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Phosphorus-Based Materials for High-Performance Alkaline
Metal lon Batteries: Progress and Prospect

Linchao Zeng, Licong Huang, Jianhui Zhu, Peipei Li, Paul K. Chu, Jiahong Wang,

and Xue-Feng Yu*

Alkaline metal-ion batteries (AIBs) such as lithium-ion batteries (LIBs),
sodium-ion batteries (NIBs), and potassium-ion batteries (KIBs) are potential
energy storage systems. Currently, although LIBs are widely used in con-
sumer electronics and electric vehicles, the electrochemical performance,
safety, and cost of current AlBs are still unable to meet the needs for many
future applications, such as large-scale energy storage, due to the low
theoretical capacity of cathode/anode materials, flammability of electrolytes
and limited Li resources. It is thus imperative to develop new materials to
improve the properties of AIBs. Several promising cathodes, anodes, and
electrolytes have been developed and among the new battery materials, phos-
phorus-based (P-based) materials have shown great promise. For example, P
and metal phosphide anodes have high theoretical capacity, resource abun-
dance, and environmental friendliness boding well for future high-energy-
density AlBs. Besides, phosphate cathode materials have the advantages of
low cost, high safety, high voltage, and robust stability, and P-based materials
like LiPFg and lithium phosphorus oxynitride are widely used electrolytes. In
this paper, the latest development of P-based materials in AlBs, challenges,

connect directly to the electrical grid.! To
utilize these energy sources efficiently and
timely, advanced energy storage devices
(ESDs) must be able to store and export
the energy efficiently.??! In addition, in
order to meet the portability and mobility
of electronic products such as cell phones
and computers, it is particularly important
to develop advanced ESDs. Rechargeable
alkaline-ion batteries (AIBs), including
lithium-ion batteries (LIBs), sodium-ion
batteries (NIBs), and potassium-ion bat-
teries (KIBs) are revolutionary and LIBs
are widely used in portable consumer
electronics and electric vehicles. However,
Li is not abundant on earth and difficul-
ties in Li ore mining have raised the price
thereby hampering wider application of
LIBs to large-scale energy storage. In
recent years, NIBs and KIBs have attracted
considerable attention as an alternative

effective solutions, and new directions are discussed.

1. Introduction

Renewable energy is a promising way to rid our dependence on
fossil, but renewable energy sources like wind energy and solar
energy rely heavily on natural conditions such as the terrain and
climate and can be geographically and intermittently difficult to
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energy storage systems to LIBs. This is

due to the following several reasons. First,

Na and K, which are in the same chemical
group as Li, have similar chemical properties as Li and devel-
opment of NIBs and KIBs can be based on knowledge gained
on LIBs.> Besides, the Na reserve in the earth crust is three
orders of magnitude bigger than that of Li making NIBs more
economical. So far, NIBs have made some progress in indus-
trial development in stationary energy storage and low-speed
transportation. Although K is inferior to Na in terms of reserve
and cost, the redox potential of K is higher than of Na and
graphite materials commonly used in LIBs can serve as the
negative electrode materials in KIBs (specific capacity is about
250 mAh g).!

The materials used in the anode, cathode, and electrolyte
determine the properties of batteries such as the cyclic stability,
rate, and safety. At present, the capacities of anode and cathode
materials in AIBs are limited and phosphorus-based (P-based)
materials have garnered interest as cathodes, anodes, electro-
lytes, and separators of batteries due to advantages such as
environmental protection, safety, low cost, availability, and good
electrochemical characteristics. In particular, red P and black
P are promising candidates due to their abundant reserve and
high theoretical specific capacity (2596 mAh g™ for AIBs).B*l
Although red P is commercially available and easy to handle,
it has low electrical conductivity (=10* S m™) and shows poor
reversibility in electrochemical reactions.l”! Crystalline black P
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as anode materials has better electrochemical reversibility than
red P because of the layered structure of corrugated sheets and
relatively high electrical conductivity (=300 S m™).1% Metal
phosphides have also been widely studied as anode materials
for AIBs on account of the high specific capacity, suitable
redox potential, metallic properties, and excellent thermal sta-
bility. As cathode materials determine the performance of
AlIBs, research on cathode materials is a hot spot. Among the
various materials, polyanionic materials are considered one of
the attractive options for AIBs. Owing to the inductive effects of
polyanionic groups, polyanionic materials have larger working
potentials and the robust 3D framework mitigates structural
changes during extraction and insertion of Li*/Na*, while pre-
serving the stability of the extraction and insertion potentials of
Li*/Na*. For example, lithium iron phosphate polyanionic
materials have been industrialized and widely used as cathode
materials in LIBs due to the high electrochemical potential,
good cyclic stability, low cost, and actual specific capacity close
to the theoretical limit (=165 mAh g™).''12] Lithium phospho-
rous oxynitride (LiPON) films are widely used as electrolyte
films in all-solid-state thin-film LIBs because of the high Li*
conductivity (2.0 X 107¢ S cm™), low activation energy (0.45 eV),
and electrochemical stability window as wide as 5.5 V.13

In order to develop high-performance AIBs with P-based
materials, it is necessary to understand the challenges of
P-based materials including the inherently low electrical con-
ductivity of phosphate polyanionic cathodes and large volume
expansion of P-based anodes. Some effective strategies to
improve the electrodes are materials compounding, adoption
of nanocrystalline materials, and controlling the morphology
of materials.'>1°] Materials compounding combines the char-
acteristics of different materials, often time synergistically,
to minimize the shortcomings of single materials and obtain
functions and properties that single materials cannot provide.
For example, the low electrical conductivity of the red P anode
and phosphate polyanionic cathode can be overcome by com-
pounding with conductive materials. Studies have shown that
nanoscale materials can alleviate the volume expansion and
pulverization of P-based anode materials during charging/
discharging -2 In addition, nanocrystalline electrode mate-
rials increase the contact with the electrolyte, shorten the dif-
fusion path of ions, facilitate rapid transfer of external ions to
the electrode materials, and improve the reaction kinetics of
batteries. It is well known that nanostructured materials have
a large surface area, which leads to the formation of more solid
electrolyte interphase (SEI) during the initial charging and dis-
charging processes and a lower initial coulomb efficiency (ICE)
of electrode materials, adversely affecting battery performance.
Therefore, it is very important to design the morphology of elec-
trode materials to control the formation of SEI during battery
cycling. For example, interconnected porous conductive net-
works with multidimensional hierarchical building blocks and
controllable pore structure can balance diffusion and transfer
of electrons and ions to stabilize the formation of SEIs.

This paper reviews the potential applications of P-based mate-
rials to the anode, cathode, and electrolyte in AIBs (Figure 1).
With regard to the anode, the influence of advanced structural
design including 1D, 2D, and 3D structures on the electrochem-
ical properties of P-based anode materials is discussed. As for
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Figure 1. The potential application of P-based materials in alkaline metal
ion batteries (AIBs) and corresponding material design and modification
methods.

the cathode, the relationship between the composition, struc-
ture, and electrochemical properties of phosphate polyanionic
materials is reviewed from the perspectives of the crystal struc-
ture, storage mechanism, and modification strategy. Finally, the
application of P-based materials to electrolytes such as electro-
Iyte salts, solid electrolytes, and fire-retardant additives in AIBs
is discussed.

2. P-Based Anode Materials

P is a nonmetallic element with three main allotropes, namely
white P, red P, and black P. White P has a highly symmetrical
P, tetrahedral structure with weak intermolecular interactions,
resulting in chemically unstable, volatile, toxic, and flammable
properties, which are not suitable for electrode materials.?!
Red P has a polymer structure with chains or rings formed
by P, tetrahedron single bonds with high stability.®] Red P is
promising as anode materials in AIBs on account of the high
specific capacity (2596 mAh g!) and easy treatment. However,
its electrical conductivity is low (=107* S m™) and it should be
combined with a conductive matrix to form the anode in AIBs.
Black P has high electrical conductivity and a folded lamellar
structure and is similar to graphite in the appearance, proper-
ties and structure. The interlayer distance of black P (5.3 A)
is larger than that of graphene (3.3 A), rendering it easier
for ions to be inserted to boost the ion conductivity.??l First-
principles calculation shows that the folded structure of black
P can provide ultrafast diffusion channels for Li*/Na*, sug-
gesting the potential of black P as host materials for Li*/Na*
intercalation.?? Owing to the structural advantages, excellent
thermodynamic stability, and high theoretical specific capacity
(2596 mAh g™), black P has been studied as anode materials

© 2022 Wiley-VCH GmbH
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in AIBs. Black P can be exfoliated into monolayers or layered
2D nanosheets and black P films with atomic thickness are
known as “phosphorene.”®! The 2D structure endows phos-
phorene with unique energy storage advantages such as shorter
ion diffusion paths and higher active site utilization.?*! Metal
phosphides have also been widely studied as anode materials
in secondary batteries due to the good electrical conductivity
and electrochemical characteristics.”’] Energy storage and
output between metal phosphide and alkali metal ions proceed
by transformation and alloy reactions, thus providing a higher
specific capacity than the P anode. However, both the P anode
and metal phosphide anode are prone to volume expansion and
low electrical conductivity in AIBs and so the materials must
be modified. In this section, according to the structural char-
acteristics of modified red P, black P and metal phosphating
composite anodes, the materials are divided into 1D, 2D, and
3D nanostructures. Advanced structural design of electrodes
and the impact on the electrochemical performance of alkali
metal ion storage are discussed to reveal the effective strategy
for the design and preparation of high-performance P-based
anode materials.

2.1. Red P

As promising anode materials in AIBs, red P has the advan-
tages of natural abundance, low cost, environmental friend-
liness good chemical stability, and high theoretical specific
capacity. Owing to the poor electrical conductivity of red P, early
studies show that the charging/discharging capacity of red P is
too small to be useful as anode materials in batteries. However,
adding carbonaceous materials to red P anodes can increase the
charging and discharging capacity as well as reversibility of bat-
teries mainly due to the enhanced electrical conductivity and
mechanical stability of the electrode. Liu et al. have used ball
milling to uniformly wrap fluffy carbon around red P particles
and the red P/carbon composite shows a reversible capacity of
1230 mAh g during cycling at a current density of 2.6 A g!
as a result of the improved electrical conductivity of the elec-
trode materials. In addition to the poor electrical conductivity,
red P undergoes huge volume expansion during charging/
discharging giving rise to collapse of electrode structure and
degraded battery properties.?®l Some studies have shown that
amorphous red P has a better capability to accommodate the
volume expansion during Li*/Na" insertion and extraction than
crystalline red P. The amorphous structure of red P makes
expansion isotropic consequently reducing the volume expan-
sion rate of the electrode and protecting the electrode from
serious damage.?>3% Therefore, the Li*/Na* storage capacity of
red P largely depends on the morphology and crystal structure
and advanced structural design can improve the electrochem-
ical characteristics of red P anodes.[20:31:32]

2.1.1. 1D structures
Carbon nanotubes (CNTs) are 1D carbon materials with special

structural characteristics. CNTs have radial dimensions of only
nanometers and axial lengths of tens to hundreds of microme-
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ters.33 According to the number of graphite sheets on the tube
wall, CNTs can be divided into single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs).
Carbon atoms on the CNT (CNT: carbon nanotube) are sp?
hybridized and bond with each other to form a honeycomb
structure of the hexagon CNT skeleton. The unhybridized pair
of p electrons on each carbon atom forms a conjugated IT elec-
tron cloud over the entire CNT and CNTs have unique phys-
icochemical properties such as superconductivity and high
mechanical strength.3*3¢ Unlike carbon particles, which act as
loose substrates and confine red P through pores, CNTs with
high aspect ratios and mechanical strength act more like ropes
that binding red P together. For example, CNTs form a network
of connections between red P and the charging/discharging
capacity, high-current density charging-discharging capa-
bility, and cyclic stability of red P electrodes can be improved
by embedding amorphous red P into the CNTs network. It is
worth noting that the improvement in the electrochemical
properties of the electrode materials is limited after combining
red P and CNTs or by ball milling because red P cannot fill the
voids between the CNTs well.[¥7-3

In order to create better physical interactions, Zhu et al.
have diffused P vapor into the interspaces between entangled
SWCNTs bundles by an improved evaporation-condensation
method and good dispersion of red P between SWCNTs bun-
dles is achieved.?! Using this nondestructive method, the red
P-SWCNTs composite retains the high electrical conductivity
and mechanical strength of the SWCNTs network. As a result,
the red P-SWCNTs composite electrode exhibits good rate capa-
bility of =300 mAh g at 2 A g! and good cyclic stability with
capacity retention rate of 80% after 2000 cycles at 2 A g™ for
storage of Na* (Figure 2a). The excellent electrochemical perfor-
mance proves that CNTs can improve electron conduction and
inhibit the volume expansion of red P to prevent pulverization.
Yun et al. have fabricated vertically aligned CNT with an average
diameter of 75 nm using porous alumina templates and encap-
sulated red P into the CNT to prepare red P nanowire arrays
(P@CNWs) (Figure 2b).Y The P@CNWs anode has a high
specific capacity of 2250 mAh g™ and ICE of 83% in NIBs. The
improved electrochemical properties of the P@CNWs electrode
arise from the vertically aligned CNT structure that provides
a porous and highly conductive network for transportation of
ions and electrons. The uniform channels of CNWs also accom-
modate the volume expansion of red P during electrochemical
cycling, which is beneficial to the formation of stable SEI films.

Incorporation of red P into porous carbon nanofibers
(PCNFs) by evaporation-condensation-conversion (VCC) is a
promising strategy to prepare high-performance red P-carbon
electrodes. The PCNFs matrix not only establishes an inter-
connected conductive network among independent P particles
but also buffers the volume change of P during charging/
discharging due to the porous structure. Li et al. have designed
a self-supported flexible electrode by loading red P crystal into
PCNFs by a VCC strategy (Figure 2c) and used it in the anode
material of LIBs.*2l The composite anode (P-PCNFs) shows
excellent cycling characteristics (2030 mAh g at 0.26 A g
after 100 cycles) and rate capability (380 mAh g at 2.9 A g7).
At present, electrospinning is one of the main methods to
prepare PCNFs due to the simple manufacturing device, low

© 2022 Wiley-VCH GmbH
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Figure 2. a) Cycling characteristics of P@CNWs. Reproduced with permission.*% Copyright 2015, American Chemical Society. b) Schematic illustra-
tion of the P@CNWs electrode after removal of the Al foil and alumina by a wet etching step. Reproduced with permission.[*l Copyright 2021, MDPI.
c) FE-SEM micrograph of P-PCNFs.*2 Copyright 2014, Elsevier. d) Schematic illustration of the fabrication process of P@PMCNFs. Reproduced with
permission.l*2l Copyright 2017, Elsevier. ¢) STEM image series captured in real-time showing two red P segments merging during sodiation. Reproduced

with permission.[*] Copyright 2020, Springer Nature.

spinning cost, controllable process, and wide variety of spin-
nable materials. Sun et al. have encapsulated red P in 1D porous
multichannel hollow carbon nanofibers (P@PMCNFs) by
electrospinning and vaporization-condensation (Figure 2d).!
As a self-supported electrode in NIBs, the materials exhibit
excellent rate capability (500 mAh g at 10 A g!) and long
cycling life (700 mAh g at 2 A g™! after 920 cycles). In this
composite, the nanoscale P is accommodated in a highly con-
ductive self-supported interconnected nanofiber mesoporous
structure that provides rapid diffusion channels for Na* and
electrons, thereby achieving superior rate capability. In addi-
tion, the porous structure of PCNFs alleviates the mechanical
damage caused by the volume expansion of red P consequently
improving the cycling characteristics and structural stability of
the electrode. This self-supporting, nonbinder electrode design
simplifies the manufacturing process and is a promising solu-
tion to improve the electrochemical properties of AIBs.

The electrode consisting of the composite of red P and 1D
PCNFs has good cyclic stability but it is not related to only the
constraint of carbon fibers, but also the special properties of
red P. Liu et al. have investigated the sodiation process of the
synthesized red P-impregnated carbon nanofibers (CNFs) com-
posite (red P@CNFs) by in situ transmission electron micros-
copy and chemical mechanical simulation.[*}] The results show
that the softening of red P particles during sodiation undergoes
large volume expansion through longitudinal expansion along
the inner space of the CNFs without causing significant defor-
mation or cracking of the hard CNFs shell (Figure 2e). As a
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result, the red P@CNFs anode has a high reversible capacity of
1850 mAh g! for 500 cycles at 0.1 A ¢! as well as a reversible
capacity exceeding 1000 mAh g for 5000 cycles.)] The study
also discloses that the observed “liquefaction” phenomenon
arises from the intrinsic properties of red P but not electron
beam-induced heating effects, which are not observed from
other allotropes such as black P.* The “liquid-like” mechan-
ical behavior of red P to some extent reveals the reason for the
enhanced cyclic stability of red P wrapped by porous carbon
nanofibers and it is of great significance in the design of high-
performance red P-based anodes.

2.1.2. 2D structures

The way and properties of electrode materials to store Li*
depend on the structure and morphology. 2D nanostructures
have a large surface area and can provide usable free space in
the planar direction to buffer the large volume expansion and
release mechanical strain to boost the long-term cyclic stability.
Owing to the large exposed active surface and nanoscale thick-
ness, the solid-state transportation paths of ions are shortened
thus enabling fast insertion and storage of alkali metal ions.
Graphene is one of the most attractive classes of 2D carbon
materials boasting high electrical conductivity, large surface
area, and high flexibility. When graphene is used as the matrix
for red P, these excellent properties enable close interfacial
contact between graphene and red P, so that the dispersed P

© 2022 Wiley-VCH GmbH
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particles are anchored properly to mitigate aggregation of P
particles during volume change. Song et al. have developed a
chemically bonded P/graphene mixture by simple ball milling
of red P and graphene stacks.] During ball milling, strong
P—C and P—O—C chemical bonds are formed to promote
the contact between P and graphene nanosheets and improve
the overall conductivity of the electrode and stability of the
SEI layer (Figure 3a). As a result, the P/graphene nanosheet
anode exhibits high ICE of 83% and excellent cyclic stability of
1700 mAh g after 60 cycles for storage of Na'. Liu et al. have
prepared the nanoporous red P@graphene oxide composite
(NPRP@RGO) by redox reaction and boiling.¥! Owing to the
unique porous structure of nano red P and highly electronically
conductive network constructed on the RGO sheet, migration
of ions and electrons is facilitated and the volume expansion is
buffered (Figure 3b). The NPRP@RGO electrode has excellent
rate properties of 971.7 mAh g™ at 5.12 A g! and long cycling
life of 775.3 mAh g at 5.12 A g! after 1500 cycles for storage
of Na*. This simple boiling method expands the synthetic
routes of nanoporous structures composed of red P anodes for
high-performance AIBs.

Under mild conditions, red P and graphene composites
with good properties can be obtained by simple suction filtra-
tion. As shown in Figure 3c, Wang et al. have prepared red P
nanoparticles with a uniform size distribution by ultrasonic/
centrifugal method and graphene nanoribbons (GNR) are pre-

www.small-journal.com

pared by cofiltration to synthesize the composite of red P and
graphene nanoribbons (RP-GNR) for anodes in LIBs.*) Elec-
trochemical tests show that the capacity retention of RP-GNR
(RP, 39 wt%) is 87% after 545 cycles at 1 A g”' and GNR and red
P can form close contact to improve the electrical conductivity
by co-filtration. In the RP-GNR composite, increasing the GNR
content enhances the rate performance. This study suggests a
safe, convenient, economical, and scalable solution to prepare
high-performance red P anodes.

2D layered MXenes have attracted great interest in the field
of ESDs due to their unique physical and chemical properties,
such as the metallic conductivity, tunable interlayer spacing,
and excellent mechanical properties. Electrodes based on
MXenes or materials combining MXenes with different active
materials are widely used in AIBs. Zhang et al. have prepared
a N-doped Ti;C,T, and P composite (N-Ti;C,T,/P) by spray
drying and vapor deposition.’” The red P particles penetrate
the interlayer of the N-Ti;C,T, matrix to form stable Ti—O—P
bonds to prevent aggregation and loss of red P and promote
transportation of ions and electrons. The interlayer spacing
of the N-Ti;C,T, matrix is variable to avoid the electrode from
pulverization caused by the volume expansion of P during
electrochemical cycling. As a result, the N-Ti;C,T, /P exhibits
excellent cyclic stability up to 1040 cycles without capacity
fading in storage of Li*. The MXenes and red P composites
prepared by vapor deposition are simple and versatile and have

Figure 3. a) FTIR spectra of the ball-milled P and P/G hybrid. Reproduced with permission.”} Copyright 2014, American Chemical Society. b) Schematic
showing sodiation the NPRP@RGO anode in NIBs. Reproduced with permission.®! Copyright 2018, American Chemical Society. c) Schematic illustra-
tion of the preparation of the RP-GNR composite by tip-sonication and cofiltration. Reproduced with permission.1*l Copyright 2018, American Chemical
Society. d) XRD pattern of the red P/TiN/CNT composite. Reproduced with permission.’l Copyright 2020, Elsevier.
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broad application prospects. The electrochemical properties
of MXenes/Red P composites can be optimized with different
MXenes matrices and surface modification.

As advanced 2D structural materials, TiN nanosheets not
only have excellent electrochemical corrosion resistance and
good electrical and Li* conductivity, but also can form strong
and stable chemical bonds with P at the interface. Han et al.
have embedded amorphous soft red P nanoparticles into TiN
nanosheets and CNTs by high-energy ball milling to form a
conductive TiP, layer at the interface between red P and TiN in
situ (Figure 3d).PY The TiP, layer enhances diffusion of Li* and
inhibits the side reactions between P and electrolyte to improve
the reaction kinetics and interface stability of red P. The red
P/TiN/CNT delivers excellent rate performance such as a high
reversible capacity of 868.7 mAh g™ at a large current den-
sity of 2.3 A g! as well as long-term cycling with the capacity
retention rate from the 3" to 850™ cycle of 96.9%. The idea of
designing modified interfacial materials to accelerate the elec-
trochemical kinetics and inhibit the formation of resistive SEI
is of great significance in rapid charging of P-based anodes and
improving the ICE.

2.1.3. 3D Structures

As the volume of P changes greatly in the phase transformation
to Li;P, leading to severe pulverization of red P, formation of
a large number of pulverized P particles electrically isolated in
the anode, and rapid degradation of the electrochemical perfor-
mance. Reducing the size of red P can alleviate the severe strain
caused by the huge volume change during electrochemical
cycling and improve the cyclic stability. High-energy mechan-
ical milling is a simple and efficient method to decrease the
particle size and is widely used in the preparation of nanoscale
red P particles. In order to improve the overall conductivity of
the electrode, red P and conductive carbon materials are usu-
ally ball-milled together to form a 3D stacked structure with
uniform distributions of red P and carbon. Qian et al. have
used high-energy mechanical milling to compound amorphous
red P with carbon black (or super P) at room temperature.>?
P—O—C chemical bonds are formed in the hybrids to improve
the electrical conductivity, enhance the P/carbon black contact,
and increase the structural durability. The anode materials have
good cycling characteristics such as 90% capacity retention
after 100 cycles at 2 A g™ and 62% capacity retention at a high
current of 8 A g”\. The red P/carbon black composite has been
prepared by a similar method and the Na* storage properties
have been investigated.ll The composite has a specific capacity
exceeding 800 mAh g after 140 cycles because homogeneous
dispersion of red P in the carbon matrix buffers the volume
change of red P during charging/discharging.

Encapsulating red P in the voids of the 3D porous carbon
matrix can reduce the adverse effects of volume expansion
of red P during electrochemical cycling. Marino et al. have
prepared an activated carbon/P composite by vaporization-
condensation-conversion.’!! The porous parts of the activated
carbon are filled with P and the contact between P and acti-
vated carbon is close. Transfer of electrons from P to carbon
completes the “electrochemical activation” of P and Li*. Wang
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et al. have prepared a red P/activated carbon composite with a
high P concentration (60.0 wt%) and reversible capacity up to
1550 mAh g4 Using P,Oyy and polyethylene glycol as raw
materials, Sun et al. have prepared a carbon/P composite with
a 3D structure by carbon reduction (Figure 4a).l>>! By means of
the bottom-up approach, a composite composed of ultrafine red
P particles (=10 nm) that are tightly connected to the 3D carbon
framework via P—O—C bonds is obtained. In the composite,
the P—O—C bond ensures good electrical contact between P
and the carbon matrix and the ultrafine red P nanoparticles
can adapt to the expansion stress and reduce the diffusion
length without breaking. The 3D carbon/P composite shows
a high reversible capacity of 920 mAh g™ at 0.21 A g™! after
160 cycles as anode materials in NIBs. CMK-3, a kind of ordered
tubular mesoporous carbon with a pore size of about 3.9 nm,
can be used as the matrix to accommodate red P and facilitate
diffusion of Li*/Na*. Li et al. have employed the VCC method
to uniformly confine red P nanoparticles in a porous carbon
matrix of CMK-3 to form P@CMK-3 composites (Figure 4b).[]
The ordered mesoporous channels ensure the spatial expan-
sion of nanored P and suppress agglomeration to enable fast
Li*/Na* storage. The P@CMK-3 composite exhibits a high
reversible capacity of about 2250 mAh g™! and enhanced cycling
of 1150 mAh g at 5 C after 1000 cycles as anodes in LIBs.
These studies show that the introduction of red P into nano-
pores can reduce the size of the active materials, expedite the
kinetics of the red P anode, and improve the cyclic stability.
To further improve the properties of red P anodes, the porous
structure of the carbon host should be optimized to increase
the concentration of red P.

Metal-organic frameworks (MOFs) are a kind of coordination
polymers developed recently. MOFs have a 3D porous struc-
ture usually with metal ions as attachment points supported by
organic ligands forming 3D extensions in space. The zeolitic
imidazole framework 8 (ZIF-8) is a typical MOF with a large
N concentration which can be used to prepare high-quality
N-doped microporous materials by carbonization and pickling
treatment for catalysis and energy storage. After carbonization
and pickling, high-quality N-doped microporous carbon is pre-
pared. Li et al. have improved Na* storage of red P by confining
amorphous red P in a ZIF-8 derived N-doped microporous
carbon matrix (P@N-MPC) (Figure 4c).’® The microporous
structure of ZIF-8 derived carbon accommodates the red P
nanoparticles, promotes transfer of electrons, and relieves
volume expansion of red P during electrochemical sodiation/
desodiation. The P@N-MPC composite anode has high revers-
ible capacities of 600 mAh g at 0.15 A g after 100 cycles and
450 mAh g at 1 A g after 1000 cycles. The MOFs with a con-
trollable pore structure is a promising host for red P anodes for
AlBs.

The graphene aerogel matrix is 3D graphene with excellent
properties such as the electrical conductivity, superelasticity,
large specific surface area, and high porosity and can be used
as the matrix to improve the electrochemical properties of red
P anodes. Yan et al. have prepared 3D CRP-rGA nanocompos-
ites by loading dispersed crystalline red P nanorods (CRP) into
the reduced graphene oxide aerogel (rGA) matrix with molten
salts by freeze-drying, and vapor redistribution (Figure 4d).>”]
The CRP is uniformly distributed in the 3D rGA thus avoiding
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Figure 4. a) Schematic of the synthesis of ultrafine red P particles embedded in a 3D carbon framework (P/C composite). Reproduced with permis-
sion.’%] Copyright 2016, Elsevier. b) High-angle annular dark-field STEM image and P elemental map of P@CMK-3. Reproduced with permission.["!
Copyright 2016, American Chemical Society. c) TEM image of P@N-MPC. Reproduced with permission.l Copyright 2017, Wiley. d) Schematic illustra-
tion of the synthesis of CRP-rGA. Reproduced with permission.[’] Copyright 2017, Wiley.

aggregation of P particles during the electrochemical process.
The 3D rGA structure also provides continuous channels for
Na* and electrons and as a result, the CRP-rGA has a high ini-
tial capacity of 2427 mAh g™ (758 mAh cm™) and ICE of 81.8%
used as an anode in NIBs.

2.2. Black P

Black P has attracted attention in optoelectronics, biomedi-
cine, catalysis, and energy storage applications due to its
layered structure and thermodynamic stability at normal tem-
perature and pressure.’® %4 Researchers have devised many
strategies to prepare black P including the widely used high-
pressure and high-temperature method,"®>%! high-energy
mechanical milling,[”%8] and mineralizer-assisted gas-phase
transformation.[”%) These strategies have both advantages and
limitations. For example, red P can be converted into black P by
high-energy ball milling, but the success rate is not high due to
the difficulty in controlling the temperature and pressure. In
general, large-scale production of black P is still very difficult.
Alkalis react with black P to form Li;P (or Na3P/K;P) in the
fully discharged state thus producing a rather large theoretical
specific capacity and black P has a large interlayer spacing
(0.52 nm) which provides 2D interstitial space for rapid inser-
tion/extraction of alkali metal ions (Li*/Na*/K*).” Compared
to red P, black P has high bulk conductivity (=10> S m™), low
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band gap (0.34 eV), and reasonable density (2.69 g cm™), ren-
dering it potential anode materials in AIBs. However, black P
also experiences huge volume expansion in AIBs, for example,
volume expansion from black P to Na;P is as high as 499%
in NIBs. Furthermore, expansion is anisotropic with rates of
3% and 92% along the x-axis and y-axis, respectively and so
severe mechanical fracture and electrical contact loss can occur
during charging/discharging.’? To address the volume expan-
sion of black P in AIBs, conductive frameworks involving
carbon, metal compounds, and conductive polymers have been
developed to host black P.

2.2.1. 1D Structures

CNTs provide a conductive network for black P to alleviate
the volume change during electrochemical cycling due to the
unique 1D structure, low resistivity, and good mechanical prop-
erties. The electrochemical characteristics of black P-CNTs
composites prepared by simple mechanical mixing are not
ideal because the electrical contact between the P particles and
carbon matrix is limited. In addition, owing to the poor inter-
actions between the binder and active materials, it is difficult
to avoid pulverization and electrode/electrolyte interface reac-
tions during electrochemical cycling. Haghighat-Shishavan
et al. have reported a composite consisting of black P and
multilayered carbon nanotubes (black P-CNTs) prepared by a
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surface oxidation-assisted chemical bonding process.’?l Using

the Na carboxymethylcellulose-polyacrylic acid (NaCMC-PAA)
binary polymer as the binder, the black P-CNTs composite is
fabricated into anodes for LIBs and NIBs. Controlled air expo-
sure enhances the hydrophilicity of black P powders producing
strong bonds with the hydroxyl groups of NaCMC and carbox-
ylic acid groups of PAA. Two types of strong bonds (P—O—C
bonds and dehydration crosslinks) are formed in the materials
(Figure 5a) and the materials have excellent electrochemical
characteristics in LIBs, for instance, a high initial discharge
capacity of 1345 mAh g7, capacity retention rate of 87.5% after
400 cycles and in NIBs, a high initial discharge capacity of
2073 mAh g at 0.52 A g! and capacity retention of 75.3%
after 200 cycles. Surface oxidation-assisted chemical bonding of
black P with CNTs is an economical method, which provides
information about the synthesis of black P-based materials and
their application to energy storage.

Polypyrrole (PPy) is a heterocyclic conjugated conductive
polymer with high electrical conductivity and good environ-
mental stability and often used to modify electrode materials
because it plays an important role in buffering the volume
expansion, improving the electrical conductivity, and main-
taining the integrity of the active materials. Sun et al. have pre-
pared black P-CNT composites by ball milling and the black
P/CNT@PPy composite is prepared by in situ polymerization
of PPy The black P/CNT@PPy composite shows a revers-
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ible capacity of 1376.3 mAh g! after 200 cycles at 0.26 A g as
anodes in LIBs, which is much higher than that of the black
P/CNT electrode (530.1 mAh g™') (Figure 5b). The improved
electrochemical performance of P/CNT@PPy is due to the
introduction of CNTs, which can partially buffer the volume
expansion of black P during electrochemical cycling and
improve the electrical conductivity of the material.” The con-
ductive and flexible PPy coating further improves the elec-
trical conductivity of the electrode and inhibit the side reaction
between black P and the electrolyte. Moreover, PPy has strong
chemisorption effects on Li,P thereby reducing the dissolution
loss of Li,P and capacity loss during electrochemical cycling
(Figure 5c).

The lack of close contact and structural cracking between
active materials inevitably reduces the overall conductivity
of the electrode. Zhang et al. have self-assembled black P on
CNTs by chemical cross-linking.”! These acidified CNTs are
activated with a nitrogen source and bulk black P is prepared
by high-energy mechanical milling. Both of them have abun-
dant surface functional groups. During ultrasonic and mag-
netic stirring, the two materials attract each other via van der
Waals force to form the stable hybrid (BP@CNTs) (Figure 5d).
The CNTs with abundant oxygen/nitrogen functional groups
provide a scaffold to anchor black P and therefore, the materials
have good structural stability and high electrical conductivity
because of the good mechanical properties and high electrical

Figure 5. a) All possible types of P—O—C chemical bonds and dehydration cross-links formed between different electrode components: (i) between the
hydrophilic, defective BP and functionalized CNTs, (ii) between the BP and two cross-linked binders, (iii) between the functionalized CNTs and binders
formed through a dehydration reaction. The binders can also be connected during the same dehydration process, as highlighted in (iv). Reproduced
with permission.l3l Copyright 2018, Royal Society of Chemistry. b) Cycling characteristics of BP/CNT@PPy and BP/CNT composites at a current den-
sity of 0.26 A g™'. Reproduced with permission.”4 Copyright 2021, American Chemical Society. c) DFT-calculated binding energies of Li,Ps and PPy.
Reproduced with permission.’ Copyright 2021, American Chemical Society. d) Schematic of the synthesis of BP@CNTs hybrid and application to LIBs.
Reproduced with permission.ls! Copyright 2020, Wiley.
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conductivity of CNTs. Consequently, BP@CNTs show good
long-term cyclic stability with a high capacity of 7573 mAh g
at 0.5 A g! after 650 cycles and high capacity of 552 mAh g
at 2.5 A gl This study reveals that the chemical crosslinking
method for self-assembly of black P on CNTs facilitates the
design and fabrication of high-performance P-based anode
materials for flexible and wearable ESDs.

2.2.2. 2D Structures

When graphene is combined with black P, the excellent prop-
erties such as the large specific surface area, high electrical
conductivity, and good mechanical properties enable good
mechanical support for black P to buffer the volume change
of black P and improve the long-term cyclic stability. Liu et al.

www.small-journal.com

have synthesized black P/RGO hybrid materials by a simple sol-
vothermal reaction and modified the materials with graphene
stacks to prepare sandwich-structure anode films for LIBs."% In
the solvothermal process, GO is reduced to RGO and connects
to black P via P—O—C and P—C bonds (Figure 6a). The com-
posite electrode has a high reversible capacity of 1401 mAh g
after 200 cycles at a current density of 0.1 A g% Liu et al.
have assembled thin films (P loading =78.3%) with a layered
structure by filtering the red P/rGO precursors.'®! The red P
is converted to black P by a high pressure treatment at room
temperature (8 GPa) and the layered black P/graphene com-
posite (black P/rGO) is produced (Figure 6b). The high activity
of black P and electrical conductivity of the graphene network
improve the ion/electron transfer kinetics during charging
and discharging. The graphene network also provides strong
mechanical support to relieve the volume change so that the

Figure 6. a) Schematic of P—C bonds and P—O—C bonds in solvothermal BPGO and storage of Li*. Reproduced with permission.®l Copyright 2017,
Wiley. b) Schematic description of synthesis of BP/rGO. Reproduced with permission.l'® Copyright 2018, American Chemical Society. c) Energy profiles
of Li diffusion along the armchair and zigzag directions on the phosphorene surface and schematic diagram of Li surface loading (adsorption process).
Reproduced with permission.?!l Copyright 2015, American Chemical Society. d) Time-lapse TEM images of sodiation of black P. Na* traverses along the
x-axis channel causing volume expansion along the y-axis. Reproduced with permission.’ Copyright 2015, Springer Nature.
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black P/rGO anode has reversible capacities of 1250 mAh g™
and 640 mAh g after 500 cycles at current densities of 1 and
40 A g, respectively, in NIBs. This simple pressurized strategy
without addition of carbon black and binder is promising for
the preparation of high-performance black P electrodes for
AlBs.

In addition to graphene, MXene materials are considered
ideal 2D supports for black P due to the excellent mechanical
properties, metallic conductivity, unique in-plane anisotropic
structure, and easy of surface modification.”78l As a repre-
sentative member of MXenes, Ti;C, nanosheets (TNS) have a
large surface area and high electrical conductivity to facilitate
electron transfer and relieve the expansion stress of black P.
Meng et al. have prepared black P quantum dots (BPQD)/Ti;C,
nanosheet (TNS) composites by ultrasonic and freeze-drying
treatments.””! The atomic charge of the BPQD/TNS compos-
ites is calculated using Bader's charge group analysis. The cal-
culated results show that the charge of the p-orbital of the P
atom is transferred to the p-orbital of the O and surface Ti ions
through the P—O—Ti interfacial bond. At the same time, the
charge of the inner Ti ions is transferred from their d orbitals
to the surface Ti ions through C atoms. The atomic charge
polarization induced by P—O—Ti interfacial bonds enhances
the charge adsorption and efficient interfacial electron transfer,
thus providing fast energy storage.””! Therefore, the combina-
tion of BPQD and TNS via strong interfacial covalent bonds
(Ti-O-P) improves the conductivity of black P and alleviates
the expansion stress during electrochemical cycling. The
BPQD/Ti;C; anode in LIBs shows a high reversible capacity of
910 mAh g at 0.1 A g! and long-cyclic stability of over 100%
capacity retention at 1 A g™! for 2400 cycles. This work exploits
the surface chemistry of 2D materials to anchor black P nano-
particles by interfacial assembly and shows great potential in
the preparation of advanced AIBs materials.

Phosphorene, a wrinkled 2D structure that can be prepared
from bulk black P by mechanical exfoliation or liquid phase
exfoliation, is very promising as anode materials in AIBs due
to the fast and directional diffusion channels for Li*/Na*.[80-82
Density-functional theory (DFT) calculation shows that the
wrinkled structure of phosphorene enables migration of Li*
and Na* anisotropically (more favorable in the zigzag direction)
and the low diffusion barrier along the zigzag direction leads
to high diffusion rates (Figure 6¢).2>? The diffusion rate of
Li* in the zigzag direction of phosphorene is estimated to be
1.4 x 10* times larger than that on graphene at room tempera-
ture. The high diffusivity of Li* on phosphorene produces the
fast charging/discharging capability for LIBs and besides the
small diffusion barrier, LIBs with phosphorene-based anodes
provide a large charging voltage (2.9 V).2* Therefore, phos-
phorene-based LIBs have broad application prospects.

The Na adsorption energy on phosphorene is larger than the
Na binding energy and Na volume cohesion energy in the Na
dimer, indicating that Na atoms do not aggregate at small Na
concentrations. The monolayer phosphorene has high theoret-
ical specific capacities (NaP: 865 mAh gt and NaP,: 433 mAh g7)
and after Na insertion, phosphorene has high mechanical sta-
bility and integrity. Na-P also has metallic properties at high Na
concentrations and the electrical conductivity is better than that
of amorphous red P phase boding well for Na* storage at high
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currents.”)l Sun et al. have observed potentiostatic sodiation
of black P particles by in situ TEM and found that the expan-
sion rates of black P along the x-axis and y-axis are 0 and 92%,
respectively (Figure 6d)."? Based on the theory that the volume
expansion of black P into Na3P is about 500%, it is speculated
that a significant expansion of 160% occurs along the z-axis and
minimizing the width and thickness of the black P layer helps
reduce the stress buildup along the y- and z-axes. Therefore,
electrodes with a single layer of black P (phosphorene) are pro-
posed and to further reduce the expansion stress, phosphorene
is sandwiched between graphene. The phosphorene composite
shows a high reversible specific capacity of 2440 mAh g at
0.05 A g! and retention of 83% after 100 cycles (83% after
100 cycles) as anodes in NIBs.”? In the composite, graphene
improves the electrical conductivity and provides an elastic
buffer when the phosphorene is alloyed to form Na;P to alle-
viate expansion along the Y and Z axes. Zhang et al. have
reported the preparation of densely packed phosphorene—
graphene composites (PG-SPS) by liquid phase exfoliation and
spark plasma sintering.®%l The PG-SPS exhibits good rate capa-
bility (415.0 mAh g! at 10 A g™') and cyclic performance (91.9%
retention after 800 cycles at 10 A g™) as anodes in LIBs. The ICE
of the PG-SPS electrode (60.2%) is higher than that of the bare
phosphorene electrode (11.5%) and the loosely stacked phos-
phorene—graphene (34.3%) electrode due to the good electrical
contact between reduced GO and black P. This work uses liquid
phase exfoliation and spark plasma sintering to prepare phos-
phorene to overcome the difficulties of large-scale fabrication
and poor air stability.

Another strategy to improve Na™ storage of phosphorene is to
compound phosphorene with MXene to form heterostructures
of 2D stacks. Guo et al. have prepared hybrid anodes of phos-
phorene/MXene by self-assembly for stable and fast storage
of Na*.® The Ti;C,T, MXene with sufficient surface functional
groups and high mechanical strength can provide a 2D con-
strained environment for recombination of phosphorenes to
relieve structural expansion and pulverization during electro-
chemical cycling. DFT calculation confirms that the Na affinity
and diffusion kinetics in the phosphorene/MXene heterostruc-
ture are significantly enhanced and X-ray photoelectron spec-
troscopy shows that fluorine terminations of MXene produce a
stable solid electrolyte by forming a fluorine-rich compound on
the anode surface. The phosphorene/MXene composite anode
shows a high reversible capacity of 535 mAh g at 0.1 A g*
and 87% capacity retention after 1000 cycles. This work reveals
the regulation strategy of 2D materials with functional groups
on the phosphorene anode SEI to improve the electrochemical
performance of AIBs.

2.2.3. 3D Structures

High-energy ball milling is a simple method to compound
black P with carbon materials. Park et al. have used amor-
phous red P and graphite as starting materials to prepare black
P nanoparticle-graphite composites by the mechanochemical
reaction during high-energy mechanical milling.l”! Stable P—C
bonds are formed in the black P nanoparticle-graphite composite
(Figure 7a) and remain stable during lithiation/delithiation
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Figure 7. a) HR-TEM image and schematic of the BP-G composite. Reproduced with permission.l”) Copyright 2007, Wiley. b) SEM images of top-view
and cross-sectional morphologies of P/C and Bi-P/C electrodes after 300 cycles at 7.8 A g™'. Reproduced with permission.®8 Copyright 2022, Wiley.
c) Operando XRD spectra of the BP/G/CNTs electrode during charging/discharging. Reproduced with permission.®”] Copyright 2021, Wiley. d) Cycling
characteristics of the Li/BP@NC electrode. Reproduced with permission.®) Copyright 2021, American Chemical Society.

thus preventing damage of the black P/carbon structure during
cycling and maintaining good electron conduction between
P and carbon.® Peng et al. have prepared a low-cost black
P-carbon nanocomposite by long-term ball milling of commer-
cial red P and super P carbon black.B% The black P nanodo-
mains are embedded in the amorphous carbon matrix to form a
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tightly bound 3D structure with good electrical conductivity and
stability during electrochemical cycling. The composite has a
high reversible capacity of 1381 mAh g after 100 cycles (=90.5%
of the initial reversible capacity) as anodes in LIBs. Li et al.
have prepared a composite with nanoscale black P, graphite,
and carbon nanotubes (BP/G/CNTs) by planetary ball milling
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for anodes in LIBs.¥”) The BP/G/CNTs anode has high revers-
ible capacities of 1031.7 mAh g after 450 cycles at 0.15 A g
and 508.1 mAh g™ after 3000 cycles at 2 A g'. The reaction
between black P and Li* during the electrochemical process
forms Li3P;, LiP, and LisP and the corresponding formation
potentials are studied by ex situ and in situ synchrotron tech-
niques. During discharging, black P is converted into Li;P;, LiP,
and Li;P at 1.119, 0.925, and 0.788 V, respectively (Figure 7c) and
the complete transition from black P to Li;P is completed at
0.001 V. During charging, Li;P is converted into LiP, Li3P;, and
P at 1.028, 1.233, and 1.599 V, respectively.

In addition to carbon materials, ball milling with metal
materials is an effective strategy to improve the electrochem-
ical properties of P anodes. Zhang et al. have synthesized
Bi-P/C composites by ball milling of bismuth (Bi), P, and
graphite.®® Bi has a low Li* diffusion barrier and high elec-
trical conductivity and its electrochemical kinetics is better
than that of P. The lithiation potential is also higher than that
of P anode, while the delithiation potential is lower than that
of the P anode. At a large current density, Bi plays the role of
a “Li reservoir” to promote uniform distributions of Li in the
P particles to reduce the structural stress caused by volume
expansion of P during lithiation as well as volume expan-
sion of the entire electrode (Figure 7b), thus improving the
fast charging characteristics. The P-Bi interface shows strong
chemisorption to capture soluble polyphosphides during rapid
charging and significantly improve the long cyclic stability.
The Bi-P/C anode has excellent electrochemical properties as
exemplified by a high specific capacity of 1788.2 mAh g™ at
a current density of 13 A g™! and capacity retention of 86.3%
after 300 cycles at 78 A g™L. This “Li reservoir” provides a new
solution for charging and discharging of P anode materials at
high current densities.

Black P can be also combined with long-chain polymers
to produce flexible thin-film electrodes. Wang et al. have
fabricated a free-standing flexible anode (BP@NC) com-
posed of black P nanosheets and nanocellulose by a simple
vacuum-assisted filtration method.®” Substrate elongation of
the nanocellulose films is up to 10.2% to relieve the volume
expansion of the black P electrode during electrochemical
cycling. Theoretical calculation shows that the repulsive
force of Li* at the interface between black P and nanocellu-
lose in the BP@NC layer is smaller than that of the black
P interlayer or single black P layer, thereby being benefi-
cial to the reaction kinetics. The BP@NC composite has a
high reversible capacity of 994.4 mAh g after 400 cycles at
0.2 A g together with a high capacity retention rate of 84.9%
(Figure 7d). This study suggests the use of long-chain poly-
mers such as the low-cost cellulose to construct flexible black
P anodes for high-performance AIBs.

2.3. Metal phosphides

Metal phosphides have been studied as promising anode mate-
rials in AIBs on account of the good electrical conductivity, high
theoretical capacity, and suitable redox potential.””] The electro-
chemical reactions between metal phosphides and alkali ions
(e.g., Li*, Na*, and K*) generally include the following three
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types (Equations 1-3), namely, interaction, conversion, and
alloying[®®:

(1) Intercalation reaction:

M,P, +zLi" (Na*,K*)+ze” < Li(Na,K) M,P, (1)
(2) Conversion reaction:

M,P, +3yLi* (Na*,K*)+3ye” ¢ yLi(Na,K), P, + xM 2)
(3) Alloying reaction:

xM +2zLi" (Na",K")+ze” <> Li(Na,K)_ M, (3)

Therefore, the electrochemical mechanism of metal phosphide
anodes is more complicated than that of P anodes. Li,M,P, is
formed by intercalation of metal phosphides (e.g., MnP,, VP,
and VP,), which have a stable crystal structure.l”) If metal phos-
phides do not have a stable crystal structure, the structure col-
lapses after multiple insertion/extraction via the conversion
reaction, and the bonds between the metal and P break to form
nanoscale Li;P and M. If the precipitated metal is reactive with
alkali ions, Li,M is formed by the reversible alloying process.

In general, metal phosphides store Li*, Na*, or K* by the
transformation (and alloying) mechanisms and have large
gravimetric and volumetric specific capacities. Metal phos-
phides also have high electrical conductivity because the
metal atoms provide channels for electrons to yield high uti-
lization.*®] However, metal phosphides as anode materials for
AlBs face challenges, such as the severe volume expansion
during the electrochemical cycling leads to the pulverization
and rapid capacity fading of electrode materials. Take the sodia-
tion/desodiation process of SnyP; as an example. The volume
expansion of P to Na;P and Sn to Na;sSn, is 490% and 525%,
which seriously affects the electrochemical stability of the
Sn,P; electrode.”’] Furthermore, the ion diffusion kinetics of
metal phosphides is slow, limiting their ability to charge and
discharge at high current density. Li et al. have improved the
reaction kinetics of metal phosphide by designing the structure
of N-doped carbon-coated FeP (FeP@NC).!l The calculated Li*
diffusion coefficients of FeP@NC and bare FeP are 2.49 x 107!
and 2.12 X 107! cm? 57, respectively.® The improved reaction
kinetics of FeP@NC is due to the porous nanosheets structure
that can shorten the migration path of ions and increase the
contact area between the electrode and the electrolyte. In addi-
tion, the conductive N-doped carbon coating layer provides a
channel for the rapid electron transport. To solve these prob-
lems, researchers have designed and studied a variety of nano
and microstructures which provide sufficient space for volume
expansion, increase the contact area between the electrolyte and
active materials, promote diffusion of alkali ions, and improve
the electrochemical performance.

2.3.1. 1D Structures

Metal phosphide anode materials with 1D nanostructures
such as nanofibers, nanotubes, and nanowires have attracted
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extensive attention as these unique 1D nanostructures can
shorten the transportation paths of ions and electrons, alleviate
agglomeration of the active particles, and accommodate the
volume expansion of metal phosphides.

Metal phosphide has good electrical conductivity, and
the metal phosphide nanowires prepared by the bottom-up
method have a large aspect ratio, which can construct a self-
supporting conductive network without the need for composite
with carbon materials to further improve the electrical con-
ductivity. In addition, after the metal phosphide is nanosized,
there is enough space to buffer its volume expansion during
the charging and discharging process. Therefore, pure metal
phosphide nanowires do not need to be combined with carbon
materials, thus avoiding the addition of inactive substances and
the electrodes typically have high gravimetric specific capacity.
Li et al. have synthesized high-quality and high-yield CuP,
nanowires by supercritical fluid-liquid-solid (SFLS) growth.l'’]
The CuP, nanowires have a high aspect ratio (32.5 + 2.3 nm in
diameter and length of several tens of micrometers) entangled
with each other. As anode materials in LIBs, the binder-free

www.small-journal.com

CuP, nanowire electrodes have good electrochemical cycling
properties (88% capacity after 100 cycles at 0.1 A g}), rates
(high reversible capacity of 600 mAh g at 6 A g™), high ini-
tial discharge capacity of 1075 mAh g7, and 88% capacity reten-
tion after 100 cycles at 0.1 A g'. Even after cycling at a high
rate of 6 A g7}, the electrode shows a high reversible capacity of
600 mAh g. The excellent electrochemical properties stem
from the large aspect ratio of the nanowires, large buffering
space for expansion of CuP,, and short transportation distance
for Li*. Li et al. have prepared self-supported Zn;P, nanowire
bundles on the titanium foil by chemical vapor deposition.?
The Zn;P, nanowires have the shape of sea urchin balls with a
large active surface area and short diffusion distance for Li* as
anode materials in LIBs and NIBs (Figure 8a). In the absence of
conductive additives and conventional binders, the Zn;P, anode
has high rates for storage of Li* (high reversible capacity of
350 mAh g at a high current density of 40 A g™') and Na*
(a high rate capacity of 280 mAh g at 5 A g™). This assembly
method taking advantage of the inherent properties of
nanowires simplifies the preparation process of traditional

Figure 8. a) High-magnification SEM image of the Zn;P, nanowire-assembled bundle/titanium foil integrated anode. Reproduced with permission.??
Copyright 2017, Elsevier. b) Schematic of the synthesis and long-term cycling properties of the NiP,@C-CNTs nanocomposite. Reproduced with per-
mission.I®] Copyright 2017, American Chemical Society. c) EDS maps of Sn4P;@CNT/C. Reproduced with permission.™l Copyright 2020, American
Chemical Society. d) Ex-TEM images of the cycled AC@CoP/NCNTs/CNFs electrode in KIB at different potentials. Reproduced with permission.*’]
Copyright 2019, Elsevier.
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electrodes and provides more possibilities for the preparation
of high-energy-density AIBs based on metal phosphine-based
anode materials.

Structural collapse of metal phosphine-based anodes due
to the large volume expansion during electrochemical cycling
remains a major challenge and limiting metal phosphate nan-
oparticles in flexible conductive matrices such as CNTs and
CNFs can overcome the hurdle while maintaining the mono-
dispersed properties of electrically active particles in the matrix.
Luo et al. have synthesized monodispersed carbon-coated cubic
NiP, nanoparticles and fixed them on CNTs (NiP,@C-CNTs).[%
The thickness of the carbon layer is about 3 nm and it pre-
vents NiP, particles from agglomeration to provide good elec-
trical contact (Figure 8b). NiP,@C-CNTs exhibit excellent
electrochemical cyclic stability with high reversible capacities of
816 mAh g after 1200 cycles at 0.13 A g™ and 654.5 mAh g™
after 1500 cycles at 5 A g! for storage of Li*. This strategy is
also applicable to metal phosphides in NIBs. Ran et al. have
fabricated a Sn,P; heterostructure (Sn,P3;@CNT/C) on CNT by
a hydrothermal reaction and thermal treatment.* This struc-
ture resembles a bottle brush in which the CNTs provide fast
electron transportation and mechanical support (Figure 8c).
The nanoscale Sn,P; particles are attached to the surface of
CNTs to increase the contact area between the Sn,P; particles
and electrolyte and shorten the diffusion distance for ions. The
amorphous carbon coating on Sn,P; buffers the volume change
during electrochemical cycling and the Sn,P3;@CNT/C anode
delivers excellent electrochemical performance (449 mAh g™
after 500 cycles at 2 A g™!) in NIBs. One of the keys is to con-
fine the nanoscale active materials in the flexible carbon matrix
such as CNTs to prevent agglomeration.

MOFs are composed of metals and organic ligands forming
the carbon-coated metal phosphide structures in situ upon
carbonization and phosphating. Miao et al. have utilized elec-
trospinning of ZIF to prepare ZIF-67/ZIF-8 derived N-doped
carbon nanotubes (NCNTs) on CNFs.”! The Co particles in the
metal-organic framework form CNTs on the surface of CNFs,
whereas Zn particles disappear after calcination to form the
core framework. After subsequent oxidation and phosphating,
the special structure of AC@CoP/NCNT/CNFs of the CNT sup-
ported on the nanofibers and CoP nanoparticles embedded on
top of the CNT is obtained (Figure 8d). The amorphous carbon
layer outside the CoP particles acts as a shell to inhibit volume
expansion of the active materials during charging/discharging.
The N-doped CNFs also provide a continuous network for
electron transport and the AC@CoP/NCNT/CNFs nanocom-
posite anode has a high reversible capacity of 247 mAh g
after 1000 cycles at 0.8 A g™! in KIBs. The unique structure of
AC@CoP/NCNTs/CNFs provides excellent cyclic stability but
because of the large proportion of carbon skeletons, the specific
capacity is low but it can be optimized.

2.3.2. 2D Structures
Owing to confinement of carrier migration and heat diffusion
in the 2D plane, 2D materials have good optical properties,

high thermal conductivity, and electrical conductivity. When
2D materials are arranged orderly, the large surface area pro-
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vides ample active sites and shortens the diffusion distance
for ions boding well for the high capacity and fast charging/
discharging. Therefore, metal phosphides with the 2D structure
are promising anode materials in AIBs.

One of the main reasons for the degraded battery perfor-
mance is that the electrode may undergo irreversible struc-
tural changes after repetitive charging and discharging. Li et al.
have found that the initial layered crystal structure of GeP can
be reconstructed during charging due to its small formation
energy thus providing electrochemical reversibility.’! A 2D
self-healing GeP/C anode with a layered structure has been
synthesized by a two-step ball milling and low-temperature
annealing process.”® The GeP/C composite electrode shows a
high reversible capacity exceeding 1750 mAh g™ after 600 cycles
at a current density of 0.2 A g”l. Even at a high current den-
sity of 5 A g7, the capacity retention is still as high as 63%.
The excellent electrochemical performance of the GeP/C com-
posite is attributed to the layered crystal structure of GeP that
can be reconfigured during electrochemical cycling in conjunc-
tion with the high Li* conductivity of the intercalated Li,GeP.
The small size of the carbon matrix and GeP particles promotes
penetration of the electrolyte, shortens the diffusion length of
Li*, and improves the reaction kinetics.

Owing to the high surface energy, 2D nanomaterials have
a strong tendency to aggregate, resulting in loss of active
sites and blockage of ion transportation pathways. Coating
2D metal phosphides with carbon or anchoring with a sup-
porting framework is an effective way to tackle this challenge.
Han et al. have prepared dispersed porous carbon-coated FeP
nanosheets (FeP@C) by combining the hydrothermal reac-
tion, carbon coating process, and phosphating treatment.["’]
With enough space between adjacent plates, the continuous
carbon layer maintains the mechanical integrity and the plate-
like nanostructures have shorter electron/ion transport paths
and can accommodate the large volume changes of FeP during
Li intercalation and deintercalation. The FeP@C anode shows
excellent cycling characteristics (610 mAh g after 400 cycles at
0.5 A g} and rates (347 mAh g at a high current density of
5 A g™). This work demonstrates that the plate-like nanostruc-
ture, carbon coating, and internal mesoporous channels of FeP
are key to improve the structural stability and Li* storage of
metal phosphide anodes.

Graphene has been used as an additive or substrate for metal
phosphides due to the good mechanical strength, toughness,
and electrical conductivity.®®! For example, Cai et al. have used
a two-step process involving the hydrothermal treatment and
low-temperature phosphating to prepare the Ni,P@rGO com-
posite assembled by rose-like Ni,P nanosheets immobilized
on the rGO matrix.*? On the one hand, the rose-shaped Ni,P
nanosheets alleviate the volume expansion in the horizontal
direction during charging/discharging and shorten the transpor-
tation paths of Li*. On the other hand, addition of rGO prevents
agglomeration and accumulation of Ni,P sheets and provides
a continuous conductive network for electrons. As a result, the
Ni,P@rGO composite electrode has high reversible capaci-
ties of 200.5 mAh gl at 1 A gt and 245.8 mAh g'at 0.3 A g!
after 300 cycles, respectively. Zhao et al. have synthesized mono-
dispersed SnP,,, nanoplates by simple hot injection.l% With
the aid of chitosan, SnP ¢, nanoplates are in situ encapsulated
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by GO sheets through hydrogen bonding and electrostatic inter-
actions to form the SnP( o,@GO composite. As anode materials
in KIBs, the SnPjo,@GO composite provides a high revers-
ible capacity of 106 mAh g™ after 100 cycles corresponding to
capacity retention of 93%. The excellent electrochemical cyclic
stability of the SnPyo,@GO electrode is ascribed to the con-
finement effects of GO and no obvious aggregation of SnP,
particles after 100 cycles, which is in sharp contrast to severe
aggregation in pure SnP.

The unique 2D layered structure of MXene provides more
insertion channels for ions, making it possible to achieve rapid
ion diffusion in the complex of transition metal phosphide and
MXene. Wang et al. have used low-temperature phosphating to
form CoP-Co,P on the surface of Ti;C, nanosheets to increase
the interlayer spacing of Ti3;C, nanosheets and transmission
efficiency of Li*."! The dispersed CoP-Co,P particles pro-
vide abundant active sites for intercalation/deintercalation of
Li*. The unique chemical stability and lamellar shape of Ti,;C,
avoid agglomeration and pulverization of CoP-Co,P particles to
improve the electrochemical cyclic stability of the CoP-Co,P/Ti;C,
electrode. The CoP-Co,P/Ti3C, electrode has a high specific
capacity of 650 mAh g™ after 1000 cycles at 0.7 A g™\ In this
work, the self-growth method of cobalt phosphide on Ti;C,
nanosheets is a new strategy for the preparation of MXene-metal
phosphide electrodes.

2.3.3. 3D Structures

3D porous structures can be designed to optimize the various
characteristics of electrode materials such as active sites, trans-
portation paths, and volume expansion. Gao et al. have used
Co—Co Prussian blue analogs as templates combined with gra-
phene aerogel (GA) in a low-temperature phosphating process
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to obtain CoOP@GA composites (Figure 9a).11%2l The porous CoP
nanocubes are uniformly distributed and firmly encapsulated
in the 3D graphene aerogel framework. The conductive 3D
framework buffers the large volume expansion of CoP during
electrochemical cycling and the porous structure facilitates pen-
etration of the electrolyte into the electrode to shorten the ion
diffusion path. As anode materials in LIBs, the CoOP@GA com-
posite shows a high initial discharge capacity of 1212.9 mAh g
at 0.2 A g with ICE of 88.6%, and a reversible capacity of
351.8 mAh g™ after 4000 cycles at a high current density of
10 A gl This work reveals a facile and economical template-
based method for the synthesis of high-performance 3D metal
phosphides for AIBs.

Core-shell structures are ordered combinations of one
material wrapped around another by chemical bonds or other
forces. Compared to single-component structures, metal phos-
phides with the core-shell structure have better electrochemical
properties. Specifically, the carbon shell on the surface of the
metal phosphide enhances the conductivity of the electrode and
transfer of ions. Meanwhile, the carbon shell ensures effective
growth of the SEI layer and avoids cracking and reforming of
the SEI. Therefore, the electrochemical properties of core—shell
electrode materials are improved. There is also extra space
between the core and shell to relieve the volume expansion of
the active materials and prevent the anode from pulverization
during electrochemical cycling. For example, Ma et al. have syn-
thesized GaP@C nanoparticles with the core—shell structure by
chemical vapor deposition with improved electrochemical per-
formance and structural integrity (Figure 9b).11%3l The GaP@C
anode exhibits a high reversible capacity of 812 mAh g™ after
100 cycles at 0.5 A g! and rate performance of 1087 mAh g!
at 2 A gt in LIBs. Liang et al. have used metal hydroxide and
glucose as precursors to generate Ni,P@C with the core-shell
structure in situ in a PH;/He plasma environment.'* This

Figure 9. a) Schematic illustration of the fabrication of the COP@GA composite. Reproduced with permission.'? Copyright 2019, American Chemical
Society. b) TEM images of the pristine GaP@C composite. Reproduced with permission.['3l Copyright 2021, Royal Society of Chemistry. c) Schematic
illustration of the synthesis process of Ni,P and Ni,P@C. Reproduced with permission.['™l Copyright 2021, Springer Nature. d) Schematic illustration
of the preparation of the COP@NC@TiO, composite. Reproduced with permission.9! Copyright 2021, Wiley.
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strategy can prevent oxidation of the phosphating materials and
maintaining the high conductivity of Ni,P. The high-energy
plasma introduces a large number of defects and pores benefi-
cial to the electrochemical reactions of Ni,P@C (Figure 9c). As
anode materials in NIBs, the Ni,P@C shows a high capacity of
693 mAh g after 50 cycles at a current density of 0.1 A g™ and
retention of 77% capacity after 1500 cycles at a high rate of 2 A g%,
Chen et al. have used ZIF-67 nanoparticles as precursors and
decomposed organic ligands by carbonization and phosphating
to form porous N-doped carbon frameworks (CoP@NC) with
a uniform distribution of CoP particles.'” The TiO, is uni-
formly coated on the surface of CoP@NC through hydrolysis
of tetrabutyl titanate to form the core-shell CoP@NC@TiO,
composite (Figure 9d). The N-doped carbon framework derived
from the ZIF-67 precursor improves the electrical conductivity
of the electrode and accommodates the volume expansion of
CoP particles. Besides, the TiO, shell buffers the mechanical
stress during electrochemical cycling and maintains the integ-
rity of the carbon framework. As anode materials in LIBs, the
core-shell COP@NC@TiO, composite shows a high reversible
capacity of 706.3 mAh g™ after 1200 cycles at 0.1 A g™'. Hence,
the shell-core structure is a promising universal electrode
design, which can overcome the challenges of transition metal
phosphide anodes in AIBs.

In this part, the advanced structural designs (1D, 2D, and 3D)
of P-based anode for AIBs are discussed in depth, and the intro-
duction of these advanced structural designs makes P-based
anode (red P, black P, and metal phosphides) with improved
electrochemical performance. Based on the discussion, we can
see that different P-based anode structure designs can endow
the P-based anode with different properties. For example, 1D
structure design can shorten the ion and electron transport
path, 2D structure design can provide ample active sites and
shorten the diffusion distance for ions, and 3D structure design
can provide robust support to buffer the large volume expan-
sion of electrodes during the electrochemical cycling process.
On the other hand, on the basis of these structural designs, fur-
ther endowed with chemical bond cooperation (e.g., P—C bond,
P—O—C bond, and Ti—O—P bond) between the matrix mate-
rial and the active substance can better improve the interfacial
stability of the P-based anode material. Therefore, the ideal
P-based anode should have excellent electrical conductivity, a
short ion and electron transport path, a large active surface, as
many active sites as possible, and can well accommodate the
volume change of electrode during electrochemical cycling.
However, it should be noted that the pore volume of the elec-
trode should not be too large because too large pore volume of
the electrode will reduce the conductivity, tap density, and volu-
metric capacity of the electrode. Therefore, the rational porous
structure design is significant to the commercial application of
P-based anode.

3. P-Based Cathode Materials

Among the various cathode materials for AIBs, polyanionic
materials such as phosphates (LiMPO,),1%! orthosilicates
(Li,MSi0,),17198]  borates (LiMBO;),'®  fluorophosphates
(LiIM(PO,)F),M01M pyrophosphates  (Li,MP20,),12131  and
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tavorite fluorosulfates (LIMSO,F) (M = e.g., Fe, Co, Ni, Mn,
and V) have received extensive attention due to the high redox
potential and good thermal stability.

Polyanionic compounds are 3D structures with strong cova-
lent bonds and the stable framework has the characteristics of
fast ion diffusion, small volume change, and less phase tran-
sition during ion deintercalation/intercalation for good cyclic
stability and safety in LIBs and NIBs. In polyanionic materials,
the M—O bond can be weakened by introducing an electron-
egative anion such as P, Si, and S. This decreases the split-
ting energy between the bonding and antibonding orbitals of
the M—O bond and increases the energy difference between
antibonding orbitals and the vacuum to increase the working
potential.1214115] Taking iron-based materials and cobalt-based
materials as examples, the discharge voltages of polyanionic
materials correspond to LiFeO, (2.98 V vs Li/Li*) and LiCoO,
(=3.9 V vs Li/Li*) are 3.5 V versus Li/Li* (LiFePO,) and 4.8 V
versus Li/Lit (LiMnPO,), respectively."®”] Compared with
other anions, P anions weaken the M-O bond to a greater extent
to yield a higher working potential."® In addition, the atomic
mass of P is smaller than that of S, Ge, and As being conducive
to the higher specific capacity of PO, polyanions materials and
P-based cathode materials are highly regarded for AIBs.

3.1. Phosphates

Phosphate polyanion cathode materials (LiMPO,, M = Fe, Co,
Ni, and Mn, for example) have the advantages of high electro-
chemical potential, long cyclic stability, good thermal stability,
and specific capacity close to the theoretical limit. LiFePO, is
one of the developed phosphate cathode materials for electric
vehicles and ESDs due to the abundant raw materials, low price,
relatively low toxicity, and high thermal stability."l LiFePO,
has the olivine-type structure and the space group is Pnmb with
structural units comprising the LiOg octahedron, FeOg4 octahe-
dron, and PO, tetrahedron (Figure 10a).2% In the b-axis direc-
tion, FeOg4 octahedrons are connected at a certain angle on the
bec plane. The LiOg octahedrons share edges along the b-axis
forming chains and one FeOg octahedron shares edges with
one PO, tetrahedron and two LiOg octahedrons, respectively. At
the same time, one PO, tetrahedron also shares edges with two
LiOg octahedrons producing a 1D channel for free intercalation
and deintercalation of Li* to ensure excellent structural stability
during electrochemical cycling. The strong P—O covalent bond
in the phosphate group stabilizes the oxygen atoms in the fully
charged state and prevents them from being released by oxida-
tion to produce oxygen. Therefore, LiFePO, has high thermal
stability in the lithiated and delithiated states and batteries
with the LiFePO, cathode do not burn easily or explode under
thermal runaway. In addition, the price of LiFePO, is lower
than that of Li(NiCoMn)O, due to the abundance of raw mate-
rials and improved preparation procedures.

Besides LiFePO,, other phosphate-based materials such
as  LiMnPO,[2M122l  [iCoPO,[23124  LiNiPO,[227) and
Li3V,(PO,)3l%8 % have received research attention due to the
high operating voltages that can provide higher energy densi-
ties. However, the toxicity of vanadium, high cost of cobalt, low
conductivity of manganese-based materials, and high operating
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Figure 10. a) Polyhedral representation of the crystal structure of LiFePO, viewed along the b- and c-axis, respectively. Reproduced with permission.[2l
Copyright 2011, Elsevier. b) Comparison of the electron transport pathways between LiFePO, and LiCoO,. In LiFePO,, electrons diffuse through
O—Fe—O—P—0 and the rate is slower than that of O—Co—0 in LiCoO,, leading to poor electrical conductivity in polyanion-structured cathode mate-
rials. Reproduced with permission.l®!l Copyright 2021, American Chemical Society. ¢) Nyquist impedance spectra of LiMnggFe1yMg,PO4/C (x =0,
0.05, and 0.1). Reproduced with permission.* Copyright 2013, Royal Society of Chemistry. d) Long-cycling properties of the NVP@C-3DPS electrode

at 1 C for 800 cycles. Reproduced with permission.l% Copyright 2018, Wiley.

voltage (>4.8 V vs Li/Li*) of nickel-based materials have ham-
pered the commercialization of these materials.?”! The inher-
ently low electrical conductivity of polyanionic materials also
severely limits the electrochemical performance due to the
unique atomic arrangement. In LIMPO,, the MO octahedron is
separated by the PO, tetrahedron, forming the M—O—P—0—M
mode of electron transfer which is much slower than that of the
M—O—M mode in LiMO, (Figure 10b).l*1 Due to restricted 1D
Li diffusion channels in the polyanion crystal structure, ion dif-
fusion is slow and easily blocked. Studies have been carried out
to address the issues, for example, coating conductive carbon on
the active particles to improve the conductivity, shortening the
ion diffusion distance by reducing the particle size of the active
materials, and improving the electron/ionic conductivity of the
materials by manipulating the crystal structure and electronic
environment through metal ion doping.'3>134 Veena et al. have
synthesized nanocone-shaped carbon-coated LiMnPO,/C mate-
rials by a modified Pechini method and electrochemical meas-
urements indicate that the LiMnPO,/C cathode has excellent
electrochemical cyclic stability with a capacity of 130.8 mAh g™
after 500 cycles at 0.017 A g™ due to the nanopyramid mor-
phology and carbon coating.®”l Ramar and Balaya have studied
the effects of Fe?* and/or Mg?* doping on high-potential olivine
LiMnPO,/C and the electrochemical properties.’* During
Li extraction, the delithiated phase generated by the Fe?'/Fe’*
redox (3.45 V) favors the electrochemical activity of the subse-
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quent Mn?*/Mn3* redox. Generation of the lithiated phase from
Mg?* provides a favorable environment for subsequent Li inter-
calation and the electrical conductivity and Li* diffusion in the
Fe?* and Mg?* codoped samples are improved (Figure 10c). As
a result, the LiMng gFegsMgg osPO,/C cathode shows excellent
electrochemical characteristics such as high discharge capaci-
ties of 159 and 51.8 mAh g at 0.1 and 10 C, respectively. The
strategies of carbon coating and metal ion doping can improve
fast charging of LiMnPO, and can be extended to other
phosphate cathodes.

P-based polyanionic compounds are promising cathode
materials for NIBs and KIBs. Owing to large-scale applica-
tion of LiFePO, to LIBs, NaFePO, is naturally the preferred
cathode materials for NIBs. However, the preparation of
olivine-structured NaFePO, is difficult because NaFePO,
synthesized by conventional chemistry has a maricite phase
(m-NaFePO,).2l The structure of m-NaFePO, is composed
of corner-sharing FeOg octahedron and PO, tetrahedron and
due to the absence of Na' transport channel in the struc-
ture, m-NaFePO, is considered nonelectrochemically active
in NIBs.[®°] Kim et al. have found that m-NaFePO, is trans-
formed into amorphous NaFePO, after desorption of Na* to
reduce the transport barrier of Na*.'’%l The initial discharge-
specific capacity of m-NaFePO, is 142 mAh g™, which is
92% of the theoretical value and 95% capacity retention is
observed after 200 cycles. However, the amorphous structure
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of NaFePO, has a low working potential (=2.4 V), making it
not suitable for commercial applications.

The NASICON structure is a Na® superconductor with a
large 3D channel structure, which can achieve rapid insertion/
extraction of Na*. NASICON-type phosphate materials have high
working voltage and good structural stability and are promising
cathode materials for NIBs."”] Among the various NASICON-
type phosphate materials, Na3V,(POg4); (NVP) has the advantages
of high Na* conductivity, small volume deformation (8.26%),
high theoretical specific capacity, and high voltage platform as
cathode materials in NIBs. NVP belongs to the hexagonal crystal
system and the space group is R-3c. Its crystal structure is formed
by connecting each VOg4 octahedron to three PO, tetrahedrons
through a shared O atom.!"® Typically, two free Na atoms occupy
two oxidation state channels in the lattice. Owing to the strong
covalent bonding of (PO,)*", the framework of NVP does not
change during extraction of two Na resulting in a theoretical spe-
cific capacity of 117 mAh g™ and excellent electrochemical cyclic
stability.3% Like other phosphate electrode materials, NVP has
poor electrical conductivity which can be overcome by combina-
tion with highly conductive materials. Wang et al. have prepared
NVP@C composites by a simple sol-gel method using citric acid
gel-derived carbon as the skeleton and NVP crystals as the con-
stituent unit.* The 3D porous framework not only constitutes
a conductive network, but also shortens the transportation dis-
tance of Na*. The NVP@C electrode shows an impressive rate
of 75.8 mAh g at 22.5 A gl and stable cycle behavior of 91.4%
capacity retention after 2000 cycles at 1.2 A g™ (Figure 10d). The
method of improving the electronic conductivity of Na3V,(PO,)3
by surface modification can be extended to other NASICON
structures to provide the possibility for the development of high-
performance cathode materials for NIBs.
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3.2. Fluorophosphates

As the inactive mass of polyanionic (XO,) tetrahedra increases,
the gravimetric specific capacity of polyanionic materials
deceases significantly, which is not conducive to the improve-
ment of the energy density of AIBs. Increasing the cathode
potential is another way to improve the energy density of AIBs.
The highly electronegative F~ can further increase the ionic
characteristics of the M—O bond and reduce the orbital overlap
of the M—O bond to increase the redox potential of the cathode
materials.">*] Barker et al. have prepared LiVPO,F as cathode
materials for LIBs with a high average voltage of 4.1 V and an
initial specific capacity of 120 mAh g .4 This work has led
to more research on fluorophosphoric acid cathodes.[#-#4
Recently, the fluorophosphate family has been extended to
NIBs and KIBs with high operating voltages.>"18 Similar to
Na3V,(PO,);, Na3V,(PO,),F; also has 3D ion diffusion channels
with small volume deformation (2.9%) during electrochemical
cycling (Figure 11a).*! Because of the induction effect, the
Na;V,(PO,),F; (NVPF) electrode has two higher plateaus of 3.6
and 4.2 V during charging/discharging beneficial to the realiza-
tion of high-energy-density batteries.™® Deng et al. have pre-
pared a NVPF/C composite by a simple one-step carbothermal
reduction and the NVPF/C (10% carbon content) exhibits excel-
lent electrochemical characteristics with high initial specific
capacity of 112.2 mAh g at 0.064 A g, high capacity reten-
tion rate of 72.6% after 500 cycles, and high rate capacity of
64 mAh g at high current density of 1 A g™ Lj et al. have
prepared a composite with well-dispersed NVPF nanoparticles
anchored on rGO by adding isopropanol to water to reduce
the surface tension.™ The well-dispersed NVPF particles
anchored on the highly conductive rGO matrix provide fast

Figure 11. a) Schematic representation of the refined Na;V,(PO,),F; structure and projection. Reproduced with permission.%l Copyright 2012, Royal
Society of Chemistry. b) Rate characteristics of NVPF@rGO between 0.5 C and 70 C. Reproduced with permission.l'>2 Copyright 2020, Royal Society of
Chemistry. ¢) Conformation of PO, tetrahedra in the pyrophosphate units of KVP,0; and K;_,VP,0; (x = 0.6) and in situ XRD spectra of KVP,O; during
one charging—discharging cycle (0.25 C, 20 °C). Reproduced with permission.l'*®l Copyright 2018, Wiley.
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reaction kinetics and good structural stability. The NVPF@rGO
electrode has a high reversible capacity of 119 mAh g7 at
0.064 A g™ with almost no capacity decay after 100 cycles and a
high reversible capacity of 95 mAh g™ at a high current density
of 9.0 A g™! (Figure 11b). However, analysis of the electrochem-
ical mechanism and structure and performance optimization of
new high-voltage fluorophosphate cathode materials are rela-
tively few and so research in this area is urgently needed.

3.3. Pyrophosphates

In the temperature range of 500-550 °C, the oxygen atoms
in phosphate form pyrophosphate (P,0;) and alkali metal
pyrophosphate compounds with good thermal stability can
be prepared by traditional one-step solid-state synthesis.[>3]
Alkali pyrophosphate compounds usually consist of transi-
tion metal octahedra (MO¢) and P,0; units linked to form
a robust framework with multiple alkali ion sites. Due to
the size effect of metal ions and great adaptability of P,0,
groups, pyrophosphates can form a variety of crystalline
structures. However, alkali ions always fit into the avail-
able open sites. Compared to phosphates, pyrophosphates
have good chemical stability, possible multidimensional ion
conduction pathways, and rich crystal structures, which are
expected to be the next-generation electrodes for AIBs. Wurm
et al. have proposed monometallic pyrophosphate (LiMP,0,
M = e.g., Fe, V, and Ti) cathodes in 2002.* However, the
capacity and energy density of these monometallic pyrophos-
phates are relatively low due to the large molecular weight
and low redox potential. The delithium-based metal pyroph-
osphate (Li,MP,0) is able to provide higher activity of Li*
and capacity. In particular, Li,FeP,0; is promising as cathode
material with a reversible capacity of about 110 mAh g! and
redox potential of 3.5 V.l The excellent structural stability
of pyrophosphate enables adaptation to intercalation and
deintercalation of larger ions (e.g., Na*, and K*) and good
electrochemical cyclic stability as cathodes in NIBs and KIBs.
Sohn et al. have found KVP,05 to be a promising high-energy-
density cathodes in KIBs after extensive screening.™® The
galvanostatic charging-discharging results show that KVP,0,
has a reversible capacity of 60 mAh g and average dis-
charging potential of =4.2 V versus K/K*, corresponding to an
energy density of 253 Wh kg at 0.25 C. Extraction of K pro-
duces a conformational change from the monoclinic KVP,0,
to triclinic K;_,VP,0; (x = 0.6), but it can be electrochemically
or thermally restored to the intrinsic monoclinic to ensure
the structural stability (Figure 11c). Du et al. have synthesized
Li,FeP,0,/C nanocomposites with different carbon contents
by a simple solid-state reaction using cheap glucose as the
carbon source.™ Electrochemical measurements show that
the carbon coating and reduced particle size of the active
materials improve the electrochemical performance of the
Li,FeP,0,/C composite. The Li,FeP,0,/C composite with
carbon content of 4.88 wt% shows the best electrochem-
ical results including a high initial discharge capacity of
103.1 mAh g at 0.1 C (corresponding to 93.7% of the the-
oretical capacity) and high rate capacity of 45.9 mAh g at
10 C. Considering the thermal stability of pyrophosphate
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compounds, screening of the compounds and optimization
of nanoscale and carbon coatings are expected to produce
breakthroughs in the commercialization of pyrophosphate
cathodes.

In this part, various P-based cathode (phosphates, fluoro-
phosphates, and pyrophosphates) and their crystal structure
are discussed. It can be seen that different compositions of the
polyanion cathode can endow the material with different prop-
erties. For example, introducing highly electronegative F~ to
the polyanion cathode can increase the potential of polyanion
material, thus improving the energy density of AIBs. Besides,
by changing the composition of phosphate, pyrophosphate with
higher thermal stability can be obtained, achieving higher safety
of AIBs. Therefore, the design of P-based polyanion cathode
materials needs to be based on specific application scenarios to
achieve a better balance between energy density and safety.

4. P-Based Electrolytes and Additives

Electrolytes are carriers for ions in batteries playing the role
of transferring ions between the cathode and anode and it
is important for AIBs to obtain high voltage and high spe-
cific energy. Electrolytes widely used in AIBs are mainly non-
aqueous liquid electrolytes and safer solid electrolytes are used
less frequently due to the low ionic conductivity. Nonaqueous
liquid electrolytes generally consist of organic solvents, electro-
lyte salts, and additives in a certain proportion. Notably, P com-
pounds have important applications in electrolyte salts, flame
retardant additives, and solid electrolytes.

4.1. Electrolyte Salts

P-based materials used as electrolytes in LIBs include LiPFg
and Li salts, in which part of the fluorine is replaced by other
groups. LiPFy is the most widely used Li salts in commercial
LIBs and its anion can be regarded as the complex of F~ and
Lewis acid PFs. Owing to the good negative charge distribution
of the Lewis acid ligands with the strong electron-withdrawing
ability, the corresponding complex salts usually have lower
melting points and lower solubility than the low-dielectric
media. Because of the poor association ability of PFg, the con-
ductivity of the LiPF4 electrolyte is high. The conductivity of
LiPFg electrolyte with the EC+DMC (volume ratio 1:1) solution
at 20 °C is up to 10 X 10 S cm™ and slightly less than that of
LiAsFg and higher than that of other inorganic Li-salts.[>%1%
LiPF¢ has strong electrochemical stability and the stable voltage
of the cathode reaches 5.1 V, which is much higher than the
4.2 V required by LIBs and does not corrode the aluminum cur-
rent collector.'% At present, LiPF; still dominates the commer-
cial Li-salt market because of the comprehensive performance.
However, LiPF; has some drawbacks, the most obvious ones
are chemical and thermal instability. LiPF¢ has a low decompo-
sition temperature (only 30 °C) in the air environment. This is
because, in the presence of Lewis acid (H,0), PFs will be gener-
ated by dissociating F~ from PF4~ (i.e., PFg«>PFs+F).10 The
generated PFs can catalyze the ring-opening of cyclic carbon-
ates and promote the formation of carbonate group-containing
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polymers. In this process, the electrolyte is converted to CO,
and polyethylene oxide.'*2 In addition, it is worth noting that
a certain amount of impurities (HF and H,0) have remained
in the preparation of LiPFg. This is because HF and H,0 have
certain bond energies with LiPFg, which makes them difficult
to remove.'0316 A mentioned above, the Lewis acid of H,0O
and HF can promote the production of PFs which will harm
the stability of LiPF4-containing electrolytes. Therefore, purified
LiPF; is needed for electrolytes with better stability. And when
purified LiPF; is dissolved in organic solvents, the decomposi-
tion temperature of LiPF; can reach 80-130 °C, which avoids
the decomposition of LiPF4 at room temperature. In addition,
PF5 can react with trace amounts of water or protonic acids to
produce HF, which seriously affects the electrochemical per-
formance of batteries. Various attempts have been made to
replace the unstable P—F bonds with more stable ones such
as perfluoroalkyl, aryl, or oxyacetyl chelate substituents to
improve the chemical stability and thermal stability of LiPFg
while maintaining the inherent advantages.'®! Inspired by
the high thermal stability of LiBOB, the unstable fluorine in
LiPFg is fully or partially chelated by oxalate and the chelated
grass groups endow graphite anodes with the unique interfa-
cial chemistry and high thermal stability during electrochem-
ical cycling."®! Xu et al. have studied the cyclic behavior of
LiPF,(C,0,) (LiTFOB) with different types of graphite.l*®l In
the carbonate-based solvent, LiTFOB can perform reversible
Li* intercalation/extraction on the LiNij;3Cog,0, cathode and
graphite anode (Figure 12a), and shows superior performance
to LiFPg indicating the formation of a stable interfacial phase.

4.2. Solid Electrolytes

Although liquid electrolytes have the advantages of high ionic
conductivity and good contact with electrodes, they have disad-
vantages such as flammability of solvents, easy leakage, poor
safety, complex battery manufacturing, and self-heavy. In recent
years, all-solid-state LIBs have become a research hotspot due
to their high safety, high energy density, and simple battery
structure.

LiPON films are the most widely used solid electrolyte films
in all-solid-state thin-film Li batteries because of the low activa-
tion energy (0.45 eV), and electrochemical stability window up
to 5.5 V.17 Besides, the interfaces of LiPON with the low elec-
trode potential Li metal anode and the high electrode potential
transition metal oxide cathode are very stable. Hood et al. have
observed the dynamic evolution of the LiPON-Li interface by
in situ electron microscopy. A thin interfacial layer (=60 nm) is
formed at the LiPON-Li interface and it is composed of con-
ductive binary compounds with a unique spatial distribution,
which ensures the electrochemical stability of the interface and
can be used as an effective passivation layer (Figure 12b).1¢"]
As LiPON is currently the only solid electrolyte that is not
affected by dendrite growth and has good electrochemical
cycling performance, LiPON can be used as the base materials
for the design of high-performance solid Li batteries in the
future.l'71%8] Cheng et al. have studied the interface between
Li metal and LiPON by cryo-electron microscopy.'®! The
Li/LiPON interface with a thickness of 76 nm is observed to be

Small 2022, 18, 2201808

2201808 (20 of 26)

www.small-journal.com

composed of SEI components including Li,O, Li3N, and Li;PO,
with a multilayer mosaic structure of N and P concentration
gradients (Figure 12¢). The structural and chemical information
contributes to a more complete understanding of the cause of
interfacial stability and formation mechanism paving the way
for high specific energy LIBs.

LigPSsX (X = Cl, Br, I) are promising new sulfide-based Li*
superconductors with a high room-temperature ionic conduc-
tivity of more than 107 S cm™. The high ionic conductivity of
LigPSsX electrolytes is derived from the tightly packed structure
of anionic tetrahedra (cubic unit cell with space group F43m),
where P fills the tetrahedral gaps to form an isolated PS, tetra-
hedral network, and Li is randomly distributed in the remaining
tetrahedral gaps form ion channels.?%) However, all-solid-state
Dbatteries based on LizPSsX solid electrolytes have serious inter-
facial problems (e.g., interfacial reactions, heterointerface
incompatibility, and Li dendrite growth). Liu et al. have prepared
LigPSsCl solid electrolyte with a smooth surface by adjusting
the sintering time.l”!l During the process of densification and
sintering, the pores between the LigPSsCl particles are elimi-
nated, the contact between the particles is improved, and the
uniform distribution of charge on the electrolyte surface is pro-
moted, thus inhibiting the growth of Li dendrites. The prepared
densified LigPSsCl solid electrolyte has a high ionic conductivity
of 6.11 mS cm™ and a critical current density of 1.05 mA cm™ at
room temperature. Solid-state batteries prepared with the densi-
fied LigPS5Cl solid electrolyte can cycle steadily for 3000 h. Nan
et al. have prepared a composite solid electrolyte membrane
(CSE) consisting of arginite-type electrolyte LisPSsCl and polar
polyvinylidene fluoride-copolytrifluoroethylene (P(VDEF-TrFE))
skeleton by electrospinning-infiltration-hot pressing.’2l The
interaction between LigPSsCl and polar P(VDF-TrFE) ensures
high Li* conductivity (=1.2 mS cm™) and good mechanical
ductility of the composite electrolyte membrane at room tem-
perature. The assembled NCM@LNOJCSE||Li-In coin-type
all-solid-state battery exhibits excellent electrochemical perfor-
mance with a capacity retention of 71% after 20 000 cycles at
1.0 mA cm™ (161 C). In addition, pouch cells using the CSE
exhibit high capacity, further showing their potential for future
commercial applications. Zhang et al. have revealed the evolu-
tion of the space charge layer of NCM811/ LigPSsCl /Li batteries
by in situ electrochemical impedance spectroscopy and Raman
spectroscopy.'”3! In the early stage of the cycle, the space charge
layer is the main factor affecting the deterioration of the bat-
tery interface. The migration and redistribution of Li* at the
interface caused by the space charge layer (Li* transfers from
the sulfide side to the oxide side) leads to the interfacial change
of P—S bond state in the sulfide electrolyte LigPSsCLI"3l The
increase in battery cycles, interfacial reactions, mechanical fail-
ures, and dendrite growth lead to the deterioration of the inter-
face, resulting in the degradation of battery performance. This
in-depth interfacial research work provides an important theo-
retical reference for optimizing all-solid-state batteries.

Li;¢GeP,Sy; (LGPS) solid electrolyte has attracted extensive
research interest in recent years due to its extremely high ionic
conductivity of about 10 mS cm™. The unusually high ionic
conductivity of LGPS is attributed to its unique crystal struc-
ture, in which the S arrays in LGPS more closely resemble the
lattice of bee arrays than the hep arrays often observed in other
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Figure 12. a) Voltage profiles of the MCMB/LiNig gCog,0, NG/LiNiggCog,0, MCMB/LiFePO,, and NG/LiFePO, cells with 1.0 m LiPF,C,0, EC/EMC.
Reproduced with permission.l'®®l Copyright 2011, IOP Publishing. b) Schematic representation of interphase formation between the Li metal and LiPON.
Reproduced with permission."®”] Copyright 2021, American Chemical Society. c) Schematic representation of the SEI structure of the Li metal and LiPON
interface revealed by cryo-electron microscopy. Reproduced with permission.[®% Copyright 2020, Elsevier. d) TG analysis of the TEP-based electrolytes
(e.g, 1M, 2.8 M, and 2.8 M +10% FEC) and the conventional carbonate electrolytes (e.g., 1 m LiPFg in EC-DMC, EC-EMC-DMC, EC-EMC, and EC-DEC).
Reproduced with permission.'®% Copyright 2019, American Chemical Society.

thiophosphates.74#17] The sublattice of bcc provides a con-

tinuous shared planar tetrahedral path for Li with a low acti-
vation energy of 0.15 eV.”¥ However, air/moisture instability
is a challenge for the commercialization of LGPS. Sun et al.
have prepared partially O-substituted Li;,MP,S;, (M = Ge or Si)
materials, and the formed Li;(GeP,S;, O, (0 £ x < 0.9) main-
tains the P42/nmc space group structure.l”®l The slight con-
traction of the lattice constant and the stronger electrostatic
interaction between O and Li ions lead to a slight decrease in
the ionic conductivity of LilyGeP,S;, O, (0.3 < x < 0.6) from
10.3 to 8.43 mS cm™ at 298 K. However, the partial substitution
of S by O improves the electrochemical stability of LGPS, and
this method is expected to explore LGPS materials with high
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ionic conductivity and high electrochemical stability. On the
other hand, the application prospects of LGPS are also limited
by the high price of Ge. Bron et al. have prepared Li;,SnP,S;,
with the same structure as LGPS by replacing Ge with more
economical Sn, preserving the P42/nmc space group.'”’]
Although the higher grain boundary resistance slightly reduces
the overall conductivity of Li;oSnP,S;, to 4 mS cm, it is only
slightly lower than that of Li;yGeP,S;,. The high ionic conduc-
tivity of this new material, coupled with the greatly reduced
cost due to the substitution of Sn for Ge, makes Li;zSnP,S;,
an attractive and affordable electrolyte candidate for solid-state
batteries. Besides, Zhao et al. have investigated the chemical-
mechanical failure mechanism of single LGPS electrolyte
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particles using an in situ focused ion beam electron micro-
scope.l”8 The results show that a single LGPS particle has a
strong size effect during the chemical-mechanical destruction
process. Reducing the particle size of LGPS to less than 1 pm
can effectively avoid the pulverization of LGPS electrolyte. The
size effect is due to the balance between the release of elastic
energy from the reaction of Li metal with LGPS and the surface
energy and other forms of energy from particle fragmentation.
The discovery of this size effect provides size-screening guid-
ance for the design of all-solid-state batteries.

4.3. Fire-Retarding Additives

Electrolyte additives are introduced to electrolytes to improve
the properties. The amount of electrolyte additives is generally
small but it plays a prominent role in improving the overall
electrochemical performance of LIBs. Owing to the flammable
properties of liquid electrolytes, safety is an important concern
for LIBs in hybrid and electric vehicles. P-based organic sol-
vents are often used as flame retardants in electrolytes to delay
fire hazards from LIB misuse. With regard to the common
organic solvents of alkyl carbonates, hydrogen radicals (H-) can
be produced after heating. The resulting H- further reacts with
oxy-oxygen radicals (O ) and triggers the production of more rad-
icals. Organophosphorus is decomposed at a high temperature
to generate PO- and PO,- radicals to capture H- and O-, block
the propagation of radical reactions, and inhibit combustion
of the electrolyte solvents.[6"17]

Organophosphorus flame retardant additives have been
widely studied due to the variety, low toxicity, suitable physical
properties, good compatibility, and low cost. Common organ-
ophosphorus flame retardants for electrolytes are trimethyl
phosphate (TMP), triethyl phosphate (TEP), dimethyl methyl
phosphonate (DMMP), diethyl ethyl phosphonate (DEEP),
and triphenyl phosphate (TPP). The use of organophosphorus
flame retardant additives improves the safety of the electro-
Iyte, but affects the electrochemical performance of the battery
mainly because the electrochemical window is not wide enough
and reductive decomposition often occurs on the anode surface
resulting in increased impedance and decreased capacity.”’)
In order to improve the flame retardancy of phosphine and
reduce the amount of phosphine, it is necessary to modify it
further. Moreover, a small amount of film-forming aids such as
fluoroethylene carbonate (FEC) can be used in combination to
improve the compatibility of P-based fire-retardant with elec-
trodes and avoid unnecessary reductive decomposition. Dong
et al. have developed a flame-retardant LiTFSI/TEP electrolyte
containing FEC functional additives (2.8 m + 10% FEC) with
high thermal stability (Figure 12d).8% DFT calculation com-
bined with XPS and SEM analysis indicates that FEC with
lower LUMO energy than TEP is preferentially reduced to form
LiF-rich SEI on the Li metal anode. This inhibits the growth
of Li dendrites and prevents the continuous reaction between
Li and TEP solvent. Therefore, the Li||LiFePO, battery using
electrolyte with 10% FEC exhibits ultralong cycle life of =90%
capacity retention after 2000 cycles at 0.17 A g™ and high rate
capability of 103 mAh g! at 0.85 A g7!). The battery with fire-
retardant additives has high safety and good electrochemical
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properties indicating that the non-flammable electrolytes have
broad application prospects in LIBs.

Obviously, the composition of electrolyte is one of the domi-
nant factors affecting the performance of batteries, such as the
cyclic behavior and safety. The use of P compounds as electro-
lyte salts, solid electrolytes, and flame retardants for AIBs is a
promising way to develop high energy density and high safety
batteries. To achieve high-performance AIBs, the composition
of electrolytes with P compounds needs to be optimized. The
main optimization principle of liquid electrolytes for AIBs is to
obtain stable SEI by using high thermal stability, high chem-
ical stability, high ionic conductivity, and wide electrochemical
window P compounds (e.g., Li-salt, and additive). In addition,
the design principle of solid electrolyte for AIBs is to obtain a
stable interface between the electrode and solid electrolyte by
studying the structure and chemistry of P compounds and then
adjusting the composition of the solid electrolyte.

5. Conclusion and Prospective

In this paper, we systematically review the application and
development of P-based materials for AIBs, including P-based
anodes, P-based cathodes, and P-based electrolytes. From the
perspective of structural design (1D, 2D, and 3D), the research
progress of P-based anode materials (red P, black P, and metal
phosphides) for AIBs is discussed. By combining P-based anode
materials with conductive matrices and controlling the size
and morphology, the challenges of electron/ion transport and
volume expansion can be overcome and the electrochemical
properties such as cyclic stability and rates of P-based anodes
can be improved. The advantages and disadvantages of phos-
phate polyanionic cathode materials including orthophosphate-
based, fluorophosphate-based, and pyrophosphate-based
compounds for AIBs are discussed and the research progress is
described. The crystal structure, Li*/Na* storage mechanism and
modification strategy of phosphate cathode materials, intrinsic
relationship between the materials composition, structure, and
electrochemical properties of the materials are discussed to
provide guidance for future modification of phosphate cathode
materials as well as exploration and development of new high
specific energy phosphate cathode materials. Finally, the applica-
tion and development of P-based materials for battery electro-
lytes are discussed, including the effects of P-based electrolyte
salts, P-based solid electrolytes, and P-based flame retardants on
the electrochemical properties and safety of batteries.

P-based materials are abundant in nature and have excellent
overall properties. In recent years, the research and application
of P-based materials in the field of power sources have expe-
rienced great progress. However, research on P-based anode
materials is still in the early laboratory stage and details about
the electrochemical mechanism remain unclear. Considering
the practical needs for anode materials in the future, the key
goals include high energy density, safety, and cycling lifetime.
Overall, capacity fading caused by volume expansion of P-based
anodes remains a challenge and so further research on the elec-
trode structure design is needed to improve the overall stability
including the structural stability and electrochemical stability
of electrodes. In addition, in most reported P-based anodes,
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the P concentration is quite small and a large portion of the
electrode consists of inactive conductive materials or support
materials and hence, the overall energy density of the electrode
is not dominated by the P materials. At present, most of the
synthetic methods of nanostructured P-based anodes are com-
plicated requiring harsh conditions or toxic raw materials ren-
dering large-scale production difficult. It is necessary to develop
simpler synthetic processes that use nontoxic raw materials and
milder conditions. Recently, Sun et al. have revealed the lithia-
tion/delithiation mechanism of black P via synchrotron radia-
tion, which is different from the previous understanding.*’]
Therefore, the electrochemical reaction mechanism of P-based
anodes in other AIBs still needs to be further studied.

Compared to other cathode materials, polyanionic phosphates
have better safety and cyclic stability boding well for application
to electric vehicles. However, defects introduce poor electrical
conductivity and low capacity and limit wider applications. It is
thus imperative to develop new high specific energy phosphate
cathode materials and suitable high voltage electrolytes. In order
to provide more accurate scientific guidance for the optimization
of the composition and structure of the electrode materials, the
electrochemical mechanism of phosphate materials should be
studied in depth. A single electrolyte solvent is commonly not
suitable for high-performance AIBs, binary and ternary solvents
can balance the different chemical properties of each group.
Besides, Li-salt and additives can also affect the electrochemical
performance of AIBs. Therefore, using binary and ternary sol-
vents, and further developing suitable P-based Li salts, P-based
additives, can be expected to further improve the performance
of the AIBs. Development and preparation of high-performance
P-based batteries based on P-based cathode materials, P-based
anode materials, and P-based electrolyte materials have great
prospects in the future and adaptive electrolytes for P-based bat-
teries and coordination of P-based anodes and P-based cathodes
also need to be systematically studied.
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