathode materials are mainly divided into three types: lay-
ered transition metal oxides [21, 22], Prussian blue analogs
[23, 24] and polyanionic compounds [17]. Although layered
metal oxides possess an admirable theoretical capacity of
about 240 mAh g™, the interlayer sliding and complex phase
transitions during cycling process bring about severe lattice
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collapse and inferior cycling stability with rapid capacity
decay [25]. Prussian blue analogs, with commercial advan-
tages of low-cost and convenient synthesis, present excellent
electrochemical properties. Unfortunately, they generally
suffer from high interstitial water content (> 10%) within the
framework, resulting in drastic structural collapse and capac-
ity fading [26]. In contrast, polyanionic compounds with
Na superionic conductor (NASICON) structure have been
deemed as promising cathode materials owing to their robust
and open three-dimensional (3D) skeletal structure, high
ionic conductivity and good thermal stability [17, 27-30].
The NASICON-type materials as solid-state electrolytes
were firstly proposed by Goodenough et al. [31]. Currently,
numerous NASICON-type compounds have been reported
widely and applied as electrodes or electrolytes for SIBs.
The formula of NASICON-type materials can be represented
as Na,M,(XO,);, where x is the sodium content (x=0 to 4),
M is transition metal (M =V, Cr, Fe, Ti, Mn, etc.) and X is
P, Si, Mo, etc. [32-34]. The stable structure of Na,M,(XO,);
characterized by the strong binding energy of M—O chemical
bond not only facilitates efficient migration of Na™ but also
mitigates volume variation during the Na™ extraction and
insertion processes, contributing to enhanced rate capability
and cycling stability. Additionally, their flexible frameworks,
with fine tunability, offer compatible structures and benefi-
cial components meeting with multifunctional requirements
of high-performance cathode materials [35].

As a typical NASICON-type cathode material,
Na,V,(PO,); (NVP), with high structural stability and
ionic conductivity, has received huge attention in a world-
wide, which is similar to LiFePO, cathode material for
LIBs [36, 37]. NVP can deliver a high reversible capacity
of about 117.6 mAh g~' and a stable voltage platform of
about 3.4 V, corresponding to a favorable energy density
of about 400 Wh kg~! in theory. On account of the tun-
able NASICON system in NVP, there exist ample ion chan-
nels that can be constructed for fast Na* migration during
high-rate cycling process, and thus NVP can obtain superior
ion conductivity (10° to 107" cm? s~ [38, 39]. Further-
more, the high structural stability of NVP, only generating
a minimal volume change (8.26%), can achieve long-term
cycling stability in SIBs [39—41]. Unfortunately, NVP still
confronts with two obstacles, intrinsically poor electronic
conductivity and slow two-phase reaction (Na;V,(PO,); to
Na,V,(PO,);), leading to suboptimal rate performance and
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sluggish diffusion kinetics [42]. Therefore, it is urgent to
optimize the overall electrochemical performance of NVP
for fulfilling its commercial application in high-performance
SIBs.

Up to present, enormous efforts have been carried out
on the optimization of NVP cathode material, and many
optimization strategies have been proposed to boost the
electrochemical performance of NVP cathode material.
There are some reviews that have focused on the polyanion
NVP material in the recent few years [43—46]. It is note-
worthy that these reviews provide some information on
the crystal structure, electronic structure, electrochemical
performance, preparation methods and modification strate-
gies of NVP electrode material. For instance, the review
[43] mainly focused on the crystal structure and electronic
structure of NVP and summarized partly the modification
strategies, only including ion doping or substitution and
carbon coating. However, there was no exhaustive elabo-
ration on the ion doping or substitution. The review [44]
summarized comprehensively the synthesis approaches of
NVP material and introduced some modification strategies
and practical application of NVP in full cell. But it seems
to be lacking of excellent organization and detailed discus-
sion for the optimization strategy of foreign-ion substitu-
tion. The review [45] only reviewed partial modification
strategies of NVP including carbon coating, foreign-ion
doping and construction of heterogeneous composite mate-
rials. However, the discussion on the modification strate-
gies was not comprehensive. The review [46] introduced
the progress of NASICON framework electrodes, including
NASICON-type electrode materials, synthesis approaches,
computational investigation and partial strategies for elec-
tronic conductivity enhancement. Nowadays, the reviews
on detailed and critical optimization strategies based on the
latest progress of NVP are still scarce, especially system-
atical and comprehensive discussion. Hence, in this review,
we will summarize the latest advances in the optimization
strategies for improving the electrochemical performance
of NVP cathode material in a fresh perspective, and clarify
their effects on the sodium storage performance of NVP,
which are of great significance to further develop high-
performance NASICON-type cathode materials for SIBs.
Three kinds of optimization strategies are mainly discussed,
including carbon coating or modification, foreign-ion doping
or substitution and nanostructure and morphology design,
as shown in Fig. 1. Among them, the foreign-ion doping or
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substitution is highlighted, which involves the replacement
in the Na, V and PO43‘ sites, including single-site doping,
multiple-site doping, single-ion doping, multiple-ion doping
and so on. Furthermore, this review provides the prospects
and challenges of NVP cathode material. It is believed that
this review will be beneficial to guiding the design of high-
performance NVP cathode material and promoting large-
scale applications of NVP cathodes in the near future.

2 Structure and Electrochemical Performance
of Na;V,(PO,);

2.1 Crystal Structure

NVP possesses a rhombohedral lattice system belong-
ing to R3 ¢ space group (the hexagonal cell parameter:
a=b=8.74 A and c=21.84 A), which is in good agree-
ment with the first-principle calculation [46]. As shown in
Fig. 2a, in the crystal structure of NVP, two octahedral VO,
are connected to three tetrahedral PO, mutually to form a
rigid 3D open skeleton (V,PO,); resembling “lantern” unit
which interlinks each other along the c-axis. Additionally,
there are two different interstitial spaces for Na ion sites
located at independent oxygen environments: Nal site has
sixfold coordination (CN =6) at 6b sites along the c-axis
and Na2 site has eightfold coordination (CN =8) at 18e
sites along the b-axis, in which the occupancy rates of Na
atoms are 0.843 and 0.719, respectively [47]. The Na ions
occupied at Na2 sites are more susceptible to be extracted
during the electrochemical reaction process because of the
relatively smaller Na2-O bond compared to the Nal-O bond
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[43]. More importantly, the high corner-sharing structure
with large interstitial spaces can provide a great number of
Na ion channels and generate a low volume change (8.26%)
for achieving high ionic conductivity and stable reversible
cycle life. Furthermore, the high-angle annular dark field
(HAADF)-scanning transmission electron microscopy
(STEM) images of NaV,(PO,); and Na;V,(PO,); along
[111] are displayed in Fig. 2b [35]. It is discernible that the
phosphorus atoms (green spheres) and vanadium atoms (red
spheres) in NaV,(PO,); and Na;V,(PO,); frameworks still
remain well consistency with the same structure after Na
ion’s extraction, demonstrating a highly reversible stability
during the process of two-phase reaction of Na ions in the
NASICON skeleton [48].

The migration mechanism and pathway of Na ions have
been identified in the NASICON-type Na;V,(PO,); struc-
ture with the help of first-principles computations, including
three types of channels: pathway1, pathway?2 and pathway3
[49]. As depicted in Fig. 2c, there exist pathway1 along the
x direction and pathway?2 along the y direction, correspond-
ing to similar and favored migration energies of 0.0904
and 0.11774 eV, respectively. It is not feasible for Na ion’s
migrating along the z direction owing to the high energy
barrier (over 200 eV). Thus, the pathway3 will undergo a
curved course, which will bypass the octahedron VO4 and
move into the gap between the adjacent tetrahedral PO, and
octahedral VO, attributing to the possible activation energy
of 2.438 eV. Moreover, the migration pathways of Na ions
have been investigated not only at Na2 sites but also at Nal
sites, where Na ions are mobile in NVP framework. Wang
et al. [50] proposed that the Na ions at Nal sites would also
engage in migration progress during the intercalation and
deintercalation processes. The periodic density functional
theory (DFT) simulations revealed three types of sodium-
ion transportation routes in the NVP lattice. The first way
of Na ion migration was directly from Nal site to Na2 site
with a highly activation barrier of 36.1 kcal mol~!, which
was unfavorable. As shown in Fig. 2d, there remained two
kinds of similar ion-diffusion ways focused on the Na2 site
to adjacent Na2 site. The path A followed a direct course
with high energy barrier of 63.22 kcal mol ™" and the path B
was divided into two sequential steps, which formed a Nal
vacancy in an intermediate state. Compared with path A, the
path B, named as concerted ion-exchange route, had lower
activation barrier of 14.0 kcal mol™! and thermodynamic
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energy. Therefore, it is significant to understand the elec-
trochemical performance of Na;V,(PO,); cathode based on
the structure and migration behavior of Na ions in the NVP
framework.

2.2 Electrochemical Performance

The electrochemical performance of NVP material mainly reg-
isters as its capacity, cycling stability and rate capability. In the
cyclic voltammetry (CV) curves of NVP material, as displayed
in Fig. 2e, there were two redox couples corresponding to V>*/
V# and V2*/V>* redox peaks at 3.4 and 1.6 V [51], respec-
tively. In the high voltage of 3.4 V, two Na ions located at Na2
sites simultaneously involved in the reversible deintercalation
and intercalation processes accompanied by two-phase transi-
tion reaction between Na;V,(PO,); and NaV,(PO,);, provid-
ing a theoretical capacity of 117.6 mAh g~'. In fact, it is a
difficult thing to achieve the theoretical capacity for pure NVP
cathode material (Fig. 2f) [40, 52, 53]. For example, Dong
et al. [54] reported that the NVP/C material only presented an
initial capacity of 72.5 mAh g~' at 1 C and lower capacity of
65.6 mAh g~ ! after 100 cycles. For the relatively lower voltage
platform, one additional Na ion would be intercalated into the
Na2 site, providing 58.8 mAh g~! capacity [55]. Consequently,
it plays a vital role for NVP to be reasonably applied as cath-
ode or anode with the electrochemical reactions as follows
[56]:

Anode reaction: Nas V3*(PO,);

- 3+ 2 (1)
+ xNa® +xe” < Nay,,V;* V25 (PO,);
Cathode reaction: Na;V3*(PO,); <
(2)

Na,_ V3* V¥ (PO,); + xNa* + xe~

2-x X

Overall reaction: Na;V3*(PO,); < Nas_ V3* VI*(PO,),
+ Nay, V3T V2 (PO,);

2—x ' x
3

Additionally, some studies indicated that the additional
reduction peak at about 3.2 V would also occur owing
to the arrangement of Na ions by migrating from Nal
site to Na2 site in the local redox environment (Fig. 2g),
while the peak disappeared fully after several cycles
[57]. It is an amazing phenomenon that the appearance
and disappearance of reduction peak at about 3.2 V did
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Fig. 2 a Crystal structures of Na;V,(PO,); material. Reproduced with permission. [47] Copyright 2017, Elsevier. b STEM-HAADF images
of Na;V,(PO,); and NaV,(PO,); along the (11} projection. Reproduced with permission. [35] Copyright 2014, John Wiley and Sons. ¢ Pos-
sible migration pathways of Na* in NVP lattice. Reproduced with permission. [49] Copyright 2014, Royal Society of Chemistry. d Sketch
map of the direct diffusion route (path A) and stepwise ion-exchange route (path B) for Na migration. Reproduced with permission. [50]
Copyright 2018, American Chemical Society. € CV curves of Na;V,(PO,);/C. Reproduced with permission. [51] Copyright 2011, Elsevier. f
Charge—discharge curves of Na;V,(PO,);. Reproduced with permission. [40] Copyright 2013, Wiley-VCH. g CV curves of C2 (carbon con-
tent 1.76%) and C8 (carbon content 6.95%). Reproduced with permission. [57] Copyright 2016, Royal Society of Chemistry. h Relationship
between 7, and v!2 for NVP/C. Reproduced with permission. [54] Copyright 2021, Author(s). i Schematic illustration of multiple V2*/V3*/v4+/
V3* redox reactions in NVP cathode. Reproduced with permission. [53] Copyright 2022, Elsevier

not affect the capacity of NVP [58]. Diffusion coeffi-
cient of Na* (Dy,,) of the pristine NVP can be calculated
from the CV curves at different scan rates. An extremely
low Dy, of 4.05x 107" cm? s~ for the anodic reac-
tion and 4.10x 10™"! cm? s7! for the cathodic reaction
were obtained during the charge and discharge processes
(Fig. 2h) [54], suggesting a sluggish kinetic character-
istic of Na ion migration in the NVP. Thus, the pristine
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NVP cathode material exhibited low rate capability and
poor cycling stability.

Furthermore, it has been a popular avenue to oxide
V*# to V3 reversibly accompanied by more than two Na
ions at a higher operating potential, resulting in improved
specific capacity and energy density of NVP cathode
(Fig. 21) [53, 59, 60]. However, the electrochemical
performance of pure NVP remains inadequate, which is

@ Springer
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attributed to two reasons briefly: (1) the weak intrinsic
electronic conductivity with a wide bandgap, leading
to poor rate performance and smaller specific capacity
[61]; and (2) the larger size of Na ions impeding ion’s
transport, causing sluggish ion-diffusion kinetics and
inferior cycling stability. Therefore, it is highly worthy
of research to improve the overall electrochemical per-
formance of NVP for achieving the desirable application
in SIBs.

3 Optimization Strategies of Na;V,(PO,);
Material

To enhance the electrochemical performance, numerous
optimization strategies have been proposed and applied
to NVP cathode material for the promotion of the overall
conductivity and ion-diffusion ability [62-65]. In this sec-
tion, the optimization strategies of NVP cathode material
can be summarized into three aspects: (1) carbon coating or
modification, (2) foreign-ion doping or substitution and (3)
nanostructure and morphology design.

3.1 Carbon Coating or Modification

The coating or modification of carbon materials, which
can boost the extrinsic conductivity dramatically, is an
effective optimization strategy to improve the electro-
chemical properties of NVP [66]. Generally, the coating or
modification of carbon materials can be divided into two
methods, carbon coating and carbon matrix compositing,
based on the current research progress and development
trends [67-70]. Most of carbon coating or modification
commonly contains high carbon loading content for pre-
paring NVP/C composites, while the low carbon loading
content with an appropriate thickness of carbon coating
layer keeps challenging and also plays an amazing part in
boosting the apparent electrical conductivity and electro-
chemical activity of NVP material. Table 1 gives the com-
parison of electrochemical performance of some reported
NVP/C cathode materials based on the carbon coating or
modification strategies.

© The authors

3.1.1 Carbon Coating

The carbon coating has been extensively used to polish
up the sodium storage performance of electrode mate-
rials owing to its facile preparing process and effective
functions. The carbon coating on NVP can be achieved
by solid-state reaction [71, 72], sol-gel method [73, 74],
spray-drying method [75], electrospinning [76, 77] and
other preparation methods [78-80]. The conductive car-
bon coating on the surface of NVP not only increases the
electronic conductivity but also reduces the side reactions
between NVP and electrolyte, as shown in Fig. 3a [81]. In
general, the function of carbon coating layer is inevitably
influenced by two factors. One is the thickness of carbon
coating layer, which plays a critical role in affecting the
electrochemical properties of NVP cathode and serves as
a buffer layer to alleviate the volume change during the
charge and discharge processes. Specifically, too thick car-
bon coating layer may impede the Na* mobility resulting
in poor electrical conductivity [82], while too thin car-
bon coating layer cannot protect the crystal structure of
NVP leading to unreliable structure stability during the
electrochemical reaction process. The other one is the
weight fraction of carbon layer, which exists an appro-
priate value because the high carbon content may impair
the electrochemical activity of NVP [80]. Shen et al. [81]
discussed the influence of different carbon contents (5, 7.5,
10, 12.5 and 15 wt%) on carbon-coated NVP materials,
and found that the NVP/C nanocomposites with 10 wt%
carbon showed a splendid enhancement of reversibility
of Na™ insertion/extraction, exhibiting 124.1 mAh g~!
discharge capacity at 0.1 C with 95% capacity retention
after 120 cycles (Fig. 3b). Noticeably, the NVP/C-10%
cathode revealed the best rate capability compared to other
samples (Fig. 3¢). Additionally, the conventional carbon
sources for carbon coating are mainly commercially avail-
able organic compounds, such as citric acid [58, 83-85],
glucose [68], polyethylene glycol [86] and oxalic acid [87,
88]. Kate et al. [58] constructed a graphitic and porous
nanostructured carbon layer on NVP using citric acid as
carbon source by sol-gel method. The NVP/C revealed
many beneficial pores attributed to the thermal pyrolysis
of citric acid at high temperature of 900 °C, and these
pores increased the contact area of electrode and elec-
trolyte and offered more active sites (Fig. 3d), boosting
diffusion kinetics with rapid ion-transport rate.

https://doi.org/10.1007/s40820-024-01526-x
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Table 1 Electrochemical performance of some published carbon-modified NVP cathode materials

Cathode material Carbon source Discharge capacity Capacity retention/Cycles/Rate Refs

(mAh g~")/Rate

Na;V,(PO,);@C Critic acid 99,1C 94%, 1400, 10 C [58]
Na;V,(PO,);/C-GA Critic acid and graphene 104,02 C 95.2%, 250, 0.1 C [84]
Na;V,(PO,),/C Ethylene glycol 118,02 C 81.5%, 1000, 10 C [68]
Na;V,(PO,),/C Glucose 124.1,0.1C 83.9%, 10,000, 20 C [81]
Na;V,(PO,),/C Oxalic acid 115.1,0.1C 91.3%, 500,1 C [87]
Na;V,(PO,);/N-doped carbon Critic acid 1142,02C 92.1%, 400,1 C [69]
Na;V,(PO,);/N-doped carbon Critic acid and CNTs 106.5,0.1 C 98.9%, 2000, 20 C [42]
Na;V,(PO,);/N,S-doped carbon Critic acid 123.19,0.1C 99.62%, 250, 1 C [93]
Na;V,(PO,);/N,B-doped carbon Oxalic acid 114,1C - [89]
Na;V,(PO,);/C@CNTs Critic acid and CNT 98.7,0.1C 81%, 500,2 C [54]
Na;V,(PO,);@C@CNTs Ethylene glycol and CNT 112,1C 95.89%, 20,000, 200 C [70]
Na;V,(PO,);/tGO Reduced GO 116,1C 90.1%, 400, 10 C [75]
Na;V,(PO,);/C-Mes Critic acid 123.19,0.2C 90.48%, 5000, 20 C [65]
Na;V,(PO,);/carbon dot Oxalic acid 112.3,0.5C 98.4%, 20,000, 200 C [96]

Furthermore, it is widely proclaimed that the heteroatoms
(including N, S, B, P) doped into carbon coating layer of
NVP/C, taking more extrinsic defects and active sites, can
profoundly improve the electronic conductivity and facilitate
sodium-ion transfer compared with the bare carbon coating
layer [89]. Currently, nitrogen is one of the most extensive
dopants due to more active sites scattered in carbon substrate
leading to outstanding electrochemical performance of car-
bon coating layer [69, 90, 91], and nitrogen could be ran-
domly doped in carbon layer and the surface of NVP crystal
structure (Fig. 3e) [92]. Zhou et al. [93] synthesized N/S co-
doped carbon skeleton enwrapped NVP/C@N,S-x% (x=35,
10, 15) nanoparticles using thiourea as nitrogen and sul-
fur sources. The synergistic effect of N and S elements had
contribution to providing abundant defects and active sites
in the carbon layer which produced ample Na ion-diffusion
channels and boosted ionic conductivity. Benefiting from the
pyrolysis of thiourea, coral-like morphology was formed and
the specific micropores architectures were constructed for
NVP/C@N,S-10%, providing rich conductive networks and
mitigating volume expansion to enhance its structural stabil-
ity (Fig. 3f). Consequently, the optimized NVP/C@N,S-10%
material realized excellent sodium storage performance,
exhibiting a desirable capacity of 123.19 mAh g~ at 0.1 C
and an eminent discharge capacity of 90.5 mAh g~! at 60 C
maintained to 59.2 mAh g~ after 20,000 cycles (Fig. 3g).
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3.1.2 Carbon Matrix Compositing

Compositing NVP with carbon nanotubes (CNTs) [54, 70],
reduce graphene oxide (rGO) [94], mesoporous carbon
(MC) [95] or carbon dots (CDs) [96] has drawn significant
attention from researchers in the field of optimizing elec-
trode materials. These various carbon matrices are gifted
with peculiar structures and high conductivity, which are
beneficial to constructing high-performance NVP materials
for SIBs [97]. Furthermore, the special structures of car-
bon matrices can effectively regulate the growth process of
NVP grains and block the agglomeration of NVP particles,
in favor of improving the crystallinity of NVP material and
facilitating its electrochemical reactions effectively.

CNTs as a kind of one-dimensional (1D) nanomateri-
als not only can be characterized with efficient conductive
network through entanglement and adhesion but also can
avoid accumulation of active grains, which are beneficial
to improving the crystalline and electrochemical properties
of electrode materials [98]. As depicted in Fig. 4a [99], the
CNTs as a bridge between NVP and carbon layer provided
highly conductive network for high-speed charge transfer to
enhance the electrical conductivity of NVP particles. Dong
et al. [54] induced the CNTs to NVP system for prepar-
ing NVP/C@CNTs composites by sol-gel method, deliver-
ing a high reversible capacity of 97.7 mAh g™! at 0.1 C in
contrast with the only 68.7 mAh g~! discharge capacity for
NVP/C. As revealed in the SEM images (Fig. 4b), a distinct
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Fig. 3 a HRTEM (high-resolution transmission electron microscopy) image and b cycling performance of NVP/C-10%, ¢ rate performances of
NVP/C materials with different carbon contents. Reproduced with permission [81]. Copyright 2021, Elsevier. d SEM (scanning electron micros-
copy) image of NVP@C at 950 °C. Reproduced with permission [58]. Copyright 2023, Elsevier. e Schematic illustration of nanocage structure
and surface crystal modification of N-NVP/N-CN for fast reversible three-phase reaction. Reproduced with permission [92]. Copyright 2023,
Wiley. f SEM images and g cycling performance of NVP/C@N,S-10% material. Reproduced with permission. [93] Copyright 2023, Elsevier

difference in the NVP/C and NVP/C@CNTs cathodes tested
at 1 C after 100 cycles was distinguished, and the distribu-
tion of NVP grains kept more homogeneous in the NVP/C@
CNTs composite than in the NVP/C.

rGO with unique lamellar morphology, flexibility and
high conductivity is commonly used as an ideal two-dimen-
sional (2D) carbonaceous material introduced into electrode
materials due to its constructive impacts on mechanical and
electrochemical properties [94, 100, 101]. Chen et al. [102]
reported that the rGO could form an efficient conductive

© The authors

network to accelerate the electrons migrate in the Ni-doped
NVP material (Fig. 4c). Meantime, it also played a tentacle
role at the edge of NVP nanoparticles to widen the specific
surface area of whole system (Fig. 4d). Xu et al. [75] con-
structed porous NVP/rGO hollow microspheres by spray-
drying approach. The rGO layer effectively elevated the
electrons transfer and the unique hollow structure facilitated
Na ions accessibility of electrolyte, resulting in a favorable
discharge capacity of 116 mAh g~! at 1 C and remarkable
rate capacity of 107.5 mAh g™! at 10 C (Fig. 4e).

https://doi.org/10.1007/s40820-024-01526-x
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MC, acted as carrier and support, can provide continuous
channels and large surface area with interconnected porous
structure, which ensure the fast transport of Na ions and elec-
trons and sufficient electrolyte penetration and accommodate
the volume variation during the expansion and contraction
of electrode material [103, 104]. Nano-encapsulating of
active materials combined with MC has been widely inves-
tigated to optimize sodium storage performance [95, 105].
Zhang et al. [65] proposed a ligand-confined growth strat-
egy to confine the ultrasmall NVP nanoparticles in differ-
ent carbon channels including microporous (Micr-NVP/C),
mesoporous (Mes-NVP/C) and macroporous (Macr-NVP/C)
carbon channels to seek the optimal carbon channel. The
as-prepared Mes-NVP/C with sufficient ion-adsorption sites
and well interconnected framework not only provided many

SHANGHAI JIAO TONG UNIVERSITY PRESS

convenient pathways for fast diffusion of Na ions and elec-
trons but also effectively suppressed the agglomeration of
NVP nanoparticles compared to the Micr-NVP/C and Macr-
NVP/C cathode materials. Consequently, the Mes-NVP/C
cathode achieved a high specific capacity of 70 mAh g~!
at 100 C (Fig. 4f), and exhibited satisfactory cyclic perfor-
mance (90.48% capacity retention at 20 C after 5000 cycles).
The NVP phase of Mes-NVP/C kept a good integrity after
5000 cycles (Fig. 4g), dramatically confirming the desirable
ultrahigh-rate cycling stability. It was the nanoconfined NVP
materials within mesoporous carbon channels that played a
positive role in synchronously boosting rate capability and
high-rate cycling stability.

CDs have been ingeniously adopted to integrate with elec-
trode materials in energy conversion and storage fields on
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account of their fascinating physicochemical properties such
as quantum tunneling effect and preeminent conductivity
for elevating the electron-transfer ability [106, 107]. Pan’
group [108] adopted a one-step solvothermal approach to
synthesize CDs-modified NASICON-structured polyanion
cathode material, where CDs were synthesized by hydro-
thermal method with sucrose as precursor, and revealed that
CDs could be viewed as functional additive and nucleation
sites to prompt morphology evolution of polyanion cathode
material and harvest remarkable rate and cycling perfor-
mance. Huang et al. [96] reported a facile trace carbon dot
incorporation strategy to optimize the structure and sodium
storage properties of NVP. The pale-yellow solid CDs were
prepared from the mixing solution of tartaric acid, diethyl-
enetriamine and ethanol with the oil bath heating. The as-
developed NVP with incorporated CDs (NVP/NCDs) only
contained surprisingly low carbon content of 0.76 wt%, and
the trace CDs regulated the growth of NVP nanoparticles
and significantly balanced the electrical conductivity and
electrochemical activity of NVP. As shown in Fig. 4h, the
CDs decorated with sufficient surface function groups would
form a thinner and more uniform cathode/electrolyte inter-
face (CE]) film combined with carbon coating on the sur-
face of NVP/NCDs, which effectively boosted the interfacial
charge diffusion and promoted rate capability significantly.
As aresult, the NVP/NCDs cathode delivered an impressive
reversible capacity of 113.9 mAh g=! at 1 C (Fig. 4i) and
exceptional cyclability up to 20,000 cycles corresponding to
the capacity retention of 98.4% (Fig. 4j). In addition, ultra-
fast charging performance was achieved for N/S co-doped
CDs/NVP (NVP/NSC) cathode material based on an inter-
facial synergistic strategy [109], delivering an admirable
capacity of 87.2 mAh g~! at 100 C after 10,000 cycles. The
assembled full cell NVP/NSCIHC (hard carbon) exhibited
an excellent discharge capacity of 115.3 mAh g~! at 5 C and
92.1% capacity retention after 800 cycles.

Generally, a suitable carbon coating layer can serve as
armor to shelter NVP particles, which endows the interface
contact between NVP and electrolyte with reduced inter-
face impedance, while carbon coating layer has relatively
low electrical conductivity in comparison to carbon matrix
compositing because the carbon coating layer may hinder
the migration of Na™ ions and thus affect its electrochemi-
cal kinetics [66]. Conversely, for the carbon matrices in the
NVP/C, there exists a low impact on lowering contact resist-
ance between NVP and carbon matrix due to the uneven

© The authors

distribution of carbon matrix and the inhomogeneity of NVP
particle sizes [43, 97]. Therefore, a synergistic effect can be
achieved by combining carbon coating with carbon matrix to
further improve electrical conductivity and boost interfacial
kinetics for the NVP cathode material.

3.2 Foreign-Ion Doping or Substitution

The carbon coating or modification cannot effectively
improve the intrinsic electronic and ionic conductivities of
NVP cathode material. To introduce foreign ions into NVP
material, as a mainstream strategy, plays a pivotal role
to inherently reinforce the bulk-phase intrinsic electronic
conductivity, narrow electron transport path and activate
more active sites [92]. Generally, the foreign-ion doping
or substitution mainly involves the Na, V, and PO43_ sites.
To be specific, Na site can be replaced by monovalent
alkali metal cations and divalent metal ions. Based on the
trivalent vanadium V3%, the occupation of V site can be
divided into isovalent-ion and aliovalent-ion substituting.
The replacement of PO~ site can be performed by intro-
ducing monoatomic anion or multivalent anion. Addition-
ally, synergistic effects of multiple dimensional doping
combined with different sites can significantly boost the
electrochemical performance and kinetic properties of
NVP as well [110-113].

3.2.1 Na Site Doping

There are two kinds of chemical environments for Na ions
occupying Nal site and Na2 site, corresponding to the
occupancy rate of 84.3% and 71.9%, respectively [71].
Therefore, the manipulation of Na site’s coordination
environment by doping metal ions is a useful strategy to
elevate Na ion mobility and boost ion-transportation capa-
bility in the NASICON-type phosphate cathodes [114].
The K* having a larger radius (1.38 A) and same num-
ber of electronic charges with Na*, acted as pillar ion, can
broaden Na ion-transport channels and enlarge the unit cell
volume through replacing immobile Na ions, presenting a
significant enhancement in rate capability and cycling stabil-
ity of NASICON-type cathodes [115, 116]. The mechanism
of K doping in NVP/C was elucidated through theoretical

https://doi.org/10.1007/s40820-024-01526-x
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calculations by Yan’s team [67], confirming that the K™ acti-
vated the activity of Na* by preferentially occupying Na2
site and then Nal site and optimized the electronic structure
by reducing the bandgap of Na, (K, ; V,(PO,);. Moreover,
the introduction of K* could expand ion-transport channels,
facilitate Na ion’s transfer and weaken structural deforma-
tion during the fast deintercalation/intercalation processes
of Nat, harvesting satisfactory sodium storage performance.
Shen et al. [117] reported that the K* was employed to dope
Na site in NVP framework (Fig. 5a), which promoted Na
ion migration, effectively alleviated volume variation and
improved structural integrity. Consequently, the as-devel-
oped Na, 45K, 45 V,(PO,); cathode exhibited splendid sodium
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storage performance under all-climate (—25-40 °C) associ-
ated with the desirable safety, delivering an initial discharge
capacity of 97.8 mAh g~! at 100 C in 40 °C and sustaining a
capacity of 72 mAh g~! at 2 C in —25 °C (Fig. 5b, c). Sub-
sequently, Yan’s team [118] explored the effect of Li doping
at Na site by synthesizing a series of Na;_ ,Li, V,(PO,),/C
(x=0, 0.1, 0.2, 0.3, 0.4) cathode materials. Figure 5d dis-
plays the lattice structure of Li-doped NVP. The introduction
of Li* (x=0.2) could activate the activity of Na ions at Na2
sites efficiently and increase structural stability by inhibiting
phase transition, rendering an awesome reversible capacity
of 116.9 mAh g~! at 0.2 C and 99.82% capacity retention
after 500 cycles (Fig. Se, f).
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Fig. 5 a Schematic illustration of crystal structure of K-doped NVP, b rate performance of NVP, NVP-K, ,s and NVP-K,, |, samples at—25 °C,
¢ rate performance of NVP-K; ;s at 40 °C. Reproduced with permission [117]. Copyright 2023, Elsevier. d Schematic illustration of crystal
structure of Na, ¢Li;,V,(PO,);, e rate performance and f cycle performance of Na;_,Li, V,(PO,);/C. Reproduced with permission [118]. Copy-
right 2023, Elsevier. g Schematic illustration of crystal structure of Ca-doped NVP, h rate capability of NVP@C and CNVP@C/3DNC with
different Ca amounts, i long-term cycling performance of CNVP@C/3DNC-0.1 at 15 C. Reproduced with permission [121]. Copyright 2022,
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Apart from the monovalent K and Li doping, high-valence
Ca plays a favorable role to occupy part of Na site because of
their similar electronegativity (Ca>*: 1.16, Na*: 1.024) and
ionic radius (Ca®*: 1.0 A, Na*: 1.02 A), which significantly
improves Na ion-diffusion kinetics and sodium storage per-
formance of NVP material [119, 120]. Chen et al. [121] pre-
pared Nas; ,,Ca, V,(PO,); with N-doped carbon nanosheet
network (CNVP@C/3DNC-x, x=0.05, 0.1, 0.2, 0.3) by a
template-assisted sol-gel route, and the crystal structure of
Ca-doped NVP is shown in Fig. 5g. The X-ray photoelectron
spectroscopy (XPS) spectra showed clear signature of peaks
at 347.3 and 350.9 eV corresponding to the Ca 2p,,; and
Ca 2p, , spin—orbit states. Meanwhile, there were two V 2p
peaks at 517.0 and 523.7 eV corresponding to the V 2p,;
and V 2p,,,, indicating that the Ca doping did not change
the valence of vanadium and successfully occupied Na sites.
Due to the beneficial effects from the regulation of Na site
by Ca doping, more Na vacancies generated and thus raised
intrinsic electronic conductivity and Na* diffusion kinetics.
The optimized CNVP@C/3DNC-0.1 released a superior
specific capacity of 83.0 mAh g~! at 15 C with 6.9% capac-
ity decay after 5000 cycles, showing outstanding long-term
cycling performance (Fig. 5h, 1).

3.2.2 V-Site Doping or Substitution

There are mostly various V-substituted NVP cathode mate-
rials that have triggered extensive investigations since
the substitution of V element holds many merits. Firstly,
the replacement of V by inexpensive and nontoxic metal
ions can reduce the cost of SIBs [122]. Secondly, it is
a desirable thing to achieve satisfactory energy density
by virtue of the multivalence states of V element (V37,
V#*, and V%), which can allow for the reversible multi-
electron redox reactions at a high-voltage platform [123,
124]. Thirdly, various metal ions gift their own properties
which are beneficial to enhancing the stability of structure,
increasing reversible discharging capacity and elevating
Na* diffusion kinetics of NVP [125-127]. Specifically,
the replacement of V in NVP can be divided into three
aspects, including isovalent-ion substitution, aliovalent-
ion substitution and multiple-ions substitution, as shown
in Fig. 6.

© The authors

3.2.2.1 Isovalent-Ion Substitution Trivalent metal ion’s
substitution, presenting electrical neutrality due to the
equivalent valence state with V ion, can be easily achieved
to optimize the structure of NVP material with fine-tunning
property, which slightly impacts the overall structural integ-
rity of NVP. The influences of isovalent-ion substitution are
further discussed based on the different sizes of metal ions.
For the smaller-size metal ions (Cr’*, A", Ga**) substi-
tuting V, the stronger and shorter M—O chemical bond not
only strengthens the oxygen ligand skeleton (MOg) for the
enhancement of overall structural stability but also acceler-
ates the Na™ migration for faster kinetics, while the larger-
size metal ions (Mn>*, Fe*, Ru*, Sc?*, Y37, etc.), acted as
pillar ions, play a significant role in supporting the crystal
framework and broadening the channels of Na* diffusion,
leading to higher ionic conductivity [73, 128-131].

One of the popular isovalent-ion substitutions in NVP
cathode material is Cr** doping, in which Cr** possesses
a slightly smaller radius of 0.755 A than V* (0.78 A),
and it has been corroborated extensively for the great
improvement of electrochemical performance [132—135].
Goodenough et al. [132] reported a series of Cr-doped
Na;V,_.Cr(PO,); (x=0,0.2, 0.5, 1 and 2) cathode mate-
rials. All samples were well consistent with the rhombo-
hedral NASICON structure in space group R 3 ¢ and no
apparent additional diffraction peaks appeared, suggesting
a long-range order between the V and Cr in the NVP. Due
to the smaller size of Cr, the lattice volume of Cr-doped
NVP revealed a decreasing phenomenon (Fig. 7a). It is
noteworthy that the Na;V, sCr, 5(PO,); exhibited the most
stable cycling performance in all samples. Moreover, as
shown in Fig. 7b, the Na;V, sCr, 5(PO,); cathode enabled
three-electron redox reactions with VZ*/V3* (1.6 V), V3+/
VH (3.6 V) and VH/V3* (4.1 V) redox couples fully acti-
vated within a wide voltage window of 1.0-4.4 V. Another
meaningful observation about Na;V, sCr,, 5(PO,); was the
occurrence of a peculiar solid-solution reaction accompa-
nied by the successful activation of V#*/V3*, which played
a critical role in the stabilization of phase structural evo-
lution during the successive sodiation/de-sodiation pro-
cesses. Consequently, the Na;V, sCr,, 5(PO,); manifested a
favorable discharge capacity of 150 mAh g~! at 30 mA g~!
(Fig. 7c). Furthermore, Chen et al. [124] investigated in
depth what a role the Cr behaved in a high redox poten-
tial with multielectron reactions and clarified intrinsic

https://doi.org/10.1007/s40820-024-01526-x
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reasons for how Cr activated the V4*/V>* redox couple.
They verified that the Na;V, sCr, s(PO,); involved in a
main sodium storage process of solid-solution reaction at
high-voltage platforms of 3.4 and 4.1 V through a series
of advanced characterization techniques. As displayed
in the operando synchrotron-based XRD (Fig. 7d), all of
the observed peaks showed well reversible change with-
out asymmetric shifts attributed to the well-maintained
polyanionic structure during the Na ion’s insertion and
extraction processes, indicating that the Cr doping had a
positive effect on inhibiting crystal distortion and keep-
ing long-term cyclic stability of NVP cathode material.
Besides, with the combination of DFT calculations with
electron paramagnetic resonance (EPR) spectroscopy, it
was unveiled that the Cr-doped NVP had unpaired elec-
tron of Cr in the 3d orbital ([Ar]3d54s1) and a narrower
forbidden bandgap than undoped NVP (V ([Ar]3d’4s?)),
which, as the intrinsic reasons, would make contribution
to triggering the V**/V>* redox couple and increasing
energy density at a high operating voltage. Later, Zhang
et al. [134] designed a rGO-supported Na;V, sCr, 5(PO,);4
(VC/C-QG) cathode material. Benefiting from the complete
activation of multielectron reactions from VZ* to V>, the
as-designed VC/C-G revealed ultra-stable sodium storage

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

performance, achieving an appreciable energy density of
approximately 470 Wh kg~! with a reversible capacity of
176 mAh g~! at 0.2 C (Fig. 7e). Mai’ group [136] reported
another Na;Cr,sV;,,(PO,);@C (NVCP@C) cathode mate-
rial, and they comprehensively clarified that there were
two reversible structural evolutions corresponding to
solid-solution reaction and two-phase reaction during the
charge and discharge processes. It was satisfactory that
the NVCP@C exhibited excellent electrochemical perfor-
mance, yielding an ultrahigh initial discharge capacity of
175 mAh g~! at 100 mA g~! accompanying about 3.1 Na*
ions insertion and durable long-term cycling performance
with 86% capacity retention at 5000 mA g~ after 2000
cycles (Fig. 7f and g).

Al is an inactive element introduced into NVP mate-
rial, and it has been demonstrated that Al doping not only
particularly stabilizes the phase structure but also impedes
the occurrence possibility of side reactions during the
charge and discharge processes [137—139]. Masquelier
[140] firstly proposed the substitution of V by Al in the
Na,V, 5Al, 5(PO,);, which realized a comparable increase-
ment of the theoretical energy density (425 Wh kg™!) than
undoped NVP (396.3 Wh kg~!) [141], resulting from the
accessibility of higher-voltage V#/V>* redox reaction and
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lighter weight of aluminum. Chen et al. [47] reported that
AT partial substitution in V site would provide more vol-
ume of interstitial gaps to enable more Na ions migrate due
to its smaller ionic radius than V3* (AI**: 0.0535 nm vs. V37
0.064 nm), as well as significantly strengthen the structural
robustness of NVP. It was clear that the cell volume gener-
ated distinct contraction after 50 cycles at high discharge rate
in different samples. However, the Na;V, ggAlj 1,(PO,4)5/C
only had a marginal volume change (2.10%), compared
with the undoped NVP (10.25%) (Fig. 7h). To improve the
operating voltage, Jin’s team [142] investigated the electro-
chemical reaction mechanism of Na;V, sAl, s(PO,); cath-
ode with reversible three-electron redox reactions in the
potential range of 1.0-4.4 V. A new redox couple located
at around 4.0 V was distinctly witnessed, which was attrib-
uted to the initiation of reversible V4*/V3* redox reaction
(Fig. 71), resulting in an impressive increase in the capacity
(165 mAh g_1 at 0.1 C). Moreover, the framework of AlO,
octahedron in Na; V| sAl, 5(PO,); had a more negative aver-
age charge of O atom than VOg4 in Na;V,(PO,);, indicat-
ing that the V3* substitution by AI** made a positive effect
on enhancing the oxygen ligand skeleton and elevating the
overall structural stability at high potential. As a result, the
Na;V, 5Al, s(PO,); achieved a desirable low-temperature
(=20 °C) cycling performance (98.9% capacity retention
after 1000 cycles at 5 C) (Fig. 7).

Similar to Al element, Ga is another inactive element
with ionic radius of 0.062 nm, which can substitute V to
obtain improved rate capability and cycling performance
[130, 139]. Chen et al. [61] reported that the introduction of
Ga’* could successfully activate the V#*/V3* redox couple
of Na;V, ,Ga,(PO,); NVP-Gax, x=0, 0.5, 0.75, 1) cathodes
within a voltage window of 1.4-4.2 V, containing single-
phase and bi-phase electrochemical reactions. A series of
spectroscopic and electrochemical tests verified that the
modified sample with x=0.75 exhibited a superior structural
stability and Ga®* did not participate in the electrochemi-
cal reactions. The NVP-Ga0.75 presented a remarkable dis-
charge capacity of 152.3 mAh g~! at 1 C with a favorable
energy density of 497.6 Wh kg™! (Fig. 7k). Meanwhile, in
2.2-4.2'V, the NVP-Ga0.75 exhibited excellent rate capabil-
ity with a high discharge capacity of 105 mAh g™' at 1 C
(Fig. 7).

Among some larger-size metal ions, Fe’* and Mn**
dopants are capable of holding active electrochemical activi-
ties, significantly improving the capacity of NVP cathode
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materials and their doping is beneficial to satisfying the
requirement of sustainable development and large-scale
applications by virtue of their low-cost and eco-friendly
advantages. Additionally, the doping of Fe3* and Mn3*
into V site accompanies more than two-electron reactions
during the electrochemical reaction process, which avail-
ably enhances the energy density of NVP cathodes. Thus,
Fe** and Mn** doped NVP cathodes have been popularly
investigated [129, 143, 144]. Chen et al. [129] performed
a family of Mn3* doped Na;V, Mn,(PO,); (x=0, 0.1, 0.3,
0.5, 0.7) (NVP-Mn(x)) cathodes by a simple solid-state reac-
tion, and demonstrated that Mn>* could activate multielec-
tron reactions by successive conversions of V* to V3* in
a wide voltage window of 1.4-4.0 V. The crystal structure
of NVP-Mn(0.5) is simulated in Fig. 8a. Benefiting from
the relatively larger radius of Mn* (0.785 A) compared
to V3* (0.78 10%), the NVP-Mn(x) cell took lattice expan-
sion, which facilitated Na*™ migration and enhanced ionic
conductivity. Similar to the oxygen ligand surroundings of
NasV, sAl, 5(PO,);, the MnOg4 of NVP-Mn(0.5) possessed
a more negative average charge of O (—1.51249 e) than the
VOq of undoped NVP (—1.47935 e), significantly strength-
ening structural stability. In addition, in the hybridized Mn
3d orbitals of NVP-Mn(0.5), the electron structure was opti-
mized due to the reduced bandgap and thus improved the
electronic conductivity. As illustrated in Fig. 8b, a new redox
couple of Mn**/Mn** was discerned when being discharged
to 1.4 V and finally Mn?* disappeared at 3.7 V, indicating
Mn>*/Mn>* couple participating in the electrochemical reac-
tions. Coupled with the additional charge platforms located
around 3.9 V (V¥*/V3*) and 1.7 V (V*/V3*) (Fig. 8c), the
NVP-Mn(0.5) displayed an appealing reversible capacity
of 170.9 mAh g~! at 0.5 C. However, due to the presence
of serious Jahn—Teller effect of MnOg, it is easy for Mn3*
dissolving in electrolyte, posing a dilemma for enhancing
cycling stability [140].

For the Fe®* doping, Lin et al. [143] developed
Na;V,_ Fe, (PO,),;/C (x=0, 0.1, 0.3, 0.5, 0.7) ( NVP-Fe(x))
cathode materials via a solid-state reaction. Figure 8d, e
revealed the crystal structure and Raman spectra of NVP-
Fe(x), indicating that the larger radius of Fe** had a little
impact on the NVP lattice and the NVP-Fe(0.5) carried the
highest degree of order and thus would obtain the best elec-
trochemical performance. The NVP-Fe(0.5) cathode material
exhibited an exceptional initial capacity of 166.4 mAh g~! at
1 C coinciding with a high energy density of 417.3 Wh kg™
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and superior rate performance with 84.6 mAh g=! at 20 C
(Fig. 8f), which were attributed to the successful activation
of V*/V>* redox couple by Fe’* at a high working voltage to
achieve three-electrons reaction. Similarly, Tong’ group [62]
synthesized NasFe, sV, ,(PO,);/C (NFVP/C) cathode mate-
rial with an optimal crystal structure by a sol-gel method.
With the help of DFT calculations, the NVFP/C showed a
suitable ion-migration route with low diffusion barrier. The
path 1 (P1) revealed smaller energy barrier of 0.14 eV than
the path 2 (P2) (0.30 eV), which remarkably improved Na™*
diffusion kinetics. Two pairs of redox peaks were observed
at 3.4 and 4.0 V, which was in good agreement with two
stable platforms in the charge and discharge curves, present-
ing a high reversible capacity of 115.2 mAh g~' at 0.5 C.
Besides, Liu et al. [131] reported that Fe3* could serve as a
catalyst to not only effectively modulate carbon layer gra-
phitization and bulk phase for improving electronic conduc-
tivity but also accelerate the infiltration of electrolyte for fast
diffusion of Na* due to the decomposition of organic iron
forming open porous structure (Fig. 8g). Consequently, the
optimized Na;V gsFe 15(PO,);@C (NVFP) cathode mate-
rial obtained outstanding rate capability with a discharge
capacity of 94.45 mAh g~! at 20 C (Fig. 8h).

Recently, the replacement of other isovalent ions with
larger radius than V** was also explored. Shi et al. [73]
investigated the modified mechanism of Ru doping in V
site and synthesized a Ru**-doped and CNT-enwrapped
Na;V, g6Rug 04(PO,);/C@CNT material (Fig. 8i). On
account of the relatively larger ionic radius of Ru®* than
V3* (Ru*: 0.68 A vs V3*: 0.64 A), the modified material
broadened and further stabilized the Na ion-migration chan-
nels accompanied by higher ionic conductivity and more sta-
ble structure with reversibility during the processes of Na*
extraction and insertion. The Na; V| gsRuy (4(PO,);/C@CNT
had the low value of volume contraction rate that changed
less than 3% in the discharge process, further confirming
the extraordinary structural stability after the introduction
of Ru ion. Consequently, the Na;V, g¢Ru 04(PO,);/C@CNT
yielded an excellent rate capability with a high capacity of
99.97 mAh g~! at 10 C (Fig. 8j) and superior cycling sta-
bility, and submitted an initial capacity of 82.3 mAh g~!
and a sustained capacity of 71.3 mAh g~! at 80 C after
14,800 cycles. Subsequently, Shi et al. [88] also proposed
that the larger radius Bi** (1.08 10\) doped into V site would
effectively widen ion-transmission channels and pro-
mote the Na* diffusion kinetics of NVP. The synthesized
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Na;V, ¢7Bij 13(PO,);/C@CNTs cathode revealed superior
rate performance, submitting 84.34 mAh g~! capacity at
80 C with 86.96% capacity retention after 6000 cycles.
Moreover, Chen et al. [145] firstly reported Y** doping and
successfully obtained Na,V,_, Y, (PO,); (x-=0.01, 0.04, 0.07,
0.1) (NVP-Yy) materials. The Y3 possessed a distinctly
larger radius of 0.9 A than V3* (0.64 A), greatly expanded
the Na ion-diffusion pathway and narrowed the crystal
vibration, which bolstered Na ion-migration rate and rein-
forced the crystal structural stability. Notably, a new con-
ductive phase of NaYO,, with appealing electric conductiv-
ity, emerged between the active material and carbon layer
(Fig. 8k), compellingly elevating the ionic conductivity.
Consequently, the Na ion-diffusion coefficient of NVP-Y, ;
approximately increased one order of magnitude than that of
NVP/C. The NVP-Y) 4; achieved a high discharge capacity
of 125.2 mAh g=! at 0.1 C and sustained 100.4 mAh g~!
capacity at 1 C after 300 cycles (Fig. 81).

3.2.2.2 Aliovalent-Ion Substitution Although the isova-
lent-ion doping at V site has a minimal impact on the struc-
tural integrity of NVP, the electronic structure of NVP is
hardly to further regulation. Thus, the doping of aliovalent
ion is popularly appealing, consisting of low-valent ion
doping and high-valent ion doping, which have a profound
influence on the electrochemical performance of NVP
materials. Specifically, the introduction of low-valent ion,
thanks to the charge compensation mechanism, will gener-
ate favorable hole carriers (or electronic defects) and thus
enhance the electronic conductivity, while the high-valent
ion will provide additional free electrons and boost electron-
transmission ability.

Among some divalent metal ions, Mn>* and Fe?*, with
multielectron transfer potential, have been intensely stud-
ied because of their more fruitful properties, and the Mn>*
and Fe>™ doping not only widen the voltage window but
also effectively enhance the sodium storage performance of
NVP cathodes [140, 146—-148]. The study demonstrated that
the existence of Mn** in Na;V, ,Mn_ (PO,), (x=0, 0.1, 0.2,
0.3) materials could stimulate more V** due to the charge
compensation, thereby stabilize the crystal structure and
enhance the electronic conductivity. As shown in Fig. 9a—c,
the optimal Na;V, sMn,,(PO,),/C exhibited the largest
Na* diffusion coefficient, superior rate performance with
106.8 mAh g~! at 1 C and impressive cycling stability with
82% capacity retention at 30 C after 10,000 cycles [149].
In addition, Na-rich Nas, Mn,V,_(PO,); cathode based on
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Mn?* substitution and extra Na* manifested great advantages
in terms of its desirable electrochemical properties and ben-
eficial phase transformation behavior [150-152]. Zakharkin
et al. [150] synthesized a succession of Na;, Mn V,  (PO,),
(0<x<1) cathode materials, and all Mn-substituted samples
exhibited a high-voltage platform at approximately 3.9 V,
resulting in that the energy density could be elevated about
8%-10% when x > 0.4 compared with undoped NVP mate-
rial. As depicted in Fig. 9d, increasing Mn content had a
positive impact on the enlargement of a beneficial solid-
solution domain linking with sodiated, intermediate and
de-sodiated phases. The highly reversible solid-solution
phase change in Na; sMn sV, 5(PO,); (NVMP) was vali-
dated [152]. Through the ex situ X-ray absorption near-edge
structure spectra (ex situ XANES) and XPS, prominently
reversible V3*/V** and Mn**/Mn** redox couples during
the charge and discharge processes were observed (Fig. 9e).
More impressively, the NVMP delivered intriguing rate
capability with 92.7 mAh g~! at 60 C and exceptional capac-
ity retention of 87.2% after 4000 cycles at 20 C (Fig. 9f).
Besides, Ghosh et al. [151] comprehensively investigated
the Na-rich Na, +y Vo M0 (PO,); (0<y<1) cathode mate-
rials and elucidated the influence of different Mn* con-
tents on the crystal structure and electrochemical perfor-
mance. A phase miscibility gap was witnessed at y=0.5,
representing two solid-solution regions related to low and
high Mn contents. According to the analysis of projected
density of states (pDOS) in Fig. 9g, the electronic densities
of Mn 3d and V 3d orbitals in the Na; ,5V| 7sMn ,5(PO,);
and Naj 45V, ,sMng ;5(PO,4); were distinctly different.
The Na;,5V, ;sMn, ,5(PO,); exhibited a negligible Mn
3d electronic density, while the Na; 5V ,sMn( 75(PO,);
was adverse, suggesting that Mn**/Mn2* redox couple
was absent and presented in the former and later materi-
als, respectively. Furthermore, Mn element would make
more contribution than V element on account of the modu-
lation of Mn redox couples, generating a greater number
of valence electrons. The Na; ;5V | ,sMny, ;5(PO,); cathode
revealed high reversible capacities of 100 and 89 mAh g™!
at 1 and 5 C, respectively (Fig. 9h). To further ameliorate
the poor electronic conductivity of Mn-substituted NVP
cathodes, Qian et al. [99] introduced 1 wt% Al,O; coating
and CNTs in the Na; Vs 4,,;Mn 3,(PO,); material NVMP@
CNT@ 1wt%Al,0;) to curb the dissolution of Mn>* in elec-
trolyte and bolster the electrical conductivity and structural
integrity. By the virtue of the effect of Al,O; coating and
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CNTs, the NVMP@CNT @ 1wt%Al,0; cathode performed
stable rate capability with 115, 112.8, 110, 107.9, 106.5,
103.0 and 114.09 mAh g_1 discharge capacity at 1, 2, 4, 5,
8, 10 and 1 C, respectively (Fig. 9i), and remarkable long-
term cycling stability with 84.87% capacity retention after
6000 cycles. Moreover, Li et al. [147] reported a dual car-
bon-coated Na; sMn,, 5V, 5(PO,); NMVP/C@GO) cathode
material via a spray-drying route. Thanks to the positive
impacts of Mn* doping and carbon conductive network,
the NMVP/C@GO presented a favorable reversible capac-
ity of 112 mAh g~! at 2 C and excellent rate capability with
88 mAh g~! discharge capacity at 20 C (Fig. 9j).

For Fe** doping, Na-rich Na,FeV(PO,), cathode material
has been widely explored, and the presence of mixed valence
of Fe?™ and V** and multielectron redox reactions are con-
tributive to increase meaningful capacity and energy density
[153-157]. Masquelier et al. [156] investigated the crystal
structure and local chemical environments of Na,FeV(PO,);
cathode material obtained from the electrochemical sodi-
ation of Na;FeV(PO,); material. Through a series of
advanced measurements, it was confirmed that Nal and
Naz2 sites were almost fully occupied in the Na,FeV(PO,);
lattice (Fig. 10a). There remained 2.76 Na*' per formula
unit extracted in the voltage region of 1.3—4.3 V, which was
attributed to the successful activation of FeZ*/Fe3*, V3+/
V# and VH/V3* redox couples. The activation of V4/V>+
usually had irreversible electrochemical behavior and thus
limited the further enhancement of capacity. Subsequently,
Masquelier et al. [154] thoroughly investigated the irrevers-
ible Na™ de/intercalation process in Na,FeV(PO,), cathode
material through local and bulk perspectives. As displayed
in Fig. 10b, during the charge process, there were three
potential regions located at around 2.52, 3.45 and 3.99 V
relating to the Fe?*/Fe**, V3*/V* and V*/3* redox cou-
ples, whereas during the discharge process, only two main
regions were observed at about 3.44 and 2.48 V, indicating
an asymmetric extraction/insertion behavior of Na* at a high
potential in the Na,FeV(PO,); material. The activation of
VH/V3* caused shorter V-O band in a distorted Fe and V
local environment, further revealing the asymmetric sodium
storage mechanism of Na,FeV(PO,); material. Moreover,
Xu et al. [158] demonstrated that the reversible activation
of V#*/V>* mainly relied on the relative contents of Nal
and Na2 in the Fe’"-doped NVP lattice, and enough Na2
content effectively ensured the activation of V#/V3*. They
prepared Na-rich Na; ,V, (Fe, ,(PO,); cathode material

@ Springer
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which achieved an extraordinary reversible capacity of 133
mAh g~! in a voltage domain of 2.0-4.1 V, resulting from
the successive redox reactions of Fe**/Fe** and V3*/V*t/
V3*. Furthermore, the as-developed Na, 4,£, soFeV(PO,),
(NVFP) sodium-deficient material (Fig. 10c) exhibited an
astonishing reversible capacity of 170 mAh g~! at 0.5 C in
a wide voltage window of 1.5-4.4 V, showing three pairs
of redox peaks located at about 2.55, 3.46 and 4 V coin-
ciding with the Fe**/Fe**, V3*/V* and V**/V>* redox
couples, respectively [159]. Together, in a voltage region
of 2.0-3.8 V, the NVFP also exhibited excellent rate capa-
bility with a discharge capacity of 119 mAh g~ at 0.5 C
and extraordinary long cycling life (Fig. 10d, e). It was the
admirable electrochemical performance that came from the
slight volume change of 2.36% during the successive charg-
ing and discharging processes with a solid-solution reaction
mechanism. Therefore, increasing output voltage by intro-
ducing additional Fe**/Fe** redox couple and activating
high-voltage V#*/V3* redox couple could be a significant
strategy to harvest satisfactory sodium storage performance.
Zhou et al. [160] designed Na; 5V, sFe, 5(PO,); (NVFP)
cathodes by introducing Fe* into V site, and the sample
emerged two new plateaus at approximately 2.8 and 4.2 V
for reversible Fe**/Fe** and V#*/V>* redox couples, respec-
tively (Fig. 10f). The EPR spectra further indicated that the
iron with unpaired 3d orbital electron made a favorable
effect on activating the high-voltage V#/V>* redox couple,
as well as the migration paths and electronic structure. As a
result, in a voltage window of 1.7-4.3 V, the NVFP cathode
showed an awesome discharge capacity of 148.2 mAh g~! at
0.5 C (Fig. 10g), an enviable energy density of 501 Wh kg™!
and impressive cycling durability (84% capacity retention
after 10,000 cycles at 100 C). Impressively, the assembled
full cell HCINVFP displayed an ultra-stable cycling perfor-
mance with 63.5% capacity retention after 3000 cycles at
50 C and a material-level energy density of 304 Wh kg~
Another desirable doping strategy of bivalent transi-
tion metal ions is Co** or Cu®* doping with minor content,
and it has been demonstrated that Co** or Cu* substitu-
tion can sufficiently improve the electrochemical ability of
NVP. Chen et al. [161] reported the effects of different con-
tents of Co?* or Cu®* in Na,,,V, M, (PO,);/C (M =Co**,
Cu?*; x= 0.01-0.05) and fabricated the optimized
Naj 5, V.99C00 01 (PO4)3/C and Naj 43V g7Cug 03(PO,)5/C
cathode materials with high discharge capacities of 116
and 114 mAh g~! at 0.5 C, respectively (Fig. 10h, i), which

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

emphasized the low-level amount of dopants playing a
crucial role in affecting the electrochemical performance
of NVP. Some other Co?*-doped NVP cathodes such as
Na; V| 93Co 17(PO,)5/C were designed via defect regulation
by Liu et al. [162], and their study indicated that the Co**
doping not only produced beneficial hole carriers for elevat-
ing the electronic conductivity but also enlarged the inter-
planar spacing to accelerate ionic diffusion rate. Through
the theoretical calculations, the introduction of Co®* into
V3* site beneficially reduced the bandgap and weakened the
energy barrier contributing to fast migration of Na* in NVP
(Fig. 10j). Consequently, the Na,;V, 4;Co 17(PO,),/C com-
posite achieved a high discharge capacity of 114.4 mAh g™!
at 0.1 C and a good reversible capacity of 104.6 mAh g~! at
1 C. Besides, Jiang et al. [163] synthesized a succession of
Cu-doped NVP/C composites with different contents of Cu
dopants (0, 2.5%, 4%, 5% and 6%) via an oxygen vacancies
strategy. The incorporation of Cu with oxygen vacancies
could generate more electrons and promote the formation
of V4* resulting in a shorter V-O bond, which favorably
improved the sodium storage performance and kinetic prop-
erties of NVP. Furthermore, the optimized cathode with 5%
Cu displayed the highest discharge capacity of 111.4 mAh
g~ ! with capacity retention of 90.4% over 300 cycles at 1 C.

Partial substitution of V by Ni element could sufficiently
enhance the cell structural stability and ameliorate ion-dif-
fusion dynamics in the NVP structure owing to the introduc-
tion of Ni into V site reducing the sizes of VOg4 octahedrons
and PO, tetrahedrons and widening the pathway for Na* dif-
fusion [164]. Zhang et al. [165] prepared Ni-doped NVP/C
materials with different content of Ni via a sol-gel method,
and the Na; V| ¢;Ni (3(PO,)5/C cathode showed good rate
performance with 98.1 mAh g~! at 5 C compared to the
pristine NVP/C (64.3 mAh g~!) (Fig. 10k). According to
CV results, all Ni-doped samples possessed lower polariza-
tion than the pristine sample, and the Na; V| o;Nij ¢3(PO,)5/C
with the sharpest and narrowest peaks exhibited enhanced
structural reversibility.

Mg element is a typically inactive element, which is apt
to decrease the theoretical capacity of Na;V, Mg (PO,);,
but additional ionic conductivity and holes produced from
Mg?* doping will improve the electrical conductivity. Cou-
pled with Mg?* having a smaller radius of 0.065 nm than
V3% (0.074 nm), structural stability is favorably strengthened
[166]. The low-dose Mg**-doped Na;V, 9sMg os(PO,);
material yielded superior rate performance with the specific
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capacity decreased from 112.5 to 94.2 mAh g~! for increas-
ing rate from 1 to 30 C (Fig. 11 a). To explore the effects
of large amounts of Mg dopants, Inoishio et al. [167] inves-
tigated a new Na;_,V, Mg (PO,); (x=0.1 to 0.7) family.
Interestingly, the Na; ,V, ¢Mg ,(PO,); obtained the high-
est specific capacity compared to other samples, while
the Na,, .V, Mg (PO,); (x over 0.3) materials exhibited
declined capacities (Fig. 11b). As shown in the ex situ
XRD patterns of Na; sV, sMg,, 5(PO,); material (Fig. 11c),
an irreversible phase transition emerged in the V#/V3+
redox region, thereby leading to the lower discharge capac-
ity. Subsequently, Ghosh et al. [168] illuminated the Na*
de/intercalation mechanism of Na;, ,V, Mg (PO,); (y=0,
0.25, 0.5, 0.75 and 1) cathode materials, and demonstrated
that a complete two-phase process would gradually alter
to a solid-solution process, along with the Mg?** content
increased in the NVP crystal. As performed in the operando
XRD studies of Na; sV, sMg,, 5(PO,); and Na,VMg(PO,);
cathodes (Fig. 11d), an intermediate Na;V; sMg, s(PO,),
phase emerged, which was accompanied by 0.5 Na* extrac-
tion from Na, 5V, sMg, s(PO,); cathode, and the diffraction
peaks progressively shifted toward higher 2 0 during the
initial charge process, indicating the existence of a solid
solution. It was worth noting that the overall cell volume
variation only assessed 6.2% compared to the undoped NVP
cathode (8.1%), owing to the unextracted Na* increasing the
volume of Mg-doped phase and decreasing the lattice mis-
match between the Na-rich and Na-poor phases, which sig-
nificantly boosted structural integrity during cycling process.
Conversely, a solid-solution mechanism was observed in the
fully sodiated Na,VMg(PO,); material over the entire Na de/
intercalation range. To further enhance the electrochemical
performance of Mg-doped NVP cathode, Zhao et al. [60]
prepared Mg?*-doped porous flower-like Na,;,  V, Mg,
(PO,)5/C (x=0, 0.02, 0.04, 0.06) composites. The opti-
mized Naj o,V 9sMg o4 (PO4);/C (NVMP-4) lattice model
was revealed in Fig. 11e. Based on the ex situ XPS analysis,
when being charged to 4.2 V, the Mg?* played a novel role
to effectively trigger the partial V#* oxidized to V°* in the
NVMP-4 cathode material. Coupled with the hierarchical
mesoporous structure with carbon layer, the NVMP-4 exhib-
ited exceptional specific capacity (123.8 mAh g~ at 1 C)
and excellent rate performance (73.8 mAh g~! at 100 C)
(Fig. 111).

Additionally, Ca-doped NVP material delivers superior
rate capability and cycling performance in comparison to
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Mg-doped counterpart material [169]. Zhao et al. [170]
synthesized Na;V, ¢sCa; 15(PO,);@C cathode material.
The doping of Ca* with larger radius of 1.00 A than V3*
(0.64 A) not only enlarged cell volume and lattice spacing
to provide broader Na* diffusion channels but also gener-
ated mixed valence V?*/V** as charge compensation. The
stronger Ca-O bond compared to V-O would remarkably
reinforce structural integrity. Through the DFT calcula-
tions, the Ca-doped NVP exhibited a disappeared band-
gap, lower Na* migration energy barrier and higher lattice
energy than the undoped NVP (Fig. 11g), which endowed
Na; V| 45sCag ¢5s(PO,);@C cathode with favorable electro-
chemical performance. The optimized sample delivered
unprecedented rate capability with 113 mAh g~! discharge
capacity at 50 C and 84 mAh g=! at 500 C, as show in
Fig. 11h. Impressively, the Na;V, 9sCa, (5s(PO,);@C cath-
ode exhibited superior long-term cycling stability with
almost 100% capacity retention after 12,000 cycles at 50 C
and only 0.0027% capacity decay after 10,000 cycles at
100 and 200 C. Furthermore, Jiang et al. [171] prepared
CNTs enwrapped Ca-doped Na;V, Ca, (PO,); (x=0.01,
0.04, 0.10, Cax-NVP@CNTs) cathode materials via a facile
sol—gel approach. Benefiting from the useful regulation of
Ca** substitution, the Ca0.04-NVP@CNTs had a high initial
capacity of 104.3 mAh g~! at 5 C and excellent cycling sta-
bility with 99% capacity retention at 50 C after 4000 cycles.

In addition, Ti** possesses a higher valence and smaller
radius than V3*, which is beneficial for generating more
Na vacancies and enhancing the crystal structure stabil-
ity. Thus, the Ti*" dopant has been widely employed to
substitute V** for phosphate cathode materials [172, 173].
Ding et al. [174] prepared a series of Na;V, Ti,(PO,),/C
(x=0, 0.05, 0.1, 0.15) materials through one-step solid-
phase method. With increasing the content of Ti**, the
crystal volume decreased slightly due to TiO4 octahedron
being smaller than VOg4 octahedron, and more vacancies
of Na sites were generated for Na* diffusion (Fig. 11i). As
a result, when the x=0.1, the Ti-doped NVP exhibited
a satisfactory discharge capability of 123.3 mAh g~! at
0.1 C and excellent rate capability with 89.5 mAh g~! at
30 C (Fig. 11j). Moreover, Huang et al. [175] prepared
Na, ¢5V, g5Tij 15(PO,); cathode material by a simple
solid-phase reaction, delivering a high specific capacity
of 101.2 mAh g~! at 10 C with 60% capacity retention
after 2000 cycles. Apart from Ti** substitution, a much
higher valence of Mo®* substitution could also improve the

https://doi.org/10.1007/s40820-024-01526-x
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Fig. 11 a Rate capability of Na;V,_ Mg (PO,),/C (x=0, 0.01, 0.03, 0.05, 0.07 and 0.1). Reproduced with permission [166]. Copyright 2015,
Royal Society of Chemistry. b First discharge capacity and theoretical capacity for Na;, V, Mg (PO,); with different x values, ¢ XRD pat-
terns of Nas sV, sMg, 5(PO,); at different charge—discharge state. Reproduced with permission [167]. Copyright 2017, Wiley-VCH. d Oper-
ando XRD patterns of Naz,,V,_ Mg (PO,); with y=0.5 (top) and 1 (below). Reproduced with permission [168]. Copyright 2021, Wiley-VCH.
e Crystallographic framework of NVP and NVMP-4, f rate performance of Na,, V, Mg (PO,);/C. Reproduced with permission [60]. Copy-
right 2024, Elsevier. g Density of states (DOS) for Na;V,(PO,); and Na;V, ;5Ca, ,5(PO,);, h rate capability of Na;V, ¢sCa 15(PO,);@C and
Na;V,(PO,);@C electrodes. Reproduced with permission [170]. Copyright 2019, Royal Society of Chemistry. i Schematic diagram of crystal
structure of Ti-doped NVP/C, j rate capability of Ti-doped NVP/C. Reproduced with permission [174]. Copyright 2023, American Chemical

Society. k Rate performance of Na;_5.V,_ Mo (PO,); (x=0.01-0.04). Reproduced with permission [176]. Copyright 2018, Royal Society of
Chemistry
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sodium storage performance of NVP. Li et al. [176] fabri-
cated a series of Na; 5.V, Mo, (PO,),/C (x=0, 0.01, 0.02,
0.03, 0.04) cathode materials using a solid-state reaction.
Due to the higher valence of Mo®*, vacancies would be
generated to balance the charge in the NVP system, favora-
bly facilitating the transmission of Na* ion for faster dif-
fusion kinetics. The optimized Na, V| gsMog 1,(PO,)5/C
cathode revealed a superior reversible capacity of
90 mAh g=! at 10 C (Fig. 11k) and better cycling per-
formance with 83.5% capacity retention after 500 cycles.

3.2.2.3 Multiple-Ions  Substitution Although single
cationic substitution at V site can effectively improve the
electrochemical performance of NVP cathode materials,
some limitations still exist. Multiple-ions doping or sub-
stitution in NVP can integrate the respective advantages
of individual cation and earn favorable electrochemical
properties, which covers the binary substitution, ternary
substitution and high-entropy effects.

For binary substitution, Zhao et al. [140] selected Fe
and Ni elements to partially substitute V and synthesized
NasFe, ,VNi (PO,); (x=0, 0.2, 0.4, 0.8) cathode materi-
als by a sol-gel method. The crystal structure of Fe and
Ni co-doped NVP (NFVNP) is shown in Fig. 12a. Too
much Ni content exerted an adverse impact on the spe-
cific capacity. Meanwhile, the Ni doping performed a bet-
ter improving effect than Fe in declining charge transfer
resistance. The modified NasFe, sVNi, ,(PO,); cathode
obtained a reversible capacity of 102.2 mAh g~! (close to
its theoretical value 105 mAh g=!) at 0.1 C in the voltage
region of 2.0-3.8 V with two distinct plateaus associated
with Fe?*/Fe’* and V3*/V** redox reactions (Fig. 12b).
The NajFe;¢VNi,,(PO,); cathode displayed favora-
ble low-temperature performance with 89.7 mAh g~!
capacity at 2 C and — 10 °C and stable cycling perfor-
mance with 84.6% capacity retention after 1400 cycles
(Fig. 12¢). Kim et al. [110] proposed that the Fe and Cr
co-doping could significantly enhance structural stability,
increase electrical conductivity and optimize phase transi-
tion behavior of NVP cathode (Fig. 12d). The optimized
Na,;V, sCr, ,Fe, ;(PO,); cathode material achieved ultra-
high-rate capability and outstanding cycle life, delivering
a about 71 mAh g~! discharge capacity at 100 C with 95%
capacity retention after 10,000 cycles (Fig. 12e, f). Moreo-
ver, Zhao et al. [177] investigated the Na,FeV;Ti,;(PO,);
(NFVT) cathode and uncovered quasi-monophase behavior
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in the NFVT material, which was related to multiple elec-
tron transfer of Ti>*/Ti**, Fe?t/Fe3* and V3H/VH/Vv+,
Figure 12g displays four regions based on the potential of
redox reaction during the charge and discharge processes
of NFVT. The potential platform of Fe and Ti tended to
be more sloping and the potential platform of V in NFVT
was leaner than that in Na,FeV(PO,); (NFV), leading to
increased specific capacity. Meantime, the additional Ti**
in NFVT was beneficial for the enhancement of Fe**/Fe*
and V¥*/V>* reactivity (Fig. 12h). The quasi-monophase
process in NFVT was studied in depth by in situ XRD in
Fig. 12i. Especially, there was obvious differentiation at
about 32° in NFV and NFVT accompanied by a frail peak
and a successive peak, respectively. As a result, the NFVT
with symmetric quasi-monophase presented highly revers-
ible phase transition and an integral crystal structure, driv-
ing an ultrafast charging ability (only 3.63 min to reach
80% state of charge at 2 C), stable cycling performance
with 0.043% capacity degradation per cycle, and an ideal
energy density of over 350 Wh g~! (Fig. 12j).

In addition, the Mn>* substitution in NVP is still plagued
with the Jahn—Teller distortion, giving rise to unsatisfac-
tory cyclic stability and rate performance. Therefore,
introducing other metal ions to inhibit the Jahn-Teller
effect of Mn* is employed to obtain high-performance
NVP cathodes [178]. Chen et al. fabricated a sequence of
Nas 55,V 75..Mn Nij,5(PO,); (x=0, 0.25, 0.5, 0.75, 1,
VMN-x) cathode materials by Ni and Mn co-substitution.
The study demonstrated that Mn>* played a vital role to
elevate the reversible capacity attributed to the additional
Mn**/Mn** redox reaction. The inert Ni2* ion acted as a
stabilizer was favor for suppressing the Jahn—Teller effect of
Mn ions and thus reinforced the crystal structural integrity.
The VMN-0.5 exhibited the best electrochemical perfor-
mance, yielding a high discharge capacity of 108.1 mAh g™!
at 0.2 C and an initial capacity of 80.1 mAh g~! at 20 C
with 63.5% capacity retention after 10,000 cycles (Fig. 12k).
Hu et al. [125] designed Na; ,MnTi, ¢V, ,(PO,); (NMTVP-
0.2) cathode with reversible 3.2-electrons redox reaction,
which contributed from the five redox couples of V3*/V4*
(~ 4.1 V), Mn**/Mn** (~ 4.0 V), Mn**/Mn**(~ 3.6 V),
VH/V3H(x 3.4 V) and Ti*"/Ti** (~ 2.1 V) during the elec-
trochemical reaction process (Fig. 121). As a result, the
NMTVP-0.2 yielded an appealing reversible capacity of
172.5 mAh ¢! at 50 mA g~! (Fig. 12m) and an admirable
energy density of 527.2 Whkg~!.
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Compared with binary substitution, ternary substitution
possesses the ability of multiple dimensional optimized
regulation. Sun et al. [113] carried out a fresh type of Fe/
Mn/Co co-doped Naj,, .V, 3, (FeMnCo) (PO,); (x=0.05,
0.1, 0.15, NFMC-x) cathode materials. The heteroatomic
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introduction of larger ionic radius of Mn** and Co** (Mn**:
67 pm, Co**: 74.5 pm, V**: 64 pm) enlarged cell volume
and provided plentiful crystal gap to boost Na* diffusion
kinetics, and the introduction of smaller radius of Fe**
(55 pm) not only regulated the crystalline state by sustaining
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the Mn and Co at low state (M>*) but also ameliorated lattice
distortion originated from the excessive ionic introduction.
In the lattice of NFMC-0.1 compared to NVP, as shown
in Fig. 13 a, the distance of adjacent Na2 and V increased
from 3.88 to 3.90 A for Na2 and from 5.98 to 6.14 A for V
and the V-0 band length in MOg unit increased from 1.97
t0 2.22 A. Therefore, it was the change of M—-O band length

(@)

that was contributive to provide larger removable space for
Na ion’s migration and gain or loss electrons and perfect the
electrochemical performance of NVP. Moreover, the synergy
of ternary substitution in NFMC cathodes produced an extra
high-voltage platform of 3.8 V associated with the multiple
redox couples of Mn?*/Mn**/Mn**, Co?*/Co’* and V**/

V3*, leading to increased capacities. Figure 13b presents
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that the specific capacities of all doped samples surpassed
the theoretical capacity (117.6 mAh g~') of NVP, and the
NFMC-0.1 cathode material exhibited the best rate capacity
with highly structural stability and excellent cycling perfor-
mance (Fig. 13c¢). In addition, Gu et al. [126] reported that
a homeostatic solid-solution reaction mechanism could be
achieved by diversifying reaction pathways in the as-pre-
pared Na, sFe( sV, sCr sTij s(PO,); (MLNP) cathode mate-
rial and combining the merits of progressive TM ions (V, Fe,
Ti and Cr) with multilevel redox couples, which overcame
the high barrier of bottleneck of V#*/V>* at high voltage. In
the reciprocal migration of Nal <> Na2 course, the process
of Nal — Na2 (pathl) was sluggish with endothermic pro-
cess, but the Na2 — Nal (path2) was exothermic with low
barrier, indicating that the absorb of inactive Nal was more
difficult than its release. As shown in Fig. 13d, the MLNP
with lower migration energy barriers of pathways than NVP
further encouraged the absorb of inactive Nal, enabling a
higher capacity. The different migration modes combined
with different sites were attributed to the various TMOg
octahedra in MLNP accompanying multilevel redox reac-
tions, compared to only VO¢ in NVP. Through the ex situ
XPS analysis in Fig. 13e, a successive oxidization course of
Ti**/Ti*t, Fe**/Fe*t, V3*/V** and Cr**/Cr** in the charge
process and a successional reduction course of Ccr*t/crt,
VIV VI VI Fett/Fet, Ti*4/Ti** and V4V in
the discharge process were observed, effectively propelling
sufficient Na storage and enhancing reversible capacity in
subsequent cycling. The variation of cell volume was barely
1.73% in MLNP material. Moreover, the MLNP cathode
delivered a high reversible capacity of 178.30 mAh g~!
at 0.1 C (Fig. 13f), met with the pursuit of energy density
reaching 440 Wh kg™, and exhibited fascinating cycling
durability with 0.0061% capacity decay per cycle for 500
cyclesat 5 C.

Recently, to further improve the electrochemical per-
formance of NVP, a high-entropy concept involving the
incorporation of five or more TM elements with apt molar-
ity is employed to optimize NASICON-type cathode
materials [112]. High-entropy substitution is beneficial
for the optimization of crystal structure resulting from the
chemical orders for mixed cations and generated vacan-
cies [179-181]. Li et al. [180] designed a high-entropy
Na; VAl ,Cr, ,Fe, ,In, ,Ga, ,(PO,); (NVMP) cathode mate-
rial by introducing five metal elements (Al, Cr, Fe, In, Ga)
into V site (Fig. 13g), aiming to suppress the irreversible
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phase transition at the voltage range of over 4 V. Two
redox pairs corresponding to V3*/V** and V#/V3*, pre-
senting lower polarization and higher reversibility of Na™
de/intercalation compared to Na;VAI(PO,); (NVAP) and
Na;VCr(PO,); (NVCP), were distinguished in Fig. 13h.
According to the ex situ XRD measurement, all characteris-
tic peaks exhibited high reversibility during the charge and
discharge processes, disclosing the crystal structural evolu-
tion of NVMP corresponding to a beneficial solid-solution
behavior for improving electrochemical reversibility and
structural robustness. The high-entropy effect played a piv-
otal role to inhibit the irreversible phase transition caused
by high potential V#*/V3* redox reaction. Thereby, the
NVMP cathode with a minimal cell volume change of 1.1%
achieved a high discharge capacity of 102 mAh g~' at 0.1 C
(Fig. 131) and could obtain satisfactory rate performance
(83 mAh g~! reversible capacity 0.1 C) even at an extreme
temperature of —20 °C (Fig. 13j). Hao et al. [181] reported
aNaj 3,V 6Cro gsFeg 0sMng 0sMg,05C2,05(PO4); (HE-NVP)
cathode material via a simple sol-gel approach. In combina-
tion of in situ XANES and in situ XRD results, a successful
reversible activation of V#/V>* redox couple (Fig. 13k),
a solid-solution reaction and a biphasic conversion reac-
tion accompanied by highly structural reversibility were
confirmed. The HE-NVP afforded a remarkable discharge
capacity of 120 mAh g~ at 5.0 A g~! with 93.1% capac-
ity retention after 2000 cycles (Fig. 131). Moreover, some
other high-entropy polyanionic cathode materials such as
Na, 4Fe, ;Mn, 4V, 4Cr 4Tij 4(PO,); (HE-NASICON) were
proposed by Li et al. [182]. Their research unveiled that the
HE-NASICON achieved multi-cationic redox reactions and
mitigated the structural degradation in a wide voltage win-
dow (1.5-4.5 V), enabling a superior reversible capacity of
161.3 mAh g~! at 0.1 C (Fig. 13m), along with a robust
structural stability.

3.2.3 PO/ -Site Doping or Substitution

Compared to the replacement of Na and V sites, research
on the substitution of inactive anion PO,>~ in NVP is less.
PO, -site doping or substitution, as a feasible route, can
also effectively retard the capacity loss and enhance cycling
stability. At present, anion doping is mainly concluded to
two aspects, the monoatomic anion F~ substitution and
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the multivalent anion substitution such as Si044_ [183],
SO,*” [184], BO5> [185, 186] and MoO,*~ [187]. Gener-
ally, the F~ substitution has been widely explored compared
with multivalent anion substitution [53, 185].

3.2.3.1 Monoatomic Anion Substitution Due to the anion
F~ featured by strong electronegative and inductive effect, a
higher redox potential could be obtained during the charge
and discharge processes for the F-doped NVP cathodes,
which considerably boosted sodium storage performance
[188—190]. Chen et al. [191] synthesized a series of F-doped
Na;V,(PO,); F,/C (x=0, 0.01, 0.04, 0.07) cathode materi-
als via a simple solid-state method. They demonstrated that
the F-substitution not only mitigated the structural degra-
dation from irreversible Na;V,(PO,); to V,(PO,); (Fig. 14
a), but also effectively shortened the pathways of Na*t ion
and electron transportation. The variation of cell volume of
F-doped NVP cycled at 200 mA g~! for 1000 cycles is cal-
culated in Fig. 14b, exhibiting strikingly declined shrinkage
of cell volume in all F-doped NVP materials compared to
NVP. Therefore, the optimized Na;V,(PO,), o3F (7 cathode
material achieved enhanced structural stability and improved
Na™ kinetics behavior, rendering better rate capability with
a good discharge capacity of 113 mAh g~! at 10 mA g~!
(Fig. 14c) and 86% capacity retention after 1000 cycles at
200 mA g~'. Subsequently, Chen et al. [192] reported a
F-doped and V-defects Nay V| g3(PO,), ¢;F 3/C cathode with
an extra potential platform at about 4.0 V corresponding to
the V#*/V>* redox pair, presenting 116.9 mAh g~! revers-
ible capacity at 0.1 C and an impressive Dy, " of 3.66 x 1073
cm? s! which was three orders of magnitude higher than
that of undoped NVP/C material (7.41 X 107 cm? s7).

3.2.3.2 Multivalent Anion Substitution It is the multiva-
lent anion substitution that is supposed to be more effective
and feasible to realize the precisely optimized preparation
owing to the more similar anionic structure in comparison to
the monoatomic anion F~ [183]. Except for the BO;*~ hold-
ing triangle ionic structure, the ionic structures of SiO,*",
S0,?~ and MoO,*" are identical with the tetrahedral PO,*~,
presenting better electrochemical performance by virtue of
the structural compatibility than BO;>~ [185, 187, 193, 194].
Hu et al. [185] comprehensively investigated the evolution
of crystal and electronic structure of Na;V,(PO,);_,(BO;>7),
(0<x<1) cathode materials. It was unveiled that the BO33‘
substitution played a critical role to optimize crystal structure
and effectively narrow the bandgap in a new energy state. As
manifested in Fig. 14d, the BO33_ would occupy the tetrahe-
dral interstitial site, which almost altered the framework of
the optimized Na;V,(PO,);_;,(BO3),,, material. Addition-
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ally, the strength of B-O bond was much weaker than that of
P-O bond and the V-0 band length was marginally reduced
owing to the substitution of B (Fig. 14e), promoting the
migration of Na* ions. The Na;V,(PO,);_;,,(BO5),/s exhib-
ited improved discharge capacities of 100 and 70 mAh g~!
at5 Cand 10 C, respectively (Fig. 14f). Qiu et al. [186] also
pointed out the profound influence of BO33_ substitution on
the phase transition and electrochemical reactions of NVP.
The anion group BO,>~ into PO,>~ site played three roles to
expand the domain of solid solution, accelerate the struc-
tural transformation to V>*-containing phase and mitigate
the short-scale heterogeneity of P and Na nucleus.

Introducing isostructural SiO,*~ into NVP framework
would greatly optimize NVP lattice and improve its rate
capability and cyclic stability. To be specific, the larger
radius and lower electronegativity of Si*" compared to P°*
(Si**: 0.024 nm vs. P>*: 0.017 nm; electronegativity: Si**:
1.90 vs. P3*: 2.19) rendered more stronger Si—O bond than
P-O bond, which enhanced structural stability. Furthermore,
the produced structural variation would broaden the ion’s
diffusion pathways and thus increase electrical conductiv-
ity. The as-synthesized Na; ;V,(PO,), ¢(Si0,), ; cathode
(Fig. 14g) impressively obtained an increased occupancy
ratio at Na2 site from 0.7090 to 0.7395, which harvested
higher Na storage capacity with a higher specific capacity
of 82.5 mAh g~! at 20 C compared to undoped NVP with
only 49.7 mAh g~! (Fig. 14h) [183]. Chen et al. [195] syn-
thesized Naj | V,(PO,), ¢(S5i0,4), /C@rGO cathode mate-
rial, and demonstrated that the SiO,>~ not only widened the
transportation channels of Na*t but also was beneficial for
the formation of vesicular structure, which enlarged con-
tact region between active material and electrolyte. Coupled
with the advantages of rGO, the optimized cathode deliv-
ered a favorable discharge capacity of 113.6 mAh g™! at
0.1 C and good cyclic stability with 79.0% capacity reten-
tion after 1000 cycles at 1 C (Fig. 14i). In combination of
DFT calculations and thermodynamic analysis, Kapoor et al.
[184] exploited the different effects of the partial or full
substitution of PO,*~ by Si0,*~ or SO,>~ and unlocked the
uncharted multicomponent Na-V-P-(Si/S)-O quinary phase
diagram (Fig. 14j). Specifically, the SO42—doping could raise
the voltage of each V redox pairs including V2*/V3*, v3+/
V# and V#/V* at the cost of the massive amount of Na*
intercalated. But owing to the enlargement of low voltage of
V2+/V3*  the overall average voltage would be lower. Oppo-
sitely, the replacement of PO,>~ by a dose of SiO,*~ dopants
would activate the high voltage of V#*/V>* and thus enhance

https://doi.org/10.1007/s40820-024-01526-x
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the average voltage without necessary extraction of Na from
the Nal site, which was not experimentally accessible for the
activation of V#*/V>* in practical NVP composites.

Furthermore, Liu et al. [187] firstly proposed that
M0042‘ partially replacing PO43_ could also propel Na*
diffusion kinetics and sodium storage performance. They
developed a succession of Nag,,,V,(PO,) 5., (M0Oy),
(NVP-MoO,(x), x=0, 0.05, 0.10, 0.15) cathode materials
via a convenient solid-state reaction. The result of pDOS
revealed the effect of M0042_ substitution, and the modi-
fied NVP-M00O,(0.1) sample obtained a reduced bandgap
(3.67 eV) compared to NVP-MoO,(0) (4.97 eV) accom-
panied by some newborn energy states at the bottom of
conduction band, which further optimized the local lattice
structure and electronic structure of NVP. Meantime, the
in situ XRD measurement presented highly structural revers-
ibility of NVP-Mo00O,(0.1) sample during the subsequent
electrochemical cycling process (Fig. 14k). Consequently,
the obtained NVP-M0O,(0.1) cathode performed a dramatic
improvement in the rate capability with 84.2 mAh g~! dis-
charge capacity at 50 C (Fig. 141).

3.2.4 Multi-Sites Doping or Substitution

Multi-sites doping or substitution by virtue of the different
doping sites in the NVP system, an optimization strategy
combined with their independent benefits, has favorable
contribution to the enhancement of electrochemical perfor-
mance [196]. To substitute the Na and PO,>" sites, Dou et al.
[197] reported a Nas 54Ky 19V ,01(PO,)3(810,) 14 (KSi-NVP)
cathode material. The introduction of Si0,>~ into PO,*" site
elevated the occupancy ration at Na2 site from 0.3489 to
0.4041, suggesting that more Na* would participate elec-
trochemical reaction to increase capacity. Meanwhile, the
introduction of K™ into Na site as pillar ions lowed the occu-
pancy ration at Nal site from 0.1484 to 0.1176, which was
of significance for the enhancement of structural stability in
the KSi-NVP material. The optimized KSi-NVP exhibited
a satisfactory discharge capacity of 116.3 mAh g~! at 0.5 C,
as well as ultra-long cycling life for 10,000 cycles at 20 C
with merely 0.0056% capacity decay per cycle (Fig. 15a, b).

Besides, Chen et al. [198] proposed a Fe and F co-doped
strategy by replacing the V and PO,>~ sites and synthe-
sized a series of Na;V, Fe (PO,); F;/C@CNTs (x=0,
0.01, 0.03, 0.05, 0.07) materials. The doping of cationic
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Fe®* not only enlarged intercellular voids but also facili-
tated the formation of porous structure (Fig. 15c), which
greatly boosted the ionic conductivity and ameliorated the
volume expansion/shrinkage. F~ was favor for reducing the
particle size, which shortened the diffusion pathways of
Na* and further improved the ionic conductivity. Coupled
with the highly conductive interconnected network by the
combination of carbon coating and CNTs, ultimately, the
Na;V, gsFeq 5(PO,4), 9sFj 15/C@CNTs harvested eye-catch-
ing high-rate capability and splendid long cycling stability,
delivering a 92.2 mAh g~! capacity at 120 C with 65.1%
capacity retention after 3000 cycles and 80.1 mAh g™! at
450 C (Fig. 15d). Subsequently, Chen et al. [188] selected
Ta’*, having higher valence and larger size than V3%, to
partially substitute V site and F~ to partially substitute
PO,*" site, and obtained Na;V, 9sTag os(POy); 93F(2/C@
CNTs (NVTPFO0.07/C@CNTs) composites. The n-type
effect of Ta>* dopant effectively increased electronic con-
ductivity by inducing more amounts of free electrons.
The introduction of Ta’* expanded the transportation
pathways of Na* and strengthened the structural stability
of NVP system. Interestingly, a nascent conductive TaN
phase incorporated with NVP bond formed a specific
TaN/NVP heterojunction (Fig. 15e), significantly accel-
erating the Na* diffusion. Benefiting from the synergis-
tic effects of Ta and F co-doping, the NVTPFO0.07/C@
CNTs cathode material showed a reversible capacity of
121.5 mAh g~ at 0.1 C, 63.49% capacity retention after
1500 cycles at 60 C and exceptional rate performance with
91.3 mAh g~! specific capacity at 10 C (Fig. 15f-h). In
addition, the replacement of Na and V sites by K*/Mg>*
co-doping was achieved by Das et al. [115]. The modified
Na, 6;K 00V2 93Mg0 7(PO4); @C/rGO (NVPMK @C/rGO)
cathode material displayed a high discharge capacity of
116.6 mAh g~! at 1 C (Fig. 15i). Together, the assem-
bled symmetrical full cell by NVPMK@C/rGO electrodes
sustained 95% capacity retention after 500 cycles at 10 C
(Fig. 15j).

Based on the above discussion, it can be found that the for-
eign-ion doping or substitution in the Na, V and PO~ sites
is a very effective optimization strategy to improve the elec-
trochemical performance of NVP cathode material. Specifi-
cally, it is worthwhile to consider that some transition metal
elements with the advantages of eco-friendliness, low-cost
and enabling high electrochemical properties, such as Fe,
Mn, Al, Mg and Ti, are responsible for the best metal ion’s

https://doi.org/10.1007/s40820-024-01526-x
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Fig. 15 a Charge—discharge curves at 0.5 C and b cycling performance at 20 C of NVP, Si-NVP and KSi-NVP. Reproduced with permission
[197]. Copyright 2023, Elsevier. ¢ SEM images of FeF0.01-NVP/C@CNTs, FeF0.03-NVP/C@CNTs, FeF0.05-NVP/C@CNTs and FeF0.07-
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[188]. Copyright 2024, Elsevier. i Charge—discharge curve at 1 C, j cycling performance at 10 C of NVPMK@C/RGO//NVPMK @C/RGO.

Reproduced with permission [115]. Copyright 2020, Elsevier

substitution in NVP. Moreover, F~ and Si044_ should be
considered as the best anion doping in NVP due to the strong
electronegative or identical ion structure with PO,*>~. The
doping or substitution in different sites exhibits various
effectiveness for enhancing the sodium storage performance

SHANGHAI JIAO TONG UNIVERSITY PRESS

of NVP cathode material. Notably, the replacement of V site
has been regarded as a more effective approach to boost the
properties of NVP material compared with the doping or
substitution in Na and PO43_ sites, which includes isovalent-
ion substitution, aliovalent-ion substitution and multiple-ions
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substitution, presenting different potentialities for optimizing
the electrochemical performance of NVP material. Moreo-
ver, it is the multiple-ions doping or substitution in V site
that can incorporate the respective advantages of every metal
ion and achieve excellent electrochemical performance of
NVP material. In addition, multi-sites doping or substitution,
combining with the independent benefits of different doping
sites, is also proven to be an effective strategy to enhance
the electrochemical performance of NVP material. Table 2
compares the electrochemical performance of some foreign-
ion doped NVP cathode materials introduced previously.

3.3 Nanostructure and Morphology Design

Different dimensional structures with unique morphologies
of NVP cathode materials have been constructed and dem-
onstrated as an effective way to enhance their rate capabil-
ity and cycle stability [199-201]. Based on various kinds
of preparation methods and nanotechnologies, three types
of dimensional structures with notable morphologies can
be designed for the NVP materials, such as 1D nanofibers/
nanowires, 2D nanoflake/nanosheet/nanoplate and 3D nano-
sphere/hierarchical porous/hollow structures. The nano-
designing endows NVP with many advantages. Firstly, the
unique morphologies with larger specific surface area can
promote electrolyte penetration and boost electrons trans-
portation. Secondly, the nanostructure shortens Na* ions
diffusion distance and elevates ionic conductivity. Lastly,
the nano-construction of NVP materials generates additional
voids and cavities for the great alleviation of cell volume
change and thus stabilizes the crystal structural of NVP. The
electrochemical performance of some reported NVP cathode
materials with different structures and morphologies is listed
in Table 3.

Electrospinning method, as a facile and environmental
friendliness technique, is popularly employed to obtain 1D
nanofiber materials with good properties. Wu et al. [200]
synthesized Na;V,(PO,),;/C (NVP/C) nanofibers with
smooth and uniform surface morphologies through elec-
trospinning method with choosing oxalic acid as reductant,
complexing agent and carbon source. As shown in Fig. 16a,
the optimized 1D NVP/C nanofibers, which were character-
ized by homogenous and smooth surface and mean diameter
of approximately 400 nm without any protrusions, could
be witnessed. As a result, the modified NVP/C nanofibers

© The authors

cathode showed a good discharge capacity of 113 mAh g~!
at 0.1 C and better rate performance (Fig. 16b). Liu et al.
[201] designed cross-welded Na;V,(PO,),;/C nanofibrous
mats (NVP/C-NM) via electrospinning route, which selected
ionic liquid as phosphoric acid source and carbon source to
make sure the spinnability in the PAN-based electrospinning
system and form a compact and continuous carbon layer. The
NVP/C-NM served as a current collector and had a help-
ful impact on enlarging contact area between electrode and
electrolyte, resulting in higher electrochemical performance
compared with NVP/C nanofibers and NVP/C nanoparti-
cles. As displayed in Fig. 16c, d, the NVP/C-NM cathode
presented impressive rate capability and stable cycling per-
formance. Besides, the structure and morphology of NVP
nanomaterials can be regulated by introducing a template
as guide, such as N-dimethylformamide (DMF), cetyltri-
methylammonium bromide (CTAB), polyethylene glycol
(PEG) and metal-organic frameworks (MOFs), which can
obtain different nano-dimensional NVP materials [87, 202].
Mai’s group [203] proposed a simple self-sacrificed template
method and successfully synthesized 1D NVP nanofibers
(NVP-F). By adding DMF and controlling reaction time
(from 0.5 to 20 h), the resultant 1D NVP nanofibers with
diameters of 20-80 nm and length of about millimeters were
observed, which evolved from microsphere to 3D nanofiber
network (Fig. 16e). Importantly, it was 3D nanofiber net-
work that generated more gaps for providing more Na*
ion-transport channels and enlarged specific surface area
for sufficient penetration of electrolyte. Consequently, the
NVP-F harvested superior cycling stability, sustaining 95.9%
capacity over 1000 cycles at 10 C, together with excellent
high-rate performance (94 mAh g~! at 100 C) (Fig. 16f, g).

The 2D NVP nanoplates (NVP/C-P) with abundant pores
effectively shortened Na* ions diffusion paths and enlarged
specific surface area (Fig. 16h) [204]. Compared to the bare
NVP and NVP/C particles, the NVP/C-P cathode material
delivered a higher discharge capacity of 117 mAh g=! at
0.2 C, and exhibited superior rate capability (87.3 mAh g~!
specific capacity at 50 C) (Fig. 16i) and outstanding
cycling stability (82.6% capacity retention at 50 C over
10,000 cycles). Guo et al. [205] skillfully synthesized 2D
Na;V,(PO,); (NVP) nanoflakes with plane dimensional
sizes of 100 to 150 nm, drawing support from the soft tem-
plate of ethylene glycol (EG). The NVP nanoflakes could
promote crystal nucleation and subsequently transform into
super electronic network in the heat treatment. As depicted

https://doi.org/10.1007/s40820-024-01526-x
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Table 2 Comparison of electrochemical performance of some reported foreign-ion doped NVP cathode materials

Site Cathode material Doping Voltage range (V) Discharge capacity Capacity retention/Cycles/Rate  Refs
ion (mAh g~!)/Rate

Na Na, oKj, Vo(PO,)5/C K* 2.5-3.8 107.7,0.2C 95%, 300, 0.2 C [67]
Na, 9sKp 05 V2(PO,)3 K* 2.5-3.8 100.1,0.5 C 80%, 1000, 10 C [117]
Na, gLij,V,(PO,),/C Li* 2.5-3.8 116.9,0.2C 99.82%, 500, 0.2 C [118]
Na, 4Cay, V,(PO,);@C-gC;N, Ca* 2.3-39 106.4,0.1 C 93.6%, 3000, 10 C [121]

v Na,V, 5Cry5(PO,); cri* 1.0-4.4 150,30 mA g~! 96%, 400, 30 mA g~! [132]
Na;V, sCry5(PO,); crit 1.0-4.2 163.2,0.1C 87.5%, 1000, 1 C [124]
Na,Cr,/3V3,(PO,);@C crit 1.5-4.4 175,100 mA g 83%, 2000, 100 mA g~! [136]
Na,Cry 5V, 5(PO,); /C@rGO crit 1.0-4.4 176,02 C 80.49%, 100, 0.2 C [134]
Na;V, (Cry4(PO,); cri* 2.5-4.1 115,0.1C 95%, 100, 0.1 C [135]
Na;V, 65Aly 02(PO,),/C AP* 23-38 102.7, 10 mA g™! 99.2%, 50, 10 mA g~ [47]
Na,V, sAl 5(PO,); AP 1.0-4.4 165,0.1 C 87.9%, 500, 5 C [142]
Na,V, ,5Ga, 75(POy); Ga** 1.4-42 152.3,1C 84.52%, 600, 10 C [61]
Na,V, ,5Gag 75(POy); Ga** 2242 105,1C 92.3%, 400, 1 C [611
Na,V1 sMny 5(PO,), Mn** 1.0-4.0 170.9,0.5C / [129]
Na,V, sFe)5(PO,); Fe** 1.0-4.5 166.4,1C 80.41%, 50, 1 C [143]
NayFe 5V, ,(PO,)5/C Fe** 1.5-4.5 1152,05C 97.8%, 500, 5 C [621
Na, V| gsFe 15(PO,);@C Fe** 23-43 103.9,1C 91.45%, 1200, 1 C [131]
Na;V,| gsRug 4(PO,)/C@CNTs  Ru** 2.3-4.1 1127,1C 86.63%, 14,800, 80 C [73]
Na,V, ¢7Big 3(PO,);/C@CNTs Bi** 2.3-4.1 112.6,0.1 C 82.41%, 9000, 12 C [88]
NayV,| 930 07(PO,)5 Y3 2.3-4.1 125.2,0.1C 85.5%, 2000, 250 C [145]
Na,V, Mn,(PO,),/C Mn?* 2.5-4.0 106.8,1C 82%, 10,000, 30 C [149]
Naj 55V | 2sMny ;5(POy); Mn?* 2.5-4.1 100,1C 96%, 100, 5 C [151]
Nay sMny sV, 5(PO,); Mn?>* 2.5-4.1 108.3,2C 87.2%, 4000, 20 C [152]
Nay Vs 953Mny 4(PO,)5/C@ Mn?* 2.3-4.1 1159,1C 84.87%, 6000, 30 C [991

CNTs@
1wt%ALO;
Na, sMny sV, 5(PO,); @GO Mn?* 2.5-4.2 112,2C 81.3%, 400,2 C [147]
Na, ,V, ¢Feg4(POY); Fe?* 2.5-4.1 133,05C 96%, 2000, 20 C [158]
Nay 5V, sFe s(POy); Fe?* 1.7-4.3 148.2,0.5C 72%, 500, 5 C [160]
2.0-3.8 112,0.5C 92%, 1000, 5 C
Na o,V 99C00 01 (PO,)5/C Co** 2.5-4.0 116,0.5C 83.2%, 1000, 10 C [161]
Naj 3V | 97CUg 03(PO,);/C Cu®* 2.5-4.0 114,0.5C 93.1%, 1000, 10 C [161]
Na, V| 43C0p,07(PO,)5/C Co** 2.3-4.1 114.4,0.1C 80.51%, 1000, 10 C [162]
Na,V, 45Cag 5(PO,)5/C Ca?* 2.0-3.9 1114,1C 90.4%, 300, 1 C [163]
Na,V, 9;Nig 43(PO,)5/C NiZ* 2.0-3.8 108.2,1C 93.5%, 50,5 C [165]
Nay V| 9sMg 05(PO,)5/C Mg** 2.5-4.0 1125,1C 81%, 50,20 C [166]
Nay 0,V 06Mgo.04 (PO,)5/C Mg** 2.5-4.2 1238,1C 89.1%, 3000, 20 C [60]
Na,V, 45Cag o5(PO,); @C Ca?* 2.0-4.3 116,1C 93%, 1000, 1 C [170]
NayV,| 465Cag 04(PO,);@C @CNTs  Ca* 2.3-4.1 117.4,0.1C 95%, 4000, 50 C [171]
Na,V, 4Tiy (PO,)5/C Ti** 2.0-4.2 123.3,0.1C 62.3%, 8000, 20 C [174]
Na, 5V 45Tig 15(PO,); Ti** 2.3-39 101.5,2C 60%, 2000, 10 C [175]
Na, oV, 6sM0g 12(PO,); Mo®* 22-3.8 112.5,0.5C 83.5%, 500, 10 C [176]
Na,Fe VNig ,(PO,); Fe?*, Ni* 2.0-3.8 102,0.1C 84.6, 1400, 20 C [140]
Na,V, sCr, ,Fey (PO,); Fe™*, Crt 2.5-43 114.7,0.1C 90%, 10,000, 30 C [110]
Na,FeV 5 Tis/3(PO,); Fe?, Ti** 1.3-43 125.83,0.1 C 92.8%, 500, 0.5 C [177]
Naj 55V | ,sMng sNig»5(PO,)5 Mn?*, Ni?* 2.0-4.0 108.1,02C 85.8%, 1000, 5 C [111]
Na, ,Mn Tipg V., (PO, Mn?*, Ti* 1.5-4.4 172.5,50 mA g~ 84.1%, 100, 100 mA g~! [125]
Nas,V, 7(FeMnCo), ,(PO,); Fe**, Mn**, Co** 2.3-4.1 122.2,0.1C 88.1%, 800, 1 C [113]
2.0-4.5 166.3,1C 80.1%, 800, 1 C
Naj sFe) sV sCrosTip s(PO,)s Fe?*, Cr**, Tit* 1545 178.3,0.1 C 69.48%, 5000, 5 C [126]
Na;z VAl ,Cr, ,Fe ,In; ,Gag »( AP*, Cr*t, Fe’*, In*, Ga** 2.5-4.4 102,0.1C 86.8%, 5000, 20 C [180]
PO,);
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Table 2 (continued)

Site Cathode material Doping Voltage range (V) Discharge capacity Capacity retention/Cycles/Rate  Refs
ion (mAh g~")/Rate
Na; 3,V ¢Cro.05F€0.0sMng sMg Cr**, Fe?*, Mn?*, Mg?*, Ca®*, 1.2-4.2 120,50 A ¢! 93.1%, 2000, 5.0 A g~ [181]
0.08Ca0,08(POy)3
Naj 4Fe( ;Mn, 4V, 4Cr 4 Ti 4 Fe?*, Mn**, Cr™*, Ti** 1545 161.3,0.1C 85.3%, 1000, 5 C [182]
PO,
PO~ Na;V,(PO,); 93F o/C F~ 2342 113, 10 mA g~ 86%, 1000, 200 mA g~ [191]
Na,V, 45(POy), oF, 5/C F~ 2342 116.9,0.1 C 89.3%, 100, 1 C [192]
Na,V,(PO,); 1/6(BO3) 16 BO,*~ 2.54.0 105,1C 98.7%, 300, 5 C [185]
Nay ;V,(PO,), o(Si04)g Si0,*~ 2.3-39 109.4,0.2C 98%, 500, 1 C [183]
Nay ;V,(POy), o(Si0,), ,/C@rGO  Si0,*~ 2.3-4.1 113.6,0.1 C 76.7%, 2000, 6 C [195]
Na, ,V,(PO,), o(M0O,) Mo0O,*~ 2443 108.9,1C 91.5%, 150, 1 C [187]
Multiple-sitt  Naj5,Kq 10V2.01(POs(Si0 s KT, SiO,*~ 2.3-4.1 116.3,0.5C 44%, 10,000, 20 C [197]
Na,V,| gsFeqos(PO,)205Fg 1s/C@  Fe’*, F- 2.3-4.1 111.1,0.1C 65.1%, 3000, 120 C [198]
CNTs
NayV,| 9sTag 45(PO,); 93F,/C@  Ta’*, F~ 2.3-4.1 121.5,0.1C 63.49%, 1500, 60 C [188]
CNTs
K+, Mg** 2.54.0 116.6,1C / [115]

Na, 9;K,00V.93Mg0,07(PO,); @C/
rGO

Table 3 Electrochemical performance of some reported NVP cathode materials with different dimensional nanostructures and morphologies

Cathode material Method Structure/Morphology Discharge capac- Capacity retention/Cycles/Rate Refs
ity (mAh g7'y/
Rate
Na;V,(PO,);/C  Electrospinning Nanofibers 113,0.1 C 97%, 100, 0.05 C [200]
Na;V,(PO,);/C  Ionic liquid (IL)-assisted elec-  Nanofibrous mats 117.4,0.1C 89.07%, 400, 1 C [201]
trospinning
Na;V,(PO,);/C  Self-sacrificed template method Nanofibers 113,1C 95.9%,1000, 10 C [203]
Na;V,(PO,);/C  Hydrothermal and post calcina- Nanoplates 117,02 C 82.6%, 10,000, 50 C [204]
tion
Na;V,(PO,);/C  Soft-template Nanoflakes 1154,05C 78.5%, 50,000, 100 C [205]
Na;V,(PO,);/C  Microwave-assisted hydrother- ~ Nanosheets 116.6,0.2 C 78.31%, 1000, 100 C [206]
mal
Na;V,(PO,);/C  Hydrothermal Hierarchical porous micro- 116.3,0.5C 91.9%, 1000, 5 C [208]
spheres
Na;V,(PO,);/C  Solvothermal Core—shell micellar structure 1152,1C 79.53%, 1000, 10 C [202]
Na;V,(PO,);/C  MOFs assisted sol-gel Hierarchical porous micro-nano 110.4,0.5 C 97.8%, 500, 1 C [210]
particles
Na;V,(PO,);/C  Spray-drying Micro-nano spherical 106,2 C 50%, 5000, 50 C [211]

in Fig. 16j, the NVP nanoflakes were homogeneously dis-
persed in the electronic network and effectively mitigated
the restacking problem of 2D nanoflakes. Meantime, the
existence of massive interstitial voids between nanoplates
elevated rapid charge transfer across the electrode/electro-
lyte interface. The NVP nanoflakes exhibited ultrahigh-rate
performance with about 71.2 and 56.2 mAh g~! discharge
capacities at 200 and 300 C, respectively (Fig. 16k). Aston-
ishingly, the optimized NVP yielded a high initial specific

© The authors

capacity of 84.1 mAh g~! at 100 C with 78.5% capacity
retention after 50,000 cycles (Fig. 161).

However, the low-dimensional structures of nanomaterials
(nanofibers, nanoplates and nanoflakes) are prone to agglom-
erate during the high-temperature treatment and repetitive
charging/discharging processes, resulting in the loss of
active materials and inferior sodium storage performance
[206]. To deal with this issue, some researches ingeniously
employed low-dimensional nanomaterials to construct 3D

https://doi.org/10.1007/s40820-024-01526-x
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Fig. 16 a TEM images of Na;V,(PO,),/C sample with oxalic acid, b rate performances of Na;V,(PO,);/C sample with oxalic acid. Reproduced
with permission [200]. Copyright 2018, Elsevier. ¢ Rate capability of NVP/C-NM and d cycling performance at 5.0 C of NVP/C-NM, NVP/C
NF and NVP/C NP. Reproduced with permission [201]. Copyright 2021, Youke Publishing. e Schematic illustrations of the time-dependent
solvothermal reaction: self-sacrificed evolution mechanism from microsphere to nanofiber network, f rate capability and g cycling performance
of NVP-F and NVP-M electrodes. Reproduced with permission [203]. Copyright 2016, Elsevier. h Schematic illustration of constructions of
NVP/C-P, i rate capability of NVP, NVP/C and NVP/C-P. Reproduced with permission [204]. Copyright 2018, Elsevier. j Schematic diagram
of Agg-r NVP nanoflakes, k rate capability of Agg-NVP and Agg-r NVP, 1 cycling performance of Agg-r NVP electrode at 100 C. Reproduced
with permission [205]. Copyright 2018, Elsevier

hierarchical porous architectures, which could not only sig-  microspheres (NVP-MSs) assembled from loosely inter-
nificantly suppress the agglomeration of NVP nanomaterials ~ connected 2D nanoflakes, which had the thickness of about
but also further reduce the transmission distance of Na*ions ~ 20-30 nm and existed distinct open space between them
and electrons [207-209]. Cao et al. [208] used a hydrother- (Fig. 17a). As shown in Fig. 17b, the morphological evolu-
mal method to synthesize 3D Na;V,(PO,),/C hierarchical  tion of NVP hierarchical microspheres could be controlled
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Fig. 17 a SEM images of NVP/C-MSs, b schematic illustration of formation process for hierarchical microspheres, ¢ rate capability of differ-
ent NVP/C microspheres. Reproduced with permission [208]. Copyright 2019, Elsevier. d Rate performance and e cycling performance of NVP
cathodes synthesized at different conditions. Reproduced with permission [202]. Copyright 2022, Elsevier. f SEM image of M-NVP/C sample,
g rate capability of M-NVP, NVP/C and M-NVP/C samples, h cycling performance of M-NVP/C at 10C. Reproduced with permission [210].
Copyright 2022, Elsevier. i 3D model of NVP particle. Reproduced with permission [211]. Copyright 2019, Elsevier

by tuning the precursor concentration and hydrothermal
reaction time. The optimized NVP-MSs exhibited a nearly
theoretical capacity of 116.3 mAh g~ at 0.5 C, as well as
a desirable discharge capacity of 99.3 mAh g~! at 100 C
(Fig. 17c).

Furthermore, some novel optimization strategies for
constructing 3D structures with unique shapes of NVP
are proposed, without the help of low-dimensional nano-
materials [202, 210]. Sun et al. [202] constructed 3D
crosslinked core—shell micellar structures and prepared
nanoflowers-shaped NVP/C materials combined with
negative flake V,05 by adding structural guiding agent
PEG and surfactant CTAB in the 100% methyl alcohol
solvent system. Specifically, the PEG and CTAB played an
effective synergistic effect on the formation of the unique
nanoflower-shaped NVP (positive charge). Meanwhile,
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the low polarity methanol protected the nanoflowers from
breaking original morphologies. On accountant of the
charge attraction, the negative platelike V,05 was com-
pactly absorbed on the surface of NVP, contributing to
more active sites for NVP materials. Benefiting from these
merits, the optimized NVP cathode obtained outstanding
rate performance and cyclic stability, delivering a revers-
ibility capacity of 115.2 mAh g~'at 1 C and 98.7 mAh g™!
at 10 C after 1000 cycles (Fig. 17d, e).

In addition, Chen et al. [210] prepared micro-nano NVP/C
materials (M-NVP/C) with micro-size hierarchical porous
structure and nano particles (Fig. 17f), derived from MOFs
precursors. MOFs materials acting as a guider had a posi-
tive effect to construct hierarchical porous structure, which
possessed high specific surface area to allow ample infiltra-
tion of electrolyte and effectively restricted agglomeration
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of nanoparticles. As displayed in Fig. 17g, h, the M-NVP/V
submitted a remarkable discharge capacity of 95.0 mAh g~
at 10 C and 67.7% capacity retention after 2700 cycles at
10 C. Moreover, Yang et al. [211] also developed 3D micro-
nano spherical structure NVP/C materials (Fig. 17i) com-
posed of micro spherical particles and internal nano chan-
nels via spray-drying method. The as-prepared NVP/C with
micro-size displayed competitive rate capability with 106,
104, 101, 96, 89, 70 and 44 mAh g_1 discharge capacities at
2,5, 10, 20, 50, 100 and 200 C, respectively, compared to
the nano sized NVP/C with 106, 103, 85, 77 and 60 mAh g_l
discharge capacities at 2, 5, 10, 20 and 50 C, respectively.

Generally, the optimal design of structures and mor-
phologies of NVP nanomaterials plays a significant role to
optimize the electrochemical performance of NVP cathode
materials. Nevertheless, there remain some challenges.
Firstly, it is the high specific surface area that is frequently
produced through high carbon contents, reducing the volume
energy density. Besides, nanoparticles are easily agglomer-
ating and taking side reactions during the high-temperature
sintering process and subsequent electrochemical cycles,
which limit the utilization of active materials and cause
unsatisfactory electrochemical properties. Conversely, the
nanomaterials, in the low temperature, obtain inferior crys-
tallinity and impurity phases, which influence the further
research. Thirdly, the synthesis routes of NVP nanomateri-
als are usually complex and adverse to achieve large-scale
applications in SIBs.

4 Summary and Outlook

As a promising cathode material for SIBs, Na3;V,(PO,);
(NVP) has been a research hotpot in terms of its robust
structure with sufficient ion-diffusion channels and good
thermal stability. Nevertheless, NVP remains challeng-
ing for the achievement of high capacity and satisfactory
energy density because of its poor electronic conductiv-
ity and sluggish diffusion kinetics. Currently, significant
endeavors to optimize NVP cathode material have been
witnessed. Many optimization strategies have been pro-
posed to optimize the electrochemical performance of
NVP cathode material. In this review, we have completely
summarized and discussed the latest advances in the opti-
mization strategies of NVP cathode material, including
carbon coating or modification, foreign-ion doping or
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substitution and nanostructure and morphology design.
The carbon coating or modification, such as coating car-
bon layer on the surface of NVP or preparing NVP/carbon
composite, is a preferred strategy to boost electronic con-
ductivity and suppress the adverse agglomeration of NVP
particles. The foreign-ion substitution or doping into NVP,
occurring in the Na, V and PO43_ sites, has become a pri-
mary research trend to intrinsically improve its electrical
conductivity. The doping or substitution includes single-
site doping and multiple-site doping, and for single-site
doping, there are single-ion doping and multiple-ion dop-
ing. The doping or substitution in V site is very effective
for enhancing the sodium storage performance of NVP. It
is of constructive significance to rationally design nano-
structure with specific morphology comprising 1D, 2D
or 3D architectures, which enable NVP with fast Na ion-
diffusion kinetics and substantial interfacial contact with
electrolyte. Based on these optimization strategies, the
electrochemical performance of NVP cathode has been
greatly improved, such as its reversible capacity, rate capa-
bility and cycling stability.

However, every optimization approach still has some
weaknesses. Although carbon materials loaded on NVP
can increase electronic conductivity efficiently, most of
carbon coating and composing with high carbon content
may slow down the transfer of electrons and ions and
impair the capacity of NVP. The alien ions introduced
into NVP will inevitably give rise to crystal distortion
and thus lead to unsatisfactory cycling stability in view
of the lattice compatibility. In addition, complex prepara-
tion and technologies of nanostructured NVP are hardly
to meet with the large-scale and low-cost commercial
requirements for the practical applications. Meantime,
nanosized NVP particles easily agglomerate and there-
fore decrease the availability of NVP cathode materials.
Accordingly, aiming at the high-performance NVP cath-
ode materials in the field of commercialization for SIBs, to
further develop new optimization strategies is imperative.
Herein, we propose some considerations and perspectives
for the further explorations in designing and developing
high-performance NVP cathode materials for practical
application in SIBs.
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4.1 Optimizing Carbon Coating/Modification

Carbon-based materials have a great influence on the elec-
trochemical performance of carbon-modified NVP cath-
odes. Selecting suitable carbon source is very important for
improving performance and reducing cost. The biomass-
derived carbon featuring low-cost, adjustable structure
and various heteroatom doping can be a suitable alterna-
tive as carbon source to optimize NVP materials. Besides,
constructing NVP@C@C 3D spatial structure with com-
bining carbon composite and carbon coating can realize
rapid transfer and diffusion of electrons and ions, which is
helpful to improve rate capability and cycling performance.
Moreover, low loading content and appropriate thickness of
carbon layer coated on NVP are critical to efficiently boost
electronic conductivity and improve electrochemical activ-
ity of NVP. New strategies should be developed to construct
NVP/C composites with lower carbon loading content and
appropriate thickness of carbon layer. The construction of
carbon dot structure is worthy of concentration and neces-
sary to be further investigated. The carbon dot incorporation
strategy with trace carbon content can not only significantly
boost the electronic conductivity but also elevate the elec-
trochemical activity of NVP [96].

4.2 Integrating and Optimizing Multiple-Ion
and Multi-Site Substitution

Foreign-ion doping or substitution is very effective for enhanc-
ing electrical conductivity and improving electrochemical per-
formance of NVP cathodes. Most investigations of foreign-ion
doping are mainly focused on the single-ion doping at V site.
Multiple-ion and multi-site doping or substitution can well
combine their own advantages to induce synergistic effect for
further improving the electrochemical performance of NVP
cathodes, which should be further investigated. These co-sub-
stitution strategies of different substitution elements functioned
at different sites will be greatly beneficial for the enhance-
ment of rate capability and long-term cyclic stability for NVP
cathodes. Furthermore, the concept of high-entropy as a new
insight has been employed to optimize the crystal structure
of NVP cathode material for enhancing its electrochemical
performance. The optimized mechanism and composition of
high-entropy modified NVP needs to be explored in depth. In
addition, considering the practical application, the V content
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in NVP need be reduced due to its high cost and toxicity. The
low-cost, safe and earth-abundant elements, such as Mn, Fe
and Ni, should be selected as transition metal elements for
the substitution of V in NVP. The high throughput screening
method should be considered for greatly facilitating the inves-
tigation to find new composition and structures.

4.3 Optimizing Nanostructure Construction

Nanoscale structure of NVP cathode material exerts positive
impacts for narrowing the Na ion-migration pathways, enlarg-
ing electrode/electrolyte contact area and accelerating the
transfer of ion. Constructing reasonable nanostructured NVP
cathode material will contribute to high electrochemical per-
formance. Much efforts need to be made to design and develop
nanostructured NVP materials. Moreover, the nanostructure
design should be combined with carbon coating or modifica-
tion to construct 3D conducting network of NVP, which will
help to increase specific capacity, enhance rate capability and
improve cycling stability. However, the synthesis processes of
NVP nanocomposites are generally complicated and time-con-
suming, which restricts their practical applications. Therefore,
it is an essential thing to develop facile and efficient prepara-
tion route to construct nanostructured NVP cathode materials.

4.4 Choosing Suitable Electrolyte and Optimizing
Cathode/Electrolyte Interface

Electrolyte is also an important component in battery, which
affects the electrochemical performance of battery. Choos-
ing suitable electrolyte will be beneficial to enhance the
electrochemical performance of NVP cathode. The com-
position, including sodium salts, solvents and additives
and concentration of electrolyte should be investigated for
exploring their effects on the rate capability and cycling
stability of NVP cathode. Besides, the electrode/electrolyte
interface has also great influence on the electrochemical
performance of NVP cathode. Constructing high-quality
cathode/electrolyte interface can boost charge transfer kinet-
ics and structural evolution of NVP cathode. Meantime, a
compatible electrolyte can also promote the formation of a
thin and uniform cathode/electrolyte interface. Therefore,
the optimization of cathode/electrolyte interface plays a
critical role to improve diffusion kinetics and increase elec-
tronic conductivity, which can reduce the efforts in different
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optimizing strategies to achieve high-performance NVP
cathode material.

In summary, to achieve high-performance NVP cathode
materials, focused efforts should be devoted to developing
new optimization strategies. In addition, some proposed
optimization strategies should be combined together to
form synergistic effect for enhancing the electrochemical
performance of NVP cathode materials. Though the com-
mercialization of high-performance NVP cathode materials
is a blocked and long road, with determined efforts, it will
be finally achieved in the future.
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