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steadily depleting. These realities have 
triggered significant efforts to harness 
renewable energy sources like hydro, 
solar, geothermal, or tidal energy that are 
intermittent in nature. Economic and 
sustainable energy storage devices can be 
coupled with renewable energy generators 
to realize uninterrupted energy supply. In 
this sector, rechargeable batteries form the 
most viable energy storage devices. Today,  
lithium-ion batteries dominate the elec-
tronics market due to their high volu-
metric and specific energy density.[1–5] 
The manifold consumption of lithium 
resources due to the booming multibil-
lion-dollar industry and limited global 
lithium reserves have raised concerns over 
the future supply of Li-based precursors to 
cater to the large scale production of lith-
ium-ion batteries. To alleviate this issue, 
various alternatives using earth-abundant 
elements (e.g., monovalent Na+/K+ and 
multivalent Mg2+/Ca2+/Al3+) have been 
proposed to replace LIBs.[6–10]

The energy density of batteries is lim-
ited by the performance of cathodes. Thus, 

over the last five decades, three major types of insertion mate-
rials have been examined as cathodes for secondary batteries: 
layered transition metal oxides, Mn-based spinels, and polyanion 
type materials (Figure  1a). 2D layered transition metal oxides 
have been extensively studied, but issues like oxygen loss at high 
potentials raise safety concerns and hence oxides like LiCoO2 
or LiNi1−x−yCoxMnyO2 (x  < 1, y  < 1) are mainly limited to small 
portable electronics. Though oxides deliver high energy density, 
they have lower redox potentials due to highly covalent MO 
bonding character.[11] This issue can be evaded by implementing 
3D polyanionic cathode materials with tuneable (high) redox 
potential along with structural/thermal stability leading to safe 
battery operation.[12,13] Plethora of insertion materials have been 
reported with different polyanionic subunits [(XO4)m

n−: X = B, P, 
Si, S, W, Mo, As, Ti, V].[14–16] The high (Pauling’s) electronegativity 
of the X atom increases the ionic character of redox metal spe-
cies enhancing their redox potentials. Variety of insertion mate-
rials have been reported by combining different polyanionic 
subunits (e.g., PO4CO3) or by combining polyanionic units with 
other electronegative elements (e.g., SO4F) (Figure 1). One such 
attractive class of cathodes is alkali metal fluorophosphates 
with high redox potentials stemming from the electronegativity 
of fluorine. Utilizing this concept, Barker et  al. first reported 
LiVPO4F as a 4.1 V cathode for Li-ion batteries (around 2003),  

Cost, safety, and cycle life have emerged as prime concerns to build robust 

batteries to cater to the global energy demand. These concerns are impacted 

by all battery components, but the realizable energy density of lithium-ion bat-

teries (LIBs)is limited by the performance of cathodes. Thus, cathode materials 

have a significant role to play in advancing the performance and economics of 

secondary batteries. To realize next generation Li-ion and post Li-ion batteries, 

a variety of cathode insertion materials have been explored, but finding a cost 

effective and stable cathode material that can deliver high energy density has 

been a daunting task. Oxide cathode materials are ubiquitous in commercial 

applications, as they can deliver high capacity. In comparison, polyanionic 

insertion materials can offer tuneable (high) redox potential, operational safety, 

and structural as well as thermal stability. Indeed, a wide range of polyanionic 

materials like phosphates, borates, sulfates, and their complexes have been 

reported. In this article, alkali metal fluorophosphates class of polyanionic 

cathodes for secondary batteries is discussed. The various reported fluoro-

phosphate insertion materials are discussed in terms of their electrochemical 

and electrocatalytic properties. The historical overview, recent progress, and 

remaining challenges for polyanionic fluorophosphates are presented along 

with suggested future research directions and potential application.
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1. Introduction

Energy has emerged as one of the prime challenges of the 
21st century. The overdependence on fossil fuels and carbona-
ceous materials for energy needs have resulted in an increase 
in carbon dioxide emissions to alarming levels in the earth’s 
atmosphere. At the same time, the fossil fuel reserves are 
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which opened the floodgate of reports on various fluorophos-
phate cathodes.[17–22] Apart from earth-abundant Fe-based mul-
tifunctional end-member, several fluorophosphates have been 
shown to involve multiple electron reaction. Thus, it has been 
possible to realize fluorophosphates as both cathode and anode 
candidates, which can be exploited as both cathode and anode to 
form symmetric batteries. Off late, fluorophosphate family have 
been extended to Na-ion and K-ion batteries with high voltage 
operation. Figure 1b depicts some key milestones in the saga of 
fluorophosphate cathodes for lithium, sodium and potassium ion 
batteries. The structure and electrochemical activity of various 
alkali metal fluorophosphates have been summarized in Table 1.

Parallel to nonaqueous (organic electrolytes based) batteries, 
environmentally benign and economic batteries can be fabri-
cated using aqueous electrolytes offering superior ionic con-
ductivity, roundtrip efficiency and rate kinetics.[23] Dahn et  al. 
first reported the concept of aqueous LIBs and since then many 
battery insertion materials have been implemented in aqueous 
media.[24–28] Additionally, exploiting the transition metal redox 
centers, these fluorophosphate intercalation materials can be 
employed as low cost electrocatalysts suitable for metal–air 
batteries. This review provides detailed outlook at the recent 
advances in exploration of fluorophosphate class of polyanionic 
insertion materials, which are so versatile that they can be 

Figure 1. a) Historical development of cathode materials for secondary batteries from oxides to polyanions. (Top) Three major classes of cathode 
materials developed in the past forty years: oxides, spinels, and polyanions. (Bottom) Polyanionic materials adopt diverse crystal structure based on 
the type of polyanionic chemistry and constituent transition metals. b) Timeline depicting some key developments in the field of fluorophosphate 
cathode materials for Li-, Na-, and K-ion batteries.
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Table 1. Overview of fluorophosphate based cathode materials for lithium, sodium, and potassium on batteries (C, carbon; rGO, reduced graphene 
oxide; CTR, carbo thermal reduction; CNT, carbon nanotube; MWCNT, multiwalled carbon nanotube; SWCNT, single-walled carbon nano tube).

Material Synthesis route Structure Electrolyte used Capacity reported (theoretical capacity) mAh g−1 Reference

LiVPO4F Carbothermal reduction Triclinic 1 m LiPF6 EC–DMC 115 (156) [17]

LiVPO4F Solid-state Triclinic 1 m LiPF6 EC–DMC 155 (156) [59]

LiVPO4F Carbothermal reduction Triclinic 1 m LiPF6 EC–DMC 140 (156) [61]

LiVPO4F Solution method Triclinic 1 m LiPF6 EC–DMC 152.7 (156) [68]

LiVPO4F/N–C Sol–gel Triclinic 1 m LiPF6 EC–DMC 142.1 (156) [69]

G-LiVPO4F/C Sol–gel Triclinic 1 m LiPF6 EC–DMC 151.6 (156) [70]

Li3PO4 coated LiVPO4F Solution method Triclinic 1 m LiPF6 EC–EMC–DMC 134 (156) [73]

Polyaniline coated LiVPO4F Sol–gel Triclinic 1 m LiPF6 EC–DMC 149.3 (156) [76]

Cr doped LiVPO4F Modified CTR Triclinic 1 m LiPF6 EC–DMC 143.5 (156) [78]

LiV0.96Mn0.04PO4F Carbothermal reduction Triclinic 1 m LiPF6 EC–DMC 139 (156) [79]

Ti doped LiVPO4F Modified CTR Triclinic 1 m LiPF6 EC–DMC 128 (156) [82]

LiVPO4F@C Sol–gel + solid state Triclinic 1 m LiPF6 EC–DMC 147.9 (156) [84]

Li5V(PO4)2F2/C Dimensional reduction Monoclinic 1 m LiPF6 EC–DMC 88 (170) [90]

Li5V(PO4)2F2/C nanocomposite Optimized solid state Monoclinic 1 m LiPF6 EC–DMC 70 (85) [92]

LiFePO4F Ionothermal Triclinic 1 m LiPF6 EC–DMC 128.38 (152) [95]

LiFePO4F Solid-state Triclinic 1 m LiPF6 EC–DMC 145 (152) [96]

LiFePO4F/C Solid-state Triclinic 1 m LiPF6 EC–DEC 131 (152) [97]

LiFePO4F Solid-state Triclinic 1 m LiPF6 EC–DEC 119 (152) [98]

LiFePO4F Phosphorous acid route Triclinic 1 m LiPF6 EC–DMC 146 (152) [99]

LiFePO4F Fluorolytic sol–gel Triclinic 1 m LiPF6 EC–PC–DMC 125 (152) [100]

LiTiPO4F Ionothermal Triclinic 1 m LiPF6 EC–DMC 150 (159) [95]

LiTiPO4F/C Ionothermal Triclinic 1 m LiPF6 EC–PC–DMC 157 (159) [103]

Li2CoPO4F Solid-state Ortho-

rhombic

1 m LiPF6 EMS-DMS 109 (143.47) [113]

Li2CoPO4F/C Sol–gel Ortho-

rhombic

1 m LiPF6 EC–DMC or EmS/DMS 132 (143.47) [114]

Li2CoPO4F/C Solvothermal Ortho-

rhombic

1 m LiPF6 DMC–FEC 143 (143.47) [115]

Li2CoPO4F/C Two-step reaction Ortho-

rhombic

1 m LiPF6 DMC–FEC 120 (143.47) [116]

ZrO2 coated Li2CoPO4F Conventional solution 

method

Ortho-

rhombic

1 m LiPF6 EC–DMC 127 (143.47) [118]

Nano SiO2@Li2CoPO4F Hydrothermal method Ortho-

rhombic

1 m LiPF6 EC–DMC 112.4 (143.47) [119]

Li2Ni0.98Co0.02PO4F – Ortho-

rhombic

1 m LiBF4 EC–DMC–sebaconitrile ≈6 µAh (143.6) [126]

NaVPO4F/C Solid-state Monoclinic 1 m NaClO4 EC–DMC 97.8 (142.6) [20]

NaVPO4F Solid-state Tetragonal 1 m NaClO4 EC–DMC 78 (142.6) [52]

NaVPO4F Soft-template method Monoclinic 1 m NaClO4 EC–PC 133 (142.6) [132]

NaVPO4F/C Hydrothermal method Tetragonal 1 m NaClO4 EC–DEC 121 (142.6) [133]

NaVPO4F/C Electro-spinning Monoclinic 1 m NaClO4 PC–FEC 126.3 (142.6) [134]

NaVPO4F/C Sol–gel 1 m NaClO4 EC–DEC–FEC 106 (142.6) [135]

NaVPO4F/C Molten state blending Monoclinic 1 m NaClO4 EC–DEC–FEC 135 (142.6) [136]

NaVPO4F/C Solution method Monoclinic 1 m NaClO4 PC–FEC 111 (142.6) [137]

Na3V2(PO4)2F3 Solid-state Tetragonal 1 m LiPF6 EC–DMC 120 (128.2) [22]

Na3V2(PO4)2F3 Solid-state Tetragonal 1 m NaClO4 PC 108 (128.2) [146]

Na3V2(PO4)2F3 Carbothermal reduction Tetragonal 1 m NaClO4 PC 111.6 (128.2) [147]
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Material Synthesis route Structure Electrolyte used Capacity reported (theoretical capacity) mAh g−1 Reference

Na3V2(PO4)2F3 Solid-state Tetragonal 1 m NaPF6 EC–PC–DMC 200 (192.44) [152]

Na3V2(PO4)2F3@C Sol–gel Tetragonal 1 m NaClO4 EC–PC–FEC 130 (128.2) [153]

Na3V2(PO4)2F3@C/CNT Spray drying Tetragonal 1 m NaClO4 EC–PC–FEC 113 (128.2) [154]

Na3V2(PO4)2F3/C@RGO Sol–gel Tetragonal 1 m NaClO4 EC–DMC 124.5 (128.2) [155]

Na3V2(PO4)2F3@C Solution Combustion Tetragonal 1 m NaClO4 EC–PC–FEC 120 (128.2) [156]

K-doped Na3V2(PO4)2F3@CNT Sol–gel Tetragonal 1 m NaClO4 EC–PC–FEC 120 (128.2) [157]

Na1.5VOPO4F0.5 Solid-state Tetragonal 1 m NaClO4 PC 87 (156) [161]

Na3(VO)2(PO4)2F Hydrothermal Tetragonal 1 m NaClO4 EC–PC 100 (156) [164]

Na3(VO)2(PO4)2F-graphene Solvothermal Tetragonal 1 m NaPF6 EC–DEC 120 (122.4) [172]

Na3(VO)2(PO4)2F-MWCNT Hydrothermal Tetragonal 1 m NaClO4 PC–FEC 98 (122.4) [175]]

Na3(VO)2(PO4)2F Solvothermal Tetragonal 1 m NaClO4 EC–DEC 120 (122.4) [178]

RuO2 coated Na3(VO)2(PO4)2F Micro emulsion 

hydrothermal

Tetragonal 1 m NaClO4 PC 126 (122.4) [180]

Na2FePO4F Ionothermal Ortho-

rhombic

1 m NaClO4 PC 110 (124.2) [19]

Na2FePO4F Solid-state Ortho-

rhombic

1 m NaClO4 PC–FEC 110 (124.2) [184]

Na2FePO4F Mechano chemical Ortho-

rhombic

1 m LiPF6 EC–DMC 116 (124.2) [185]

Na2FePO4F Solution combustion Ortho-

rhombic

0.5 m NaPF6 PC 100 (124.2) [188]

Na2FePO4F Soft-template + ball milling Ortho-

rhombic

1 m NaClO4 EC–PC 116 (124.2) [189]

Na2FePO4F/C solvothermal Ortho-

rhombic

1 m NaPF6 EC–DEC–FEC 120.1 (124.2) [190]

Na2FePO4F/C Ultrasonic spray pyrolysis Ortho-

rhombic

1 m NaClO4 EC–DMC 89 (124.2) [191]

Carbon coated Na2FePO4F Green mechano chemical Ortho-

rhombic

1 m NaClO4 PC–FEC 117 (124.2) [192]

Na2FePO4F/rGO Polyol Ortho-

rhombic

1 m NaClO4 PC–FEC 110 (124.2) [193]

Carbon coated Na2FePO4F Solvothermal Ortho-

rhombic

1 m NaPF6 EC–DEC–FEC 114.3 (124.2) [194]

Na2FePO4F/CNT Layer by layer nano 

assembly

Ortho-

rhombic

1 m NaClO4 EC–DMC 103.5 (124.2) [195]

Na2CoPO4F Solid-state Ortho-

rhombic

1 m NaPF6 EC–DEC–FEC 100 (122.4) [206]

Na2CoPO4F/C Spray-drying Ortho-

rhombic

1 m NaPF6 EC–DMC–FEC 107 (122.4) [207]

Na2MnPO4F Sol–gel Monoclinic 1 m LiPF6 EC–DMC 98 (124.7) [203]

Na2MnPO4F/C Spray-drying Monoclinic 1 m NaClO4 EC–PC 140 (124.7) [208]

Na2MnPO4F/C Spray-drying Monoclinic 1 m NaClO4 EC–PC 178 (124.7) @55 oC [208]

NaVPO4F Sol–gel Tetragonal 5 m NaNO3 54 (142.6) [209]

Na3(VO)2(PO4)2F-MWCNT Hydrothermal Tetragonal 10 m NaClO4 35 (122.4) [175]

Na2FePO4F Solution combustion Ortho-

rhombic

17 m NaClO4 84 (124.2) [210]

Na3V2(PO4)2F3-SWCNT Solid-state Tetragonal 17 m NaClO4 81.3 (128.2) [212]

K3V2(PO4)2F3 Electrochemical ion 

exchange

Ortho-

rhombic

1 m KPF6 EC–PC 100 (115) [213]

KVPO4F Solid state Ortho-

rhombic

0.7 m KPF6 EC–DEC 105 (131.3) [214]

Table 1. Continued.
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used in (non)aqueous batteries as well as bifunctional electro-
catalysts. The synthetic, structural, transport, electrochemical, 
electrocatalytic, and mechanistic properties are summarized for 
various alkali metal fluorophosphates.

2. A Brief History of Cathode Materials

The concept of battery dates back to 1748 when Benjamin 
Franklin coined the termed “battery.” Alessandro Volta made 
the first electrochemical cell in 1800. Since then, this field has 
witnessed a drastic development in terms of chemistry and 
technologies. Ni–Cd and Ni–MH batteries were dominating in 
the early 19th century before lead-acid batteries were revived 
significantly in the mid-1970s. While some chemistry (e.g., Pb 
and Cd) were not benign in nature, all these batteries suffered 
from poor gravimetric/volumetric energy density. Catering the 
ever-growing energy demand of the 21st century world called 
for superior electrochemical storage technology with high 
energy density. The vision was realized in 1991 with the historic 
commercialization of lithium-ion batteries by SONY, which 
remains a key milestone in modern technological revolution. It 
triggered an exponential rise in research and development of 
various Li-ion and post Li-ion battery chemistry.

Ever since secondary batteries based on lithium and sodium 
chemistry have come into existence, research on finding supe-
rior cathode materials has been growing, especially in LIBs 
using graphite as anode. In such batteries, the specific capacity 
and energy density of the cell is limited by the cathode perfor-
mance. The era of LIBs started with oxide cathodes, i.e., LiCoO2 
which was first reported by Goodeneough in 1980.[29] For 
almost 20 years, this material was used as cathode in commer-
cialized LIBs. The properties of the oxide were later improved 
by doping of metal ions leading to the inception and suc-
cessful commercialization of LiNi0.80Co0.15Al0.05O2 (NCA) and 
LiNi1/3Mn1/3Co1/3O2 (NMC) cathodes.[30,31] Spinels like LiMn2O4 
were also found to have high reversible capacities at high oper-
ating potential.[32,33] However, the oxide-based materials suffer 
from thermal runaway at high potentials hence raising some 
safety issues.

Since the discovery of LiFePO4 in 1997,[14] design of poly-
anionic materials based on transition metal-ion having 3D 
crystal structures have been a subject of intense research. Poly-
anion-based materials exhibit many advantages over oxide-based 
materials like robust crystal structure, high redox potential, and 
structural versatility (Figure 2). Since then, variety of materials 
based on different polyanionic groups have been discovered. 
Delmas reported the electrochemical activity in NASICON based 
LiTi2(PO4)3 and NaTi2(PO4)3 in 1987–1988.[34–36] Insertion of Li 
in Fe2(SO4)3 was reported by Manthiram in 1989.[12] Armand, in 
1999, demonstrated improved electrochemical performance in 
LiFePO4 by carbon coating.[37,38] Since then, variety of synthesis 
techniques have been developed to optimize the morphology, 
grain size and resultant properties of cathode materials.[39–44] 
In 2001, lithium metal borates, LiMBO3 (M = Fe, Mn, Co) were 
unveiled as potential alternative to LiFePO4 due to their low 
molecular mass.[45] Li (de)intercalation properties of Li2FeSiO4 
silicate was first reported by Armand and co-workers.[46,47] 
Pursuing (PO4)-chemistry, pyrophosphate-based materials was 

also explored for their intercalation properties.[48–51] Barker pro-
posed Na-intercalation in NaVPO4F in 2003.[52] Following this 
report, many vanadium-based fluorophosphates were reported 
for secondary batteries.[53–57] It also led to the development of 
layered-Na2FePO4F, which was first reported in 2007 by Nazar’s 
group.[18] Notably, the crystal structures of the materials are 
different depending on the nature of the polyanionic groups 
involved. Even after extensive research over three decades, the 
field still stays vast open for the discovery and development of 
new polyanionic insertion materials.

This review will focus on a particular class of polyanionic 
materials as cathodes for secondary batteries: fluorophosphates 
(AMPO4F). This subclass of polyanionic compounds exhibits 
a huge potential in becoming an effective cathode material for 
secondary batteries, in particular, sodium-ion batteries (SIBs). 
The review covers fluorophosphates with various transition 
metals (M = V, Fe, Co, Mn, Ti, Ni). This know-how can be fur-
ther extended to hydroxyphosphates (AMPO4OH) taking into 
account the effect of anionic electronegativity (F− vs OH−) on 
the redox potential. Performance of these fluorophosphate poly-
anionic insertion materials is summarized in both aqueous and 
organic electrolytes. The commercial perspective of these mate-
rials along with some electrocatalytic studies is also discussed.

3. Fluorophosphates

3.1. Fluorophosphates for Lithium-Ion Batteries

3.1.1. Vanadium-Based Fluorophosphates

Fluorophosphates first came into existence when Barker et  al. 
introduced LiVPO4F (LVPF) as a cathode material in 2003.[17] It 

Figure 2. Change in the Mn+1/Mn redox potential for different poly-
anionic systems as a function of electronegativity of the central atom of 
polyanionic groups. More electronegative polyanions deliver higher redox 
potential.
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was synthesized by a two-step carbothermal reduction method. 
Isostructural to LiFePO4OH, it crystallizes in a triclinic struc-
ture with P-1 space group (s.g.) as illustrated in Figure  3a. 
The structure consists of [VO4F2] octahedra linked together by 
F-atoms present at trans position forming chains along c-axis. 
These chains are interconnected by PO4-groups giving rise to 
3D framework. The constituent Li-ions are accommodated in 
two distinct sites: one being a penta-coordinated site (LiO5) with 
occupancy of 18% and the second is an octahedral site (LiO6) with 
82% occupancy.[58] Later, Ateba et  al. carried out careful struc-
tural analysis combining X-ray and neutron diffraction patterns 
and proposed single site occupancy for Li.[59] Different types 
of tunnels were observed in the structure resulting from the  
connection of different octahedra chains [VO4F2] and PO4 tet-
rahedra units with homogeneous VF bond distances along 
the chains. Defects in this crystal structure were observed by 
Masquelier’s group by means of 7Li spin-echo nuclear magnetic 
resonance measurements.[60] Barker group first tested the elec-
trochemical properties of LVPF in lithium-based cell where they 
obtained a capacity of 114 mAh g−1 when cycled between 3 and 
4.4 V at C/5 rate with a discharge plateau at 4.2 V (Figure 3b).

Although they initially focused on one electron V4+/V3+ 
redox activity, they later reported the presence of multivalent 
reactions in LVPF.[56] A capacity of 140 mAh g−1 was obtained 
with two redox plateaus at 1.8 V (V3+/2+) and 4.2 V (V4+/3+) 
having two-phase reaction. Doping of metals (e.g., Al-doping) 
is well-known to facilitate structural stability and hence the 
electrochemical performance. Barker group tried to partially 
substitute Al3+ into V3+ site.[61] Aluminium was chosen because 

i) its ionic radius is close to that of vanadium and ii) LiAlPO4F 
is isostructural to LVPF. Presence of Al decreased the polari-
zation and enhanced the V4+/3+ redox potential from 4.19 to 
4.28 V with improved cyclability. Al-doping helps in mitigating 
the issue of enhanced charge-transfer resistance at the inter-
face of cathode and electrolyte by suppressing the formation 
of surface layer on cathode. It results in low polarization and 
increased redox potential in the electrochemical performance 
of Al-doped cathode materials, which has also been explained 
by theoretical studies.[62–65] With the material showing one 
electron transfer during both oxidation (4.2 V) and reduction 
(1.8 V) processes, a symmetric (−) LiVPO4F || LiVPO4F (+) cell 
was assembled.[56] This is the first example of a symmetric cell 
working with same anode and cathode material. In the poten-
tial window of 2.4 V, this symmetric cell delivered a reversible 
capacity of 130 mAh g−1 albeit with poor cyclability. Following, 
Okada group employed 1 m LiBF4/EMIBF4 ionic liquid electro-
lyte to obtain a stable and reversible symmetric cell.[66] Even 
at 80  °C, a discharge capacity of 120 mAh g−1 was obtained 
at a current density of 1 mA cm−2 as shown in Figure  3c. 
LVPF || graphite full cell have been demonstrated with long-
range cyclability at C/2 rate, giving a capacity of more than 
120 mAh g−1 after 200 cycles.[61] From accelerating rate calo-
rimetry tests on delithiated LVPF sample, it is proposed that 
the thermal stability of the VPO4F–LiVPO4F is comparable to 
LiFePO4–FePO4 system.[67]

The low electronic conductivity of the material limits its appli-
cation in high-power density batteries. This can be improved 
by surface coating and cation doping. Coating materials like 

Figure 3. a) Crystal structure of tavorite LiVPO4F (LVPF) built from VO4F2 octahedra (blue) and PO4 tetrahedra (green). b) The first electrochemical 
report of LVPF cycled in the potential range of 3–4.4 V  giving a discharge capacity of 114 mAh g−1. c) Cycling of LVPF symmetric cell using ionic liquid 
electrolyte at room temperature and 80 °C.  d) Improved cyclability of LVPF on potassium doping. e, f) In situ XRD plots (2D) recorded during cycling 
in low-voltage and high-voltage regions respectively. a) Reproduced with permission.[77] Copyright 2015, IUCr. b) Reproduced with permission.[17] Copy-
right 2003, The Electrochemical Society. c) Reproduced with permission.[66] Copyright 2011, Elsevier. d) Reproduced with permission.[86] Copyright 2018, 
Elsevier. e,f) Reproduced with permission.[87] Copyright 2012, The Electrochemical Society.

Adv. Energy Mater. 2020, 2001449



U
N

C
O

R
R

E
C

T
E
D

 P
R

O
O

F

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59 

www.advenergymat.de

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2001449 (7 of 27)

www.advancedsciencenews.com

graphene, Li3PO4, MoS2, and polyaniline have been reported to 
improve the electronic and ionic conductivity.[68–76] Ion doping 
can change the electronic cloud structure while carbon coating 
can reduce the band gap and hence increase the electronic con-
ductivity.[61,77–83] Core–shell carbon coated LVPF was prepared 
using sol–gel technique and a capacity of 147.9 mAh g−1 was 
obtained at 0.1 C with excellent rate capability and good cycling 
performance.[84] CNT decorated LiVPO4F/C were synthesized 
using sol–gel synthesis route and a high reversible capacity of 
121.1 mAh g−1 at 10 C rate was obtained.[85] Potassium doping 
into vanadium sites suppressed the formation of Li3V2(PO4)3 
impurity and also reduced agglomerization leading to homo-
geneous distribution of particle size.[86] The K-doped samples 
showed lower polarization, reduced charge transfer resistance 
and improved Li+ diffusion coefficient when compared to the 
pristine LVPF as shown in Figure 3d.

Ateba et  al. conducted an in-depth structural investigation 
by employing in situ XRD analysis.[87] The low voltage region 
corresponding to V3+/2+ redox exhibits a biphasic mechanism 
while extraction of Li in the high voltage region (V4+/3+ redox) 
involves two plateaus at 4.24 and 4.28 V. The in situ XRD was 
recorded between 2.5 and 1.45 V during cycling and a gradual 
disappearance of peaks was observed with the gradual appear-
ance of Li2VPO4F phase having C2/c space group (Figure 3e). 
In the high voltage region, an inflection point corresponding 
to the composition of Li0.67VPO4F was observed as shown in 
Figure 3f. This phase can be indexed to a single phase during 
in situ XRD study. However, from LiVPO4F to Li0.67VPO4F, a 
two-phase mechanism was noticed and similar process was 
observed between Li0.67VPF to VPO4F endphase. Surpris-
ingly, this was not observed during discharge with a single 
two-phase reaction occurring between VPO4F and LVPF. This 
structural change was observed to be reversible. Evolving 
factor analysis (EFA) of X-ray absorption near-edge spec-
troscopy (XANES) showed the presence of three reversible 
phases during cycling: LiVPO4F, LixVPO4F (x = 0.80–0.25) and 
VPO4F. No single phase Li0.67VPF was detected.[88] Ellis et  al. 
isolated two end members, namely, VPO4F and Li2VPO4F, 
obtained during cycling of LVPF. Both these end members 
crystallized in a monoclinic structure with C2/c symmetry. 
There is a volumetric change of 15.9% during the two-electron 
transfer process. 6,7Li NMR studies identified two different 
crystallographic sites of Li in Li2VPO4F, which exchange at 
slightly above the room temperature. Vanadyl oxyphosphate, 
LiVPO4O that closely relates to LVPF, has also been studied by 
Croguennec group. It can also exploit two redox couples V5+/4+ 
at 3.95 V and V4+/3+ at 2.3 V (vs Li/Li+). In the high-voltage 
region, the material delivered an initial capacity of 78 mAh g−1,  
which gradually increases to 135 mAh g−1 in 30 cycles with 
steady decrease in polarization.[89] In the low-voltage region, 
three plateaus at 2.45, 2.21, and 2.04 V (vs Li/Li+) were 
observed. The structural variation during cycling was studied 
by in situ XRD measurements.

A new type of vanadium based fluorophosphate, Li5V(PO4)2F2, 
was introduced by Nazar group in 2006.[90] This material was syn-
thesized by reaction of α-Li3V2(PO4)3 in LiF flux and consists of 
anisotropic 2D structure. Since it was synthesized starting from 
a 3D α-Li3V2(PO4)3, it was an interesting example of “dimen-
sional reduction,” a term first coined by Long et al. (Figure 4a).[91] 

It crystallizes in a monoclinic structure with P21/c space group. 
The V–O(F) octahedra are isolated from each other but they are 
interconnected by corner-sharing PO4-tetrahedra groups. The 2D 
sheets of VO4F2–PO4 sandwich the 2D layers of lithium ions. The 
material has a theoretical capacity of 170 mAh g−1 involving two 
electron transfer via V4+/3+ and V5+/4+ redox activity. At a current 
rate of C/10, it delivered a capacity of 88 mAh g−1 when cycled 
between 3 and 4.5 V. A distinct V4+/3+ redox activity was observed 
at 4.15 V. Upon cycling till 5.0 V, a second plateau at 4.7 V was 
observed stemming from V5+/4+ redox activity. Employing 6Li 
NMR study, six crystallographic sites for lithium were deter-
mined (Figure  4b).[92] 2D exchange spectroscopy (EXSY) study 
showed that Li-ions exchange along the a-axis but not through 
(100) plane. They also reported the Li-stuffed structure is not 
conducive for rapid Li-exchange because of high degree ordering 
of the Li sites and lack of vacancies. Li4V(PO4)2F2/carbon nano-
composite was prepared by solid-state route via chemical oxida-
tion of Li5V(PO4)2F2.

[93] Upon delithiation, the ionic mobility was 
enhanced due to creation of vacancies in the structure. 6,7Li NMR 
coupled with 2D EXSY studies were used to characterize the 
structure. These vanadium-based materials, specially LiVPO4F, 
exhibits high reversible capacity, good rate capability and excel-
lent cycling stability. Nonetheless, they never tasted commer-
cial success and real-life products owing to the cost and toxicity 
issues generally associated with vanadium-based compounds.

3.1.2. Fluorophosphates with General Formula LiMPO4F (M = Fe, Ti)

Following the discovery of LiVPO4F, Barker tried to synthe-
size LiMPO4F (M = Fe, Co, Cr, Ti) analogs.[94] He claimed all 
these fluorophosphates to be isostructural and crystallizing in 
triclinic tavorite structure (space group P-1). One such analogue 
LiFePO4F (LFPF) stands out owing to earth-abundant Fe com-
position. However, its synthesis, detailed structure and poten-
tial electrochemical activity was not reported. In 2010, Tarascon 
group first synthesized this material employing both (dry) 
solid-state and (wet) ionothermal synthesis routes.[95] LFPF is 
isostructural to LiVPO4F and LiFePO4OH, and crystallize in a 
triclinic framework built from FeO4F2 octahedra interlinked 
by F-atoms to form parallel chains. These parallel chains are 
cross-linked by PO4-tetrahedra giving rise to a 3D framework. 
They observed a staircase like profile during discharge while 
it was missing during charge. In the same year, Nazar group 
also came up with solid-state synthesis of LFPF but using dif-
ferent precursors.[96] However, with uniform carbon coating 
they were able to (de)intercalate 0.96 Li+ from the material at 
3.0 V. No staircase like profile was observed in their case, rather 
a sloppy behavior was observed till 0.4 Li+ intercalation followed 
by appearance of a two phase plateau (Figure 5a). Facile phase 
transition was confirmed by XRD study. Moreover, it showed 
excellent performance at a high temperature of 55 °C. Chen 
et  al. reported an initial discharge capacity of 128 mAh g−1 at 
1 C current rate retaining 71% of initial capacity at the end of 
100 cycles (Figure  5b).[97] From impedance spectral analysis, 
Prabu et  al. reported ionic conductivity of 0.6 × 10−7 S cm−1 
at 27 °C that increased to 5.4 × 10−7 S cm−1 at 50 °C.  [98] Asl 
reported a phosphorous acid based route for synthesis of 
LFPF.[99] Recently microwave-assisted fluorolytic sol–gel route 
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was also reported to yield submicrometric LFPF particles.[100] 
Solid-solution series between LiFePO4F–LiVPO4O homeotypic 
structures LiFe1−xVxPO4F1−δOδ (0 ≤ x  ≤ 1; 0 ≤ δ  ≤ 0.36) and 
LiFePO4F–LiVPO4F solid solutions LiFe1−xVxPO4F (x  = 0, 0.1, 
0.3, 0.5, 0.7, 0.9, 1) have been attempted.[101,102]

Tavorite mineral type LiTiPO4F (LTPF) was first reported 
by Tarascon group in 2010 by adopting both high-temperature 

solid-state synthesis (at 700 °C) as well as low-temperature 
ionothermal synthesis (at 260 °C)  .[95] Isostructural to LFPF, it 
stabilizes into a triclinic structure with P-1 space group having 
slightly distorted TiO4F2 octahedra. These octahedra are linked 
together by F-atoms present at trans-position to form 1D chains. 
Adopting ionothermal synthesis route led to finer particle mor-
phology when compared to solid-state (ceramic) synthesis, 

Figure 5. a) Electrochemical (dis)charge profile of tavorite LiFePO4F at C/10 current rate at room temperature. b) Electrochemical (dis)charge pro-
file of LiFePO4F at various current rates. c) Electrochemical (dis)charge profile of LiTiPO4F/C when cycled between 1.0 and 4.0 V   (vs Li/Li+) at 
C/15 rate. a) Reproduced with permission.[96] Copyright 2010, The Electrochemical Society. b) Reproduced with permission.[97] Copyright 2014, Elsevier.  
c) Reproduced with permission.[103] Copyright 2016, Wiley-VCH.

Figure 4. a) Illustration of dimensional reduction process from 3D α-Li3V2(PO4)3 to 2D Li5V(PO4)2F2 structure. b) Crystal structure showing six sites 
of lithium in the (100) plane and along a-axis. a) Reproduced with permission.[90] Copyright 2006, American Chemical Society. b) Reproduced with 
permission.[92] Copyright 2008, American Chemical Society.
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thereby delivering a reversible capacity of 150 mAh g−1. The 
electrochemistry of the material revealed a staircase like voltage 
profile with reversible plateaus centered at 2.9 and 1.7 V (vs 
Li+/Li) owing to multiple redox processes involving Ti during 
cycling. Rangaswamy et al. revisited the ionothermal synthesis 
to form carbon-coated LTPF compound by employing C2-OH 
DCA ionic liquid.[103] From cyclic voltammetry, they confirmed 
the presence of Ti3+/Ti2+ and Ti4+/Ti3+ redox couples in the 
voltage range of 1–4 V (vs Li+/Li). A first discharge capacity of 
157 mAh g−1 was obtained at C/15 rate with excellent cyclability 
till 200 cycles (Figure  5c). They also fabricated a full-cell with 
graphite as an anode delivering the first discharge capacity of 
149 mAh g−1 and retaining 87% of the initial value at the end 
of 200th cycle. Effect of temperature on the half-cell properties 
was also studied and good cyclic behavior was observed at both 
low temperature (10 °C) and high temperature (55 °C)  . Mate-
rial stability during cycling was also confirmed by ex situ XRD. 
They further studied LTPF in aqueous electrolyte and reported 
it as an anode for aqueous LIBs in 2 m Li2SO4 aqueous elec-
trolyte.[104] A new synthesis route namely reaction under auto-
genic pressure at elevated temperature (RAPET) was adopted. 
Li-rich Li[Li0.2Co0.3Mn0.5]O2 was used as a cathode for full-cell 
electrochemical studies. With the help of CV, the potential 
window was carefully optimized to +1.2 to −1.0 V. A reversible 
discharge capacity of 82 mAh g−1 was obtained at C/5 current 
rate corresponding to 0.52 Li+ intercalating within anode and 
cathode. Singh et al. came up with another synthesis route for 
LTPF using direct chemical solution deposition process without 
any post heat treatment. It led to the development of flower 
like morphology.[105] A stable discharge capacity of 150 mAh g−1 
at a rate of C/10 for the initial 10 cycles was obtained. Gener-
ally, tavorites form open frameworks capable of efficient Li+ 
(de)intercalation. Thereby, tavorite structured LFPF and LTPF 
were found to be electrochemically active electrode materials 
involving stair-case type voltage profiles with excellent revers-
ibility. Based on earth-abundant Fe and Ti chemistry, they can 
form economic electrodes for batteries. Nonetheless, operation 
at intermediate voltage (<3 V for LFPF and ≈1.1 V for LTPF vs 
Li+/Li) restricts their energy density and therefore hindering in 
possible practical application.

3.1.3. Fluorophosphates with General Formula Li2MPO4F (M = Fe, 
Co, Mn, Ni)

These materials have attracted wide interest due to the possi-
bility of (de)intercalating more than one lithium-ion per transi-
tion metal resulting in high energy density. Depending on the 
type of transition metal and synthesis approach, these mate-
rials can adopt diverse crystal structure. Phase-pure Li2FePO4F 
(L2FPF) was first obtained by Nazar group (in 2010) by chem-
ical reduction of tavorite LiFePO4F.[96] It was found to adopt an 
isostructural triclinic P-1 type structure with 8% increase in the 
unit cell volume. The reduction of Fe3+ to Fe2+ was confirmed 
by Mössbauer spectroscopy. The structure was solved by com-
bining both X-ray and neutron diffraction patterns.[106] Overall, 
the corner-shared framework of FePO4F remained intact upon 
chemical reduction. Three crystallographically unique sites 
were identified for constituent Li species (Figure 6a). The Li1 

is positioned close to the centroid of the split Li position in 
LiFePO4F. However, due to larger size of Fe2+, the site of Li1 
is smaller than that in LiFePO4F. The other two sites Li2 and 
Li3 are equally occupied by 0.5 lithium. Li2 is situated between 
chains of Fe octahedra that are coordinated by two fluorine 
and four oxygen ligands. The Li3 site is octahedrally coordi-
nated by one fluorine and five oxygen ligands. Moreover, they 
observed that L2FPF obtained from reduction of LiFePO4F dif-
fers from the one obtained by ion exchange of orthorhombic 
Na2FePO4F.[18] L2FPF obtained by ion exchange in Na2FePO4F 
resulted in a layered 2D orthorhombic structure. It delivered 
a discharge capacity of 110 mAh g−1 at 3.3 V. Antipov group 
synthesized mixed NaLiFePO4F followed by electrochemical 
replacement of Na by Li to obtain Li2FePO4F end-product.[107] 
The electrochemistry showed similar behavior to that of layered 
Li2FePO4F having a solid-state regime at 3.4 V (vs Li+/Li). The 
presence of antisite disorder was also studied.[108] The oxygen 
atoms linked to Li and P atoms result in bond misbalance 
when Li is extracted out of the system during charging. This 
misbalance is restored by Fe migration toward Li sites leading 
to Li/Fe antisite disorder.

The cobalt analog, Li2CoPO4F (L2CPF) was first reported 
by Okada group in 2005.[109] Employing powder (X-ray and 
neutron) diffraction patterns, L2CPF was found to assume an 
orthorhombic structure with Pnma space group. It consists 
of edge sharing CoO4F2 octahedra resulting in the formation 
of rutile like chains that are interconnected by PO4 tetrahedra 
groups to give rise to a 3D structure. Being categorized as >4 V 
cathode material, the cycling was carried out in 1 m LiPF6 in 
ethyl methyl sulfone (EMS) electrolyte. L2CPF was reported as 
5 V cathode material with no structural changes during cycling. 
However, an irreversible capacity loss was observed after first 
cycle due to decomposition of electrolyte at higher voltages. 
They also studied the solubility of material in electrolyte and 
thermal stability of the material. The crystal structure was fur-
ther solved using precession electron diffraction (PED) pattern 
and transmission electron microscopy (TEM).[110,111] Using PED, 
Fourier maps were built to identify the exact location of Li-
atoms. Khasanova et al. tried to identify the structural changes 
happening in the material during cycling.[112] They found three 
crystallographic sites of lithium in the structure. Two of them 
(L1 and L2) were present in penta-coordinated sites (LiO5) while 
the third one (L3) was present in an octahedral environment 
(LiO6). From BVS calculations, L3 site was found to be tightly 
bonded and hence less mobile. Upon cycling in the potential 
window of 3.0–5.1 V (vs Li+/Li), irreversible structural changes 
were observed above 4.8 V during first charge with volumetric 
expansion of >3 .5% (Figure 6b). They proposed the structural 
transformation happening due to mutual rotation of CoO4F2 
octahedra and PO4-tetrahedra. However, this transformation was 
found to assist the subsequent Li-(de)intercalation in the struc-
ture, which was further confirmed using cyclic voltammetry.[113] 
While one anodic peak was obtained upon charging till 5.0 V, 
two distinct anodic peaks were observed upon charging till 
5.5 V. The presence of two peaks implies extraction of Li from 
two energetically distinct sites. However, these peaks merged 
in subsequent cycles hinting at structural relaxation hap-
pening during initial cycle. A reversible capacity of 109 mAh g−1  
was observed when cycled between 2.0 and 5.5 V versus  
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Li+/Li. The discharge profile exhibited sloppy nature indicating 
a solid-solution type behavior. Good cyclability was observed till 
20 cycles albeit with poor coulombic efficiency due to electro-
lyte decomposition.

Yang group came up with sol–gel synthesis of L2CPF where 
they managed to obtain carbon-coated nanometric particles.[114] 
Upon cycling between 2.0 and 5.4 V versus Li+/Li, they obtained 
a capacity of 138 mAh g−1 at 1 C current rate. Even at 20 C rate, 
a discharge capacity of 119 mAh g−1 was observed. This excel-
lent performance was attributed to nanosized particles and uni-
form carbon coating which enhanced the electrical conductivity 
of the material. The performance was found to be similar in  
1 m LiPF6 in EMS/DMS electrolyte except a slight improvement 
in the coulombic efficiency, which corresponds to the high sta-
bility of sulfone-based electrolytes at higher voltages. They also 
fabricated a full cell with Li4Ti5O12 anode. When cycled between 
0.5 and 3.9 V,   the full cell delivered a capacity similar to half-
cell with excellent power density (Figure  6c). However, poor 
cycling performance was observed due to high charge transfer 
resistance resulting from electrolyte decomposition. Until now, 
many other synthesis approaches have been adopted. How-
ever, structural transformation was observed in all cases when 
charged above 5 V  leading to an irreversible capacity loss after 
first cycle.[100,115,116] Kobayashi et al. reported a detailed study on 
the structural changes happening in L2CPF.[117] They identi-
fied the use of fluoroethylene carbonate (FEC)-based electrolyte 

[LiPF6–FEC/dimethyl carbonate (DMC) (1:4)] instead of EC-
based electrolyte improved the capacity significantly (Figure 6d). 
It is due to reduced amount of PF6

− anion formation and rapid 
protective film formation on the surface of L2CPF inhibiting 
the damage to PO4- tetrahedra. It yielded a discharge capacity 
of 135 mAh g−1 corresponding to 0.94 Li intercalation into the 
structure. The underlying structural transformations at various 
(dis)charge states were analyzed using synchrotron XRD, X-ray 
absorption near-edge structure (XANES) and nuclear magnetic 
resonance (NMR) studies. It was observed that using FEC based 
electrolyte inhibited the irreversible structural change occurring 
at >4.8 V   in ethylene carbonate (EC)-based electrolyte, which 
led to superior performance of L2CPF. However, they observed 
a phase change in the material during extraction of lithium. 
A second orthorhombic LiβCoPO4F phase was produced from 
the pristine sample by a combination of solid-solution and two-
phase reaction pathways during first charge. This phase change 
is reversible involving a volume expansion of 4.5%. From 7Li 
MAS NMR spectroscopy coupled with classical molecular 
dynamics simulations, only one Li site was found to be active in 
(de)intercalation with other two sites remaining inactive.

One way to improve the electrochemical performance is 
by coating the surface with an oxide layer to avoid electrolyte 
decomposition. These oxide layers act as an inert layer between 
electrode and electrolyte especially in the case where HF is 
generated during side reactions. In this pursuit, Amaresh 

Figure 6. a) Crystal structure of Li2FePO4F showing three different sites of lithium. b) Cyclic voltammetry of Li2CoPO4F recorded in various anodic limits 
at a scan rate of 50 µV s−1 to identify the underlying structural transformations. c) Electrochemical (dis)charge profile of Li2CoPO4F | Li4Ti5O12 full cell 
in LiPF6 EC/DMC electrolyte at various rates. d) (Dis)charge profiles for Li2CoPO4F at C/5 rate when cycled between 2 and 5.4 V  using A) 200 µL  of 
1 m LiPF6 in EC/DMC, B) 200 µL  of 0.5 m LiPF6 in FEC/DMC, C) 50 µL  of 1 m LiPF6 in EC/DMC, and D) 50 µL  of 1 m LiPF6 in FEC/DMC electrolyte. 
e) The initial (dis)charge profiles of pristine Li2CoPO4F and Li2CoPO4F coated with various amounts of ZrO2 when cycled between 2 and 5.1 V  versus 
Li+/Li at 10 mA  g−1. f) Li migration system in Li2CoPO4F as obtained from DFT-NEB analysis. a) Reproduced with permission.[108] Copyright 2016, 
American Chemical Society. b) Reproduced with permission.[112] Copyright 2011, Elsevier. c) Reproduced with permission.[114] Copyright 2012, Elsevier. 
d) Reproduced with permission.[117] Copyright 2015, American Chemical Society. e) Reproduced with permission.[118] Copyright 2013, Elsevier. f) Repro-
duced with permission.[120] Copyright 2017, American Chemical Society.
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et  al. reported ZrO2 coated L2CPF exhibiting superior perfor-
mance (Figure  6e).[118] This also enhanced the active surface 
area favoring effective utilization of the capacity. Chang et  al. 
were able to improve the performance by targeted nano-SiO2 
coating on the surface of L2CPF.[119] Antipov group elucidated 
the Li-ion transport properties in the material using theoret-
ical approach.[120] The Voronoi–Dirichlet partitioning and BVS 
approaches predicted 1D pathway along [010] axis, however, 
density functional theory revealed additional low energy tran-
sitions indicating presence of 3D pathways (Figure  6f). They 
also predicted the possibility of only one Li (de)insertion in 
the stable operating voltage window of existing commercial 
electrolytes.

Exploring Mn chemistry, Li2MnPO4F (L2MPF) was obtained 
by ion exchange from Na2MnPO4F. It was found to be iso-
structural to the parent phase.[121] 2D Li-diffusion pathways 
were predicted using BVS calculation. It exhibited a discharge 
capacity of 140 mAh g−1 at an average cell potential of 3.9 V 
versus Li/Li+. Ni-based fluorophosphate, Li2NiPO4F (L2NPF) 
was first reported in 1999 without any electrochemical activity 
due to decomposition of commercial electrolytes at high volt-
ages.[122] Several attempts have been reported in literature to 
enhance the electrolyte voltage stability window beyond 5.5 V.  
Glutaronitrile or adiponitrile-based solvents were found to 
be stable till 8.0 V   versus Li/Li+ for electrochemical double-
layer capacitors.[123] Abu-Lebdeh proposed that addition of EC 
as a cosolvent to adiponitrile or glutaronitrile-based solvent to 
enhance the stability window to 6.0 V  for LIBs.[124,125] Addition 
of EC cosolvent to dinitrile solvent reduces the viscosity of the 
electrolyte and enhances the conductivity. However, aluminium 
corrosion is observed at such high voltages using dinitrile-based 

electrolytes. Okada group employed 1 m LiBF4 in EC/DMC/
sebaconitrile (25:25:50 by vol%) electrolyte, which is stable up 
to 6 V   versus Li/Li+.[126] Utilizing this electrolyte, Li2NiPO4F 
was shown to work as a 5.3 V  battery cathode material for the 
first time. Employing classical atomistic simulation, 3D Li-ion 
conducting pathways were predicted along with occurrence of 
Li/Ni antisite defects.[127]

3.2. Fluorophosphates for Sodium-Ion Batteries

3.2.1. Vanadium-Based Fluorophosphates

NaVPO4F (NVPF) is known to exist in two polymorphs: a 
high temperature tetragonal phase and a low-temperature 
monoclinic phase. The tetragonal phase is isostructural with 
Na3Al2(PO4)3F2 with an I4/mmm symmetry.[54] It has a 3D 
structure built from [VO4F2] octahedra connected with [PO4] tet-
rahedra rendering open channels where Na+ ions are located. 
Barker et al. first reported the tetragonal NVPF phase in 2003 
synthesized via solid state route.[52] They fabricated a full-cell 
using hard carbon as anode delivering a discharge capacity 
of 82 mAh g−1 at an average cell voltage of 3.7 V   (vs Na/Na+) 
involving V4+/V3+ redox activity. A two-step (dis)charge profile 
was observed.

The monoclinic polymorph of NVPF (with C2/c symmetry) 
was proposed by Zhuo et  al. and Liu et  al. (Figure  7a).[128,129] 
However, its detail structural analysis still remains an open 
issue. Boivin et al. reported a tavorite based NaVPO4F in which 
they observed the oxidation state of vanadium to be slightly 
higher than V3+ (Figure  7b). However, they could extract only 

Figure 7. a) Crystal structure of monoclinic NaVPO4F. b) Crystal structure of triclinic tavorite NaVPO4F. c) Long-term cyclability of NaVPO4F up to 2500 
cycles at 5C rate showing 70% of capacity retention at the end. d) (Dis)charge profile of monoclinic NaVPO4F at 0.5C rate when cycled between 2.0 
and 4.3 V.  e) In siu XRD pattern of NaVPO4F during (dis)charge. a,d,e) Reproduced with permission.[136] Copyright 2018, Royal Society of Chemistry.  
b) Reproduced with permission.[130] Copyright 2017, Royal Society of Chemistry. c) Reproduced with permission.[135] Copyright 2018, Elsevier.
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15% sodium out of the structure.[130] Many synthesis tech-
niques have been adopted to synthesize NVPF.[20,52,131–134] 
Balaya group synthesized monoclinic NVPF using soft template 
method using V2O3 and V2O5 as precursor. NVPF synthesized 
by utilizing V2O5 as precursor delivered a discharge capacity of 
121 mAh g−1 at 1 C current rate with a discharge plateau at 3.33 V.  
It delivered excellent cyclability retaining 81% of discharge 
capacity at the end of 10  000 cycles running at 10 C rate. 
Negligible volumetric changes were observed by ex situ field 
emission scanning electron microscopy (FESEM). This material 
suffers from low electronic conductivity that can be improved by 
carbon coating to obtain superior electrochemical performance. 
Feng et  al. reported a bottom-up synthesis route based on 
hydrogen bonds to synthesize NVPF/C cathode material. The 
resulting nano-sized 3D coral-like structures exhibited excellent 
rate capability and cycling stability. A capacity of 88 mAh g−1  
was obtained at 50 C rate, with 70% capacity retention after 
2500 cycles at 5 C rate (Figure  7c).[135] Monoclinic NVPF@C 
prepared by molten-state-blending technique showed high 
crystallinity, high thermal stability and good electron/Na+ trans-
port. When cycled between 2 and 4.3 V,   discharge capacity of 
≈130 mAh g−1 was obtained at 0.5 C rate with a voltage plateau 
at 3.4 V (Figure 7d). The reversible structural change during (de)
intercalation was examined using in situ XRD study (Figure 7e). 

A discharge capacity of 112.1 mAh g−1 was obtained at 30 C rate 
with super stable cycling performance for 1500 cycles at 20 C 
rate with capacity fading of just 0.0064% per cycle.[136] Recently 
Ge et  al. reported a carbon-coated monoclinic NVPF with 
enhanced conductivity of 4.2 × 10  −2 S cm−1 delivering supe-
rior cycling performance.[137] On another note, small amount of 
metal-ion (Cr3+, Al3+) doping into the V sites have been shown 
to improve the cyclability of monoclinic NVPF phase.[131]

NASICON structured Na3V2(PO4)2F3 (N3VPF) is a widely 
explored vanadium based fluorophosphate owing to its high 
theoretical capacity involving three electron transfer reaction. 
Its theoretical energy density (507 Wh   kg−1) is comparable to 
commercial LiFePO4.

[138] Isostructural to Na3Fe2(PO4)2(OH)2F 
and Na3V2(PO4)2O2F, the crystal structure of N3VPF was first 
reported by Meins et  al.[54,139] It assumes a tetragonal frame-
work (s.g. P42/mnm) consisting of [V2O8F3] bioctahedra units 
abridged by PO4 tetrahedra units building a 3D network with 
Na+ diffusion pathways along (110) and (100) directions. The 
PO4-group imparts structural and thermal stability decreasing 
the chances of O2 evolution thereby improving the capacity 
retention.[140–142] Masquelier group also carried out struc-
tural investigation using high-resolution diffraction study and 
observed significant orthorhombic distortion in the struc-
ture having a strong impact on the sodium distribution in 

Figure 8. a) Potential versus composition curves of Na3VPF where the first cell was cycled (galvanostatic intermittent titration technique) between 
Na3VPF and Na2VPF and the second one is galvanostatic cycling between Na2VPF and Na1VPF. The single-phase compositions are highlighted by 
colored circles. b) First cycle activation of Na3VPF in which it is charged up to 4.8 V  and then the charge is controlled by limiting ∆x(Na) = 2, 2.25, 2.5, 
2.75, 3.0 extracted followed by discharge till 1 V  at C/10 rate. c) Crystal structures of NaxVPF at different states of charge. a) Reproduced with permis-
sion.[158] Copyright 2019, Wiley-VCH. b,c) Reproduced with permission.[152] Copyright 2019, Nature.
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the planes.[143] Broux et. al. studied the temperature depend-
ence of structural properties of N3VPF leading to the forma-
tion of more symmetrical tetragonal structure and complete 
disorder on the sodium sites.[144] They observed order-disorder 
transition at 125 °C,   which affects the ionic properties of the 
material by decreasing the activation energy barrier. The elec-
trochemical properties of N3VPF was first reported by Barker 
group in 2006 where they tested it as a positive electrode mate-
rial for LIBs yielding a capacity of 120 mAh g−1.[22,145] Shakoor 
et  al. first demonstrated reversible Na-ion intercalation in this 
material.[146] However, the (dis)charge profile was contrary to 
Li-intercalation and exhibited two voltage plateaus at 3.7   and 
4.2 V.  The underlying structural changes in N3VPF are widely 
investigated using variety of characterization techniques.[147–149] 
Bianchini et. al. used high angular resolution synchrotron 
diffraction to unravel four different phases (Figure  8a).[149] 
Interestingly, only one of these phases was found to exhibit 
solid-solution process in the range of x = 1.8–1.3 during deinter-
calation, while the completely discharged product was found to 
have Cmc21 symmetry. They studied the symmetry differences 
in between these phases by resolving weak Bragg reflections. 
They also examined the crystal structure using direct operando 
measurements for the first time. Masquelier group also carried 
out operando X-ray absorption spectroscopy and 51V  solid-state 
NMR studies showing VIV disproportionation.[150] Using vana-
dium K-edge XANES study, they showed the phenomenon of 
disproportionation occurs immediately after the extraction of 
one sodium-ion and not only at the end of charge. The struc-
tural changes were further studied using 23Na and 31P solid-
state NMR studies.[148] It identified V4+ defects in the structure 
leading to increase in the Na mobility during charge process. 
Assuming 3 electron transfer, N3VPF can deliver a theoretical 
discharge capacity of 256 mAh g−1 but only capacity corre-
sponding to one electron transfer can be practically realized. 
Electrochemically inactive Ga3+ ions were doped in the V3+ sites 
in order to identify whether the overall capacity is limited due 
to V site.[151] Na3GaV(PO4)2F3 delivered a capacity of 141 mAh g−1  
indicating that Na3GaV(PO4)2F3 is site-limited and not redox-
limited. Constant efforts have been made to enhance the energy 
density of the material to inch closer to commercialization with 
performance comparable to existing lithium cathodes. One 
such possible route is by activating the third sodium ion pre-
sent in the structure. However, this process is not trivial since 
it is theoretically predicted that the third sodium ion can be 
removed from the structure at >4 .9 V  versus Na/Na+, which is 
too high for the existing electrolytes. However, Tarascon group 
recently demonstrated the removal of third sodium ion from 
the pristine structure during charge leading to formation of a 
disordered phase of tetragonal symmetry capable of intaking 
three sodium ions during subsequent discharge when cycled in 
voltage range of 1–4.8 V  with the last sodium ion being inserted 
at 1.6 V  (vs Na/Na+) (Figure 8b).[152] It remains disordered upon 
cycling. They also studied the distribution of sodium inside 
the crystal structure of N3VPF at various states of charge by 
recording ex situ X-ray diffraction patterns (Figure  8c). A full 
cell was also fabricated using disordered N3VPF showing an 
increase in energy density by 10–20%. The electrochemical 
performance of the material is limited by low intrinsic elec-
trical conductivity and large particle size, that can be improved 

by carbon-coating, particle downsizing and/or alkali/metal-
ion doping.[153–156] Carbon coating enhances the electronic 
conductivity, smaller particle size implies shorter diffusion 
length hence improving the performance at higher C rates, 
while metal/alkali ion doping broadens the diffusion pathway 
inside the structure. Carbon-coated N3VPF delivered a dis-
charge capacity of 130 mAh g−1 with good cycling stability up to 
3000 cycles. N3VPF@C/CNT composite synthesized via spray 
drying technique showed a discharge capacity of 85 mAh g−1  
even at a fast current rate of 30 C. High tap density was 
obtained from N3VPF/C@RGO composites. Moderate substi-
tution of potassium in some vanadium sites led to broadened 
ion diffusion pathways, hence improving the overall electro-
chemical performance. It delivered superior electrochemical 
performance than pristine N3VPF and N3VPF@CNT com-
posite. A capacity of 120 mAh g−1 was achieved at 1 C rate and 
over 90 mAh g−1 was achieved at 10 C rate after 1600 cycles.[157] 
Even at 50 C, the cell was able to retain 90% of the capacity after 
6000 cycles. Broux et  al. recently assembled 18650 prototype 
cells using N3VPF as cathode and hard carbon anode delivering 
an energy density of 75 Wh  kg−1 with excellent cyclability and 
rate capability. The carbon-coated N3VPF showed good electro-
chemical performance even at 0 °C.  [158] Nguyen et al. reported 
the solid solution between Na3V2(PO4)2F3 and Na3V2(PO4)

2FO2.
[159] The solid solution was further studied by density func-

tional theory method and 31P and 23Na magic-angle spinning 
NMR study.[160] They observed complex spin transfer mecha-
nism between the two materials because of the peculiar nature 
of electronic structure of V-ions.

The Na3(VO1−xPO4)2F1+2x (0 ≤ x  ≤ 1) (N3VOPF) family of 
vanadium fluorophosphates involving both V4+/V3+ oxida-
tion states can be obtained by oxygenation of N3VPF. In this 
family, Na3(VO)2(PO4)2F (N3VOPF) has a theoretical capacity of 
130 mAh g−1 with high energy density. First reported by Sau-
vage et  al. and Massa et  al., it crystallizes in tetrahedral struc-
ture with I4/mnm space group.[161,162] Tsirlin et  al. reported a 
different room temperature polymorph with P42/mnm space 
group as shown in Figure  9a.[163] Both N3VPF and N3VOPF 
exhibit similar structures with replacement of one of the F-atom 
by O-atom. Sauvage et  al. were the first to study the electro-
chemical activity in this system, reporting a discharge capacity 
of 87 mAh g−1 at C/100 rate having with two voltage plateaus at 
3.6  and 4.0 V  (vs Na/Na+).[161] Na3(VO1−brxPO4)2F1+2x family was 
reported by Rojo group in 2012.[164] N3VOPF with mixed V4+/V3+ 
valence state was demonstrated by Park et al. and Qi et al.[165,166] 
Na3V2O2(PO4)2F prepared by solvothermal route delivered a 
discharge capacity of 73 mAh g−1 at 10 C rate along with 90% 
of capacity retention at 2 C rate for 1200 cycles.[165] Mono crys-
talline 3D nanostructured N3VOPF formed on flexible gra-
phene exhibited superior rate capability delivering a discharge 
capacity of 45 mAh g−1 even at 60 C rate (Figure  9b).[167] This 
performance was attributed to low in-plane energy barrier, fast 
ion transport within ab-plane and minimal volumetric change 
during (de)intercalation. The structural evolution during cycling 
was studied by various groups and both solid-solution and two-
phase reaction were observed.[168–170] Redox transitions and rela-
tionship between V4+/V3+ and V5+/V4+ redox reactions along 
with Na+ intercalation mechanism during charge storage pro-
cess were studied by Park et al. The energy density of N3VOPF 
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can be further increased if the third Na-ion can also be extracted 
out of the system. But it is restricted due to high operating 
voltage of 5.3 V  Na/Na+ (Figure 9c). However, theoretical calcu-
lations predicted replacing O with Cl to form Na3V2Cl2(PO4)2F 
can increase the energy density to 758 mAh g−1.[171] N3VOPF 
also suffers from low intrinsic electronic conductivity that 
can be circumvented by modifying the synthesis technique, 
carbon coating, particle nanosizing and by adding various 
additives.[172–178] Carbon-coated N3VOPF delivered a discharge 
capacity of 68 mAh g−1 at 1 C rate.[173] N3VOPF/rGO composite 
exhibited a discharge capacity of 120 mAh g−1 at C/20 rate and 
91.4% capacity was retained after 200 cycle at C/10 rate.[172] Jin 
et al. reported 3D N3VOPF@C/graphene composite delivering 
a capacity of 136 mAh g−1.[179] RuO2 coated N3VOPF nanowires 
provided long term cycling stability up to 1000 cycles and a high 
rate capability with 95 mAh g−1 at 20 C rate.[180] Full cell with 
hard carbon anode delivered a specific capacity of 120 mAh g−1  
at a working voltage of 3.1 V.  [181] Recently carbon encapsulated 
N3VOPF was synthesized by rapid microwave-assisted tech-
nique and delivered a capacity of 127.9 mAh g−1 with 82.1% 
retention after 2000 cycles at 20 C rate.[182] It also led to good 
rate kinetics and cycling performances of N3VOPF in lithium 
half-cell configuration. Zhang et  al. fabricated a full-cell with 
Na3VOPF/rGO composite cathode and Na3V2(PO4)3 anode 
and it delivered a capacity of 91 mAh g−1 at 10 C rate with 86% 
retention after 100 cycles as shown in Figure 9d,e.[183] A specific 

capacity of 79 mAh g−1 was obtained at 60 C rate with the full 
cell and remains the best rate capability reported in literature 
till date. Overall, vanadium-based fluorophosphates form a rich 
family of sodium insertion materials with structural diversity, 
chemical/thermal stability, efficient electrochemical activity, 
and potential practical applications.

3.2.2. Fluorophosphates with General Formula Na2MPO4F 
(M = Fe, Co, Mn, Ni)

Exploring fluorophosphate chemistry, Nazar group reported 
Na2FePO4F (NFPF) as a multifunctional cathode material in 
2007.[18] It has an orthorhombic structure (s.g. Pbcn) built from 
FeO4F2 octahedra, which are face-shared to form Fe2O7F2 biocta-
hedra units. These bioctahedra units are connected by bridging 
F-atom to form chains, which are interconnected by PO4-group 
to form [FePO4F] slabs. Na-atoms are present in two different 
crystallographic sites facilitating 2D diffusion pathways. When 
tested for its (de)intercalating properties in Li-ion half-cell con-
figuration, a discharge capacity of 115 mAh g−1 was obtained at 
an average cell potential of 3.5 V   (vs Li/Li+). The (dis)charge 
profiles exhibited a sloppy nature suggesting the presence of 
quasi solid-solution behavior. It exhibits one electron redox 
activity with no possibility to extract the second Na ion due 
to the high potential and structural instability associated with 

Figure 9. a) Crystal structure of Na3VOPF with P42/mnm space group. b) Rate capability of Na3VOPF at different C-rates. c) Theoretical calculations 
showing potential corresponding to three different Na-deintercalation from Na3VOPF. d,e) (Dis)charge profile of Na3VOPF||Na3V2(PO4)3 full cell cycled 
at 10 C rate delivering a discharge capacity of 91 mAh g−1. The cyclability of the full cell up to 100 cycles showing 86% capacity retention at the end.  
a) Reproduced with permission.[165] Copyright 2012, Nature. b) Reproduced with permission.[166] Copyright 2018, Wiley-VCH. c) Reproduced with permis-
sion.[170] Copyright 2014, Wiley-VCH. d,e) Reproduced with permission.[183] Copyright 2019, Wiley-VCH.
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Fe4+/Fe3+ redox activity. Recham et al. first tested the ionother-
mally synthesized NFPF for Na-intercalation.[19] The nanoscale 
particles showed efficient Na-(de)intercalation leading to a 
first discharge capacity of 120 mAh g−1 (QTh = 124 mAh g−1) at  
3.0 V  (vs Na/Na+).

It has been observed that the particle size and morphology 
plays a key role in the electrochemistry of cathode materials, 
hence many synthesis methods for NFPF have been reported till 
date.[184–195] Deng et al. reported a green route based synthesis 
technique where Vitamin C was used as a carbon source to yield 
Na2FePO4F/C.[192] They reported 84.7% of capacity retention at  
4 C rate after 1000 cycles as shown in Figure 10a. NFPF is a poor 
electrical conductor, thus warranting carbon coating to improve 
the electrochemical performance. Komaba group first demon-
strated the positive effect of carbon coating of NFPF by adding 
citric acid. Sharma et al. reported an economic combustion syn-
thesis route to obtain carbon coated nanoparticles with porous 
morphology using Fe(III) based precursor. They reported 
a discharge capacity over 100 mAh g−1 at 3.0 V   (vs Na/Na+). 
rGO-coated NFPF was found to deliver a discharge capacity of 
60 mAh g−1 at 1 C current rate and 70% of it was retained at the 
end of 5000 cycles. Jin et al. used DFT calculations to find out 
optimum dopants to improve the intrinsic electrical conduc-
tivity of the material.[196] They observed Co-doped NFPF as the 
most promising candidate. The Na2Fe0.94Co0.06PO4F/C delivered 
a capacity of 99.93 mAh g−1 at 0.2 C and observed a capacity 

retention of 62% after 400 cycles at 1 C current rate. Wang et al. 
synthesized nanometric NFPF particles embedded in porous 
N-doped carbon nanofibers to obtain a high reversible capacity 
of 117.8 mAh g−1 at 0.1 C rate with excellent cycling stability up 
to 2000 cycles.[197] Pouch cells were assembled using NFPF@C 
nanofibers cathode and carbon nanofibers anode to deliver an 
energy density of 135.8 Wh  kg−1 (Figure 10b).

However, the (dis)charge profile during Li-and Na- interca-
lation is different indicating different underlying structural 
transitions (Figure  10c).[198] During lithium (de)intercalation, a 
sloppy profile is observed while in case of sodium two distinct 
plateaus are observed. The small size of Li+ cation leads to 
random occupancy of the Na1 and Na2 sites during interca-
lation implying no specific ordering of Li in the structure. 
Whereas, the two different site energies related to two crystallo-
graphic sites Na1 and Na2 lead to different intercalating voltage. 
Nevertheless, the structural transition is worth studying in 
both cases. Smiley et al. employed ex situ 23Na solid-state NMR 
spectroscopy to probe the ion mobility during cycling.[199] From 
NMR study, they proposed a biphasic extraction process of Na-
ions from the structure. However, no intermediate phase was 
detected with coexistence of Na2FePO4F and NaFePO4F end 
phases. The role of semilabile oxygen, i.e., the oxygen linked 
only to P and alkali atoms was studied by Abakumov group.[200] 
They observed an identical coordination environment for both 
sites of sodium and proposed different intercalating behavior 

Figure 10. a) Cyclability of Na2FePO4F/C at 4 C rate for 1000 cycles showing 84.7% capacity retention at the end. b) Picture of the pouch cell assembled 
using Na2FePO4F@C nanofibers cathode and carbon nanofibers anode. c) Different nature of (dis)charge profiles of NFPF when cycled in lithium half-
cell configuration and sodium half-cell configuration. (Inset) dQ/dV plots of Na2FePO4F (dis)charge profiles. d) Rate capability of Na2CoPO4F at various 
cycling rates. e) The (dis)charge profile of Na2MnPO4F cycled between 1.5 and 4.5 V  at 6.2 mA  g−1 up to 50 cycles. a) Reproduced with permission.[192] 
Copyright 2017, American Chemical Society. b) Reproduced with permission.[197] Copyright 2019, Wiley-VCH. d) Reproduced with permission.[207] Copy-
right 2015, The Electrochemical Society. e) Reproduced with permission.[208] Copyright 2014, Royal Society of Chemistry.
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due to different number of bonds to the semilabile oxygen 
atoms. The site having large cation-semilabile oxygen interac-
tion is characterized by higher deintercalation potential while 
the sites with low interaction exhibits lower potential. They 
observed a solid-solution mechanism during delithiation while 
an intermediate monoclinic phase Na1.5FePO4F (P21/b) was 
observed during desodiation. Fe(II)/Fe(III) charge ordering 
along with Na vacancy ordering was also observed. Yang group 
combined ex situ experiments with theoretical calculations to 
further analyze the structural changes in the material during 
cycling.[201] They found the cycling process is dominated by 
two biphasic reactions during various states of charge keeping 
the sodium in Na1 site intact. The structure of intermediate 
phase Na1.5FePO4F was indexed to monoclinic structure (s.g. 
P21/c) with the help of DFT calculations and ex situ 23Na NMR 
studies. Yamashita group employed first principle calculation 
along with Monte Carlo method to analyze the (dis)charge 
mechanism of NFPF.[202] They found the most stable struc-
ture of Na1.5FePO4F having monoclinic structure (s.g. P21/b11). 
Indeed, structural evolution during (de)insertion in Na2FePO4F 
still remains vague warranting further research. While the 
extraction of second sodium ion is difficult, Wu et al. reported 
a 1.46 electron transfer per formula unit at 60 °C  when cycled 
between 1.5 and 4.6 V   in Li-cell.[203] Avdeev et  al. studied the 
magnetic structure of NFPF observing a long-range antiferro-
magnetic ordering transition at 3.4 K.[204]

The isostructural Co-analog, Na2CoPO4F (NCPF) was 
reported by Nazar group in 2010.[205] Following, Komaba group 
reported its first electrochemical report in 2014.[206] The solid-
state synthesized material was reported as a high-voltage (≈4.4 V  
vs Na/Na+) sodium battery cathode with a discharge capacity of 
71 mAh g−1. The large irreversible capacity loss during first cycle 
was attributed to decomposition of electrolytes at higher volt-
ages as shown in Figure 10d.[195] Later, Yang group came up with 
spray drying synthesis technique to form NCPF with spher-
ical morphology yielding a discharge capacity of 107 mAh g−1  
at an average cell voltage of 4.5 V   albeit with large capacity 
fading.[207]

Deviating from orthorhombic Na2FePO4F and Na2CoPO4F, 
Na2MnPO4F (NMPF) assumes a monoclinic framework with 
P21/n symmetry. It consists of corner shared MnO4F2 octahedra 
connected by F-atoms to form Mn2O8F2 bioctahedra chains, 
which are abridged by PO4 tetrahedra giving rise to a 3D struc-
ture. Despite having open pathway for Na+ diffusion, NMPF was 
found to be electrochemically inactive.[19,205] Wu et  al. synthe-
sized carbon coated NMPF and reported a discharge capacity of 
98 mAh g−1 at 60 °C,  but with poor cyclability.[203] The diffusion 
kinetics and electrochemical activity was analyzed by Kim et al. 
by combining experiments results with DFT calculations.[121] In 
the solid-state synthesized sample, the Na+ diffusion is along 
b-direction. They also synthesized Li2MnPO4F by ion-exchange 
method exhibiting superior electrochemical activity, which was 
attributed to an additional diffusion pathway perpendicular 
to F− backbone. Enhanced electrochemical performance was 
obtained with a discharge capacity of 110 mAh g−1 by carbon-
coated NMPF hollow spheres synthesized via spray drying route 
(Figure 10e).[208] The material was found to be structurally stable 
even at higher voltages. Na2NiPO4F (NNPF) has been synthe-
sized without any report on electrochemical study as it is active 

>5 V,  where the conventional electrolytes start to decompose.[205] 
Overall, this class of material is very attractive in terms of real-
izing high voltage cathode materials for Na-ion batteries. Espe-
cially Na2FePO4F form an economic sodium insertion material 
with moderate energy density suitable for stationary applications.

3.2.3. Fluorophosphates in Aqueous Batteries

Fluorophosphate based insertion materials can also be imple-
mented in aqueous systems. Aqueous batteries enhance the 
ionic conductivity and impart operational safety. Care must be 
taken to avoid water splitting beyond the narrow safe operating 
voltage window. Consequently, not all high voltage materials 
can be tested in aqueous electrolytes. However, suitable addi-
tives and highly concentrated electrolytes broaden the working 
voltage window making it possible to test high-voltage cathode 
materials in aqueous media. NASICON type NaVPO4F was the 
first fluorophosphate to be tested in aqueous electrolytes. It deliv-
ered a discharge capacity of 54 mAh g−1 in 5 m NaNO3 solution 
with two plateaus at 0.8  and 0.2 V   (vs SCE).[209] Kumar et al. 
reported electrochemical properties of Na3V2O2(PO4)2F-multi-
wall carbon nanotubes (MWCNT) nanocomposites in aqueous 
electrolyte, delivering a discharge capacity of 35 mAh g−1  
at 1 C rate in half-cell configuration.[175] The Na3V2O2(PO4)2F 
-MWCNT || NaTi2(PO4)3-MWCNT full cell gave a discharge 
capacity of 42 mAh g−1 at 1 C rate. Recently, Sharma et al. tested 
Na2FePO4F (NFPF) by employing 17 m NaClO4 aqueous elec-
trolyte.[210] Using this supersaturated electrolyte, the operating 
voltage window can be enlarged to 2.8 V   in 17 m NaClO4 vis-
a-vis 1.23 V   in conventional water-based electrolytes.[211] The 
NFPF half-cell delivered a reversible discharge capacity of 84 
mAh g−1 when cycled in an optimized voltage range of −0.9 to 
0.9 V   versus Ag/AgCl reference electrode at 1 mA  cm−2 cur-
rent density as shown in Figure 11a. It exhibited good cycling 
stability and rate kinetics. A full-cell was also assembled with 
NASICON-type NaTi2(PO4)3 anode giving a specific capacity of 
85 mAh g−1 at an average cell potential of 0.7 V   (Figure  11b). 
Recently, Na3V2(PO4)2F3-single walled carbon nanotubes 
(SWCNT) composites were also tested in 17 m NaClO4 elec-
trolyte.[212] The half-cell configuration delivered a discharge 
capacity of 81.3 mAh g−1 but with poor coulombic efficiency due 
to the formation of solid-state interface (SEI) (Figure 11c). The 
Na3V2(PO4)2F3-SWCNT || NaTi2(PO4)3-MWCNT full cell deliv-
ered an energy density of 150 Wh  kg−1 at 1.92 V  in the voltage 
range of 0.6–2.1 V   (Figure 11d). It is possible to exploit many 
fluorophosphate insertion compounds in aqueous batteries 
with appropriate optimization of electrolytes, stabilizing addi-
tives and voltage operation window.

3.3. Fluorophosphates for Potassium-Ion Batteries

Graphite, being a standard anode for Li-ion batteries, does not 
serve the same purpose for Na-ion batteries as Na+ (de)inser-
tion is energetically not favorable in graphitic domains. Hence, 
hard carbon is utilized as an anode for SIBs. However, hard 
carbon delivers poorer performance than graphite, reducing the 
overall energy density by 20% as compared to LIBs. In contrast, 
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a facile potassium (de)insertion is feasible in graphite.[213] This, 
coupled with its lower standard redox potential than sodium 
and high elemental abundance, has ushered scientific interest 
to develop potassium-ion batteries (KIBs).[214] The large ionic 
size of potassium creates a bottleneck in terms of designing 
appropriate host materials. Many oxide-based materials have 
been studied for their potassium (de)intercalating proper-
ties.[215–220] However, Tarascon group first utilized the fluorine 
chemistry when they reported KFeSO4F similar to KTiOPO4 
(KTP) structure.[221] On a similar note, Antipov group unveiled 
KVPO4F (KVPF) in 2016 adopting KTP structure, tested for Li 
(de)insertion.[222] It consists of helical chains of VO4F2 octa-
hedra and PO4 tetrahedra giving rise to a rigid framework with 
3D pathways for K-ion diffusion. KVPF was first oxidized until 
4.8 V   in a potassium based half-cell, where it was kept under 
hold for 5 h at constant voltage to obtain K0.15VPO4F phase. 
This electrode, when cycled in a lithium half-cell between 2 and 
4.7 V,  was found to intercalate 0.7 Li ion per formula unit at an 
average cell voltage of 4 V  (vs Li/Li+). The lithiated material was 
found to have Pnma space group in contrast to pristine KVPF 
having Pna21 symmetry. Involving 1D Li+ diffusion, it exhib-
ited electrochemical activity even at high current rates of 40 C. 
Komaba group demonstrated the potassium intercalation in 
KVPF for the first time.[223] Utilizing 0.7 m KPF6 in EC:diethyl 
carbonate (DEC) as electrolyte, they cycled the material between 

2.0 and 4.8 V  yielding a first discharge capacity of 70 mAh g−1 
with V4+/V3+ redox potential centered at 4.02 V   (Figure  12a). 
Despite irreversible capacity loss in the first cycle due to electro-
lyte decomposition at high voltage, excellent rate capability was 
observed with 90% capacity retention at 5 C rate. It is attributed 
to the lower Lewis acidity of K+ ions as compared to Li+ ions 
and the open structure of KVPF. In situ XRD measurements 
revealed single-phase structural evolution while charging from 
OCV to 4.8 V   (Figure 12b). When charged till 5.0 V,   a stable 
discharge capacity of 80 mAh g−1 was observed with an average 
redox potential of 4.13 V.   When 1 m KPF6 in EC:propylene 
carbonate (PC) (1:1, v:v) was used as electrolyte, minimal ini-
tial capacity loss and a discharge capacity of 92 mAh g−1 was 
observed. In contrast, Ceder group demonstrated the presence 
of several biphasic reactions during potassium (de)intercala-
tion in KVPF.[214] When cycled between 3 and 5 V,  four distinct 
plateaus were observed, which was confirmed by the differen-
tial capacity plots (Figure  12c). A capacity of 105 mAh g−1 at a 
nominal voltage of 4.33 V  (vs K/K+) was observed. They studied 
the structural evolution using ex-situ XRD and ab-initio calcula-
tions showing the formation of stable intermediate compounds 
at x  = 0.75, 0.625, and 0.5. They also demonstrated that oxy-
genation of KVPF led to a more disordered structure along with 
disappearance of plateaus. Partial substitution of fluorine by 
oxygen was found to decrease the capacity and nominal voltage.

Figure 11. a) The (dis)charge profile of NFPF in hall cell configuration using 17 m NaClO4 as aqueous electrolyte in the voltage range of −0.9 to 0.9 V  
versus Ag/AgCl. (Inset) Cyclability of half-cell up to 100 cycles. b) The (dis)charge profile of NFPF || NaTi2(PO4)3 full-cell using 17 m NaClO4 as an 
electrolyte. (Inset) Cyclability of full-cell up to 100 cycles. c) The (dis)charge profile of Na3VPF-SWCNT in hall-cell configuration using 17 m NaClO4 
aqueous electrolyte. d) The (dis)charge profile of Na3VPF-SWCNT || NaTi2(PO4)3-MWCNT full-cell using 17 m NaClO4 electrolyte. c,d) Reproduced with 
permission.[212] Copyright 2019, Royal Society of Chemistry.
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Recently, K3V2(PO4)2F3 (K3VPF) phase was obtained by 
electrochemical ion exchange from Na3V2(PO4)2F3.

[213] It was 
found to crystallize in an orthorhombic structure with Cmcm 
space group. A potassium-based half-cell was assembled and 
it was charged up to 4.6 V   to extract Na+ ions. Upon progres-
sive cycling, some structural change occurred in the material 
upon K intercalation leading to the switching of K+ and Na+ site 
and hence making all Na-sites accessible for (de)intercalation. 
The structural reorientation during subsequent cycling was 
also studied. On cycling between 2.0 and 4.6 V,   a discharge 
capacity of 104 mAh g−1 was obtained at 3.7 V  versus K+/K at 
a current density of 10 mA   g−1 (Figure  12d). Structural varia-
tion was observed in fully charged and fully discharged sam-
ples using Rietveld refinement (Figure 12e). Full cell assembled 
using K3VPF cathode with graphite anode showed a 3.4 V  KIB 
activity with stable performance. The recent developments in 
KIBs by utilizing fluorophosphates based host materials are 
very promising. At this nascent juncture, a variety of fluoro-
phosphate chemistry, particularly isostructural to Na-based 
compositions, can be developed for high-voltage KIBs with due 
optimization in structure/morphology of cathodes, binders, 
and electrolytes.

4. Electrocatalysis

4.1. Fluorophosphates as Electrocatalysts

Existing intercalation-based battery technologies like LIBs 
and SIBs are not able to cope up with the ever-growing global 
energy demand. In the quest to achieve high energy density 

storage systems, rechargeable metal–air batteries based on 
O2–H2O chemistry are widely being investigated to deliver 
high energy density compared to the existing state-of-the-art 
LIBs.[224] For example, Li–air battery can deliver an energy 
density up to 5200 Wh  kg−1. In parallel, the limited lithium-
based mineral reserves, cost and safety have led to the emer-
gence of sodium–air batteries.[225,226] These storage systems 
hold promise for greener energy economy relying on electro-
chemical water splitting. Hydrogen evolution and oxidation 
(HER and HOR) as well as oxygen reduction and evolution 
(ORR and OER) are central redox processes for hydrogen pro-
duction, fuel cells and metal–air batteries. While HER/HOR 
occurs at E0  = 0 V   (vs RHE), ORR/OER need a catalyst to 
overcome the overpotential to drive the reaction (Figure 13a). 
Metal–air batteries and fuel cells work on ORR and OER 
processes.[227–229] Since both processes involve four-electron 
transfer mechanism with inherently sluggish kinetics, they 
require catalysts to overcome the activation barrier. This sector 
employs materials based on precious metals like platinum 
(Pt), iridium (Ir), and ruthenium (Ru). However, their practical 
usage is limited owing to their high cost, low abundance, sta-
bility, and the selective catalysis nature.[230] While Pt/C is the 
best catalyst for ORR, Ir- and Ru-based oxides catalyze OER 
reaction effectively. OER and ORR reactions occur during the 
charging and discharging of metal–air batteries. Moreover, the 
performance of the metal–air battery in nonaqueous (organic) 
electrolyte is largely affected due to the formation of insoluble 
discharge products, which clog the active sites on the surface 
of electrode so as to reduce the net efficiency. This issue can 
be circumvented by using aqueous hybrid metal–air battery 
where the discharge products are soluble.[231] Overall, these 

Figure 12. a) (Dis)charge profile of KVPO4F in the voltage range of 2–4.8 V  (vs K/K+). b) Operando XRD patterns of KVPO4F at C/30 rate using 0.7 m 
KPF6 in EC/DEC (1:1 v/v) + 2% FEC as electrolyte. c) Differential capacity plots of KVPO4F for the first two cycles showing presence of many phases.  
d) Voltage profile of K3V2(PO4)2F3 for the first two cycles with dQ/dV plot (inset). e) Phase transformations in K3V2(PO4)2F3 during potassium (de)
insertion. a,b) Reproduced with permission.[223] Copyright 2017, Royal Society of Chemistry. c) Reproduced with permission.[214] Copyright 2018,  
Wiley-VCH. d,e) Reproduced with permission.[213] Copyright 2019, Elsevier.

Adv. Energy Mater. 2020, 2001449
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metal–air batteries warrant the development of economic and 
bifunctional air cathodes.

At this juncture, various battery insertion materials have been 
investigated for their electrocatalytic properties.[227–229,231–244] 
Notably, transition metal-based phosphate compounds have 
shown promising bifunctional activity along with structural sta-
bility. Some such examples are Co-based phosphate (NaCoPO4), 
pyrophosphate (Na2CoP2O7) and metaphosphate (NaCoP3O9). 
Inspired by efficient catalytic activity in these phosphates, 
Sharma et  al. tested the electrocatalytic performance of fluoro-
phosphate Na2CoPO4F (NCPF) on ring rotating disc electrode 
using 0.1 m NaOH alkaline solution as electrolyte.[241,245] For 
ORR, the CV was recorded in the range of 0.1 to −0.7 V  versus 
Hg/HgO in an O2 saturated electrolyte. The onset potential 
was found to be 0.903 V  versus RHE with a current density of 
3.4 mA  cm−2, which marks the promising ORR activity of NCPF. 
The stability of the material was also tested for 10 h with negli-
gible current loss. The activity of NCPF system can be attributed 
to the extra structural stabilization imparted by PO4-group and 
the ionic nature in the bonds due to electronegative F-atoms. 
Following, the OER properties were tested in the voltage range 
of 0.0–0.8 V  versus Hg/HgO (later converted to RHE). An over-
potential of 0.38 V  versus RHE was observed with excellent cur-
rent density. The efficient bifunctional activity in NCPF served 
as the motivation to test the electrocatalytic properties of whole 
fluorophosphate family. These fluorophosphates (Na2MPO4F, M 
= Fe/Mn/Co) were synthesized via solution combustion route 

leading to porous morphology and carbon coating favoring the 
electronic conductivity and catalytic performance. The results 
were benchmarked against 20% Pt–C for ORR and RuO2 for 
OER. An onset potential of 0.891  and 0.909 V  was recorded for 
Na2FePO4F (NFPF) and Na2MnPO4F (NMPF), respectively. The 
ORR properties of fluorophosphates were comparable to 20% 
Pt/C following an order of NCPF > NMPF > NFPF (Figure 13b). 
While all three materials exhibited promising ORR activity, very 
low current density was observed during OER with an over-
potential of 0.49   and 0.46 V   (vs RHE) for NMPF and NFPF 
respectively (Figure  13c). The OER activity can be attributed to 
the tuned energy levels of the antibonding states of MO bonds 
due to F-atoms. On a broader note, these fluorophosphates were 
found to retain structural stability after prolonged ORR and 
OER reaction. These polyanionic fluorophosphates form a new 
class of economic and stable bifunctional electrocatalysts, with 
Na2CoPO4F delivering the best performance.

4.2. Hybrid Na–Air Battery Fabrication

The performance of hybrid metal–air batteries depends on 
the air cathode, where fluorophosphates with bifunctional 
ORR and OER activity can be a lucrative option.[246–248] There-
fore, NCPF was tested as an air cathode for hybrid Na–air 
battery.[245] Schematic representation of hybrid Na–air battery 
is illustrated in Figure 13d. The high ionic conductivity of Na+ 

Figure 13. a) Schematic representation of polarization curves for HER/HOR and ORR/OER along with the reactions involved. Green line indicates reac-
tion involving hydrogen while red line indicates for oxygen. b) Linear sweep voltammograms (LSV) for Na2CoPO4F, Na2FePO4F, Na2MnPO4F, and 20% 
Pt/C recorded at 1600 rpm  in 0.1 M KOH electrolyte during ORR reaction. c) LSV plots of Na2CoPO4F, Na2FePO4F, Na2MnPO4F, and RuO2 recorded at 
1600 rpm  in 0.1 m KOH electrolyte during OER reaction. d) Schematic diagram of hybrid Na–air battery. e) Comparison of NCPF as an air cathode with 
carbon-paper, Vulcan carbon and Pt/C. f) A practical demonstration to lit up an LED using the power withdrawn from hybrid Na–air battery utilizing 
the properties of Na2CoPO4F as an air cathode.
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in Na3Zr2Si2PO12 solid electrolyte combined with the high solu-
bility of discharged product resulted in high power density and 
low overpotential. The complete redox reaction of the cell can 
be summarized as follows

Anode :Na e Na(s) 2.71V0
+ ↔ = −

+ −

E  (1)

Cathode :O 2H O 4e 4OH 0.40V2 2
0

+ + ↔ = +
− −

E  (2)

Stable charge and discharge voltages of 2.94   and 
3.34 V,  respectively were recorded for 30 cycles with low over-
potential. A round trip efficiency of 88% was observed showing 
comparable/superior performance than other reported air 
cathodes (Figure  13e,f). These preliminary results establish 
fluorophosphates as a new class of air-cathodes for recharge-
able metal–air batteries.

5. Perspectives

The world is expected to see a massive growth in energy 
consumption in line with developments taking place in coun-
tries like India and China. In fact, the International Energy 
Agency estimates that India alone is likely to contribute 25% 
to the rise in global energy demand by 2040. To keep pace with 
this demand while committing to a net zero carbon emission 
energy system by 2050, the current energy mix that consists 
of over 92% fossil fuel sources needs to be aggressively transi-
tioned toward renewable energy sources. It is widely recognized 
that large scale integration of renewables in the energy system 
mandates adequate energy storage solutions to overcome 
intermittency issues and to create a more robust and flexible 
electricity distribution system. Deploying adequate grid level 
energy storage is a key to break the constraint that the temporal 
variation in energy production rate needs to be matched by the 
energy consumption rate. The energy reservoir can absorb extra 
energy produced when demand is low and provide that energy 
when production is low. Such flexibility can also help with 
energy arbitrage, i.e., to purchase energy when demand/cost 
is low. Energy storage also has the potential to transform the 
energy distribution landscape by enabling microgrids, where 
individual homes, apartment buildings, universities and town-
ships having their own energy ecosystem with a customized 
mix of generation, storage and immunity to power disruption. 
Microgrids help since the source of the problem can be easily 
isolated from the network. Energy storage technology is also an 
enabler for electric mobility that could eliminate dependency 
on imported oil.

In many ways, the fossil fuel based to renewables energy 
transition is critically dependent on access to inexpensive and 
reliable energy storage technology. So, what would it take to 
achieve the goal of making widespread deployment of energy 
storage technology a reality? Until now lithium-ion batteries 
(LIBs) have dominated energy storage technology, primarily 
driven by the portable electronics market. However, as demand 
for energy storage for electric vehicles (EV) and grid level 
storage applications grow, it is expected to put a severe pres-
sure on the supply chain of raw materials used for LIBs. First 

of all, even though there may be enough lithium reserves in 
the world to cater to the global energy storage needs, lithium 
is highly unevenly distributed with over 75% of lithium situ-
ated in few countries like Bolivia, Chile, China, Argentina, 
and Australia. More critically, a majority (≈60%) of the cobalt 
(Co) used in LIB cathode comes from Democratic Republic of 
Congo. Future expansion of LIB market is expected to be ham-
pered by the limited supply of Li and Co. Thus, there is a great 
risk to the expansion of the energy storage market solely based 
on LIB technology since availability of both Li and Co may be 
constrained by geopolitical issues. To avoid these issues world 
needs to look beyond the state-of-the-art lithium-ion battery 
technology. In fact, as different storage applications pose dif-
ferent requirements, it is imperative that varieties of battery 
technologies are available. In all these applications, however, 
the common requirements are that the storage technology be 
inexpensive, safe and have long operational time. For example, 
for grid scale applications, a price point of $100 kWh−1 and a 
service life of 10 000 cycles/10 years is a target that makes inte-
gration of energy storage very attractive. For EV application, 
specific energy target of 300 Wh   kg−1 (at the cell level) is an 
additional important consideration.

The promising alternatives begin with replacing Co based 
cathodes in current LIBs with Co free cathode materials. 
Further along, sodium intercalation-based chemistries, even 
though not as energy dense as LIBs, are very promising for 
grid level storage applications since they can be very cost 
competitive, as both sodium and the sodium intercalation 
materials for use in cathodes are earth abundant. Polyanionic 
cathode materials for LIBs and SIBs considered in this review 
represent these two approaches, respectively. Before we provide 
a more detailed account of the chemistries involved, it is worth-
while to compare different cathode materials with respect to 
their energy densities. The voltage versus specific capacity and 
specific versus volumetric energy density plots of polyanionic 
cathode materials for LIBs and SIBs with conventional cathode 
materials are compared (Figure 14a,b). It can be noted that the 
relatively high standard redox potential of Na/Na+ leads to a 
lower working voltage for sodium-based materials as compared 
to lithium-based materials.

The energy storage technology of choice from economic and 
environmental point of view is highly application-dependent.[249] 
Energy storage technologies are evaluated on different perfor-
mance parameters and no single technology excels on all. The 
key performance parameters, which are important in the anal-
ysis of alternative battery chemistries are: energy density, power 
density, round trip efficiency (RTE), cycle life and cost.[250] 
While the stringent requirements on power and energy densi-
ties encountered in electric vehicles and consumer electronics 
applications are significantly relaxed in stationary storage appli-
cations, they still determine the storage system’s real estate 
footprint. Thus, it is desirable to have reasonably high volu-
metric energy densities without increasing the cost of storage. 
The round-trip efficiency takes into account energy losses from 
power conversion and is important determinant of operating 
cost of an energy storage system.[251] On the other hand, cost 
and cycle life determine the capital expenditure involved in 
setting up the storage system. For typical stationary storage 
applications, assuming one or two cycles per day, 3650–7300 
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to lifetime cycles would be adequate to allow for a 10-year 
operation. Before we analyze different fluorophosphate-based 
cathodes, it is worthwhile to note how existing battery energy 
storage technologies fare, as a reference. For example, Tesla’s 
powerwall is a Li-ion based system with an RTE of 92%, a cost 
of $350 kWh−1 and a cycle life of 10 000. In contrast, the EOS 
Aurora is a zinc hybrid cathode-based system with 75% RTE, a 
cost of $160 kWh−1 and a cycle life of 5000.[252]

The performance metrics of six key fluorophosphate bat-
tery chemistries were compared on the basis of their cyclability 
as tabulated in Table  2. Lithium-ion batteries that contained 
LiVPO4F, LiFePO4F, and sodium-ion batteries that comprised 
NaVPO4F, Na2FePO4F, Na3V2(PO4)2F3 were used for the anal-
ysis. It is interesting to note that all six chemistries consid-
ered have >90 % RTE, with Na3V2(PO4)2F3 having the highest 
value. Energy storage technologies based on these cathodes 
would thus be more efficient than most incumbent storage 
technologies that have RTE in the range of 70–85%. The fact 
that running cost savings are directly proportional to RTE is 
an important consideration during selection of an appropriate 
storage technology. The cost metric provides an indication of 
how attractive the material is from the cost point of view and 
a higher value indicates lower cost per unit energy stored. It 
is important to note that Fe-based cathode materials have the 
lowest cost in terms of capital expenditure. Further, all these 
fluorophosphates are capable of reversible cycling over 3000 
cycles while retaining 80% capacity.

Any analysis of the alternative battery chemistries from 
a commercialization perspective is not complete without a 

discussion about the ease of manufacturability and scale-up. 
Generally, vanadium based materials are synthesized by solid-
state route which involves synthesis of vanadium phosphate 
(VPO4) precursor that is then utilized in further steps to obtain 
the final products. Form manufacturability point of view, such 
synthesis procedure adds additional steps that amounts to 
additional energy and time consumption. Vanadium toxicity 
further makes the commercialization of V-based products dif-
ficult. On the other hand, materials like Na2FePO4F can be 
synthesized using one-step method, which can be more readily 
scaled to yield material in bulk quantities. One-minute syn-
thesis of Na2FePO4F is also reported with good electrochemical 
activity.[198] Iron is present in abundance inside earth’s crust 
which implies relatively cheaper iron-based precursors. From 
the safety point of view as well, use of flammable organic 
electrolytes can be dangerous specially during short-circuiting 
or over charging. With this idea, Na2FePO4F was tested in 
aqueous electrolytes as well.[210] It exhibited excellent electro-
chemical activity. The excellent electrochemical performance of 
Na2FePO4F in aqueous electrolytes coupled with energy-savvy 
and economical synthesis and elemental abundance of Na 
(with respect to Li) makes it a strong candidate among fluoro-
phosphates for possible commercialization targeting stationary 
storage applications.

To facilitate the rapid commercialization of fluorophosphate 
based batteries for stationary energy storage applications, we 
identify a roadmap with the following key research and devel-
opment themes: 1) Analysis of alternate material choices for 
cathode: given the vast choice of fluorophosphate based cathode 

Figure 14. a) Potential versus specific capacity plot for different fluorophosphate cathode materials. b) Comparison of specific energy versus volumetric 
energy density of fluorophosphate cathodes with selected commercialized LIB cathodes (e.g., LiCoO2).

Table 2. Cyclablity of different materials chosen to study their future perspective as reported in literature.

Material Theoretical capacity [mAh g−1] Experimental capacity [mAh g−1] C-rate % Capacity retention [cycles] Reference

LiVPO4F 156 126 1 C 90 (1000) [79]

LiFePO4F 152 128 1 C 71 (100) [97]

NaVPO4F 142.6 100 5 C 70 (2500) [135]

Na2FePO4F 124.2 66.8 4 C 84.7 (1000) [192]

Na3V2(PO4)2F3 128.2 102 10 C 90 (2000) [154]
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materials, a critical comparison of energy and power capabili-
ties, cost, cycle stability, depth of discharge (DoD), round trip 
efficiency and safety is necessary to make informed choice for 
a given application. For example, an energy storage solution 
used for resiliency (support large but short duration power 
demand due to disruption) versus energy storage solution used 
in renewable systems (require longer cycle duration batteries 
with large capacities) have different demands. The availability 
of a detailed analysis of what each cathode system is capable 
of would help make the right choice for a specific application. 
Such efforts should be focused on analysis of these materials 
considering practical realization of large format batteries and 
not restricted to coin cells. 2) Identification of high perfor-
mance and electrochemically stable electrolytes that work effi-
ciently with fluorophosphate materials. In addition to organic 
electrolytes, this effort should also entail formulating aqueous 
electrolytes that improve cost effectiveness and environmental 
benefits. It is important to find electrolytes that form thin and 
stable solid electrolyte interface (SEI) to minimize cell resist-
ance and degradation. Additionally, effort is needed to ensure 
that electrolytes exhibit high conductivity and Li+ or Na+ ion 
transference number, which is critical in keeping the cell 
impedance low. Further, the cathode material should be stable 
against surface degradation during cycling in the given elec-
trolyte environment. 3) Robust multiphysics based modeling 
tools for cell design provide device engineering capabilities to 
meet performance targets (e.g., for energy, power, and cycla-
bility). For example, active material volume fraction, electrode 
thickness, electrolyte loading, binder volume fraction together 
affects power and energy densities of a cell and the perfor-
mance dependence on these cell design parameters is highly 
nonintuitive. Robust and efficient battery modeling tools can 
provide powerful platforms to quickly iterate on design choices 
to arrive at optimal design as opposed to a time consuming 
iterative experimental only design process. Some such tools are 
electrochemical thermal models based on pseudo-2D approach 
or reduced order models (ROM) coupled with optimization 
algorithms and design realization. Additionally, these models 
can also help in determining round trip efficiency, achievable 
DoD, power and energy densities as well as assessing degra-
dation and cycle life. 4) Finally, manufacturability should be 
an important consideration while developing fluorophosphate 
cathode materials. It is important to develop low-cost, scal-
able and environmentally friendly processes to ensure fast 
commercialization.

6. Summary

Although LIBs dominate the portable electronics market, SIBs 
and KIBs can be expected to play an important role in futuristic 
grid-level storage. Substantial development has taken place in 
developing new electrode materials for SIB sans KIBs in the 
last two decades. With the goal of having a material that is cost 
effective, safe, and energy dense (both high energy and high 
power density), a gradual shift from oxide-based materials to 
polyanionic materials has been taking place since the discovery 
of LiFePO4. While oxides deliver high capacity, the polyanions 
exhibit high tunable redox potential with an added advantage 

of high structural and thermal stability. The versatility in terms 
of anion substitution opens the gateway to optimize the mate-
rials for specific types of applications. Fluorine, when coupled 
with other anionic groups changes the chemistry substantially. 
Thus, the last decade has seen a booming rise in the research 
activity on fluorophosphates. The electronegativity of F-atom 
coupled with inductive effect of phosphate group increases 
the highest occupied molecular orbital (HOMO)–lowest unoc-
cupied molecular orbital (LUMO) gap of central metal ion and 
hence increases the redox voltage. Most of the materials exhibit 
3D pathways for ion diffusion. Materials like Na3V2(PO4)2F3 
and Na2FePO4F exhibit high redox potential and good cycla-
bility. Hence, we come across many full-cell based reports with 
good capacity and cyclability. Several fluorophosphates have 
also been studied in aqueous electrolytes to design economic 
aqueous batteries.

Fluorophosphates can also act as bifunctional electrocatalysts 
to realize efficient oxygen electrolysis (ORR-OER) reactions, 
which can be employed in (hybrid) metal–air batteries. The 
electrochemical activity of fluorophosphates can be improved 
by various strategies like ion-doping, carbon-coating, and mor-
phology engineering. The activity can further be improved by 
adding suitable additives like FEC in the electrolytes in order to 
avoid their decomposition and SEI formation. While the vana-
dium-based materials can deliver high energy density, they have 
limited commercialization due to the toxicity of vanadium. The 
bottleneck for Co-based materials is the high cost of Co-based 
precursors. In comparison, the Ni-based materials exhibit high 
redox potentials, but the available electrolytes tend to decom-
pose at higher potentials, which is an area that will require sig-
nificant research in the future. The Fe-based materials are safe 
and cost effective due to relatively lower cost of the precursors. 
However, the facile oxidation of Fe2+ to Fe3+ warrants careful 
synthesis and material storage. Mn-based materials can offer 
high voltage but suffers from high polarization during cycling. 
Needless to say, all the materials have to be studied individu-
ally by optimizing various parameters in order to utilize the 
full capacity of these materials. This review is an attempt to 
summarize the structural and electrochemical performances of 
the fluorophosphates reported till date for secondary batteries. 
Overall, there are some challenges to be addressed in future in 
order to inch toward commercialization. Since most of the fluo-
rophosphate based cathode materials exhibit high redox poten-
tial, a major challenge is to develop high voltage electrolytes 
capable to cycle the batteries at higher voltages enabling the 
activity of other available metal redox centres and increasing 
the energy density of the battery. The electrolyte stability can be 
improved either by using different solvents like dinitrile-based 
solvent or by adding suitable additives. Without any doubt, 
fluorophosphate cathodes exhibit huge potential to address 
the energy crisis issues at large scale level, i.e., grid storage, 
but more full-cell battery prototypes need to be fabricated and 
studied for the cycle life and stability. High temperature bat-
tery testing should also be carried out in order to see the effect 
of temperature on the performance. The review also pave 
ways for discovery and development of other fluorophosphate 
chemistry for (non)aqueous and metal–air batteries. Moreover, 
fluorophosphates can be extended to aqueous zinc battery 
applications. Aqueous zinc-ion batteries have witnessed a huge 
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uprise in terms of research recently and is considered to be 
important candidates for grid scale energy storage due to safety 
and low cost. Using water-in-bisalt aqueous electrolytes, fluo-
rophosphate materials can be tested for aqueous (Li/Na/Zn)  
battery applications. On a broader note, alkali metal fluorophos-
phate forms a niche class of polyanionic electrode materials 
exhibiting rich material chemistry, structural diversity, chem-
ical/thermal stability coupled with robust electrochemical and 
electrocatalytic activities, suitable for insertion-type and metal–
air batteries. Some selected fluorophosphates can be close to 
commercialization in near future particularly targeting the 
stationary grid storage applications.
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