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Abstract

Phosphorus in energy storage has received widespread attention in recent years. Both the high specific capacity and ion mobil-
ity of phosphorus may lead to a breakthrough in energy storage materials. Black phosphorus, an allotrope of phosphorus, has
a sheet-like structure similar to graphite. In this review, we describe the structure and properties of black phosphorus and
characteristics of the conductive electrode material, including theoretical calculation and analysis. The research progress in
various ion batteries, including lithium-sulfur batteries, lithium—air batteries, and supercapacitors, is summarized according to
the introduction of black phosphorus materials in different electrochemical applications. Among them, with the introduction
of black phosphorus in lithium-ion batteries and sodium-ion batteries, the research on the properties of black phosphorus
and carbon composite is introduced. Based on the summary, the future development trend and potential of black phosphorus

materials in the field of electrochemistry are analyzed.
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Introduction

With the deterioration of the natural environment and
exhaustion of resources, the development, and utilization of
clean energy has received much attention. Researchers are
committed to developing sustainable energy based on wind
and solar power; however, these sources are dependent on
natural conditions [1, 2]. Compared with wind and solar
power, electric energy, such as rechargeable batteries, is effi-
cient, safe, and affordable. As a result, electric energy has
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received more attention in recent years. Among rechargeable
batteries, lithium-ion batteries (LIBs) have high power den-
sity, long service life, no memory loss, and are environmen-
tally friendly. As a result, they have become the most notable
power source for portable electronics and vehicles [3-5].
However, the shortage of lithium resources and limitations
of geographical conditions are in conflict with the future
energy demand [6—8]. Therefore, the development of new
battery systems and optimization of existing batteries are
the focus of electrochemical subject research. For example,
compared with lithium, sodium has a wide range of applica-
tions and abundant reserves that are suitable for the devel-
opment of large-scale energy storage equipment [7, 9—11].
In both the lithium-/sodium-ion battery systems, a positive
or negative electrode material could strongly determine the
electrochemical performance of the batteries.

Cathode material research has made very good progress,
and more developed potential cathode materials are recog-
nized, but the development of anode materials also needs
attention [12, 13]. Graphite is widely used as an anode
material for LIBs because of its excellent charge and dis-
charge performance. However, the same reaction does not
occur in the case of sodium [11, 14]. The non-graphitiza-
ble carbon materials with larger interlinear distance, such
as hard carbon, are widely used as anode for sodium-ion
batteries (SIBs) [15-17]. However, its low capacity of only
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250-300 mAh/g and rapid capacity decay are the main
issues that restrict their development [18-20]. Therefore,
research on other anode materials is required. It is well
known that silicon is considered a promising anode material
and exhibits a theoretical specific capacity of 4200 mAh/g
for LIBs. However, electrochemical inertia is a major prob-
lem that restricts the development of silicon materials in
SIBs [21, 22]. Phosphorus is electrochemically active for
both lithiation and sodiation with a considerable capacity
(2596 mAh/g), as well as low cost. Consequently, it is a
promising anode material for LIBs and SIBs, as well as other
types of ion batteries, solar cells and capacitors.

The energy density of LIBs/SIBs for electric vehicles is
currently around 260 Wh/kg, which is insufficient for high
demand electric vehicles with respect to the power [23, 24].
Application of a lithium-sulfur battery (LSB) is a more com-
mon method to improve the power [25, 26]. However, due
to the strong solubility of lithium polysulfide in the electro-
lyte, developing a LSB system with a high energy density
requires additional research [27-29]. Introduction to the use
of phosphorus materials to optimize LSBs is also a part of
this review.

Another alternative to address the limitations of LIBs is
to develop lithium-—air batteries (LABs) that could provide a
theoretical energy density of about 3500 Wh/kg based on the
Li + O, < Li,0, reversible reaction [30, 31]. Despite such
great potential, practical application of LABs is restrained
by some challenges, such as high overpotential, large polari-
zation, and poor reversibility derived from the intrinsic slug-
gish kinetics of the electrochemical oxygen reduction (ORR)
and oxygen evolution reactions (OER), and the safety issues
that arise from lithium dendrites [32, 33]. To address these
issues, phosphorus has been used as a protective layer for
the lithium anode and a decorating material for the catalyst
in the cathode of LABs that will be discussed in this review.

Several excellent reviews on the basic science of nano-
structured energy materials, including phosphorus-based
materials, have been recently published [34-37]. However,
the systematic summarization of black phosphorus in energy
storage materials, especially in potassium-ion batteries
(PIBs), LABs, supercapacitors, and all-solid-state LIBs, is
still necessary. In this review, we outline recent research on
the application of black phosphorus in energy storage. By
the summary of several early reviews and the collation of
related research fields, the important research progress of
phosphorus, especially black phosphorus, in the field of elec-
trochemistry is introduced. The application of black phos-
phorus in various application fields is introduced, including
LIBs, SIBs, PIBs, magnesium-ion batteries (MIBs), LSBs,
LABs, and supercapacitors. For LIB/SIBs, we conducted
a detailed and extensive review based on the size of the
phosphorus. We also discuss blue phosphorus because of
its graphene structure having electrochemical properties of

interest, as an electrode material, which therefore has great
prospects. We expect that this work summarizing pioneer-
ing research can be used to promote further development of
energy storage in black phosphorus. In addition, since the
application of black phosphorus in many fields is still in its
early stage, we also discuss and predict the future of such
applications. Finally, we present insights into the opportuni-
ties and challenges of black phosphorus and its composites
in the field of electrochemistry.

Black Phosphorus and Its Allotropes

White phosphorus, red phosphorus, and black phospho-
rus are the three most common allotropes of phosphorus.
In white phosphorus, one molecule has four phosphorus
atoms (P4) with a tetrahedral structure [38]. Under normal
conditions, white phosphorus has three crystal forms of
a, p (Fig. 1a), and y (Fig. 1b) [39—41]. However, the high
flammability, toxicity, and activity of white phosphorus
restrict its application in energy storage materials [42, 43].
A P-P bond in the white phosphorus molecule is opened and
connected to other white phosphorus molecules to form a
chain structure, thereby forming a red phosphorus structure
(Fig. 1c). This microscopic change can be achieved by gentle
heating in an inert gas (~250 °C) or exposure to sunlight
[44]. Red phosphorus usually exists as an amorphous form
and can be transformed to crystalline red phosphorus (called
Hittorf’s or violet phosphorus, Fig. 1d) by heating with small
amounts of iodine [45].

Black phosphorus formed by stacking the phosphorene
sheets through the van der Waals force between the layers
usually exists in an orthorhombic crystal form (Fig. 1e) [46].
In addition, black phosphorus has other crystal forms, such
as a hexagonal (Fig. 1f) and a simple cubic (Fig. 1g) [47,
48]. In the black phosphorus layer, the atomic connection
is a chair structure, while the blue phosphorus layer is a
hexagonal structure. Since black phosphorus has a struc-
ture similar to graphite, it has some graphite-like properties.
Interestingly, another two-dimensional phosphorus allotrope,
blue phosphorus (Fig. 1h), which has a layered honeycomb
structure and high stability, has been prepared on the Au
(111) substrate through an epitaxially grown method derived
from black phosphorus [49].

The synthesis of black phosphorus has received increas-
ing attention. Initially, black phosphorus was prepared by
the treatment of white phosphorus at 200 °C and a pressure
of 1.2 MPa (5-30 min) [50]. Considering that white phos-
phorus is toxic and flammable, the more chemically stable
red phosphorus replaced white phosphorus as a raw mate-
rial. Shirotani et al. [51] reported that large single crystals
of black phosphorus were produced at 270 °C and 3.8 GPa
using red phosphorus. On this basis, Akahama et al. [52]
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Fig. 1 Structural features of phosphorus allotropes: a B-white; b y-white; ¢ red; d violet; e orthogonal phase black; f hexagonal phase black; g

simple cubic phase black; h blue

developed a new method to melt red phosphorus at 900 °C
and convert it to black phosphorus followed by cooling at
1 GPa. However, considering the toxicity of this method
and stringency of the high-pressure conditions, Park and
Sohn [53] reported a safer and more facile method of high-
energy ball-milling, in which steel balls and a steel container
were used for milling up to 54 h, causing red phosphorus
to transform into black phosphorus. The reason why red
phosphorus can be transformed into black phosphorus dur-
ing this milling process is that the local pressure and tem-
perature can reach about~6 GPa and ~ 200 °C, respectively.
Recently, Nilge et al. [54] identified mild reaction condi-
tions to prepare highly crystalline black phosphorus under
vacuum using red phosphorus as a raw material and Au, Sn,
and Snl, as mineralizers. The significant advantage of this
method is the ability to avoid toxicity and impurities during
the reaction. Although there are many methods for preparing
black phosphorus, further improvements in the purity and
yield require further research.

Application of Black Phosphorus
in Lithium-lon and Sodium-lon Batteries

Black phosphorus and red phosphorus have broad applica-
tion prospects in electrochemistry. The different electro-
chemical properties of black phosphorus and red phospho-
rus are derived from their different structures. The structure
of black phosphorus is similar to that of graphite; it can
be firmly connected in the same plane by bonds between
atoms to form a layered structure. The different layers are
connected by van der Waals forces. In bulk black phospho-
rus, the layer-to-layer stacking order is AB-stacked, where
every other layer is shifted by a half unit cell along the
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[100] direction (Fig. 2a, b) [55]. This structure allows black
phosphorus to have a higher ion mobility (~ 1000 cm?/Vs
at ambient temperature) [56]. Moreover, black phosphorus
also shows some unique properties due to the pleated struc-
ture. Significant differences in the acoustic sound bandwidth
between different directions by first-principal simulation
[57] indicate the anisotropy of the black phosphorus. In
addition, some simulations reported that black phosphorus
also exhibits anisotropy of high electric conductivity and
low lattice thermal conductivity in the armchair direction, as
well as the insertion/extraction of sodium/lithium ions in the
zigzag direction [58]. Researchers expanded the application
of black phosphorus anodes by exploring its electrochemi-
cal mechanism. The improvement in electrode performance
by combining black phosphorus and carbon materials with
different topologies is a key point of this paper.

The Mechanism of Lithium/Sodium Storage

Red phosphorus and black phosphorus anodes have very
similar lithiation/sodiation reaction mechanism, both of
which can form Li;P/NasP in a fully discharged state, thus
having a high theoretical specific capacity of 2596 mAh/g
[59-61]. Unlike lithiation in red phosphorus, which only
involves a one-step synthesis reaction, black phosphorus has
two steps of sequential insertion, and alloying during the
reaction. For the first step, Li/Na are inserted between the
interlayers of black phosphorus (Fig. 2c) [62]. The P-P bond
is stable for lithiation until the formation of Li 4P, but more
Li insertion breaks the P-P bond. Interestingly, more sodium
can be stored without P-P bond cleavage to form Na,, ,sP
[62]. Subsequently, the alloying process occurs and delivers
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Fig.2 a Annular dark-field scanning transmission electron micros-
copy (ADF-STEM) image of a black phosphorus flake and b cor-
responding magnified image of the region highlighted in a [55]; ¢

major capacity but poor cyclic performance because of the
huge volume expansion.

The diffusion of lithium ions in black phosphorus is
anisotropic due to the different structures between phos-
phorene and graphene. In the zigzag direction, the diffusion
energy barrier of lithium on the surface of the phosphorus
is only 0.08 eV, while for the armchair direction, the bar-
rier is 0.68 eV [58]. A very small energy barrier along the
zigzag direction ensures rapid diffusion of Li. Therefore,
the diffusion path of lithium is in the Z-shaped phosphorus
direction. Lithium can be quantified, and the charging circuit
can be associated with the rate of diffusion on the electrode
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insertion mechanism in black phosphorus [62]; d time-lapse scanning
transmission electron microscopy (TEM) images of sodiation in black
phosphorus [65]

material. The diffusion coefficient (D) can be obtained by
Eq. 1 [63]:

Ea
D = Dyexp T )]

where E, is the diffusion barrier; kg is the Boltzmann con-
stant (kg =1.38 X 10723 J/K); D, is the pre-factor; and T is the
temperature in Kelvin. The small lithium diffusion barrier
(0.08 eV) along the zigzag direction of black phosphorus
increases the diffusivity to 1.4 x 10* times that of perfect
graphene (0.372 eV) [58, 64].
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Both red phosphorus and black phosphorus anodes would
suffer large volume expansion—contraction changes during
the lithium/sodium alloying—dealloying electrochemical
process. However, unlike the isotropic volume swelling of
red phosphorus, the volume expansion of black phospho-
rus during the reaction is anisotropic (Fig. 2d) [65], which
mainly occurs in the second step of the alloying reaction.
Regarding the characteristics of the black phosphorus vol-
ume expansion process, more constraints should be con-
sidered in practical application to design the space to cope
with the volume expansion. In order to solve the volume
expansion, researchers proposed the following solutions. (1)
Reducing the diffusion distance of the high ion diffusion
energy barrier, reducing the black phosphorus, especially
the grain size along the armchair, can improve rate perfor-
mance. (2) Introduction of heteroatom doping and vacancies
can, respectively, reduce their diffusion energy barrier or
provide a new diffusion channel for lithium ions, and adjust
the adsorption binding energy of lithium.

Topological Construction of Black Phosphorus

Black phosphorus has great potential as an electrode mate-
rial, but its anisotropic ion diffusion path causes a negative
effect on lithium/sodium storage performance. Additionally,
anisotropic volume expansion (300% [66] and 500% [65] at
full lithiation and sodiation, respectively) will affect the life
of the electrode material of black phosphorus.

In order to solve the problems caused by volume expan-
sion, researchers proposed a method to construct a binary
topology framework of a black phosphorus—carbon com-
posite. The topological structure and combination of black
phosphorus and various carbons can be summarized into
three binary topologies: 0D @ 0D, 0D @ 1D and 2D @ 2D.
In the subsequent sections of this article, we will introduce
each topology and the related research separately.

0D Black Phosphorus and 0D Carbon

It is theoretically possible to achieve performance improve-
ments by reducing the black phosphorus particle size. In
2007, Park and Sohn [53] reported that black phosphorus
can be used as an active material for lithium storage. Black
phosphorus was converted by commercially available, amor-
phous red phosphorus using high-energy mechanical milling
techniques. The particle size of the phosphorus was reduced
by a ball-milling process. The simple use of phosphorus as
the anode material can produce a high capacity, but after sev-
eral cycles, large attenuation occurs that affects subsequent
use. Therefore, Park and John [53] increased the conduc-
tivity of the composite using a modified method, in which
carbon black and black phosphorus were combined. At the
same time, the low cutoff voltage was limited up to 0.78 V
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and the lithium penetration was controlled, using the stable
reversible reaction between P and lower LiP. This method
reduced the volume expansion of black phosphorus but pro-
vided the reversible specific capacity of only 600 mAh/g and
sacrificed its high theoretical specific capacity.

The reversible and theoretical specific capacity was
improved by making a composite of black phosphorus and
graphite [67]. Such composite connected by a phosphorus-
carbon bond (P-C) is a OD black phosphorus @0D-graphite
composite material, named BP-G (Fig. 3a). During the lith-
ium insertion/extraction process, P-C bonds maintain good
stability with a very large electrically conductivity. Based
on the electrochemical performance test, as compared to the
mixture of graphite and phosphorus, this composite material
shows a higher reversible specific capacity of 2270 mAh/g
at a current density of 0.2 C. In addition to compounding
black phosphorus and graphite, we also studied other carbon
materials and found that graphite is the best material for
composites. Very recently, Li et al. [68] embedded phospho-
rus in Ketjenblack (KB) via a high-energy milling method
with a milling speed of 1000 r/min (denoted as P-KB). In
this composite, the black phosphorus nanocrystals were
homogenously dispersed in the carbon buffering matrix
and chemically bonded by P-O-C. Subsequently, a full cell
based on such phosphorus-carbon composites against the
LiNi,;3Co,;sMn, 50, cathode was designed and it delivered
an initial charge capacity of 1135 mAh/g (based on P-KB)
with an initial Coulombic efficiency of 65.6%. Such P-O-C
chemical bond could also be formed between phosphorus
and carbon nanotubes (CNTs) via a ball-milling process
[69], contributing to close and robust contact between phos-
phorus and CNTs, thus improving the electrical conductivity.

0D Black Phosphorus and 1D Carbon

Other topological structures of 0D black phosphorus and
1D carbon have been studied, such as black phosphorus
combined with CNTs and carbon fiber. In considera-
tion of the weak interaction between black phosphorus
and defect-free CNTs, the drawback is cycle stability.
Recently, Xu et al. [70] introduced KB with high spe-
cific surface area (1400 m%*/g) and conductivity to bond
with black phosphorus, which was subsequently com-
bined with multi-walled carbon nanotubes (MWCNTSs)
to prevent the structure breakage, producing a compos-
ite named BPC (Fig. 3b). BPC demonstrated excellent
cyclability that delivered a capacity of ~ 1700 mAh/g
after 100 cycles at 1.3 A/g. Zhao and co-workers [71]
synthesized black phosphorus @fibrous red phosphorus @
MWCNT, named MWCNT @f-RP@BP (Fig. 3c), via a
one-step mineralizer-assisted vapor phase method, in
which amorphous and fibrous phosphorus were grown
in situ on the surface of MWCNTs with a strong P-C
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Fig.3 a High-resolution trans-
mission electron microscopy
(HRTEM) image and schematic
of black phosphorus@graphene
composite [67]; b schematic
for the structures of the BPC
composite [70]; ¢ scheme for
the structures of MWCNT @f-
RP@BP [71]
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interaction. Electrochemical performance tests showed
that this hybrid composite provided a specific capacity
3.5 times greater than that of the black phosphorus@
MWCNT composite at 500 mA/g after 250 cycles. In
order to increase the bonding between black phosphorus
and carbon nanotubes, Haghighat-Shishavan et al. [72]
controlled the air exposure on black phosphorus to yield
a protective oxide layer and then combined it with carbon
nanotubes to form a BP-CNTs composite. The BP-CNTs
composite was further fabricated into anodes for both
LIBs and SIBs. The composite exhibited excellent cycle
stability with a specific capacity of 1177 mAh/g after 400
cycles at 520 mA/g for the LIBs and 1092 mAh/g after
200 cycles at 520 mA/g for the SIBs.

2D Black Phosphorus and 2D Carbon

Compared with other structures, 2D nanostructures have
great advantages in charge and discharge processes due to
the short diffusion length of lithium/sodium ions and open
charge transport channels. The current methods employed
to achieve 2D black phosphorus nanomaterials are gener-
ally categorized into two basic approaches, “top-down’ and
“bottom-up.” The top-down strategy (including mechani-
cal exfoliation [73], liquid exfoliation [74], ultrasonication-
based exfoliation [75], and electrochemical methods [76])
generally focuses on bulk black phosphorus exfoliation
under a driving force. However, this method remains difficult
with respect to achieving large-scale uniform distribution of
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black phosphorus nanostructures. The “bottom-up” strategy
is realized through chemical synthesis and direct fabrication
of nanomaterial from a specific precursor material (includ-
ing chemical vapor transport [77] and wet lab methods [78]).
Zhang et al. [78] synthesized 2D porous black phospho-
rus-based nanosheets through the bottom-up assembly of
phosphorus nanodomains using a wet-chemical solvother-
mal reaction. The nanopores in the phosphorus nanosheets
can function as Li-ion reservoirs for neighboring layers of
phosphorus, facilitating ion access to the entire surface area.
When used as LIBs, the phosphorus nanosheets delivered a
capacity of 1683 mAh/g after 100 cycles at 200 mA/g.

In order to further optimize the electrochemical perfor-
mance and enhance the structural stability of black phospho-
rus nanosheets, carbon-based materials can be introduced
to construct hybrid electrodes. Chen et al. [79] synthesized
a 2D black phosphorus@2D graphene (named BP-G) film
by filtering the mixed dispersion of black phosphorus
nanosheets (80 wt.%) and graphene sheets. Applying this
film to the anode of a LIB can exhibit a specific capacity of
402 mAh/g with an average Coulombic efficiency approach-
ing 100% at a current density of 500 mA/g, showing excel-
lent cycling performance. Simultaneously, we prepared a
2D phosphorene @2D graphene hybrid material made of
few-layer phosphorene nanosheets sandwiched between
wider graphene nanosheets [65]. Despite the anisotropic
expansion during the sodiation process, the presence of a
graphene interlayer structure can provide a buffer for this
expansion (Fig. 4a). In addition, the phosphorene nanosheets
also offer a short and effective diffusion distance for sodium
ions. Moreover, the graphene layers were able to function
as an electrical highway that enhances both the electrical
conductivity of the material and provides a preferential
pathway to the electrons generated by the redox reaction of
phosphorene. Notably, due to the electrochemical inactivity
of graphene for sodiation, the C/P ratio was optimized to
2.78:1. After 100 cycles at a rate of 0.02 C, the cycle showed
good retention at a specific capacity of 2080 mAh/g, which
is equivalent to 85% capacity retention, and only 0.16% per
cycle. To further immobilize phosphorene and protect it
from cracking during the sodiation and desodiation process,
a sandwich structured phosphorene/graphene hybrid was
prepared with the coinstantaneous introduction of P-C and
P—O-C bonds through a sonicating and heat-treating process
[80]. Hence, this sandwich structured hybrid showed a high
specific capacity (2311 mAh/g at 100 mA/g), excellent rate
capability, and cycling stability (with a capacity retention of
83.9% after 100 cycles).

Recently, a layered black phosphorus/reduced graphene
oxide (BP/rGO) electrode without carbon black or polymer
binder additives was prepared by pressurization at ambi-
ent temperature, derived from a precursor of graphene
layers wrapped around phosphorus (Fig. 4b) [81]. In the
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BP/rGO layered structure, excellent mechanical proper-
ties of the graphene layer buffer were obtained with the
volume variation of black phosphorus during the cycling
process, stabilizing the nanostructure. To further restrict
the huge volume expansion of black phosphorus during
the sodiation process and prevent contact loss of the black
phosphorus/graphite with the current collector, black phos-
phorus/graphite particles were coated with polyaniline to
form a ternary composite (Fig. 4c) [82]. This composite
showed a cycling performance with a capacity retention
of 1120 mAh/g after 100 cycles at 500 mA/g. Mei et al.
[83] developed a unique 2D-TiO,~2D van der Waals het-
erostructured (black phosphorus/TiO,/porous graphene)
hydrogel by coating black phosphorus particles on a porous
graphene/TiO, composite hydrogel (Fig. 4d). Based on the
formation of 2D-TiO,—2D heterostructures and a hierarchi-
cally porous structure, black phosphorus/TiO,/porous gra-
phene delivered a considerable initial discharge capacity of
1336.1 mAh/g at 200 mA/g, good cycling life (502 mAh/g
for 180 cycles) and excellent rate capability (271.1 mAh/g
at5 A/g).

Another novel heterogeneous nanocomposite assem-
bled from a OD black phosphorus quantum dot and 2D
Ti;C, MXene nanosheet by P-O-Ti bonding interac-
tions with the assistance of sonication and stirring
(denoted as BPQD/TNS) was prepared and employed
as an anode material for LIBs/SIBs [84]. The electro-
chemical behaviors of the heterogeneous nanocomposite
were investigated. As shown in Fig. 5a, b, there are five
peaks at 1.55, 1.39, 0.92, 0.78 and 0.14 V during the first
cathodic scan, attributed to the multistep lithiation reac-
tions with the transformation of black phosphorus to Li;P
(Black phosphorus — LiP; — LiPs — Li;P; — LiP — Li;P).

Although enormous breakthroughs in LIBs/SIBs were
achieved, safety issues arising from gas production and leak-
age of the flammable organic electrolytes are not negligible
[85-87]. A potential solution to this problem is the use of
a solid-state electrolyte (based on a polymer and ceramic).
However, few reports have been made about the use of a
black phosphorus anode in an all-solid-state battery. In 2010,
Nagao et al. [88] fabricated an all-solid LIB with a black
phosphorous-based composite as the anode and Li,S-P,S;
glass—ceramic as a solid electrolyte. The first discharge
capacity was 1962 mAh/g at 1.47 A/g, and it exhibited
excellent cyclic stability with ~500 mAh/g after 150 cycles
in the potential range from 0 to 2.5 V. Despite acceptable
performance, the synthesis of the Li,S—P,S5 glass—ceramic
required a harsh inert atmosphere and used active Li,S as
raw material, limiting its application as an all-solid LIB.
Additionally, the high interface resistant between electrolyte
and black phosphorus anode needs to be addressed. Table 1
summarizes the recent progress of black phosphorus-based
anode materials for LIBs/SIBs.
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Fig.5 a Schematic diagram (a) . N
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Blue Phosphorus

One isoform of phosphorus, blue phosphorus, is receiv-
ing more attention in recent years because of its special
structure and electrochemical characteristics. Unlike gra-
phene, blue phosphorus has a puckered structure, and the P
atoms along its thickness belong to two atomic planes. As
shown in Fig. 6a, the lattice parameters are a=0.569 nm
and b=0.328 nm along the armchair and zigzag direction
of monolayer blue phosphorus, respectively. The valence
band maximum and conduction band minimum of blue
phosphorus are near the Y and X valley, respectively, indi-
cating that blue phosphorus is an indirect band gap semicon-
ductor (E,=1.9 eV) [89]. Through the density functional
theory (DFT) calculation on the basis of the model for a blue
phosphorus monolayer on an Au (111) surface (Fig. 6b), the
calculated adsorption energy for each phosphorus atom is
—0.27 eV, indicating that this blue phosphorus is stable [49].
As shown in Fig. 6¢, an optimal path of Li diffusion is from a
top site to the nearest neighboring top site passing through a
hollow site with a small diffusion barrier (0.16 eV) [90]. For
sodiation, as shown in Fig. 6d, three geometrically unique
adsorption sites (H-site, R-site, and F-site) were considered
for Na, with corresponding binding energies of —0.94 eV,
—0.65 eV, and —0.96 eV, respectively [91]. Thus, the opti-
mized adsorption site was a F-site in Fig. 6d (—0.96 eV),
which was large enough to ensure stability and safety during
operation. To develop high-performance blue phosphorus
anodes, a blue phosphorus, and carbon heterostructure is
necessary to improve electron conductivity of blue phos-
phorus. Fan et al. [92] investigated the diffusion proper-
ties of Na in the blue phosphorus/graphene heterostructure
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(Figs. 6e—g) and found that the preferred diffusion of Na
was along the blue phosphorus side of the blue phosphorus/
graphene heterostructure and the energy barrier decreased
about 0.01 eV compared to that of pristine blue phosphorus
(Fig. 6f). Although calculations have demonstrated that blue
phosphorus is suitable for storing Li/Na, there is no study on
its experimental LIBs/SIBs.

Other lon Batteries

The development of ion batteries is strong. The development
of LIBs and SIBs is relatively mature. In the previous sec-
tion, we introduced some applications of black phosphorus
and black phosphide in these two ion batteries. In addition,
black phosphorus is also used in other ion batteries.

Potassium-lon Battery

A PIB is a new type of high-voltage secondary battery that
could be used as a supplement or a substitute for LIBs in
some fields. Since 2015, there have been reports of positive
and negative materials for potassium batteries and complete
battery research [93-97].

Graphite anode materials are considered for a PIB, but the
theoretical capacity is only 279 mAh/g. As previously men-
tioned, the phosphorus-based materials have a higher capac-
ity relative to graphite. In 2017, Zhang et al. [98] proposed
and demonstrated a PIB using a phosphorus-based material
(Sn,P5) as a negative electrode. Based on the detected KP
final phase, the authors further proposed a possible reaction
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mechanism: P+ K+ e~ & KP, providing a theoretical
capacity of 865 mAh/g. At the same time, the use of phos-
phorus alone does not achieve the best results. The conduc-
tive carbon matrix enhances the conductivity and works as a
buffer to accommodate volume expansion/shrinking during
discharging and charging, thus leading to a stable structure
and the improvement in the electrochemical performance.
Sultana et al. [99] prepared a black phosphorus/graphite
composite via ball-milling as an anode material for a PIB.
The secondary aggregated phosphorus/graphite particles
displayed a broad size distribution ranging from hundreds
of nanometers to tens of micrometers (Fig. 7a). Black phos-
phorus @graphite with a mass ratio of mgp/mg=1:1 (BPC
1:1) displayed a capacity of 270 mAh/g after 50 cycles at
50 mA/g (Fig. 7b). In order to enhance the contact between
phosphorus and the carbon matrix and improve the structural
stability of the phosphorus/carbon composite, P-C or P-O-C
chemical bonds were introduced between black phosphorus
and carbon matrix by ball-milling of 20 wt.% red phospho-
rus and 80 wt.% graphite (shortly named a-P/C) (Fig. 7c)
[100]. The modification increased the reversible capacity
to 323.5 mAh/g after 50 cycles at 50 mA/g (Fig. 7d). The
phosphorus-based materials may provide a safe, low cost,
and high-power density anode for PIBs.

Magnesium-lon Battery

Magnesium ions have two electrons. MIBs have a specific
capacity of up to 3833 mAh/cm? [101, 102], and they are
abundant in source and high in safety. They are ideal for
energy storage devices. However, compared to LIBs and
SIBs, the polarization of divalent magnesium ions is strong,
resulting in slow diffusion of Mg?*. In the simple substance
of phosphorus, Mg>* can be transported quickly, and the
high capacity and low potential of phosphorus also meet the
basic requirements of the electrode material of the MIBs.

Using DFT, we calculated the energy barrier of Mg** on
a black phosphorus monolayer. As shown in Fig. 8, similar
to the process of Li-ion diffusion in black phosphorus, the
diffusion energy barrier of magnesium ions along the zig-
zag direction is only 0.09 eV, while that along the armchair
direction is greater (0.56 eV) [103]. The formed Mg, 5P
can still maintain the layered structure of black phosphorus
without being destroyed, indicating that single layer of black
phosphorus is an ideal electrode material for MIBs [104].
The construction of a special phosphorus-carbon binary
topology can effectively exert a synergistic effect of phos-
phorus and carbon and has broad application prospects in
MIBs. It is of great significance to reduce the energy barrier
of magnesium-ion transport and adjust the intercalation layer
spacing of magnesium-ion adaptation.

Lithium-Sulfur Battery

LSBs, a very promising energy storage device, have a
high theoretical energy density (2600 Wh/kg) and are low
cost and environmentally friendly [105, 106]. However,
LSBs also have shortcomings that restrain their develop-
ment, such as the poor electronic conductivity of sulfur,
the remarkable volume change of a sulfur cathode during
cycling and the shuttle effect in organic electrolyte from
the high solubility of the reaction intermediates (Li,S,,
4 < x<8). The shuttle effect creates a side reaction between
polysulfide’s and the lithium anode, which results in rapid
decline in cycle life and capacity [106, 107]. The current
improvement methods mainly include the modification of
the sulfur cathode and the separator. The modified materi-
als mainly include carbon-based materials, metal oxides,
and metal sulfides.

Carbon-based materials typified by conductive car-
bon black, carbon nanotubes, and graphene have obvious
advantages in electronic conductivity. A carbon-based
matrix may not only improve the electrical conductivity
of the carbon/sulfur cathode, but can also reduce the loss
of the intermediate products-soluble polysulfides by physi-
cal adsorption [108—-110]. Metal oxide and metal sulfide
having a strong chemical adsorption polysulfide can
effectively reduce the loss of active substance, which can
improve the cycle performance of LSBs [111-113]. How-
ever, since the metal oxide/sulfide itself has poor conduc-
tivity, it is often combined with a carbon-based material
to improve the performance of LSBs. Black phosphorus
has advantages of both formers, such as high electronic
conductivity, fast lithium-ion diffusion, and adsorption
and catalytic conversion for polysulfides [114-116]. At
the same time, the bonding energy between P and S is
285-442 kJ/mol, which is less than the P-P bond (485 kJ/
mol) [114], indicating that the combination of phosphorus
and polysulfide cannot destroy the bulk structure of black
phosphorus. To date, there have been some reports about
the application of black phosphorus in LSBs, which can
act as a carrier on the cathode side and the modified layer
on the separator.

Modification of a Sulfur Cathode

The modification of a sulfur cathode requires a host
material that has good electronic conductivity and sul-
fur adsorption. Considering this aspect, the host mate-
rials for sulfur improve the conductivity, but also trap
and reactivate the dissolved polysulfides. At present, the
modification of a sulfur positive electrode using the black
phosphorus—carbon composite material as a host material
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Table 1 Overview of the studies on black phosphorus-based anode materials for LIBs and SIBs
Material Preparation method P (wt.%) Battery type  Cycle performance Ref
BP/super P Ball-milling 70 LIBs 600 mAh/g (100 cycles, 0.78-2 V)*  [53]
BP-G Ball-milling 25 LIBs 1849 mAh/g (after 100 cycles at [67]
520 mA/g)*
P-KB Ball-milling 70 LIBs 1000 mAh/g (after 300 cycles at 1 [68]
Alg)°
P-CNT hybrid Ball-milling 70 LIBs 1844 mAh/g (after 300 cycles at [69]
780 mA/g)*
BPC Ball-milling 70 SIBs 1700 mAh/g (after 100 cycles at 1.3 [70]
Alg)*
MWCNTs@f-RP@BP Mineralizer-assisted vapor phase 46 LIBs 561 mAh/g (after 200 cycles at [71]
method 500 mA/g)°
BP-CNTs Surface oxidation-assisted chemical 70 LIBs and SIBs 1177 mAh/g (after 400 cycles [72]
bonding procedure at 520 mA/g for LIBs)® and
1092 mAh/g (after 200 cycles at
520 mA/g for SIBs)®
Phosphorus-based nanosheets Wet-chemical solvothermal reaction 100 LIBs 1683 mAh/g (after 100 cycles at [78]
200 mAh/g)*
Black phosphorus @graphene film Mineralizer-assisted gas-phase trans- 80 LIBs 402 mAh/g (after 500 cycles at [79]
formation and vacuum filtration 500 mAh/g)°
Phosphorene @graphene hybrid  Liquid-phase exfoliation 48.3 SIBs 2080 mAh/g (after 100 cycles at [65]
50 mA/g)*
Phosphorene/graphene hybrid Electrochemical exfoliation and 51.05 SIBs 1582 mAh/g (after 200 cycles at 1 [80]
solvothermal method Alg)?
Layered BP@graphene Pressurization at room temperature ~ 78.3 SIBs ~1250 mAh/g (after 500 cycles at [81]
1 Alg)*
BP-G/PANI Sonication and coating 65 SIBs 520 mAh/g (after 1000 cycles at 4 [82]
Alg)°
BP/TiO,/graphene Hydrothermal reaction and liquid - LIBs 502 mAh/g (after 180 cycles at 1.25  [83]
exfoliation Alg)®
BPQD/TNS Sonication and stirring 12 LIBs and SIBs 520 mAh/g (after 2400 cycles at 1 [84]

Alg for LIBs)® and initial discharge
capacity of ~723 mAh/g for SIBs®

“The capacity was calculated based on the weight of phosphorus

The capacity was calculated based on the total weight of the phosphorus/carbon composite

can meet the above requirements. In 2017, Li et al. [115]
combined a small layer of black phosphorus (FLP) with
porous carbon nanofibers (CNF) to product a black phos-
phorus/CNF hybrid host material, in which a black phos-
phorus nanosheet is well dispersed onto CNFs (Fig. 9a).
Black phosphorus has a strong chemical adsorption on
both polysulfide and Li,S, which can inhibit the loss of
sulfur. The CNF network provides a good electron path.
Therefore, the combination of the two functional materi-
als has very good synergy. The specific capacity of the
sulfur cathode maintained 660 mAh/g after 500 cycles
(a single-cycle capacity fade only 0.053%), significantly
better than the electrode using only pure CNF as a host
(Fig. 9b).
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Modification of a Separator

The performance of LSBs can be improved by modifying
the polymer separator of LSBs to block the diffusion of poly-
sulfide molecules, thereby improving the utilization efficiency
of sulfur. A surface-modified membrane using a coating layer
to prevent migration of the lithium polysulfide, thereby sup-
pressing the occurrence of “shuttle” effect, can effectively
improve the rate and cycle performance of the battery. Sun
et al. [114] reported a modification in 2016 by coating black
phosphorus nanosheets on the surface of commercial poly-
ethylene separators (Fig. 9c). Due to the physical adsorption
and chemisorption of black phosphorus, both the intermedi-
ate polysulfide and solid Li,S, and Li,S have strong binding
energy (from —1.86 to —3.05 eV) (Fig. 9d). In the electro-
chemical performance testing, the performance of the black-
phosphorus-modified membrane was significantly better than
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Fig.6 a Top and side views of monolayer blue phosphorus and the
electronic band structure along various high symmetry directions
[89]; b DFT results for single-layer blue phosphorus on Au(111). The
top (bottom) phosphorus atoms are represented as purple (yellow)
balls, while the Au atoms are represented as gray balls [49]. ¢ Sche-

that of the graphene-modified membrane. At a current density
of 400 mA/g, the discharge capacity per cycle was 800 mAh/g
and the retention rate was as high as 86%.

Using extensive DFT calculations, Mukherjee et al. [117]
demonstrated that blue phosphorus (rP) is also well suited
as a cathode for LSBs. As shown in Fig. 9e, the interaction
strength of Sg and the polysulfides are reasonably strong
(from —0.86 to —2.45 eV) compared to pristine blue phos-
phorus. Furthermore, introducing a single vacancy increased
the adsorption energy by up to 200%.

Lithium-Air Battery

A LAB is an electrochemical device of a metal anode and air
cathode using mainly oxygen in the air to produce catalytic
energy. Due to its very high energy density (~3500 Wh/kg)
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matic representations and potential-energy curves of Li diffusion on
blue phosphorus [90]; d top and side views of charge density differ-
ence plots for the most stable adsorption sites for Na [91]; diffusion
paths of Na on the e graphene side; f black phosphorus side; and g
interlayer of blue phosphorus/graphene heterostructure [92]

and availability of oxygen as a raw material, this battery
is considered to be a potentially efficient energy candidate
[118, 119]. LABs have been proposed and developed as four
types: aprotic (non-aqueous, Fig. 10a), aqueous (Fig. 10b),
solid-state (Fig. 10c) and mixed aqueous/aprotic (Fig. 10d)
[120], which is based on the classification of internal bat-
tery electrolytes. The most mature lithium—air battery is the
non-aqueous system (Fig. 10e) [121], which involves lithium
dissolution and deposition on the lithium electrode and ORR
and OER on the air electrode. Although the non-aqueous
LABs can hold much more storage space than LIBs, there
are still some challenges for their practical applications,
including instability after high-frequency service, poor rate
capability, cycle life, and safety hazards derived from the
formation of lithium dendrites [122—125].

Nanoblack phosphorus of a certain mechanical strength
can be applied as a protective layer of the LAB anode, and
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Fig.7 a Scanning electron
microscope (SEM) image of the
black phosphorus/graphite com-
posite [99]; b cycling perfor-
mance of the black phosphorus/
graphite composite at 50 mA/g
[99]; ¢ schematic diagram of
the a-P/C composite [100]; d
cycling stability of the a-P/C
anode at 50 mA/g [100]

Fig.8 Schematic and energy
profiles of Mg diffusion along
a, ¢, e the zigzag direction and
b, d, f armchair direction on the
phosphorene surface [103]
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an alloying reaction between the lithium metal and black
phosphorus may occur, resulting in forming Li;P layers
[122]. Additionally, the redox potential of black phosphorus
converting into Li;P (~0.9 V vs Li/Li") is greater than the
LUMO level of the electrolyte (< 0.8 V vs Li/Li"), thus sup-
pressing electrolyte decomposition (Fig. 10f). Researchers
have studied the possibility of applying black phosphorus
nanolayers to the LAB. The surface of the lithium electrode
was coated with a black phosphorus layer and then circulated
with a capacity of 1000 mAh/g using 1 mol/L lithium bis-
(trifluoromethanesulfonyl) imide in N,N-dimethylacetamide.
The electrochemical performance of the Li metal anode with
the black phosphorus coating was tested for 50 cycles with-
out significant attenuation capacity, indicating the applica-
tion of such black phosphorus in the cell may be possible.

In non-aqueous LABs, the discharge and charge pro-
cesses are based on the reaction of 2Li* + O, < Li,0,,
where Li,0, forms as the main discharge product at the
cathode [126—128]. Unlike the Li-ion intercalation mecha-
nism in LIBs, the intrinsically insulating/insoluble nature
of Li,0, in non-aqueous organic electrolyte, as well as the
side reactions between the electrolyte and Li,0,, will intro-
duce the reduced ORR/OER kinetics, which leads to high
overpotential, inferior cycling stability and poor rate capa-
bility [127, 129]. One of the solutions is to rationally design
an advanced catalytic cathode to promote the formation/
decomposition of Li,O, and suppress the formation of other
lithium compounds (such as Li,CO; and LiOH) [130, 131].
Cheng et al. [127] designed a black phosphorus quantum
dots-decorated MnO, (BPQD/MnO,) catalyst, which was
grown on carbon cloth as a binder-free cathode for LABs.
In this catalyst, the presence of BPQDs can enhance the
electrode conductivity and improve the catalytic activity for
ORR/OER. The cycling performance of the BPQD/MnO,
and MnO,-catalyzed LAB was evaluated by galvanostatic
cycling at 400 mA/g at 2.0—4.5 V with a limited capacity
of 1000 mAh/g. As shown in Fig. 10g, the BPQD/MnO,-
catalyzed cell maintained stable cycling for 182 cycles but
only 22 cycles for the MnO,-catalyzed cell. By the DFT, the
adsorption energy of LiO, on bare MnO, is 2.589 eV, while
that on BPQD/MnO, is 3.557 eV, indicating that BPQD
plays a key role in directing the conformal growth of Li,0,
on the surface of MnO,.

Very recently, N-doped blue phosphorus was also demon-
strated to be a promising catalytic material in the cathode of
LABs by DFT calculations based on the following character-
istics [132]. (1) The blue phosphorus monolayer was stable
during adsorption in the lithium-ion processes, contributing
to sustaining a long-term electrochemical stability. (2) The
low barrier energy of 0.11 eV along path 4 in Fig. 10h (right)
indicates that Li can easy diffuse on the nitrogen-doped blue
phosphorus surface. (3) The final product Li,O, is more
likely to form via the reaction pathway in Fig. 10i (right) on
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the N-doped blue phosphorus than that of the pristine blue
phosphorus (left, Fig. 10i). (4) The N-doped blue phospho-
rus maintains the indirect semiconductor characteristic with
a band gap of ~0.92 eV, lower than pristine blue phosphorus
(1.95 eV), illustrating that the conductivity of N-doped blue
phosphorus is enhanced.

Supercapacitor

A supercapacitor is a battery-complementary device for
applications in high operating power levels, with charac-
teristics of fast (dis)charging, and the high-energy storage
characteristics. Therefore, it has prospects in the applica-
tion of electrochemistry. However, among the allotropes of
phosphorus, only two-dimensional black phosphorus materi-
als have been reported in the application of supercapacitors
[133-139].

In 2016, Hao et al. [135] reported a method for prepar-
ing black phosphorus film electrodes by dispersing black
phosphorus nanoflakes in acetone on a platinum/polybu-
tylene terephthalate (PET) substrate. Subsequently, they
sandwiched the polyvinyl alcohol/phosphoric acid (PVA/
H;PO,) between two as-prepared black phosphorus films
on Pt-coated PET to develop a device based on an electri-
cal double-layer capacitor (Fig. 11a). At the 0.5 V/s sweep
speed, the capacity retention rate reached 84.5% after 10,000
cycles. After 30,000 cycles in flat and bent alternating con-
figuration, a capacity retention rate of 71.8% was maintained
(Fig. 11b). Very recently, a similar approach was used to
design an all-solid-state supercapacitor constructed with a
semi-connected 3D black phosphorus sponge comprised of
thin black phosphorus nanosheets, named BP sponge-ASSP
(Fig. 11c) [136]. The difference is that this nanosheet is thin-
ner (less than 4.0 nm). As shown in Fig. 11d, the CV curves
at 10-100 mV/s show characteristic rectangular electro-
chemical double-layer capacitance curves. The correspond-
ing capacitances at the different scanning rates are shown in
Fig. 11e. The BP sponge-ASSP showed a specific capaci-
tance of 80 F/g at 10 mV/s and retained the capacitance of
28 F/g when the scanning rate increased to 100 mV/s.

In 2017, Yang et al. [137] reported the idea of assembling
laminated composite films to prepare flexible electrodes for
supercapacitors. They used black phosphorus and carbon
nanotubes to prepare the composite electrode, in which the
carbon nanotubes delivered high conductivity and prevented
the black phosphorus sheets from re-stacking. A flexible all-
solid supercapacitor made with a mass ratio of black phos-
phorus to carbon nanotubes of 1:4 provides a maximum vol-
ume capacitance of 41.1 F/cm? at a sweep rate of 0.005 V/s.
This result was superior to the solid capacitors based on
bare graphene or black phosphorus. Moreover, it has excel-
lent mechanical flexibility and high cycle stability of more
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nism of Li,O, on BPQD/MnO, [127]; h possible pathways and cor-
responding energy barriers for the diffusion of a lithium on pristine
(left) and N-doped (right) blue phosphorus [132]; i the energetic pro-
file of the reduction of a lithium oxide (LixOy) molecule on a pristine
(left) and N-doped (right) blue phosphorus [132]
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than 10,000 cycles, with 91.5% capacity after cycling. Since
polypyrrole (PPy) has a high chemical activity and good
flexibility, Luo et al. [138] reported a method for preparing a
laminated PPy/black phosphorus film via an electrochemical
polymerization method. The introduction of black phospho-
rus sheets solved the inherent defects of the pure PPy such as
the low capacitance and poor cycle stability. The composite
film has a high capacitance of 551.7 F/cm® and excellent
cycle stability due to the black phosphorus sheet-induced
laminate assembly that hinders the dense and disorderly
stacking of PPy during electrodeposition. Thus, it provided
an accurate path for both ion diffusion and electron trans-
port and also mitigated structural degradation during charge/
discharge. In order to improve the stability of black phos-
phorus in air, a black phosphorus heterostructured material
was designed by chemically modifying black phosphorus on
the surface of carbon nanotubes with 4-nitrobenzene diazo-
nium (4-NBD), named BP-CNTs/4-NBD (Fig. 12a) [139].
Furthermore, to make the materials flexible and wearable,
Wau et al. [139] assembled the BP-CNTs/4-NBD into non-
woven fiber fabrics using a microfluidic spinning technique
(MST). As shown in Fig. 12b, in order to improve the vol-
ume density, the fabrics were mechanically compressed into
free-standing films with various shapes. Subsequently, two
fabric film layers laminated a half-dried poly(vinylidene
fluoride-co-hexa fluoropropylene) (PVDF-HFP)/1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIBF,) ion lig-
uid electrolyte layer to construct a flexible supercapacitor
(Fig. 12c), exhibiting a high energy density (96.5 mWh/cm)
and large volume capacitance (308.7 F/cm). Additionally, it
was flexible enough to withstand light-emitting diodes for
smart watches and displays.

Summary and Outlook

In this review, we summarized the research progress and
future development of black phosphorus materials in various
ion batteries (lithium, sodium, potassium, and magnesium),
LSB, LABs, and supercapacitors. Through a summary of
the previous studies, we demonstrate that black phosphorus
as an electrode material can provide higher specific capac-
ity and ion mobility than graphite. The composite materi-
als based on black phosphorus have great advantages and
prospects in applications of energy storage and conversion.
More carbon materials have also been used as a conductive
substrate to recombine with phosphorus to prepare electrode
materials and improve the performance. Considering the
synergistic effect of black phosphorus and a carbon matrix,
further improvements are also needed such as tailoring the
dimensionality and size of black phosphorus to match the
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carbon matrix. The advantages of black phosphorus as an
electrode material are being recognized by more researchers,
and more results are on the way.

As an important part of this article, LSBs are mainly
aimed at the electric vehicle market. The development of
high-capacity battery systems is currently a hot topic in
electrochemical research. However, there is a lack of effec-
tive and feasible methods for suppressing the formation of
lithium dendrites using phosphorus material and related
studies are ongoing.

Although the prospects for research bring optimism and
motivation, we still have to address the challenges in the
development and utilization of black phosphorus materials.
First of all, the application of black phosphorus material as
an electrode material needs to be conducted at large scale
and low cost. Second, serious attention needs to be directed
to the stability and storage methods of black phosphorus
in air and humidity by finding an applicable encapsulation
method that preserves its pristine properties in the long term.
Third, although a lot of work has been focused on the opti-
mization of black phosphorus and its composite, the elec-
trochemical mechanism of black phosphorus needs to be
further studied. The stepwise alloying/dealloying process
for a black phosphorus electrode is still not fully understood
and intermediates generated in (dis)charging process remain
to be investigated. It is necessary to reveal the mechanism
of the black phosphorus anode via advanced in situ testing
techniques and relevant theoretical calculation. Fourth, the
application of black phosphorus as an electrode material is
currently focused on the electrode design, and there are few
basic research studies on the design of full cells to match
with cathodes. The low initial Coulombic efficiency of a
phosphorus anode material introduces excessive consump-
tion of Li*/Na'/K* with the cathode in full batteries. It is
desirable to modify the electrode surface and add an electro-
lytic additive to reduce the side reactions. Finally, the appli-
cation of a black phosphorus battery is still in the primary
stage, and the safety and environmental protection issues
should also be of concern. For example, black phosphorus
may release toxic PH; in the presence of water, posing a
safety hazard.

Although there are still many constraints and challenges
to be addressed, black phosphorus has a unique structure,
with excellent characteristics for research in the energy-
related fields with unlimited possibilities. In the current
global context of depleting energy resources, the study of
black phosphorus may bring new breakthroughs in the field
of energy storage, bringing the discipline to a new stage.
We believe that phosphorus, including many black phospho-
rus-based materials, will contribute to future technological
breakthroughs in terms of clean, reliable energy storage.
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