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ABSTRACT

The rapid diffusion of renewable energy boosts the wide deployment of large-scale energy storage system. With the low cost and
high crustal abundance, sodium-ion battery (SIB) technology is expected to become a dominant technology in that area in the
future. Toward the practical application, novel cathode materials are urged to develop that show high energy density without
sacrificing their cost and benignity to the environment. While the years of many studies, this still remains a huge challenge to
battery scientists. In this review, we discuss recent breakthroughs in SIB cathode materials with high energy density, namely
fluorphosphates and fluorosulfates. The design of materials, the crystal structure, the electrochemical performance, and the
underlaying intercalation mechanism are systematically reviewed. Useful strategies and research directions are also provided to

advance future high-energy, low-cost, and ecofriendly cathode materials for next generation SIB.
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1 Introduction

Followed by the success of lithium-ion battery (LIB)
commercialization in the portable electronics market, rechargeable
batteries are expected to be applied in the larger-scale devices
including electromobility (e-mobility) and stationary energy
storage system (ESS) [1-5]. In those applications, one of the
largest concerns is the abundance, cost, and environmental issue
of raw materials including the battery cell components. For
example, in the near future, vulnerable supply of minor metals
such as Co and Li can largely impede the diffusion of LIB. Also,
mining those metals accompanies serious environmental
degradation. It is hard to solve those problems within LIB systems,
and therefore, the development of advanced batteries beyond Li is
highly desired. In this context, sodium-ion battery (SIB) is a
potential alternative choice [6-12]. As the second lightest alkali
metal, Na possesses similar physicochemical properties as Li. So, it
is expected to build batteries with the same architecture of the
LIBs rocking-chair mechanisms. On the earth, Na is far more
plentiful (Na: 23,000 ppm vs. Li: 20 ppm) with the distribution
worldwide in seawater. More importantly, recent studies revealed
that cathode active materials for SIB can be designed without Co
or other minor metals. Cu current collector can also be substituted
for low-cost Al foils. Those advantages of SIB will become more
and more prominent, and SIB will become highly competitive
with the spread of rechargeable batteries in the large-scale
applications.

However, because the Na reduction potential (-2.7 V vs.
standard hydrogen electrode (SHE)) is 300 mV higher than Li
(=3.0 V vs. SHE), the deployment of novel high working voltage
cathode materials is still the one of primary research directions
[13-17]. Roughly speaking, two types of materials are mostly
expected to be the cathode for SIB, including layered oxides and
polyanionic compounds. Although layered oxides usually exhibit
larger capacities, but their operation voltage is relatively low and
cyclability is not high. Meanwhile, polyanionic compounds,
especially with XO," anions (with X = P and S, PO~ and SO,»),
are usually have robust structures, showing longer cyclability.
Besides, operating voltages are often greater than for oxides
because of the polyanions’ inductive effect [18-21], yielding the
increase of the ionic character for the transition metal-oxygen
(M-0) bond, thus raising the redox potential [22]. In other words,
high electronegativity of XO," weaken the M-O bond, resulting
in high operating voltage. Furthermore, introducing
electronegative anions, such as F, namely PO,F* and SO,F"
[23-32], can also increase the redox potential. Those polyanionic
compounds are quite rich in polymorphs and often possess
complicated structures. They are also dependent on their synthetic
route, temperature, redox center metals, and the substituted
electronegative anions. In summary, the advantages of polyanionic
materials over layered oxides are the following: (i) Polyanionic
materials exhibit a very versatile and adaptable structure, one can
mention, phosphates, sulfates, vanadates, and mixed anions, with
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various redox centers (Fe, V, Ti, Mn, Ni, Co,...), (ii) polyanionic
unit permits fast ion conduction within the crystal framework, (iii)
stabilizes the operative redox potentials of the involved transition
metals, (iv) preserve high structural stability during sodium ion
insertion and extraction, and (v) produces higher redox potential
due to strong inductive effect.

Therefore, it is highly beneficial to review various polymorphs
including commercially unviable metals such as Co and V, and to
understand the relationship of structure and -electrochemical
activity. In addition, those polyanionic compounds usually show
very low electrical conductivities at pristine state, and
electrochemical activities, especially high-rate performance and
cyclability, are very poor. So, the engineering in the morphology
control, particle-size, doping, and supporting carbon materials is
necessary to unlock the superior the intrinsic performances of
fluorophosphate and fluorosulfates. In the current review, we
summarize the recent progresses in polyanionic materials towards
high energy density SIB, particularly focusing on Na,MPO,F (M =
Mn, Fe, and Co), NaVPO,F, Na;V,(PO,),F; (NVPF), and
NaFeSO,F. We outline details on the materials design, crystal
structure, electrochemical ~performance, and underlaying
intercalation mechanism. Finally, we explore important insights
and research directions to design low-cost and ecofriendly
polyanionic cathode materials for high energy density SIB.

2 Fluorophosphates

21 Na,MPO,F (M =Fe, Mn, and Co) fluorophosphates

Na,FePO,F, orthorhombic Pbcn. Fe is the most ecofriendly, low
cost, and abundant in the common transition metal elements. In
2007, Nazar’s group firstly reported the structure of Na,FePO,F
and the characterized electrochemical Li-ion intercalation
behavior [33,34]. The structure is layered structure, and is
isostructural to previously reported mixed-anion phosphates such
as Na,FePO,OH [35] and Na,CoPO,F [36]. Its crystal framework
consists of chains formed by F-bridged bioctahedral Fe,O.F,,
being linked through PO, groups to produce the layer structure.
Na atoms are situated at two different positions (Nal and Na2)
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located between those layers, forming two-dimensional (2D) Na-
ions migration paths. They prepared Na,FePO,F nanopowder
with 1%-3% carbon coating (Na,FePO,F/C) via sol-gel method
and solid-state method. Rietveld refinement confirmed the pure
phase (Fig. 1(a)), and the scanning electron microscopy (SEM)
images of the sample elaborated by sol-gel process (Fig.1(b))
revealed the uniform particles distribution with the average size of
200 nm. Besides, they chemically oxidized Na,FePO,F and
obtained pure desodiated parent phase, NaFePO,F. Na-ion
extraction occurred only from Na2 crystallographic site but not
from Nal site, and the Rietveld refinement showed that volume
contraction upon desodiation was only 3.7%. The electrochemical
Li intercalation was tested, and 135 mAh-g™ capacity was attained
with the good cycling performance.

Reversible Na-ion intercalation into Na,FePO,F was firstly
studied by Komaba’s group [37]. They prepared a Na,FePO,F/C
via solid-state process under N, atmosphere at 650 °C for 10 h
using ascorbic acid as the coating source. Structural investigation
of Na,FePOF using X-ray diffraction (XRD), SEM, and
transmission electron microscopy (TEM) images revealed the
formation of the nano-sized Na,FePO,F particles. A
Na/Na,FePO,F half-cell with 1 M NaClO, in propylene
carbonate/fluoroethylene carbonate (PC/FEC) electrolyte was
conducted for the electrochemical testing. A capacity of
110 mAh-g"' was obtained within 2.0-3.8 Vy, at 6.2 mA-g" at
room temperature (RT) (Fig. 1(c)), which is ca. 90% of theoretical
capacity. Two low-polarization voltage plateaus were shown at
3.06 and 2.91 Vy, during both charge and discharge process, and
75% of reversible capacity was reported after 20 cycles. It also
showed acceptable rate capability (Figs. 1(c) and 1(d)).

For the practical application, the rate capability and cyclability
need to be further enhanced. Optimizing the morphology such as
the reduction of particle size and shape engineering of
Na,FePO,F/C using different synthesis routes are the common
techniques [38-41]. For instance, Langrock et al. prepared hollow
500 nm-sized Na,FePO,F/C spheres via ultrasonic spray pyrolysis
[42]. It maintained 80% of the initial capacity over 750 cycles at
1 C. Yan et al. designed Na,FePO,F/carbon nanotube (CNT) via a
layer-by-layer (LbL) assembly method [43]. It offered a specific
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Figure1 (a) XRD of Na,FePO,F and crystal structure of Na,FePO,F. (b) An overview SEM image of Na,FePO,F. Reproduced with permission from Ref. [33], ©
Nature Publishing Group 2007. (c) Charge-discharge cycles of a Na/Na,FePO,F cell at 6.2 mA-g". Evaluation of the effect of ascorbic acid during the preparation is
given in the inset. (d) C-rate characteristics of carbon-coated Na,FePO,F. Reproduced with permission from Ref. [37], © Elsevier B.V. 2011.
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capacity of 100 mAh-g™ at 0.4 C, having 74% of capacity retention
over 400 cycles [43]. Recently, Deng et al. synthesized
Na,FePO,F/C using a green route strategy [39], featuring a high
rate performance with long cyclability. Furthermore, Wang et al.
employed electrospinning technique to prepare nanosized
Na,FePO,F particles inserted into porous N-doped carbon
nanofibers (CNFs) [41], demonstrating a high capacity of
~ 118 mAh-g" at 0.1 C with improved rate capability up to 20 C
and ultralong cyclability over 2000 cycles.

To understand the underlying Na-ions intercalation
mechanisms of Na,FePO,F, Danielle et al. studied the chemical
shift of Na* in Na,FePO,F/C during charge-discharge process
using ex-situ “Na nuclear magnetic resonance (NMR) [44]. The
presence of two distinct phases over the charge process suggested
that Na extraction followed a two-phase reaction mechanism.
Moreover, they investigated the Na-ion exchange rate between
Nal and Na2 using 2D exchange spectroscopy (2D EXSY). It
showed that Nal and Na2 in Na,FePO,F are unexchangeable at
RT. Recently, Li et al. further confirmed that two-phase reaction
mechanisms by combining multiple techniques of ex-situ NMR,
XRD, and density-functional theory (DFT) calculation [45]. Also,
DFT calculation suggested that the formed phase upon charge,
Na, ;FePO,F, adopts to monoclinic system (P2,/c), proving the
previous experimental results by Nazar’s group [33].

Na,MnPO,F. In contrast to 2D framework of Na,FePO,F, Mn-
based fluorophosphate crystallizes with the three-dimensional
(3D) framework in monoclinic system (P2,/n) [46]. 3D diffusion
tunnels desirably facile Na-ions diffusion, and superior
electrochemical performance was anticipated. Despite those
structural advantages, Tarascon’s group [47] and Nazar’s group
[34] revealed that electrochemical activities of Na,MnPO,F for Na-
ion intercalation were extremely poor. In order to boost the
electrochemical activities, Zhong et al. prepared Na,MnPO,F/C by
ball milling and pyrolytic method [48]. The specific capacity was
improved to ~ 120 mAh-g' in the 1" cycle, and a reasonable
cyclability was also obtained. The enhanced electrochemical
activity was due to the small particle size (10-30 nm) and carbon
coating effect. Some researchers followed these strategies in order
to further improve the performances [49-51]. Still, the
electrochemical performance of Na,MnPO/F/C remains
unsatisfactory for the practical application, and the rational design
of Na,MnPO,F electrode beyond those strategies will be favorably
proposed that can unlock the attractive high-voltage performance.

Na,CoPO,F. Being isostructural to Na,FePO,F, Co-based
phase shows layered structure. It is consisted of the accumulation
of [CoPO,F].. layers and Na' cations are hosted in inter-layers
space [36]. The synthesis and electrochemical behavior of
Na,CoPO,F were firstly reported by Nazar’s group [34]. They
obtained Na,CoPO,F via several route of hydrothermal, sol-gel,
and solid-state synthesis. Although Na-ion intercalation was
irreversible at the preliminary study, the working potential of
Na,CoPO,F using the redox of Co™* reaches 4.8 Vy,, being the
highest among its homologs Na,MPO,F (M = Fe, Co, and Mn),
and largely attracted attention. In order to enhance
electrochemical activity, Kubota et al. elaborated Na,CoPO,F/C
via solid-state method [52]. A specific capacity of 100 mAh-g™* for
the 1* charge-discharge process was attained. Notably, the
discharge curve showed a flat plateau at relative high voltage of
4.3 Vy,, reaching high energy density of 407 Wh-kg™. However,
cyclability was poor and needs to be further improved. Zou et al.
prepared Na,CoPO,F/C using spray-drying technique and
sintering at high temperature [53]. A discharge capacity of
107 mAh-g" with a working voltage of 4.3 Vi, was obtained.
Although it showed relatively good rate performance, it still
suffered from low cyclability. Moreover, it is worthwhile noting
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that no electrochemical activity was observed for Na,NiPO,F
below 5.0 Vy, [34].

2.2 V-based fluorophosphates

NaVPO,F, tetragonal [4/mmm. Barker et al. firstly synthesized
and investigated the electrochemical Na-ion insertion activity [54,
55]. It can be elaborated via various synthesis routes including
hydrothermal, ion-exchange, and solid-state methods. A discharge
capacity of 101 mAh-g" was reported for Li-ion intercalation.
Additionally, they tested full-cell using hard carbon as the anode.
For the first cycle, it displayed a specific capacity of ~ 82 mAh-g*
with a working voltage of 3.7 Vy, The discharge capacity
retention rate was less than 50% after 30 cycles, and the capacity
degradation was very significant.

Doping of hetero transition metals is a widely used strategy in
V-based fluorophosphate. Zhuo et al. synthesized the Cr-doped
NaV_Cr,POF (x = 0, 0.04, and 0.08) samples using solid-state
method [56]. XRD showed that all compounds were crystallized in
the monoclinic symmetry (C2/c). The electrochemical tests
demonstrated that Cr-doped materials had superior cycle stability
than undoped materials, having a 20-cycle capacity retention rate
of ~ 91% with a capacity of ~ 83 mAh-g™. Liu et al. prepared Al-
doped NaV,_ ALPOF (x = 0 and 0.02) samples by solid-state
reaction [57]. A specific capacity of ~ 80 mAh-g" was obtained
and retained 85% of capacity over 30 cycles, exhibiting enhanced
electrochemical performances. Zhao et al. synthesized tetragonal
NaVPO,F (I4/mmm) via sol-gel method [58]. It showed the
improved electrochemical performances when used in Li-ion cells.
Combining thermal analysis of thermo-gravimetric/differential
scanning calorimetry (TG/DSC) and XRD revealed that NaVPO,F
phase gradually shifted from monoclinic to tetragonal upon the
elevation of temperatures from 700 to 750 °C. The tetragonal
NaVPO,F showed a discharge plateau at 3.6 Vy;, and after
100 cycles at C/4 and 2 C rates, the discharge capacity retentions
were ~ 99% and 83%, respectively. In order to boost the
electroconductivity and electrochemical activity, Lu et al. prepared
NaVPO,F/C by solid-state reaction [59]. A reversible capacity of
~ 98 mAh-g" and 89% capacity retention over 20 cycles were
achieved. Ruan et al. prepared NaVPO,F/graphene (GR)
composite. It showed a decent retention of ~ 98% over 50 cycles
and a reversible capacity of ~ 121 mAh-g". [60]. The improved
electrochemical performance was due to the higher Na-ion
diffusivity in NaVPO,F/GR compared to NaVPO,F.

Recently, with regard to its high working voltage, NaVPO,F has
gained increasing attention. In this framework, several reports
were published in the aim to boost its cycling stability and rate
performances [24,61-68]. For instance, Jin et al. designed
NaVPO,F/C nanofibers using electrospinning procedure (Fig.
2(a)), exhibiting a high capacity (~ 126 mAh-g™ at 1 C), high rate
performance (~ 61 mAh-g” at 50 C) (Fig. 2(b)), and ultralong
cycle life (Fig. 2(c)) [62]. The remarkable electrochemical activity
of NaVPO4F/C was due to the small nanoparticles (~ 6 nm)
implanted into the porous carbon matrix, which could efficiently
facilitate Na-ions diffusion kinetics. More recently, Chen et al.
proposed the design of symmetric NaVPO,F/C full-cell (Fig. 2(d))
[68]. The symmetric cell exhibited a reversible capacity of
83 mAh-g" at 50 mA-g”, excellent rate capability (Fig. 2(e)), and
long cyclability (Fig. 2(f)). Aside from its high operating voltage,
the electrochemical performances of NaVPO,F cathode have been
outstandingly improved, which makes it promising for high
energy density sodium-ion battery technology. However, deep
investigations in the Na-ion intercalation mechanism and
dynamics using cutting edge operando techniques are highly
desired.

Na,;V,(PO,),F;. Le Meins et al initially reported the
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Figure2 (a) SEM images of NaVPO,F/C nanofibers. (b) Rate capability of NaVPO,F/C materials (the inset is SEM analysis of NaVPO,F/C after 180 cycles). (c) Cycle
life 286 mA-g . Reproduced with permission from Ref. [62], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (d) Design of symmetric NaVPO,F/C full
cells. (e) Rate capability and (f) cycle life of Na-ion full cell at 50 mA-g™. Reproduced with permission from Ref. [68], © The Royal Society of Chemistry 2019.

preparation and structural study of Na;V,(PO,),F; [69]. They
obtained in both single crystal and powder forms via solid-state
and hydrothermal methods, respectively. According to Sauvage et
al. [70] and Massa et al. [71], it adopted to tetragonal symmetry
(P4,/mnm). The crystal structure is constructed from [V",O4F;] bi-
octahedra and PO, tetrahedra. The linkage between the two
octahedra is made by a bridging fluorine apex. Tetrahedra and bi-
octahedra both share all eight of their oxygen vertices. This
connectivity results in channels that run along the a and b axes,
and their intersections form relatively substantial cavities that
house Na-ions. Gover et al. firstly investigated the electrochemical
Li-ion insertion into Na;V,(PO,),F; [72]. The compound was
obtained using a carbothermal reduction method. They reported a
capacity of ~ 120 mAh-g™, involving the activity of two Na*/fu. at
a working voltage of 4.1 V. In addition, 90% of capacity retention
over 220 cycles was observed. Furthermore, Jiang et al. reported
Na;V,(PO,),F5/C produced by sol-gel method [73]. They
reported high capacity of 117 mAh-g™ and excellent cyclability for
Na intercalation.

Reversible Na-ion intercalation into Na;V,(PO,),F; was initially
demonstrated by Shakoor et al. [74]. In addition to experimental
studies, first principal calculation was conducted to elucidate the
intercalation mechanism. The charge-discharge curves exposed
the existence of two plateaus at 3.7 and 4.2 V), giving an
exceptionally high equilibrium potential of about 3.95 Vy, A
capacity of 120 mAh-g" was reached at 0.05 C. Even at 4 C,
94 mAh-g™ was attained, attesting the high-rate performance. The
ex-situ  XRD  analysis indicated that the Na-ion
extraction/insertion ~operates as a single-phase reaction
mechanism with very small lattice volume variation (2%).

While the crystal system of Na;V,(PO,),F; was firstly reported
adopting tetragonal (I4/mmm) symmetry, Tsirlin et al. argued that
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existence of various temperature-dependent polymorphs and the
RT phase was rather fitted to P4,/mnm [75]. Rojo’s group pointed
out that Na,V,(POy),F; is a part of the family,
Na;V,(PO,),F;-Na;(VO),(PO,),F, written by general chemical
formula of Na;V,0,,(PO,),F; ,, (x is between 0 and 1) [76]. They
also obtained the intermediate phase Na;V,0,,(PO,),F; ,, by
hydrothermal synthesis, adopted to P4,/mnm. The intermediate
phase has the mixed-valence of V***. They investigated the
electrochemical mechanism using a combination of high
resolution XRD (HR-XRD), X-ray absorption spectroscopy
(XAS), and *Na and “F NMR [77]. On the basis of structural
investigation data, they proposed the chemical formula of
Na;V,0, 4(PO,),F, 4. The V valence state was determined to be
+3.8 for the as-prepared phase. They demonstrated that Na-ion
extraction/insertion occurs as solid—solution mechanism using ex-
situ XRD and X-ray absorption near edge structure (XANES).
Furthermore, they claimed that the Na-ions extraction occurs
preferentially from Nal site.

Furthermore, Park et al. successfully synthesized the solid
solution of Na;(VO,_PO,),F,» (x = 0.0 to 1.0) via solid-state
synthesis [78]. They formed complete solid solutions over the all
composition range. They exhibited a capacity of 120-130 mAh-g
and an equilibrium voltage of 3.8-3.9 V..

They investigated the intercalation mechanism using both
theoretical and experimental data of Nay(VO,_,PO,),F, .. From
neutron diffraction (ND) and XRD data of chemically desodiated
powder, they claimed a two-phase reaction mechanism. They also
carried out theoretical calculations, showing that by triggering the
3 Na, the voltage increases drastically above 4.5 V, which is above
the stability limit of most electrolytes.

Grey et al. studied the structural changes of Na,V,(PO,),F;
upon cycling process using XRD, and *Na and *P NMR [79].

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure3 (a) In-situ XRD pattern of a Na;V,(PO,),F; electrode at different states of charge (SOC). (b) Ex-situ *Na NMR data of Na,;V,(PO,),F; at various SOC. (c)
The occupancy of Nal and Na2 sites during charge process calculated by integration of “Na NMR data. Reproduced with permission from Ref. [79], © American
Chemical Society 2014. Rietveld refinement of (d) XRD and (e) ND patterns of Na;V,(PO,),F; refined by the Amam space group. The insets reveal enlargements of
relevant diffraction lines. (f) The structure representation of the result obtained from the refinement in the Amam space group, (g) illustrating the alternative structure
with the Amam space group, and (h) comparison with the Na distribution reported in the literature (Le Meins et al. [69]). Reproduced with permission from Ref. [80],
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They showed the existence of three phases during charging which
involves different changes in electronic configurations for Na and
V. In-situ XRD during the first charging process (Fig.3(a))
showed a solid—solution reaction. NMR investigation (Figs. 3(b)
and 3(c)) revealed that the Na extraction process is nonselective
involving both Nal and Na2 sites up to x = 0.9 Na. Later,
Bianchini et al. demonstrated by high resolution synchrotron X-
ray diffraction (SXRD) that Na;V,(PO,),F; adopts orthorhombic
system (Amam) which is different from well-known tetragonal
system (P4,/mnm) [80]. The Rietveld refined SXRD and ND
patterns are depicted in Figs. 3(d) and 3(e). In the new
orthorhombic system, Na atoms are distributed over three
crystallographic sites rather than two sites in the tetragonal system
(Figs. 3(H)-3(h)).

Bianchini et al. proposed an extremely complicated Na-ions
extraction mechanism process upon charge instead of the reported
simple solid—solution mechanism [81]. They carried out a detailed
study of Na;V,(PO,),F;-NaV,(PO,),F; using operando HR-XRD.
The two voltage regions around 3.7 and 4.2 Vy, were investigated
separately ~ (Figs. 4(a)-4(d)). The lower voltage region
demonstrates three biphasic reactions that result in two phases,
Na,,V,(PO,),F; and Na,,V,(PO,),F;. The later composition
exhibits similar structure to that of Na;V,(PO,),F;, adopting
tetragonal system (I4/mmm) due to the presence of disorder at
Na' sites. Na,,V,(PO,),F; instead stabilizes a long-range ordering
to ad ~ 18, pointing to a superstructural arrangement. The higher
voltage region is characterized by two-phase mechanism. The
structure determination of the endmember, NaV,(PO,),F;, was
performed form the on data recorded in-situ, and it was solved in
the Cmic2, space group.

Although the structure of Na,;V,(PO,),F; was considerably
studied, some of them has been inconsistent, and it has not
reached the final conclusion. For better understanding the
structural and electrochemical behaviors of Na;V,(PO,),F;, Broux
et al. inspected the influence of oxygen concentration on the
electrochemistry of Na;V,(PO,),F; ,0, (y = 0 to 0.5) [82]. The
Na;V,(PO,),F;_,O, materials with y from 0 to 0.5 have been
prepared using solid-state reaction. The results of an in-depth
structural study have exposed that all the prepared compounds are
isotypic and crystallize in the orthorhombic symmetry (Amam).

Aiming to increase the rate performance and the cyclability of
Na;V,(PO,),F;, Liu et al developed a  core-shell
Na;V,(PO,),F;@C material by using an in-situ coating procedure.
An excellent capacity of 120 mAh-g' at 1 C, a high rate
performance up to 100 C, and a good cycling performance were
achieved, demonstrating the exceptional electrochemical
performance [83]. Moreover, high electrochemical performance
was obtained when used in a full-cell configuration using
NaTi,(PO,);@C anode, suggesting a practical applicability of
Na;V,(PO,),F;@C nanocomposite for high performance SIB.
More recently, Zhu et al. remarkably improved the rate
performance of Na;V,(PO,),F; via the design of ~ 30-50 nm
nanoparticles associated to graphene, by employing one-step
hydrothermal synthesis (Fig. 5(a)). As shown in Figs. 5(b) and
5(c), the rate capability of graphene coated NVPF (NVPFC GN) is
considerably improved in comparison with the bare NFVP. The
results showed that NVPFC GN material had an excellent energy
density of 348 Wh-kg™ at high current density (charge/discharge
within 6 min), making it a promising cathode material for SIB. It
is even similar to the energy density of the well-known lithium
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iron phosphate cathode LiFePO, [84]. In this context, ie.,
enhancing the rate performance and cyclability of NVPF, several
works on the developing new carbon-coated NVPF and synthesis
procedures were reported [85,86]. For instance, Zhang et al.
developed an easily scalable ball milling effective method to design
the sodium-rich Na,V,(PO,),F; phase which found to crystallize

EZEA
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in orthorhombic system (Amam) [87]. They demonstrated that
this method can be employed to design various types of sodium-
rich materials such as polyanionic compounds, layered oxides, and
alloys. The electrochemical activity of an optimized Na-rich
composition, ie., Na;sV,(PO,),F;, was studied in Na-half cell.
They showed a charging capacity of 167 mAh-g' which
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corresponds to 24% capacity improvement and 10% rise in energy
density compared with Na,V,(PO,),F; in similar Na-half cell.

More recently, extensive research has devoted to increase the
energy density by extracting 3 Na of NVPF in SIB [15,88].
Tarascon’s group electrochemically activated the 3 Na by
forming a disordered Na,V,(PO,),F; phase in the tetragonal
structure  [15]. They demonstrated the possibility to
electrochemically extract almost three sodium ions upon charge
till 4.8 Vy,. It is shown in Fig 6(a), the voltage-composition
curves of various half-cell configurations using NVPF and Na
metal as electrodes charged at a specific extracted sodium amount
(Ax = 2.0, 2.25, 2.5, 2.75, and 3.0). Interestingly, when the
electrode NVPF-3.0 was cycled between 44 and 1.0 V, it
demonstrated an interesting capacity of 200 mAh-g™'. This increase
in capacity is equivalent to a 14% increase in energy density. The
structural variations that occur when the third sodium is activated
in NVPF were examined by ex-situ XRD (Figs. 6(c) and 6(d)).

The observed phase during the charging until Ax = 2 is
perfectly in line with the previous literature, ie., Na,V,(PO,),F;
can be indexed in a Cmc2, [81]. For Ax = 3, they reported a new
phase with an estimated chemical formula of NayV,(PO,),F;
indexing to a tetragonal system (I4/mmm). Indeed, the authors
demonstrated a new strategy to boost the energy density of
Na;V,(PO,),F; electrode material by 14%, while keeping good
cycling and rate performances for advanced SIB.

More recently, Fang et al. [89] examined the impact of particle
shape on Na-ion intercalation properties of Na;V,(POy),F;_,0,.
They prepared a series of Na;V", V" (PO,),F;_,O, phosphates
using solvothermal method. The XRD showed the formation of
pure phases crystallizing in the Amam space group. Different
morphologies were reported using SEM microscopy: nanosphere
(NVPF1), cylindrical agglomerate (NVPF2), micrometric flake
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(NVPE3), and sand-rose (NVPF4) (Fig. 7(a)). The electrochemical
investigation in Na cell showed that particles morphology has an
important effect on the electrochemical activity of the electrode
material (Fig.7(b)). It was shown that both cylindrical
agglomerate (NVPF2) and micrometric flake (NVPF3) exhibit
relatively poor electrochemical performance compared to other
morphologies and it was explained by the stacking of nanosheets
is perpendicular to the Na* diffusion pathways which restricted the
Na* diffusion (Fig. 7(c)). Remarkably, sand-rose and nanosphere
morphologies  demonstrated  the  best  electrochemical
performance, especially high rate performance, which was
explicated by the facile access to the Na diffusion tunnels (Fig.
7(c)).

Newly, Essehli et al. partially substituted the vanadium by
Nickel in the parent Na,V,(PO,),F; and successfully prepared
pure phase Na;,Niy,V,4(PO,),F,O (tetragonal I4/mmm) using a
hydrothermal method [90]. This oxy-fluorophosphate was tested
in both half and full cell against Na and presodiated hard carbon,
respectively. In the half cell, it delivered capacity of 117 mAh-g™ in
the voltage window 2.5-4.5 V at 1 C current rate at room
temperature, retaining 85% of initial capacity after 900 cycles. For
the full cell configuration, it retained 85% of initial capacity after
500 cycles, indicating satisfactory Coulombic efficiency and cycle
life. They also investigated the reaction mechanism using in-situ
XRD in the voltage region 2-4.3 V and showed a reversible single-
phase reaction.

Furthermore, an electroactive fluorophosphate Na;V(PO,),F,
was firstly reported by Liang et al. in 2020 [91]. The synthesis was
performed by sol-gel method and XRD showed that this material
adopts two polymorphs upon synthetic temperature: the low
temperature (600 °C) phase (trigonal P3, abbreviated as t-NVPF)
and the high temperature (800 °C) phase (orthorhombic Pbca, o-
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Figure 6 (a) First cycle voltage-composition profile up to 4.8 V followed by discharge to 1 V at 0.1 C rate, with controlling the amount of sodium extracted, Ax (Na) =
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NVPE). Both exhibit layered structures built via VO,F, octahedra
and PO, tetrahedra sharing corners. One Na-ions can be
electrochemically extracted at 3.4 and 3.5 Vy, for +-NVPF and o-
NVPE, respectively. The authors also reported favorable rate
capability and cyclability up to 1000 cycles for both polymorphs. t-
NVPF phase slightly showed higher rate outpacing the o-NVPF/C
phase. Furthermore, they investigated the Na extraction
mechanism by ex-situ XRD and DFT, revealing that a two-phase
was followed by a single-phase reaction mechanism upon
charging. More recently, Mazumder et al. performed theoretical
investigation using DFT calculations on the Na extraction from
the phases Na;M(PO,),F, (M = Cr and V) and reported that the
extraction of higher Na content (> 3 Na") requires higher voltages,
and the calculated voltages were 4.77 and 4.56 Vy, for Cr and V-
based phases, respectively [92].

Indeed, high electronegative F doping is an encouraging
strategy to improve the energy density of Na super ionic
conductor (NASICON) cathode materials. For instance,
Hou et al. introduced F substitution in Na,MnV(PO,); (NMVP),
creating a  Na-deficient NASICON cathode, namely
Naj g500,,5MnV(POs g5F g5); (NMVPEF) [13]. Combining XRD and
ND analyses, they confirmed the pure NASICON phase (Fig.
8(a)). "F NMR showed the F substitution of O in the crystal
structure. The electrochemical investigation NMVPF in both half-
cell and full-cell configurations proved high energy density of
~ 380 Whkg™ at 0.1 C with both enhanced rate capability and
cyclability outperforming the non-doped NMVP (Fig. 8(b)). A

227 Tsinghua University Press

~ 65 mAh-g" capacity at 5 C with an 85% retention after 500
cycles was achieved in full-cell configuration against a hard carbon
anode, representing a significant improvement compared to
Na,MnV(PO,); (Fig.8(b)). The obtained electrochemical
performance was explained by the partial F substitution to O
atoms within the crystal structure leading to Na vacancies, which
promote Na diffusion. They also used operando XRD to
characterize the structural evolution during the operation (Fig.
8(c)), which demonstrated a two-phase reaction mechanism with
strong structural reversibility in the high voltage region, with a
remarkable difference at high voltage compared to the parent
phase Na,MnV(PO,);. Furthermore, the Na extraction/insertion
process was investigated by combining refined XRD and *Na
NMR (Fig. 8(d)). The results showed that the sodium extraction
occurs from both Nal and Na2 crystallographic sites, but much
faster from Na2 site.

In summary, the fluorophosphates are appealing as cathode
materials for SIBs. Remarkably, Na;V,(PO,),F; is a promising
candidate offering both high capacity and working voltage. It
delivers 200 mAh-g™ for 3 Na* per unit formula with an average
voltage of 395 Vy, However, the vanadium is not
environmentally friendly, which limits its practical use in SIB.
On the other hand, the safer cathode materials made from
ecofriendly and cost-effective chemicals, for example, Na,FePO,F
[41] and Na,MnPO,F [48], are promising candidates. Na,FePO,F
[41] cathode material operates at 3.0 Vy, with a capacity of
~ 118 mAh-g" and excellent cyclability and Coulombic efficiency.
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Figure8 (a) XRD and ND pattern, and their Rietveld refinement of as-prepared NMVPE. (b) Discharge profiles for NMVPF and NMVP in full cell configuration at
different C-rates (left panel), performance comparison of NMVPF with other cathodes from the literature (right panel), and full cell cycling performance (lower part).
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or carbon). Reproduced with permission from Ref. [13], © Elsevier B.V. 2021.

Na,MnPO,F [48] outperforms Na,FePO,F in terms of energy
density, offering high working voltage of 3.66 Vy, and high
capacity of ~ 121 mAh-g’, however, still suffers from poor
Coulombic efficiency and cyclability. As a result, massive efforts
should be made in the near future to optimize Na,MnPO,F
performance by particle size engineering and carbon coating in
order to meet the cathode requirements for high energy density
SIB applications.

3 Fluorosulfates: NaFeSO,F

Sulfate chemistry has grown in popularity for the progress of novel
high-voltage electrode materials for LIB and SIB. The secret
behind the increasing attention about sulfates is the high
electronegativity of SO, polyanion which outpaces phosphates,
and for further increasing the inductive effect, research has been
oriented to the fluorosulphate chemistry.

Since the report of the electrochemical activity of tavorite
LiFeSO,F in 2009 by Recham et al. [27], Tarascon’s group and
Nazar’s group extensively investigated the NaFeSO,F [93-95].
This fluorosulfate can be produced by several approaches such as
solid-state reaction [93], ionothermal synthesis method [93],
polyol-assisted synthesis [94], and also by dehydration of
NaFeSO,F-2H,0 [96, 97]. NaFeSO,F adopts tavorite-like structure
(maxwellite-type structure) with monoclinic struccture (C2/c). Its

crystal framework is built up from corner-sharing of FeO,F,
octahedra linked to SO, tetrahedra producing tunnels where the
Na ions can be stored [97].

The electrochemical activity of NaFeSO,F in SIB was firstly
demonstrated by Tarascon’s group [93,98]. They reported the
electrochemical extraction of 0.7 Na from the structure relying on
the Fe"™ redox couple at around 3.5 Vi, While NaFeSO,F
exhibits high operating voltage, it shows poor electrochemical
activity compared to the Li-rich tavorite LiFeSO,F counterpart.
Moreover, Kim et al. reported a new polymorph of NaFeSO,F
which crystallizes in triplite-type structure exhibiting high
operating voltage of 3.7 Vy, and improved electrochemical
performances than the tavorite polymorph (Fig.9(a)) [23].
The triplite NaFeSO,F delivered almost theoretical capacity
(~ 138 mAh-g') at 0.01 C rate. The origin of the enhanced
electrochemical performance of triplite NaFeSO,F compared to
the tavorite was explained by the difference in fluorine position in
the FeO,F, octahedra, ie., triplite’s cis fluorine position as
compared to tavorite’s trans fluorine position, which may affect
thermodynamics. The authors claimed that the F atoms
significantly closer to one another in the cis configuration which
can increase the electronegativity in the triplite phase (Fig. 9(a)),
and a lower volume change during desodiation (AV/V = 6.9%)
was also reported. In this context, Momida et al. performed first-
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Figure9 (a) Illustration of the crystal structure of triplite NaFeSO, (top part)
and charge discharge curve at a rate of 0.01 C and cycling performance at 0.1 C
of triplite NaFeSO,F (lower part). Reproduced with permission from Ref. [23],
© American Chemical Society 2018. (b) FeSO, (black), NaFeSO,F (red), and
FeSO,F (green) XAS near Fe K-edge spectra simulated by GGA+U. The green
line is the simulated FeSO,F spectrum from the C2/c structural model, while the
green dotted line represents the Na derived NaFeSO,F spectrum. Reproduced
with permission from Ref. [99], © The Physical Society of Japan 2019.

principles investigation of NaFeSO,F as cathode in SIB [99]. They
studied spectroscopic and electronic properties of NaFeSO,F using
generalized gradient approximation (GGA)+U calculations and
they calculated an estimated working voltage of 3.08 Vy,. They
also computed XAS at Fe, Na, and F K-edges for FeSO,F and
NaFeSO,F end members, respectively. Interestingly, comparing
the discharged to the charged state, Fe K-edge showed an
important displacement of the absorption threshold and the near
edge peak position, which was explained by the oxidation of Fe*
in NaFeSO,F to Fe* in FeSO, (Fig.9(b)). This kind of study
provides useful structural insights that can help in understanding
the mechanistic reactions in NaFeSO,F cathode material.
Furthermore, the NaMSO,F family (M = Mg, Co, Cu, and Zn)
was successfully synthesized using solid-state reactions by
Tarascon’s group [93,97]. They adopted the maxwellite-type
structure (tavorite-like framework) with monoclinic system (C2/c).
However, the study showed no electrochemical activity versus
Na*/Na.

The exploration of other alkali metals brought to light K-based
fluorosulphates, KMSO,F (M = Fe, Co, and Ni) [100]. These
fluorosulphates were deployed by solid-state reaction, and pure
phases were formed at 380 °C for Fe-based phase and at 290 °C for
both Co- and Ni-based phases. They crystallized in orthorhombic
system (Pna2,). Their structure is constructed from the linkage of
MO,F, octahedra through their vertices via F atoms leading to
zigzag chains. Each two neighboring MO,F, octahedra are bridged
by two SO, tetrahedra. As illustrated in Figs. 10(a) and 10(b), the
linking of these chains produces two types of large tunnels
running along a- and b-axis where K* can be located. The authors
investigated by in-situ XRD the oxidation of KFeSO,F using
NO,BF, dissolved in acetonitrile to reveal the structural
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information for the FeSO,F end member. The results showed that
FeSO,F is isostructural to KTiOPO, (KTP) with Pnna space
group. The electrochemical activity was investigated for Fe-based
phase in Li, Na, and K-ions batteries (Fig.10(c)). The results
showed reversible activity of ~ 0.9 Li* per formula unit around
~ 3.7 Vy, for a few cycles at C/20 rate. For Na- and K-ion batteries,
a reversible uptake of 0.85 Na* and 0.8 K* ions per formula unit
was reported. The authors observed low polarization in case of Na-
ion battery, which was explained by high Na diffusion kinetics
compared to Li and K counterparts. For the electrochemical
investigation of Ni and Co-based KMSO,F phases versus Li, they
reported that some K can be extracted from the Co phase at high
working voltage of ~ 4.9 V with large irreversibility due to
electrolyte decomposition, whereas no electrochemical activity was
observed for the Ni phase even at 5.2 V. Furthermore, another low
temperature polymorph of KFeSO,F was reported by Lander et al.
[101], which was synthesized by solid-state reaction at relatively
low temperature at 310 °C. It crystallizes in monoclinic symmetry
(C2/c). Its crystal framework is complex layered-structure built up
from FeO,F, octahedra and SO, groups where K* located in the
inter-layer spaces. These reports confirm the structural diversity
and polymorphism of fluorosulphate family.

In summary, fluorosulfates are promising new cathode
materials that have attracted recently several research groups
because of their outstanding high working voltages. For instance,
the low-cost triplite NaFeSO,F shows promising crystal
framework with tunnels allowing high Na conduction. It can be
produced using various techniques such as solid-state,
ionothermal, and polyol-assisted methods. It operates at 3.7 Vy,
with a capacity of 138 mAh-g™, while Coulombic efficiency and
cycling performance possibly will be improved using conventional
methods such as carbon-coating and particle size/morphology
optimization. Furthermore, the structural data base of
fluorosulfates is still limited, making it a suitable playground for
investigating novel low-cost materials such as Mn and Ni-based
systems using various synthesis procedures such as hydrothermal
and sol-gel. Despite the fact that Co and V-based materials have a
high working voltage, concerns regarding their high cost and
toxicity have hindered their practical deployment in batteries.
Besides, exploring other mixed polyanions phosphate-sulfate can
be a promising strategy to design new cathode materials with
interesting structural and electrochemical properties.

4 Summary and perspectives

In the current review, we debated recent advancements in the
progress of high energy density cathodes based on
fluorophosphates and fluorosulfates for SIB. Among many
candidates, polyanionic materials are highly attractive choice
because they shows high operating potential and stable cyclability
due to stable crystal frameworks and high inductive effect of
polyanions. The most attractive cathode material for SIBs offering
both high capacity and working voltage is Na;V,(PO,),F;. As
summarized in Table 1 and Fig 11, Na;V,(PO,),F; material
delivers 200 mAh-g" for 3 Na* per unit formula with a working
voltage of 3.95 V. However, the toxicity of V hinders its practical
use in SIB. The safer cathode materials made from ecofriendly and
cost-effective chemicals, e.g., Na,FePO,F [41] and Na,MnPO,F
[48], are promising candidates. Na,FePO,F [41] cathode material
operates at 3.0 Vy, with a capacity of ~ 118 mAh-g* and excellent
cyclability. Na,MnPO,F [48] outperforms Na,FePO,F in terms of
energy density offering high working voltage of 3.66 Vy, and high
capacity of ~ 121 mAh-g™', however, still suffers from poor cycling
performance. Therefore, enormous efforts should be spent in near
future for optimizing Na,MnPO,F performance via particle size
engineering and carbon coating to fulfil the cathode requirements
for high energy density SIB applications.
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Figure 10 An illustration showing the KMSO,F crystal structure in (a) a direction and (b) b direction. The atoms represented here are M1 (green), M2 (brown), O
(orange), S (dark gray), K1 (yellow), K2 (gray), and F (blue). (c) K)FeSO,F charge-discharge curves, which were produced by electrochemically oxidizing KFeSO,F in a
Li/KFeSO,F cell. The obtained FeSO,F was cycled vs. Li, Na, and K metals using 1 M ACIO, (A = Li, Na, and K) in PC at C/20. Reproduced with permission from Ref.
[100], © American Chemical Society 2012.
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Figure 11 Radar plot comparison of (left plot) cost (USD-kg™) of the transition metal in each cathode material and (right plot) the calculated energy density of the
cathode materials gathered in Table 1.

Table1 Overview of relevant fluorophosphates and fluorosulfates cathode materials for SIBs

Average Theoretical capacity Theoretical energy

Materials voltage (mAh-g') per Spe(crinﬁ;}iag}:a)city density (Wh-Kg™") Coulorgl])cilceelifgiency/
(Vo) Na* per Na'
Fluorophosphates
Na,FePO,F [41] 3.00 124.20 117.8 (0.1 C) 372.58 85%/2000 cycles at 5 C
Na,MnPO,F [48] 3.66 124.73 120.7 (10 mA-g™) 456.50 70%/30 cycles at 10 mA-g™
Na,CoPO,F [53] 4.30 122.45 107.0 (61 mA-g™) 526.52 37%/20 cycles at 61 mA-g™
NaVPO,F [62] 3.50 142.64 126.3 (1 C) 499.22 96.5%/1000 cycles at 2 C
Na,;V,(PO,),F; [15] 3.95 64.15 200.0 (0.1 C) 253.39 —/25 cyclesat 0.1 C
Na 4509 1sMnV(POs 05F 05)5 [13] 3.50 55.87 110.0 (0.1 C) 195.52 84.6%/500 cycles at 5 C
Fluorosulfates
Triplite NaFeSO,F [23] 3.70 138.23 138.0 (0.01 C) 511.45 64%/50 cycles at 0.1 C
Fluorosulfates represent a new category of cathode materials performance still need improvement by the usual approaches such
that have attracted recently several research groups because of as carbon-coating and particle size/morphology optimizing.
their promising high working voltages. For instance, the low-cost Furthermore, the structural data base of fluorosulfates is still poor,

triplite NaFeSO,F operates at 3.7 Vy, with a capacity of therefore it is a promising playground for exploring new low-cost
138 mAh-g?, though the Coulombic efficiency and cycling materials such as Mn- and Ni-based systems. Even though Co-
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and V-based materials offer high operating voltage, the concern
about their high cost and toxicity has complicated their practical
application in batteries.

To design high energy density cathode materials, researchers
should explore new materials with open frameworks such as
layered-type structures or structures with tunnels/cavities, large
enough to facilitate the Na-extraction from the crystal framework.
The crystal framework can be constructed from phosphate groups
and/or sulfate groups in addition to transition metals. Sulfates
exhibit higher operating voltage; however, they suffer from poor
thermal stability, unlike phosphates which show excellent thermal
stability. To innovate new cathodes with both high working
voltage and high thermal stability, fluorophosphates can be a
better choice. The transition metals should be carefully selected,
considering their cost and their toxicity to the environment. For
instance, iron, manganese, titanium, and nickel are suitable low-
cost and ecofriendly candidates. To achieve this goal, materials
chemists should develop and optimize low-cost synthesis
procedures such as sol-gel and pechini methods to prepare in-situ
carbon coated materials with suitable particle size and
morphology in order to boost the electrochemical performances
including rate capability, Coulombic efficiency, and cycle life.
Subsequently, an in-depth structural study should be performed
using cutting edge characterizations such as single crystal XRD, X-
ray photoelectron spectroscopy (XPS), XAS, and NMR to
understand the structure which plays a paramount important role
for the materials properties. The structural understanding upon
battery cycling via operando techniques (XRD, NMR, and XAS) is
also highly desirable to highlight the intercalation mechanism of
the studied materials.
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