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a b s t r a c t 

Metal phosphates, such as LiFePO 4 (LFP), have been attracting extensive attention as electrode materials for next- 
generation rechargeable metal-ion batteries (MIBs), due to their high theoretical capacity, good chemical stability, 
long lifespan, and natural abundance. In this review, the recent progress of the design and engineering of metal 
phosphate-based electrode materials for MIBs is summarized. Specifically, the survey will focus on three types of 
phosphates, monometallic phosphates, bimetallic phosphates, and multi-metal phosphates, within the context of 
their intrinsic structure and corresponding electrochemical performance. A range of experimental variables will 
be carefully analyzed, such as sample synthesis, crystal structure, and electrochemical reaction mechanism, in 
conjunction with theoretical calculations. The applications of these materials as MIB electrodes are then featured 
for diverse MIBs, such as lithium-ion battery, sodium-ion batteries, potassium-ion batteries, calcium-ion batteries, 
and magnesium-ion batteries. We conclude the review with a perspective where the promises and challenges of 
phosphate-based electrodes for MIBs are highlighted, along with future research directions. 
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. Introduction 

There is an urgent need of effective technologies for the genera-
ion of renewable and clean energy, due to the rapid depletion of non-
enewable energy resources and rampant emergence of environmen-
al issues [1–3] . Development of advanced energy storage technologies
ith both high power and high energy density represents a critical part
f this drive [ 4 , 5 ]. Among these, rechargeable metal-ion batteries (MIBs)
re considered as the most effective solution to the increasing need for
igh-energy electrochemical power sources, and have become an ideal
ower source for electric vehicles and portable electronic devices [ 6 , 7 ].
ince 1991 when lithium-ion batteries (LIBs) were commercialized by
ony [8] , LIBs have become a common power source in today’s elec-
ronic market. Nevertheless, LIBs may not meet all the performance, cost
nd diversiform energy storage goals required, in particular, in large-
cale applications such as electrified transportation and power grids [9] .
he demands for a further reduced cost and increased energy density,
s well as the growing concern about lithium consumption have accel-
rated the development of other “alternatives ”, such as sodium-ion bat-
eries (SIBs), potassium-ion batteries (KIBs), magnesium-ion batteries,
nd calcium-ion batteries (CIBs). 
∗ Corresponding authors. 
E-mail addresses: lychen@cqu.edu.cn (L. Chen), shaowei@ucsc.edu (S. Chen). 
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As rechargeable LIBs have become a mainstay of the digital age,
any studies have aimed to optimize and innovate this technology. It
as been found that electrode materials play a most direct and funda-
ental role in dictating the battery performance, such as energy and
ower densities, lifespan and safety ( Fig. 1 a) [10] . To obtain high-
erformance LIBs, electrode materials with suitable chemical properties
 i.e. , crystallinity composition and stability) and physical structures ( i.e. ,
urface area, porosity, and pore size) are therefore inevitably required
hat can enable reversible faradic reactions and efficient mass trans-
er during charging/discharging [ 10 , 11 ]. Within this context, low-cost,
arth-abundant, and environmentally friendly materials are of partic-
lar interest. Before 1900s, transition metal oxides occupied the main
arket of electrode materials of LIBs, including two-dimensional (2D)

ayered oxides like Li 1 − x MO 2 (M = Co, Ni, Fe, and Mn) and three-
imensional (3D) spinel oxides like LiMn 2 O 4 [ 12 , 13 ]. These two classes
f materials exhibit close-packed oxygen stacking showing a bidimen-
ional and tridimensional crystal structure, respectively, from which
ithium ions can be easily intercalated or extracted in a reversible man-
er. However, when the number ( x ) of extracted lithium is high (end of
harge), irreversible migration of transition metals within the lithium
ayers may occur and lead to important capacity loss on cycling [ 6 , 14 ].
n 1997, LiFePO 4 (LFP) in the olivine structure was demonstrated as a vi-
ble cathode material, with a capacity approaching 170 Ah kg –1 , which
as higher than that of LiCoO 2 and comparable to that of stabilized
iNiO 2 [ 6 , 7 ]. Since then, phosphates, especially MPO 4 - and LiMPO 4 -
ased transition metal phosphates have been attracting a great deal of
1 
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Fig. 1. (a) Schematics of a lithium ion electrochemical cell and the relevant parameters of Li battery electrode materials in relation to battery characteristics. (a) 
Reproduced with permission [10] . Copyright 2013, American Chemical Society. 
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nterest [ 15 , 16 ]. Fig. 2 a depicts some key developments of phosphate
aterials. 

Metal phosphates possess the advantages of high natural abun-
ance, environmental friendliness, low cost, high safety, and low tox-
city [ 17 , 18 ]. Open-framework structures with large channels and in-
erstitial space endow them with good ion conductivity, facile ion and
lectrolyte mass transport, ready access to active sites for ion interca-
ation, and good charge storage capacity. In addition, strong P-O co-
alent bonds afford high structural stability and can stabilize the lat-
ice oxygen even at high charged state, thus ensuring long-term cycling
nd safety in batteries [ 19 , 20 ]. For instance, Hautier et al. [7] com-
uted oxygen chemical potential for oxides and phosphates, and re-
ults showed that most of the phosphates do actually have a similar
hermodynamic thermal stability than oxides, which showed the inher-
ntly safety of phosphate. Despite a low theoretical gravimetric capac-
ty and poor intrinsic electrical conductivity, phosphates generally ex-
ibit long-term structural stability, versatile atomic arrangements and
rystal structures, and structural elasticity for accommodation of local
ompositional changes, which all contribute to a good energy storage
erformance as electrode materials [ 14 , 21 ]. Moreover, the phosphate
roup ( PO 

3 − 
4 ) can be bonded with a large number of cations to assemble

olyanionic compounds with an improved lithium intercalation volt-
ge that directly influences the specific energy and energy density, in
omparison to that in the oxide form [ 7 , 10 , 22 ]. The higher voltage for
he M 

(n-1) + /M 

n + couple (compared to that in metal oxide) which results
rom the inductive effect of the M-O-P linkage where electronegative
hosphorus ion attracts electrons from oxygen, leading to a weakened
etal to oxygen bond, makes them also promising for the protection of

athode materials in (LIBs) [ 23 , 24 ]. However, this effect can be detri-
ental for certain couples, where the voltage may be too high to be

ccessible with the current electrolytes [25–27] . For the one-electron
elithiation process, low-valence redox couples will result in a high ca-
acity when redox active element and (poly) anion ( PO 

3− 
4 ) are all the

ame. As the average voltage for a redox couple increases with the oxi-
ation state ( e.g. , the average voltage for Co 3 + /Co 4 + is higher than for
o 2 + /Co 3 + ) [7] , the electrochemical performance of a target phosphate
an be manipulated by tuning the bonding cations. 
N

843 
Notably, transition metal oxides/hydroxides and conducting poly-
ers have been used extensively for the fabrication of hybrid elec-

rode materials due to improved intrinsic electrical conductivity [28–
1] . Phosphates, such as NASICON phosphates [ 32 , 33 ] and fluoro-
hosphates [34] , have also been extensively investigated as high-voltage
athodes for sodium-ion batteries (SIBs) [ 19 , 35 ] and potassium-ion bat-
eries (KIBs) [ 9 , 36 ] owing to the high natural abundance of Na and K
Na, 2.36 wt.% in earth and K, 2.09 wt.%), low cost, and identical “rock-
ng chair ” operating principles [37] . 

In this review, we will first introduce the representative crystal struc-
ures of phosphates ( i.e. , Olivine AMPO 4 , NASICON-type A x MM ′ (PO 4 ) 3 ,
nd oxy- and fluoro-phosphates) and their electrochemical reaction
echanisms. We will then discuss the various preparation protocols,

ncluding hydrothermal/solvothermal, chemical precipitation, and ball
illing methods, and the applications of phosphates as LIB electrode
aterials, with a focus on the relationship between their structures and

lectrochemical performance. The discussion will then be extended to
ther MIBs, such as SIBs, KIBs, magnesium-ion battery, and calcium-ion
atteries (CIBs), in terms of the intrinsic structure of the phosphate elec-
rode materials and electrochemical performance, as evaluated by ad-
anced characterization technologies and theoretical calculation meth-
ds. We conclude the review with a perspective highlighting the critical
hallenges and possible future research directions. 

. Crystal structures and electrochemical reactions of polyanionic

hosphates 

Despite the low electrical conductivity and small theoretical gravi-
etric capacity, polyanions, such as PO 

3− 
4 , SiO 

4− 
4 , and SO 

2− 
4 , exhibit

nique features such as stable open-framework, tunable redox cou-
le M 

n + /M 

(n–1) + , versatile atomic arrangements, and crystal structures.
hus, metal phosphates have been used rather extensively as bat-
ery electrode materials studied [32] . In this review, polyanion phos-
hates are mainly classified into three categories, olivine AMPO 4 , NA-
ICON A x M 2 (PO 4 ) 3 , and tavorite AM(PO 4 )Y ( Fig. 3 a), which have been
he focus of a substantial amount of research, e.g. , olivine-type LFP,
morphous or crystalline FePO 4 , NASICON Na 2 VTi(PO 4 ) 3 [ 32 , 38 ] and
a 3 MnZr(PO 4 ) 3 [39] . 
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Fig. 2. Timeline depicting some key developments of phosphate materials. 
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.1. Olivine AMPO 4 (M = Fe, Mn, Co, and Ni) 

The olivine structure, of the general formula of AMPO 4 , is built on
 distorted hexagonal close-packed (hcp) array of oxygen atoms of PO 4 
etrahedra sharing one edge and all vertices with MO 6 octahedra. They
an be described as a Pnma space group with A or M atoms in half
f the octahedral sites and P atoms in one-eighth of the tetrahedral
ites [12] . Alkali metals occupy the M(1) site, forming linear chains of
dge-shared octahedra running parallel to the c -axis in the alternate a - c
lanes. Transition metals occupy the M(2) sites, forming zigzag planes
f corner-shared octahedra running parallel to the c -axis in the other
 - c planes [ 12 , 40 ]. Taking LFP as an example, the structure can be de-
cribed as a distorted hcp oxygen sub-array, in which Li, Fe and P atoms
ccupy interstitial sites to form (i) corner-sharing FeO 6 octahedra that
re nearly coplanar to form a distorted 2D square lattice perpendicular
o the a axis, and electronic delocalization is hence difficult; (ii) edge-
haring LiO 6 octahedra aligned in parallel chains along the b axis; and
iii) tetrahedral PO 4 groups connecting neighboring planes or arrays.
ig. 3 b shows possible Li diffusion pathways in LFP along the [010]
irection through face-shared vacant tetrahedral sites, and along the
001] direction through face-shared octahedral sites. Note that Li diffu-
ion proceeds mostly along [010] Pnma [14] . Morgan et al. carried out ab

nitio studies by using the nudged elastic band method and found that
lthough Li + mobility is high in the tunnels along the [010] direction,
844 
i + hopping between tunnels is very unlikely [41] . The unit-cell adopts
n orthorhombic symmetry described either in the Pmnb or Pnma (equiv-
lent) space groups (a = 10.338(1) Å, b = 6.011(1) Å, c = 4.695(1) Å
n Pnma description). The peculiar distribution of Li + and Fe 2 + within
he octahedral sites generates layers that have a direct impact on both
lectronic and ionic conductivities [14] . 

.2. NASICON-type A x MM ′ (PO 4 ) 3 (M = V and Ti, 1 ≤ x ≤ 3) 

NASICON-type phosphates exhibit a 3D framework where MO 6 oc-
ahedra and PO 4 tetrahedra sharing their corners and vice versa with
ach other and commonly described with rhombohedral ( R 3 ̅for in-
tance) or monoclinic ( C 2/ c for instance) space groups ( Fig. 3 c) [14] .
enerally, compounds in rhombohedral phase show less thermal sta-
ility than the counterparts in the monoclinic phase. The repeating unit
M ′ (XO 4 ) 3 in NASICON usually is called “lantern ” where three tetrahe-

ra ([PO 4 ]) are connected with two octahedra ([MO 6 ]/[M ′ O 6 ]). Each
antern is connected to six other lanterns, for which a large intersti-
ial space is generated. These lantern units are stacked parallel to the
001] direction of the hexagonal unit cell [32] . In this 3D intercon-
ected space of Na 2 VTi(PO 4 ) 3 , there are two types of interstitial po-
itions, M(1) and M(2), where Na ions are distributed ( Fig. 3 d) [19] .
aking Na 2 VTi(PO 4 ) 3 as an example, it has a 3D framework of VO 6 
ctahedra sharing all of its corners with PO 4 tetrahedra and one Na + 
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Fig. 3. (a) Crystal structure of olivine AMPO 4 , NASICON A x M 2 (PO 4 ) 3 and tavorite AM(PO 4 )Y. (a, c, and f) Reproduced with permission [14] . Copyright 2013, 
American Chemical Society. (b) Crystal structure of LiFePO 4 and possible lithium pathways. (b) Reproduced with permission [123] . Copyright 2008, Springer Nature. 
(c) NASICON (generally rhombohedral) and anti-NASICON (generally monoclinic) frameworks of general formula AxMM ′ (XO 4 ) 3 . (d) A view of the Na x M 2 (PO 4 ) 3 
NASICON structure along the a (a) and c (b) axis, respectively. (d) Reproduced with permission [19] . Copyright 2017, Wiley-VCH. (e) Schematic crystal structure of 
Na 2 VTi(PO 4 ) 3 , and a - c represent different axes. (e) Reproduced with permission [32] . Copyright 2017, Springer Nature. (f) Representation of the tavorite structural 
arrangement. (g) Crystal structure of A 2 CoPO 4 F (A = Li and Na). (g) Reproduced with permission [48] . Copyright 2019, Wiley-VCH. (h) Crystal structures of 
Na 2 FePO 4 F. (h) Reproduced with permission [49] . Copyright 2007, Springer Nature. (i) Crystal structures of Na 3 V 2 (PO 4 ) 2 F 3 . (i) Reproduced with permission [52] . 
Copyright 2020, American Chemical Society. 
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ccupies the M(1) sites with sixfold coordination and the other two Na + 

ccupy the M(2) sites forming eight-fold coordination. Only Na ions re-
iding at M(2) sites can be extracted for electrochemical reaction due to
he weak bonding to surrounding oxygen atoms ( Fig. 3 e), producing a
heoretical capacity of 117 mA h g –1 . 

.3. Oxy-and fluoro-phosphates A x M(PO 4 )Y (Y = F, O, OH) 

For fluoro-phosphates, four structural families of lithium transition-
etal fluoro-phosphates have been reported before, AMPO 4 F,
 3 M 2 (PO 4 ) 2 F 3 , A 2 MPO 4 F and A 5 M(PO 4 ) 2 F 2 . The crystal structure

s built on (i) PO 4 tetrahedra, (ii) MO n Y y (M = Fe, V, Nb, Ti, Co,
nd Mn; Y = O, F, and OH) octahedra (sometimes very distorted)
enerating a 3-D framework, and (iii) A 

+ cations located in the inter-
titial space (A 

+ = Li + , Na + , and H 

+ ) [14] . Among these four types
f fluoro-phosphates, AMPO 4 F owns a tavorite-type structure ( e.g. ,
iVPO 4 F [42] and LiFePO 4 F [43] ). AMPO 4 F consists of corner-sharing
ne-dimensional (1D) chains of MO 4 F 2 octahedra, and two octahedra
eing bridged by fluorine atoms along the chains. These chains are
nterconnected by corner-sharing PO 4 tetrahedra, and the resulting 3D
845 
ramework delimitate different types of tunnels with two possible crys-
allographic sites for lithium ions ( Fig. 3 f) [14] . Hydroxyl-containing
MPO 4 F analogues show similar structures ( e.g ., LFP(OH)) [44] . 

For A 2 MPO 4 F, three structures are adopted that differ in the con-
ectivity of the MO 4 F 2 octahedra and can be specifically described as
ollows: (i) corner-sharing MnO 4 F 2 octahedra, like Na 2 MnPO 4 F, which
dopt a monoclinic unit cell ( P 2/ n space group), where two types of
n 2 O 8 F 2 chains run along the b axis, the corner-sharing MnO 4 F 2 octa-

edra are connected by fluorine atoms, and these chains are connected
y PO 4 tetrahedra, thus forming a 3D framework with the Na + cations
ocated in the channels [45] ; (ii) edge-sharing NiO 4 F 2 octahedra, like
i 2 NiPO 4 F [46] and Li 2 CoPO 4 F [ 47 , 48 ], which also own a 3D frame-
ork built by infinite chains of edge-sharing NiO 4 F 2 octahedra linked
y sharing corners with isolated PO 4 tetrahedra ( Fig. 3 g), with lithium
ons sitting in channels along the [010] direction; and (iii) two face-
haring MO 4 F 2 octahedra, like Na 2 CoPO 4 F [ 49 , 50 ], which exhibit a lay-
red framework and adopt an orthorhombic space group Pbcn ( Fig. 3 h).
nfinite chains of M 2 O 7 F 2 units, built by two face-sharing MO 4 F 2 oc-
ahedra and connected via bridging fluorine atoms, are interconnected
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hrough PO 4 tetrahedra forming layers between which sodium cations
re located. 

A 3 M 2 (PO 4 ) 2 F 3 possesses a 3D framework structure, as exemplified
ith [V 2 O 8 F 3 ] bioctahedra where two vanadium octahedra are bridged
y fluorine atoms and [PO 4 ] tetrahedral units through which the oxygen
toms are all interconnected. This arrangement leads to the formation
f channels along the a and b directions with the sodium located in the
arger tunnel sites ( Fig. 3 i) [51–53] . By contrast, A 5 M(PO 4 ) 2 F 2 shows a
D structure, with sheets made of VO 4 F 2 octahedra and PO 4 tetrahedra
14] . 

Oxy-phosphates VOPO 4 exhibit two structures, 𝛼-VOPO 4 and 𝛽-
OPO 4 . The former is tetragonal, space group P 4/ n , and is built of
VO 5 ] ∞ chains of VO 6 octahedra sharing corners along the quater-
ary axis [001] [ 13 , 54 ]. The four remaining oxygen corners of the
O 6 octahedra each belong to a different XO 4 tetrahedron. The latter

s orthorhombic ( Pnma space group) into which the VO 6 octahedra are
trongly distorted, forming chains along. 

.4. Electrochemical reactions of polyanionic phosphates 

Phosphates are mainly used as the cathode materials of batteries
 7 , 14 ], and few (mostly monometallic phosphates) have been studied
s anode materials, such as tin phosphate [55] , vanadium phosphate
VPO 4 ) [56] , and lithium phosphate Li 3 PO 4 [57] . For bimetallic olivine
hosphates (AMPO 4 ), the reversible electrochemical redox reactions oc-
urring in the battery system are about the same, as summarized below, 

MP O 4 ↔ A 1 −x MP O 4 + 𝑥 A 

+ + 𝑥 e − ( 0 ≤ x ≤ 1 ) (1) 

As shown in Fig. 4 a [58] , during the charging process, phosphate
elithiates partly to form Li 1–x FePO 4 with lithium ions intercalating
nto the anode from the electrolyte, while in the discharging process,
ithium ions deintercalate from the anode and intercalate into the cath-
de Li x FePO 4 . It has been found that lithium extraction from LFP results
n phase separation with FePO 4 that limits the power characteristics. In
rder to improve the electrochemical performance, various strategies
ave been reported to suppress the phase transformation, such as using
 solid solution [59] , increasing the interfacial resistance at the active
urface [37] , and adjusting overpotential and particle size [60] . 

For multi-metal phosphates, like LiMM ′ PO 4 , their electrochemical
ehaviors are accompanied by the two redox couples of different met-
ls, exhibiting two pairs of redox peaks in cyclic voltammograms (CV)
nd two voltage plateaus in galvanostatic charge–discharge (GCD) plots
 61 , 62 ]. ( Fig. 4 b-c). Similarly, with an increase of the active metal ele-
ents (LiMM ′ PO 4 → LiMM ′ M ′′ PO 4 ), redox couples as well as the num-

er of corresponding redox peaks and voltage plateaus also increase
63] ( Fig. 4 d-e). Similar to bimetallic phosphates (AMPO 4 ), the charging
nd discharging processes are accompanied by the insertion and extrac-
ion of lithium ions between cathode and anode. The relevant electro-
hemical redox reactions are summarized as follows, 

iMM 

′M 

′′PO 4 ↔ Li 1 − 𝑥 MM 

′M 

′′PO 4 + 𝑥 Li + + 𝑥𝑒 − (2) 

 i 1 − 𝑥 MM 

′M 

′′PO 4 ↔ Li 1 − 𝑥 − 𝑦 MM 

′M 

′′PO 4 + 𝑦 Li + + 𝑦 e − (3) 

 i 1 − 𝑥 − 𝑦 − 𝑧 MM 

′M 

′PO 4 ↔ Li 1 − 𝑥 − 𝑦 − 𝑧 MM 

′M 

′PO 4 + 𝑧 Li + + 𝑧 e − (4) 

For Li 3 V 2 (PO 4 (LVP) phosphates which include rhombohedral LVP
hase and monoclinic phase, their electrochemical reactions are much
ore complex. Rhombohedral LVP displays one voltage plateau at

round 3.7 V vs. Li/Li + based on the V 

3 + /V 

4 + redox couple. For mon-
clinic phase, under different voltage range, the number of delithia-
ion and charging voltage plateaus fluctuate correspondingly [ 64 , 65 ].
s shown in Fig. 4 f-g [64] , within the voltage range of 3.0 to 4.8 V vs.

i/Li + , four voltage plateaus are observed during charging/oxidizing
rocess at ca. 3.6, 3.7, 4.1, and 4.6 V vs. Li/Li + , respectively. These four
846 
lateaus correspond to a series of phase transformation between the sin-
le phases of Li x V 2 (PO 4 ) ( x = 3.0, 2.5, 2.0, 1.0 and 0). Similarly, in the
oltage range of 3.0 to 4.3 V vs. Li/Li + , three oxidizations at 3.6, 3.7,
nd 4.1 V occur in the same way, and the oxidization of vanadium at
a. 4.6 V does not happen [60] . Overall electrochemical redox reactions
f LVP can be summarized as follows: 

Charge: 

i 3 V 2 
3+ (PO 4 

)
− 0 . 5Li + − 0 . 5e − → Li 2 . 5 V 

3+ V 1∕2 
4+ (PO 4 

)
3 (5) 

i 2 . 5 V 

3+ V 1∕2 
4+ (PO 4 

)
3 − 0 . 5 Li + − 0 . 5 e − → Li 2 V 

3+ V 

4+ (PO 4 
)

(6) 

i 2 V 

3+ V 

4+ (PO 4 
)
3 − Li + − e − → Li V 2 

4+ (PO 4 
)
3 (7) 

i V 2 
4+ (PO 4 

)
3 − Li + − e − → V 2 

4 . 5+ (PO 4 
)

(8) 

Discharge: 

 2 
4 . 5+ (P O 4 

)
3 +2L i 

+ +2 e − → L i 2 V 

3+ V 

4+ (P O 4 
)
3 (9) 

 i 2 V 

3+ V 

4+ (P O 4 
)
3 +0 . 5L i 

+ +0 . 5 e − → L i 2 . 5 V 

3+ V 1∕2 
4+ (P O 4 

)
3 (10)

 i 2 . 5 V 

3+ V 1∕2 
4+ (P O 4 

)
3 +0 . 5L i 

+ +0 . 5 e − → L i 3 V 2 
3+ (P O 4 

)
3 (11)

When Li 3 V 2 (PO 4 ) is charged, the first lithium is extracted at 3.6,
nd 3.7 V vs. Li/Li + and the vanadium atoms in the crystal exist in the
 3/ + 4 state. As the potential is increased to 4.1 V vs. Li/Li + , a second Li

s removed via a two-phase process of Li 2 V 2 (PO 4 ) 3 → LiV 2 (PO 4 ) 3 and
ll the vanadium atoms in the crystal exist in the + 4 oxidation state. At
he voltage of 4.6 V vs. Li/Li + , the last lithium is extracted and part of
he vanadium atoms are in the + 5 state. However, the transformation
f LiV 2 (PO 4 ) 3 → V 2 (PO 4 ) 3 is kinetically difficult. 

. Synthesis methods 

Phosphates can be coordinated with different cations to form
onometallic, bimetallic, and multiple-metal compounds, which can be

ynthesized via a range of methods, such as hydrothermal/solvothermal
reatment, chemical precipitation, and ball milling. The comparisons of
ifferent synthesis methods are listed in Table 1 . 

.1. Chemical precipitation 

Chemical precipitation is a widely used and generally well-
nderstood synthetic method, due to the following advantages: (i) low
nergy consumption, where the reaction can be conducted even at
oom temperature; (ii) non-toxic reagents; and (iii) time-saving proce-
ure [66] . By adjusting the reaction conditions, materials with versatile
orphologies can be obtained by the precipitation method ( Fig. 5 a).

or example, amorphous FePO 4 [ 67 , 68 ], Ca 3 (PO 4 ) 2 [69] , Li 3 PO 4 [70] ,
nd Ni 3 PO 4 [71] have been obtained through a straightforward precip-
tation process. Hierarchically structured nanoflakes Co 3 (PO 4 ) 2 [72] ,
icro-flowers Co 3 (PO 4 ) 2 8H 2 O [73] and NH 4 CoPO 4 H 2 O [74] which

how a high specific area and large nanoscale pore channels for ion
ransport have also been synthesized via a facile precipitate process.
ASICON-type Nb 5 + doping NaNb x Ti 2 − x (PO 4 ) 3 was prepared by Voron-

na via a co-precipitation method [33] where NbCl 5 was added to a
ixture containing Ti(OC 2 H 5 ) 4 in ethanol and NH 4 H 2 PO 4 and NaNO 3 

molar ratio of Na:Ti:Nb:P = 1:(2 − x ): x :3) in water. After solvent evap-
ration and being dried at 120°C, the obtained powders were annealed
t 900°C in air for 6 h and naturally cooled down to room temperature.

Phosphates of different morphologies and crystallographic structures
an be readily synthesized by the chemical precipitation process. For in-
tance, 1D to 3D structures can be tuned during crystallization by manip-
lation of electrolytic dissociation ( 𝛼) of the reactants and supersatura-
ion (S) of the solutions [69] . The relationship between morphology and
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Fig. 4. (a) Charging (left) and discharging (right) processes of a typical lithium-ion battery. (b) CV profiles, and (c) rate discharge of the LiCo 0.5 Mn 0.5 PO 4 -CNT and 
the neat LiCo 0.5 Mn 0.5 PO 4 . (b, c) Reproduced with permission [61] . Copyright 2013, Elsevier. (d) CV profiles of LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /AB, LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /SP 
and LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /BP at the scanning rate 0.1 mV/s in the range of 2.5-5.3 V. (e) The initial discharge curves of LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /BP sample at different 
current rates. (d, e) Reproduced with permission [63] . Copyright 2014, Elsevier. The electrochemical voltage-composition curves of Li 3 V 2 (PO 4 ) 3 in the voltage ranges 
of 3.0-4.8 (f) and 3.0-4.3 (g) V vs. Li/Li + . (f, g) Reproduced with permission [64] . Copyright 2014, Elsevier. 
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lectrolytic dissociation as well as supersaturation has been described
n detail by Lai et al. [69] . Generally, anisotropic 1D or 2D materials
re formed in solutions with a low 𝛼 where electrolytes release reac-
ant ions slowly, and isotropic 3D materials are formed at high 𝛼 ( ≈ 1)
ith fast release of ions. For poorly dissociating reactants, the supersat-
ration point (S) can be controlled to have either low or high point by
uning the concentration, leading to the formation of 1D rod-like or 2D
heet-like morphologies, respectively. For highly dissociating reactants,
igher S leads to fast nucleation that gives rise to the formation of irreg-
lar 3D morphologies and lower S to grow regular particles ( Fig. 5 b). For
xample, using Bi(NO 3 ) 3 and NH 4 H 2 PO 4 as precursors, the ionization
quilibrium of hydrogen phosphate can be controlled by adjusting the
olution pH value. Scanning electron microscopy (SEM) studies showed
hat particles change from an irregular coarse shape into a rod-like struc-
ure at pH = 1 to 7, and collapse into irregular aggregates at pH = 9 to
2) [75] . That is, at low pH, the ionization equilibrium of phosphoric
cid leads to the formation of hydrogen phosphate, while phosphate at
igh pH, it tends to ionize more phosphate group. Lai et al. [69] showed
hat pH variation mostly induced only slight structural variations, such
s crystallinity and nanoscale, but the morphologies were maintained,
 

847 
specially for anisotropic materials. Moreover, in the precipitation pro-
ess the mechanical driving force also influences the growth of the mate-
ials. An increased stirring speed facilitates the reaction between metal
ations and reactant anions, which leads to an increased S and abun-
ant nucleation, conducive to structural evolution and a decreased size
69] . The application of ultrasound in the reactant solution can also
ause interparticle collision, which in turn induces the fusion of primary
articles. This is accompanied by the oriented growth, which results in
he formation of rod-shaped particles [75] . Notably, in precipitation,
here is an optimum reaction time, beyond which large aggregates will
orm. For example, Mn 3 (PO 4 ) 2 3H 2 O/graphene nanosheets (NSs) have
een prepared via the exfoliation precipitation process, whereby bulk
n 3 (PO 4 ) 2 3H 2 O is a prior prepared by ultrasonic-assisted precipita-

ion [76] . 

.2. Hydrothermal/solvothermal method 

Hydrothermal/solvothermal chemistry is one of the principal meth-
ds for the preparation of metal phosphates [ 77 , 78 ], such as monometal-
ic phosphates ( e.g. , Fe 5 (PO 4 ) 4 (OH) 3 2H 2 O [ 79 , 80 ], BiPO 4 [57] , BPO 4
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Fig. 5. (a) TEM and SEM images of various materials produced by the versatile precipitation. (b) Schematic illustrations of the formation of 1D, 2D, and 3D structures 
with regular shapes. (a, b) Reproduced with permission [69] . Copyright 2019, Springer Nature. (c-f) Powder XRD patterns and corresponding SEM micrographs of 
hydrothermal LFP after various reaction times: (d) 30 minutes, (e) 90 minutes, and (f) 5 hours. (g-j) SEM micrographs of carbon-free LFP crystallized at different 
concentrations and temperatures: (g) 0.25 M (Fe), 190 °C; (h) 0.75 M (Fe), 190 °C; (i) 0.25 M (Fe), 140 °C, and (j) XRD patterns of the compounds synthesized at 190 
°C (0.25 M (Fe) in grey, 0.75 M (Fe) in black). (c-j) Reproduced with permission [96] . Copyright 2007, The Royal Society of Chemistry. (k) Synthetic scheme of the 
aqueous electrochemical displacement process from olivine LFP to isostructural NFP. (k) Reproduced with permission [110] . Copyright 2015, American Chemical 
Society. 
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81] , VPO 4 [ 56 , 82 ], FePO 4 [77] ), bimetallic phosphates ( e.g. , LFP
 83 , 84 ], Li 3 V 2 (PO 4 ) 3 [85] Ag 2 VO 2 PO 4 [24] ), and trimetallic phos-
hates ( e.g. , LiCo 0.5 Mn 0.5 PO 4 [61] , Na 2 Mn 1.5 Fe 1.5 (PO 4 ) 3 [86] ). The
ydrothermal/solvothermal processes have also been adopted to pre-
are fluorophosphates [87] . When battery materials are prepared in
anoscale forms, their power density increases because of the short
ransport paths for ions and electrons [88] . Table 2 lists a range of phos-
hates that have been prepared by hydrothermal/solvothermal process,
long with their corresponding morphologies. 

In hydrothermal/solvothermal synthesis, distinctly different struc-
ures can be obtained by a careful manipulation of the reaction condi-
ions. Taking LFP as an example, at excess Fe, LFP with crystallographic
efects can be obtained via a simple hydrothermal route [89] . By con-
rolling the overall concentration of the precursors and reducing agents,
ff-stoichiometry Li 1 − x Fe 1 + x (PO 4 ) 1 − y (OH) 4y has been synthesized un-
er hydrothermal conditions [90] . Under microwave irradiations at a
ow power level and prolonged reaction time, pure LFP can be syn-
hesized via a solvothermal process using ethylene glycol as the reac-
ion medium [91] . With stoichiometric amounts of CH 3 COOLi 2H 2 O,
e(NO 3 ) 3 6H 2 O, NH 4 H 2 PO 4 , and citric acid at a molar ratio of 1:1:1:1,
FP nanoparticles have been prepared hydrothermally at 180 °C for 6 h
92] . In another study, LFP microspheres encapsulated in graphene NSs
re successfully prepared hydrothermally with FeSO 4 and graphene ox-
de (GO)-Li 3 PO 4 at 200 °C for 10 h [70] . Similar to the structure of
icrospheres, micro hollow spheres LFP has also been obtained by a

olvothermal method using spherical Li 3 PO 4 as the self-sacrificed tem-
late and FeCl 2 4H 2 O as the Fe 2 + source [93] . Plate-like LFP has been
ynthesized from the precursors of LiH 2 PO 4 and FeC 2 O 4 2H 2 O in an
thylene glycol solution at a Li:Fe:P molar ratio of 1:1:1 via a hydrother-
al treatment at 200 °C for 8 h [94] . By careful manipulation of the
 a  

848 
emperature, reaction time and concentration of precursors during the
ydrothermal process, the particle morphology and crystallite size of
he resultant products can be tuned [ 86 , 95 ]. As shown in Fig. 5 c-j, when
he heating time was increased from 30 min to 5 h, the morphology of
FP gradually changed from nano-leaflets to large crystallites; and the
rystallite size of LFP decreased with increasing Fe concentration and
ecreasing heating temperature [96] . 

Internal reducing agents and additives can also be added into the
olution for further control and adjustment of the nanostructures. For
nstance, N-methyl-2-pyrrolidone (NMP) is an effective reducing agent
nd crystal growth inhibitor; and the addition of NMP can lead to
he formation of LFP nanoparticles with a reduced size and a single-
hase orthorhombic structure [97] . A reduced particle size has also been
chieved with the addition of carbon black into the pre-hydrothermal
olution [98] . 

.3. Ball milling method 

In a typical ball milling process, a mixture of selected solid precur-
ors is placed in the mill chamber and subjected to high-energy collision
rom the milling media [ 99 , 100 ]. As a rather simple and cost-effective
abrication process, ball milling has been adopted to prepare metal phos-
hates. Yet, as the desired products cannot be obtained directly via only
he high-energy milling process, post treatment is needed. For example,
n one earlier study [101] , LFP was prepared from the mixture of LiOH
 2 O, FePO 4 4H 2 O, and selected organic acid by high-energy milling,

ollowed by calcination at 700 °C for 3 h under argon. In another study
102] , carbon-coated LVP/reduced graphene oxide (LVP@C/rGO) com-
osites were synthesized from the mixture of Li 2 CO 3 , V 2 O 5 , NH 4 H 2 PO 4 ,
nd carbon sources of 5 wt.% GO and 15 wt.% sucrose by ball milling for
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Table 1 

Comparisons of different synthesis methods of metal phosphates. 

Method Advantages Disadvantages 

Co-precipitation Low energy 
consumption, 
non-toxic reagents 
environmentally 
friendly, simple 
operation, low cost, 
facile synthesis, easy 
control of 
preparation 
conditions 

High reaction rates 
make it difficult to 
control precisely the 
morphologies of the 
resulting products; 
difficult to control 
the ratio of target 
product; easy 
agglomeration 

Hydrothermal controllable 
morphology and 
nano-size, fast 
reaction kinetics, 
short processing 
times, phase purity, 
low cost 

Not intuitive to the 
observation of 
reaction 
phenomenon; 
infeasible to large 
scale production 

Ball-milling Simple and 
cost-effective 
fabrication process 
Homogeneous 
system 

Impurities and 
structural defects in 
treatment process, 
uneven particle size 
distribution 

Sol-gel Ease of uniformly 
doping at molecular 
level, fast reaction at 
the nanoscale 
diffusion layer, 
homogeneous 
mixing of reactants 
at the atomic or 
molecular level, 
small particle size on 
a nanometer scale 
and uniform particle 
distribution 

Long synthesis 
period, contraction 
due to gas escaping 
from micropores 
during the drying 
process 
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wo days, followed by calcination at 750°C for 10 h under a flow Ar/H 2 
tmosphere. Bulk LFP has also been prepared using the same strategy.
y exfoliation of bulk LFP (LFP-BL) prepared via ball-milling, ultrathin
FP NSs can be readily prepared [29] . 

Ball-milling processes have also been adopted to prepare multi-
etal phosphates. Take LiFe 0.3 Mn 0.7 PO 4 as an example. In an early

tudy [103] , Li 2 CO 3 , FeC 2 O 4 2H 2 O, MnC 2 O 4 2H 2 O, NH 4 H 2 PO 4 , and
iF at a molar ratios of 0.5:0.3:0.7:1.02:0.1 were thoroughly mixed
nd ground by planetary ball milling. After a calcination treatment at
50°C for 10 h, the obtained powders were reground and pelletized.
inally, LiFe 0.3 Mn 0.7 PO 4 powders were obtained after a sintering pro-
ess at 600°C for 10 h. LiMn 1/3 Fe 2/3 PO 4 /C composites were prepared
imilarly via ball-milled in an ethanol medium for 3 h with MnFe 2 O 4 ,
H 4 H 2 PO 4 , Li 2 CO 3 , and glucose (1:3:1.5:0.4), followed by thermal sin-

ering at 680 °C for 5 h in an Ar atmosphere [104] . Pagot [105] prepared
iFe 𝛼Ni 𝛽Co 𝛾PO 4 via a three-step procedure that included ball-milling,
intering and re-grinding. First, Li 2 CO 3 , (NH 4 ) 2 HPO 4 , Fe 2 O 3 , NiO, and
CoCO 3 2Co(OH) 2 nH 2 O at different ratios were mixed in a planetary
all mill (2 h, 500 rpm). Pellets of the samples were then thermally
reated in a furnace at 700°C in air for 24 h. Finally, the samples were
round again via planetary ball milling (2 h, 500 rpm). 

.4. Sol-gel method 

Sol-gel synthesis usually includes mixing, aging, evaporating,
nd heating treatment, and favors the formation of a homo-
eneously dispersed phase [ 106 , 107 ]. It has been used to syn-
hesize various NASICON-structured phosphates, e.g. , Li 3 V 2 (PO 4 ) 3 
108] , Na 2 VTi(PO 4 ) 3 @C [32] , Na 3 MnZr(PO 4 ) 3 [39] , and Na 3 V 2 (PO 4 ) 3 
 106 , 109 ]. For instance, Li 3 V 2 (PO 4 ) 3 nanoparticles have been produced
y high temperature sintering of gel precursors obtained via a mixing
nd aging process [108] . During the solution reaction step after mixing,
849 
t is easy to achieve uniform doping at the molecular level. For example,
anganese doped-Na 3 V 2 (PO 4 ) 3 has been synthesized via a citric-based

ol-gel method using manganese (III) acetylacetonate as the doping pre-
ursor, leading to a homogeneous dispersion of the active material par-
icles and good electrochemical performance [106] . 

.5. Other methods 

Other methods have also been used to synthesize metal phosphates.
or NaFePO 4 , synthesized from direct high-temperature process shows
hermodynamically favored maricite phase, which has no obvious chan-
els for fast alkali diffusion [110] . Thus, several research works have
dopted electrochemical-driven ion-exchange for the preparation of
livine NaFePO 4 from olivine LFP precursor. Experimentally, the olivine
FP/C electrode is fully delithiated (charged) in a Li 2 SO 4 aqueous solu-
ion to obtained a FePO 4 /C. After being sodiated in a Na 2 SO 4 aqueous
olution, FePO 4 /C is transferred into the final olivine NaFePO 4 /C elec-
rode ( Fig. 5 k) [111] . Additionally, phosphates can be synthesized by
irect-growth strategies, such as atomic layer deposition (ALD), which
s based on the sequential use of self-terminating gas-solid surface re-
ctions. Because only one layer of atoms is deposited at a time, they
ypically require a long deposition time; yet a controlled thickness and
niform film of LFP can be obtained. For example, carbon nanotubes
CNTs) uniformly covered with LFP have been synthesized via the ALD
rocess. The thickness of amorphous LFP is linearly dependent on the
LD cycle number [78] . Aqueous-based refluxing has also been used to
repare phosphates. For example, LFP has been produced by refluxing
 mixture of precursors at a select temperature over a period of time
112] . Electrospinning is another method to prepare phosphates [113] .
or example, 1D highly porous Li 3 V 2 (PO 4 ) 3 /C nanofibers has been fab-
icated by an electrospinning-assisted solid-state method from a solu-
ion containing CH 3 COOLi 2H 2 O, NH 4 VO 3 , NH 4 H 2 PO 4 , and poly(vinyl
yrrolidone) [114] . 

. Li-ion batteries 

The phosphate group can react with most of the elements in the pe-
iodic table (such as transition metals like Fe, Li, Mn, Sn, V, etc.) and
orm diverse inorganic phosphates [66] , which can be used in various
atteries. Based on the number of metal element, these phosphates are
ainly classified into three categories: (1) monometallic phosphates, (2)

imetallic phosphates, and (3) multi-metal phosphates. In the following
ubsections, we will discuss the applications of these phosphates as LIB
lectrode materials, focusing on the structures and electrochemical per-
ormance. 

.1. Monometallic phosphates 

A range of monometallic phosphates have been used for LIBs, as
isted in Table 3 . Among these, FePO 4 -based phosphates have been the
ost commonly used materials since 1997 when Padhi and co-workers
rstly reported the use of FePO 4 as a cathode material [115] , due to
heir high theoretical energy-storage capacity of 178 mA h g –1 [7] .
owever, the practical application of FePO 4 is limited by the poor
inetics of electron and lithium ion transport, which leads to poor
harge and discharge rates during prolonged cycling [68] . Experimen-
ally the integration of a proper conducting phase, such as graphene
79] , carbon, and CNT [68] , into phosphates can act not only as a
esired charge transfer medium but also as a buffer zone of the vol-
me change of active materials. For instance, Han and co-workers
79] successfully synthesized graphene aerogel-supported hydroxide
hosphate dihydrate (Fe 5 (PO 4 ) 4 (OH) 3 2H 2 O) microspheres (GA/IHPDs,
ia. 2 𝜇m) by hydrothermal mineralization of Fe 3 + and 𝑃 𝑂 

3− 
4 ions

n the presence of graphene oxide (GO) ( Fig. 6 a-d). The hybrid com-
osite showed enhanced rate capability and excellent cycle stability
ven at an ultrahigh current density, due to the interaction between
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Table 2 

A summary of hydrothermal/solvothermal preparation conditions and morphologies of phosphates. 

Material Morphology Corresponding image Method Ref. 

LiMPO 4 (M) Mn, Fe, Co, and Ni) Nano-thumb-like Microwave irradiated solvothermal [84] 

FePO 4 /CNT Carbon nanotube embedded microspheres Hydrothermal [80] 

G-LiFePO 4 LiFePO 4 microspheres wrapped by graphene nanosheets Hydrothermal [70] 

LiFePO 4 Micro-hollow spheres Solvothermal [93] 

LiFePO 4 /C Plate-like Solvothermal [94] 

Na 2 Mn 1.5 Fe 1.5 (PO 4 ) 3 Alluaudite Hydrothermal [86] 

LiCo 0.5 Mn 0.5 PO 4 -CNT LiCo 0.5 Mn 0.5 PO 4 nanoparticles /CNT wires Hydrothermal [61] 

N-G-Li 3 V 2 (PO 4 ) 3 /C Li 3 V 2 (PO 4 ) 3 /C nanocrystals anchored on nitrogen-doped graphene nanosheets Microwave-assisted hydrothermal [85] 

LiFePO 4 Nano-leaflets Hydrothermal [96] 

GA-Fe 5 (PO 4 ) 4 (OH) H 2 O Microspheres supported by graphene aerogel Hydrothermal [79] 

850 
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Table 3 

Performances of recently reported LIBs based on monometallic phosphates with corresponding morphologies. 

Materials Morphology Capacitance 
Capacity retention 
[%] Electrolytes Voltage, V Ref. 

Fe 5 (PO 4 ) 4 (OH) 3 2H 2 O Particles of the IHPDs 
wrapped by graphene 
sheets 

180 mA h g –1 (at 50 mA g –1 ) - 1 M LiPF 6 in 
EC-DMC 

1.5–4.5 vs. 
Li/Li + 

[79] 

FePO 4 -CNT FePO 4 nanoparticles 
embedded into CNTs. 

177 mA h g –1 (at 0.1 C) 90@2000@5 C 1 M LiPF 6 in 
EC-DEC-DMC 

2.0–4.2 vs. 
Li/Li + 

[68] 

Fe 1.19 (PO 4 )(OH) 0.57 (H 2 O) 0.43 -10% C Particles dispersed in 
carbon black 

150 mA h g –1 (at 0.25 C) 99@150@2 C 1 M LiPF 6 in 
EC-DEC 

2.0–4.5 vs. 
Li/Li + 

[98] 

VPO 4 /rGO Hydrangea-like 
microspheres 

537 mA h g –1 (at 0.1 A g –1 ) 96@3000@2 A g –1 1 M LiPF 6 in 
EC-DEC 

0.01–3.0 vs. 
Li + /Li 

[56] 

Li 4 Ti 5 O 12 /TiO 2 /Li 3 PO 4 Nanoforest layer 88 𝜇A h cm 

− 2 (at 50 𝜇A cm 

− 2 ) - 1 M LiPF 6 in 
EC-DEC 

1.0–3.0 vs. 
Li + /Li 

[118] 

Notes: a EC: ethylene carbonate; DEC: diethyl carbonate; DMC: dimethyl carbonate. 
b Cycling stability is expressed as the capacity retention after some charging/discharging cycles at a specific rate. 

Fig. 6. (a-d) SEM and TEM images of GA/IHPDs hybrids. (a-d) Reproduced with permission [79] . Copyright 2014, The Royal Society of Chemistry. (e-h) SEM (left 
side) and corresponding TEM (right) micrographs of (e) FPHH-0% C, (f) FPHH-2% C, (g) FPHH-10% C, and (h) FPHH-20% C prepared by hydrothermal synthesis 
with carbon black added in solution. (e-h) Reproduced with permission [98] . Copyright 2017, Elsevier. (i) Illustration of high-rate and long-cycle charge storage of 
VG-MS architecture. (i) Reproduced with permission [56] . Copyright 2020, Elsevier. (j) Schematics illustrate Li 3 PO 4 matrix enables long-cycle-life bismuth anodes. 
(j) Reproduced with permission [57] . Copyright 2016, American Chemical Society. (k) Galvanostatic discharge/charge curves of Sn/xC and Sn-BPO 4 /xC against Li 
metal at C/5 rate, and (l) discharge/charge capacity of the Sn/xC and Sn-BPO 4 /xC composites as function of the cycle number. (k, l) Reproduced with permission 
[81] . Copyright 2011, Elsevier. 
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HPD and graphene aerogel as well as interconnected 3D macroporous
rameworks, which not only provided a continuous pathway for the
ransportation of Li ion and electrons, but also reduced the damage.
imilarly, Karegeya et al. [98] prepared iron hydroxyl phosphate hy-
rate Fe 1.19 (PO 4 )(OH) 0.57 (H 2 O) 0.43 (FPHH)-based composites by a hy-
rothermal process in the presence of carbon black. The addition of
arbon black not only effectively reduced particle size, with FPHH con-
aining 10% C showing the highest specific surface area, but also im-
roved electrical conductivity. As shown in Fig. 6 e-h, the particle size
f FPHH/carbon black was much smaller than that of FPHH alone and
he conductive carbon was dispersed among the FPHH particles. In addi-
ion, Zhang et al. [68] constructed a uniformly dispersed a-FePO 4 -CNT
anocomposite via interface interaction of surface modified a-FePO 4 
nd CNT dispersion under mild sonication. This well-dispersed struc-
ure coupled the merits of a-FePO 4 and CNT, which facilitated electron
nd ion transport. As a result, even at the current density of 5 C, the a-
ePO 4 -CNT cathode still possessed a specific capacity of 117 mA h g –1 ;
nd after 2000 cycles at 5 C, nearly 90% of the initial discharge capacity
as retained. 

Because of the versatile framework with tunable functionalities, and
he ability of being able to alleviate volume variation occurring during
harge-discharge, mesoporous metal phosphates have been studied as
 promising electrode material for LIBs [116] . For instance, Lee et al.
55] prepared various mesoporous tin phosphates with surfactants as
emplates. Compared with the non-mesoporous counterparts, the tin-
hosphate anodes with 42, 82, and 100% mesopores showed a high
apacity retention over 50%, reaching charge capacities of ∼260, ∼290,
nd ∼325 mA h g − 1 , respectively (after 50 cycles). Lu et al. [56] pre-
ared 3D hydrangea-like, pseudocapacitive VPO 4 /rGO microspheres,
here VPO 4 microspheres were embedded in interlaced mesoporous

GO. The unique porous structure and open spaces provided abundant
lectron/ion transfer paths and large surface area for the contact with
he electrolyte ( Fig. 6 i). In addition, the pseudocapacitive nature of the
PO 4 /rGO electrode resulted in ultrafast charge storage. Thus, the self-
upporting anode delivered an excellent fast-charging (537 mA h g –1 

t 0.1 A g –1 ) and long-life performance (318 mA h g –1 even after 3000
ycles at 2 A g –1 ). 

Other phosphates, such as BiPO 4 , that are more uncommon have also
een used for LIB. For example, Sun et al. [57] synthesized BiPO 4 @G
omposite by a solvothermal reaction, using GO, Bi(NO 3 ) 3 5H 2 O, and
aH 2 PO 4 as precursors. After an in situ electrochemical lithiation pro-
ess, bismuth nanoparticles were homogeneously confined in the solid-
tate 𝛾-Li 3 PO 4 matrix producing BiPO 4 @G ( Fig. 6 j), leading to a sig-
ificantly improved electrochemical cycling performances, with a re-
ersible capacity of 280 mA h g –1 at 100 mA g –1 and a capacity de-
ay rate of merely 0.071% per cycle up to 500 cycles. Similarly, using
PO 4 as the matrix, Sn-based composites (Sn-BPO 4 / x C) were obtained
y carbothermal reduction of the mixtures of SnO 2 , carbon black, and
PO 4 . The BPO 4 matrix afforded an intimate dispersion of the in situ
ormed tin metal particles, which resulted in enhanced electrochem-
cal capacity together with relatively stable cycling performances, as
ompared to Sn/ x C without BPO 4 ( Fig. 6 k-l) [81] . Furthermore, coat-
ng amorphous Li 3 PO 4 thin films on the surface of a Li metal elec-
rode can not only suppress the growth of lithium dendrites on pure
ithium metal but also improve lithium lifespan. The improved per-
ormance of the Li 3 PO 4 -coated Li electrode was mainly due to the
igh chemical stability and amorphous nature of Li 3 PO 4 , which led to
ayer-by-layer growth of the Li film rather than formation of islands
nd dendrites [117] . Li 3 PO 4 also plays an important role in enhancing
he electrical conductivity and Li + diffusion. For example, Marta et al.
118] synthesized Li 4 Ti 5 O 12 /TiO 2 /Li 3 PO 4 composites by self-organized
iO 2 /Li 3 PO 4 nanotubes. Due to facile electron-transfer pathways, the
esulting Li 4 Ti 5 O 12 /TiO 2 /Li 3 PO 4 composites were firmly attached to
he Ti current collector reaching a maximum energy density of about
60 W h kg –1 at C/2. 
852 
.2. Bimetallic phosphates 

Bimetallic inorganic metal phosphates (AMPO 4 , with A denoting
n alkali metal (either Li or Na) and M a transition metal) belong to
 general class of ‘polyanion’ compounds, such as maricite AMPO 4 ,
ASICON A 3 V 2 (PO 4 ) 3 , olivine AMPO 4 [12] , and tavorite A x M(PO 4 )Y.
mong them, olivine and NASICON-type phosphates have been exten-
ively studied as electrode materials for MIBs [119] . The Maricite struc-
ure is similar to the olivine one, but is generally of less interest for bat-
ery applications given that there are no obvious channels for fast alkali
iffusion in these materials [12] . Inspired by the seminal work from the
oodenough group [ 120 , 121 ], there has been great interest in bimetal-

ic inorganic metal phosphates as electrode materials for rechargeable
IBs, because of their high energy density, low raw materials cost, en-
ironmental friendliness, and safety [10] . 

.2.1. Olivine-structured phosphates 

.2.1.1. LiFePO 4 . Olivine phosphates (LiMPO 4 ) are well-known
orkhorse electrode materials for high energy density Li intercala-

ion, where Li + are inserted into the host structure without causing
ignificant rearrangement of the original structure [122] . Among
hese, olivine-LFP compounds have received most attention and found
idespread applications in industry, due to their excellent electrochem-

cal properties (high lithium intercalation voltage of ∼3.5 V relative to
ithium metal, high theoretical capacity of 170 mA h g –1 ), stability, low
ost, and ease of synthesis [119] . Indeed, a number of LiMPO 4 -based
aterials have been synthesized. However, there are several major
rawbacks of these compounds, such as their poor intrinsic electrical
onductivity and 1D diffusion channels for Li + ( Fig. 7 a), which lead
o a low electrochemical rate performance [123] . These issues may be
itigated by structural engineering ( Table 4 ). 

In these approaches, a good control over the physical and chemical
roperties of nanostructured LFP (such as morphology, size, and compo-
ition) is critical in achieving optimal electrochemical performance. For
xample, to address the issue of low electrical conductivity, Wang et al.
100] dipped an LFP electrode into a 4-[bis(4-methoxyphenyl) amino]
enzylphosphonic acid (BMABP) solution, for which the resulting sin-
le molecular layer of redox-active BMABP provided the desired electron
ransport and permitted exchange of lithium ions to occur rapidly across
he solid/electrolyte interface. As compared to conventional carbon-
ased conductive additives at equal loading, the rate capability was
arkedly enhanced. 

In another study [124] , Tsuda et al. successfully reported holing of
FP with an average hole diameter of 20-30 𝜇m and hole opening rate
f 1-2% by a pico-second pulsed laser. These holes greatly increased the
rea available in the discharge process resulting in decreased charge-
ransfer resistance and thus high-rate discharging performance. Anh
t al. [125] prepared spherical Li 3 Fe 2 (PO 4 ) 3 , and observed a capacity
f 100 mA h g –1 at 2.5 C rate. The performance was markedly enhanced
hen Li 3 Fe 2 (PO 4 ) 3 particles were embedded in carbon films, at 130 and
0 mA h g –1 at C/2 and 16 C rates, respectively. 

4.2.1.1.1. Carbon composites. Because polyanion-based materials
sually exhibit lower electrical conductivity than oxides, their surface
s typically modified with conducting carbon materials [ 28 , 83 ], as illus-
rated in Fig. 7 b [ 126 , 127 ]. In an early study [128] , an ultrathin and
niform carbon layer (1.9 nm) was deposited on hierarchically meso-
orous LFP nano/microspheres (20-140 nm in diameter) through a liq-
id carbon dioxide (l-CO 2 ) based method, forming a core (LFP)-shell
carbon) structure. After calcination, this carbon coated LFP (C-LFP) al-
owed facile penetration of liquid electrolytes and rapid electron and
i + transport. Experimentally, the unmodified LFP showed a discharge
apacity of 125 mA h g − 1 and 98 mA h g − 1 at current density of 0.1 and
 C, respectively, and retained 83% of the original capacity at the end of
40 cycles. In contrast, C-LFP exhibited outstanding capacity retention
ith a capacity of 168 mA h g − 1 at 0.1 C at the end of 140 cycles, virtu-
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Fig. 7. (a) Anisotropic harmonic lithium vibration in LFP shown as green thermal ellipsoids and the expected diffusion path. (a) Reproduced with permission [123] . Copyright 2008, Springer Nature. (b) Thin carbon 
coating at the surface of highly crystalline LFP yields to high benefits for electrochemical response at high rate. (b) Reproduced with permission [14] . Copyright 2013, American Chemical Society. (c-g) Electrochemical 
performances of H-LFP and C-LFP-S. (c) Charge/discharge profile at 0.1 C and 1 C, (d) Cycling stability at 0.1 C, (e) Charge/discharge profile at different C rates, and (f) rate capabilities at C rates of 0.1 C (cycles 
1-10), 0.2 C (11-20), 0.5 C (21-30), 1 C (31-40), 2 C (41-50), 5 C (51-60), 10 C (61-70), 20 C (71-80), 30 C (81-90), and 0.1 C (91-130), and (g) long-term cyclability at 10 C. (c-g) Reproduced with permission [128] . 
Copyright 2017, Elsevier. (h) Schematic illustration of MC-LFP core structure. (i) SEM micrograph of the MMC-LFP and (j) DMC-LFP after pyrolysis. (h-j) Reproduced with permission [131] . Copyright 2019, The Royal 
Society of Chemistry. (k) SEM and (l) HRTEM images of the LFP/C. (k-l) Reproduced with permission [133] . Copyright 2015, Elsevier. 
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Table 4 

Performances of recently reported LIBs based on LiFePO 4 with corresponding morphologies. 

Materials Morphology Capacitance Capacity retention [%] Electrolytes Voltage, V Ref. 

LiFePO 4 /C Spherical LiFePO 4 particles embedded in carbon films 130 mA h g –1 (at C/2) 97.7@460@1 C 1 M LiPF 6 in EC-DMC-DEC 2.0–4.2 vs. Li/Li + [125] 
LiFePO 4 /C Carbon-coated LiFePO 4 microspheres 168 mA h g –1 (at 0.1 C) 84@1000@10 C 1 M LiPF 6 in EC-DMC-EMC 2.5–4.3 vs. Li/Li + [128] 
LiFePO 4 /C Core (LiFePO 4 )-shell (carbon) 159 mA h g –1 (at 1 C) - 1 M LiPF 6 in EC-DEC 2.5–4.2 vs. Li/Li + [129] 
LiFePO 4 /C Carbon nanowire coated LiFePO 4 nanosheets 197 mA h g –1 (at 0.1 C) 91.4@100@1C 1 M LiPF 6 in EC-DEC-DMC 2.5–4.2 vs. Li/Li + [130] 
LiFePO 4 /C Dually carbon coated mitochondria-like 138 mA h g –1 (at 10 C) 93@1000@10 C 1 M LiPF 6 in EC-DMC 2.0–4.3 vs. Li/Li + [131] 
LiFePO 4 /C Carbon particles distributed on LiFePO 4 films 312 mA h g –1 (at 1.2 C) 70@20@1.2 C 1 M LiClO 4 in PEC − 1.6–1.0 vs Ag/Ag + [132] 
LiFePO 4 /C Carbon-coated microspheres 163.1 mA h g –1 (at 0.1 C) 95.3@1000@5 C 1 M LiPF 6 in EC-EMC-DEC 2.3–4.3 vs. Li/Li + [133] 
LiFePO 4 -CNT LiFePO 4 particles embedded in CNT network 158 mA h g –1 (at C/5) - 1 M LiPF 6 in EC-DEC 2.8–4.2 vs. Li/Li + [134] 
LiFePO 4 /C Carbon layer coating on sphere 150 mA h g –1 (at 1 C) - 1 M LiPF 6 in EC-DMC 2.4–4.0 vs. Li/Li + [135] 
LiFePO 4 /CNT CNTs covered by LiFePO 4 layer 167 mA h g –1 (at 0.1 C) - 1 M LiPF 6 in EC-DEC-EMC 2.5–4.2 vs. Li/Li + [78] 
LiFePO 4 /C Carbon-Coated LiFePO 4 Nanoplate Microspheres 158 mA h g –1 (at 0.1 C) - 1 M LiPF 6 in EC-DMC-EMC 2.0–4.2 vs. Li/Li + [136] 
LiFePO 4 /C Carbon coated LiFePO 4 nanoparticles embedded in cubic carbon 184.8 mA h g –1 (at 0.05 C) 96.7@1000@10 C 1 M LiPF 6 in EC-DEC 2.6–4.2 vs. Li/Li + [137] 
LiFePO 4 /C-N + B B + N co-doped carbon coated 121.6 mA h g –1 (at 20 C) 79.6@50@20 C 1 M LiPF 6 in EC-DMC 2.0–4.2 vs. Li/Li + [138] 
LiFePO 4 /C LiFePO 4 Nanoparticles embedded in Carbon 145 mA h g –1 (at C/9) 97@700@1.5 C 1 M LiPF 6 in EC-DMC-DEC 2.2–4.2 vs. Li/Li + [143] 
LiFePO 4 @C/CNT Carbon coated nanoparticles connected by CNTs 160 mA h g –1 (at 0.2 C) 98.5@500@1 C 1 M LiPF 6 in EC-DMC-DEC 2.2–4.2 vs. Li/Li + [112] 
LiFePO 4 /C Carbon coated nanoparticles 160.3 mA h g − 1 (at 0.1 C) 91.4@200@5 C 1 M LiPF 6 in EC-DMC 2.5–4.2 vs. Li/Li + [144] 
LiFePO 4 /C LiFePO 4 embedded in carbon 166 mA h g − 1 (at 0.1 C) 91@1000@10 C 1 M LiPF 6 in EC-DMC 2.0–4.2 vs. Li/Li + [146] 
LiFePO 4 /rGO Nanosheet 102 mA h g –1 (at 30 C) 93.4@500@20 C 1 M LiPF 6 in EC-DEC 2.0–4.2 vs. Li/Li + [29] 
LiFePO 4 /GO Micro-spherical 158.1 mA h g –1 (at 0.1 C) 91.2@2000@10 C 1 M LiPF 6 in EC-PC-EMC 2.0–4.2 vs. Li/Li + [147] 
LiFePO 4 /C Flower-like 90 mA h g –1 (at 10 C) 84@500@5 C 1 M LiPF 6 in EC-DMC 2.0–4.2 vs. Li/Li + [83] 
LiFe 0.9 P 0.95 O 4- 𝛿 Nanoparticle 166 mA h g –1 (at 2 C) - 1 M LiPF 6 in EC-DMC 2.5–4.3 vs. Li/Li + [148] 
LiFe 𝛼Ni 𝛽Co 𝛾PO 4 Powders 150 mA h g –1 (at 2 C) - 1 M LiPF 6 in EC-DMC 2.8–4.2 vs. Li/Li + [119] 
Li 1.009 Fe 0.383 Ni 0.081 Co 0.694 (PO 4 ) 1.000 Nanoparticles 125 mA h g –1 (at 0.5 C) - 1 M LiPF 6 in EC-DMC 3.5–5.0 vs. Li/Li + [105] 
Li 0.99 La 0.01 Fe 0.9 Mg 0.1 PO 4 /C Nanoparticles 160.2 mA h g –1 (at 0.2 C) - 1 M LiPF 6 in EC-DEC 2.5–4.2 vs. Li/Li + [126] 
LiFePO 4 /CNT Nanoparticles intertwined by CNT 112 mA h g –1 (at 5 C) 93.6@250@1 C 1 M LiPF 6 + VC in EC-EMC-DEC 2.0–4.3 vs. Li/Li + [155] 
LiFePO 4 /rGO - 150 mA h g –1 (at C/4) 91@100@C/4 1.0 M LiTFSI in EC-DEC 2.0–4.3 vs. Li/Li + [156] 
LiFePO 4 /C Carbon coated nanoparticles 148.6 mA h g –1 (at 0.1 C) 94.1@65@0.1 C 1 M LiPF 6 in EC-DEC 2.5–4.3 vs. Li/Li + [165] 

Notes: a PEC: propylene carbonate; VC: vinylene carbonate. 
b Cycling stability is expressed as capacity retention after charging/discharging cycles at a specific rate. 
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lly no capacity loss and almost 100% coulombic efficiency. In addition,
he reversible capacity of C-LFP after 1000 cycles at 10 C remained at
16 mA h g − 1 with a capacity retention of 84%, while the unmodified
FP exhibited 48 mA h g − 1 at 10 C after 1000 cycles with 63% capacity
etention under identical testing conditions ( Fig. 7 c-g). This confirmed
he important role of carbon coating in enhancing the electrochemical
erformance of LFP. Liu et al. [129] used poly(vinvl alcohol) as the
arbon source and prepared another core-shell structured LFP/C where
 thin carbon-shell (about 1.3 nm) was coated completely on the inner
FP. The resulting LFP/C nanocomposite allowed electron transfers from
ll directions, and Li + could penetrate through the carbon-shell with-
ut appreciable polarization. Consequently, the rate capability of the
ithium insertion reaction and electrochemical performance were im-
roved significantly, as compared to the unmodified counterpart, even
t high charge–discharge rates of 30 C reaching a discharge capacity of
07 mA h g − 1 and almost no capacity fading after 1000 cycles. 

Zhang et al. [130] prepared mesoporous biocarbon nanowire-coated
FP (MBCNW-LFP) by using ATP as the phosphorus source, nucleat-
ng agent, biocarbon source and structural template. High-energy quan-
um dots (HEQDs) were homogeneously formed inside the ultra-thin LFP
Ss, which were coated with the mesoporous biocarbon nanowire net-
ork on the surface, leading to formation of storage sites of Li + and fast

ransfer kinetics of electrons/lithium ions. As a result, as compared to
onventional LFP nanoparticle (10-100 nm) cathodes, the MBCNW-LFP-
EQD cathode showed a better discharge capacity and cycling stability,

urpassing the theoretical capacity (170 mA h g –1 ). Similarly, inspired
y the structure of mitochondrion, Yasmin and co-workers [131] pre-
ared a biomimetic “mitochondrion lithium iron phosphate (MC-LFP)
65 ± 8 nm diameter and 350 to 400 nm length), where two layers
f carbon were uniformly coated onto the surface of LFP ( Fig. 7 h-j).
ompared with monolayered mitochondrial LFP (MMC-LFP), the dual-

ayered MC-LFP (DMC-LFP) exhibited an improved battery performance
ith a decreased charge transfer resistance and enhanced Li + /charge

ransfer. The discharge capacities were found to be 168 mA h g –1 at
.1 C and 138 mA h g –1 at 10 C. Moreover, the MC-LFP showed excel-
ent charge-discharge cycling stability, within only a 7% decay of the
apacity at 10 C after 1000 cycles. 

LFP/C nanocomposites have also been co-synthesized with carbon
here each particle is encapsulated within a good electrical conductor,
hereas the lattice electrical conductivity or the diffusion coefficient of

ithium within the crystal is not affected [28] . For example, Liu et al.
132] prepared a sol-gel derived nanostructured LFP/C nanocomposite
lm cathodes by co-synthesizing LiOH H 2 O, Fe(NO 3 ) 3 9H 2 O, H 3 PO 4 ,
nd L-ascorbic acid C 6 H 8 O 6 , which possessed a high electrochemical
erformance with an initial discharge capacity of 312 mA h g –1 and good
yclic stability (218 mA h g –1 after 20 cycles). Xu et al. [133] synthesized
nterconnected LFP/C microspheres with subtle mesoporous structures
ormed inside the multiple carbon conductive networks ( Fig. 7 k-l), lead-
ng to facile electron transfer and Li + transport and hence an excellent
ate and cycling performance. 

In addition to carbon coating, formation of nanocomposites with
NT is another effective strategy. For example, Varzi et al. [134] pre-
ared a multiwalled CNT-LFP composite cathode and carbon-coated
nFe 2 O 4 anode for a battery (ZFO/LFP-CNT cells). It was found that the
ub-micron LFP particles were embedded within an extensive network
f multiwalled CNTs ( Fig. 8 a), which allowed for efficient and rapid
lectron transport. Additionally, the excess of CNTs afforded sufficient
pace between the particles and thus facilitated electrolyte permeabil-
ty, resulting in high-rate performance. In fact, when the applied rate
eached 10 C and 20 C, such electrodes still afforded a specific capacity
f 90 and 60 mA h g − 1 , respectively ( Fig. 8 b). The assembled ZFO/LFP-
NT cells retained more than 50% of the initial capacity at ≈ 20 C and
5% after 10,000 cycles. Similarly, Brutti et al. [135] reported a high-
ower, low-cost LIB by combining a refined carbon-coated LFP cathode
nd a nanostructured Sn-C anode. 
m  

855 
The combination of structural engineering and formation of com-
osites with other active materials is an efficient way to improve the
erformance. For example, Liu et al. [78] synthesized LFP/CNT com-
osites, where the exterior surface of CNTs was uniformly covered with
 LFP layer of about 33 nm in thickness via an ALD approach ( Fig. 8 c
nd e). Subsequent thermal annealing reduced the thickness of the LFP
ayer to 20 nm with a small portion of the underlying CNT surface ex-
osed ( Fig. 8 d, f and g). This unique nanostructure led to improved elec-
ron transfer, fast ionic diffusion and rapid Li + insertion and extraction.
onsequently, an exceptional battery performance was observed as a
athode material, with an excellent rate capability (retaining almost the
ame rate performance when cycling from 0.1 to 60 C was repeated),
igh power density (discharge capacity of 71 mA h g − 1 at 60 C), and
ong lifetime (discharge capacity of 120 mA h g − 1 after 2000 cycles
t 1 C). 

Formation of a hierarchical nanostructure is another strategy to
mprove the performance of LFP-based LIBs. For example, Wu et al.
136] prepared a hierarchical carbon-coated LFP nanoplate micro-
pheres (LFP/C NMs) ( Fig. 8 h). CV measurements demonstrated that
he hierarchical interconnected network of nanoplates in LFP/C NMs
xhibited faster kinetics of lithium insertion and extraction than the
anoparticle counterpart (LFP/C NPs) ( Fig. 8 j). Moreover, the hierar-
hical structure was found to possess more surface sites for Li + to react
ith the LFP/C microsphere, and hence a better rate capability, cycle
erformance, and higher specific capacity than LFP/C NPs ( Fig. 8 k-l).
ote that LFP/C NMs also exhibited enhanced structural stability, as
anifested in X-ray diffraction (XRD) measurements. 

Note that in these composite structures, the electrochemical perfor-
ance is also correlated to the morphological and porosimetric char-

cteristics of the carbon component [38] . For example, Saikia et al.
137] encapsulated LFP NPs within 3D interpenetrating mesoporous
arbon via an impregnation method, and the resulting nanocomposites
ere further coated with carbon. The close contact between LFP NPs
nd supported cubic carbon matrix was found to facilitate rapid elec-
ron transfer during Li + insertion/extraction, as well as restrict particle
rowth and aggregation, leading to an excellent rate capability (184.8
A h g − 1 at 0.05 C) and long cycle stability (120 mA h g − 1 with 96.7%

apacity retention after 1000 cycles at 10 C). 
Further improvement of the electrochemical performance can be

chieved by coating the LFP electrode with doped carbon. In a recent
tudy by Zhang et al. [138] , the performance of N and B doped LFP/C
 i.e. , LFP/C-N and LFP/C-B) was improved by modifying LFP/C-N with
oron. The resulting LFP/C-N + B was found to possess good electrical
onductivity (1.36 × 10 –1 S cm 

–1 ) and a much superior rate capacity
121.6 mA h g –1 at 20 C) than LFP/C (101.1 mA h g –1 at 20 C), due to
he synergistic electrochemical activity and electron and hole-type car-
iers donated by nitrogen and boron dopants. Carbon, a good electroni-
ally conducting material, could be transformed into nanoporous struc-
ure to composite active materials. However, different types of porosity
f nanoporous carbon function differently during the process of elec-
rochemical charge-discharge. According to the International Union of
ure and Applied Chemistry, pore structures with a diameter of > 50
m are defined as macropores, 2 − 50 nm as mesopores, and < 2 nm as
icropores. Generally, macropores act as ion-buffering reservoirs and
esopores serve as ion highways allowing for very fast ion transport

nto the bulk of the electrode material, while some of the micropores
ignificantly affect the diffusion of ions and molecular sieving due to
ailing to adsorb ions, thereby changing its capacity [139] . The pres-
nce of micropores provides a large surface area to accommodate ions,
hile both mesopores and macropores facilitate the rapid ion transport
nder dynamic polarization conditions [140] . However, higher specific
urface area not always redound to higher electrochemical performance
ue to a sieving effect of the electrolyte ions, and adequate pore size is
ore important than a high surface area to obtain high value of capac-

tance [141] . Optimizing the pore size of porous carbon electrodes to
atch the size of a dissolved ion, maximum capacity could be attained
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Fig. 8. (a) SEM images of LFP-CNT positive electrodes, inset: the connection network established by CNT between the LFP particles, and (b) rate capability and 
coulombic efficiency of LFP-CNT cathodes (in half-cell configuration vs. Li) at C rates ranging from C/5 to 20 C. Inset: some selected potential profiles at different 
current loads. (a, b) Reproduced with permission [134] . Copyright 2014, Wiley-VCH. SEM images of (c) as ‐deposited LFP/CNTs and (d) annealed LFP/CNTs. Scanning 
transmission electron microscopy (STEM) images of (e) as ‐deposited LFP/CNTs and (f) annealed LFP/CNTs (the insets in (e) and (f) are their corresponding selected 
area electron diffraction (SAED) patterns). (g) High ‐resolution TEM (HRTEM) image of the annealed LFP/CNTs. (c-g) Reproduced with permission [78] . Copyright 
2014, American Chemical Society. (h) FESEM images of LFP/C NMs, and (i) HRTEM image and SAED pattern (inset) of LFP/C NPs; Electrochemical characterization 
of LFP/C NMs electrodes (red) and LFP/C NPs electrodes (black); (j) Cyclic voltammograms with the first three cycles between 2.0 to 4.6 V ( vs. Li/Li + ) at a scan rate 
of 0.1 mV s − 1 . (k) Charge ‐discharge galvanostatic curves (c) at rates of (1) 0.1 C, (2) 0.2 C, (3) 0.5 C, (4) 1 C, (5) 2 C, and (6) 5 C between 2.0 and 4.2 V (0.1 C rate 
corresponds to 17 mA g − 1 ), and (l) coulomb efficiency and variation in specific capacities vs. cycle numbers of LFP/C NMs ( □) and LFP/C NPs ( ▪) cycled from 0.1 to 
5 C between voltage limits of 2.0 and 4.2 V. (h-l) Reproduced with permission [136] . Copyright 2011, Wiley-VCH. (m) TEM, and (n) HRTEM image, and (o) nitrogen 
adsorption/desorption isotherms of the LFP-NP@NPCM nanocomposite; (p) Rate performance at different power density, the inset showed the Ragone plots for the 
nanocomposite and commercially available supercapacitor electrodes. (m-p) Reproduced with permission [143] . Copyright 2009, Wiley-VCH. 
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142] . Hierarchical porous carbon (HPC) structure with interconnected
ores of distinct sizes providing high surface areas (with micropores) on
he one hand and secondary transport pore systems built-up by larger
ores on the other hand [139] . It is worth mentioning that dispersion
f the pore size and operating voltage window also have effect on ca-
acitance, which has been studied in detail by Kondrat et al. [142] .
hus, optimal micropore size, which is different for each electrolyte sys-
em and at different voltage windows, and introducing secondary pores
re of particular interest to tailor pores in carbon materials. Wu et al.
143] prepared a nanoporous carbon matrix which served as an elec-
856 
rolyte container for high-rate operation as well as an elastic buffer to
elieve the strain during Li uptake/release by dispersing nanoparticles
f active materials into a nanoporous carbon matrix (NP@NPCM). As
hown in Fig. 8 m-o, LFP nanoparticles of about 60-100 nm in diam-
ter were embedded in a nanoporous carbon matrix forming pores of
bout 3-10 nm. The LFP nanoparticles decreased the Li + diffusion time
n the crystal lattice resulting in a high power. The carbon matrix pro-
ided a conducting 3D network that allowed both Li + and e – to migrate
nd reach the LFP nanoparticles. Moreover, the carbon matrix could
erve as an electrolyte container for high-rate charging/discharging. Due
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Fig. 9. (a) SEM of the prepared LFP@C/CNT nanocomposite. (b) Capacity retention on temperature in the range of − 25°C to 25°C for LFP@C/CNT, LFP@C, LFP/CNT, 
and pristine LFP; The comparisons of (c) rate and (d) cycling performances of LFP@C/CNT, LFP@C, LFP/CNT, and pristine LFP. (c-d) Reproduced with permission 
[112] . Copyright 2013, Wiley-VCH. SEM images of carbon fibers EPD coated with the composition 88:6:6: (e, g) before cycling, and (f, h) after cycling. (e-h) 
Reproduced with permission [145] . Copyright 2018, Elsevier. (i) Schematic illustration of crystal structure and shortening the lithium-ion diffusion distance along 
the [010] of LFP crystals. (j) SEM image of the as-synthesized LFP particles, and (k) SEM image showing the latitudinally accumulated NSs. (i-k) Reproduced with 
permission [83] . Copyright 2014, American Chemical Society. (l) Cycle stability of doped LFP/CA at − 20 °C, and (m) impedance spectra of doped LFP/CA compared 
with pure LFP, pure LFP/CA under 10 C at − 20 °C. (l, m) Reproduced with permission [126] . Copyright 2012, Elsevier. 
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o this dual functional nanoporous carbon network and LFP nanopar-
icles, the LFP-NP@NPCM nanocomposite showed a high high-power
ensity up to 20 kW kg –1 , rapid discharge or charge process in about
6 s (corresponding to a rate of 230 C), and discharge energy density
f 87 Wh kg –1 ( Fig. 8 p). Wu et al. [112] employed two types of nano-
arbons (amorphous carbon and graphitized conducting carbon) to mod-
fy LFP by forming a double nano-carbon decorated LFP nanocomposite
LFP@C/CNT). As can be seen from the SEM image ( Fig. 9 a), carbon-
oated LFP NPs were connected electrically by CNTs forming a 3D con-
ucting network. Compared to the pristine nano-LFP and single-carbon
odified LFP ( i.e. , LFP@C and LFP/CNT), LFP@C/CNT showed a supe-

ior performance at low temperature (about 71.4% capacity retention
hen discharged at –25°C, Fig. 9 b), high-rate (about 59% capacity re-

ention at rates up to 120 C, Fig. 9 c), and a long cycle life (98.5% ca-
acity retention over 500 cycles at 1 C, Fig. 9 d). These properties might
esult from the synergistic effect between amorphous carbon coating
hich could promote Li + diffusion, stabilize the interface of the LFP
Ps as well as the graphitized conductive CNTs, and decrease the inter-
al resistance. Using polyoxyethylenesorbitan monooleate (Tween80) as
he carbon source, Huang et al. [144] prepared a carbon-coated LFP/C
omposite cathode, which exhibited a higher capacity retention than
he sample using glucose as the carbon source. The former electrode
as found to display a lower charge transfer resistance than the latter
fter 100 and 200 cycles at 5 C rate. In the composite, the Tween80
urfactant molecules bonded to the surface of LFP and formed an ad-
857 
orption layer, leading to the formation of a homogeneous carbon layer
ightly coated onto the LFP surface. Hagberg et al. [145] prepared a LFP
lectrode based on carbon nanofibers, where LFP particles, conductive
dditive and binder (polyvinylidene difluoride, PVDF) were dispersed
n the surface of carbon fibers by electrophoretic deposition (EPD). As
hown in Fig. 9 e-h, the coating adhered strongly to the carbon fibers and
as unaffected by continuous cycling. Three-point bending tests sug-
ested that this material showed good mechanical properties for struc-
ural battery applications. Using mesoporous carbon as templates, Wang
t al. [146] used a nanocasting technique to prepare high-rate meso-
orous LFP/C cathodes, where electrolyte could easily penetrate into
he mesopores to contact the embedded LFP particles. This mesoporous
anoarchitecture ensured not only intimate contact between liquid elec-
rolyte and active LFP NPs, but also high electrical conductivity for both
ast mass transfer and acharge transfer. Tested in a half-cell, the LFP/C
esoporous nanocomposites achieved a high capacity (166 mA h g –1 at
.1 C rate) and an ultrahigh rate capacity (118 mA h g –1 at 10 C rate)
ith an excellent cycle life (91% after 1000 cycles at 10 C) 

4.2.1.1.2. Graphene-based composites. GO is another interesting
hoice to improve the electrical conductivity of olivine LFP. For exam-
le, Yang et al. [29] successfully prepared ultrathin LFP-NSs, which were
hen self-assembled with GO. The resulting LFP-NSs/rGO nanocompos-
tes were found to possess ultrashort diffusion pathways to Li + and ex-
ellent conductive networks, which were conducive to rapid diffusion of
i + and electron transfer and thus excellent rate performance (102 mA h
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–1 at 30 C) and discharge capacity retention (93.4% after 500 cycles).
imilarly, microwave-exfoliated GO (MEGO) was adopted to forming
FP/MEGO composite. Compared with thermally exfoliated GO (TEGO),
he obtained LFP/MEGO composites exhibited a better specific energy
518.1 W h kg –1 ) and energy efficiency (89.8%). Remarkably, the rate
erformance is much better than LFP/TEGO delivering an excellent spe-
ific energy density of 300.3 W h kg –1 and 229.7 W h kg –1 at the high
ate of 10 C and 20 C [147] . 

Notably, both the size and orientation control of LFP are necessary,
ecause Li + diffusion in LFP can only occur along the a [010] direction,
s shown in Fig. 9 i [83] . Thus, LFP particles with a large [010] sur-
ace area can effectively improve the active area and decrease the diffu-
ion distances for Li + . Zhao et al. [83] prepared monocrystalline [010]-
riented LFP NSs by exfoliation bulk LFP which displayed a flower-liked
tructure assembled from latitudinally accumulated NSs ( Fig. 9 j-k). The
xfoliated LFP NSs were found to display over 93% of the [010] facet,
nd a large pore density for Li + insertion/extraction. After an annealed
rocess and coating with a thin carbon layer, LFP NSs exhibited much
igher electrical conductivity (1.8 S cm 

− 2 ) and lower resistance (66.5
cm 

− 2 ) than commercial LFP/C powders (0.4 S cm 

− 2 ) and (74.4 Ω).
oreover, the Li + diffusion coefficient of LFP NSs (6.2 × 10 − 13 cm 

2 

 

− 1 ) was higher than that of commercial LFP/C powders (8.3 × 10 − 14 

m 

2 s − 1 ). Meanwhile, the potential interval (180 mV) of LFP NSs be-
ween the anodic and cathodic scans was much lower than that (340
V) of the commercial powders. For these reasons, the LFP NS elec-

rode showed high specific capacity, excellent rate capability (90 mA h
 

− 1 at a current rate of 10 C), and stable cyclability (70 mA h g − 1 at
urrent rate of 5 C over 500 cycles). 

In addition, increasing diffusion across the surface towards the
010] facet can also enhance rate capability. For example, Kang et al.
148] prepared an off-stoichiometry LiFe 0.9 P 0.95 O 4- 𝛿 material, which ex-
ibited both a high energy density and an ultrahigh discharge rate, com-
arable to those of supercapacitors. This material realized high lithium
ulk mobility, as off-stoichiometry created a fast ion-conducting surface
hase. Compared with stoichiometric LFP, LiFe 1-2y P 1-y O 4-d possessed a
igher rate capability resulting from the pyrophosphate coating. It was
ound that transport across the surface was facilitated by a poorly crys-
allized layer with high Li + mobility. The amorphous nature of the coat-
ng removed the anisotropy of the surface properties and enhanced de-
ivery of Li + to the [010] facet of LFP where it could be inserted. The dis-
rdered coating material modified the surface potential of lithium and
acilitated the adsorption of Li + from the electrolyte by providing differ-
nt lithium sites with a wide range of energies that could be matched to
he energy of lithium in the electrolyte. As a result, an extremely high
ate could be achieved for the active material: at a 200 C rate, over 100
A h g –1 could be achieved and a capacity of 60 mA h g –1 was still

btained at a 400 C rate. 
4.2.1.1.3. Doping products. Introduction of foreign atoms into host

aterials could modify the physical and chemical surroundings of the
ost lattice and optimize the electrochemical performance. Doping
echnique which can increase the lattice electronic conductivity has
lso been extensively applied to improve electrical conductivity, reduce
i + migration barriers, and tune voltage window of battery materials. A
ide range of dopants have been reported to substitute Li, Fe, or O ions

n LFP to improve its electrical conductivity [18] . Charge compensation
acancies accomplished through aliovalent doping reduces the grain
ize and widens the Li + migration path resulting in faster Li + diffusion
149] . For instance, by heterogeneous doping, Adams [30] realized
ltrafast Li + migration in the surface of modified LFP. The heteroge-
eous doping in LFP nanocrystals by glassy Li 4 P 2 O 7 enhanced the room
emperature Li + diffusion by about three orders of magnitude along the
i + channel direction. Moreover, the supervalent dopants (namely Cr 3 + ,
i 4 + , and Nb 5 + ) were reported to successfully substitute in the olivine
o improve the electrical and ionic conductivities. For example, by
electively doping with supervalent cations, Chung et al. [119] synthe-
ized a series of doped LFP materials using NH H PO , FeC O 2H O,
4 2 4 2 4 2 

858 
nd Li 2 CO 3 as the source of LFP and MgC 2 O 4 2H 2 O, Al(OC 2 H 5 ) 3 ,
i(OCH 3 ) 4 (CH 3 OH) 2, Zr(OC 2 H 5 ) 4 , Nb(OC 6 H 5 ) 5 , and W(OC 2 H 5 ) 6 as
he dopant source. The electronic conductivity of doped LFP was
ncreased by a factor of more than 10 8 relative to the pure endmember,
eaching values of > 10 –2 S cm 

–1 at room temperature. As-obtained LFP
xhibited a high capacity of 170 mA h g –1 (near the theoretical value)
t low current densities, and still retained at 6000 mA g –1 . The effects
f firing temperature in synthesized process has been investigated that
he electronic conductivity dominated at high temperatures, and these
oped compositions treated at 700 or 800°C were observed to be p-type.
onsidering the effect of dopant concentration, doping levels of 0.1,
.5 and 1.0 atom% Nb in LFP showed room-temperature conductivities
f 1.1 × 10 –3 , 4.1 × 10 –2 , and 2.2 × 10 –2 S cm 

–1 , respectively. When
he concentration reached up to 2 and 4 atom%, Nb-enriched impurity
hases appeared, and the conductivity decreased to 2.8 × 10 –3 and
10 –6 S cm 

–1 , respectively, which demonstrates that the dopant con-
entration is an important factor for consideration in doping. Besides
nitary doping, binary doped LFP has also attracted extensive atten-
ion. The substitution of iron in LFP lead to high working potentials of
atteries, and by chaning the molar ratio of the substituent metal ions,
he working potential can be optimized [150] . Taking LiFe 𝛼Ni 𝛽Co 𝛾PO 4 
s an example, Gioele [105] synthesized five types of nickel and
obalt co-doped lithium-based cathode materials with various nickel
nd cobalt contents including Li 1.030 Fe 0.380 Ni 0.692 Co 0.080 (PO 4 ) 1.000 ,
i 1.062 Fe 0.390 Ni 0.570 Co 0.201 (PO 4 ) 1.000 , Li 1.000 Fe 0.394 Ni 0.375 Co 0.394 
PO 4 ) 1.000 , Li 1.040 Fe 0.381 Ni 0.187 Co 0.569 (PO 4 ) 1.000 , and Li 1.009 
e 0.383 Ni 0.081 Co 0.694 (PO 4 ) 1.000 . With changing the molar ratio of
ickel to cobalt, the working potential of the electrode can be con-
rolled in a range of 3.5 to 4.8 V. Electrochemical characterizations
howed that the material with the highest cobalt content exhibited the
est performance in terms of rate capabilities, high working potentials
above 4.5 V), good capacities (125 mA h g − 1 ), and exceptional
nergy densities (560 mW h g − 1 ). Moreover, different ratios of cobalt
o nickel did not affect the olivine structure of the compounds but
ignificantly modulated the electrochemical properties of the materials:
1) the electronic density states of insertion/de-insertion Li + channels
aried; (2) the crystal cell volume increased with increasing cobalt
ontent. Another example was the work developed by Zhang et al.
126] who synthesized olivine-type lanthanum and magnesium doped
i 0.99 La 0.01 Fe 0.9 Mg 0.1 PO 4 /carbon aerogel (doped LFP/CA) composite
ia a simple solution impregnation process. Compared with pure LFP
nd pure LFP/CA, doped LFP/CA composite cathode material exhibited
etter electrochemical performance under low temperatures ( e.g. ,
 20 °C) at 10 C ( Fig. 9 l-m). Conductivity test results showed that the
lectronic conductivity was efficiently improved by co-doping and CA
oating, which could be ascribed to cation defects that was beneficial
o fast diffusion of Li + in solid phase and resulted from cation doping
nto the olivine structure. 

4.2.1.1.4. Other modification strategies. Influence factors such as
inder, conductive additive, electrolyte, and the structure of electrode
ave also showed significant impacts on the performance of commer-
ial LIB electrodes [151] . Shi et al. [152] developed a 3D nanostruc-
ured hybrid inorganic-gel framework electrode by in situ polymeriza-
ion of conductive polymer gel onto commercial LFP particles. In such
lectrodes, highly conductive and hierarchically porous network pro-
oted both electronic and ionic transports and thus efficiently improved

ate and cyclic performance. Also, because of the polymer coating, both
norganic and organic components were uniformly distributed within
he electrode, which mechanically supported active materials and en-
anced the long-term electrochemical stability of electrodes. Through
nvestigating the effects of conductive carbon and polymer on the LFP
articles, Vicente et al. [153] found that electrodes with both additions
howed similar electrochemical performance with reduced resistances
ut poly(3,4-ethylenedioxythiophene) (PEDOT) was more effective to
educe the resistance that the reduced value was one order of magnitude
igher than that of C-coating. When the charge/discharge current in-
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reased, the specific capacity of LFP/PEDOT (blend) almost maintained
130 mA h g –1 at 2 C) while for C-LFP, the specific capacity decreases
otably. Moreover, various polymer binders were investigated to im-
rove the performance of LFP electrodes [ 100 , 134 , 148 ]. For example,
ompared to conventional PVDF binder with high molecular weights
1,000,000), a novel binder, namely spandex, with relatively low molec-
lar weight of around 300,000 has been developed by Lee et al. [25] .
he incorporation of L-spandex was demonstrated that its functional
roups in the hard domains involving hydrogen bonding could enhance
ohesion among electrode components and improve adhesion between
lectrode film and current collector. As a result, a more stable solid per-
eable interface (SPI) layer was formed and thus the L-spandex elec-

rode provided superior rate capability as well as cyclability compared
o conventional H-PVDF counterparts. Furthermore, the improved ad-
esion property of the L-spandex electrode turned out to be suitable
or 3D structured electrolyte. Up to now, there have been several types
f electrolytes developed based on LFP (such as solid electrolytes, liq-
id and polymer electrolytes). Suitable electrolyte can not only improve
he electrochemical performance of the battery, but also improve its
afety and practicability. Fasciani et al. [26] proposed a novel PVDF-
ased gel polymer electrolyte (GPE) for LIBs. The GPE electrolyte was
asy to handle and suitable for roll-to-roll scaling-up fabrication without
he use of controlled atmosphere, which allowed the GPE to be stored
or a long period. Moreover, the lithium electrode/gel electrolyte inter-
ace showed a good stability and a high lithium transference number.
nd as-prepared full LFP/GPE/graphite cell based on such electrolyte
xhibited long cycle life. Another polymer electrolyte based on poly
lactic acid) was also prepared by Osada et al. [27] . By combination
f the ionic liquid N-butyl-N-methylpyrrolidinium bis(trifluoromethane-
ulfonyl) imide (Pyr14TFSI), amorphous, solvent-free, and low-volatile
olid polymer electrolytes (SPEs) were obtained. This electrolyte exhib-
ted a low charge transfer resistance and high thermal and electrochem-
cal stability, showing great potential in matching with LFP composite
lectrode for lithium metal polymer batteries. 

4.2.1.1.5. Application for other types of LIBs. In addition to some
onventional LIBs, phosphates can be used in other LIBs such as 3D
rintable LIBs. For example, 3D printable electrode ink containing LFP,
arbon nanofibers (CNFs), and polymer was used for synthesis of print-
ble LIBs. By tuning the ratios of these components ( i.e. , LFP, CNFs,
nd polymer), the effects on the rheological, electrochemical and me-
hanical properties could be investigated. And in the composite, CNFs
romoted conductivity and contributed to the formation of a porous mi-
rostructure, active material increased the cell’s electron storage capac-
ty, and PVDF enhanced the mechanical properties. As a result, the re-
ulting free-standing electrodes exhibited excellent cyclability and rate
apability [154] . Zhou et al. [155] developed a freestanding 3D-printed
FP microelectrode composed of LFP, carboxymethylcellulose sodium
CMC) and CNT for microbattery. Benefiting from the structure design
f electrode and the freeze-drying treatment, a 3D architected micro-
lectrode with hierarchical pores and a continuous conductive network
as achieved ( Fig. 10 a-b). Compared with electrodes prepared through

he coating technique, the LFP microelectrodes with high areal loading
32 mg cm 

− 2 ) showed better rate capacity and cycle stability. More-
ver, an ultrahigh areal capacity (5.05 mA h cm 

− 2 ) could be achieved in
uch LFP microelectrodes. In addition, LFP could serve as flexible cath-
de through hybridizing with 2D rGO and then integrating with smart
onductive textiles. Because of the flexible 2D graphene template, the
onductivity and flexibility of the nanosized electrodes were further en-
anced. The LFP/rGO-lithium titanate oxide (LTO)/rGO based batteries
chieved high areal capacities of about 1.2 mA h cm 

− 2 at a current rate
f C/4 while maintaining excellent flexibility [156] . Jae et al. [157] de-
eloped a rechargeable lithium ribbon-type battery where double layer
FP served as the cathode and an amorphous silicon film served as an-
de. In the lithium ribbon-type battery, the performance of LFP cath-
de was further improved by carbon coating, which shortened the dif-
usion length of Li + along the b -axis of the crystal. After a few cycles
859 
or stabilizing the amorphous Si film, the Si/LFP ribbon-type battery
howed outstanding cycling properties with high coulombic efficiency at
ll tested rates. Paolella et al. [158] reported a nanocrystal prepared by
irect photooxidation in the presence of a dye deposited on conducting
lass/F:SnO 2 (FTO) as a hybrid photo-cathode in a two-electrode system
 Fig. 10 a-d). In this hybrid photo-cathode, dye-sensitization generated
lectron-hole pairs with the holes aiding the chemical conversion of LFP
triphylite) nanoplatelets to FePO 4 (heterosite) showing possibilities in
esigning photo-rechargeable LIBs. LFP microspheres/graphene acting
s cathode combined lithium titanate nanospheres/graphene acting as
node has been applied in micro-batteries. This all-solid-state planar
ithium ion micro-battery (LIMB) delivered ultrahigh volumetric energy
ensity (125.5 mW h cm 

− 3 ), and ultralong-term cyclability without ca-
acity loss after 3300 times at room temperature. Remarkably, this LIMB
howed extraordinary flexibility without capacity decaying under re-
eated bending and high-temperature performance up to 1000 cycles
perated at 100°C [159] . Similarly, Hassoun et al. [160] also developed
 solid-state LIB using LFP as cathode and nanostructured titanium ox-
de (TiO 2 ) as anode. This battery showed high safety and remarkable
nvironmental compatibility. 

Commercial LFP cells are expect to cycle to an end-of-life state and
ome work have been made to renew the cyclability of materials. Ganter
t al. [161] have recovered LFP capacity through electrochemical and
hemical re-lithiation techniques. Re-lithiated LFP regained the original
apacity of 150-155 mA h g − 1 . The discharge process of LFP battery was
ccompanied with exothermic process and endothermic process at a low
ate [162] . Considering the safety of LIBs, thermophysical properties of
lectrical energy storage materials become an essential factor in practi-
al applications. For this reason, Jagjit et al. [163] reported a carbonized
esophase pitch-coated LFP cathode which showed higher thermal dif-

usivity than conventional LFP-based electrode. Li et al. [164] success-
ully designed a self-supported ultrahigh-capacity and fire-resistant LFP
UCFR-LFP)-based nanocomposite through a facile electrostatic-assisted
elf-assembly approach using ultralong hydroxyapatite nanowires (HAP
Ws), Ketjen black NPs (KB NPs), carbon fibers (CFs), and LFP powder
s starting materials. After the self-assembly and suction filtration pro-
esses, the LFP NPs were uniformly embedded in the highly conductive
ut porous HAP/KB/CF matrix, forming a freestanding, hierarchically-
anostructured UCFR-LFP electrode. Benefiting from the structural and
hemical uniqueness, the UCFR-LFP electrode exhibited improved elec-
rochemical performance, high active material loading, outstanding
tructural stability, and high battery safety compared with the con-
entional LFP electrode. Notably, the 1D inorganic binder-like ultra-
ong HAP NWs endowed the UCFR-LFP electrode with excellent ther-
al stability (structural stability up to 1000°C and electrochemical ac-

ivity up to 750°C), high fire-resistance, and wide-temperature operabil-
ty. Zhou et al. [165] developed a waste-to-resource strategy to prepare
MP (M = Fe, Mn). They converted bacteria waste used for removing
hosphorus contamination from waste water into a LMP NPs. The ob-
ained LMP NPs were enveloped in a carbon layer resulting from the
ecomposition of the organic matter from the bacterial cell cytoplasm.
he bacteria-derived LFP exhibited a high discharge capacity (140 mA
 g − 1 ) at 0.1 C with a flat plateau locating at around 3.5 V and showed
xcellent stability and rate capabilities with a stable discharge capacity
75.4 mA h g − 1 ) at 10 C. 

.2.1.2. LiCoPO 4 . As shown in Table 5 , LiMPO 4 (M = Mn, Ni, and Co)
ith high operation voltage and high theoretical energy density has
een widely reported as cathodes for LIBs. Among them, LiCoPO 4 (LCP)
as a relatively high operation voltage (4.8 V vs. Li/Li + ) and theoretical
nergy density ( ∼801 W h kg − 1 ). Taking the advantage of high energy-
ensity of LCP, Ni et al. [166] designed a LCP/Li 4 Ti 5 O 12 battery. Elec-
rochemical tests demonstrated that the battery afforded an operational
oltage of 3.2 V and delivered a reversible capacity of 122 mA h g − 1 .
ased on the mass of LCP, the energy density of such a battery could
each 378 mW h g − 1 , showing great potentials in energy storage appli-
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Fig. 10. (a) SEM image of top view of 3D-printed LFP lattice, and (b) magnified morphology of the 3D-printed LFP microlattice. (a, b) Reproduced with permission 
[155] . Copyright 2019, Wiley-VCH. (c) Open circuit voltage (OCV) under Neon light exposure (red line), the inset showed the change in OCV upon illumination 
with a solar simulator (green line), and (d) schematic representation of the FTO/LFP NPs/DYE electrode. (c, d) Reproduced with permission [158] . Copyright 2017, 
Springer Nature. (e-h) HRTEM images of LCP and LCP@NiO-5% samples, and (i) schematic drawing of the NiO-coated LCP NPs using stepwise synthesis methodology. 
(e-i) Reproduced with permission [169] . Copyright 2017, Elsevier. (J) SEM and (k) TEM image of nanorod particles synthesized with hexamethylenediamine. (l) SEM 

and (m) TEM image of nanoplate particles synthesized with hexamethylenediamine. (n) SEM and (o) TEM image of NPs synthesized with hexamethylenetretramine. 
(p) First charge/discharge profiles and (q) cyclic performance of LCP at 0.1 C rate. 
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ations. Similarly, Du et al. [167] constructed a LCP/Li 4 Ti 5 O 12 battery.
ut in their test, the full cell displayed two operation voltage plateaus
3.24 V and 3.17 V), which corresponded to the two-step lithium extrac-
ion/insertion process occurring in the cell. In the system, increasing the
heoretical capacity matching ratio of cathode and anode can contribute
o significantly improved discharge capacity and cycling behavior of
CP/Li 4 Ti 5 O 12 system. In order to further improve the performance of
CP, Ni et al. [168] developed LCP/C core/shell structure to address
luggish kinetics and poor cycle stability. The introduction of carbon
hell increased the reversible capacity and enhanced the capacity reten-
ion during cycling. LCP/C core-shell structure delivered a high specific
860 
apacitance of 131 mA h g − 1 in a voltage range of 3.0-5.2 V vs. Li/Li + 

nd maintained 78% of initial capacity after 40 cycles at a low specific
urrent of 17 mA g − 1 . Similarly, in order to enhance the stability of LCP
athode, Ahmet [169] synthesized a nanoscale, NiO-coated LCP cathode
 Fig. 10 e-h) by three-step synthesis methods ( i.e. , Stober, hydrother-
al, and microwave techniques Fig. 10 i). The LCP@NiO displayed a

ore-shell morphology with a thickness of 7-8 nm. LCP@NiO nanocom-
osites with different loading amounts of NiO (2.5%, 5.0%) were ob-
ained by mixing LCP@SiO 2 powder with nickel oxide in ethanol. The
.5 wt.% NiO-coated cathode exhibited a high discharge capacity of 159
A h g –1 at 0.l C and excellent cycle performance for first 80 cycles.
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861 
rnek et al. [170] produced a nanostructured LiCo 1 − x Mn x PO 4 /C (x = 0
nd 0.05) material via combining sol-gel and carbothermal reduction
ethod with carbon coating on the surface and substitution of Co 2 + with
n 2 + in LCP. Due to the combination of nanostructure, carbon coat-

ng and manganese doping, LiCo 1 − x Mn x PO 4 /C as high-voltage cathodes
or LIBs showed superior cycle behavior. Jang et al. [171] developed a
FP coated LCP cathode. The discharge capacity of Li/LFP coated LCP
ell delivered an initial discharge capacity of 132 mA h g − 1 , which was
igher than that of bare LCP. Moreover, the cycling performance of LFP
oated LCP cell was also improved compared with bare LCP. LCP-CNT
omposites were reported as well, and they were demonstrated reduced
esistance and thus enhanced electrochemical properties [172] . In addi-
ion, controlling the shape of LCP was also a feasible choice to enhance
nergy storage properties. For example, Truong et al. [173] synthesized
hree types of phosphates with different morphologies ( e.g. , nanorods,
ig. 10 j-k, nanoplates, Fig. 10 l-m, and NPs Fig. 10 n-o) by a one-pot su-
ercritical fluid (SCF) processing. The effect of amine hexamethylene-
iamine (HMD)/hexamethylenetretramine (HMT) which acted as OH 

–

ource to tune the pH of the reaction solution as well as the growth
ate of LCP nanocrystals were studied. When 10 mmol HMD was added,
CP nanoplates formed. Because of unique crystallographic orientation
ith exposed [010] facets, LCP nanorods and nanoplates showed better

lectrochemical performance than that of nanoparticles ( Fig. 10 p-q). 

.2.1.3. LiNiPO 4 . Among the lithium transition phosphates (LiMPO 4 ,
 = Fe, Co, Mn, and Ni), LiNiPO 4 (LNP) cathode exhibits the high-

st redox potential theoretical value ( ∼5.1 V). However, few studies re-
ated to LNP have been reported, because it is electrochemically inactive
nd only a small number of Li + inside the crystal system [ 174 , 175 ].
esearchers are working to make the potential of LNP accessible in
IB applications. For example, Örnek et al. [176] developed a novel
nd effective strategy to produce core-shell LNP/C cathode material via
 microwave approach using alginic acid as a carbon precursor. The
NP/C electrode showed a high discharge capacity of 150.2 mA h g − 1 

t the 0.1 C rate with a good retention capacity (92%) after 100 cy-
les and improved cycle capability, which can be ascribed to the com-
ination of nano-scale structure, conductive carbon coating, and well-
rystallized molecules. Additionally, Örnek [95] synthesized LNP core
nd Co 3 O 4 /CoO shell nanocomposites via hard-template and solvother-
al syntheses ( Fig. 11 a). CoO and Co 3 O 4 surface-modification has im-
roved the ionic diffusibility and electronic conductivity of LNP mate-
ial. As a result, compared with pure LNP, LNP@CoO and LNP@Co 3 O 4 
amples delivered much higher initial discharge capacity ( Fig. 11 b) and
etter cyclicity with a slight capacity decay at a rate of 0.1 C ( Fig. 11 c).

.2.1.4. LiMnPO 4 . Compared with LCP and LNP, LiMnPO 4 (LMP) with
 maximum energy density of ∼700 W h kg –1 possesses a relative low op-
rating voltage ∼4.1 V vs. Li/L + , which makes the electrochemical win-
ow falls within the electrochemical stability window of conventional
lectrolyte solutions [177] . Aravindan et al. [177] prepared a carbon-
oated LMP by a solid-state approach. The half-cell showed good elec-
rochemical performance under different test model which were in good
greement with the previous reports. Nano-spindle-like LMP/C had been
apered by Wu et al. [178] via a microwave-heating method in a chlo-
ide/ethylene glycol-based deep eutectic solvent. During the process,
he eutectic solvent could adjust the oriented growth and morphology
f LMP and serve as a crystal-face inhibitor. Compared with LMP/C (E-
MP/) sample ( Fig. 11 d) synthesized through a conventional heating
ethod and LMP sample without a carbon coating (B-LMP) ( Fig. 11 e),

he resultant LMP/C ( Fig. 11 f) sample showed better performance giv-
ng a discharge capacity of 129 mA h g –1 with a capacity retention of
6% after 100 cycles at 1 C, which could be ascribed to the spindle-like
tructure and a uniform carbon layer. ( Fig. 11 i-j). From the XRD patterns
 Fig. 11 g-h), LMP formed by microwave methode. Yang et al. [179] syn-
hesized a 1D LMP@C nanofiber with a 3D mesoporous architecture
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Fig. 11. (a) Schematic drawing of the LNP@CoO and LNP@Co 3 O 4 NPs using stepwise synthesis methodology. (b) Charge-discharge curves of the prepared electrodes 
at 0.1 C-rate; (c) Cycling stability profiles of the prepared electrodes comparison at 0.1 C-rate. (a-c) Reproduced with permission [95] . Copyright 2017, Elsevier. 
SEM images of the (d) precursor, (e) LMP, and (f) LMP/C. (g-h) XRD pattern for the precursor, LMP and LMP/C. Electrochemical properties of the prepared samples: 
(i) Cycle performance at 1 C. (j) Charge-discharge curves of LMP/C at 1 C. (d-j) Reproduced with permission [178] . Copyright 2017, Elsevier. Schematic illustration 
of structural engineering of LMP: (k) illustration of the improved reaction kinetics of LMP by nanosizing and conductive surface coating, and (l) schematic view of 
procedure for preparing 1D LMP@C nanofibers with in-situ created 3D mesoporous structure. Micrographs of as-electrospun LMP@C-8 nanofibers before and after 
heat-treatment at 750 °C: (m) SEM images of precursor fibers with inset of the corresponding partially appearance. (n-p) SEM images of the surface and cross-sectional 
views of LMP@C-8 nanofibers. (q-r) HR-TEM images, the insets of (r) shows lattice fringes; (s) SAED pattern; (t) TEM-EDS mapping. (k-t) Reproduced with permission 
[179] . Copyright 2019, Wiley-VCH. 
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ia an electrospinning followed by a simple heat-treatment ( Fig. 11 k-
). In LMP@C, ultrafine LMP NPs were homogeneously confined in the
anofibers and among the interconnected LMP@C NPs, mesopores were
n-situ introduced. Meanwhile, ultrathin carbon layer was coated on the
ltrafine LMP NPs. ( Fig. 11 m-t). This unique structure facilitated the
lectronic/ionic transportation and alleviaated the pulverization of elec-
rodes. Moreover, hierarchical construction with enlarged surface al-
owed more active sites to be exposed into the electrolyte and promoted
he surface-controlled pseudocapacitive contribution. Hence, LMP@C
anofibers delivered a high reversible capacity (149.8 mA h g − 1 ) with
 superior capacity retention (92%) over 300 cycles at 0.2 C. Even at a
igh rate of 5 C, a capacity of 63.1 mA h g − 1 retained after 2000 cycles
ith an exceptional cyclic stability. 

From the study of Hautier et al. [7] , high voltages are associated
ith unsafety, compounds (M = Mn, Co and Ni) with high potential hav-

ng worse thermal stability than that of LFP and showing poor cycling
erformances at a useful charge/discharge rate. For this range of phos-
hates, there are limitations that need to be addressed and further stud-
es are worth developing. 
862 
.2.2. NASICON-based phosphates 

Among these high-voltage phosphate LMP ( ∼4.1 V vs. Li/Li + ), LCP
 ∼4.8 V vs. Li/Li + ), LNP ( ∼5.1 V vs. Li/Li + ), and LVP ( ∼3.8 V (average)
s. Li/Li + ), NASICON monoclinic LVP with the highest theoretical ca-
acity (197 mA h g –1 ) has been identified as electroactive materials for
IB applications due to abundant resources, high safety, and rapid ionic
iffusion [ 35 , 64 ]. The explored NASICON nanomaterials and their mor-
hologies and electrochemical performance are summarized in Table 6 .

Generally, the bare NASICON LVP still suffers inferior electronic
onductivity due to the two separated [VO 6 ] octahedral arrangement,
hich significantly deteriorates its rate performance [ 114 , 180 ]. To fur-

her improve the electrochemical performance of LVP, novel structures
ith high electronic conductivity with fast lithium diffusion are de-
anding [181] . Construction of composites which could combine the

dvantages of various components is a widely used strategy. Among
hose composites, combination of the LVP particle with carbon typi-
ally like carbon coating, is the most common way to enhance its elec-
ronic conductivity [182] . For example, Zhang et al. [181] prepared
arbon-coated LVP NPs encapsulated in a carbon matrix ( Fig. 12 a-d) us-
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Fig. 12. (a-b) TEM images, and (c) HRTEM image of LVP/PIL; (d) Schematic representation of the structure of LVP/PIL, illustrating the Li + and electron pathways; 
(e) Specific discharge capacity and typical potential profiles of LVP/PIL electrodes when discharged at various current densities in the range of 1 to 100 C with a 
constant charging rate of 0.1 C; (f) Specific capacity of LVP/PIL electrodes during long-term cycling at 50 C. (a-f) Reproduced with permission [181] . Copyright 
2015, Elsevier. Typical HRTEM images of (g) S0 and (h) S20; (i-j) Schematic illustration of LVP nanospheres with a carbon coating layer and continuous carbon 
network. (g-j) Reproduced with permission [183] . Copyright 2013, The Royal Society of Chemistry. (k) LVP/CNT composite, showing that CNTs interpenetrated 
into LVP; (l) Nitrogen-sorption isotherms and pore size distribution (inset) of the LVP/CNT composite particles. (k, l) Reproduced with permission [184] . Copyright 
2018, American Chemical Society. (m) SEM images of C-LVP/CNFs, and (n) TEM images of C-LVP/CNFs; (o) Rate performance of C-LVP/CNFs and LVP/CNFs; (p) 
Long-term cycling performance of LVP/CNFs and C-LVP/CNFs at 5 C. (m-p) Reproduced with permission [108] . Copyright 2016, The Royal Society of Chemistry. 
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ng a protic ionic liquid (pIL) as soft template and carbon source. Due
o the carbon layer coated on the surface, the electronic conductivity
f LVP pellets increased from 10 –6 to 10 –2 S cm 

–1 . In addition, porous
arbon matrix, reduced particle size and relatively high surface area of
he material contributed to the intimate contact between electrolyte and
VP particles, consequently leading to high specific capacities (100 mA
 g − 1 at 100 C in the potential range of 3.0 to 4.3 V and 120 mA h
 

− 1 at 50 C in the potential range of 3.0 to 4.8 V) and excellent cy-
ling stability (70% retention after 10,000 cycles at 50 C) of cathodes
 Fig. 12 e-f). Mai et al. [183] also designed a similar LVP structure. As
hown in Fig. 12 g-i, carbon-coated LVP nanospheres piled together on
arbon network. The carbon network derived from acetylene black pro-
ided a facile and continuous pathway for electron transport and the
arbon layer developed from PEG calcination mitigated the structural
863 
egradation during lithium diffusion. For comparison, different ratios
f PEG (labeled as S10, S20, and S30 for 10, 20, and 30 wt.% of total
ass, respectively) had been studied and S20 exhibited the best per-

ormance that when tested at 30 C, the capacity could reach up to 87
A h g –1 , and after 5000 cycles at 5 C, the capacity could still main-

ain at 79 mA h g –1 . Intertwined with CNTs nest, bulk LVP cathode
ith improved rate performance had been built by Zhu et al. [184] via
erosol-assisted spray process followed with a high-temperature calci-
ation. As shown in Fig. 12 k-l, long-range conductive network for Li + 

nd electron transport pathway with mesopores were generated due
o the interlaced CNTs nest. As a result, binder-free, thick electrodes
with thickness of 160 𝜇m) constructed by those microspheres and CNTs
howed comparable rate performance to that of 30 𝜇m before the rate
f 10 C, reaching 98% and 92% of theoretical capacity of LVP at 10 C,
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espectively. A combination of structure modification and carbon com-
ositing is one of the most effective strategies to improve the electro-
hemical performances of LVP [185] . For example, Sun et al. [108] have
repared carbon fibers with carbon-coated LVP particles (C-LVP/CNFs)
mbedded in. As shown in Fig. 12 m-n, LVP particles were uniformly
istributed among the CNFs. Compared to the samples without carbon
uter-layer (LVP/CNFs), C-LVP/CNFs showed much better electrochem-
cal performances with high rate capability (120 mA h g –1 at 10 C) and
apacity retention over cycling (98.9% capacity retention after 500 cy-
les at 5 C) ( Fig. 12 o-p). Another example is the work by Wei et al.
114] who fabricated 1D highly porous LVP/C nanofibers (p-LVP/C)
ia electrospinning process followed two-step heat treatment (calcined
t 350°C for 1 h in air and then treated at 800°C for 10 h in Ar/H 2 ). Heat
reatment helped to reduce the diameter of the obtained LVP/C fibers
 Fig. 13 a-b) and generate porous structure ( Fig. 13 c-d), and thus, short-
ned the transport distance for both electron and Li + . Because of the
orous structure, the electrochemical performance of LVP material was
urther enhanced when compared with LVP/C fibers which was also pre-
ared through the same method without calcining at 350°C in air for 1
 ( Fig. 13 e-f). For further improving electronic conductivity, nitrogen-
oped carbon-modified LVP (NC/LVP) fibers with mesoporous nanos-
ructure was reported by Cao et al. [186] . Polyacrylonitrile was used
s the carbon and nitrogen sources. Transmission electron microscopy
TEM) image showed that NC/LVP NPs (10-25 nm) piled together form-
ng 1D nanofibers (diameter of 90-180 nm) where mesopores were gen-
rated ( Fig. 13 g-j), which significantly reduced the diffusion length of
i + and significantly improved the conductivity of LVP. As a result, the
omposite exhibited a capacity of 129.2 mA h g − 1 over 400 cycles at 20
. Graphene, a monolayer of sp 2 bonded carbon atoms arranged in six-
embered rings, has become one of the most exciting topics of research.

ncorporation of graphene with electrode materials can efficiently im-
rove the performance. For example, Cui et al. [85] reported a nitrogen-
oped graphene (N-G) NS-decorated LVP/C (N-G-LVP/C) composite via
 microwave-assisted hydrothermal method ( Fig. 13 k). LVP/C NPs were
nchored on the N-G, forming a conductive network structure in the
omposite. For comparison, the electrochemical properties of LVP/C,
-LVP/C and N-GLVP/C samples were tested ( Fig. 13 l-o). G-LVP/C and
-G-LVP/C exhibited better cycle stability and higher discharge capacity
ue to the conducting graphene NSs which could contact tightly with
he LVP particles and acted as electronic conducting skeleton for the
lectrode. By comparison, the electrochemical property of G-LVP/C was
mproved after N doping in graphene, which could be attributed to the
mprovement in electronic conductivity arising from conductive N-G to
 current collector. As a result, N-G-LVP/C nanocomposites as cathode
aterial exhibited a specific discharge capacity of 191.5, 172.6, and
60.5 mA h g –1 at 0.1,5, and 10 C, respectively, within a voltage range of
.0-4.8 V. Moreover, it showed a stable cycling performance with 87.3%
apacity retention after 1000 cycles at 20 C. Due to strong anisotropy of
i + diffusion in monoclinic LVP crystal, Li + mobility showed a 1D diffu-
ion path, where the Li + diffusion was more limited with the presence of
mmobile or low mobile defects resided in the diffusion path compared
o 2D or higher dimensional diffusion. Li et al. [187] developed 3D or-
ered microporous LVP/C nanocomposite cathode for LIBs. As shown
n Fig. 13 p, LVP precursor solution was filled in nanoscale voids of
rdered polymethylmethacrylate (PMMA) CCA template. After calcina-
ion of LVP/C, 3D ordered nanopores with a diameter of no larger than
40 nm and wall thickness of approximately 10-80 nm coated with an
morphous carbon were obtained ( Fig. 13 q-r). Benefiting from the well-
efined active nanocrystals and controlled nanoscale pores, the channels
hrough which the liquid electrolyte diffused into micrometer sized par-
icles were generated, and thus providing direct access and reservoirs
or electrolyte impregnating into LVP particles as well as large interface
rea between the electrode. As a result, the LVP/C nanocomposite de-
ivered a stable and highly reversible discharge capacity (151 mA h g –1 

t 0.1 C) and high rate capability (132 mA h g –1 at 5 C) in a voltage
ange of 3.0-4.4 V. 
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Fig. 13. (a) SEM images of LVP/C, and (b) p-LVP/C powders; (c) TEM images of the obtained LVP/C, and (d) p-LVP/C samples; (e) Capacity retentions of the obtained 
LVP/C and p-LVP/C at different current rates between 3.0 and 4.8 V ( vs. Li/Li + ); (f) Long cycle-life performance of the electrodes at high rate of 20 C for 120 cycles. 
(a-f) Reproduced with permission [114] . Copyright 2017, Elsevier. (g-j) Nanostructures for the fabricated NC/LVP fibers. (g-j) Reproduced with permission [186] . 
Copyright 2019, Elsevier. (k) The detailed fabrication process, and electron conduction and Li-ion transport of N-G-LVP/C electrode; (l) LVP/C, (m) G-LVP/C and 
(n) N-G-LVP/C electrodes at a low rate of 0.1 C in the voltage range of 3.0-4.8 V ( vs. Li/Li + ); (o) The resulting cycling data versus capacity for the sample. (k-o) 
Reproduced with permission [85] . Copyright 2016, Elsevier. (p) Schematic diagram illustrating the processing steps to produce 3DOM LVP/C materials; (q) Electron 
microscopy images, and (r) HRTEM image of macroporous LVP/C samples calcined at 750°C. (p-r) Reproduced with permission [187] . Copyright 2014, The Royal 
Society of Chemistry. 
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Doping is always an effective way to improve the rate capa-
ility or cycling performance in electrode materials with the phos-
hate framework. Wu et al. [188] synthesized fluorine-doped LVP@C
Li 3 V 2 (PO 4 ) 3-x F x @C) via chemical polymerization combined with low-
emperature solid-state approach. By combining experiment result and
FT theoretical calculation, the F-doping effect on the electrochemi-
al behaviors of LVP was investigated that F-doping greatly facilitated
he charge transfer rate of Li + inserting/exacting process for better re-
ersibility and enhanced Li + diffusion rate to access the reaction sites,
865 
hus resulting in high-rate capacity and cycling stability. To study the
mpact of doping concentration, samples with different fluorine con-
ents were tested. The optimal Li 3 V 2 (PO4) 2.88 F 0.12 @C delivered 123.16
A h g –1 at 2 C and showed greatly improved cycling stability. In ad-
ition, Zuo et al. [189] developed a Na doping technology for LVP.
hey synthesized a micro-sized Li 3-x Na x V 2 (PO 4 ) 3 /C composite by sol-
el method. In this structure, rhombohedral phase which could pro-
ide a larger free volume of the interstitial space offered an excellent
igh-rate capability and Na doping which could stabilize the rhom-
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ohedral structure of the LVP framework led to the remarkable cy-
ling stability. As a result, Li 2.6 Na 0.4 V 2 (PO 4 ) 3 /C showed a high en-
rgy density (478.8 W h kg –1 ), high rate capacity, and excellent cy-
ling performance. Wang et al. [190] designed a Zn-doped LVP compos-
ted with carbon (Li 3 V 1.97 Zn 0.05 (PO 4 ) 3 /C). The estimated Ragone plot
howed that this composite could meet both requirements of energy den-
ity and power density for plug-in hybrid electric vehicles. Moreover,
i 3 V 1.97 Zn 0.05 (PO 4 ) 3 /C displayed 100% of its initial discharge capaci-
ies (109 mA h g –1 ) among the 1000 cycles when cycled at 20 C charge
ates and 1 C discharge rates, showing good cyclability. Fe-doping and
/SiO 2 hybrid layer coating on LVP cathode material have been syn-
hesized via an ultrasonic-assisted solid-state method. This material was
lso demonstrated with improved electrochemical performance by Sun
t al. [191] NASICON-type LiTi 2 (PO 4 ) 3 (LTP) was an ideal host ma-
rix for reversible insertion of Li as well. For example, Aravindan et al.
192] developed a carbon-coated LTP as a promising insertion host for
IBs and SIBs. When tested in half-cell Li/C-LTP, C-LTP delivered 104
A h g –1 at 0.72 C, and retained approximately 91% of the initial dis-

harge capacity after 50 galvanostatic charge/discharge cycles. 

.2.3. Tavorite AM(PO 4 )Y 

Up to now, there have been several types of fluoro-phosphates re-
orted for LIBs in the literature. Reported by Masquelier et al. [14] , the
tructural types of fluoro-phosphates could be described as A 2 MPO 4 F
A 

+ = Li + , Na + , and H 

+ ; M = Fe, V, Nb, Ti, Co, and Mn), which are
onsidered as promising materials in LIB cathode applications because
heir theoretical capacity (if two alkali cations can be extracted) is twice
s large as that of olivine-type LiMPO 4 compounds. Benefiting from the
ffects of both phosphate group and F anions which lower the energy
f a given M 

(n + 1) + /M 

n + redox couple, tavorite-type fluoro-phosphates
re expected to exhibit high rate capability as promising candidates for
IBs [14] . For example, Ellis et al. [49] reported a sodium/lithium iron
hosphate, A 2 FePO 4 F (A = Na and Li), that could serve as a cathode
n either LIBs or SIBs. This new iron phosphate exhibited facile 2D ion
onduction paths for Li + transport and its unusual solid-solution-like
lectrochemical behavior could be correlated with structural proper-
ies: isostructural end members/intermediates and a low-strain volume
hange during reduction-oxidation process. For these reasons, this free-
tanding sodium iron phosphate cathode in a LIBs offered significant
dvantages with respect to the cost and lithium availability and showed
reat potentials for SIB applications as well. Similarly, Nicolas et al.
43] developed a non-aqueous fluorolytic sol-gel chemistry route to syn-
hesize polyanionic fluorine-containing materials at low temperature.
he obtained LiFePO 4 F material showed an excellent cycling stability
115 mA h g –1 after 100 cycles at C/2 rate). Similar with LVP, tavorite-
tructured compound LiVPO 4 F and LiVPO 4 O are of great potential as
athodes for LIBs. However, in LiVPO 4 F, the redox potential of V 

2 + /V 

3 + 

 ∼1.8 V vs. Li/Li + ) is too low to be exploited as a cathode and LiVPO 4 O
uffers poor electrochemical activity and poor cycle capacity retention.
o solve these issues, Kim et al. [42] synthesized a LiVPO 4 O 0.75 F 0.25 
y single-step solid-state reaction. As-prepared LiVPO 4 O 0.75 F 0.25 pos-
essed higher average operating voltage and better electrochemical ac-
ivity than LiVPO 4 O and showed higher operating voltage ( ∼2.4 V) than
iVPO 4 F ( ∼1.8 V). As a result, LiVPO 4 O 0.75 F 0.25 achieved high specific
apacity (260 mA h g –1 ) in the voltage range from 2.0-4.8 V and thereby
elivered high energy density (820 W h kg –1 ). In order to optimize the
ynthesis method, Erwan et al. [47] developed a spark plasma sintering
SPS) way to synthesize Li 2 CoPO 4 F electrode materials for LIBs. Dur-
ng the whole experiment, the rapid heating rate caused by pulse cur-
ent and the restriction of particle growth caused by uniaxial pressure
reatly shortened the reaction time and reduced the particle size, respec-
ively. And the properties of Li 2 CoPO 4 F prepared by traditional solid-
tate routes and obtained by SPS method were tested and compared. The
esults demonstrated that the material obtained by SPS showed compa-
able electrochemical properties to the same materials obtained after
ours by classical solid-state routes, which demonstrated the SPS ap-
866 
roach could replace conventional ceramic routes particularly for small
article size with a drastic decrease of reaction time (from 78 h to 9 min
or Li 2 CoPO 4 F). 

.2.4. Other types bimetallic phosphates 

Metallic analogues of LiMPO 4 (M = Fe, Ni, and Mn), like Ag 2 VO 2 PO 4 
ave attracted extensive attention due to the multiple electron transfer
nd the in-situ formation of Ag NPs based on Li + insertion accompanied
y discrete redox reactions at the two transition metal centers. Patridge
t al. [24] demonstrated that Ag 2 VO 2 PO 4 showed an in situ conduc-
ivity enhancement upon discharge, resulting in inherently high-power
apability. The in-situ generated Ag NPs served as a conductive matrix
hich ensured intimate electrical contact for a majority of the electrode
aterial and avoided many processing problems that aroused by us-

ng composite/coated materials. In addition, compared with NASICON
tructure, the inductive effect of PO 4 

n − polyanion generated in VOPO 4 
s weaker because of each MO 6 octahedron only connected to four XO 4 
etrahedra (instead of 6 for the NASICON structure). Generally, there
re two main types of VOPO 4 , noted as 𝛼 and 𝛽 [14] . When Li + were
nserted into VOPO 4 structure, LiVOPO 4 will be formed. Compared to
FP, The VOPO 4 compound showed a higher discharge potential flat of
pproximately 4 V (0.5 V higher than LFP) with high electronic con-
uctivity, attaining higher power densities [6] . Zheng et al. [193] re-
orted LiVOPO 4 @V 2 O 5 core-shell nanospheres as cathode materials for
IBs. Combining the advantages of 𝛽-LiVOPO 4 (higher potential of about
.0 V) and V 2 O 5 (high electrical conductivity), LiVOPO 4 @V 2 O 5 where
n orthorhombic LiVOPO 4 as a core with an in situ formed V 2 O 5 shell
howed high rate capability and long cycle life. In addition, 𝜀 -VOPO 4 
nd 𝛼-LiVOPO 4 were also demonstrated to be appealing electrode ma-
erials by Kerr et al. [82] . Electrochemical tests showed that after the
rst reduction process, VOPO 4 was transformed to the 𝛼-LiVOPO 4 phase
here the Li + in loosely bound five-coordinate sites allowing for facile

on conduction. Stable capacity behavior was achieved for the chem-
cally lithiated 𝛼-LiVOPO 4 polymorph after enhancement of the parti-
le/CB contact by mechanical grinding. 

.3. Multi-metal phosphates 

Multi-transition-metal phosphate can efficiently increase the elec-
ronic and ionic conductivities, and have been studied intensively in
ecent years for LIBs, as summarized in Table 7 . 

Zou et al. [194] prepared a LiFe 0.2 Mn 0.8 PO 4 cathode material by
olid-state reaction combined with a ball-milling with CB and sucrose
s carbon sources. Under the optimal condition (calcination at 550 °C
or 3 h using both CB and sucrose precursor with a ratio of 5:5 and total
arbon content of 20 wt.% and ball-milling for 5 h.), the as-prepared
iFe 0.2 Mn 0.8 PO 4 delivered a capacity of 150 mA h g − 1 at 1/20 C and
10 mA h g − 1 at 1 C. Carbon coated LiFe 0.2 Mn 0.8 PO 4 maintained 91%
f its initial capacity after 500 cycles. 

Kim et al. [103] successfully fabricated a Mn-rich olivine
iFe 0.3 Mn 0.7 PO 4 which encapsulated in a conductive glassy lithium
uorophosphate (LiFe 0.3 Mn 0.7 PO 4 -GLFP) through simple non-
toichiometric synthesis. The coating of the glassy lithium fluo-
ophosphate nanolayer could significantly decrease the charge-transfer
esistance of LiFe 0.3 Mn 0.7 PO 4 and improve Li + diffusion. As a result,
iFe 0.3 Mn 0.7 PO 4 -GLFP achieved much higher power capability ( ∼130
A h g − 1 at 10 C) than that of the pristine (LiFe 0.3 Mn 0.7 PO 4 ) coun-

erpart and great cyclability ( ∼75% retention of its initial capacity
ver 500 cycles at 1 C). Srout et al. [195] synthesized a NASICON
tructured Li 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 phosphate material by sol-gel method.
hese Li 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 particles were coated with a conductive
arbon layer. Binder CMC delivered better electrochemical performance
ompared with binder PVDF in electrochemical tests. As-prepared phos-
hate delivered a specific capacity of 141 mA h g − 1 and 567 mA h g − 1 ,
t the rate of C/10 within the voltage windows 1.5-3.0 V and 0.5-3.0 V
s. Li/Li + , respectively. LiCo 0.5 Mn 0.5 PO 4 /CNT nanocomposites which
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Table 7 

Performances of recently reported LIBs based on multi-metal phosphates with corresponding morphologies. 

Materials Morphology Capacitance 
Capacity 
retention [%] Electrolytes Voltage, V Ref. 

LiFe 0.2 Mn 0.8 PO 4 Carbon-coated nanoparticles 110 mA h g − 1 (at 1C) 91@500@0.2 C 1 M LiPF 6 in 
EC-DMC-EMC 

2.0–4.5 vs. 
Li/Li + 

[194] 

LiFe 0.3 Mn 0.7 PO 4 -GLFP LiFe 0.3 Mn 0.7 PO 4 encapsulated by 
glassy lithium fluorophosphate 

130 mA h g − 1 (at 10C) 75@500@1 C 1 M LiPF 6 in 
EC-DMC 

2.0–4.7 vs. 
Li/Li + 

[103] 

Li 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C Carbon-coated 
Li 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 particles 

567 mA h g − 1 (at C/10) 73@100@C/2 1 M LiPF 6 in 
EC-DMC 

0.5–3.0 vs. 
Li/Li + 

[195] 

LiCo 0.5 Mn 0.5 PO 4 /CNT LiCo 0.5 Mn 0.5 PO 4 nanoparticles 
interconnected by CNT 

151 mA h g − 1 (at 0.05C) 92@30@01 C 1 M LiPF 6 in 
EC-DMC 

2.8–5.0 vs. 
Li/Li + 

[61] 

LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /C Core-shell 160 mA h g − 1 (at 0.1 C) 89@30@0.1 C 1 M LiPF 6 in 
EC-DEC (3:7) 

2.5–5.0 vs. 
Li/Li + 

[63] 

Li 2.5 Na 0.5 V 2 (PO 4 ) 3 Porous nanoparticle 228.1 mA h g − 1 (at 0.1 C) 73@500@10 C 1 M LiPF 6 in 
EC-DMC-EMC 

1.5–4.3 vs. 
Li/Li + 

[65] 

LiMn 0.75 Fe 0.25 PO 4 /rGO Microspheres 161 mA h g − 1 (at 0.05 C) 93@1000@10 C 1 M LiPF 6 in 
EC-EMC-DEC 

2.0–4.5 vs. 
Li/Li + 

[196] 

LiMn y Fe 1-y PO 4 - 132 mA h g − 1 (at C/20) 89@450@C/2 1.2 M LiPF 6 in 
EC-EMC-VC (2 
wt.%) 

2.0–4.25 vs. 
Li/Li + 

[62] 

Na 2 Mn 1.5 Fe 1.5 (PO 4 ) 3 Dandelion 48 mA h g − 1 (at C/5) 99@50@C/5 1 M LiPF 6 in 
EC-DMC 

1.5–4.5 vs. 
Li/Li + 

[86] 

Ca 0.15 Mg 0.35 Ti 2 (PO 4 ) 3 Nanoparticles 138 mA h g − 1 (at C/20) 83@20@C/20 1 M LiPF 6 in EC- 
DEC 

- [198] 

Notes: Cycling stability is expressed as the capacity retention after charging/discharging cycles at a specific rate. 
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ere composed of uniform LiCo 0.5 Mn 0.5 PO 4 NPs intimately intercon-
ected by CNT networks were reported by Ni et al. [61] Benefiting
rom CNT conductive networks, LiCo 0.5 Mn 0.5 PO 4 -CNT composite
howed enhanced electrochemical performance compared with bared
iCo 0.5 Mn 0.5 PO 4 and exhibited a high capacity up to 151 mA h g − 1 

nd an energy density of 620 mW h g − 1 with 92% capacity retention
fter 30 charge/discharge cycles. Core-shell LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /C
anocomposites obtained from different carbon sources were synthe-
ized by Li et al. [63] via microwave heating route. They prepared
hree composites ( i.e. , BP2000 CB coated LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /BP,
cetylene black coated LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /AB and su-
er P coated LiFe 1/3 Mn 1/3 Co 1/3 PO 4 /SP), and among them,
iFe 1/3 Mn 1/3 Co 1/3 PO 4 /BP composite delivered better electrochemical
erformance showing high discharge capacity (160 mA h g − 1 at 0.1
), excellent cyclic stability (143 mA h g − 1 at 0.1 C after 30 cycles),
nd rate capability (76 mA h g − 1 at 20 C). This could be ascribed to
ower resistances and faster electronic and ionic diffusion. Isomeric
i 2.5 Na 0.5 V 2 (PO 4 ) 3 [65] , rGO-modifed LiMn 0.75 Fe 0.25 PO 4 [196] , and
iF 4 -treated LiMn 0.80 Fe 0.20 PO 4 /C [62] were also demonstrated the
igh conductivity and stable cyclicity. Some uncommon phosphates
such as lithium difluoro(bisoxalato)phosphate (LiDFBP) [197] , sodium
anganese-iron phosphate Na 2 Mn 1.5 Fe 1.5 (PO 4 ) 3 (NMFP) [86] , and
a 0.15 Mg 0.35 Ti 2 (PO 4 ) 3 [198] ) have been reported used for electrode
aterial in LIBs as well. 

. Other metal-ion batteries 

Phosphates are not only widely used in LIBs, but also used in other
etal-ion batteries such as SIBs [19] , CIBs [199] , KIBs [36] , and mg-

on batteries [200] . The LIBs dominated in the energy-storage systems
t present. However, LIBs still face challenges related to the limited re-
ource and high cost of lithium, leading to extensive research on the
xploration of novel batteries as alternatives of LIBs. 

.1. Na-ion batteries 

Because of the abundant sodium sources, relatively low cost, easily
ecycling, and the higher potential value of the Na/Na + than that of
i/Li + [35] , SIBs are considered as the best candidate for power sources
ith significant benefits to the environment. Especially, SIBs exhibit

imilar chemistry to that of LIBs and are promising next-generation al-
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ernatives. In general, recent studies of phosphates and their composites
or SIBs followed similar research strategies used in LIBs as discussed
bove and are summarized in Table 8 . 

NASICON-type phosphates which exhibit high Na + conductivity, sta-
le 3D framework, and long term cycle life as well as high-rate ca-
ability were widely explored [ 12 , 19 ]. With increasing attention on
hosphates, different phases of phosphates have been developed, in-
luding FePO 4 [201] , NaTi 2 (PO 4 ) 3 [ 202 , 203 ], Na 3 V 2 (PO 4 ) 3 [204] ,
aMo 2 (PO 4 ) 3 [205] , Na 0.71 Fe 1.07 PO 4 [206] , Na 2 VTi(PO 4 ) 3 [ 32 , 38 ],
a 3 MnZr(PO 4 ) 3 [39] , NaNb 0.05 Ti 1.95 (PO 4 ) 3 [33] , Na 2 FePO 4 F [ 87 , 207 ],
nd Na 1.1 Li 2.0 V 2 (PO 4 ) 3 [208] . As presented in Table 8 , the capacity
nd cyclability of Ti and V-based NASICON materials could be consider-
bly improved by carbon coating [ 192 , 209 ], doping [ 33 , 210 ] and mor-
hology modification [ 211 , 212 ]. In addition, for better electrochemi-
al performance, considerable efforts have been made on designing dif-
erent types of SIBs. Taking advantage of the voltage differences be-
ween distinct redox couples in NASICON-structured phosphates, sym-
etric SIBs had been developed. For example, by exploiting the distinct

edox couples between V 

3 + /V 

4 + and Ti 4 + /Ti 3 + , Wang et al. [32] as-
embled symmetric full cell using Na 2 VTi(PO 4 ) 3 as both cathode and
node. The Na 2 VTi(PO 4 ) 3 was synthesized by a facile sol-gel method,
howing a stable specific capacity (147 mA h g –1 at 0.1 C). The full
ell achieved high capacities at a high rate of 20 C and ultralong lifes-
an over 10,000 cycles. Similarly, Voronina et al. [33] demonstrated
he application of Na 2.9 Nb 0.05 Ti 1.95 (PO 4 ) 3 -C in a symmetric cell. This
arbon-coated Na 2.9 Nb 0.05 Ti 1.95 (PO 4 ) 3 -based symmetric cell exhibited
ero-strain characteristics because of the inversed volume changes of the
athode and anode during charge/discharge, resulting in excellent cy-
ling performance (105 mA h g − 1 after 100 cycles at 0.2 C, 83% capacity
etention) and high flexibility in practical application. In such a struc-
ure, energy storage was based on the insert/extract from host structure
ia a biphasic redox mechanism involving the Ti 4 + /Ti 3 + redox couple at
.1 V vs. Na/Na + and a Ti 3 + /Ti 2 + redox pair at 0.4 V vs. Na/Na + . Com-
ared with bare NaTi 2 (PO 4 ) 3 , the thin layer of carbon and Nb 5 + dop-
ng in carbon-coated Na 2.9 Nb 0.05 Ti 1.95 (PO 4 ) 3 could efficiently increase
he electrical conductivity in both the bulk and surface, leading to ex-
ellent structural stability and outstanding rate capability. Specifically,
b 5 + doping did not show negative effects on the phase transition in the
aTi 2 (PO 4 ) 3 structure but improved the Na + reaction kinetics compared
ith that of undoped NaTi 2 (PO 4 ) 3 . Similarly, Al-doped NASICON-type
a V Al (PO ) /C [213] , Mn-doped Na V Mn (PO ) /C [106] ,



Q
.
 C

h
en

g,
 X

.
 Z

h
a
o
,
 G

.
 Y

a
n
g
 et
 a

l.
 

E
n
ergy

 S
to

ra
ge
 M

a
teria

ls
 4

1
 (2

0
2
1
)
 8

4
2
–
8
8
2
 

Table 8 

Performances of recently reported SIBs based on phosphates with corresponding morphologies. 

Material Morphology Capacity [mA h g –1 ] Capacity retention[%] Electrolytes Voltage, V Ref. 

Amorphous FePO 4 -C Nanoparticles wired by single-wall carbon nanotubes 120 (at 0.1 C) - 1 M NaClO 4 2–3.5 [201] 
NaTi 2 (PO 4 ) 3 /C NASICON-structured nanoparticles 101 (at 5 C) 94@100 1 M Na 2 SO 4 in EC-DMC –1.2–0.2 vs. Ag/AgCl [202] 
Na 2 VTi(PO 4 ) 3 @C NASICON-structured 147 (at 0.1 C) 77@500@10 C 1 M NaClO 4 in EC-PC 1.5–4.5 vs. Na/Na + [32] 
Na 3 MnZr(PO 4 ) 3 NASICON-structured particles coated with a thin carbon layer 105 (at 0.1C) 91@500@0.5 C 1 M NaClO 4 in PC-FEC 2.5–4.3 vs. Na/Na + [39] 
NaNb 0.05 Ti 1.95 (PO 4 ) 3 -C Carbon-coated particles 125.3 (at 0.2 C) 91@1000@5 C 0.5 M NaPF 6 in PC-FEC 0.01–3.0 vs. Na + /Na [33] 
NaTi(PO 4 ) 3 -C Carbon-coated particles 122.6 (at 0.2 C) 88@1000@5 C 0.5 M NaPF 6 in PC-FEC 0.01–3.0 vs. Na + /Na [33] 
NaNb 0.05 Ti 1.95 (PO 4 ) 3 -C Carbon-coated particles 86 (at 0.2 C) 78@1000@1 C 0.5 M NaPF 6 in PC-FEC 0.01–1.5 vs. Na + /Na [33] 
NaTi(PO 4 ) 3 -C Carbon-coated particles 82 (at 0.2 C) 72@1000@1 C 0.5 M NaPF 6 in PC-FEC 0.01–1.5 vs. Na + /Na [33] 
NaTi 2 (PO 4 ) 3 @rGO NaTi 2 (PO 4 ) 3 thin films decorated with reduced graphene oxide 109.4(at 100 C) 96.5@1000@5 C 1 M NaClO 4 in EC-DMC-10% FEC 1.5–3.0 vs. Na/Na + [203] 
Na 3 V 1.98 Al 0.02 (PO 4 ) 3 /C Carbon-coated particles 102.7(at 10 mA g − 1 ) 99.2@50@10 mA g − 1 1 M NaClO 4 in PC-FEC 2.3–3.8 vs. Na/Na + [213] 
Na 3 V 1.7 Mn 0.3 (PO 4 ) 3 /C Carbon-coated particles 104(at C/2) - 1 M NaPF 6 in EC-DEC 2.0–4.3 vs. Na/Na + [106] 
Na 3 V 1.9 Cr 0.1 (PO 4 ) 3 /C Carbon-coated particles 107(at C/2) - 1 M NaPF 6 in EC-DEC 2.0–4.3 vs. Na/Na + [107] 
Off-stoichiometric Na 3 V 2 (PO 4 ) 3 Carbon-coated particles 102(at C/2) - 1M NaPF 6 in EC-DEC 2.0–4.3 vs. Na/Na + [109] 
Na 3 V 2 (PO 4 ) 3 /C/TiO 2 Core (Na3V2(PO4)3/C nanofibers)/shell(TiO2/C nanoparticles) nanostructure 196.1(at 0.2 C) 64.2@1500@20 C 1 M NaClO 4 in EC-PC 0.01–3.0 vs. Na/Na + [211] 
Na 1.1 Li 2.0 V 2 (PO 4 ) 3 /C Carbon-coated particle & nano-rod 115(at 7.14 mA g − 1 ) 86@30 1 M NaPF 6 in EC-PC-FEC 2.5–4.0 vs. Na/Na + [208] 
Na 1.1 Li 2.0 V 2 (PO 4 ) 3 /C Carbon-coated particle & nano-rod 145(at 7.14 mA g − 1 ) 50@50 1 M NaPF 6 in EC-PC-FEC 2.0–4.6 vs. Na/Na + [208] 
Na 3 V 2 (PO 4 ) 3 @C Carbon-coated particle & nano-rod 82(at C/2) 89@5000@10 C - 2.5 − 3.8 vs. Na/Na + [204] 
C-LiTi 2 (PO 4 ) 3 Carbon-Coated 109 (at 0.72 C) 85@40 1 M NaClO 4 in EC-PC 1.25 − 3.0 vs. Na/Na + [192] 
NaV 3 (PO 4 ) 3 @C Hierarchical Nanofiber 118(at 1 C) 94.2@200@10 C 1M Na 2 SO 4 − 0.9 − 0.0 vs SCE [212] 
(C@NaV 3 (PO 4 ) 3 )@pC Carbon-coated Na 3 V 2 (PO 4 ) 3 nanoparticles embedded in porous carbon 103(at 10 C) 80.6@1000@10 C 1 M NaClO 4 in PC 2.3 − 3.9 vs. Na/Na + [209] 
NaMo 2 (PO 4 ) 3 NASICON nanoparticles 130(at C/20) 70@10@C/20 0.6 M NaPF 6 in PC-FEC 1.2–4.0 vs. Na/Na + [205] 
NaFePO 4 Olivine nanoparticles 142(at 0.1 C) 70@6000@10 C 1 M NaClO 4 in PC-EC + 5% FEC 2.0–4.0 vs. Na/Na + [111] 
NaFePO 4 /C Microsphere 111(at 0.1 C) 90@240@0.1 C 1 M NaPF 6 in EC-DEC 2.1–3.8 vs. Na/Na + [110] 
Na 0.71 Fe 1.07 PO 4 /C Rod-like 140 (at 0.1 C) - 1 M NaClO 4 in PC + 5% FEC 1.5–4.3 vs. Na/Na + [206] 
NaFePO 4 @C NaFePO 4 nanodots embedded in N-doped carbon nanofibers 145(at 0.2 C) 89@6300@5 C 1 M NaClO 4 in PC + 5 vol% FEC 1.5–4.5 vs. Na/Na + [216] 
Na 1.2 Ti 1.8 Fe 0.2 (PO 4 ) 3 Carbon coated-nanoparticles 130.2(at C/10) - 1 M NaPF 6 in EC-DEC + 1% VC 1.7–3.6 vs. Na/Na + [215] 
Na 3 V 1.98 (PO 4 ) 2.9 F 0.3 /C Carbon coated-nanoparticles 116.9(at 0.1 C) 89.3@100@1 C 1 M NaClO 4 in PC + 2 vol% FEC 2.3–4.2 vs. Na/Na + [214] 
Na 3 V 2 (PO 4 ) 2.93 F 0.07 /C Carbon coated-nanoparticles 113(at 10 mA g − 1 ) 86@1000@200 mA g − 1 1 M NaClO 4 in PC + 2 vol% FEC 2.3–4.2 vs. Na/Na + [210] 
Na 2 FePO 4 F-rGO Carbon coated-nanoparticles 110(at C/10) 70@5000@10 C 1 M NaClO 4 in PC-FEC (95:5) 2.0–4.0 vs. Na/Na + [207] 
Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 )@rGO Microspheres wrapped by rGO networks 128 (at 0.1 C) 62.3@6000@10 C 1 M NaClO 4 in EC-DEC + 5% FEC 1.7–4.3 vs. Na/Na + [218] 
Na 4 MnFe 2 (PO 4 ) 2 (P 2 O 7 ) Particles 110(at C/20) 83@3000@1 C 1 M NaBF 4 in EC-PC 1.7–4.5 vs. Na/Na + [219] 
Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 )/C Carbon coated 108.3(at 0.1 C) 69.1@4400@20 C 1 M NaClO 4 in EC-PC-5 vol% FEC 1.9–4.1 vs. Na/Na + [217] 

Notes: a FEC: fluoroethylene carbonate; PC: propylene carbonate. 
b Cycling stability is expressed as the capacity retention after charging/discharging cycles at a specific rate. 
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i  
-doping and V-defect Na 3 V 1.98 (PO 4 ) 2.9 F 0.3 /C [214] Fe-substituted
a 1.2 Ti 1.8 Fe 0.2 (PO 4 ) 3 [215] , and Cr-substituted Na 3 V 1.9 Cr 0.1 (PO 4 ) 3 /C

107] also exhibited enhanced electron conductivity and excellent struc-
ural stability. 

Among the various classes of phosphates used in SIBs, olivine
aFePO 4 (NFP) was also one of the most attractive host materials for
IBs owing to its high theoretical capacity [19] . For example, Tang et al.
111] synthesized highly pure olivine NFP through an aqueous-based
lectrochemical-driven ion-exchange process from olivine LFP precur-
or. Compared with NFP prepared by conventional organic ion-exchange
ystems, aqueous ion-exchanged NFP showed improved electrochemical
erformance (142 mA h g –1 at 0.1 C, up to 6000 cycles at 10 C), which
ould be ascribed to the complete substitution of Li + by Na + in NFP, pro-
iding unrestricted 1D channels for Na + insertion/extraction. Following
he same method, olivine NFP/C microsphere cathode was prepared as
ell from LFP/C by Fang et al. [110] . Generally, maricite NFP was rarely
pplied as electrode materials due to its electrochemical inactivity. Re-
ucing the sizes of NFP and introducing a carbon matrix could effec-
ively overcome this issue. For example, maricite NFP nanodots which
ere finely embedded in interlinked porous N-doped carbon nanofibers
ad been used as binder-free cathode for SIBs by Liu et al. [216] . Min-
mized sizes ( ≈ 1.6 nm) and high-potential desodiation process could
ransform the maricite NFP into a highly active amorphous phase, show-
ng high reversible capacity (145 mA h g − 1 at 0.2 C), high-rate capabil-
ty (61 mA h g − 1 at 50 C), and high cyclic stability ( ≈ 89% capacity
etention over 6300 cycles). ( Fig. 14 a-c). Combining the merits of both
igh reversible capacity of iron-based phosphates (NFP) and exceptional
tructural stability of pyrophosphates (Na 2 FeP 2 O 7 ) due to the small vol-
me change during charge/discharge, the new mixed-polyanion com-
ound Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 ) had been explored as a promising electrode
aterial for the SIBs [217] . For example, Yuan et al. [218] synthe-

ized Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 ) microspheres decorated 3D graphene using
 spray-drying method. Together with the flexible 3D graphene net-
ork, this mixed-polyanion Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 )@rGO composite af-

orded high reversible capacity (128 mA h g − 1 at 0.1 C), outstanding
ate capability (35.1 mA h g − 1 at 200 C), and long cycling life (62.3%
apacity retention over 6000 cycles at 10 C). For further improving
he energy density of the Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 ) electrode, Kim et al.
219] introduced a Fe- and Mn-based binary mixed-phosphate phase
a 4 MnFe 2 (PO 4 ) 2 (P 2 O 7 ). The binary system exhibited a higher practi-
al power/energy density and a smaller volume change ( ∼2%) upon
ycling than those of Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 ). And the high energy den-
ity was attributed to the combined high potential of the Mn 2 + /Mn 3 + 

edox couples as well as the Fe 2 + /Fe 3 + redox potential and enhanced
ntercalation kinetics. 

.2. K-ion batteries 

After the alkali elements of Li and Na, potassium (K) has attracted
reat attention in MIBs because of its element abundance and similar
lectrochemical properties to LIBs. Also, small solvated ions of K 

+ , low
 

+ desolvation energy, and low reduction potential of K 

+ /K 

0 (–2.88 V
s. SHE) result in high working voltages and high energy densities in
IBs, which makes KIB system show great potential in energy-storage
eld [37] . On the other side, larger ionic radius of K 

+ (1.38 Å) than
hose of Li + and Na + (0.76 and 1.02 Å, respectively), is likely to induce
arge volume expansion leading to low specific capacity and unsatisfac-
ory cycle stability during the insertion reaction, which makes KIBs less
ttractive in practical applications [36] as shown in Table 9 . 

Therefore, there are still great challenges faced by the development
f KIBs. Chihara et al. [34] studied the electrochemical properties of
VOPO 4 and KVPO 4 F in KIBs. KVOPO 4 and KVPO 4 F showed good elec-

rochemical performances even upon charging to 5.0 V, and both have
elivered a discharge capacity of around 80 mA h g –1 . Their capacity re-
ention at 5 C was 90.7% (KVPO 4 F) and 93.9% (KVOPO 4 ), demonstrat-
ng the material’s excellent rate capability. Phase transitions of KVOPO 4 
869 
uring K 

+ extraction was also studied using in situ XRD. Results re-
ealed that KVOPO 4 showed a series of phase transitions with a pecu-
iar single-phase structural evolution, followed by a single-phase reac-
ion and a two-phase transition process. Lian et al. [37] further studied
he electrochemical properties of K 1-x VOPO 4 in KIBs including phase
ransformation, ionic diffusion, and charge transfer mechanisms. They
evealed that the material showed two phase transitions during K 

+ ex-
raction, taking place in the ranges of 0 ≤ x ≤ 0.5 and 0.625 < x ≤
.75, and small volume change of 6.6% has occurred during these pro-
esses, which was beneficial for the cycle stability of KIBs. Meanwhile,
oth V cations and O anions were involved in the charge transfer pro-
ess. More importantly, the 1D diffusion pathway for K 

+ with low en-
rgy barriers of 0.214-0.491 eV ensured fast K 

+ mobility resulting in
igh rate capability. Wei et al. [36] reported hierarchical spheroid-like
Ti 2 (PO 4 ) 3 @C nanocomposites used as an anode material for both KIBs
nd LIBs. Conductive carbon network and porous structure were bene-
cial for outstanding electrochemical performance with high reversible
apacity (283.7 mA h g − 1 for SIBs; 292.7 mA h g − 1 for KIBs) and supe-
ior rate capability (136.1 mA h g − 1 at 10 A g − 1 for SIBs; 133.1 mA h
 

− 1 at 1 A g − 1 for KIBs), demonstrating the material an attractive anode
aterial for KIBs. 

.3. Ca-ion batteries 

Due to the abundant resource of calcium in the earth’s crust, CIBs
ave also been regarded as the substitution of LIBs [220] . However,
ompared with LIBs and SIBs, only a few materials are active for Ca-
ased battery systems when multivalent metal was utilized as anode.
reat efforts have been made by researchers to develop the host struc-

ures for calcium ions. For example, Na 2 FePO 4 F, stabilized in a layered
tructure, was a reasonable choice as a host for CIBs due to the similar
onic sizes between Na + and Ca 2 + [87] . To better understand the elec-
rochemical behavior of Ca 2 + intercalation into desodiated Na 2 FePO 4 F,
ipson et al. [199] investigated the mechanism of Ca 2 + intercalation
nto Na 2 FePO 4 F from a nonaqueous electrolyte and explored its cycling
erformance and voltage behavior. Based on XRD measurements, the
ntercalation mechanism appeared similar to that of SIBs with the ap-
earance of an intermediate half-filled phase. The voltage of intercala-
ion was at approximately 2.6 V, and the capacity was about 80 mA h
 

–1 , showing a great potential as a CIB cathode. 

.4. Mg-ion batteries 

Similar to CIBs, there are limited materials for mg-ion batteries be-
ause of sluggish reaction kinetics or even deactivation of the host
aterials. To improve the activity of electrode materials, Xiao et al.

221] proposed the water-activated layered-structure VOPO 4 as cathode
aterial and investigated the impact of water on both VOPO 4 lattice and

rganic electrolyte. Electrochemical measurements demonstrated that
ater in VOPO 4 lattice and organic electrolyte could activate VOPO 4 

athode. As shown in Fig. 14 d-e, the capacity of VOPO 4 was increased
y introducing water in electrode or electrolyte. Also, introducing wa-
er in both VOPO 4 electrode and electrolyte significantly reduced the
oltage hysteresis from 1.15 to 0.49 V, indicating the significant promo-
ion of the kinetics. As a result, VOPO 4 2H 2 O in the water-containing
lectrolyte showed decent cycle stability and high coulombic efficiency,
hich showed water-activated VOPO 4 could be a potential cathode ma-

erial for Mg-ion batteries in term of the thermodynamics and kinetics. 

. Advanced characterization technologies and theoretical 

alculation towards phase transitions 

With ever-increasing attention on phosphate materials, advanced
haracterization techniques and reasonable simulation methods were
pplied to further explore the internal properties and subtle changes dur-
ng real-time testing of phosphate materials. Some studies have found
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Fig. 14. (a) Rate capability of the NaFePO 4 @C electrode in comparison with that of the H ‐NaFePO 4 @C electrode; (b) Galvanostatic charge/discharge profiles at a 
current density of 20 mA g − 1 ; (c) Long ‐term cycling performance of the NaFePO 4 @C electrode at 5 C rate. (a-c) Reproduced with permission [216] . Copyright 2018, 
Wiley-VCH. (d) Typical voltage profiles of VOPO 4 and VOPO 4 2H 2 O in dry (0.1 M Mg(ClO 4 ) 2 -PC) and wet (0.1 M Mg(ClO 4 ) 2 6H 2 O-PC) electrolyte at a constant 
current density of 5 mA g –1 in a three-electrode cell with Ag/AgCl and active carbon as reference and counter electrode, respectively; (e) OCVs, hysteresis, and 
specific capacities of the tenth cycle for VOPO 4 and VOPO 4 2H 2 O in dry and wet electrolytes, the hysteresis was calculated by subtracting the mid voltage of charge 
by that of discharge. (d, e) Reproduced with permission [221] . Copyright 2018, American Chemical Society. 
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Table 9 

Performances of recently reported KIBs, CIBs and magnesium-ion batteries based on phosphates with corresponding morphologies. 

Materials Morphology Capacitance Capacity retention [%] Electrolytes Voltage, V Ref. 

KTi 2 (PO 4 ) 3 @C Porous spheroids 292.7 mA h g − 1 (at 20 mA g − 1 ) 75.7@50@20 mA g − 1 0.8 M KPF 6 in EC-DEC 0.01–3.0 vs. K/K + [36] 
KVPO 4 F Micron particles 92 mA h g − 1 (at C/20) 97@30 1 M KPF 6 in EC-PC 2.0–5.0 vs. K/K + [34] 
KVOPO 4 Micron particles 84 mA h g − 1 (at C/20) 97@30 1 M KPF 6 in EC-PC 2.0–5.0 vs. K/K + [34] 
Na 2 FePO 4 F Micron particles 80 mA h g − 1 (at 10 mA g − 1 ) - 0.2 M Ca(PF 6 ) 2 in EC-PC(3:7) 0.0–3.0 vs. Ca/Ca + [199] 
VOPO 4 Layered-structure 8 mA h g − 1 (at 5 mA g − 1 ) - 0.1 M Mg(ClO 4 ) 2 in PC –0.4–1.2 vs. Ag/AgCl [211] 
VOPO 4 2H 2 O Layered-structure 11.2 mA h g − 1 (at 5 mA g − 1 ) - 0.1 M Mg(ClO 4 ) 2 in PC –0.4–1.2 vs. Ag/AgCl [211] 
VOPO 4 2H 2 O Layered-structure 91.7 mA h g − 1 (at 5 mA g − 1 ) 100@30@5 mA g − 1 0.1 M Mg(ClO 4 ) 2 6H 2 O in PC –0.4–1.2 vs. Ag/AgCl [211] 
VOPO 4 Layered-structure 13.8 mA h g − 1 (at 5 mA g − 1 ) - 0.1 M Mg(ClO 4 ) 2 6H 2 O in PC –0.4–1.2 vs. Ag/AgCl [211] 

Note: Cycling stability is expressed as the capacity retention after charging/discharging cycles at a specific rate. 
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hat phosphate electrodes were accompanied by phase transition dur-
ng ion absorption and desorption, which may lead to poor cycle perfor-
ance [31] . In fact, the real phase transition behavior can be precisely

haracterized by in situ XRD together with phase-field model and high-
hroughput ab initio analysis. Moreover, in situ characterizations and
omputational principles based on density functional theory (DFT) are
owadays accurate to provide insights into the fundamental properties
f electrode materials. 

.1. Advanced characterization technologies 

For in situ XRD technology, a synchrotron radiation source that ra-
iates hard X rays with high photo energy and short wavelength and
wns powerful penetration is required [222] . For phosphates, in situ
RD is primarily used for the observation of phase transitions occurring
pon ion insertion/extraction process. Bramnik et al. [223] revealed a
tepwise appearance of two new phases ( e.g. , Li 0.7 CoPO 4 and CoPO 4 )
hich have the same olivine-like structure as the pristine compound
pon electrochemical lithium extraction from LiCoPO 4 by in situ XRD.
s shown in Fig. 15 a, the potentiodynamic cycling showing two pro-
ounced oxidation (4.8 and 4.9 V vs Li/Li + ) and two reduction peaks
4.7 and 4.8 V vs Li/Li + ) after the first cycle occurred as two successive
i + extraction plateaus in charge curve. In situ XRD characteration in
ig. 15 c further proved the stepwise phase separation upon lithium ex-
raction from this compound, revealing the existence of an intermediate
hase Li 0.7 CoPO 4 ( Fig. 15 b). In the initial stage of charge, the forma-
ion of a second olivine-like phase (Li 0.7 CoPO 4 ) was indicated by the
ppearance of a second set of reflections, e.g. , 200, 020, and 301. This
ew phase with a lattice parameter ( a = 10.070(3)Å, b = 5.851(2) Å,
 = 4.717(2) Å) corresponded to the extraction of 0.3 Li per formula unit
f LiCoPO 4 . After approximately 0.3 Li per formula unit of LiCoPO 4 was
xtracted, the reflections of a phase 3 (CoPO 4 ) appeared. With increas-
ng intensity of reflections (phase 3), the reflection intensity of phase 2
ecreased. However, this transformation was not complete at the end of
harge, and the reflections from phase 2 were still present after the ex-
raction of one lithium from LiCoPO 4 , which may result from some par-
sitic reactions that contributed slightly to the charge passed through
he cell and resulted in the discrepancy between calculated and real
ithium content in the cathode. Overcharging experiment upon phase 3
n situ cell proved its olivine-like structure which was unstable in air but
an be recovered under in situ conditions. During discharge, reflections
f phase 3 disappeared completely at the end of discharge, showing a
pposite directions against charging in a reversible manner. Similarly,
hase transitions and volume variations occurring during lithium ex-
raction from LVP were studied by in situ XRD [224] . Results showed
hat rhombohedral LVP showed single a two-phase transition between
i 3 V 2 (PO 4 ) 3 and Li 1 V 2 (PO 4 ) 3 ( Fig. 15 c) and monoclinic LVP showed
 much more complicated process of four successive two-phase tran-
itions on Li + extraction to Li 0.1 V 2 (PO 4 ) 3 between 3.4 and 4.6 V vs. Li
 Fig. 15 d), which is consistent with mentioned above in electrochemical
eaction part. In situ XRD ( Fig. 15 c) during Li extraction from rhombo-
edral Li 3 V 2 (PO 4 ) 3 showed that intensities were altered at small an-
871 
les by stronger absorption and the space group changes from R 3 ̅to R 3
nto which all the diffraction peaks were indexed. For lithium extrac-
ion from monoclinic Li 3 V 2 (PO 4 ) 3 , four new phases were involved, e.g. ,
i 2.5 V 2 (PO 4 ) 3 , Li 2 V 2 (PO 4 ) 3 , LiV 2 (PO 4 ) 3 , and V 2 (PO 4 ) 3 . As showed in
ig. 15 d, the first two-phase transition occurred between Li 3 V 2 (PO 4 ) 3 
nd Li 2.5 V 2 (PO 4 ) 3 . The positions and intensities of the diffraction peaks
f this first intermediate phase were different from those of the pristine
aterial with a relatively big shift of the (201) reflection at 2 𝜃∼23.2°

nd an important change in intensity ratios in the region 2 𝜃 ∼24.2° to
4.7°. The second two-phase process occurred between Li 2.5 V 2 (PO 4 ) 3 
nd Li 2 V 2 (PO 4 ) 3 at ca.3.7 V vs. Li. On further Li extraction, a third two-
hase process was encountered at 4.06 V vs. Li between Li 2 V 2 (PO 4 ) 3 and
iV 2 (PO 4 ) 3 . The diffractograms displayed the peaks of both Li 2 V 2 (PO 4 ) 3 
nd LiV 2 (PO 4 ) 3 . In the end of this stage, two lithium ions were extracted
rom Li 2 V 2 (PO 4 ) 3 to LiV 2 (PO 4 ) 3 , resulting in the full oxidation of V 

3 + 

o V 

4 + . At higher voltage (Ca. 4.35 V) where polarization was much
ore obvious, the fourth two-phase reaction was indeed observed be-

ween LiV 2 (PO 4 ) 3 and Li 0.1 V 2 (PO 4 ) 3 with part of V 

4 + being oxidated
nto V 

5 + . Moreover, at this stage, partial vanadium may dissolve into the
lectrolyte when deep oxidation to 4.6 V vs. Li [225] . LiMn 0.6 Fe 0.4 PO 4 
as characterized to experience two two-phase regions during charging
y in situ XRD. Fig. 15 e-f showed the changes of diffraction patterns of
i x Mn 0.6 Fe 0.4 PO 4 during charging of the cell to the composition x = 0.
hase 1 was the pristine compound LiMn 0.6 Fe 0.4 PO 4 for the range in-
luding the [020], [211], and [301] reflections. In the first step, when
 = 0.67, phase 2 arisen, corresponding to charging up to the compo-
ition Li 0.67 Mn 0.6 Fe 0.4 PO 4 . The reflections from both phases (phases 1
nd 2) were very close to each other, which indicated a very similar
attice parameter between these two phases. In the second step, in the
ange 0.1 ≤ x ≤ 0.55, two olivine-like phases (phases 2 and 3) coexisted
nd counteracted and reflections were much more clearly separated.
uring the whole charging process, the reflections of the new phase
ere growing at slightly higher 2 𝜃 values in comparison with prior one

222] . Li + insertion mechanism in monoclinic LFP and LVP was also in-
estigated by Patoux et al. [225] using in situ XRD technology. Recorded
n Fig. 15 g-h, LVP showed four reversible redox processes upon inser-
ion of two Li + (V 

3 + /V 

2 + couple) at 1.98, 1.88, 1.73 and 1.70 V vs. Li.
nd LFP showed two reversible redox processes upon insertion of two
i + (Fe 3 + /Fe 2 + couple) at 2.88 and 2.73 V vs. Li. In situ X-ray diffrac-
ion of both compositions showed a very similar behavior. Because of
he diffraction peaks of the monoclinic P 2 1 /n unit cell overlap, satisfac-
ory refinement of the lattice parameters of the intermediate composi-
ion Li 4 M 2 (PO 4 ) 3 and of the final composition Li 5 M 2 (PO 4 ) 3 were dif-
cult. For both compounds, transformations between the two definite
ompositions Li 3 M 2 (PO 4 ) 3 and Li 4 M 2 (PO 4 ) 3 had similar trends: con-
raction along (100) (–1.5%), elongation along (010) and (001) ( + 1.6
nd + 1.5%, respectively) and increase of the monoclinic distortion to
1.1°. Also, for both Na 2 + x TiM(PO 4 ) 3 and Li 1.6 + x Na 0.4 TiM(PO 4 ) 3 (0 ≤ x
 1 for M = Cr, 0 ≤ x ≤ 2 for M = Fe), the insertion proceeded a single-
hase mechanism evidenced by slow intermittent titration techniques
GITT, PITT) and in situ XRD [226] . Fig. 16 a showed the electrochem-
cal data recorded during lithium insertion into Li Na TiFe(PO ) 
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Fig. 15. (a) Incremental capacity plot obtained by potentiodynamic cycling with Ilim close to C/12 ( ΔE = 5 mV); (b) Selected regions in the diffraction patterns 
taken in situ during the first charge-discharge cycle. 200, 020, and 301 reflections are shown ( 𝜆 = 0.47189 Å). (a, b) Reproduced with permission [223] . Copyright 
2007, American Chemical Society. (c) In situ XRD data of the electrochemical extraction of lithium from rhombohedral B-Li 3 V 2 (PO 4 ) 3 ; (d) Selected XRD patterns 
at intermediate A-Li 3–x V 2 (PO 4 ) 3 compositions (x = 0.5, 1, 2, and 2.9). In-between patterns are shown to illustrate the two-phase reactions. (c, d) Reproduced with 
permission [224] . Copyright 2003, The Electrochemical Society. (e) Selected diffraction patterns collected upon charging to the composition Li 0.6 Mn 0.6 Fe 0.4 PO 4 ; (f) 
Evolution of the diffraction patterns upon charging the cell. (e, f) Reproduced with permission [222] . Copyright 2005, The Electrochemical Society. (g) In situ X-ray 
diffraction recorded during Li insertion in GITT mode into (g) Li 3 Fe 2 (PO 4 ) 3 and (h) Li 3 V 2 (PO 4 ) 3 . Diffractometer D8 Bruker, Co K 𝛼, 𝜃–𝜃 geometry, PSD counter. (g, 
h) Reproduced with permission [225] . Copyright 2003, Elsevier. 
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nd Li 1.6 Na 0.4 TiCr(PO 4 ) 3 . For Li 1.6 Na 0.4 TiCr(PO 4 ) 3 , only one electron
er formula unit could be exchanged for this materials as a direct con-
equence of the electrochemical inactivity of chromium in the range
f potentials (3.4-2.0 V vs. Li + /Li, 3.1-1.7 V vs. Na + /Na). On the con-
rary, for Li 1.6 Na 0.4 TiFe(PO 4 ) 3 , two electrons were exchanged per for-
ula unit thanks to the Ti 4 + and Fe 3 + , which could be reduced into Ti 3 + 

nd Fe 2 + . As we can see, average potential of the Ti 4 + / 3 + redox cou-
le was located at 2.55 V vs. Li + /Li. Current decays recorded in PITT
ode ( Fig. 16 b) suggested a solid solution process for the whole inter-

alation range noting a kinetic limitation of the electron transport in-
ide the material rather than a lithium diffusion limitation (front-phase
igration). In situ XRD ( Fig. 16 c) further confirmed the solid-solution
rocess evocated from the PITT data by the continuous shift of all the
iffraction peaks (no change of space group) on lithium insertion. For
odium inserted into both Na 2 TiFe(PO 4 ) 3 and Na 2 TiCr(PO 4 ) 3 , the po-
entials of the Fe 3 + /Fe 2 + and Ti 4 + /Ti 3 + redox couples as well as the
roperty of single-phase reactions were the same to lithium inserted
nto Li 1.6 Na 0.4 TiM(PO 4 ) 3 , which was also evidenced by the current de-
ay in PITT mode and in situ XRD patterns ( Fig. 16 d). Lithium-insertion
echanism in FePO 4 nH 2 O was also investigated in detail by Delacourt

t al. [227] using in situ XRD combined Mössbauer and X-ray absorption
pectroscopies (XAS). Fig. 16 e is the in situ XRD patterns of crystalline
hosphosiderite ( P -FePO 4 2H 2 O) upon lithium insertion into P -FePO 4 
H 2 O. Bragg reflections of P -FePO 4 2H 2 O progressively disappeared to-
ether with the appearance of the diffraction lines of a new phase at
 = 2.55, 1.88, 1.50, and 1.48 Å. This lithiated phase was indexed in
he same space group as P -FePO 4 2H 2 O ( i.e ., P2 1 /n) with the lattice pa-
ameters a = 5.31(1) Å, b = 10.0(2) Å, c = 8.72(3) Å, and 𝛽 = 90.3(4)°
evealing a complete two-phase lithium-insertion mechanism. For crys-
alline strengite (S-FePO 2H O) ( Fig. 16 f), the diffraction lines of a new
4 2 

872 
hase appeared (most intense lines at d = 2.55, 1.88, and 1.49 Å). Upon
urther lithium insertion, a progressive shift of the diffraction lines of
his new phase occurred, which suggested that it accommodated more
ithium, through a single-phase process. All the diffraction features of
-FePO 4 2H 2 O revealed a two-phase region followed by a single-phase
ne. 

Besides in situ XRD, in situ X-ray absorption near edge structure
XANES) which usually was used to characterize the valence states of
lements, etc. and in situ Raman microscopy that was used to explore
he staged evolution of phases and internal properties were also used.
or example, Tang et al. [111] used Operando Fe K-edge XANES and
RD to study the state of the phase during the sodiation/desodiation of
aFePO 4 . Operando Fe K-edge XANES characterization of the NaFePO 4 
as carried out during the initial galvanostatic cycling. As shown

n Fig. 17 a, voltage prole of the initial cycle was indicated along-
ide stacked plots ( Fig. 17 b) and two-dimensional (2D) contour plots
 Fig. 17 c) of operando XANES spectra for NaFePO 4 . Upon charging (des-
diation), the Fe K-edge was rigidly shifted toward the higher binding
nergy, corresponding to increased Fe oxidation state during the charg-
ng process. In a similar way, the insertion of sodium ions was com-
ined with the reduction of Fe to its original state. Fig. 17 d showed
he evolution of the edge energy (half weight) of the XANES spectra by
aking LiFePO 4 as ref. The energy evolution consisting of five regions
ith different linear slopes associated with the bonding strength of 1s

lectrons of iron in different structures correlated well with asymmetry
f charge-discharge profile. Two-stage charge mechanism in Fig. 17 a
as also reflected in regions (i) and (ii) of Fig. 17 d corresponding to

he transformation of NaFePO 4 to the Na 2/3 FePO 4 intermediate phase
hrough a solid solution process and the transformation of intermediate
hase to further desodiated FePO 4 phase. Phase transition behavior in
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Fig. 16. (a) Potential-composition curves vs Li + /Li of B-Li 1.6 -Na 0.4 TiFe(PO 4 ) 3 and B-Li 1.6 Na 0.4 TiCr(PO 4 ) 3 , performed in a galvanostatic intermittent mode (GITT): 
regime of C/20 for 30 min and relax periods of 30 min; (b) Potentiometric titration curve (PITT) of B-Li 1.6 -Na 0.4 TiFe(PO 4 ) 3 in the 3.4-2.0 V range vs Li + /Li (imin) 3.5 
μA, equivalent to a C/300 regime); (c) Evolution of the in situ X-ray diffraction patterns of an electrode of B-Li 1.6 Na 0.4 TiFe(PO 4 ) 3 during the insertion of lithium, under 
a GITT mode in the 3.4-2.0 V range vs Li + / Li. Acquisition time of 1 h in the 15.00-45.00 2 𝜃 (°) angular range from Co KR radiation on a D8-Bruker diffractometer 
equipped with a PSD counter; (d) Evolution of the in situ X-ray diffraction patterns of an electrode of B-Na 2 TiCr(PO 4 ) 3 during the insertion of sodium, under a GITT 
mode in the 3.1-1.7 V range vs Na + / Na. Acquisition time of 1 h in the 15.00-45.00 2 𝜃(°) angular range from a Co KR radiation on a D8 Bruker diffractometer 
equipped with a PSD counter. Asterisks denote contributions from the cell hardware. (a-d) Reproduced with permission [226] . Copyright 2013, American Chemical 
Society. (e) In situ XRD patterns upon lithium insertion into P -FePO 4 2H 2 O galvanostatic discharge at C/20 with relax periods of 50 min. Dashed lines are for the 
diffraction lines of P -FePO 4 2H 2 O and dotted lines are for the diffraction lines of the lithiated phase and (f) In situ XRD patterns upon lithium insertion into S -FePO 4 

2H 2 O galvanostatic discharge at C/20 with relax periods of 1 h. Dashed lines are for the diffraction lines of S -FePO 4 2H 2 O and dotted lines are for the diffraction 
lines of the lithiated phase. (e-f) Reproduced with permission [227] . Copyright 2009, The Electrochemical Society. 

873 
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Fig. 17. In situ synchrotron Fe K-edge XANES and ex situ XRD studies of the aqueous ion-exchanged NaFePO 4 during initial cycles. (a) Voltage profile of the NaFePO 4 

at the first cycle; (b) stacking plots; (c) two-dimensional (2D) contour plots and (d) the evolution of the Fe-edge energy (half weight) of operando XANES spectra of 
the NaFePO 4 at the first cycle; (e) Voltage profile of the NaFePO 4 at the second cycle; (f) XRD patterns of NaFePO 4 electrodes at different stages (equilibrium and 
non-equilibrium) (a-f) Reproduced with permission [111] . Copyright 2016, The Royal Society of Chemistry. 
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RD spectra collected at different equilibrium stages at 0.1C ( Fig. 17 e-f)
greed well with the XANES spectra. 

In the study of Membreño et al. [180] , in situ Raman microscopy
as used to probe the phase stability of microcrystalline 𝛼-LVP upon

hermal and laser heating. Fig. 18 a-c, in situ Raman spectra of 𝛼-LVP at
ifferent heating temperatures under air, showed the spectral changes
rom room temperature to 600°C. There were no obvious changes from
3.5 to 116.7°C ( Fig. 18 a), indicating that the monoclinic phase was sta-
le within this temperature range. At 125°C, the 1030 cm 

− 1 peak and
houlder at 1079 cm 

− 1 disappeared until 202.0°C at which more dra-
atic changes (such as broadening of the 1009 cm 

− 1 peak, merging of
he 435 and 455 cm 

− 1 peaks into a single peak, transformation of the
79 cm 

− 1 peak into a shoulder, and a significant diminishing of the lat-
ice modes.) took place ( Fig. 18 b). With increasing heating temperature
r  

874 
 Fig. 18 c), additional spectral changes occurred, such as peak at 1140
m 

− 1 at 333.7°C that gradually grew in intensity with higher heating
emperatures and experienced a slight blue shift once reaching 595.8°C.
oreover, at 595.8°C, a new peak at 876 cm 

− 1 became the dominant
ode of the spectrum. It was expected that monoclinic 𝛼-LVP experi-

nced two structural phase transitions, 𝛽 and 𝛾, occurring at elevated
emperatures before degradation to 𝛼-LiVOPO 4 under an oxygen-rich
tmosphere 

.2. Theoretical calculation methodology 

Phase transformation of phosphate during ion intercalation/de-
ntercalation has been described above. More complicated processes
uch as the mechanisms of phase transitions, charge transfer in redox
eactions, and ionic diffusion kinetics required deep understanding. The-
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Fig. 18. (a-c) In situ Raman spectra of 𝛼-Li 3 V 2 (PO 4 ) 3 at different heating temperatures under air: (a) from 23.5 to 116.7°C, (b) 125.0 to 276.4°C, and (c) 333.7 to 
595.8°C taken with a 50 × objective and a laser power of 0.855 mW for 300 s. (a-c) Reproduced with permission [180] . Copyright 2013, American Chemical Society. 
(d) Mean voltage in phosphates versus maximum gravimetric capacity achievable. Specific energy curves at 600 and 800 Wh kg –1 are drawn on the figure (blue 
dashed lines). The red dashed line indicates the upper voltage which we consider safe against decomposition of the electrolyte. Different colors and markers have 
been used for different elements; (e) Lowest distance to the convex hull for different coordination environments of each ionic species in our phosphate data set. 
Each symbol refers to a different local environment: O6, octahedral; S4, square planar; T4, tetrahedral; S5, square pyramidal; T5, trigonal bipyramidal; T7, trigonal 
prismatic square face monocapped; T6, trigonal; and S8, square antiprismatic. An energy above the hull of 0 meV/at indicates that the environment is found in a 
compound thermodynamically stable at 0 K; (f) Best achievable gravimetric capacity for different M 

(n–1) + /Mn + couples as a function of the mass-to-charge ratio of 
the (poly)anion. Oxides and different phosphate polyanions are indicated on the mass-tocharge ratio axis. For the sake of comparison, this plot assumes the mass of 
iron for the M element. (d-f) Reproduced with permission [7] . Copyright 2011, American Chemical Society. 
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retical calculation method like, first-principles calculations [37] , high-
hroughput ab initio calculations [7] , and phase-field model [31] are
eveloped to understand and even predict many important battery prop-
rties. For example, based on density functional theory (DFT), Hautier
t al. [7] computed the voltage, capacity (gravimetric and volumetric),
pecific energy, energy density, stability, and safety of thousands of
hosphate compounds by means of high-throughput ab initio method-
logy. Taking the voltage as an example, as shown in Fig. 18 d, the aver-
ge voltage for each couple with respect to the best achievable capacity
n a phosphate was computed. These important parameters provided
uidance for the design of new phosphate electrode materials. Ther-
odynamic stability of series of phosphates under hypothesis condition

f zero K and zero pressure was computed above the hull. Moreover,
he lowest energy above the hull of each ion in different coordination
nvironments were plotted. As shown in Fig. 18 e, each symbol indi-
ated a different local environment. Overlap between symbols could
appen when two local environments were present in the same com-
ounds or in compounds with similar stability. Zero energy above the
ull indicated that at least one stable compound existed with this co-
rdination environment. The maximum achievable capacity for a one-
lectron delithiation process depends on the one-electron couple used
875 
M 

1 + /M 

2 + , M 

2 + /M 

3 + ,...), the mass of the element M, and the charge
o mass ratio for X. Fig. 18 f plotted the maximum capacity for different
ne-electron redox couples (the different colored lines) as function of the
harge-to-mass ratio of the (poly)anion X. The importance of the cation
harge and the charge-to-mass ratio on the anion was highlighted, which
evealed that for a high valent cation redox couple ( e.g. , M 

5 + /M 

6 + ), a
arge amount of anion mass I was required in the compound to com-
ensate, thereby decreasing the specific capacity. Hence, from a specific
nergy perspective, low valent redox couples, with reasonably high volt-
ge and combined with (poly)anions with high negative charge-to-mass
atio, are optimal. 

Ab initio methodology was also used to study the mechanism of
queous-based (H 2 O) and organic-based (EC) electrochemical-driven
on-exchange process for the transformation of olivine LFP into highly
ure olivine NFP [111] . Intercalation kinetics in organic and aqueous
lectrolytes, an atomic level calculation and comparison of Na + /Li + 

nergies involved in the migration process in the electrolytes and the
lectrolyte/cathode interface was investigated. M (M = Li and Na) ion
n aqueous solution and EC-based electrolyte formed M 

+ (H 2 O) 4 and
 

+ (EC) 4 molecules. Fig. 19 a-b showed the possible behavior for Na/Li
on diffusion in close proximity to the solid/liquid (organic) interface.
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Fig. 19. The reaction profiles for Li/Na ion transport across the (a) FePO 4 /H 2 O and (b) FePO 4 /EC interfaces. The energies for each step during the desolvation 
process and adsorption process are plotted as bars accordingly (blue bars for sodium-based, orange bars for Li-based). The desolvation process is endothermic, while 
the adsorption process is exothermic. (a-b) Reproduced with permission [111] . Copyright 2016, The Royal Society of Chemistry. 
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FT study demonstrates that only one EC molecule can be adsorbed on
 surface Na-site for NFP and a surface Fe-site on the [010] surface of
ePO 4 ( Fig. 19 b(iv) and (vi)), while three H 2 O and one H 2 O molecules
an be adsorbed on the surfaces of NFP and FePO 4 ( Fig. 19 a(iii) and
iv)). Calculations results (Bottom of Fig. 19 b) of desolvation and ad-
orption energies for both Na + and Li + showed that Na + intercalation
n an aqueous system was more competitive compared with an organic-
xchanged system and co-intercalation of Li + was more significant in
n organic system than in an aqueous system, which indicated that
lectrochemical-driven ion-exchange process showed superior for the
ransformation of NFP from LFP than organic-based electrochemical ion-
xchange process. First-principles calculations was performed to inves-
igate phase transformation, ionic diffusion, and charge transfer mech-
nisms of KVOPO 4 in KIBs. Based on the calculation results, three key
essages were summed up: (i) in KVOPO 4 , V was the redox center, while

he O anion acted as a charge compensation medium between K and
, which suggested that when potassium ions were extracted, electrons
rstly leaved O, and then compensated to O from V through the V-O
ond ( Fig. 20 a); (ii) KVOPO 4 showed two phase transitions during K
876 
on extraction, taking place in the 0 ≤ x ≤ 0.5 and 0.625 < x ≤ 0.75
anges ( Fig. 20 b); (iii) 3D structure and 1D ion diffusion pathway en-
owed KVOPO 4 with a long cycle stability and superior rate capability
 Fig. 20 c-e) [37] . 

Excepting in situ XRD which can directly observe phase transition,
he phase field model that replace the boundary conditions with partial
ifferential equations at the interface to obtain the ordered evolution
arameter of phase field, is mainly used to predict useful parameter.
ang et al. [228] applied the phase-field model to examine the effect of
verpotential and crystallite size on the growth kinetics of competing
hase transitions in LFP. Results suggested that low/high overpoten-
ials were more conducive to crystalline-to-crystalline phase transition
uring the lithiated and delithiated process and at intermediate overpo-
entials, crystalline-to-amorphous transition was preferential. As parti-
le size decreased, the overpotential range where amorphization domi-
ates was broadened. Using a novel electrochemical phase-field model,
ai et al. [31] developed a novel theory that phase separation was dy-
amically suppressed during normal battery operation and decreasing
he interfacial resistance at the active surface tended to further suppress
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Fig. 20. (a) Partial density of states of V-3d and O-2p states in the KVOPO 4 , K 0.5 VOPO 4 , and VOPO 4 phases. Inserted numbers, integrated occupancy between –0.6 
and 0 eV; (b) Relative energies of different K 1–x VOPO 4 (0 < x < 1) configurations depending on different K positions. Red solid sphere, K preferred to locate at site-a; 
purple open squares, K preferred to locateat site-b; and blue solid squares, K preferred to locate at site-c. The site-b preferred phase is chosen as the reference state 
for all compositions; (c-e) Schematic representation of possible K migration pathways in the VOPO 4 framework from the view of (c) [010] and (d) [100] planes. (e) 
Spiral 1D diffusion pathway along the c-axis. (a-e) Reproduced with permission [37] . Copyright 2018, The Royal Society of Chemistry. 
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hase transformation, thus increasing the available active site for inter-
alation. 

In summary, both advanced characterization technologies and theo-
etical calculation methods can provide deep insights for battery design
nd energy storage mechanism. 

. Conclusion and perspectives 

Recent research findings summarized in this review suggest that
hosphates and their composites have been widely investigated and are
onsidered as promising electrodes for MIBs. In terms of structure, phos-
hate materials possess an open framework structure with large chan-
els and cavities which endow them with good ionic conductivity and
harge storage capacity, chemically stable structure arising from the rel-
tively strong P-O covalent bonds in phosphates and low thermal expan-
ion indicating high structural stability at high temperature. 

There are still several problems faced by phosphates. For example,
ure phosphates suffer low capacity and low electron conductivity aris-
ng from the PO 4 

3– groups. To compensate the disadvantages of phos-
hates and further improve electrochemical performance of phosphate-
ased electrode, strategies have been developed such as carbon dec-
ration, ion doping, nanocrystallization, morphology modulation, and
ombination with other active materials, which can not only increase
he active sites and provide additional pseudocapacitance, but achieve
877 
igh conductivity and shorten the diffusion distances. Nevertheless, side
ffects of these modification are also inevitable: The introduction of
NTs and graphene not only increases the cost and inactive quality,
ut decreases the bulk density which makes the specific volume capac-
ty of phosphate much lower than that of lithium cobalt oxide, so the
olume of resulting battery could be bulky making phosphate difficult
o be applied in practice. Nano-sized active materials show lower tap
ensity than micron-sized counterparts, which indicates the nano-sized
lectrodes suffer low volumetric energy density. Therefore, to develop
uitable methods for current rechargeable batteries without compromis-
ng their inherent advantages is highly demanding [25] . 

Currently, phosphate synthesis process is limited to the experimental
evel, and large-scale fabrication methods are required for commercial
pplications. Generally, hydrothermal/solvothermal, chemical precipi-
ation method, and ball milling method are common synthesis methods.
n addition, electrospinning for 1D nanofibers, ALD for film deposition,
nd ultrasonic exfoliated bulk crystal into ultrathin NSs are employed.
lthough these approaches provided the possibility of synthesizing ma-

erials with improved performance, the majority of the approaches are
oo exotic for application in state-of-the-art batteries, and thus more
easible and simple synthesis is needed for large-scale production. 

An incorporation of diverse nanostructures into phosphate-based
aterials will definitely benefit both structural superiority and intrin-

ic merits of the materials, for which an in-depth understanding of the
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nergy storage mechanism of the electrode and the internal structure
haracteristics of the electrode materials that can prompt reasonably
esign and synthesize high-performance electrode devices is inevitably
eeded [229] . 

Meanwhile, structural changes during the charge and discharge pro-
ess needs to be controlled effectively. Repeated charge/discharge cy-
ling may result in rapid structural degradation. Understanding the
verpotential- and size-dependence of phase transformation behavior
s important to design high stability crystal material for long term
harge/discharge process. And study of lithium intercalation dynamics
n NPs to phase separation could be helpful to design experiment for
ccurately controlling the nucleation and growth of material so as to
uppress phase separation which can effectively improve rate capability
nd cycle life of electrodes [ 31 , 228 ]. 

In situ characterizations (such as in situ XRD, in situ scanning trans-
ission X-ray microscopy, in situ TEM, and in situ nuclear magnetic

esonance) as well as some advanced simulation technology (such as
tomistic simulation methods and electrochemical phase-field model)
ave been applied to analyze electrochemical reaction mechanism and
nternal structure of these materials. However, there are few studies of
hosphate based on theoretical calculations and in-situ characterization
ith high precision, and attentions is mainly focused on the exploration
f LFP, much efforts should be made to a more widely and elaborate
nvestigation, such as these isostructural compounds (LiMPO 4 , M = Mn,
o and Ni). 

A lot of research activities have been focused on improving the in-
erent properties of electrode materials to meet the demand for high-
erformance energy storage devices. However, to further establish the
ull cell of the metal phosphates-based composites for practical produc-
ion, a better and deeper understanding is required in the surface and in-
erface between the electrodes, electrolyte, and current collectors. Due
o inductive effect in M-O-P, phosphate-based materials possess rela-
ively high voltage where electrolyte is easy to decompose. Thus, the
evelopment of compatible, low-cost, and easy handling electrolyte is
ery important for the practical application of phosphates. Up to now,
here have been several types of electrolyte (such as solid electrolytes,
iquid electrolytes, and polymer electrolytes). Suitable electrolyte can
ot only improve the electrochemical performance of the battery, but
lso improve its safety and practicability. 

Rational design of the architecture of electrode can effectively im-
rove both the electron transfer rate and ionic conduction within the
ntire electrode, and ensure the uniform dispersion of active particles,
hus achieving the best performance of batteries. Constantly renewing
f electrode components to accommodate the evolving active materi-
ls is an efficient way to promote utility and scale production. To as-
emble electrodes, binder and conductive additives are necessary. Tra-
itional binder PVDF is commonly used, but it shows a limited adhe-
ion to the current collector, suffering binder aggregation during slurry
reparation as well as in the final electrode film. Thus, binders with
nhanced cohesion among electrode components and improved adhe-
ion between electrode film and current collector are needed. Up to
ow, compared with PVDF, different types of binders have been stud-
ed with their own corresponding advantages such as low molecular
eight spandex binder with superior adhesion of electrode to an Al

urrent collector, uniformness of electrode morphology, and conser-
ation of solvent during slurry preparation [25] , environmentally be-
ign binder, Carboxymethyl Cellulose (CMC) binder with better ad-
esion between the electrode particles, lower charge transfer resis-
ance and activation energy as well as lower apparent diffusion acti-
ation energy [ 140 , 195 , 230 , 231 ], N-cyanoethyl polyethylenimine (CN-
EI) with excellent adhesion strength, outstanding dispersion capabil-
ty, and higher ionic conductivity [232] , sodium alginate (SA)-3,4-
ropylenedioxythiophene-2,5-dicarboxylic acid (ProDOT) binder with
mproved adhesion among the laminate, current collector, and LFP par-
icles as well as mechanical stability [233] , gelatin binder with enhanced
dhesion between electrode material and Al current collector [234] ,
878 
nd Polyacrylate Latex with stronger adhesion strength, lower electri-
al resistances, and better charge transfer characteristics [235] . Other
inder such as polystyrenesulfonate (PEDOT:PSS)/carboxymethyl cellu-
ose (CMC) [236–238] , perylene diimide polymer (PPDI) [239] , poly-
etrafluoroethylene (PTFE) [240] , and poly(N-vinylcarbazole) (PVK)
241] , which were used for electrode preparation, lithium iron phos-
hate (LiFePO4) as cathodic active material, were reported to show su-
erior performance to that of the PVDF binder. Besides, eco-friendly
inders like poly vinyl acetate (PVAc) [242] , Natural cellulose [243] ,
mphiphilic latex [244] are also investigated. 

Another consideration factor for future development is the cost-
ffectiveness and easy degradability of metal phosphates. To meet the
equirement of practical energy storage devices, besides considering the
erformance of the equipment itself, its cost and environmental compat-
bility should also be considered, especially in the new era of advocating
reen chemistry and green energy, indicating the benefits brought by the
nergy equipment itself should be far greater than its energy consump-
ion which mainly comes from its production and spent treatment. 
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