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The Distance Between Phosphate-Based Polyanionic
Compounds and Their Practical Application For Sodium-lon

Batteries
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and Shulei Chou*

Sodium-ion batteries (SIBs) are a viable alternative to meet the requirements
of future large-scale energy storage systems due to the uniform distribution
and abundant sodium resources. Among the various cathode materials for
SIBs, phosphate-based polyanionic compounds exhibit excellent
sodium-storage propetties, such as high operation voltage, remarkable
structural stability, and superior safety. However, their undesirable electronic
conductivities and specific capacities limit their application in large-scale
energy storage systems. Herein, the development history and recent progress
of phosphate-based polyanionic cathodes are first overviewed. Subsequently,
the effective modification strategies of phosphate-based polyanionic cathodes
are summarized toward high-performance SIBs, including surface coating,
morphological control, ion doping, and electrolyte optimization. Besides, the
electrochemical performance, cost, and industrialization analysis of
phosphate-based polyanionic cathodes for SIBs are discussed for accelerating

energy) is an inevitable trend. It is well
known that the implementation of energy
storage and conversion devices is a pre-
requisite for making the efficient utiliza-
tion of renewable energy sources. In re-
cent decades, lithium-ion batteries (LIBs)
have dominated the battery market profit-
ing from their relatively high energy den-
sity and long cycle life.l!l As the demand
for energy storage systems in the energy
market gradually tends to be on large-
scale applications, the high cost and un-
even geographical distribution of lithium
resources result in LIBs no longer be-
ing ideally applicable to the needs of the
future energy storage market.[?l Na* as
the charge carrier for sodium-ion batter-

commercialization development. Finally, the future directions of
phosphate-based polyanionic cathodes are comprehensively concluded. It is
believed that this review can provide instructive insight into developing

practical phosphate-based polyanionic cathodes for SIBs.

1. Introduction

To achieve a green and sustainable society, the development of re-
newable energy sources (i.e., solar energy, tidal energy, and wind
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ies (SIBs) exhibits significant economic ad-
vantages and promising physical properties
compared to Li* (Figure 1a). In addition,
SIBs show a similar working mechanism
to LIBs (Figure 1b), and possess an abun-
dance and uniform distribution of sodium
resources. Therefore, SIBs with promising
electrochemical performance gradually become a new favorite for
large-scale energy storage in the battery market.

Itis worth noting that SIBs are a beneficial complement, rather
than replacement, to LIBs in the field of large-scale energy stor-
age, so there is no fierce competitive relationship between the
SIBs and LIBs. As shown in Figure 1c, the number of publica-
tions on SIBs increases yearly, suggesting SIBs as novel energy-
storage devices have also caused extensive attention in academic
circles. Nevertheless, the differences in charge carriers result in
the electrode materials for SIBs not being able to completely
replicate the successful electrode materials for LIBs. For instance,
the commercial graphite anode for LIBs cannot be applied in
SIBs, since the weak interaction between Na* and graphite layers
makes it hard to form stable Na*-graphite compounds.’*! Mean-
while, Na* is heavier and larger than Li*, causing sluggish re-
action kinetics and poor structural stability of SIBs during the
charge/discharge process. Furthermore, the relatively high redox
potential of Na*/Na (—2.71 V vs —3.04 V for Li*/Li, vs standard
hydrogen electrode) means the lower energy density of SIBs than
that of LIBs. Therefore, an essential need is to explore ideal elec-
trode materials with a robust structure, fast electrochemical dy-
namics, and appropriate redox potential.

© 2023 Wiley-VCH GmbH
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Figure 1. a) Properties of Lit and Na* as charge carriers for rocking-chair batteries and the price of the corresponding metals. b) Schematic illustration
of SIBs’ working mechanism. c) Publication numbers of SIBs collected from Web of Science in May 2023 (The keywords used for the search in the Web
of Science were “Sodium-ion batteries,” “Sodium metal battery,” “Na-ion batteries,” or “Sodium batteries”). d) The proportion of research on different
types of polyanionic cathodes for SIBs was collected from the Web of Science in May 2023. e) Diagram of redox potentials of different transition metal
species in Na,M, (PO,); system and the average voltages (vs Na*/Na) of various polyanionic cathode materials. f) Schematic band structure for an
oxide-based compound (left) and polyanionic compound (right) showing the influence of the polyanion on the ionicity of the M—O bond. g) Schematic
comparison of operating voltages and d-electron configurations for phosphates with 3d transition metals. 10Dq and AE,, indicate an octahedral crystal
field splitting energy for 3d orbitals and exchange splitting energy, respectively.

From a commercial point of view, hard carbon (HC) anode
for SIBs has exhibited excellent electrochemical performance
and relatively low cost becoming the mainstream choice of an-
ode for SIBs in start-up battery companies.[*”] As for the cath-
ode materials of SIBs, layered transition metal oxides, polyan-
ionic compounds, and Prussian blue analogues (PBAs) are the
mainstream for commercialization due to their superb sodium-
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storage performance.®1) In comparison with other cathode
materials, polyanionic compounds possess relatively stable cy-
cling performance, high working voltage, superior thermal sta-
bility, and remarkable safety.'>13] Among the numerous polyan-
ionic compounds (such as phosphates, sulfates, silicates, and
borates), phosphate-based polyanionic compounds are the most
widely studied polyanion framework of Na* (de)intercalation
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due to their abundant species and variable average voltages
(Figure 1d,e). The relevant chemical formula of phosphate-based
polyanionic compounds can be summarized as Na, M, (P,0,),Y,,
(M =V, Fe, Mn, Cr, Ti, Ni, etc.; Y = F, O, N, SO,, CO;, etc.),
and the corresponding framework consists of (P,0,),"” polyhe-
dral and MO, polyhedral linked by strong covalent bonds, leading
to remarkable stability.'*!* Based on the molecular orbital prin-
ciples, the covalent interaction between M and O leads to the split
of molecular orbitals and the formation of bonding orbitals and
antibonding orbitals. The splitting energy between antibonding
and bonding orbitals can be high with the strong covalent prop-
erties of M-O, resulting in the decrease in energy difference be-
tween antibonding orbitals and vacuum (AE,). Furthermore, the
covalent properties of the M—O bond can be weakened by the in-
troduction of atom P with strong electronegativity due to the gen-
eration of M-O-P, leading to the increase in energy difference
between antibonding orbitals and vacuum (AE,).') Therefore,
phosphate-based polyanionic cathodes usually have a higher re-
dox potential than layered transition metal oxides, as shown in
Figure 1f. Meanwhile, the 3d transition metal ions (M"*) with a
larger effective nuclear charger with deeper valence levels tend to
show higher M(**1)+/M"* redox potential, since the depth of the
3d energy levels is up to the nuclear charge and valence number
(Figure 1g). While the isolated electronic structure of transition
metal ions in phosphate-based polyanionic compounds gives a
high operating voltage, it can cause a low electric conductivity,
further resulting in sluggish electrochemical kinetics.['”) Besides,
the inactive polyanions in phosphate-based polyanionic com-
pounds account for a significant proportion of the corresponding
molecular weight, inevitably resulting in a relatively limited ca-
pacity. Many powerful modification strategies have been discov-
ered to improve the electrochemical performance of phosphate-
based polyanionic compounds, boosting their practical applica-
tion potential.['8-22] Combining with suitable optimization meth-
ods, phosphate-based polyanionic compounds exhibit promising
electrochemical performance, which has even begun to approach
commercialization at the material level.

Herein, we aim to comprehensively review the development
and the practical application potential of phosphate-based polyan-
ionic compounds in the field of SIBs. First of all, the devel-
opment history of high-performance phosphate-based polyan-
ionic cathodes for SIBs is roughly summarized. Second, the crys-
talline structures and sodium-storage mechanisms of phosphate-
based polyanionic compounds are discussed to provide an over-
all understanding. Subsequently, effective strategies are summa-
rized to improve the performance of phosphate-based polyan-
ionic compounds. Besides, we analyzed the practical applica-
tion potential of phosphate-based polyanionic compounds for
SIBs, based on the electrochemical performance and cost. Finally,
the outlook and future perspectives of phosphate-based polyan-
ionic cathodes are proposed. We believe that this review can pro-
vide constructive insights into the research and application of
phosphate-based polyanionic cathodes for SIBs.

2. Development History of Phosphate-Based
Polyanionic Cathode for SIBs

The types of phosphate-based polyanionic compounds gen-
erally include phosphates, pyrophosphates, and mixed phos-
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phates. Among them, phosphates can be divided into Na su-
perionic conductor (NASICON)-type phosphates and NaMPO,.
In general, the (P,0,)," polyhedral in phosphate-based polyan-
ionic compounds acts as a 3D skeleton to stabilize the crys-
talline structure of phosphate-based polyanionic compounds,
and these oxygen atoms are also bound by strong covalent
bonds in (P,0,)," polyhedral, revealing the potential of good
cycling/rate performance. The general development history of
phosphate-based polyanionic compounds for SIBs is shown in
Figure 2a. As early as 1992, Gopalakrishnan et al. proved the
reversible Na*-(de)insertion of V,(PO,);, suggesting the poten-
tial of phosphates for sodium storage.l?)] However, until 2002,
phosphate-based polyanionic compound (NaVPO,F) was first
used for SIBs and showed good sodium-storage performance.**
Subsequently, Na,(VO,_,PO,),F,, -type cathodes were also re-
ported, which possess high average voltages, large specific ca-
pacities, and superior cycle life.>%] To further highlight the
low-cost advantages of SIBs, drawing on the experience of
LIBs, some Fe-based phosphates (i.e., Na,FePO,F and olivine
NaFePO,) were also applied to SIBs, and have large spe-
cific capacities and stable charge/discharge plateaus.?’~?°! In
addition, some pyrophosphates and pyrophosphate-phosphate
mixed polyanionic compounds were also reported continu-
ously, including Na,FeP,0,, Na,Fe,;(PO,),P,0,, Na,MnP,0,,
Na,Co,(PO,),P,0,, Na,V,(P,0,),PO,, etc.3%35] Considering the
undesirable capacities of phosphate-based polyanionic com-
pounds, NASICON-type phosphates with binary transition metal
(i-e., Na;MnTi(PO,);, Na,MnV(PO,),, and Na,TiV(PO,);) have
been developed to achieve large specific capacity by adjust-
ing the potential window, but this may result in poor cy-
cling stability.?38] Recently, the high-entropy phosphate of
Na, ,Fey ,Mn,,V,,Cr,,Ti),(PO,); has been reported for SIBs,
which shows better electrochemical performance than the
monometallic phosphates, mainly due to the more stable crys-
tal structure and better electrochemical activity.?! The propor-
tion of various phosphate-based polyanionic cathodes for SIBs
is illustrated in Figure 2b, and the research on NASICON-
type phosphates is dominant benefiting from their excellent
sodium-storage performance. Especially, NASICON-type phos-
phates (i.e., Na,;V,(PO,); and Na,(VO,_,PO,),F,,,,) have been
popular since their initial use as the cathode for SIBs owing
to their excellent ionic conductivity, stable structure, and high
operation voltage. Meanwhile, more Fe-based phosphates with
low cost are reported and show remarkable electrochemical
performance, including Na,Fe;(PO,),P,0,, nanosized maricite
NaFePO,, and Na,FePO,F.?"l Nevertheless, Mn-based phos-
phate as another low-cost cathode for SIBs suffers from the Jahn-
Teller effect of Mn?** under high potential, limiting their ad-
vantages of high energy density. Noticeably, to demonstrate the
commercial potential of such cathode materials for SIBs, some
phosphate-based polyanionic compounds have achieved mass
synthesis on the laboratory scale (Figure 2c).3!]

As known, energy density is the primary challenge to be solved
for enhancing the practicality of phosphate-based polyanionic
cathodes. Figure 2d illustrates that the theoretical energy den-
sity depends on the number of transition electrons, discharge
voltage, and the molecular weight of the electrode material. Al-
though phosphate-based polyanionic cathodes possess relatively
large molecular weights, their higher operation voltages can
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Figure 2. a) The development process of phosphate-based polyanionic cathodes for SIBs. b) The proportion of research on different phosphate-based
polyanionic cathode materials for SIBs was collected from the Web of Science in April 2023. c) Reported large quantities of phosphate cathodes and
potential synthesis methods for commercialization. Reproduced with permission.[3*~411 c1) Reproduced with permission.[3®! Copyright 2018, Elsevier. c2)
Reproduced with permission.[4?] Copyright 2022, American Association for the Advancement of Science. c3) Reproduced with permission.[*! Copyright
2021, Elsevier. d) The formula to calculate the energy density of different electrode materials, E: energy density (Wh kg™'), n: the number of transferred

electrons from one molecule, V: operation voltage (V), and M,,: molecular weight (g mol™").

offset the shortage to a large degree, obtaining a pretty good
energy density. In general, the operation voltages of phosphate-
based polyanionic compounds are up to the types of both anions
and transition metal ions. For instance, the discharge plateau of
olivine NaFePO, is ~2.75 V, whereas both the discharge plateaus
of Na,FePO, F and Na,FeP, 0, are as high as ~3.0 V.[*~*!] The av-
erage voltage of NaFe,PO,(SO,), can also reach 3.4 V, which fur-
ther suggests the importance of anions for operation voltages.[*!
This phenomenon can be attributed to the variety of electro-
chemical negativity of different anions. Besides, for different
transition metal species in phosphates, the operation voltage of
Na,V,(PO,); is much higher than that of Na,Fe,(PO,); (3.4 V
vs 2.6 V), since V** has a larger effective nuclear charge with
deeper valence levels tend than that of Fe?* (Figure 1g).*¢#’] Con-
sidering the respective superiorities of metal species and anions,
Yamada’s group synthesized the cathodes of Na,Cr,(PO,), and
Na,Cr, (PO,),F;, which possess ultrahigh and stable operation
voltages of 4.5 and 4.7 V, respectively, based on the redox cou-
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ple of Cr*+/Cr?+.[84] However, their practical capacities and cy-
cling properties are not good enough probably due to poor elec-
trochemical activity and the decomposition of electrolytes at high
voltage.

3. Recent Progress of Phosphate-Based
Polyanionic Cathodes for SIBs

3.1. Phosphates
3.1.1. NASICON-Type Phosphates

NASICON-type phosphates as the typical cathode for SIBs
can be defined as NaM(PO,); (1 < x <4 M =V, T Cp
Fe, Ni, Co, etc.), and the corresponding crystal framework
generally consists of two MO, octahedron units sharing the
corners with three PO, tetrahedral units. This open crys-
talline structure offers easily accessible Na* transport channels,
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Figure 3. a) Schematic diagram of crystalline structural phase transition of Na;V,(PO,); with the Na® extraction/insertion. Reproduced with
permission.>1l Copyright 2014, Wiley-VCH. b) In situ XRD patterns of the Na;V, (PO,); cycled in the range of 2.7-3.7 V (vs Na*/Na) at 0.1 C (#:
Na;V, (PO,);, #: NaV,(PO,);). Reproduced with permission.[>2] Copyright 2013, Wiley-VCH. c) Schematic representations of Na* distributions in
NasFeV(PO,); and Na,FeV(PO,);. d) Voltage-composition electrochemical curves of the Na,FeV(PO,); during the first two cycles with a voltage win-
dow of 1.3—4.3 V (vs Na*/Na) at 0.05 C. Reproduced with permission.[6] Copyright 2021 American Chemical Society. e) In situ XRD patterns of the

Na;MnTi(PO,); in the potential window of 1.5-4.2 V (vs Na*/Na) at 50 mA g~'. Reproduced with permission.[] Copyright 2019, Wiley-VCH.

suggesting the potential for outstanding electrochemical ki-
netics. Meanwhile, NASICON-type phosphates also exhibit
excellent material diversity owing to the substitutability of
transition metal ions with different valence states.*”) Among
various NASICON-type phosphates, Na,V,(PO,), stands out due
to its relatively high redox potential, large theoretical capacity,
and ultra-stable crystalline structure. Its crystalline structure
belongs to rhombohedral (space group: R-3¢), and Na* has two
positions of Nal site with a six-fold coordination and Na2 site
with an eight-fold coordination in Na,V,(PO,),, respectively. In
2014, Jian et al. calculated the occupancy rates of Nal (0.8430)
and Na2 (0.7190) in Na;V,(PO,); according to the Rietveld-
refined X-rays diffraction (XRD) patterns of Na,V,(PO,);.°! As
shown in Figure 3a, no Na single can be checked in Na2 site
due to the completely out of its Na* after two Na* extraction
from Na,V,(PO,);, but the occupancy rate of the Nal site
remains unchanged compared with the initial state of
Na,;V,(PO,);. These results indicate the capacity of Na,;V, (PO,),
is mainly contributed by the extraction/intercalation of Na*
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located in Na2 site corresponding to V#/V3* redox couple with a
theoretical capacity of 117 mAh g=!. The related volume change
from Na,;V,(PO,); to NaV,(PO,), is only 8.26%, and the related
sodium-storage process is a typical two-phase reaction, as shown
in Figure 3b.15?] Besides, Dominko et al. observed the V valence
state and local symmetry during 2.0—-4.0 V through in situ K-edge
X-ray absorption near edge structure (XANES), and there is only
a small change in the average bond length between V and O
atoms in the first coordination.>*! The phenomena suggest that
Na,V,(PO,), crystal structure is stable and reversible with the
(de)intercalation of Na*. Since the average voltage is essential
for the energy density of SIBs, the NASICON-type Na,Cr, (PO,),
(Rhombohedral, space group: R-3¢c) with a high and stable oper-
ation voltage of 4.5 V (Cr*"/Cr**) was synthesized by Yamada’s
group.*

Considering the toxicity and high cost of V and Cr, some non-
toxic and resources-rich metal elements (i.e., Fe, Ti, and Mn)
are used to substitute partially/all V in Na,V,(PO,);, including
Na,TiV(PO,);, Na,MnV(PO,);, Na,FeV(PO,),, Na,FeV(PO,),,
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Na,MnTi(PO,);, Na,MnCr(PO,)s, etc.’*>*>] These NASICON-
type cathode materials with binary transition metals almost ex-
hibit promising sodium-storage properties, such as large re-
versible capacities and high operation voltages.[**%% In 2015, Ma-
son et al. first reported the binary transition metal type NASI-
CON material of Na,TiV(PO,),.’”] Then, Du et al. found that
Na,TiV(PO,); (R-3¢) can deliver a large reversible capacity of
147mAh g=! at 0.1 C during 1.5-4.5 V through the redox couples
of V¥ V3* Tit* [Ti3*, and V3 /V** [61] Furthermore, the sodium-
storage process of Na,TiV(PO,), was revealed by in situ syn-
chrotron XRD, which includes stepped solid-solution and two
two-phase reactions. Similarly, Goodenough’s group first inves-
tigated the crystalline structure and properties of Na,MnV(PO,),
and Na,FeV(PO,);.3% The Na,MnV(PO,), with a space group of
R-3c has two types of independent Na* with different oxygen en-
vironments, locating in the interstitial space of the framework,
one for 6-fold coordination (Nal), and the other one three for
10-fold coordination (Na2) per formula unit. However, the crys-
talline structure of Na,FeV(PO,); shows a little difference from
Na,MnV(PO,), due to the cooperative distortion of the FeO,, octa-
hedron, distorting the crystal structure to monoclinic in a space
group of C/2c. Both Na,MnV(PO,), and Na,;FeV(PO,), exhibit
two distinctive plateaus, centering at 3.2-3.4 V (V*/V3*), 3.5-
3.6 V (Mn**/Mn?"), or 2.4-2.7 V (Fe** [Fe**).

Subsequently, Masquelier et al. further explored the crys-
tal chemistry of NASICON-type Na,FeV(PO,); (Rhombohedral,
space group: R-3¢) and Na;FeV(PO,); (Monoclinic, Space group:
C/2c), as shown in Figure 3c.5®! The unit cell volume of
Na,FeV(PO,), is 3.4% larger than that of Na,;FeV(PO,); because
of one additional Na* insertion. Within the potential window
of 1.3-4.3 V (vs Na*/Na), Na,FeV(PO,), allows the electrochem-
ical extraction of 2.76 Na®™ (156 mAh g™') due to the activa-
tion of the redox couples of Fe3*/Fe?*, V4 /V3* and V>*/V**
(Figure 3d). Similarly, the V>*/V*" redox couple can also be
activated by the Mn-substituted Na,V,(PO,); (Na,MnV(PO,),),
obtaining a large specific capacity and high energy density.!??!
Besides, Na;MnTi(PO,); as the isostructure of Na,V,(PO,), is
a typical rthombohedral lattice in the space group R-3¢, and
has a framework formed by corner-sharing MnO, or TiO4 oc-
tahedral and PO, tetrahedral units with large open channels.
Generally, the Mn-based polyanionic cathode compounds suffer
from serious structure distortion due to the Jahn-Teller effect of
Mn?** within the (de)sodiation process, whereas the 50% of Ti**
can stabilize the crystalline structure of Na;MnTi(PO,),, lead-
ing to a stable framework. The sodium-storage mechanism of
Na,MnTi(PO,), was investigated by Zhou et al., and they found
the specific capacity is mainly contributed by the redox couples
of Mn?** /Mn?* and Mn*"/Mn3* during the voltage range of 2.5
4.2 V.58 According to the in situ XRD result, the (de)sodiation
process of Na;MnTi(PO,), exhibits excellent reversibility and
consists of solid-solution and two-phase reaction (Figure 3e). Due
to the electrochemical activity of Ti at 2.0 V (vs Na*/Na), it is
possible for the three-electron reactions via expanding the volt-
age range, such as 1.3-4.3 V. Currently, many works have demon-
strated the feasibility of Na;MnTi(PO,); as the cathode with high
specific capacity.[626%]

The low-cost NASICON-type Na, Fe, (PO,); (Monoclinic, space
group: C2/c) was first reported by Dou’s group, and shows a high
capacity retention of >96% after 200 cycles.[*/] Subsequently, Xia

Adv. Mater. 2023, 2305135

2305135 (6 of 30)

www.advmat.de

et al. designed a flake porous Na,Fe,(PO,); cathode material
with a large reversible capacity of 100.8 mAh g~! at 0.1 C.[%]
Although Na,Fe,(PO,); has a relatively large specific capacity,
its low average voltage (<3.0 V) makes it limited in develop-
ment. Briefly, Na,V,(PO,); is a promising cathode active mate-
rial for SIBs, whereas the high cost and toxicity of V resources
limit its commercial development. Fortunately, more and more
works have found that the NASICON-type materials with supe-
rior electrochemical performance can also be obtained by using
low-cost, green, and environmentally friendly metal elements to
completely/partially replace V, which provides more choices for
the cathode of SIBs in the future.[!?]

3.1.2. NaMPO,

Inspired by olivine LiFePO, in the system of LIBs, the sodium-
storage performance of NaFePO, is also investigated in the sys-
tem of SIBs.[%®! Differing from LiFePO,, the crystalline structures
of NaFePO, include olivine phase and maricite phase (Figure
4a).1””] However, the maricite NaFePO, is the thermally stable
phase under high temperatures (> 480 °C). The olivine NaFePO,
has an orthorhombic lattice with a space group of Pmmb, and
its framework consists of slightly distorted FeO, octahedra and
PO, tetrahedra. Namely, corner-shared FeO, octahedra in the bc
plane and edge-shared NaO, octahedra in a direction along the
b-axis are linked by edge/corner-shared PO, tetrahedra, creating
a stable 1D channel for Na* migration. Hence, olivine NaFePO,
is electrochemically active for sodium storage with a large theo-
retical capacity of 154 mAh g~!. The sodium-storage mechanism
of olivine NaFePO, was revealed by Boucher’s group.[”:*] They
found the olivine NaFePO, possesses two significant plateaus
during the desodiation process, but only shows one plateau with
the insertion of Na‘*, as shown in Figure 4b. This can be at-
tributed to the existence of ordered Na,;FePO, intermediate,
so the desodiation process of olivine NaFePO, is not a sin-
gle two-phase reaction. The solid-solution reaction occurs dur-
ing the (dis)charging process due to the large solid solubility of
Na* /vacancy of Na,FePO, (2/3 < x < 1), and the (de)sodiation
process in 0 < x < 2/3 corresponds to the two-phase reaction be-
tween Na, ;FePO, and FePO,. Meanwhile, the full Na in olivine
NaFePO, can be reversibly inserted and extracted with a volume
change of 17.58%.1] Noticeably, Loh and co-workers demon-
strated that olivine NaFePO, obtained by aqueous ion exchange
shows more remarkable electrochemical properties (142 mA h
g~ at 0.1 C and 92% capacity retention after 200 cycles) than that
prepared by organic ion exchange.[®] Furthermore, they also ex-
plained the reason why only one plateau during the discharge
process in detail through in situ synchrotron Fe K-edge XANES
(Figure 4c—f). This can be assigned to the overlap of the dis-
charge plateau from FePO, to Na,;FePO, (sluggish reaction ki-
netics) and the discharge plateau from Na, ;FePO, to NaFePO,
(fast reaction kinetics). Nevertheless, all reported synthesis meth-
ods of olivine NaFePO, are still relatively complex and specifi-
cally, including the electrochemical delithiation of LiFePO, to ob-
tain FePO, and the electrochemical sodiation of FePO, to obtain
NaFePO,.[°®] Hence, it is critical to achieving the mass produc-
tion of olivine NaFePO, via a facile method.
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Figure 4. a) Structures of maricite NaFePO, and olivine NaFePO,. b) The typical electrochemical curve for the synthesis of NaFePO, and Na, ;FePO,
in PITT mode. Reproduced with permission.l?” Copyright 2010, American Chemical Society. c) Voltage profile of the NaFePO, at the first cycle, d)
stacking plots, e) 2D contour plots, and f) the evolution of the Fe-edge energy (half weight) of operando XANES spectra of the NaFePO, at the first
cycle. Reproduced with permission.[®°] Copyright 2016, The Royal Society of Chemistry. g) Galvanostatic curves of maricite NaFePO, at 0.05 C (inset
is the discharge curves of maricite NaFePO, at different C-rates). h) Plausible Na sites and diffusion pathways of a-FePO,, i) activation energies of Na
hopping between Na sites as a function of distance between Na sites, and j) the activation energies for Na diffusion along Na1-Na2-Na3-Na4/Na5
diffusion pathways (over 10 A) in a-FePO,. k) Schematic representation of the electrochemical mechanism during charge/discharge cycling in maricite
NaFePO,. Reproduced with permission.[?’] Copyright 2015, The Royal Society of Chemistry.

For maricite NaFePO,, the sites of Na* and Fe’" are the
opposite of those in olivine NaFePO,, with the PO, site re-
maining unchanged. This change leaves the structure de-
void of migration tunnels for Na*, resulting in the theoret-
ically electrochemical inactivity of maricite NaFePO,. How-
ever, Kang et al. demonstrated that the nanosized maricite
NaFePO, can also achieve the reversible insertion/extraction
of Na* (142 mAh g™! at 0.05 C; capacity retention of 95%
after 200 cycles), as shown in Figure 4g.?®! This unex-
pected result is contributed by the Na* extraction from nano-
sized maricite NaFePO, is accompanied by the transforma-
tion into amorphous FePO, (a-FePO,). Meanwhile, Figure 4h—j
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illustrate that the activation energies for Na hopping in a-
FePO, is ~0.73 eV along the pathways of Nal-Na2-Na3-
Na4/Na5 (~1 nm), much less than that in the maricite
phase (x2.68 eV) based on the Quantum mechanics calcula-
tions, leading to the increase in the Na diffusion under nor-
mal battery operation conditions. Figure 4k vividly displays
the sodium-storage process of maricite NaFePO, with the
(de)intercalation of Na*. Recently, Vlad et al. also investigated
the off-stoichiometric iron-rich Na,(Fe; ,PO, (0.4 Na* being re-
placed by 0.2 Fe?*) as the cathode for SIBs, which show su-
perb sodium-storage properties (350 Wh kg1, 97.3 mAh g! at
2 C after 2000 cycles).””! These authors found an interesting
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phenomenon that a reversible plateau occurs after 1000 cycles,
enhancing the energy and power densities, whereas no reaction
mechanism was proposed.

Similar to NaFePO,, the phases of NaMnPO, also include
olivine structure and maricite structure, but the sodium-storage
properties of either the maricite phase or olivine phase are rela-
tively poor.”!l According to the relevant density functional theory
(DFT) calculation, the theoretical operating voltage of NaMnPO,
is higher than the oxidation decomposition potential of com-
mon electrolytes, so NaMnPO, generally shows weak sodium-
storage capability.l”?] As far as the current research is concerned,
NaMnPO, as a cathode is unsuitable for SIBs because of the
undesirable sodium-storage performance. Besides, Ceder et al.
calculated the theoretical output voltages of olivine/maricite Na-
NiPO4 (4.58 and 4.94 V) and olivine/maricite NaCoPO4 (4.19 and
4.09 V), but their electrochemical activities have never been veri-
fied experimentally.[”]

3.2. Pyrophosphates

Pyrophosphates as the analogue of phosphates show better ther-
mal stability and crystallinity than phosphates because P,0,*"
is generally derived from the decomposition and deoxidation of
PO,*~ under high temperatures (500-550 °C).I”*] Meanwhile, the
framework of pyrophosphate is comprised of transition metal
octahedral MO, and P,0; units, forming interconnected chan-
nels for Na* migration. In the pyrophosphate-based cathode for
SIBs, two-sodium metal pyrophosphates (Na,MP,0,, M = Fe,
Mn, V, Co, etc.) are the principal research object, and the cor-
responding crystalline structures include triclinic, tetragonal, or-
thorhombic, and monoclinic phases.””! Among them, triclinic
Na,FeP,0, (Space group: P-1) has the specific lattice parame-
ters of a = 6.434 A, b = 9.416 A, c = 11.018 A, a = 64.409°, §
= 85.479°, y = 72.807°.1**] The crystal structure of Na,FeP,0,
contains corner-sharing Fe,0,, dimers and P,0, units, linked
by corner-sharing and edge-sharing fashion. In 2012, Barpanda
et al. first reported Na,FeP,0, cathode for SIBs with a high
operation voltage of 3.0 V (vs Na*/Na) and a large theoret-
ical capacity of 100 mAh g=', based on the Fe*/Fe?* redox
couple.”?l Subsequently, they found the desodiated NaFeP,O,
just show irreversible phase transition (P-1 — P2,/c) without
thermal decomposition and/or oxygen evolution below 600 °C,
suggesting the outstanding thermal stability and high safety
of Na,FeP,0,.*l To investigate the sodium-storage process of
Na,FeP,0,, Kim et al. combined experimental and theoretical
study, including ex situ XRD and DFT calculations.l””! In the ini-
tial charge/discharge stages, the sodium-storage reactions can be
divided into solid-solution reaction (x2.5 V) and two-phase re-
action (3.0-3.25 V), involving various intermediate phases from
2.0 to 4.5 V (Figure 5a). Meanwhile, according to the DFT cal-
culation, the 2.5 V plateau can be attributed to the Na extrac-
tion at the Nal site due to its higher energy and lower migra-
tion energy barriers than Na2—Nas8 sites, and the plateaus around
3.0 V are assigned to the extraction of Na in Na3-Na8 sites
by 1D or/and 2D paths (red line), as shown in Figure 5b. As
known, only the Fe3*/Fe?* couple participates in the redox re-
action, resulting in the gain/loss of one electron, while both Na*
in Na,FeP, O, can be reversibly inserted/extracted. Therefore, to
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achieve the reversible insertion/extraction of more Na*, a se-
ries of nonstoichiometric Na,_, Fe,, (P,0,), (0 < x < 1) com-
pounds were also developed by coordinating the balance between
Fe?* and Na*, such as Naj ;,Fe,;,(P,0;),, Nayy,Fe, 44(P,0,),,
and Na,Fe,(P,0,),.>”%] These nonstoichiometric Fe-based
pyrophosphates display relatively large specific capacity and sta-
ble cycling performance, suggesting the positive effect of adjust-
ing Fe content on the sodium-storage performance.

Figure 5cillustrates that the triclinic phase of Na,MnP, O, with
a space group of P-1 has larger lattice parameters than those of
Na,FeP,0, due to the larger Mn?* (0.83 A vs 0.78 A of Fe?*).181]
For the first time, Choi et al. reported the specific capacity of
Na,MnP,0, can reach 90 mAh g~! with a high redox activity
center at 3.8 V (Mn**/Mn?*), and its capacity retention is 70%
with an increase in current density from 0.05 to 1 C at room
temperature.l®” The excellent rate performance of Na,MnP, O, is
beneficial from the locally flexible accommodation of Jahn-Teller
distortions drawing support from the corner-sharing crystalline
structure in the triclinic phase, according to DFT calculations.
Almost simultaneously, Yamada’s group unveiled f-Na,MnP, O,
(space group: P1), which has a high redox potential of 3.6 V ac-
cording with DFT calculations, as shown in Figure 5d.*2] At a rate
of 0.05 C, the reversible capacity of f-Na,MnP,0, is also up to
80 mAh g~!. In addition, Jiao et al. modified the sodium-storage
performance of Na,MnP, 0, using graphene layers as the carbon
matrix, and its capacity retention can reach 83% at 2 C over 600
cycles.[81]

Differing from Na,FeP,0, and Na,MnP,0O,, the crystalline
phases of Na,CoP, O, include orthorhombic (Space group: Prna2),
tetragonal (space group: P42/mnm), and triclinic (space group:
P-1) since Co can be either tetrahedrally coordinated or octa-
hedrally coordinated. The crystalline structure of orthorhombic
Na,CoP,0, consists of parallel slabs of mixed CoO, and PO,
to assemble [Co(P,0,)]™* layers in parallel with (001). Mean-
while, [Co(P,0,)]? layer and Na layer are alternately stacked to
form a contract structure. The electrochemical performance of
orthorhombic Na,CoP,0, cathode with a layered structure was
systematically investigated by Yamada’s group.l®*] The specific
capacity of Na,CoP,0, is only 80 mAh g~! with a low average
voltage of 3.0 V, corresponding to the Co**/Co** redox couple.
Nevertheless, Jung and co-workers achieved the defect-controlled
formation of triclinic Na,CoP,0, (Space group: P-1) with a sta-
ble rose phase (Figure 5e), which possesses a relatively high dis-
charge voltage of 4.3 V (Figure 5f).3% Its energy density is as high
as 344 Wh kg™!, much better than layered Na,CoP,0,, reveal-
ing the selection of crystalline structure significantly affects the
electrochemical behavior of Na,CoP,0,. Taking into considera-
tion of cost and electrochemical performance, Na,CoP,0, is not
an ideal cathode for SIBs. Besides, some novel pyrophosphates
were also reported and have a relatively high average voltage,

such as Na;V;(P,0;),, Nay;,Fe, 4 (P,0;),, and Na;Fe, 5(P,0;),
etc.179:84-86]

3.3. Mixed Phosphates
In general, the electronegativity of anions in polyanionic com-

pounds is closely related to the covalent property of M-O, fur-
ther affecting the operation voltage of polyanionic cathodes.

© 2023 Wiley-VCH GmbH

8518017 SUOWWOD BAIE8.D 3(gedljdde ayy Aq pausencb ae saolke VO ‘8sN JO S9INJ 10j A%iqiT8UlIUQ AB|IM UO (SUOIIPUOD-PUR-SUR)ALIO" A3 1M ARIq U1 |UO//STIY) SUORIPUOD Pue SWd 1 8} 88S *[7202/T0/ST] U0 Akiqiauliuo A8|IM ‘4oe L-OUeN JO 8Inisu| noyzns Aq SETS0EZ0Z BWPe/Z00T OT/10p/LI00 A8 1M Arelq1puljuo//Sciy Wwolj pepeojumod ‘0 ‘S600TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

@[ 3 =5 agn | (D

Intensity (a.u.)

Charging Discharging

PRI IR Ia]
REisibkil

8§ 10 12 14 16 18 20 2 24
2 Theta (deg.)

(5

& : Tt
(1-10)- Non-defective

Na-defent

www.advmat.de

g » W 0.48
8 08000754
0.17 0.11
0.07 0.09 U 0.02
0.08.. >
58 %2 , 0.37
| -
' 0.43 '
L

Theoretical Redox Potential = 3.65 V

B 35t

1Sth  Sth 1st

Potential, V vs. Na/N

26 25 36 35 46 48
Voitage / V

0 20 40 60 80 100
Capacity, mAh/g

—— Co rose
--=-=Co blue
---- Ferose

“10th =— 1t

C/20 at RT

0 20 40 6’0 80
Capacity (mAh g")

Figure 5. a) Electrochemical ex situ XRD analyses data of Na,FeP, 0 in the first charging and discharging processes. b) The calculated Na ion migration
barriers (in eV) for the Na,FeP,O;. The arrowhead and the number next to it indicate the direction of Na-migration and the corresponding migration
barrier (either forward or backward). Reproduced with permission.[’’] Copyright 2013, Wiley-VCH. c) Schematic illustrations of the Na,MnP,0; crystal
framework with spacious ion diffusion channels along the [100, 001] and [101] directions. The atoms of Na (yellow), P (blue), Mn/V (green), and O
(red) are shown.[81] Copyright 2013, The Royal Society of Chemistry. d) Galvanostatic voltage—capacity profiles of the f-Na,MnP,0O; cathode at 0.05 C,
and the inset image shows the differential capacity (dQ/dV) plot. Reproduced with permission.[32] Copyright 2013, The Royal Society of Chemistry. e)
Refined Na-deficient crystal structure of the synthesized Co rose phase (left) and a hypothetical Co rose phase without defects (right). Co blue, Na yellow,
O red, P gray, vacancies white. f) Galvanostatic cycles of the Co rose, Fe rose, and Co blue polymorphs. Reproduced with permission.[**] Copyright 2016,

Wiley-VCH.

Therefore, the anions in the mixed phosphates (i.e., PO,~F, PO;—
N, PO,-P,0,, and SO,-PO,) play different roles in optimizing
the operation voltage, structural stability, and electrochemical ac-
tivity of phosphate-based polyanionic cathode materials.[®”] For
example, F~ with a high electronegativity can powerfully en-
hance the energy density of fluorophosphates by further weak-
ening the covalent properties of M-O. The crystalline struc-
ture of Na, MPO,F (M = Fe and Mn) exhibits great difference
with NaMPO, (M = Fe and Mn). Na,FePO,F belongs to or-
thorhombic (Space group: Phbcn) with a [FePO,F] layer com-
prised of PO, tetrahedra and face-shared dioctahedral Fe,O,F,
and FeO,F, octahedra, and this special 2D layered structure
can accelerate the two Na* migration.®®! The theoretical capac-
ity of Na,FePO,F is as high as 124 mAh g! based on the
one electron redox of iron, and its two discharge plateaus are
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defined at 3.06 V and 2.91 V, respectively. Subsequently, Yang
and co-workers confirmed the long/short-range structure evo-
lution and the sodium-storage mechanism of Na,FePO,F by
DFT calculation, ex situ solid-state nuclear magnetic resonance
(NMR), and in situ XRD.®] They found that the two two-
phase reactions (Na,FePO,F — Na, ;FePO,F and Nal FePO,F
— NaFePO,F) dominate during the (de)sodiation process accord-
ing to ex situ Na MAS NMR spectrum (Figure 6a). In addi-
tion, the Nat involved in the redox reactions only occurs on
Na2 site (active), not including Nal site (inactive), and the gen-
erated intermediate phase of Na, ;FePO,F has the space group
of P2,/C through DFT calculation. Unlike the 2D structure
of Na,FePO,F, the Na,MnPO,F (Space group: P2,/C) with 3D
frame show distinctive electrochemical properties.®”! Kang and
co-workers found that Na,MnPO,F owns an initial discharge
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Figure 6. a) The local environment of the different Na sites and the 22Na MAS NMR spectra in Na,FePO,F, Na, sFePO,F, and NaFePO,F, respectively,
and the corresponding charge curve (first cycle) of Na,FePO,F electrode. Reproduced with permission.!3%] Copyright 2018, Wiley-VCH. b) XPS spectra of
NaVPO,F/C electrodes at different stages. Reproduced with permission.[°®] Copyright 2017, Wiley-VCH. c) The XRD patterns of Na,Fe; (PO,),P,0; with
different Fe-defect contents. d) Density of states and €) Nat migration energy barriers of Na,Fe, 47 (PO,),P,0; and Na,Fe; (PO,),P,0;. Reproduced
with permission.[*1] Copyright 2021, Elsevier. f) Co, g) Mn, and h) Ni XANES spectra and absorption energy values at the absorbance of 0.5 obtained
from pristine and charged electrodes. Reproduced with permission.['92] Copyright 2013, Elsevier.

capacity of 120 mAh g1, close to its theoretical capacity of 125
mAh g! (1 Na*).®) Based on DFT calculations, they revealed the
extraction of the second Na* occurs at #4.67 V, which is too high
resulting in the risk of electrolyte decomposition.
Sodium-vanadium fluorophosphates, widely reported as
cathodes for SIBs, include Na,V,(PO,),F;, Na,V,0,(PO,),F,
and NaVPO,F."%] Among these cathode materials, tetragonal
Na,;V,(PO,),F; is the most classical cathode material and has a
relatively large theoretical capacity of 128 mAh g=!, accompanied

by solid-solution reaction and two-phase reaction. Croguennec
et al. thoroughly investigated the crystalline structure evolution
of Na,;V,(PO,),F; with the electrochemical extraction of Na*
by operando synchrotron XRD, XANES at V K edge, and >! V
MAS NMR.**%] After full desodiation, the charge dispropor-
tionation of V>* and V** in NaV,(PO,),F, immediately occurs
with the extraction of one Na*. Similar to Na,;V,(PO,),F;,
Na,;V,0,(PO,),F with V,0,,F double octahedron also belongs
to the tetragonal I4/mmm space group and has a slightly larger
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theoretical capacity of 130 mAh g~! with two distinctive charge—
discharge plateaus at 3.6 and 4.0 V.¥] Hu et al. explored the
sodium-storage mechanism of Na,V, 0, (PO,),F by in situ XRD,
which shows obvious solid-solution process.**! This process
might be boosted by the more disordered Na*/vacancy feature
because of the Nat/vacancy ordering of Na,V,0,(PO,),F.
Compared with Na,V,(PO,),F;, the redox potential of
Na,V,0,(PO,),F reduces due to the increase in the molar
ratio between O and F. NaVPO,F as another major member of
sodium-vanadium fluorophosphates has been reported as the
cathode for SIBs with a large theoretical capacity of 143 mA h
g™, The monoclinic phase (space group: C2/c) and tetragonal
phase (Space group: I4/mmm) of NaVPO,F can be obtained
under different temperatures.[?*] Jiao et al. utilized ex situ XPS
to analyze the sodium-storage mechanism based on the valance
change of V.l After full charge/discharge, V** and V** are
always detectable (Figure 6b), suggesting the relevant redox
reactions are not completely reversible and Na* in NaVPO,F
cannot be fully extracted.

Besides, the mixed PO,—P,0, framework is sufficiently sta-
ble to be the sodium host in the sodium-ion compounds. Hence,
the orthorhombic Na,M;(PO,),P,0, (M = Fe, Mn, Co, Nij, etc.)
with a space group of Pn2,a is used as the cathode for SIBs,
and exhibits better structural/thermal stability and high opera-
tion voltage than NaMPO, and Na,MP,0,.7%8] In general, the
corner-shared or edge-shared MO, octahedra are linked by PO,
tetrahedra to form a layer unit in the b-c plane, and the layer
units are further connected by P,0, along with g-axis to form
an open 3D structure, benefitting for Na* migration. In 2013,
Kang et al. first investigated the sodium-storage capability of
Na,Fe;(PO,),P,0,, which possesses a large reversible capacity
of 113.5 mAh g™ (~88% theoretical capacity) and a high re-
dox potential of 3.2 V (vs Na*/Na) based on the Fe**/Fe?* re-
dox couple.””! Subsequently, they discussed the relevant electro-
chemical mechanism and thermal stability.®!l According to the
results of ex-situ XRD, only a single phase (solid-solution) reac-
tion can be observed with the intercalation/extraction of Nat, and
the accompanied volumetric change is only 4%. Furthermore,
combined with in situ high-temperature XRD and differential
scanning calorimetry analyses, solid-solution Na, Fe;(PO,),P,0,
(1 < x < 4) has no clear change at temperatures as high as
530 °C, suggesting the superior thermal stability. However, the
reported Na,Fe;(PO,),P,0, generally contains a small amount
of inactive maritice NaFePO, impurities, further decreasing the
reversible capacity. Thereby, Cao’s group synthesized pure-phase
Na,Fe, o, (PO,),P,0, with Fe vacancies using the Fe-defect strat-
egy, as shown in Figure 6¢.*!l This method can inhibit the gen-
eration of inactive maritice NaFePO,, and improve the electro-
chemical performance of Na,Fe, o, (PO,),P,0; (110.9 mAh g™
at 0.2 C, and ~52 mAh g~! at 100 C). Besides, the band gap and
migration energy barriers of Na,Fe, o, (PO,),P,0, are lower than
those of Na,Fe,(PO,),P,0,, thus enhancing the electrochemical
kinetics (Figure 6d,e).

Noticeably, the isostructural Na,M,(PO,),P,0, (M = Mn, Co,
and Ni) can also be used as the cathode for SIBs. Among them,
the ionic conductivity of Na,Mn,(PO,),P,0, at 330 °C is 2.7 X
107> S cm™!, which is higher than those of Na,Co;(PO,),P,0,
(1.3 x 10°®* S cm™!) and Na,Niy(PO,),P,0, (2.1 x 107 S
cm™!).1% The Na,Mn,(PO,),P,0, as cathode materials for SIBs
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was first reported by Kang et al., which possesses a large en-
ergy density of 416 W h kg™! with a high Mn*"/Mn?* redox
potential of 3.84 V (vs Na*/Na).[1!l In comparison with other
Mn-based cathodes, the Na* diffusion channels can be enlarged
by the Jahn-Teller distortion of Mn** in Na,Mn,(PO,),P,0,,
rather than the common structural collapse. Meanwhile, the
multiphase reaction of Na,Mn,(PO,),P,0, during the charge-
discharge process just causes a slight volume change of ~7%, en-
suring the superior cycling stability of Na,Mn,(PO,),P,0,. Sub-
sequently, Nose et al. demonstrated that Na,Co,(PO,),P,0, as
the cathode for SIBs has a large specific capacity of 95 mAh
g™ at a rate of 0.2 C due to 2.2 Na* insertion/extraction.!*]
The Na,Co,(PO,),P,0, with multiredox couples at the poten-
tial region of 4.1-4.7 V, and the ultrahigh operation voltage is
the main advantages of Na,Co,(PO,),P,0, cathode. In addition,
the reversible capacity of Na,Co,(PO,),P,0; is still as high as
80 mAh g~! even at the current density of 4.25 A g7!, indi-
cating fast-electrochemical kinetics. Nevertheless, the common
electrolytes are prone to decomposition under so high operation
voltages (4.7 V), resulting in poor cycling performance. More
importantly, the high cost of Co inevitably hinders its practical
application. Therefore, Nose et al. further explore the sodium-
storage performance of Mn, Ni-substituted Na,Co,(PO,),P,0,
(Na,Co, ,Mn,;Ni, ;(PO,),P,0,), which also shows a large initial
capacity of 104 mAh g=! and only has two reversible (dis)charge
plateaus (4.2 Vand 4.6 V, vs Na*/Na).['2] They found that Ni, Mn,
and Co all are involved in the electrochemical reaction during
the (de)sodiation process through the ex situ XANES measure-
ment (Figure 6f-h), based on the charge compensation mech-
anism. Similarly, Na,Ni;(PO,),P,0, as a cathode for SIBs also
displays an ultrahigh voltage of 4.8 V, which is the highest op-
eration voltage known at present.['] Additionally, other types of
phosphate-based mixed polyanionic cathodes have also been re-
ported, such as Na,V(PO;);N,1% Na,MPO,CO, (M = Fe, Mn,
Co, and Ni),[195106] and Na,Fe, (SO,),PO,.}]

4. Strategies for the High-Performance
Phosphate-Based Polyanionic Cathodes

Phosphate-based polyanionic compounds as the promising cath-
ode candidates for SIBs have exhibited outstanding comprehen-
sive performances, including high operation voltage, excellent
structure stability, and good safety. Nevertheless, there are still
many knotty problems causing certain difficulties in the practi-
cal application of phosphate-based polyanionic compounds. First
of all, the isolated electronic structure of transition metal ions
in phosphate-based polyanionic cathodes results in poor intrin-
sic conductivity, causing undesirable rate performance. Second,
suffering from inactive polyanions with large molecular mass,
the reversible capacities of phosphate-based polyanionic com-
pounds still need improvement. Besides, the relatively larger
and heavier Na* makes sluggish electrochemical kinetics and
serious volume variation of cathodes, so the rate/cycling per-
formance of phosphate-based polyanionic cathodes is unsatis-
factory for their practical application. Finally, considering the
ambient temperature and redox potentials of partial phosphate-
based polyanionic compounds, it is difficult for the common
electrolytes to stimulate the sodium-storage performance of all
phosphate-based polyanionic cathodes under special conditions
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Figure 7. The issues and the corresponding optimization strategies of the phosphate-based polyanionic compounds for SIBs.

(such as extreme temperatures and high operation voltages).
In response to these challenges, diverse optimization strategies
have been reported for enhancing the sodium-storage perfor-
mance of phosphate-based polyanionic materials, including sur-
face coating, morphological control, ion doping, and electrolyte
optimization. Herein, the issues and the corresponding opti-
mization strategies of phosphate-based polyanionic cathodes in
SIBs have been systematically summarized in Figure 7.

4.1. Surface Coating

Surface coating is the modification of the surface of phosphate-
based polyanionic materials for improving their electrochemical
properties. The common surface coating methods include car-
bon coating and inorganic coating (such as TiO, and Al,O;).
It is noteworthy that these surface coatings have very differ-
ent effects on the sodium-storage behaviors of phosphate-based
polyanionic materials. For example, carbon coating can generally
enhance the surface electronic conductivity and inhibit the ag-
glomeration of cathode active materials, thus improving the rate
performance and cycling stability. Komaba et al. used 2.0 wt%
ascorbic acid as a carbon source to synthesize Na,FePO,F/C
composite.[1%] Compared with pure Na,FePO,F, the reversible
capacity of Na,FePO,F/C is much larger (110 mAh g~! at 6.2 mA
g™!) profiting from its good electrical conductivity and the rel-
atively small particle size (30-200 nm). Similarly, Hu’s group
also prepared the carbon-coated Na,V, (PO,), taking advantage of
sugar as the carbon source, and the carbon layer in this composite
is 9.4 wt% with a thickness of ~6 nm.[1%°] However, its reversible
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capacity is only 25 mAh g=! at 1 C due to the imperfect carbon
matrix and large particle size of Na,V, (PO,),. To further improve
the rate performance of Na,V,(PO,);, Yu's group prepared a
3D hierarchical meso- and microporous Na,V,(PO,); @reduced
graphene oxide (Na,V,(PO,); @rGO, Figure 8a,b), which deliv-
ers a large specific capacity of 112 mAh g~! at 1 C and supe-
rior rate performance of 86 mAh g=' at 100 C (Figure 8c).[11
Subsequently, Mai et al. also utilized rGO as the carbon source
and designed a layer-by-layer Na,V,(PO,);@rGO through the
hydrothermal method.'"!] The as-prepared Na,V,(PO,),@rGO
achieves an outstanding sodium-storage performance (a specific
capacity of 118 mA h g! at 0.5 C; a capacity retention of 70%
after 15000 cycles at 50 C).

According to these researches, the significant improvement
in the electrochemical performance of Na,V,(PO,); can be at-
tributed to the special composite structure (3D porous struc-
ture or layer-by-layer structure), uniform distribution of nano-
Na,V,(PO,);, and the intimate wrapping of highly conduc-
tive rGO. Nevertheless, the high-cost rGO is contrary to the
main superiority of low-cost SIBs, so some novel carbon ma-
trices are developed, such as carbon fiber, multiwalled CNT
(MWCNT), and carbon sheet. For instance, Jiao et al. designed
NaVPO, F/carbon nanofibers as the cathode for SIBs by an elec-
trospinning technique (Figure 8d), and the ultrafine NaVPO,F
particles (=6 nm) are evenly embedded into the porous carbon
nanofiber (Figure 8¢).°®! The nanosized particles and porous
structure of carbon nanofiber can enhance the electronic con-
ductivity and alleviate the volume changes during (de)sodiation
process. As a result, the NaVPO, F/carbon nanofibers show a re-
markable rate performance (61.2 mA h g=! at 50 C) and long

© 2023 Wiley-VCH GmbH

8518017 SUOWWOD BAIE8.D 3(gedljdde ayy Aq pausencb ae saolke VO ‘8sN JO S9INJ 10j A%iqiT8UlIUQ AB|IM UO (SUOIIPUOD-PUR-SUR)ALIO" A3 1M ARIq U1 |UO//STIY) SUORIPUOD Pue SWd 1 8} 88S *[7202/T0/ST] U0 Akiqiauliuo A8|IM ‘4oe L-OUeN JO 8Inisu| noyzns Aq SETS0EZ0Z BWPe/Z00T OT/10p/LI00 A8 1M Arelq1puljuo//Sciy Wwolj pepeojumod ‘0 ‘S600TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

\ "
\ Calcination |
’: ) |‘
7 \
’

Arflow

PVP @ carbon matrix

www.advmat.de

OOOCHPI
SRR 0000CHPPRRA

>

N

‘\
Ny

(NH,)2(VO)2(C204)s Pore
NH H,PO, ¢ NaVPO,F
NaF
__200 120
< X —
(=] ~
X 160+ 100 3 ' i
< ]
= | § 3
5 120 R T T I T L LT T T L Ty e > 180 © @ 3
&
% 94.5% @ 2
o 80 60 2 E’s" - 3 6
o 3C s i—p
% 40 L 40 g § 2.04| ——NasVy(PO,),F;
a = ———NagV(PO,),F,@TiO,
7]
0 ‘ . . ; 20 © 151 . . ;
0 20 40 60 80 100 0 50 100 150 200

Cycle number

Specific capacity (mA.h.g'1)
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the inserts are the photograph of 26 650 prototype cells. Reproduced with permission.l''! Copyright 2021, Springer Nature. g) First cycle of pure
Na;V, (POy),F3 and Na;V, (PO,),F; @TiO,. Reproduced with permission.l'2%] Copyright 2021, Wiley-VCH.

cycle life (capacity retention of 96.5% after 1000 cycles at 2 C).
Similarly, Fan and co-workers also prepared binder-free maricite
NaFePO, (~1.6 nm)/porous carbon fiber cathode for boosting
the electrochemical performance.['*?) The reversible capacity can
reach 145 and 61 mA h g! at 0.2 and 50 C, respectively, and
its capacity retention maintains 89% after 6300 cycles. Further-
more, Cao et al. prepared a nanosized Na, Fe, (PO,),P,0, spheres
growing on MWCNT by surface modification and spray drying,
and this composite exhibits a superior electrochemical perfor-
mance (115.7 mA h g~! at 0.1 C and 95% capacity retention after
1200 cycles at 2 C).'3] The scaled synthesis of Na,(VOPO,),F/C
(2 kg) by a facile high-energy ball milling method was reported
by Hu’s group, which exhibits a specific capacity of 142 mAh
g~ at 0.1 C.['" More importantly, the 26 650 prototypes (vs HC
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anode) deliver a superior cycling performance (Figure 8f), sug-
gesting good business prospects. In addition, other common
phosphate-based polyanionic cathodes (Na,FeP,0,, Na,FePO,F,
Na,V,(P,0,),, Na,MnV(PO,);, etc.) have also been modified by
MWCNT, carbon sheet, or carbon nanofiber and realized re-
markable electrochemical performance.''>118) Although these
carbon matrices greatly enhance the sodium-storage capability
of phosphate-based polyanionic cathodes, the excessive carbon is
detrimental to the energy density of SIBs.

Apart from carbon coating, inorganic coating is the other ef-
fective coating strategy to enhance sodium-storage performance.
In general, the atomic layer deposition (ALD) technique can
ensure a uniform inorganic coating on the surface of phosphate-
based polyanionic cathodes. Based on this technique, Li and
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co-workers found the generation of Al,O, layer on the surface
of Na;V,(PO,); is greatly beneficial for the improvement of rate
performance.['*®! This is because the deposited Al,O, coating
has a superior ionic conductivity. Similarly, Mukherjee et al.
prepared Na,V,(PO,),F; with ultrathin amorphous TiO, layer
(~2 nm), and Na,V,(PO,),F;@TiO, has a larger capacity than
bare Na,V,(PO,),F;, as shown in Figure 8g.['?] This can be at-
tributed to the construction of TiO, coating, which can facilitate
the migration of Na* through the cathode—electrolyte interphase
(CEI) layer, leading to the rapid sodium-storage kinetics. Besides,
the reversible capacity of Na,V, (PO,),F; @TiO, is still as high as
107 mAh g™! (>16% improvement of bare Na,V, (PO,),F,) after
200 cycles, since the TiO, layer can alleviate the volume expan-
sion of cathode and the decomposition of the electrolyte. Differ-
ing from the ALD method, Wang et al. also achieved the uniform
coating of the RuO, layer on Na,V,(PO,),F; nanowire through
the hydrothermal method, and the related specific capacity can
maintain 90 mAh g=! even at 20 C.'?!] They revealed the RuO,
coating with high conductivity can selectively grow in the (002)
direction of Na,V,(PO,),F;, which reduces the Na*-diffusion
energy barriers on the ab plane, leading to the remarkable rate
performance. In brief, the coating layer on the surface of the
cathode material can prevent Na* from escaping and the cathode
material from reacting with the air and electrolyte. Meanwhile,
the coating layer is preferentially a conductive material with good
electrical/ionic conductivity, which can improve the conductiv-
ities of the cathode materials and enhance the electrochemical
properties.

4.2. Morphological Control

In general, downsizing phosphate particles to the nanoscale
can shorten the pathways of Na* diffusion, which is conducive
to rapid electrochemical kinetics. Meanwhile, the nanosized
phosphate-based polyanionic compounds are suitable for adjust-
ing the volume changes during the continuous (de)sodiation pro-
cess, thus preventing the pulverization of cathode materials and
increasing the cycle life. More importantly, the relatively large
specific surface area of nanosized phosphates with special mor-
phologies is curial to boost the interfacial Faradaic reactions in
the batteries and the Na* flux across the electrode—electrolyte in-
terface, leading to the increase in reversible capacity.'?! Hence,
the nanostructure processing shows a great influence on the
sodium-storage behavior of phosphate-based polyanionic cath-
odes. In recent years, the hydrothermal/solvothermal method
is one of the most popular synthesis routes to prepare nano-
sized phosphates.[1?>124] For instance, Karthik et al. utilized the
hydrothermal method to prepare nanosized NaFePO, with an
average particle size of 70-90 nm, which delivers a larger spe-
cific capacity (90 mAh g! at 0.1 C) than bulk NaFePO,.l'’]
The effect of morphologies on the electrochemical performance
of Na,FePO,F/C composites was investigated by Sun and co-
workers.[126] The double-shelled hollow spheres exhibit the best
electrochemical performance (a high reversible capacity of 120.1
mAh g! at 0.1 C, a capacity retention of 92.5% after 200 cy-
cles). This result indicates the importance of morphological con-
trol for sodium-storage properties. In addition, Qi et al. revealed
that the regulation of pH value is also necessary to design some
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nanostructure cathodes through the hydrothermal method.!'?’]

As shown in Figure 9a,b, Na;(VPO,),F; nanoflowers were ob-
tained under a weak acid environment, and the reversible capac-
ity can maintain 99.2 mAh g=! at 0.2 C after 500 cycles with a
high average voltage of ~3.76 V.

Although the hydrothermal/solvothermal method is a facile
way to control the morphologies, its low yield and long reac-
tion time make it hard to achieve large-scale production. There-
fore, sol-gel and coprecipitation methods with good maneu-
verability and controllability are also widely reported for gain-
ing phosphate-based polyanionic materials with special struc-
tures. Lai and co-workers developed a triclinic off-stoichiometric
Na; ;,Mn, ,,(P,0,),/C with a hierarchical porous structure by
sol-gel method and carbothermal reduction process.’”! The
nanosized cathode active material of Na;,Mn, ,,(P,0,), em-
bedded into the porous carbon matrix delivers a prolonged cy-
cle life (75% capacity retention at 5 C after 500 cycles) and
superb energy density (376 Wh kg™!). Similarly, Chou et al.
prepared a 3D porous frame-supported Na,V,(PO,),/C, which
shows excellent rate performance (76.9% capacity retention at
192 C vs its initial capacity of 98.6 mAh g=! at 0.5 C) and ul-
tralong cycle life (91.4% capacity retention at 10 C after 2000
cycles), much better than the electrochemical performance of
bulk Na,V,(PO,);.['28] Thereby, the conductive interconnected
network and full contact between cathode and electrolyte are ben-
eficial for boosting the sodium-storage performance. The scalable
room-temperature synthesis of multishelled Na,(VOPO,),F mi-
crospheres using a facile and rapid coprecipitation strategy was
reported by Hu’s group, which effectively decreases the produc-
tion cost of cathode materials with special morphologies.3%! The
as-prepared Na, (VOPO,),F microspheres display a large specific
capacity of 111 mAh g~ at 0.1 C and a high capacity retention of
70% at 15 C even after 3000 cycles. In comparison with other re-
ported bulk Na,;(VOPO,),F, the electrochemical performance of
pure Na,(VOPO,),F microspheres is much better. Subsequently,
they synthesized Na,; (VOPO, ), F nanocubes through a similar co-
precipitation strategy at the pH of 6.14°1 Its yield and capacity re-
tention over 8000 cycles at 25 C can reach 99.1% and 72%, re-
spectively, suggesting a remarkable potential of commercial ap-
plication of this coprecipitation strategy. These works prove the
importance of morphology design (microsphere vs nanocube),
and the nanosized active particles exhibit better sodium-storage
performance than their bulk counterparts.

Spray drying as another universal synthetic method is utilized
to prepare cathode materials with spherical morphologies (i.e.,
hollow spheres and solid spheres), which can also achieve hy-
bridization with high conductive materials (i.e., 3D graphene,
CNT, and rGO).’89212] Noticeably, all the composites pre-
pared by spray drying (i.e., Na,Fe;(PO,),P,0,/3D graphene, hol-
low Na,MnPO,F/C spheres, and Na,Mn,Co(PO,),P,0,/CNT,
Figure 9c) show excellent sodium-storage performance./130-132]
However, the relatively complex equipment, high energy con-
sumption, and low efficiency of spray drying hinder its develop-
ment in SIBs. Moreover, other common synthesis routes, such
as the template method and electrospinning, can also prepare
phosphate-based polyanionic cathodes with special morpholo-
gies and remarkable electrochemical performance. For example,
Qiao and co-workers designed a single crystalline Na,;V,(PO,),
with a porous structure using polymer-stabilized droplet
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Figure 9. a) SEM image and b) the cycling performance of Na; (VPO,),F; nanoflowers. Reproduced with permission.!'2’ Copyright 2016, The Royal
Society of Chemistry. c) SEM images of spherical phosphate-based polyanionic cathodes prepared by spraying drying (c1: Na,MnPO,F/C hollow spheres,
c2: NayFe; (PO,),P,0,@3D graphene, and c3/c4: Na,Mn,Co(PO,),(P,0;)/C-CNT spheres). c1) Reproduced with permission.['3] Copyright 2017,
Elsevier. c2) Reproduced with permission.['31] Copyright 2018, Elsevier. c3-c4) Reproduced with permission.['32] Copyright 2019, American Chemical
Society. d) Tentative formation mechanism of porous single crystalline Na;V, (PO,); through polymer stabilized droplet template method, and TEM
images of hierarchically meso/macropores Na;V, (PO,)s. €) Initial charge/discharge curves, f) cycling performance, and g) rate performances of porous
single crystalline Na;V, (PO,4);. Reproduced with permission.l'*3] Copyright 2021, Wiley-VCH.

template method (Figure 9d).1'33] The generated porous single-
crystal structure can greatly shorten the Na* diffusion distance
and facilitate ion transition, leading to excellent electrochemical
properties (100 mAhg™' at 0.5 C, and 81 mAhg™' at 1 C after
10 000 cycles). Meanwhile, they demonstrated the pore structure,
pore size, and specific surface area of porous single crystalline
Na,V,(PO,); have a significant effect on the sodium-storage
performance (Figure 9e—g). Based on the above-mentioned dis-
cussion, morphological control is beneficial for improving the
electrochemical performance, but the low tap density and com-
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plex preparation process are the bottleneck in the practical
application.

4.3. lon Doping
Ion doping can enhance the sodium-storage performance by sta-
bilizing the crystal structures or modifying the conductivity of

phosphate-based polyanionic cathodes, and has been widely ap-
plied for reducing cost, enhancing cycling performance, regulat-
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Table 1. Effects of ion doping strategy on the performance of phosphate-based polyanionic compounds for SIBs.

Doping element

Effects

Cation doping Inactive metal ion doping

(Li*, K+, Mngr, A|3+, Cr”,
Ca?, etc.)

Active metal ion doping

(Mn?*, Fe?*, Ni**, Co?*, etc.)

Anion doping Simple anion doping

(F~, CI7, etc.)
Polyanion doping

(BO,*+, Si0,5", etc))

® Suppress the lattice distortion;

® Reduce internal resistance;

® Enhance crystalline structure stability;
® Enhance the ionic conductivity;

® Enlarge interlayer space

® |ncrease the specific capacity;

® Enhance the ionic conductivity;

® Enhance crystalline structure stability;

® Improve the electrochemical reaction kinetics;

® Increase the specific capacity;
® Improve the electrochemical reaction kinetics;

® Increase the specific capacity;
® Enhance crystalline structure stability;
® Improve the electrochemical reaction kinetics

ing redox potential, or improving intrinsic conductivity.'** In
general, ion doping can be divided into cation doping and an-
ion doping. Noticeably, the types of ion dopants exhibit differ-
ent effects on the optimization of electrochemical performance
(Table 1).11%71%7] Among them, cation doping is mainly aimed
at active transition metal sites at octahedra and interstitial Na*
sites, and the commonly used dopants consist of Al, Mg, Fe,
Mn, Mo, Co, Cr, K, Li, etc. For instance, Wang et al. reported
the Al-doped Na,Co,(PO,),P,0; (Nas5Co, g5Al, 15(PO,),P,0,),
which shows better rate performance and longer cycle life
than pure Na,Co,(PO,),P,0,, suggesting the positive effect
of Al doping on the electrochemical kinetics and structural
stability.(18] This is because the charge transfer resistance
of Na,¢;Co, gsAlj ;5(PO,),P,0; is much smaller than that of
Na,Co,(PO,),P,0, (49.5 Q vs 120.6 Q). Moreover, Lu et al. also
found Mg-doped Na, FeP, 0O, cathode exhibits better electrochem-
ical performance than bulk Na,FeP,0,.[13] The experimental re-
sults and DFT calculation disclosed that the 5% Mg doping can
increase the electronic conductivity of Na,FeP,O, due to the ex-
istence of bandgap and obtains a specific capacity of 90 mAh
g~! at 0.1 C without obvious degradation after 40 cycles. Inter-
estingly, the massive Mg doping of 20% does not cause devas-
tating damage to the electrochemical properties of Na,FeP,0,,
just a slight decrease in reversible capacity. For Na,V,(PO,),, the
metal doping (such as Mg, Al, Cr, and Fe) not only improves
conductivity and enhances structural stability of Na,V,(PO,);,
but also can inspire the V>*/V* redox couple for increasing the
sodium-storage capability. Okada’s group first found Mg-doped
Na,;V,(PO,); (Na;,V; {Mg,(PO,);) has a larger reversible capac-
ity than pure Na,V,(PO,); due to the partial utilization of high-
voltage V>* /V** redox couple.'**] They proposed that the Mg?*
occupies the V site leading to the introduction of extra active
Na* for charge compensation. Nevertheless, the specific capac-
ity of Na, <V, Mg,s(PO,); decreases owing to the irreversible
redox reaction of V>*/V* in this Mg-rich phase. As shown in
Figure 10a, most Mg?* are distributed on the particle surface,
while less Mg?* are dispersed in the bulk of Na;V,(PO,), par-
ticle, the nonuniform distribution of Mg doping results in a
faster diffusion of Na* on the surface than in the particles.'*!]

Adv. Mater. 2023, 2305135

2305135 (16 of 30)

Therefore, Wu and co-workers demonstrated that Mg-doped
Na,V,_,Mg, (PO,);/C composite shows more remarkable rate
performance and cyclic stability than pure Na, V, (PO,);.[1*?! Sim-
ilarly, Zhao et al. found Al-doping strategy can enhance the elec-
trochemical performance of Na,V,(PO,);, and the redox peaks
of V>*/V* are also checked at 3.95 V.['**! According to the DFT
calculation, Na,V, Al (PO,); shows smaller bandgap and Na*
migration energy barrier than Na,V,(PO,);, suggesting the im-
provement of electronic/ionic conductivity. However, excessive
Al doping causes an increase in migration energy, so it is nec-
essary to optimize the Al doping amount for achieve an excellent
rate performance. To achieve the reversible three-electron redox
reactions of Na,V,(PO,); (V>* < V?*), Goodenough et al. syn-
thesized Cr-doped Na,;V,(PO,); (Na,;V, ;Cr,s(PO,);) with the re-
versible redox reactions (V?* < V3* & V* & V°*) during the volt-
age range of 1.0-4.4 V (Figure 10b,c).l"* The Na,V, ;Cr, s(PO,),
exhibits a high capacity retention of 96% even after 400 cy-
cles, indicating remarkable reversibility during the repeated Na*
(de)intercalation. Subsequently, Chen et al. comprehensively
explored the sodium-storage mechanism of Na,;V, ;Cr,(PO,),
through theoretical calculation and various advanced charac-
terization methods (Figure 10d,e).'*] They found that the
Na,;V, sCry5(PO,); has a lower Na*-migration energy barrier in
comparison with undoped Na,V,(PO,);. Meanwhile, the electro-
chemically inactive dopant of Cr at low voltage can reduce the
forbidden bandgap, and its unpaired electron in the 3d orbital is
an important factor in triggering the high-voltage redox reaction
of V>*/V**. Thereby, Na,V, ;Cr, s(PO,); has superior ionic con-
ductivity and high operation voltage. In addition, low-cost and
nontoxic transition ions (i.e., Fe, Mn, and Ti) can also stimu-
late the V>*/V* redox couple by the partial substitution of V
in Na,V,(PO,);, and both reversible capacity and cycling perfor-
mance are better than its pure phase 14618 Recently, Hu’s group
took low-cost Fe doping to activate the V>* /V** redox and demon-
strated that enough Na2 content in V-based compounds is the
requirement for the activation of V>*/V* redox.['*]

In the latest research, the high-entropy doping strategy
is gradually becoming popular for polyanionic compounds
due to the excellent electrochemical activity and structural
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Figure 10. a) Schematic illustration of Na* diffusion channel in undoped or Mg?*-doped Na;V, (PO,);/C. Reproduced with permission.["1 Copyright
2018, American Chemical Society. b) CV profiles of Na;V, sCrq s (PO,); at 0.5 mV s~ in the range of 1.0-4.4 V. ) Schematic illustration of the three-
electron reaction of Na;V; sCrq s (PO,4);. Reproduced with permission.['#4] Copyright 2020, Wiley-VCH. d) Charge—discharge curves at different rates for
the Na3 V4 5sCrq s (PO,)5 electrode. e) The comparative electronic spin states for Na;V, (PO,); and Na;V; sCro 5 (PO,)3. Reproduced with permission.[14%]
Copyright 2021, American Chemical Society. f) Schematic illustration for the change of crystal structure of Na;V, 4(Ca,Mg,Al,Cr,Mn)g ;(PO,),F;. g)
Charge—discharge curves of Na;V; 4(Ca,Mg,Al,Cr,Mn), 1 (PO,4),F; and pure Na;V, (PO,4),F; at 0.1 C in the potential windows of 2.0-4.3 V (vs Na*/Na).
h) In situ XRD patterns of Na;V, o (Ca,Mg,Al,Cr,Mn), ; (PO,4),F; electrode in the voltage window of 2.0-4.5 V. Reproduced with permission.l'>1] Copyright

2022, Wiley-VCH.

stability of high-entropy dopants.[!3>15% For example, Wu’s group
reported an advanced high-entropy fluorophosphate cathode of
Na,V, 4(Ca,Mg,Al,Cr,Mn),,; (PO,),F;, which delivers a high en-
ergy density (445.5 Wh kg™!) and a better sodium-storage perfor-
mance than pure Na,V,(PO,),F; (Figure 10f,g).l'>!] Figure 10h
suggests that the introduction of high-entropy alloy is conducive
to rearranging the disordered Na* at Na2 sites, inhibiting the
undesirable sodium-storage behaviors at low voltage. Hence,
the energy density of Na,;V,(PO,),F; can be increased to a cer-
tain degree owing to the high operating voltage. Not all metal-
ion doping, however, can improve the electrochemical proper-
ties of polyanionic cathodes. Komaba et al. clarified the Mn-
substituted Na,FePO,F (Na,Fe, ,Mn PO,F) shows worse elec-
trochemical activity than Na,FePO,F.[>2] It is worth noting that
Na,Fe; ,Mn_PO,F has different crystalline structures with differ-
ent molar ratios between Fe and Mn, and the crystalline struc-
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tures can be divided into the layered structure (x < 0.1) and 3D
channel structure (0.3 < x < 1).

For the doping at Na sites, the Li*/K* can act as pillars in
the framework structure to effectively improve the cycle stabil-
ity by inhibiting the structural changes and suppressing un-
desirable phase transformations during the (de)sodiation pro-
cess. The unique effects of pillar ions on the electrochemi-
cal performance and structural stability of the electrode ma-
terials have been well investigated. For example, Xia’s group
prepared K-doped Na,Fe, (PO,), via solid-state reaction method,
the K,,,Na,,Fe,(PO,); shows the best sodium-storage capac-
ity (101.3 mAh g™' at 10 mA g!; 93.7mAh g™' after 500 cy-
cles at 100 mA g~!).'33] In comparison with pure Na;Fe,(PO,);,
the value of Na* diffusion coefficients for K ,,Na, ;.Fe,(PO,);
is much higher (3.98 x 107 cm? S7! vs 3.81x107!! cm?
S7!) due to the larger lattice space. To explore the effects
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of K-doping on the crystal structure, electrochemical kinetics,
and sodium-storage performance, Zhang et al. then analyzed
K-doped Na,;V,(PO,),F; through experiments and theoretical
calculations.["> The Na, 4K, ;,V,(PO,);F; exhibits the most ex-
cellent electrochemical performance (120.8 mAh g™' at 0.1 C,
66 mAh g! at 30 C, and a capacity retention of 97.5% at 1 C
after 500 cycles). The bandgap of Na,V,(PO,),F; reduces from
2.75 to 2.68 eV after K doping, and Na* ion migration barri-
ers of Na,V,(PO,),F, and K-doped Na,V,(PO,),F; are 187 and
128 meV, respectively. Hence, the K-doping at Na sites is bene-
ficial for improving ionic/electronic conductivity. What’s more,
Zheng et al. found Li* doping can achieve more than two
Na* extraction/insertion of Na,;V,(PO,);, so the reversible ca-
pacity of Li-doped Na,V,(PO,); (Na,  Li V,(PO,);) is as high
as =130 mAh g! at 0.5 C, exceeding theoretical capacity.!'>!
Through Rietveld refinement, nuclear magnetic resonance spec-
troscopy, and DFT calculation, Li* occupies Na2 sites with a
relatively low Li amount (x < 0.1), and then occupies Nal
and Na2 sites with a high Li amount (x > 0.1). In addition,
the rearrangement of the Li*/Na* in the Na sites can acti-
vate the Na* at the M1 sites to enhance the sodium-storage
capability.

Anion doping strategy has also exhibited huge potential to
improve the electrochemical performance of phosphate-based
polyanionic compounds through optimizing the ionic/electronic
conductivity and crystalline structure stability. Among the var-
ious anions, F~ doping is one of the most popular anion-
doping strategies. Differing from F-based phosphates, the in-
troduction of less F~ has no significant effect on the aver-
age operation voltage, but improves electrochemical perfor-
mance by optimizing the physicochemical characteristics, such
as crystalline structural stability and ionic/electronic conduc-
tivity. For example, Sun and co-workers demonstrated that F-
doped Na,V,(PO,); (Na;V,(PO,), ¢;F; ;) shows higher ionic con-
ductivity than pure Na,V,(PO,);, thus the reversible capacity
of Na;V,(PO,),;Fy o, can still reach 97.8 mAh g! at the cur-
rent density of 200 mA g% In addition, some polyanions
(i.e., SiO,* and BO,*") can also be doped into Na,V,(PO,),
cathode. A series of Na,, V,(PO4), ,(SiO,), has been reported
by Lavela et al.'>”] They found that the structural deformation
and/or amorphous impurities occur after the introduction of
too much SiO,*", resulting in deterioration of the electrochem-
ical properties. Besides, Cui et al. found that the rate perfor-
mance of Na,V,(PO,); can be improved by the partial substi-
tution of BO,>~ into PO,*>~.[1% This is since the band gap of
the Na;V, Py 4B, Oy, is significantly narrower than that of pure
Na,V,(PO,); (1.633 eV vs 2.57 eV). Subsequently, Wang et al.
investigated the influence of BO,’~ on the stability and electro-
chemical behavior of Na,V, (PO,); by the first principles.!'*] Ac-
cording to their simulation results, B doping can considerably
increase the structural stability of Na,V,(PO,), and shrink its lat-
tice size to some extent. Recently, both Cai et al. and Zhao et al.
demonstrated the strategy of simultaneous cation and anion dop-
ing to design high-capacity and long-cycle-life Na, V, (PO,);-based
cathodes, respectively.1%*161] Specifically, the polyanion doping
aims to increase the reversible capacity by replacing PO,3~, while
the introduced cations as the pillar ions are to stabilize the crys-
talline structure and improve the reversibility of the Na,V, (PO,),
cathode. In summary, the doped ions not only can be a sup-
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porting matrix in the main crystalline structure to suppress lat-
tice collapse and strengthen the structural stability, but also im-
prove the electrochemical kinetics and capacity. Simultaneously,
it is essential to ensure the ion dopants are positive for the
electrochemical performance of cathodes, containing types and
amounts.

4.4. Electrolyte Optimization

The electrolyte as the bridge between the anode and cathode
shows a significant influence on safety and sodium-storage ca-
pability. Considering the unique feature of polyanionic cathodes
over other types of cathodes, namely high redox potential, the
strong antioxidant capacity of electrolytes becomes increasingly
important for averting the decomposition of electrolytes under
high voltage. Furthermore, the CEI layer formed by the decompo-
sition of electrolytes plays a crucial role in protecting cathode ma-
terials, reducing the dissolution of metal ions, enhancing Na* mi-
gration, and improving the electrochemical performance at high
voltage. Therefore, electrolyte optimization is an effective strat-
egy to promote the sodium-storage performance of phosphate-
based polyanionic materials. Taking the electrochemical perfor-
mance of Na,V,(PO,),/C at room temperature as the yardstick,
Hu et al. roughly investigated the effect of sodium salt and
carbonate-ester solvent.®?l Compared with NaPF,, NaBF,, and
NaClO,, Na,V,(PO,);/C exhibits a higher coulombic efficiency,
larger specific capacity, and more stable cycling property in
the sodium bis(fluorosulfonyl) imides (NaFSI)-based electrolytes
(NaFSI/ethylene carbonate (EC) + diethyl carbonate (DEC) and
NaFSlI/propylene carbonate (PC)) due to the less electrolyte de-
composition and side reactions. In addition, the electrolyte addi-
tive of fluoroethylene carbonate (FEC) is beneficial for enhanc-
ing the stability of the CEI layer. Kucinskis et al. measured the
electrochemical performance of Na,FeP,0,/C in the electrolyte
of 1 M NaClO,/PC+FEC (5 wt%), and its reversible capacity can
maintain 81 mAh g=! at 1 C even after 500 cycles (Figure 11a).[1%%]
Nevertheless, the corresponding capacity retention is only 37% in
the electrolyte without the additive of FEC, revealing the necessity
of using CEI-stabilizing additives.

Apart from the carbonate-ester electrolyte, the ether-based
electrolyte is also used to enhance the rate performance of polyan-
ionic cathodes based on its low viscosity and good wettability.
In addition, the generated CEI layer also shows excellent struc-
tural characteristics, such as good compactness and thin layer.
Ahn and co-works utilized 1 m NaPF, in 1,2-dimethoxyethane
as the electrolyte to modify the electrochemical performance of
Na,V,(PO,);, which shows a relatively large specific capacity of
44 mAh g~! even at 854 C and a high capacity retention of 95%
even after 95 000 cycles.[1®*] Recently, Liu’s group also found the
ether-based electrolyte of 1 M NaPF, in diglyme can enhance
the electrochemical performance of Na;(VOPO,),F cathode (in-
cluding cycling stability and initial Coulombic efficiency) due
to the formation of robust and thin (serval nanometers) CEI
layer, as shown in Figure 11b,c.['**] More importantly, they also
proved that the decomposition of ether-based electrolytes is not
always conducive to generating suitable CEI layers, since the
combination of sodium salt and solvent can significantly affect
the stability of organic-inorganic interphase. Based on the DFT
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Figure 11. a) Cycling performance of Na,FeP,0,/C at 1C in electrolytes with and without 5wt% FEC. Reproduced with permission.['®2] Copyright
2021, Elsevier. b) Cycling performance of Na;V,0, (PO,),F cathode in different electrolytes. c) TEM image of the Na;V,0, (PO,),F cathode after cycled
in NaPFg-diglyme electrolyte. d) DFT calculated HOMO and LUMO energy levels of salt-solvent complexes in various electrolytes. Reproduced with
permission. %4l Copyright 2022, Elsevier. e) Initial charge curve of Na;V, (PO,4),F; cathode in the electrolyte of 3.04 m NaPFg in diglyme/DOL (10:1,
by volume). Reproduced with permission.!'%€] Copyright 2021, Wiley-VCH. f) Rate performance of Na//Na;V, (PO,); cells at —40 °C in the electrolyte
with and without ES additive. Reproduced with permission.l'6° Copyright 2023, Wiley-VCH. g) Ignition test of the TEP electrolyte and the carbonate
electrolyte. Reproduced with permission.['1] Copyright 2019, American Chemical Society.

calculation of HOMO and LUMO levels, the NaPF-diglyme sys-
tem has a lower HOMO energy than NaCF,SO;-diglyme and
NaClO,-diglyme (Figure 11d), suggesting the better antioxidation
ability of NaPF-diglyme electrolyte. Therefore, the synergy effect
between ether solvent and sodium salt is necessary to stabilize
the potential window and form the robust CEI layer. However,
the common ether-based electrolytes still suffer from poor ox-
idation resistance and are susceptible to decomposition on the
cathode surface under high redox potential, limiting their prac-
tical application.['®] Therefore, Wu et al. designed a novel
electrolyte of 3.04 m NaPF; in diglyme with the addition of
1,3-dioxolane (DOL) diluent (10:1, by volume), and this elec-
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trolyte possesses high oxidative stability and can withstand a
high voltage of 4.5 V (Figure 11e).l'%) Compared with the elec-
trolyte of 0.94 m NaPF, in diglyme, the high-voltage cathode of
Na,V,0,(PO,),F deliver a large reversible capacity of 107 mAh
g !1at 0.2 A g7! even after 1600 cycles in the electrolyte of 3.04 m
NaPF, in diglyme/DOL (10:1, by volume).

To enhance the practicality of phosphate-based polyanionic
cathodes, it is not only necessary to perform well at ordinary
temperatures, but also needs to adapt to extreme environments,
such as high and low temperatures. Wang’s group demonstrated
that Na,Fe;(PO,),P,0, works well at ultralow temperature
(=70 °C) and ultrahigh temperature (>100 °C) in the ether-based
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electrolyte of 1 M NaPF, in diglyme.l1%71%] Very recently, Yu et al.
designed a now low-temperature carbonate electrolyte of 1 m
NaFSI in EC/PC/DEC (1:1:1, v/v) with 6% ethylene sulfate (ES),
and the initial capacity of Na,;V,(PO,);//Na is as high as 84 mAh
g~! with a capacity retention of ~65.5% at 1 C under —40 °C
(Figure 11£).099 This is because ES additive can effectively
accelerate the desolvation kinetics of Na' by weakening the
Nat-solvent interaction, and the corresponding SEI layer is rich
in Na;N, Na, S, and Na, SO, with excellent ionic conductivity and
mechanical strength (~7.0 GPa). To achieve a stable operation at
the high-temperature condition (>60 °C), some flame-retardant
electrolytes were reported for improving the thermal stability
of SIBs. For example, Balaya et al. and Cao et al. designed 1 m
NaBF, /tetraglyme and 0.9 M NaClO, /triethyl phosphate as the
flame-retardant electrolytes (Figure 11g), respectively, simultane-
ously realizing the outstanding sodium-storage performance of
Na,V,(PO,); cathode.['7*17] Meanwhile, ionic liquids have also
been used to realize the nonflammability of phosphate-based
polyanionic cathodes or enhance the related sodium-storage
capability, such as fast electrochemical kinetics, large reversible
capacity, and long cycle life.['727174]

5. From Material to Practical Application

5.1. Electrochemical Performance Analysis in Different Battery
Prototypes

We have described overall the family of phosphate-based
polyanionic cathodes for SIBs, and the general modifica-
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tion strategies on the material level are also summarized
to enhance the sodium-storage performance of phosphate-
based polyanionic cathodes. Simultaneously, Figure 12a presents
data on the specific capacity versus potential window for
phosphate-based polyanionic compounds in SIBs systems. In
the half-cell configuration, the energy density of phosphate-based
polyanionic cathodes is as high as 566 Wh kg™ (vs Na foil), which
has exceeded that of LiFePO,.I'°] However, the electrochemical
performance of the cathode materials in the half cell is of limited
reference significance for the design and development of prac-
tical battery, since the research of SIBs should be application-
oriented scientific engineering. Hence, it is more holistic in re-
flecting the application potential of the cathodes based on the rel-
evant sodium-ion full cells (SIFCs) data. Depending on the differ-
ence in the manufacturing process, such as the internal device
structure and packaging form, the general prototypes of SIFCs
include coin cell, pouch cell, and cylindrical cell. Among them,
coin cell is the most common in the research articles and can ex-
plore the practical performance of phosphate-based polyanionic
cathodes to a certain. Meanwhile, a comparison of energy density
and specific capacity between the phosphate-based polyanionic
cathodes and other cathodes in SIFCs is shown in Figure 12D,
where the phosphate-based full cells display relatively high oper-
ating voltages and high energy densities.

In comparison with the conventional metal shells of batter-
ies, pouch cells offer the advantages of high safety, light weight,
low internal resistance, and design flexibility. The frequency of
the pouch cell appearing in the research articles has gradually
increased with the update of battery manufacturing equipment
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in the laboratory. For example, Wu and co-workers designed the
HC//Na,;V,(PO,),F; pouch cell, which can light up 63 red LED
bulbs.[?'2]' Similarly, Yang et al. used Na,V,(PO,); and HC as
the cathode and anode, respectively, and the assembled pouch
cell possesses a capacity of 385 mAh and capacity retention of
85.1% after 120 cycles).!?!3] Recently, Cao’s group assembled 3500
mAh pouch cell using Na,Fe, o, P,0,, o, cathode and HC anode,
and a high discharge capacities of 3133 mAh and 2814 mAh are
maintained even at a high current density of 5 C and low op-
eration temperature of —40 °C, respectively.!*] These results
demonstrate that phosphate-based polyanionic cathodes have
promising potential to achieve the practical application of SIBs.
Besides, cylindrical cells as the relatively mature type have a
high degree of automation, stable product quality, and low cost.
The typical models of cylindrical cells include 14650, 18650,
21700, 26650, 32650, etc., named based on their size, and
18 650/26 650-size cylindrical cells have been widely used in the
current battery market. In general, the 26650-size cylindrical cell
has a larger capacity and lower cost than 18650-size cylindri-
cal cell. Hu et al. reported Na,(VOPO,),F-26650 cylindrical cell
with the HC as the anode, which has a larger energy density of
~100 Wh kg~! and a high capacity retention of 95.2% even after
2000 cycles.[14]

It is worth noting that all these prototypes of SIFCs follow the
same design principles: 1) the matching between cathode and an-
ode is essential for stimulating the electrochemical performance
of the SIFCs and avoiding the waste of electrode materials; 2) the
reasonable compaction density can not only reduce the electrode
volume to boost the energy density of SIFCs, but also increase
the contact between the active particles and the conductive car-
bon to improve electrochemical performance. Nevertheless, the
lack of uniform specifications for parameters (such as mass load-
ing, electrode thickness, and size) reported in research articles re-
sulted in the limited guidance for the commercial application of
the materials in question, and direct comparison with traditional
commercial data is not possible. Therefore, the full-cell config-
uration for phosphate-based cathodes should be designed based
on the needs of the application terminal as much as possible for
increasing the practicality of the test data.

5.2. Analysis of Industrialization and Cost

The commercial development of SIBs is in full swing, and the
SIBs’ market is mainly composed of three parts: electrode mate-
rial suppliers (i.e., Wenzhou Nashu, Shenzhen Janaenergy, and
Zhejiang Natrium), start-up SIBs companies (i.e., HiNa, Tiamat,
Altris, Faradion, and Natron Energy), and mature LIBs com-
panies (i.e., CATL, ATL, Guangzhou Great power, and EVE).
Among them, the main products of Shenzhen Janaenergy is Fe-
based phosphates (i.e., Na,Fe;(PO,),P,0,), whereas the specific
sodium-storage performance of these commercial phosphate-
based polyanionic cathodes is still unclear. Besides, Tiamat as
a start-up company was established in 2017, came out of the
French network for electrochemical energy storage supported by
the French National Centre for Scientific Research. This com-
pany adopts the technology route of Na,V, (PO,),F; cathode and
HC anode, and the as-assembled SIBs have a high energy density
(100-120 Wh kg '), long cycle life (capacity retention of 80% after
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5000 cycles) and superior power density (>5000 W kg~!). Mean-
while, their SIBs are mainly used in static energy storage and
power vehicles (48 V mild hybrid vehicles, 12 V starting lighting
and ignition, fast charging electric buses, etc.), and it is expected
that the production capacity will reach 6 GWh by 2030. However,
there is no large-scale production. Apart from the start-up bat-
tery companies, some mature LIBs companies have also begun
to lay out in the field of phosphate-based cathodes for SIBs. Very
recently, Guangzhou Great Power claimed two types of electric
cores for SIBs, which have large energy density (145 Wh kg™),
stable cycling performance (>3000 cycles), wide working tem-
perature (—40-55 °C), and excellent capacity retention (>96% at
60 °C for 7 days).

As described above, these companies choose different
phosphate-based polyanionic compounds as the technical re-
serves, which might be because their strategic goals are not
aligned. For example, the NASICON-structure cathode materials
generally have high ionic conductivity and robust crystalline
structure, demonstrating potential to approach LiFePO,, and
have been produced in small batches. However, the high price
and toxicity of V inevitably limited its large-scale application for
SIBs. Therefore, Fe-based phosphates with low cost and wide
source of raw materials become the future development direc-
tion of phosphate-based polyanionic cathodes for SIBs. Among
various Fe-based phosphates, Na,Fe;(PO,),P,0, is a promising
candidate cathode material for SIBs because of its high elec-
trochemical performance, environmental friendliness, and low
cost. Notably, some electrochemically inactive impurities (i.e.,
maricite NaFePO,) can occur during the preparation process,
further affecting the electrochemical performance. Therefore,
it is urgent to explore a facile and scalable method with low
cost to realize large-scale production of high-performance
Na,Fe,(PO,),P,0, without inactive impurities for practical
applications.

Fundamentally, the difficulties in industrializing phosphate-
based polyanionic cathodes for SIBs lie in cost reduction and pro-
cess optimization. For cost reduction, the accepted methods in-
clude 1) exploring low-cost scale-up preparation methods and 2)
developing V-free phosphate cathode materials. In general, the
conventional preparation processes of phosphate-based polyan-
ionic compounds can be mainly categorized into solid-state
methods (i.e., high-temperature solid-state method, mechani-
cal ball milling method, and microwave heating method) and
liquid-state methods (i.e., hydrothermal/solvothermal method,
sol-gel method, and spray drying method). Although the solid-
state methods have a relatively simple process and low prepa-
ration cost, easily realizing large-scale production, the mixing
uniformity of the product is relatively poor, resulting in unsat-
isfactory electrochemical properties. In contrast, the liquid-state
methods have the advantage of high product quality, but the high
difficulty of process control and complexity of the process make
it difficult to achieve cost controllability. However, according to
the latest literature, the mechanochemical method without sol-
vent and high-temperature treatment is a new synthesis method
to achieve the large-scale production of low-cost phosphate-based
polyanionic cathode materials.

Phosphate-based polyanionic cathode materials generally
show poor intrinsic conductivity and undesirable kinetic per-
formance, thus it is necessary to modify their electrochemical
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Figure 13. a) The industry chain structure of SIBs. b) Cost estimations of polyanion electric core for SIBs and LiFePO, electric core for LIBs. c) The

corresponding strategies for reducing the cost of SIBs.

performance by suitable process optimization strategies. How-
ever, the relevant modification technology often relies on long-
term process accumulation and significant R&D investment,
leading to high technical barriers. In conjunction with the indus-
trialization progress of phosphate-based polyanionic cathodes for
SIBs, the unsatisfactory electrochemical performance is indeed
one of the main factors restricting their further development.
Therefore, the updated iteration of sodium-storage capability for
phosphate-based polyanionic cathodes remains a top priority.
Based on the patent portfolios of major battery manufacturers in
the field of phosphate-based cathode materials, the mainstream
modification strategies at the industrial level include surface coat-
ing, ion doping, and nanosizing, or the efficient combination of
these strategies. However, their intrinsic shortcomings still limit
their application potential in industrialized production. For ex-
ample, a moderate amount of conductive material coating boosts
the crystalline structural stability and surface electronic conduc-
tivity of phosphate-based polyanionic cathodes to a certain ex-
tent. Nevertheless, the excessive induction of coating materials
can lengthen the Na* pathways and reduce the specific capacity,
thus weakening the electrochemical performance of the practi-
cal SIBs. Similarly, too much ion doping can also affect the elec-
trochemical performance of phosphate-based polyanionic cath-
odes due to the generation of impurities with negative effects. In
addition, during the industrial production process, the nanosiz-
ing treatment of phosphate-based cathodes generally causes ex-
cessive energy consumption, and the relatively complex process
means higher production costs. These are contrary to the con-
cept of the low cost of SIBs. Hence, in the industrial production
process, the reasonable design of modification strategies is cru-
cial for the large-scale production of phosphate-based polyanionic
cathodes. The next generation of ideal optimization methods at
the industrialization level may be based on efficient interfacial
modification and intrinsic crystal structure optimization, namely

Adv. Mater. 2023, 2305135

2305135 (22 of 30)

the improvement in surface electronic conductivity, ionic conduc-
tivity, and structure reversibility.

The technological maturity of SIBs is not as high as that of
LIBs, and SIBs are still in the transitional stage from the intro-
duction phase to the growth phase. Although SIBs have not yet
formed an industrial scale and possess high technological bar-
riers, their cost advantages become increasingly evident in the
context of high-cost Li,CO,. Meanwhile, the development space
of SIBs has further expanded benefiting from the increasing de-
mand for large-scale energy storage systems. The industry chain
of SIBs is shown in Figure 13a, and the midstream (electric core
and battery packs) and downstream (application scenarios) of
the industry chain are mainly determined by the product charac-
teristics of upstream, namely the cost and electrochemical per-
formance of electrodes and the compatibility of various auxil-
iary materials. Furthermore, in terms of the cost of polyanionic
electric cores for SIBs, the cost ratio of the cathode is 21.51%,
accounting for the highest proportion, but it is still far lower
than the proportion of the cathode in the cost of LiFePO, elec-
tric core (~41.17%), as shown in Figure 13b. Nevertheless, the
cost of manufacturing, shells, and accessories for SIBs is almost
twice that for LIBs (38.6% vs 19.7%), which is because the vol-
ume capacity density of SIBs’ polyanionic electric core is lower
than that of LiFePO, electric core, consuming more consumables
and packaging. Based on the above discussion, the overall cost
of SIBs is determined by multiple factors, such as the electro-
chemical performance of electrodes, the cost of raw materials,
and the cost of packaging. In theory, SIBs have significant cost
advantages, but currently, there is still a gap in the electrochem-
ical performance of conventional phosphate-based cathodes for
SIBs compared to LiFePO, for LIBs, hindering the commercial
progress of phosphate-based cathodes. Meanwhile, if the techno-
logical progress and market scale of phosphate-based cathodes
are not ideal, it will cause a lower overall cost-reduction rate than
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expected for SIBs, further delaying the commercialization degree
of phosphate-based cathodes. Besides, the formation of the in-
dustrial chain of phosphate-based cathodes for SIBs requires co-
operation between upstream and downstream enterprises rather
than purely technical factors. More importantly, the significant
external factor driving the rapid development of SIBs is the high
price of Li salts. When the cost of Li salts falls back to a relatively
low level in the future, and the industry chain of SIBs is not yet
perfect, so the industry of phosphate-based cathodes may face the
problem of insufficient development potential. Furthermore, in
addition to phosphate-based polyanionic compounds, all sulfate-
based polyanionic compounds, layered transition metal oxide,
and PBAs as the cathode for SIBs have exhibited promising com-
mercial potential. Their rapid development will squeeze the de-
velopment space of phosphate-based cathodes, so making the de-
velopment of high-performance phosphates even more urgent.

Therefore, it still requires more effective strategies to further
reduce the cost of SIBs, as shown in Figure 13c. In detail, 1) in-
creasing the energy density of polyanionic electric cores through
advanced battery structure design and electrochemical perfor-
mance optimization; 2) producing larger-sized SIBs to reduce the
impact of auxiliary materials (i.e., shell, separator, and binders)
on the total energy density; 3) reducing the cost of raw materials,
such as electrode raw materials, electrolyte raw materials, and
raw materials for auxiliary materials; 4) achieving the scale pro-
duction of SIBs for reducing the cost and depreciation loss of bat-
tery production equipment; 5) developing a unified battery model
to guide product design and manufacturing processes, and en-
suring product yield and consistency of SIBs.

In summary, SIBs have a wide range of application prospects
in scenarios that do not require high energy density, such as
large electric vehicles, low-speed four-wheelers, household en-
ergy storage products, and large-scale smart grids, and will have
a place after large-scale commercialization. Therefore, consider-
ing the trade-off between cost and performance, some low-cost
phosphate-based polyanionic cathodes, such as Fe/Mn-based
phosphates, are expected to be applied in the large-scale energy
storage system with ultra-long cycle life.[2%5]

6. Conclusion and Perspective

6.1. Conclusion

Phosphate-based polyanionic compounds, as one of the most
promising cathodes for SIBs, possess abundant species, su-
perb structural/thermal stability, and high operation voltages,
mainly including phosphates, pyrophosphates, and mixed phos-
phates. In this review, the crystal structures, sodium-storage
mechanisms, and recent progress of several typical phosphate-
based polyanionic compounds have been systematically dis-
cussed. Meanwhile, we also summarized the powerful modifi-
cation methods in response to the thorny sodium-storage prob-
lems of phosphate-based cathodes. Besides, we described the re-
cent progress of phosphate-based cathodes in laboratory-scale
SIFCs and evaluated the application potential based on the elec-
tric core structure cost and worldwide commercialization degree
of phosphate-based polyanionic compounds.

According to literature reports, the electrochemical perfor-
mance of many phosphate-based polyanionic compounds
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begins approaching that of LiFePO, cathode for LIBs.
Among them, V-based phosphates, such as Na,V,(PO,),
and Na,(VO,_,PO,),F,,,,, show great commercialization po-
tential, benefiting from their high operation voltages, superior
cycling performance, and large reversible capacities. However,
the relatively high cost and toxicity of V and F increase produc-
tion costs. Hence, some low-cost phosphates have also been
researched and exhibited excellent sodium-storage performance,
such as Na,Fe,(PO,),P,0,, NaFePO,, and Na,FeP,0,. Due
to the relatively low redox potentials of Fe-based phosphates,
their energy densities are not large enough to adapt to different
applications. Nevertheless, considering the cost advantage,
Fe-based phosphates may be superior to V-based phosphates
in large-scale energy storage with low requirements for energy
density. All these phosphate-based polyanionic compounds have
shown great potential in practical applications, whereas the
challenges associated with developing them remain enormous.
For instance, phosphate-based polyanionic cathodes are trapped
in the intrinsic low electronic conductivity, causing the sluggish
electrochemical kinetics. Besides, the relatively high operation
voltage of phosphate-based polyanionic compounds might put
the electrolytes at risk of decomposition, further limiting the en-
ergy density of some phosphates with high redox potential (i.e.,
Na,Ni,(PO,),P,0, and Na,Co,4(PO,),P,0,). Moreover, to ad-
dress the issue of limited specific capacity, the anion-substituted
or off-stoichiometric phosphate-based polyanionic compounds,
such as Na,(VO,_,PO,),F,,,, and Na,,,Fe,,, (P,0,), were
reported through reducing the overall molecular weight or
activating more electrons during (de)sodiation process. At the
same time, the phosphate-based polyanionic compounds, such
as Na,FeV(PO,);, Na,MnV(PO,),, and Na,MnTi(PO,),, exhibit
relatively large reversible capacities due to the wide potential
window, but the high depths of charge/discharge may cause the
crystalline structure instability. Until now, numerous phosphate-
based polyanionic compounds have been reported and possess
large reversible capacities, high average voltages, long cycle lives,
or low cost, so phosphate-based polyanionic cathodes can meet
suitable for different application scenarios, such as low-speed
electric vehicles and large-scale smart grids.

While many phosphate-based polyanionic compounds have
shown promising application potential, their intrinsic defects
(i-e., poor conductivity and limited energy density) still hinder
practical performance. Therefore, many material-level strategies
have been performed to narrow the gap between the theoretical
and practical performance of phosphate-based polyanionic
compounds. In the final analysis, these strategies are all aimed
at improving the specific capacity, cycle life, rate performance,
and average voltage of phosphate-based polyanionic cathodes
(Figure 14). 1) For boosting the specific capacity, the effective
strategy is to increase the number of electrons involved in the
(de)sodiation process, and the specific methods include ion dop-
ing/substitution, nanomorphology design, electrolyte optimiza-
tion, off-stoichiometric phase engineering, operation conditions
regulation, and anion substitution. 2) For improving the rate per-
formance, the strategies of carbon coating, ion doping, morphol-
ogy design, and electrolyte optimization have been performed
according to the improvement of electronic/ionic transfer. 3) For
increasing average voltage, the core idea is to increase the redox
potential through the solutions of regulating redox couples,
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Figure 14. The mainstream strategies to improve specific capacity, rate performance, average voltage, and cycle life of phosphate-based polyanionic

compounds from material level.

mixing polyanion groups, and ion doping. 4) For modifying the
cycle life, electrolyte optimization, controlling potential window,
surface coating, and ion doping are conducted to construct stable
electrode/crystal structures or form robust CEI layers. Noticeably,
although surface coating and morphological control can boost
the electrochemical performance of phosphate-based polyanionic
compounds, these strategies eventually affect the performance
of practical SIBs. This is because they can decrease the practical
capacity or compacted density of the electrode, impairing the
energy/volume density of the resulting SIBs. Furthermore, the
production costs of SIBs can also be increased due to the need
for more accessory materials, such as larger battery shells, more
current collectors, and more separators. Hence, some emerging
modification strategies (i.e., ion doping and electrolyte optimiza-
tion) have been widely researched for their ability to improve the
rate performance without the effect on the compacted density.
However, the specific working mechanisms are relatively com-
plex, and further exploration is needed. The relatively high cost
of some special electrolytes (i.e., high-concentration electrolytes,
ether-based electrolytes, and ionic liquids) is also a knotty prob-
lem. It is worth noting that all the above-mentioned strategies
are based on the laboratory scale far from practically relevant
ones, so the corresponding results may not be able to completely
reflect their promise in practical batteries. Considering that
the research on optimizing the electrochemical performance of
phosphate-based polyanionic compounds aims to improve the
practical SIBs’ performance, we believe the rational composite
design strategy of thin carbon coating and high-entropy metal
doping/substitution can achieve the practical application of
phosphate-based polyanionic cathodes in SIBs.

At the material level, phosphate-based polyanionic compounds
have shown excellent sodium-storage performance in both half-
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cell and full-cell configurations. Moreover, according to the rele-
vant electrochemical performance in different SIBs’ prototypes,
phosphate-based polyanionic cathodes has the potential for com-
mercial development. However, these SIFCs are mostly still on a
laboratory scale and lack unified specifications, so the results can-
not be directly compared with the traditional commercial LIBs’
data and guide the commercial application of phosphate-based
polyanionic cathodes in practical SIBs. From a cost perspective,
the cost advantage of SIBs is greatly based on the ultrahigh price
of Li,CO;. Currently, with the price reduction of Li,COj, it is
needed to re-estimate the advantages of SIBs in comparison with
that of LIBs and identify the niche of SIBs for driving their rapid
development. Just like the first-generation LIBs, the success is
closely related to the rise of portable electronic devices. In addi-
tion, because of the relatively small energy density, the packag-
ing cost of SIBs with polyanionic cathodes is higher than that of
LiFePO, batteries. Thus, it is necessary to develop a comprehen-
sive strategy for reducing the total cost of SIBs, which can refer
to Figure 13c. At present, the industrialization process of SIBs
has achieved a smooth transition from the emerging stage to the
growth stage, but there is still a significant gap from the matu-
rity stage. Noticeably, the continuous increase in the number of
startup SIBs’ companies is a positive sign, which can also ensure
the success and commercialization of SIB technology in the com-
ing years.

6.2. Perspective
Considering the intrinsic characteristics of phosphate-based

polyanionic compounds, the improvement of the practicality
still needs to be based on the material level. Therefore, we

© 2023 Wiley-VCH GmbH
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Figure 15. The future direction of phosphate-based polyanionic cathodes for SIBs toward commercialization.

suggest that the future research on phosphate-based polyan-
ionic cathode materials for SIBs should concentrate on the fol-
lowing directions, as shown in Figure 15: 1) It is meaning-
ful for the commercialization to achieve the large-scale produc-
tion of polyanionic cathode materials with excellent sodium-
storage performance through facile and flexible methods; 2)
To reduce cost and achieve environmental friendliness, explor-
ing the low-cost Fe/Mn-based phosphates with high perfor-
mance is an effective method to avoid the excessive utiliza-
tion of V element; 3) The obscure mechanisms (including
the promotion of ion doping and the formation of CEI lay-
ers) need to be further explored by using advanced charac-

Adv. Mater. 2023, 2305135

2305135 (25 of 30)

terization techniques and theoretical calculation; 4) To achieve
the practical application of phosphate-based cathodes in large-
scale storage field, it is critical to possess high safety and
remarkable sodium-storage performance in the wide temper-
ature for suiting various extreme conditions; 5) Due to the
limited cathode materials reported so far, the use of power-
ful machine learning method will gradually become popular
to explore unknown phosphates with excellent sodium-storage
properties.

Besides, various preparation methods (i.e., solid-state reac-
tions, hydro/solvothermal reactions, coprecipitation, and spray
pyrolysis) have been applied to synthesize phosphate-based
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polyanionic cathode materials for SIBs. Among these main-
stream synthetic processes, mechanical ball milling, coprecipi-
tation, and sol-gel methods have shown excellent practical ap-
plication potential due to the low energy consumption, high
product purity, low equipment requirements, and/or low indus-
trialization difficulty. Meanwhile, the development of suitable
preparation methods can also greatly decrease the production
cost of phosphate-based polyanionic cathode materials for SIBs.
Given that the electrochemical performance of practical SIBs is
also related to the pack process, the optimization of the elec-
tric core structure with phosphate-based polyanionic cathodes
from LIBs is greatly possible to increase the performance of
SIBs, not limited to large cylindrical batteries and large pouch
cells. For instance, the electric core structure with phosphate-
based polyanionic cathodes may draw on the experience of the
blade battery for improving energy density and safety. Besides,
it is crucial to unify the comprehensive evaluation criteria of
phosphate-based polyanionic compounds in different SIBs’ pro-
totypes, which should contain safe, cost, environment-friendly,
and electrochemical performance. Currently, research on the
safety of SIBs is mostly based on the laboratory level, so SIBs
may face similar safety issues as LIBs after entering practical
applications. The negative impact of safety accidents will seri-
ously damage the competitiveness and industrial progress of
SIBs. This requires improving SIBs’ safety performance from
battery structure design and electrode/electrolyte optimization.
Hence, it is meaningful for phosphate-based polyanionic com-
pounds to improve their compatibility with battery structures
and fire-retardant electrolytes. Meanwhile, to reduce the cost and
achieve environment friendly practical SIBs, the best choice for
phosphate-based polyanionic cathodes is to adopt Fe/Mn-based
phosphates, avoiding the high-cost or toxic elements, such as V,
Cr, Ni, Co, and F. In summary, we hope that phosphate-based
polyanionic compounds can promote the industrial development
of SIBs and meet the different needs of human society.
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